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ABSTRACT 

Organic electronics is a dynamic rapidly growing industry. Therefore the 

research of novel materials for organic electronics is an important challenge 

both in terms of materials performance and economy of the final product, 

while the environmental impact is also important. Diketopyrrolopyrrole 

derivatives are materials with a great potential for organic electronics 

exploitation. This thesis is focused on optical and electrical characterization 

of diketopyrrolopyrroles, an assessment of their potential applications in 

organic electronics and suggestions, how to optimize their performance.  

Theoretical part of this thesis describes state of art in organic electronics 

with focus on the field of diketopyrrolopyrrole based materials. Subsequent 

results part summarizes important results and contains brief introduction to 

the enclosed publications, including evaluation of author´s personal 

contribution to particular publications. Results part consists of 6 scientific 

articles, integral to this thesis, thematically connected with area of organic 

electronics, new diketopyrrolopyrrole based materials and their applications. 

Formally the thesis is, based on article 42 paragraph  1b of The Study and 

Examination Rules of BUT, designed as thematically arranged set of 

published works and works accepted for publication. 

 

ABSTRAKT 

Organická elektronika je dynamické, rychle se rozvíjející odvětví. Studium 

nových materiálů pro organickou elektroniku je důležitým úkolem jak 

z hlediska výkonnosti budoucích zařízení a ekonomičnosti procesů, tak 

z hlediska vlivu jejich používání na životní prostředí. Deriváty 

diketopyrrolopyrrolu patří mezi zajímavé materiály, které jsou v posledních 

letech studovány s ohledem na využití v organické elektronice. Dizertační 

práce je zaměřena na studium těchto materiálů a jejich jak optickou, tak i 
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elektrickou charakterizaci. Součástí je také zhodnocení jejich potenciální 

aplikace v organické elektronice a návrhy optimalizace jejich výkonu.  

Teoretická část práce popisuje současný stav na poli organické elektroniky 

zaměřený na materiály na bázi diketopyrrolopyrrolu. Následující výsledková 

část shrnuje podstatné výsledky práce a obsahuje stručný úvod k 

přiloženým publikacím, včetně zhodnocení vlastního přínosu autora k 

jednotlivým publikacím. Výsledková část dále sestává z 6 vědeckých 

publikací, které jsou nedílnou součástí této práce a jsou tematicky propojeny 

v oblasti organické elektroniky, nových materiálů na bázi 

diketopyrrolopyrrolu a jejich aplikací. 

Z formálního hlediska je práce na základě čl. 42 odstavce  1b Studijního a 

zkušebního řádu VUT  koncipovaná jako tematicky uspořádaný soubor 

uveřejněných prací a prací přijatých k publikaci. 

 

 

KEYWORDS 

Diketopyrrolopyrroles, organic photovoltaics, organic electronics, organic 
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ROZŠÍŘENÝ ABSTRAKT V ČESKÉM JAZYCE 

Tato práce se zabývá vztahem struktury a vlastností derivátů 

diketopyrrolopyrrolu (DPP) s ohledem na jejich potenciální uplatnění 

v organické elektronice. Formálně je práce na základě čl. 42 odst. 1b 

Studijního a zkušebního řádu VUT navržena jako tematicky uspořádaný 

soubor publikovaných prací a prací přijatých k publikaci. Publikace jsou 

uvedeny textem členěným jako standartní dizertační práce. V teoretické části 

jsou stručně shrnuty současné poznatky z oboru, popisuje současný stav na 

poli organické elektroniky zaměřený na materiály na bázi 

diketopyrrolopyrrolu.  

Dále jsou vytyčeny cíle práce a popsány metody, jak bude těchto cílů 

dosaženo. Cílem experimentální práce bylo představit a charakterizovat nové 

materiály na bázi DPP, studovat je z hlediska vztahu struktura-vlastnosti a 

navrhnout nejefektivnější způsoby jejich aplikace. Jednou z výzev je vytvořit 

aktivní vrstvu, která by absorbovala maximum přítomného světla. Pro tento 

účel je důležité najít materiál s vysokým molárním extinkčním koeficientem a 

také pokrýt co nejširší část slunečního spektra, v ideálním případě také 

komplementární část spektra k použitému akceptoru. Proto byly pomocí 

optických měření studovány čisté materiály a směsi s akceptory. Pohyblivost 

nosičů náboje v čistém materiálu byla studována elektrickou charakterizací. 

Pohyblivost nosiče náboje musí být nejen dostatečně vysoká, ale také 

vyvážená mezi donorem a akceptorem, aby se dosáhlo účinného přenosu 

náboje napříč objemem. Podrobná charakterizace čistého materiálu, optická 

i elektrická, je způsob, jak získat pohled na vztah mezi strukturou a 

vlastnostmi, který je zásadní pro navrhování nových derivátů. 

Studované materiály na bázi DPP především fungují jako donory 

v organickém solárním článku. Důležité je tedy studium interakce s běžně 

používanými akceptory, které jsou zejména PC60BM a PC70BM. Interakce 

byly studovány optickými metodami v roztocích i tenkých vrstvách. Hlavním 

studovaným mechanismem bylo zhášení fluorescence a kinetika tohoto 

procesu, studována časově rozlišenou optickou spektroskopií. 
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Jedním z klíčových parametrů, které je dále potřeba optimalizovat, je 

zmíněná interakce mezi donorovým a akceptorovým materiálem a jejich 

poměr v aktivní vrstvě OSC. Výkon OSC však ovlivňuje i mnoho dalších 

proměnných. Náročným úkolem bylo optimalizovat výkon OSC s ohledem na 

všechny možné proměnné parametry: typ donoru, typ akceptoru, jejich 

poměr, tloušťka tenké vrstvy, způsob a podmínky nanášení, ošetření 

substrátu před nanesením, úprava aktivní vrstvy po nanesení působením 

tepla nebo par rozpouštědla, napařování elektrod, přítomnost, typ a 

depoziční podmínky dalších vrstev ve struktuře OSC atd. 

Podstatné je nejen představit prototypovou strukturu s co nejvyšší účinností, 

ale zejména také představit nový přístup, který by mohl zjednodušit proces 

a/nebo snížit cenu výroby OSC, spolu s možností výroby ve velkém měřítku. 

Jako jeden z alternativních způsobů nanášení byla popsána a 

optimalizována sprejová depozice. 

Výsledková část shrnuje podstatné výsledky práce a obsahuje stručný úvod 

k přiloženým publikacím, včetně zhodnocení vlastního přínosu autora k 

jednotlivým publikacím. Dále sestává z 6 vědeckých publikací, které jsou 

nedílnou součástí této práce a jsou tematicky propojeny v oblasti organické 

elektroniky, nových materiálů na bázi diketopyrrolopyrrolu a jejich aplikací. 

Kromě publikovaných výsledků byla charakterizována řada dalších 

materiálů, stejně jako procesů optimalizace solárních článků. Z důvodů 

zachování koncepce této práce jsou dále zahrnuty pouze výsledky 

publikované v 6 vědeckých článcích, které jsou součástí této práce. 

Tematicky může práce během doktorského studia rozdělena takto: 

 Výzkum zaměřený na materiály 

o Diphenylaminostilbenové deriváty diketopyrrolopyrrolu 

o Thiobenzofuranové deriváty diketopyrrolopyrrolu 

 Aplikačně zaměřený výzkum 

o Alternativní metody přípravy tenkých vrstev 

o Metody optimalizace organických solárních článků 
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V práci jsou charakterizovány dvě skupiny nových derivátů 

diketopyrrolopyrrolu, diphenylaminostilbenové a thiobenzofuranové deriváty 

byly studovány vzhledem k jejich potenciálnímu využití v organické 

fotovoltaice. Byla připravena a optimalizována řada prototypů organických 

solárních článků, a byl diskutován vliv molekulární struktury na výkon 

solárního článku. Byl popsán vliv přítomnosti a typu řetězce zvyšujícího 

rozpustnost v molekulární struktuře. Bylo prokázáno, že pro 

diphenylaminostilbenové deriváty, kratší řetězec tvořený ethylacetátem vedl 

k lepší morfologii tenké vrstvy a vyšší pohyblivosti náboje v objemu 

materiálu. Tím došlo také ke zlepšení všech parametrů solárních článků, 

které souvisí s pohyblivostí náboje. Pro thiobenzofuranové deriváty byly 

srovnány řetězce tvořené ethyl hexylem, ethyl-hexyl acetátem a diethyl 

acetátem. Bylo prokázáno, že přítomnost ethyl-hexyl acetátový řetězce vedla 

k ideálnímu uspořádání aktivní vrstvy bez použití teplotní úpravy, což je 

nespornou výhodou pro potenciální průmyslové využití.  

Aplikační výzkum je také úzce propojený s oblastí organických materiálů. 

Alternativní metody optimalizace fotovoltaických článků a depozice tenkých 

vrstev byly studovány s ohledem na diketopyrrolopyrrolové materiály. 

V rámci metod optimalizace fotovoltaických článků byla studována teplotní 

úprava aktivní vrstvy s postupným navyšováním teploty. Bylo popsáno, že 

pozvolný nárůst teploty může vést k lepší teplotní stabilitě a výkonu 

studovaných prototypů. 

Dále byla studováno použití vrstvy oxidu MoO3 jako díry transportujícího 

materiálu, namísto nejčastěji využívaného materiálu PEDOT:PSS. Bylo 

dokázáno, že v kombinaci s TBFu DPP, použití MoO3 vedlo ke zlepšení 

stability rozhraní aktivní vrstvy a díry transportujícího materiálu. 

Nízká účinnost prototypů solárních článků založených na inverzní 

architektuře byla zlepšena prostřednictvím vrstvy fullerenu na katodě, která 

vyřešila problém s nízkou koncentrací fullerenu na rozhraní s katodou a tak 

došlo ke zvýšení faktoru plnění a potažmo i účinnosti struktury. 
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Jako zástupce depozičních metod, kromě běžně využívaného rotačního 

nanášení, byly v této práci použity také vakuová depozice a nanášení 

prostřednictvím sprejování. Vakuová depozice má nesporné výhody 

především v preciznosti vytvořených vrstev a možnosti nanášet i materiály 

nerozpustné v běžných organických rozpouštědlech. Oproti tomu sprejová 

depozice je metoda založená na roztoku, která umožňuje rychlé a efektivní 

pokrytí a produkci i velkoplošných zařízení. Homogenizovaná sprejová 

depozice umožňuje dosáhnout lepší kvalitu vrstev. Oba typy depozice byly 

v rámci práce použity a optimalizovány také pro vybrané materiály na bázi 

diketopyrrolopyrrolu.  

Získané výsledky byly publikovány v rámci 7 vědeckých publikací a 11 

konferenčních příspěvků. 6 vybraných publikací tvoří výsledkovou část této 

práce. 
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1 INTRODUCTION 

Semiconducting properties and wide range of different derivatives make 

organic materials to be very promising substitution of inorganic 

semiconductors for applications in optical and electronic devices. Low cost of 

the device production is the main reason, why modern technologies tend to 

prefer organic materials over silicon for use in the semiconducting devices 

such as solar cells. Even though they have not yet reached the efficiency and 

lifetime of silicon, in many cases their usage brings new advantages, which 

silicon solar cells cannot offer. Thin film organic solar cells can be made 

mechanically flexible, light transparent and can also work in the interiors 

thanks to their higher light absorption efficiency. The solubility and 

printability enables to produce large area devices for a low price. 

Furthermore, compared to silicon, thin film organic devices are easier to 

dispose at the end of life. 

This work is focused on the structure and properties relationship of 

diketopyrrolopyrrole (DPP) derivatives, considering their potential application 

in organic electronics. Within the theoretical part, current knowledge in the 

field is researched and briefly summarized. Aim of the experimental work 

was to introduce and characterize novel DPP based materials, to study them 

from the perspective of structure-properties relationship and suggest the 

most effective ways of their application.  

Formally the thesis is, based on article 42 of paragraph 1b of The Study and 

Examination Rules of BUT, designed as thematically arranged set of 

published works and works accepted for publication. 

Results of the experimental work were published within 7 scientific papers 

and 11 conference contributions.  Experimental part consists of 6 selected 

papers, which focused on 2 groups of DPP derivatives and methods of their 

applications in organic photovoltaics. Brief introduction to each of the 

publication is accompanied with evaluation of author's personal 

contribution. 



  

13 

 

2 THEORETICAL BACKGROUND 

 Organic materials for electronic applications 

Nowadays organic materials are often studied and used for electronic 

applications. Materials with conjugated system, due to the single and double 

bonds alternation, exhibits good electric conductivity. Except the conjugated 

chain, the presence of free charge carriers is also necessary [1]. 

Conjugated organic materials can be divided according to the band gap 

width. Polymers with small band gap are conducting or semiconducting [2]. 

Only small amount of energy is needed for excitation that is why they absorb 

the most of visible light, which gives them different colours. Polymers with 

wider band gap need more energy for excitation. They absorb short 

wavelength blue or UV (ultraviolet) light and they usually have slightly yellow 

or no colour. They do not achieve high conductivity, but if charge carrier 

penetrates the chain, its mobility there stays high. 

Organic electronic devices can be distinguished between passive and active. 

Passive devices cannot process electric signal by themselves, their main 

properties are either conductivity or resistivity. Active devices can conduct 

the electrical current, intensify or change electric signal. They can change 

electric energy to mechanical, acoustic or light energy and in the opposite 

way, generate electric energy using for example the energy of light. 

This area had been for a very long time reserved only for inorganic materials, 

especially silicon, but in the 80’s of the 20th century, scientists started to 

focus also on organic materials, to replace the inorganic ones, if possible, 

and implement their unique properties to bring novel applications. 

The main advantage of organic materials is the possibility to easily tune their 

properties and to synthetize tailored molecules or different structures. 

Functional groups or chain modification can change materials consistency, 

solubility and other various parameters [3]. 
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2.1.1 History of utilization of organic semiconductors 

Already in the 50’s of 20th century, charge carrier mobility and 

photoconductivity have been studied in the anthracene molecule [4]. 

Regardless the promising results, no further interest had been given in this 

field for a several years. In 1974 for the first time, semiconducting properties 

of melanin has been published. McGinness, Corry and Proctor [3] have not 

only found the high conductivity, but also brought information about 

melanin behaviour in thin films: melanin molecule showed the increase of 

the conductivity 10 times while the voltage of 80 V was applied to a thin film. 

Thus they described the ability of melanin molecule to work as a switch 

controlled by the applied voltage. 

Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa contributed to 

massive expansion of organic electronic in the 80’s. By coincidence they 

discovered and afterwards studied the electron conductivity in π-conjugated 

polymers. For this particular contribution they received the Nobel Prize in 

Chemistry in 2000. Further, the conductive polymers have found application 

in heating components, electromagnetic shading, antistatic coatings, 

transistors, diodes, sensors, electrochromic elements, electrodes, 

anticorrosive coatings, gas sensors and many other devices [5]. Recently, 

many novel molecules based on polymers and also small molecules as 

pigments find their placement in electronics [6]. 

2.1.2 Structure of organic semiconductors 

In 1913 Bohr has formulated the principles of electron behaviour. In an 

isolated atom there are discrete energetic levels, which can be reached by the 

electron. While approaching two neutral isolated atoms of solid matter to 

create crystal lattice, the overlap of individual atom wave functions is created 

[7]. Electrons from different atoms tend to interact, which leads to atomic 

orbitals’ hybridization and splitting of energetic levels. If atoms in the lattice 

are very close to each other, delocalization of electrons into the bands 

appears. 
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In the inner band, electrons are strongly bonded to the nucleus and cannot 

influence the conductivity. Valence band is the one responsible for chemical 

bonds and conduction band for the electric conductivity. Between valence 

and conduction band the band gap is located. According to its width, 

material can behave like an insulator, semiconductor or conductor. 

 

Fig. 1  Band structure for conducting, semiconducting and insulating 

material [8].  

The Fermi level is an energetic level, which is occupied with exactly 50 % 

probability. Material is the p-type semiconductor, if its Fermi level is located 

close to the valence band. For n-type semiconductors, Fermi level is located 

closer to the conduction band. In the interface between two different 

materials, Fermi level always stays continuous [9]. 

In inorganic semiconductors interactions between atoms are covered by 

strong ionic or covalent bonds. The chain of delocalized energetic bands is 

spread all over the crystal lattice. Contrarily, in organic materials particles 

are held together via weak interactions, such as Van der Walls forces, dipole-

dipole or hydrogen bonds. Intermolecular distances are longer, which makes 

the charge transfer between molecules more difficult.  

Carbon, which is the base of organic materials, has four electrons in its 

valence band. Three of them are used for σ bonds, while the last one is 

located vertically to the sp2 degenerated orbital plane. This electron 

participates on π-type double bond, which is formed by side overlap. 

As side overlap is less effective, also π bond is weaker compared to σ bond, 

electron mobility is higher and the bond itself less stable [10]. With each 
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bonding orbital one antibonding σ* and π* is created at the same time. 

Antibonding orbitals are unocupied in the ground state. 

In conjugated system of double bonds π orbitals interact to create 

delocalised system. π-electrons are uniformly distributed within conjugated 

system, can move freely and become potential free charge carriers. 

 

Fig. 2  Atomic orbitals participating on bond creation in 1,3-butadien 

molecule. pz orbitals create double bonds. 

2.1.3 Optical properties of organic semiconductors 

2.1.3.1 Absorption 

Depending on frequency of the absorbed radiation, three types of excitation 

can be observed. Infrared light absorption is responsible for vibrational and 

rotational transitions within the molecule. Electron excitation, which is more 

important for this treatise purposes, is connected with ultraviolet (UV) or 

visible (Vis) light absorption [11]. 

Saturated organic molecules are usually colourless and do not absorb in 

near-UV or Vis area. Unsaturated molecules usually absorb UV and Vis light 

stronger, because conjugated systems are typical chromophores and they 

are also responsible for semiconducting properties of some organic 

materials. 

The energy increment of absorbed radiation usually leads to the change in 

electronic state. If the energy gradient responds to the difference between 

highest occupied molecular orbital – HOMO and lowest unoccupied 
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molecular orbital – LUMO, electron transfers to the higher electronic energy 

level. Usually this includes transitions from bonding π or non-bonding n 

orbitals to anti-bonding π*. 

Amount of energy necessary to reach excited state is, among others, 

dependent on conjugated chain length. The longer conjugated chain is the 

smaller amount of energy is needed for excitation. Materials with longer 

conjugated chain absorb light with lower energy and longer wavelength. 

Another effects may be brought by introducing electronegative substituents 

into the molecule, and also by solvent polarity. Van der Waals complex can 

be created within solvent and solute, which together with dipole-dipole 

interactions decrease energy of non-bonding orbitals. That is why polar 

solvents can cause hypsochromic (blue) shift. Moving absorption to lower 

wavelengths leads to better stabilization [12]. 

Excited state lasts short time and is very unstable. Each system is trying to 

reach the ground state with lower energy again. It can be explained, how the 

ground state is reached again. This process is connected with the loss of 

energy [11]: 

 Luminescence – energy is emitted in the form of a photon.  

 Bimolecular quenching – energy is transferred from the excited 

particle to another one, where it is transformed into translational or 

vibrational energy. 

 Sensibilisation – very similar to bimolecular quenching, but 

particle which accepts the energy gets excited instead. 

 Isomerisation, ionisation, fragmentation, or intermolecular 

reaction 

 Charge transfer – If one molecule with low ionisation potential 

(donor) and one with high electron affinity (acceptor) are present, 

absorption bands are observed, which cannot be observed in the 

case of separated molecules. This can be explained by donor – 

acceptor complex creation. Part of the charge or electron itself 
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comes from donor to acceptor. The second case is called electron 

transfer, which is one of the most important phenomena in organic 

electronics. Electron and the hole can move within the material and 

if the electric field is present, material becomes photoconductive. 

2.1.3.2 Exciton 

Vide supra, the very simple model of the creation of a free electron and a hole 

was described. In fact photo ionisation is not an automatic process. 

Coulombic interactions are keeping the electron close to the hole. This 

electron-hole pair is called exciton.  

Exciton is a quasineutral particle with lower energy than ionised electron-

hole pair. Therefore it can diffuse through the bulk independently on the 

electric field. Before the dissociation, exciton is not participating in materials 

electrical conductivity. Dissociation can be activated by electric field. 

Excitons can dissociate within the electric field of about 106 V cm–1 [28]. In 

organic solar cells, this electric field is ensured by the interface of 

donor/acceptor, or interface of semiconductor with electrode. Diffusion 

length and lifetime of the exciton, as well as bulk morphology, must allow 

exciton to reach the interface. Otherwise energy of exciton may also be 

relaxed in the form of fluorescence emission. Typical lifetime of excitons in-

conjugated polymers lies between 100 ps and 1 ns [13] and diffusion length 

of excitons in conjugated polymers varies between 5 nm and 14 nm [14]. 

For the first time exciton has been described by Frenkel in 1931 as an 

excitation wave. Frenkel`s excitons occur in materials with small dielectric 

constant. Exciton binding energy varies between 0.5 eV and 1 eV [15], [16] 

and corresponds with the electron-hole Coulomb attraction E: 

 
r

e
E

r0

2

4 
 , (1) 

Where e is elementary charge, 0 is the permittivity of vacuum and r the 

relative permittivity of material, and r  is the hole-electron distance. 
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Originally, Frenkel exciton was attributed to materials with minimal 

interactions of neighbouring atoms compared to strong forces within one 

atom. Solid inert xenon or sodium chloride may serve as an example. Similar 

is Davydov exciton, which is attributed to molecular crystals of aromatic 

compounds [17].  

Different theory of exciton, which occurs in semiconductors with high 

dielectric constant, has been described in 1936 by Wannier. The bond 

between electron and the hole is 10 times weaker and the radius is greater, 

even for few orders than the lattice constant [18]. Polaron pair is an 

intermediate stage between exciton and free charge carriers pair. After 

diffusion to the interface, exciton is dissociated to create the polaron pair. 

Polaron pair can dissociate again to create free charge carriers, to recombine 

or to be draft by electrodes [19],[20]. 

2.1.3.3 Photoluminescence 

Very often electron and the hole recombine and exciton vanishes instantly. 

Electron returns back to the ground state S0, located in the valence band. If 

this effect is accompanied with the light emission, we speak about 

photoluminescence. 

Emission spectra, as well as the absorption ones, provide the important 

information about structure, energy and dynamics of electronic excited 

states. There are two kinds of photoluminescence: fluorescence and 

phosphorescence. In the case of fluorescence electronic transition from S1 

level to S0 occur and electron spin multiplicity is kept unchanged. This 

phenomenon can be observed immediately, without the delay. If the spin 

state is changed from triplet to singlet, the effect is called phosphorescence. 

Light emitted within phosphorescence has usually lower energy than 

fluorescence and is delayed, because before T1 to S0 transition, intersystem 

crossing from S1 to T1 and vibrational relaxation are realized. Mentioned 

processes are clearly illustrated by means of Jablonski diagram (Fig. 3). 
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Fig. 3  Jablonski diagram 

Because interactions between the light and the material are always 

accompanied with the loss of energy, e.g. due to vibrational relaxations, 

wavelength of the light emitted is always higher than of the absorbed one. 

Also the amount of emitted photons is lower, than amount of absorbed 

photons. Mentioned relations are described in equation (2): 

  kv

ex

em
eng 




  , (2) 

where Фkv is fluorescence quantum yield, Фeng is fluorescence energetic yield, 

ex is frequency of excitation light and em is frequency of emitted light [21]. 

2.1.4 Electric properties of organic semiconductors 

2.1.4.1 Charge carriers mobility 

If π electrons pose sufficient energy in the electric field, they can freely move 

within delocalized orbitals. For example polymers are created by many 

monomer units connected in one macromolecule. If this macromolecule has 

the π-conjugated system all over its length, charge can be transported from 
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one end to another. In fact there are some factors which limit the 

delocalization: 

 Single and double bonds do not have the same length. Their 

alternation makes polymer more stable, but does not ensure full 

delocalization. 

 Chain and side group’s rotation is breaking the conjugation. 

 Conjugated chain often contains nonlinear failure – a soliton, which 

is delocalized only within the area of a few bonds. 

Analogy of polymer chain and inorganic semiconductor`s crystal lead to the 

Su-Schrieffer-Heeger (SSH) model. The model describes the acetylene 

molecule (Fig. 4). Valence electrons creating the double bond are delocalized 

along the chain and the probability of jumping between neighbouring atomic 

orbitals grows, when distance between two atoms decreases [7]. 

Poly(acetylene) can be considered as one dimensional semiconductor with 

band gap of approximately 1.5 eV [22]. In the middle of the band gap lies the 

Fermi level with the energy EF = E0 [23]. 

So far spoken charge transfer within one molecule is less energetically 

demanding. Since dimensions of electronic devices still exceed dimensions of 

macromolecules, transport of the charge carriers through the bulk of the 

material is limited by intermolecular distances. As it was mentioned earlier, 

in organic materials molecules are far from each other and keep their own 

identity due to the weak intermolecular forces.  

To be transmitted from one molecule to the other, charge carrier must 

overcome the potential barrier appropriate to the intermolecular distance. 

One possibility how to overcome the barrier is the hopping, which is usually 

realized above the valence band, however under the conducting band and 

can be thermally activated. In the case, that the charge carrier does not have 

enough energy to overcome the barrier, there is still certain probability of 

tunnelling.  
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Fig. 4  Band structure of SSH model of trans-polyacetylene. Notice that 

the structure is created by two bands of the width of 2(t−δt), 

where t means amplitude (maximal probability) of electron 

hopping between the neighbouring atoms. Acetylene model counts 

on alternation of two different distances of carbon atoms (single 

and double bond) with hopping amplitude of (t+δt) and (t–δt). The 

band gap is 4δt wide and there is the Fermi level in the middle of 

it [7]. 

Tunnelling is possible within the structure and its probability depends on 

the barrier parameters and increases, if the width is much smaller than the 

height. Tunnelling based mobility itself is quite low and dominating only 

within very low temperatures, when in both conducting and valence band is 

low concentration of charge carriers [24]. 

Total conductivity of the system is determined by both the conductivity 

inside the molecule, organization in the bulk of the material and 

intermolecular charge transfer. Electrical conductivity can be expressed via 

the equation (3) 

 Fqn  , (3) 
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where q is the charge, n id the density of charge carriers and μ is their 

mobility in the electric field of the intensity F. Because charge carriers are 

electrons and holes, the equation can be expressed as (4) 

 )(e hhee  nnF  , (4) 

where e is the elementar charge, neμe is the product of density and mobility 

of electrons while nhμh characterizes density and mobility of the holes. 

2.1.4.2 Photoconductivity 

After the light is absorbed by organic semicinductor, photoconductivity is 

one of the effects competing with the photoluminescence. This effect is 

desirable especially for photovoltaic devices. In this case, exciton does not 

vanish through recombination, but dissociates under the influence of the 

present electric field. The electron and the hole are being separated and 

resulting free charge carriers are then extracted by the electrodes. The rise of 

conductivity caused by the light can be described using the relation (5) 

 DLΔ   , (5) 

where σL is the conductivity of relevant material with illumination and σD is 

the conductivity without illumination, respectively. Amount of photocurrent 

is analogically defined as the difference between the currents with and 

without the illumination.  It is directly related to the change of electric 

conductivity according to the relation (6) 

 qFI Δph  . (6) 

Lifetime of charge carriers depends mainly on their ability to compete with 

recombination. Structural defects may also influence the mobility and 

lifetime of charge carriers, due to creating of the energetic traps, which may 

entrap the charge carriers and will not release them without sufficient 

amount of energy. 
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2.1.5 Applications of organic semiconductors 

2.1.5.1 Organic light emitting diodes 

Light emitting diode can be simplified as the device, which emits light after 

being connected to the electric circuit. Organic light emitting diode (OLED) 

(Fig. 5) consists of solid glass or flexible plastic (usually poly(ethylene 

terephthalate) substrate, transparent anode, usually of indium tin oxide  

(ITO) layer, one or more layers of organic semiconductor or their mixture and 

metal (Mg, Ca or Al) cathode. In some cases, when fully transparent device is 

required, modified ITO may also be used as a cathode [25]. The whole device 

is 50 – 200 nm thick [26]. 

 
 
 
 
 
 
 
 

 

Fig. 5  Basic structure of the light emitting diode. 

Charge carriers are entering the semiconducting material in the case that 

electric current flows through the circuit. Electrons are injected from the 

cathode to the LUMO level of organic semicinductor, and from the anode, 

holes are injected into the HOMO level [26]. Even if relatively low voltage is 

applied to the electrodes (2.5 – 20 V), small thickness of the active layer 

causes the strong electric field 105–107 V cm–1.  

In the semiconductor, electrons flow from the cathode to the anode, which is 

accompanied by recombination and exciton creation. Excitons can continue 

in diffusion, or may emit the energy in the form of photons or heat. Materials 

with higher charge carrier mobility, which are used as a transporting layer, 

are often bad emitters. Therefore multilayer diodes or bulk heterojunction 

diodes with proper dopant are used. Energy released in the form of photons 

is emitted through the transparent ITO electrode. Wavelength and therefore 
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the colour of emitted light depend on the properties of particular 

semiconducting material. Using dopant or additional layer, emitted lights are 

combined and almost every possible colour can be created, including 

different shades of white light. Though the most primitive light emitting 

diode can be created by one layer of organic semiconductor, multilayer 

devices are necessary to follow the recent development.  

2.1.5.2 Organic solar cells 

Organic solar cells (OSC) are, as well as OLEDs, consisting of transparent 

anode created usually by ITO layer, one or two layers of organic 

semiconductor or their blend, and metallic, for example aluminium cathode 

(Fig. 6). Their function is based on photoelectric phenomena. To simplify 

things as much as possible, we can say that after absorption of light, charge 

carriers are generated. Charge carriers are transported to the electrodes and 

current is generated in the circuit. 

 
 

 
 
 
 
 
 

 

Fig. 6  Basic structure of organic solar cell. The active layer can consist of 

more layers. 

Situation, however, is more complicated. The absorption of the light (photon) 

does not lead to the direct charge carrier generation. Created particle is 

called exciton [27], and was described previously 2.1.3.2. 

To create charge carriers, exciton needs to dissociate,  subsequently the 

charge is transferred to the electrodes [29]. To ensure sufficient absorption of 

the light in the visible region, active layer has to be at least 100 nm thick, 
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which is about 10 times more than average diffusion length of exciton. This 

leads to higher number of recombining excitons [31]. 

It is important to find the best compromise between absorption and 

recombination to optimize the layer thickness for each particular 

combination of materials. The active layer needs to be thick enough to 

ensure the proper absorption of the light, and in the same time, regarding 

the diffusion length of an exciton, to allow reaching the heterojunction [32]. 

Heterojunction can be created by the semiconducting material and the 

electrode in case of Schottky diode or by acceptor and donor material, if their 

electron affinities difference is sufficient. 

The very first solar cells were Schottky diodes, consisting of the anode, one 

organic layer and the cathode. The devices were quite ineffective, as the 

photogeneration could only realize within the small area or organic layer and 

metal electrode interface. 

More effective solar cells are based on photogeneration on the interface of 

two organic semiconductors, which is known as the heterojunction. Though 

in case of bilayer the interface of heterojunction is small and charge carriers 

are far from easy to reach it. That is why solar cells with bulk heterojunction 

are more suitable (Fig. 7) [33]. 

The layer of organic semiconductor may consist of semiconductors mixture 

or more layers with different functions (hole transporting, electron 

transporting, etc.) or combination of both. One of the basic hole-transporting 

layers is PEDOT-PSS (Poly(3,4-ethylenedioxythiophene) Polystyrene 

sulfonate), used in the numerous OSC [34] – [36]. PEDOT-PSS is highly 

transparent, which makes it suitable to use for the normal noninverted 

structures, between ITO and donor material. Other advantage is that 

PEDOT-PSS is insoluble in common organic solvents like chloroform and 

chlorobenzene, so the following layers can be processed from their solution, 

without the deterioration of PEDOT-PSS layer. Also, metal oxides (MoO3, 

WO3) were successfully employed as a hole-transporting layers [37], [38]. For 
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electron transporting layer, on the other hand, utilozation of Ca, LiF, or ZnO 

was described in the literature [39], [40]. 

 

Fig. 7  Schematic illustration of active layer organization. (a) optimal case 

– ordered bulk heterojunction, hard to reach, (b) planar heterojunction (c) bulk 

heterojunction 

Even though organic materials used in OSC in general reach lower 

efficiencies than the inorganic ones and their lifetime is remarkably shorter 

[41], there are many reasons for their employing in photovoltaic applications. 

Organic materials can be deposed in the form of thin layers [42], which 

keeps the material consumption low and therefore they become cheaper than 

inorganic materials. Their deposition, even on the large area, is relatively 

easy. Soluble materials can be deposited from the solution. For example by 

various kinds of printing, cheap production of devices with large functional 

areas can be produced, even on the flexible substrates.  

Based on the type of molecular system used, OSC are divided into two 

classes: polymer-donor solar cells and small molecule-donor solar cells. 

Interestingly, the efficiency of small molecule-donor solar cells have 
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increased considerably from 0.001% in 1975 [43], through 1% in 1986 [44] 

to > 11.3% in 2017 [45], [46], which is very close to the highest value 

obtained by, usually more efficient, polymer-donor solar cells ∼ 13% [47], 

[48].  

This incredible rise in performance has been possible due to several 

advantages offered by the small molecule-donor solar cells, e.g., synthetic 

ease, synthetic reproducibility with high purity, discrete molecular weight, 

well defined molecular structure, low weight and cost, mechanical flexibility, 

suitability for large area applications and high charge carrier mobility. 
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 Diketopyrrolopyrrole and its derivatives 

The main parameters limiting organic electronic device performance are 

properties of used materials. There is important need to search for new 

materials with required properties for the aimed application, as high molar 

absorption coefficient, charge carrier’s mobility, fluorescence etc. Very 

important is also searching for combinations of materials, which can 

cooperate well in the mixture or in multilayer device. Key properties in that 

case are HOMO and LUMO levels differences. 

Except from conjugated polymers, small molecules are also in the centre of 

interest. Conjugated small molecules also often contain nitrogen, oxygen, 

halogens or metal as a central atom in the complex. One of the compounds 

with great potential in many sectors is diketopyrrolopyrrole and its various 

derivatives. 

The 1,4-diketo-3,6-difenyl-pyrrolo-[3,4-c]-pyrrole (DPP) was for the first time 

described in 1974, while synthesized by coincidence. The reaction (Fig. 8) 

was supposed to produce lactam – product 1, but the totally new compound 

was synthesized instead [49]. Yield of this synthesis was only from 5 to 20 %. 

Later, different approaches to reach the DPP molecule were researched, for 

example synthesis from benzonitrile with succinic acid diester [50], [51]. 

Other methods can be found in literature [52]. 

DPP is very stable material, red in the solid phase, with very low solubility. 

Dissolved, obtained solution is yellow with a little bit of green. Absorption 

maxima between solid state and solution differ (cca 500 nm → cca 540 nm) 

because intermolecular hydrogen bonds vanish and π-electron`s overlap 

existing in crystal structure is lost. 

Polar substituents might cause redistribution of electron density in both 

steady and excited state, which has significant influence on absorption and 

fluorescence properties [53]. With suitable substitution, copolymerization is 

possible [54]. DPP based polymers will be discussed later. 
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Fig. 8  Lactam synthesis with product 2 – diketopyrrolopyrrole. 

While the appropriately substituted phenyl rings should be capable of under-

going diverse electrophilic and nucleophilic aromatic substitution reactions, 

the bicyclic lactam chromophore unit incorporates three different functional 

groups, namely double bonds, carbonyl, and NH groups, each of them being 

potentially amenable to chemical transformation (Fig. 9) [52]. 
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Fig. 9  Diketopyrrolopyrrole structure with possible reaction centers for 

substitutions. 
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Via substitution, many different derivatives can be synthetized, allowing to 

tailor their properties for further applications. Except from color, solubility, 

conductivity and other properties can be adjusted. During recent years, 

many new semiconducting materials based on 1,4-diketo-3,6-difenyl-

pyrrolo-[3,4-c]-pyrrole (DPP) were synthetized by the cooperating companies 

Research Instiotute of Organic Syntheses (RIOS) and Synthesia in Pardubice, 

Czech Republic [53] – [56]. 

2.2.1 Applications of DPP based materials 

In 1986, the very first DPP pigment (Fig. 8) has been introduced to the 

market. Since that time, many other pigments and dyes based on DPP core 

were developed. They found their applications in many sectors, like textile 

and plastic colorants or inks. Recently, the interest in this group of materials 

is raising and many new patents appear for various applications [52]. 

Molar absorption coefficients of DPPs usually vary in the range of 

10 000 dm3 mol1 cm1, rarely even 100 000 dm3 mol1 cm1. Their colours 

are extremely brilliant and cover wide palette of different shades. The most 

used pigments are summarized in the table (Tab. 1). Colour of each material 

is influenced not only by the molecular structure, but also by size and 

organization of the crystals [57]. 

Tab. 1 Summary of selected industrially used DPP pigments. Shade was 

determined in PVC with 0,2% of pigment [52]. 
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m-CF3 
Orange-
yellow 

509 518 21 500 

m-Cl Orange 512 528 27 000 

H Yellow-red 504 538 33 000 

p-Br Blue-red 515 555 35 000 

p-
N(CH3)2 

Violet-
blue 

554 603 81 500 
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Hydrogen bonds and π-electron overlapping in solid state provide DPP 

pigments with high stability. For those properties, group of DPP pigments 

found their potential in the most advanced applications like automotive 

industry or polymer colouring. 

Except from high molar absorption coefficient, DPP based pigments are 

usually highly fluorescent with quantum yield of about 60 % and Stokes 

shift of 10 – 15 nm. Because of the strong fluorescence, DPP pigments found 

their potential also in dye lasers [57] – [59]. 

Since early 90th years, red DPP pigment has been used as a colour filter for 

LCD display. Electroluminescence gives the potential to be used in light 

emitting diodes as a fluorescent material [60] – [69]. 

2.2.1.1 Application in organic field effect transistors 

Over and above mentioned, DPP pigments extend to the applications in 

electronics. In late 80’s, hole-conductivity of DPP was described, and use of 

DPP pigment in optical memory was suggested for the first time. Common 

hole mobility was in the range from 10–7 to 10–5 cm2 V–1 s–1, later the charge 

carrier mobility of many DPP molecules has reached and exceeded the 

mobility of amorphous silicon. The current best mobility, achieved by the 

DPP polymers, is about 10.5 cm2 V–1 s–1 [70], [71], which is approaching the 

mobility range of polycrystalline silicon and some other inorganic 

semiconductors. The OTFT (organic thin film transistor) devices, and their 

integrated circuits using these high mobility DPP materials, would be 

sufficient for many applications in which amorphous or even polycrystalline 

silicon TFTs are currently being used, such as the backplane drivers for the 

liquid crystal displays (LCDs) and OLED displays [72]. DPP-based polymer 

semiconductors have recently also achieved record electron mobility 

(3 cm2 V–1 s–1) and ambipolar hole/electron mobility 1.18/1.86 cm2 V–1 s–1 

[72].  
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2.2.1.2 Application in organic and hybrid solar cells 

Previously mentioned charge carrier mobility within the DPP materials is 

also one of the main limiting properties for usage within organic solar cells. 

Many DPP based polymers with high hole-mobility exhibit great power 

conversion efficiency, if used as a donor in organic solar cells [72]. Main 

advantage of high mobility material is possibility to prepare thin films of 

thickness of even 800 nm without undermining the efficiency, which is 

favoured for the manufacture of large area OSC devices through a high 

throughput printing process [73]. Nevertheless, charge carrier mobility is 

only one of many parameters, which good photovoltaic donor must 

accomplish. No less important is the molar absorption coefficient, low 

bandgap, thin film morphology etc. 

Recently, many institutions all over the world study different DPP based 

molecules for organic photovoltaics and new recording efficiencies are 

regularly introduced to the scientific community. Last six years, many DPP 

based polymers as the donor materials for organic solar cells were 

introduced with efficiencies varying from 4 to 8 % [74] – [76] (Fig. 10). 

Recently the highest power conversion efficiencies approaching 9% were 

published by Ashraf et al. [77] and Ma et al. [78]. 
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Fig. 10  Molecule of PDTTDPP, which was used to reach pover conversion 

efficiency of 6,07% using PC70BM as an acceptor [76]. 



34 

 

Small molecules based solar cells are left behind, because of their different 

behaviour. Their mobility is usually lower than for polymers. Moreover they 

tend to crystalize and therefore controlling the morphology of resulting thin 

films is quite challenging. Nevertheless, numerous derivatives and devices 

with efficiencies between 3 and 5 % can be found in the literature [79] – [84].  

Structure property relationship and molecular tailoring is mutual for most of 

the published result (Fig. 11) and is also the method for future 

improvements. In late 2013, Fu et al. published efficiency as high as 5.37 %, 

which was increased from 3.89 % just by replacement of the thiophene end 

groups with the furan ones [85]. 

Application of DPP-based materials as the acceptors was also described in 

the literature [86] – [92] (Fig. 12). Until 2014, efficiency was not higher than 

1 %, but replacement of expensive fullerene, which is usually used as an 

acceptor for the record-breaking devices, is effective way to decrease 

expenses for organic solar cells. Within last 4 years, efficiency as high as 

4.2% [91] was reached using DPP based polymer as the acceptor. In the field 

of DPP based small molecular acceptors, efficiency as high as 7.76% was 

reported by Privado et al. [92]. 

Because DPP based molecules are often pigments or dyes, their use in dye 

sensitized solar cell is also studied. DPP does not take the function of 

semiconductor in this case, but only works as a dye absorbing photons and 

providing electrons into the conducting band of titanium dioxide. For a long 

time, scientists have not succeeded to reach remarkable efficiencies with this 

kind of DSSC (dye sensitized solar cell) higher than about 4 % [93] –[95]. In 

spite of high photostability and molar absorption coefficient, the charge 

transfer into the titanium dioxide conducting band was not efficient enough. 

Recently though Li et al. published efficiency of over 9 % with DSSC using 

DPP as a sensitizer [96]. 

Due to their high charge carrier mobility and appropriate energy level 

alignment with perovskites, DPP based materials find their application also 

as the hole transporting material in Perovskite solar cells [97], [98] and [99]  
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and help to minimize both electrical potential loss and charge 

recombination. 

Enhanced absorption coefficient makes DPP based molecules promising 

sensitizer for ternary solar cells. Wang et al. [100] used addition of small 

amount (3,4 %) of quadrupolar D-A-D DPP to improve the photon harvesting 

efficiency in the near infrared area and improved the efficiency of 

P3HT:PCBM solar cells by 30 %, from 3 % to 4,04 %. 
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Fig. 11  Example of device efficiency improvement by molecular tailoring of 

the donor molecule as published by Zhou et al. (upper) [79] and Fu 

et. Al (lower) [85]. 
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Fig. 12 Diketopyrrolopyrrole containing acceptor molecule and illuminated 

J-V curve for P3HT:HP1 based device with efficiency of 1.02 % 

[88]. 

2.2.1.3 Application in sensors 

Even though staple DPP compound is very stable, some derivatives can be 

on purpose prepared with high sensitivity for the environment. For example 

with modification of nitrogen based substituents, hydrogen sensitivity 

appears. There is a notable change in colour and conductivity, which will be 

described later. Mentioned derivatives can be exploited for some specific 

applications, such as hydrogen sensors [101]. 

2.2.2 Influence of different substituents on DPP molecule 

2.2.2.1 Alkylation 

The basic DPP pigment is highly insoluble, which is caused mainly by 

intermolecular hydrogen bonds. Solubility is the key parameter for industrial 

use in thin film based devices, because preparation of the thin films from the 

solution is an economical advantage. Methods like spray coating or roll to 

roll printing can be applied for cheap preparation of large area devices. 

Nitrogen alkylation causes the phenyl ring rotation, therefore vanishing of 

intermolecular hydrogen bonds and enhances the solubility of the material. 

Except the alkylation, preparation of gold-based complexes is also described 

in the literature to enhance the solubility [52]. 
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Example of the synthetic step leading to alkylated product is shown on the 

picture (Fig. 13). Methyl can be replaced by another alkyl or ester chain by 

nucleophile substitution.  
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Fig. 13 Example of nitrogen alkylation of DPP molecule. 

It was proved by calculation and experiments, that substitution strongly 

influences the molecular geometry. Compared to perfectly planar DPP 

molecule, nitrogen alkylation leads to the rotation of side phenyl rings [102]. 

Phenyl rings rotation therefore leads to π-conjugated system shortening, 

which causes hypsochromic shift in the absorption spectra and 

bathochromic shift of photoluminescence. With decrease of planarity, 

decrease in molar absorption coefficient was also observed. Fluorescence 

quantum yield did not change significantly. Decrease in energetic yield was 

proved by Stokes shift increase. Alkylated derivatives in general show strong 

fluorescence with the Stokes shift up to 70 nm [103]. 

Mentioned effects are almost independent on alkyl chain length, but strongly 

dependent on the kind of substitution. They play more important role within 

symmetrical substitution, since both phenyl rings get rotated. 

Effect on thin film mobility was observed by atomic force microscopy (AFM). 

Symmetrically substituted derivatives ordered themselves into large planar 

crystals, while monosubstituted derivatives created fibre-like crystals. 

Significant influence of side chain length was not proved by AFM either 

[102], [104], [56]. 
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Besides nitrogen alkylation, oxygen alkylation has been published by Frebort 

et al. [105]. According to this article, moving alkylation from nitrogen to 

oxygen causes vanishing of phenyl rotation. This could theoretically lead to 

longer conjugated system. In the same time, derivatives alkylated on one of 

the oxygen showed bathochromic shift of absorption maxima. Derivative 

alkylated on both oxygens showed even more significant bathochromic shift, 

higher HOMO and deeper LUMO levels. Conjugated molecules based on 

symmetrically nitrogen alkylated and asymmetrical nitrogen and oxygen 

alkylated were synthetized by Zhao et Al. [106] and used as acceptor with 

PC70BM in solar cells. Compared to nitrogen only alkylated molecule within 

the same conditions, oxygen alkylated device showed higher Voc and slightly 

lower other parameters, including efficiency. Seo et al. [107] studied different 

nitrogen alkylated DPP with different side chains and proved that ethylhexyl 

group resulted in the most efficient devices. Efficiency was up to 3 times 

higher than for the same molecule with different alkylation groups. He 

explained it by different staking of the molecules in the solid state.  

Josse et al. described the effect of side chains on the electronic and 

photovoltaic properties of diketopyrrolopyrrole-based molecular acceptors 

[108]. Study including molecules with 4 different side chains showed that 

varying the size and branching of the side chains induces substantial 

changes in the material self-assembling properties, charge carrier transport 

and therefore device performances. 

2.2.2.2 Pyridyl substituted DPP 

Phenol groups of the basic DPP molecule can be substituted by pyridyl 

groups, with nitrogen in ortho or para position. Symmetric derivatives can be 

synthetized from 4-cyano-pyridil and 2-cyano-pyridyl, asymmetric also from 

pyrrolinone ester. Derivative with both nitrogens in the para position 

(Fig. 14) was found to coexist in two different crystalline modifications [101]. 

Modification I is generated from gas phase, while modification II is created by 

recrystallization from the solution. Therefore immediately after synthesis, 

phase II can be found. Transition from phase II to the phase I is possible by 
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long time boiling with concentrated dimethylformamide [109]. Modification II 

tends to create hydrogen bonds between NH group and nitrogen from the 

pyridyl group, thus shows significantly lower affinity to the protons [101]. 

O

O

NH NH

N

N

 

Fig. 14 Dipyridyl diketopyrrolopyrrole structure 

In modification I, hydrogen bonds are mostly created by NH group of one 

molecule and oxygen of the other molecule. So nitrogen in the pyridyl ring is 

willing to make bonds with hydrogen present in the environment. While 

there is substantial amount of hydrogen, protonation causes significant 

change in colour and conductivity. Absorption maxima changes from 

540 nm to 580 nm, and substance changes its colour from red to the violet. 

At the same time, resistance decreases of the order, so increase in 

conductivity can be measured [110]. Those properties make modification I of 

dipyridyl diketopyrrolopyrrole a perfect material to be used for hydrogen 

sensors. 

2.2.2.3 Polar substituent and push-pull derivatives 

Organic pigments are mostly centre-symmetrical, which means that their 

dipole moment equals to zero. Introduction of polar substituents into the 

molecule can cause change in electron distribution in both ground and 

excited state, which can significantly modify molecular properties. Electron-

donating (e.g. piperidine group) or electron-accepting groups (halogens, 

cyano group) can be introduced onto the phenyl ring and affect the charge 

distribution within the molecule. 
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By using polar substituents, also push-pull derivatives can be prepared 

(Fig. 15). This kind of molecule is characteristic by the strong accepting 

functional group on one side of the molecule and strong donor group on the 

other side, which causes strong dipole moment in the molecule. Push-pull 

derivatives can produce strong second-order nonlinear optical effects.  

Those derivatives exhibit significant Stokes shift and very low solubility. 

Solubility can, however, be increased by nitrogen alkylation. In the papers 

cited, all introduced derivatives were planar, except from those, where 

piperidine was used as a donor group [111], [112]. 
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Fig. 15 Example of diketopyrrolopyrrole derivative containing acceptor 

and donor group on one molecule, so called push-pull derivative. 

2.2.2.4 Influence of thiophene in the structure of DPP molecule 

Since the DPP core unit has a uniquely planar conjugated bicyclic structure 

and an electron-withdrawing property, its derivatives comprised of thiophene 

moiety can strongly induce the intermolecular π-π interaction and the band-

shift of longer wavelength absorption by intramolecular charge transfer from 

thiophene chain to DPP core [113]. 

Thiophene containing small DPP molecules performed as good electron 

donors in BHJ solar cells. They create phase-separating network with 
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fullerene derivative acceptor. But fast recombination limits creation of charge 

carriers compared to polymer donors. Therefore Jeong et al. [114] prepared 

novel derivatives with triphenylamine end group, which improves the 

transporting property of hole carrier by stabilizing the separated hole from 

the exciton. Presence of thiophene and thus more efficient intramolecular 

charge transfer also leads to significantly red shifted absorption.  

Triphenylamine has played important roles as effective electron donating 

group and hole transporting mediator in organic electronic applications. In 

cited work, triphenylamine containing derivative showed elevated HOMO 

level and one order higher hole-mobility than derivative without 

triphnenylamine. 

Further, diketopyrrolopyrrole based small molecules with thiophene ring and 

sulphur substituted in various positions over the molecule were published 

by Ripaud et al. [115]. Authors prepared six different derivatives, (Fig. 16), 

containing thiophene, furan, thioketone and ketone in the molecular 

structure. They observed rapid decrease of molar absorption coefficient, after 

the substitution of ketone with thioketone in the core (BFT-OS, BFT-SS). The 

replacement of ketone groups of DPP by thioketone ones produces a red shift 

of the absorption spectrum. 

Authors also showed that increase of thiophene content leads to small 

decrease of band gap energy. Normally DPP structures are all known as 

highly fluorescent. This effect was not disproved. Molecules containing furan 

connected directly to DPP core were more fluorescent than the other ones. 

On the other hand, replacing carbonyl groups with the thiocarbonyl ones 

lead to complete quenching of fluorescence (BFT-SS) connected with 

decrease of LUMO level and band gap. BFT-SS also does not exhibit any 

photovoltaic effect when used as donor with C60-based acceptors. Lower 

LUMO level lead to the decrease of the driving force for photo-induced 

electron transfer to C60. The quenching of luminescence resulting from the 

introduction of thioketo groups in the structure suggests a considerable 
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reduction of the lifetime of the singlet excited state which can also contribute 

to reduce the probability of photo-induced electron transfer.  
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Fig. 16 Diketopyrrolopyrrole based small molecules with thiophene ring 

and sulphur substituted in various positions over the molecule 

[115]. 

According to this study, side chain composition is not influencing energy 

levels significantly. Those small effects might be relatively important, 

however they are negligible compared to thioketone groups introduction, 

which lead to rapid decrease of LUMO level and molar absorption coefficient 

as well as fatal fluorescence quenching. Thioketone groups also lead to very 

poor photovoltaic properties. For the photovoltaic purposes, side chain 

showed to have important effects. Side chain composition seems to be highly 

related to the material thermal annealing sensitivity. In this case, thiophene 
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moieties bonded directly to DPP core performed best in the photovoltaic 

purposes point of view, which is corroborated through more papers 

published with similar structures. However, photovoltaic properties are 

affected too.  

Seo [107] studied the influence of phenyl, pyridine and thiophene group in 

the molecule and at the same time the influence of alkyl chains onto the 

photovoltaic performance. Molecules containing phenyl ring showed higher 

Voc and Jsc parameters, but poor fill factor. When conjugated chain consisted 

of two thiophene and one phenyl ring, layer morphology was found to be very 

smooth, which might be one of the reasons for better performance. This 

derivative showed the highest Voc, which is probably connected with the 

widest band gap among the materials studied in cited work.  

Lee at al. [116] also studied structure property relationship in DPP based 

thiophene containing small molecules. They prepared set of three bis-

thiophene DPP molecules connected with different bridges. Phenyl-bridged 

molecule showed the best performance in all the parameters, especially the 

current and open circuit voltage were remarkably the highest (Fig. 17). 

 

 

Fig. 17 Bis-thiophene DPP with different bridge [116]. 

Choi et al. [117] in the similar study showed, that since the bridge 

connecting two DPP segments tends to poses a weaker donor character, the 
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HOMO energy is lower and that leads to improvement of the Voc parameter. 

When the bridge is created using fused aromatic rings, the mobility within 

the semiconductor is higher, because of the planarity and thus the 

crystallinity. Higher mobility leads to better Jsc. Combining those two factors 

lead to the structure with photovoltaic efficiency of 4.4 %. 

Ashraf et al. [77] studied effect of different chalcogenophenes in the 

structure of DPP based polymer. They found out that by increasing the size 

of the chalcogen atom (S < Se < Te), polymer band gaps are narrowed. The 

heavier chalcogen atoms, selenium and tellurium, with higher polarizability 

and stronger intermolecular interactions in the solid state lead to enhanced 

field-effect hole mobilities. Comparison of the three chalcogenophene 

polymers with differing fullerene acceptors and photovoltaic device 

architectures shows a decrease in Voc with increasing heteroatom size. 

Despite these reductions, high performing solar cells were obtained with 

efficiencies as high as 8.8% for thiophene, 7.6% for selenophene, and 7.1% 

for tellurophene. 

2.2.2.5 DPP based polymers 

The first DPP-based polymer was described by Yu et al. in 1993 [118]. 

Conjugated block copolymers containing phenylene, thienylene and N-alkyl 

substituted diphenyl DPP units in the main chain were synthesized 

empoloying the Stille coupling reactions.  

Due to the 8π electron system, DPP chromophore is an ideal building block 

for conjugated molecules, oligomers, polymers and dendrimers. The first 

synthesis of conjugated DPP-polymers and copolymers via Pd-catalyzed 

Suzuki coupling was reported by Tieke and Beyerlein in 2000 [119]. 

Comparative studies indicated that conjugated DPP-containing polymers are 

considerably more stable than the DPP monomers or non-conjugated DPP-

polymers [120]. 

Using Suzuki, Stille, Heck and other aryl-aryl coupling reactions, new 

conjugated polymers with good solubility in common organic solvents, high 
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molecular weight, high thermal stability and application potential for 

optoelectronic devices became accessible. Polymers containing diphenyl DPP 

units in the main chain exhibit brilliant orange, red or purple colours, 

intense luminescence, high luminescence quantum yields, and Stokes-shifts 

up to 110 nm. Some of the polymers were studied as active layers in 

electroluminescent devices and showed brightness up to 500 cd m−2. 

 Polymers with dithiophenyl DPP moieties in the main chain show broad 

absorption in the visible spectra. Exhibiting blue or dark green colours, 

small band gaps and high charge carrier mobilities, they are suitable as 

electron donor in bulk heterojunction solar cells with fullerene as electron 

acceptor to give maximum power conversion efficiencies of over 6%. In field-

effect transistors they can exhibit ambipolar charge transport with large hole 

and electron mobilities. Variation of co-monomer units or aryl groups in DPP 

monomers might further improve the device properties [121]. 

One of the most used polymer as the donor in organic solar cells is PCBTDPP 

(Fig. 18) (Poly[N-90-heptadecanyl-2,7carbazole-alt-3,6-bis(thiophen-5-yl)-2,5-

dioctyl-2,5-dihydropy-rrolo[3,4]pyrrole-1,4-dione].  
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Fig. 18 Molecular structure of PCBTDPP, one of the most used DPP based 

conjugated polymer, working as a donor material in OSC. 

Since it was synthesized in 2009 by Zou et al. [122], it became widely used 

within organic photovoltaic community due to its favourable properties like 

high hole-mobility, low bad gap, solubility and good film forming properties. 

However this is not any “record breaking” material, next to the materials 
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such as P3HT and MDMO-PPV it became common standard for comparative 

studies [123], [124] and for studying of physical properties [125]. Therefor 

the material is also commercially available [126]. 

Also DPP based conjugated polyelectrolytes have been published. They are 

featured with ionic side group which render the material soluble in water 

and other polar organic solvent such as methanol and DMSO. Due to the 

solubility, these polymers are useful for special applications, e.g. for the 

preparation of ultrathin organized films in layer-by-layer self-assembly film 

processes [127]. 

Moreover, water soluble DPP molecule was reported by Saremi et. al [128]. 

Self-assembled multilayers of anionic DPP bolaamphiphiles and cationic 

polyelectrolytes were also published. However, up to now, there is no report 

on conjugated DPP-based polyelectrolytes and the use of these 

polyelectrolytes for preparation of layer-by-layer assembled films.  

Qu et al. [129] described newly synthesized DPP-based polymer containing 

fluorine moiety, which is working as a sensor to determine fluorine ions. The 

obvious quenching of fluorescence and red-to-purple colour change in the 

presence of fluorine ion shows that introduced polymer can act as a very 

good sensor. 

Conjugated dendrimers combine the advantages of high molecular weight of 

polymers and the chemically defined structure of oligomers.  Among various 

conjugated dendrimers, dendritic oligothiophenes are highly interesting for 

their ease of chemical synthesis, extended p-conjugation chain over the 

molecule, and tunable optical and electronic properties. Gao et al. [130] 

described structure defined DPP-based molecules decorated with three-

dimensional (3D) p-conjugated dendritic structures. Gao also described 

negative effect of trimethylsilane protection, which lead to phase separation 

and creation of large domains within the BHJ structure. This effect led to low 

Jsc and efficiency. 
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3 RESULTS AND DISCUSSION 

 Goals of the work 

The general aim of this work was to study the relationship between the 

molecular structure of selected DPP derivatives and their properties related 

to their possible application in organic electronic devices, especially solar 

cells. Therefore, several particular tasks were defined to reach the aim: 

 Study novel DPP based materials, which could be used in organic 

photovoltaics  

 Perform optical and electrical characterization of pure materials 

 Discuss structure-properties relationship  

 Study interactions with commonly used acceptor material 

 Prepare and study OSC device prototypes 

 Study performance of particular material in OSC system and 

discuss influence of molecular structure 

 Optimize OSC prototypes 

 Study alternative methods of OSC optimization 

 Optimize alternative methods of thin film deposition 

Diketopyrrolopyrrole based materials have a great potential for organic 

electronics exploitations, therefore one aim of this work was to search for 

novel DPP based materials, which could be used in organic photovoltaics. 

One of the challenges is to create the active layer, which would absorb 

maximum of incoming irradiation. For this is important to find the material 

with high molar extinction coefficient, and also covering the widest part of 

solar spectrum, in the ideal case complementary part of spectrum to the 

used acceptor. To fulfil this demand, pure materials, as well as mixtures 

with acceptors, were studied by optical measurements. Interactions between 

donor and acceptor can also be studied by optical methods, therefore 

fluorescence lifetime and its quenching by the acceptor materials was 

studied by time-resolved fluorescence.  
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Charge carrier mobility of pure material was studied by electrical 

characterization and gives important view into materials behaviour. Charge 

carrier mobility must be not only high enough, but also balanced between 

donor and acceptor, to reach efficient charge transfer across the bulk.  

Detailed characterization of pure material, both optical and electrical, is the 

way to get a view into structure-properties relationship, which is crucial for 

the future possibility of tailoring novel derivatives.  

Studied materials based on DPP mainly maintain function of the donor 

material within organic solar cell. Thus important is to study the interaction 

with commonly used acceptors, which are still mainly PC60BM and PC70BM. 

Interactions were studied by optical methods in both solutions and thin 

films. Main sign of interaction is the fluorescence quenching. Kinetics of the 

quenching also helped to get the complete picture. Those processes were 

studied by time resolved optical spectroscopy.  

Mentioning interactions between donor and acceptor material and their ratio 

in the active layer of OSC is one crucial parameter to be optimized. However 

numerous other variables also influence the OSC performance. Challenging 

task was to optimize OSC performance regarding all possible variables: type 

of donor, type of acceptor, their ratio, thin film thickness, method and 

conditions of deposition, substrate treatment prior the deposition, thermal or 

solvent treatment of the active layer after deposition, evaporation of 

electrodes, presence, type and deposition conditions of additional layers in 

OSC structure. 

Important is not only to bring the prototype structure with high “record 

breaking” efficiency, but also to bring a novel approach, which could simplify 

or reduce the price of the process of organic photovoltaic (OPV) devices 

production, together with possibility to produce within the large scale. As 

one of the alternative deposition methods, spray coating was described and 

optimized. 

To fulfil listed aims, below described experimental methods were used. 
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 Methodological Approach 

3.2.1 Optical properties 

Optical properties were characterized in the form of solutions in various 

solvents. Also thin layers of studied materials were studied, on various 

substrates, using distinct methods of preparation. Functional mixtures of 

donor and acceptor materials, such as those commonly used for bulk-

heterojunction solar cells, were studied to observe interactions within the 

blends. 

UV-Vis absorption and fluorescence spectroscopy were employed for optical 

characterizations, since these techniques are able to adequately assess the 

absorption and emission bands of studied molecules. Absorption spectra 

were measured both in solutions and in thin layers employing the Varian 

Cary Probe 50 UV-Vis spectrometer (Agilent Technologies Inc., Santa Clara, 

CA, U.S.A.). Fluorescence spectra were measured utilizing both Thermo 

Spectronic Aminco Bowman AB-2 fluorescence spectrometer (Thermo Fisher 

Scientific Co., Waltham, MA, U.S.A.) and Horiba Jobin Yvon Fluorolog 

(Horiba Jobin Yvon S.A.S., Chilly Mazarin, France).  

Kinetics of excited state were studied using the time resolved optical 

spectroscopy, which allows observe excited state kinetics and donor acceptor 

interactions. Time resolved fluorescence was assessed exploiting the Horiba 

Jobin Yvon Fluorocube (same supplier as for the Fluorolog machine) device 

for time correlated single photon counting (TCSPC) measurements. 

3.2.2 Thin film morphology 

Preparation of thin layers was done by solution based deposition methods 

like spin coating and spray coating, and also by vacuum evaporation. Study 

of morphology and properties of prepared layers was performed. The 

thicknesses of prepared layers and surface roughness were be measured by 

mechanical profilometer Dektak XT (Bruker AXS GmbH; Karlsruhe, 
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Germany) with stylus of 12.5 µm in diameter and applied pressure of 

approximately 3 mg. 

More advanced methods of morphology characterization, like scanning 

electron microscopy and atomic force microscopy were also employed for the 

characterization, however those methods were executed in cooperating 

institutions. 

3.2.3 Device preparation and characterization 

All samples were prepared in the clean room class C, to prevent the dust and 

particles from disrupting the thin layer. The clean lab is equipped with MB-

200B MBRAUN gloveboxes (M. Braun Inertgas-Systeme GmbH, Garching, 

Germany). Oxygen sensitive materials were stored and manipulated 

exclusively in the nitrogen gloveboxes, where also most of device fabrication 

step took place. 

Prototypes of simple electronic devices were fabricated. Their electrical 

properties, in particular the conductivity, charge carrier mobility, 

photoconductivity and charge photogeneration were characterized in detail. 

Electrical properties were studied by direct current-voltage characteristics 

and possibly by means of impedance spectroscopy. Combination of those 

methods should bring clear picture about processes taking part inside the 

device. We should be able to distinguish the influence of electrode interface 

and bulk and therefore recognize charge generation, charge separation and 

recombination to find out, which step is the limiting one.  

The current voltage measurements were executed by picoampermeter 

Keithley 6478, electrometer Keithley 6517A or source meter Keithley 2601B 

(Keithley Instruments Inc., Cleveland, OH, U.S.A.). Current voltage 

characteristics were measured in dark and under irradiation. The solar 

simulator LS0916 LOT Oriel class AAA (Fig. 19) provides defined light source 

according to standard AM 1.5 [131]. Incident light intensity was  

100 mWcm–2 and was controlled by calibrated reference silicon cell RR200O 

from ReRa systems (ReRa Solutions BV; Nijmegen, Netherlands). Spectral 
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resolved electrical response was studied using a combined apparatus 

consisting of: picoampermeter Keithley 6478, xenon lamp LSH502 LOT Oriel, 

monochromator MSH101 LOT ORIEL, photometric head SiQE120 ReRa 

Solutions connected to picoampermeter Keithley 485.  

3.2.4 Device optimization 

Optimization of multi-layered structures of DPPs derivatives with respect to 

their applications in photonic devices was the next step. As the main aim of 

this work, novel molecules applicable for industrial manufacturing of 

optoelectronic devices are introduced and effective structures designed. 

Therefore optimized design of the devices is the necessary step. Optimization 

consisted of following steps: Donor:acceptor ratio, deposition method, 

influence of solvent and thermal annealing, using of additional layers for 

selective hole/electron transport, active layer thickness, controlled 

aluminium deposition and further minor factors. 

 

  

Fig. 19 Clean room with nitrogen gloveboxes (left) for sample preparation 

and solar simulator (right) for characterization. 
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 Results overview 

Thematically, work during PhD studies can be divided into following groups: 

 Materials based research 

o Diphenylamino stilbene derivatives of diketopyrrolopyrrole 

o Thiobenzofuran derivatives of diketopyrrolopyrrole 

 Application based research  

o Alternative methods for thin film deposition of BHJ layers 

o Methods of solar cell optimization 

Results of the experimental work were published within 7 scientific papers 

and 11 conference contributions.  Experimental part consists of 6 selected 

papers, which focused on 2 groups of DPP derivatives and methods of their 

applications in organic photovoltaics. Papers are included within the thesis 

and placed at the end. Besides this work a variety of other materials were 

characterized, as well as processing and optimization methods. However, in 

order to keep concept of this thesis, only results which were published by 

the author, within the scientific journals are included in this thesis. 

3.3.1 Materials based research 

3.3.1.1 Diphenylamino stilbene diketopyrrolopyrrole derivatives 

Study of DPP based molecules containing diphenylamino stilbene was set in 

cooperation with Centre for Organic Chemistry Ltd, Rybitví. Within this 

work, numerous DPP based molecules containing diphenylamino stilbene 

were characterized. Author performed extensive optical study of available 

molecules and consider the possibility of their further usage. As a result, 4 

derivatives were chosen to have potential for application in organic 

photovoltaics. 

All four materials (Fig. 20) show wide structureless absorption band with 

maxima 490 nm, resp. 520 nm, which responds to the non-planar 

conformation of N-alkylated DPP. Red shift of 25 nm, respectively 27 nm 

could be observed between symmetrical and asymmetrical derivatives and 
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can be assigned to conjugation length. Influence of different solubilizing side 

chain is negligible, because of the molecular distances, intermolecular 

interactions do not play significant role. In weakly polar toluene, all studied 

materials showed strong fluorescence in solution, with considerable stokes 

shift of about 90 nm.  
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Fig. 20 Derivatives of diketopyrrolopyrrole containing diphenylamino 

stilbene group. Structures differes in solubilizing groups and also 

molecular symmetry. DPP1 and DPP3 are D-π-A type, while DPP2 

and DPP4 are D-π-A-π-D pattern. 

In a thin film, absorption of each derivative showed apparent bathochromic 

shift due to the intermolecular interactions in the solid state. Unlike the 

solutions, a slight red shift between the molecules with ethyl acetate and 

ethyl-hexyl acetate N-alkylation (DPP 1 vs DPP 3 and DPP 2 vs DPP 4) was 

observed, which indicates that the solid state planarity decreases within the 
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branched solubilizing chain reducing thus the length of the conjugated 

system. 

This difference also projects into solid state absorption edge, and shows, that 

shorter solubilizing chain has ability to lower the optical bandgap. 

For the thin film of symmetrical derivatives (DPP 2 and DPP 4) there is only 

4 nm difference in the solid state absorption maxima and 0,01 eV difference 

in the optical band gap, whereas for asymmetrical derivatives (DPP 1 and 

DPP3), those differences are higher, 11 nm within solid state absorption 

maxima and 0,17 eV in optical bandgap. Results show that longer and 

branched ethyl-hexyl acetate N-alkylation has more significant effect on 

asymmetrical derivatives, because the phenyl on one side of DPP core is 

more susceptible to the rotation, so that the loss of planarity destabilizes the 

molecule and shorten conjugated system. 

Measured hole mobility was by 2 orders lower than optimal for donor OSC, 

because the absence of thiophene in the structure enables rotation of the 

individual molecular building blocks (intermolecular π–π interaction is 

weaker) and thus high charge carrier mobility is barely reachable. 

In general, higher charge carrier mobility can be observed for symmetrical 

derivatives than for the asymmetrical ones. This effect can be ascribed to the 

longer conjugated chain and corresponds well with the results of optical 

measurements. The short solubilizing chain undoubtedly has a positive 

effect and improves the hole mobility; for a symmetrical derivative, the 

improvement is of only about 40 %, but for the asymmetrical one, an 

increase of almost three orders of magnitude was found. The main reason is 

probably the morphology as the branched ethyl-hexyl acetate chain causes 

rotation and thus shortening of the conjugated system. Phenyl compared to 

the diphenylamino stilbene group is more susceptible to rotations, so this 

effect is more emphasized in asymmetrical derivatives. 

The trend shown in the field effect measurements was confirmed within the 

current voltage measurements. DPP 2 with the highest carrier mobility 
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exhibited the highest photocurrent, as the Jsc corresponds with the charge 

carrier mobility. Also, the external quantum efficiency was higher 

throughout the whole spectrum.  

Symmetrical D-π-A-π-D type molecules always exhibited better photovoltaic 

and mobility parameters. Comparison of 2-ethyl-hexyl acetate and ethyl-

acetate N−alkylation showed an interesting effect: shorter solubilizing chain 

has been proved to provide better molecular planarity, and therefore higher 

mobility. For bulk-heterojunction devices, the domains formed on their 

surface are smaller and the surface is smoother. Combination of the above 

mentioned parameters results in a better fill factor, current and efficiency 

within the prepared solar cell prototypes. The effect of the solubilizing chain 

was more significant for asymmetrical molecules, where a 2-ethyl-hexyl 

acetate chain led to destabilization so crucial that domains created in the 

thin film were about 20 times larger than in other materials. Large domains 

lead to low charge carrier mobility, which affected the total photovoltaic 

performance. On the other hand, higher Voc was observed if DPP 4 was used 

as a donor. DPP 4 compared to DPP 2 has a lower HOMO level and bigger 

bandgap, which increase the Voc level in general. Also, the longer and 

branched side chain leads to a surface with slightly higher RMS and 

improves the phase separation. However same effect could not be observed 

for DPP 3, where combination of asymmetrical molecule and long solubilizing 

chain led to loss of planarity and drop in all parameters. 

Using of PC70BM instead of PC60BM, as an acceptor material, lead to an 

improvement of all parameters, except from the fill factor. Therefore the 

mobility of the donor material is probably the most limiting factor for all four 

thiophene-free materials. 

Results summarized within this chapter were published within the scientific 

papers P2 and P5, which are listed and commented below.  
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3.3.1.2 Thiobenzofuran derivatives of diketopyrrolopyrrole 

Study of DPP based molecules containing thiobenzofuran group was set in 

cooperation with Centre for Organic Chemistry Ltd, Rybitví. Author 

performed extensive optical study of available molecules (Fig. 21) and 

discuss the possibility of their further usage.  

Optical properties were studied in form of solutions in different solvents 

(chloroform, toluene, DMSO) and in the thin film, including absorption 

spectra, emission spectra, time resolved fluorescence and fluorescence 

quantum yield. Behaviour of material as a donor, while mixed with accepting 

material, was also studied. Solar cell prototypes were prepared and 

optimized for each material. 

Author studied effect of different solubilizing chain, comparing previously 

published derivative substituted with ethyl-hexyl, and two novel derivatives 

substituted by ethyl-hexyl acetate, and diethyl acetal solubilization groups. 

Other studied derivatives, based on the ethyl-hexylated TBFu DPP, were 

synthetised with longer conjugated chain, bithiophene benzofuran and 

hexylbithiophene benzofuran (DPP D and DPP E). Since solubility of DPP D 

was very low and derivative could not be used for solution-based process, 

DPP E was synthetised with additional hexyl solubilizing chain. Assymetrical 

derivative (DPP F) was also studied, with phenyl instead of one 

thiobenzofuran group. 

Out of three DPP(TBFu)2 derivatives with different solubilizing chains, ethyl-

hexylated derivative exhibit absorption maxima of 629 nm in the chloroform 

solution and 670 nm in the thin film. Both alternative polar solubilizing 

chains caused red shift of a few nanometers, which was slightly more 

remarkable for diethylacetal chain (622 nm and 615 nm respectively). Same 

effect was observed in emission spectra. In general, this effect was almost 

negligible and neither in the thin film, nor the lifetime of the excited state, 

difference was observed.  
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Fig. 21 Structures of thiobenzofuran based DPP derivatives. Derivatives 

A, B and C differ from each other in solubilizing chain, derivative 

E contain additional thiophene ring, while DPP F is soluble 

(hexylated) alternative. DPP F is asymmetrical derivative 

containing phenyl instead of thiobenzofuran unit. 
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Within DPP A, the change of absorption of the thin film after thermal 

annealing was the most pronounced, the intensity of absorption in the area 

of main peak increased dramatically. On the other hand for DPP B there was 

not change observed between the absorption of annealed and not annealed 

thin film. Therefore during the thermal annealing, important change in 

molecular organization occurred for DPP A, while DPP B stays unchanged. It 

can be concluded, that an optimal donor phase arrangement for DPP B is 

formed immediately during casting, improving thus a phase separation. 

Remarkable red shift was observed for asymmetrical molecule (derivative 

DPP F), which has the shortest conjugated system. In the thin film then, 

presence of phenyl led to rotation and loss of molecular planarity. 

On the other hand, both derivatives DPP D and DPP E with longer 

conjugated chain exhibit blue shift and wide absorption peak with maxima 

of 647 nm and absorption edge of 730 for solution and 790 in a thin film. 

Also molar absorption coefficient is the highest for molecules with the 

longest conjugated chain. 

Regarding electrical characterization, the highest efficiency was reached 

using derivative DPP A. Although PCE of the reference ethyl-hexyl alkylated 

DPP(TBFu)2 was not exceeded by the materials with electrophilic side chains, 

obtained efficiencies were reasonable, concerning the higher reaction yields 

in the case of alkyl esters, which makes considered materials promising for 

potential use. The substitution of widely used ethylhexyl with ethyl-hexyl 

acetate solubilizing groups thus enables a formation of an appropriate bulk-

heterojunction without the thermal annealing. Corresponding to no change 

in absorption spectra of the annealed and not annealed thin film, OSCs 

using DPP B as the donor exhibit good power-conversion efficiency even 

without any thermal treatment. This effect poses a potential for cheap and 

easy processing of BHJ solar cell and can be advantageous if thermally 

unstable materials are used in a fabrication of OPV. This fact, together with 

above mentioned better reaction yields, makes the ethylhexyl acetate side-

chain promising for further studies. 
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Derivative DPP D was not used because of its extremely low solubility, but 

with soluble alternative DPP E was reached efficiency of 3,73% and fill factor 

of 55.6%. This material, similar to DPP B, was showing interesting 

performance already without any thermal treatment, but with gradual 

annealing, the reorganization within the structure led to very high fill factor. 

Asymmetrical molecule (DPP F) was not further studied, because domains 

created in the thin film (studied by AFM) were too big, resulting from the 

molecular rotation. Also the band gap of this material was very high, thus no 

promising results were expected. 

Results summarized within this chapter were published within the scientific 

papers P4 and P6, which are listed and commented below.  

3.3.2 Application based research 

One important part of research connected to diketopyrrolopyrrolo based 

materials is the effort to find the optimal way of their application. Efficiency 

of final application depends not only on the molecular structure of used 

donor, but also on the way of deposition, thermal treatment, additional 

layers within the solar cell structure, kind of used acceptor molecule and 

ratio of donor:acceptor within the bulk heterojunction. 

3.3.2.1 Methods of solar cell optimization 

3.3.2.1.1 Gradual annealing 

New method of gradual annealing was introduced. Author had studied this 

method on OSCs using thiobenzofuran based DPP donors. It was discovered, 

that while using gradual increase of temperature, above mentioned solar 

cells can not only sustain higher temperatures but also reach higher PCE 

values when temperatures up to 140 °C were applied. Studied devices 

exhibit highest PCE within direct annealing of 110°C, applying of higher 

temperature directly lead to lower PCE. On the other hand, applying gradual 

increase of temperature resulted in PCE increasing up to 140°C and 

reaching higher absolute value. Increase of the PCE during the annealing is 
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observed due to the fill factor increase, which is influenced by the series 

resistance decrease. This observation can be related to the changes in 

contact/BHJ interface population during the annealing process. 

Results summarized within this chapter were published within the scientific 

paper P4, which is listed and commented below.  

3.3.2.1.2 MoO3 as a hole transporting layer 

Evaporated 10 nm thin layer of MoO3 was used as an alternative material for 

hole transporting layer. It is known, that in some cases, using MoO3 instead 

of PEDOT:PSS can improve OSC performance [132]. 

During the experiment studying gradual annealing, thermal degradation of 

devices using PEDOT:PSS as a hole transporting layer was observed. Since 

PEDOT:PSS is known to sustain even higher temperatures, this 

phenomenon can be associated with the donor-acceptor morphology and 

PEDOT:PSS/ DPP(TBFu)2 interface degradation. It was demonstrated that 

MoO3 anode contact advantages in case of the OSCs based on DPP(TBFU)2, 

where more thermally stable interface of active layer and anode contact 

allows using higher annealing temperatures resulting in higher efficiencies in 

comparison with PEDOT:PSS. 

Results summarized within this chapter were published within the scientific 

paper P4, which is listed and commented below.  

3.3.2.1.3 Inserted fullerene cathod 

Due to the better stability over the lifetime, OSC devices with inverted 

architecture are in the centre of interest. However, due to the lower 

efficiency, solar cells based on small molecules donor materials are still 

underrated. Lower efficiency is mainly caused by low fill factor, which is 

connected with low fullerene population on the cathode. 

Inserted 10 nm thin layer of C60 leads to rapid increase of fill factor factor 

together with slight increase of short circuit current and therefore increase of 

the efficiency to contemporary record value with DPP(TBFU)2 donor material. 
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Slight decrease of Voc was observed, due to the difference of LUMO levels of 

PC60BM and C60. 

Results summarized within this chapter were published within the scientific 

paper P6, which is listed and commented below.  

3.3.2.2 Alternative methods for thin film deposition 

For the fabrication of OSC prototypes spin coating is usually succesfully 

used to get the best morphology of bulk heterojunction. However, spin 

coating cannot be used for insoluble materials and it is not suitable for large 

scale production. Therefore vacuum deposition and spray deposition were 

studied. 

3.3.2.2.1 Vacuum deposition 

Vacuum deposition is method widely used in OSC preparation, but it is 

mostly used only for deposition of inorganic layers. It is advantageous to use 

vacuum deposition also for organic layer, so that complete multilayer device 

can be prepared within one vacuum cycle. Vacuum deposition brings the 

main advantage in possibility to deposit insoluble materials. Even bulk 

heterojunction can be created by co-deposition and deposition rate regulates 

the donor:acceptor ratio within the heterojunction. Vacuum deposition 

enables to precisely control requirements placed to the properties of thin 

film, e.g. film homogeneity, thickness uniformity and roughness. Since 

modern organic semiconductor devices are designed as stacked 

organic/inorganic thin film, very important is also the capability to create 

whole multilayer structure in the same vaccum cycle. Vacuum deposition 

also enables easy preparation of multijunction cells [133]. 

Author optimized the process of vacuum deposition of DPP(TBFu)2 as a 

donor, as well as mixture with acceptor C60 to create the bulk 

heterojunction via co-deposition method and deposition of inorganic layers 

used in OSC structures, aluminium, calcium and MoO3. 
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Results summarized within this chapter were published within the scientific 

papers P1, P2, P4, P5 and P6, which are listed and commented below.  

3.3.2.2.2 Spray coating 

Spray coating as solution-based deposition method is suitable for large scale 

production. Unlike the widely used spin-coating, sample does not have to 

rotate. Furthermore, it is possible to move the substrate and to cover large 

area or more substrates in a short time, from one store tank. 

Within this work, homogenized spray deposition was introduced. During the 

homogenization, deposited mixture was mixed with the hot air with 

temperature of 30-70 °C. 

Since this method is very variable and many parameters can be changed, 

also numerous parameters had to be optimized to reach homogenous layer. 

Huge amount of material had to be used, therefore optimization was started 

with PPV polymer to adjust the most volatile parameters of deposition. 

Among adjusted parameters was: movement of the substrate and its speed, 

temperature of the substrate, substrate treatment prior spraying, 

concentration of material in base solution, number of sprayed layers and 

annealing, both thermal and solvent. Reaching homogenous thin film of PPV, 

applicable in OSC, using of DPP(TBFu)2 started to be reasonable and 

optimization continue with this donor material, later on also as a mixture 

with acceptor. However, this research is still in very beginning and it would 

take longer time to prepare device with efficiency comparable to spin coated 

device. 

Results summarized within this chapter were published within the scientific 

paper P3, which is listed and commented below.  
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 Comments to the enclosed manuscripts 

3.5.1 P1:  Vacuum-deposited diphenyl-diketo-pyrrolopyrroles 

structures with photoelectrical applications 

Aim of this work was to prepare and study functional multilayer OSC device, 

which would be fully prepared by vacuum deposition, using only one 

vacuum cycle. Devices with DPP(TBFu)2:C60 bulk heterojunction layer of 

about 100 nm thickness were prepared by vacuum deposition within 1 cycle 

and encapsulated in an inert atmosphere. Devices were studied by 

photoelectrical measurements and SEM. 
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3.5.1.1  Evaluation of personal contribution 

Author prepared samples for deposition. Sample preparation took place in 

the clean room class C, to prevent the dust and particles from disrupting the 

thin layer. Samples before the encapsulation of the structures were 

manipulated within the MB-200B MBRAUN glovebox. Author performed 

encapsulation of the samples. Author assisted with the electrical 

measurement setup. Keithley 6517A electrometer voltage source; 

monochromatic light was produced by an LSH502 LOT-Oriel halogen lamp 

and an MSH101 LOT-Oriel monochromator. Author wrote the introduction, 

and contributed with part of results and discussion chapters of the paper. 

3.5.2 P2: Diphenylamine end-capped diketopyrrolopyrroles with 

phenylene–vinylene conjugation extension 

Aims of this work were to synthesise and characterize diketopyrrolopyrrole 

derivatives containing diphenyl-amino group, connected by the stilbene 

bridge to the diketo-pyrrolo-pyrrole core, and to consider the potential of 

their application in OSC. Two extended DPP pigments have been synthesized 

by a direct base-catalysed reaction of an aromatic nitrile and succinic, and 

pyrrolinone esters. Their highly soluble derivatives were prepared by 

alkylation using a branched ester of bromoacetic acid. Prepared structures 

were confirmed by NMR spectroscopy and their electrochemical properties 

were studied by cyclic voltammetry. Based on electrochemical and spectral 

properties authors concluded, that materials can be used as electron donor 

materials for photovoltaics. Therefore basic prototypes of solar cells were 

prepared and reached moderate efficiencies. To study deeply their optical 

and electrical properties, as well as structure-property relationship, and to 

optimize usage in OSC, was aim for the extended study [P6]. 

3.5.2.1 Evaluation of personal contribution 

Author participated on designing of the experiments. Author prepared 

solutions of studied materials in different solvents and perform 

characterization of studied materials by optical spectroscopy. Absorption 
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spectra were measured employing the Varian Cary Probe 50 UV-Vis 

spectrometer and fluorescence spectra were measured utilizing both Thermo 

Spectronic Aminco Bowman AB-2 fluorescence spectrometer (both previously 

described in 3.2.1). 

Author optimized the method of thin film preparation to create the film with 

optimal thickness and morphology for optical measurement. Author 

performed optical characterization of materials in solid state – thin film 

engaging previously described methods for absorption and fluorescence 

measurements. 

Author prepared substrates for organic solar cell prototypes. Author studied 

behaviour of studied materials in interaction with commonly used acceptors 

PC60BM and PC70BM and perform the optimization of donor:acceptor ratio.  

Author evaporated aluminium cathode layers using MBraun vacuum system 

located in the inert atmosphere of nitrogene glovebox MB-200B MBRAUN. 

Author optimized the method of the thin film deposition suitable for 

particular materials, structure of OSC prototype and thermal/solvent 

treatment of the active layer. Samples preparation took place in the clean 

room class C, to prevent the dust and particles from disrupting the thin 

layer. Samples before the encapsulation of the structures were manipulated 

within the nitrogen atmosphere of the glovebox. Author performed the 

encapsulation of the samples inside the glovebox. 

Author performed electrical characterization of prepared samples, 

measurement of current voltage characteristics with a a Keithley 2601B 

electrometer in the dark and under irradiance of 1 sun (100 mW/cm2) and a 

standard AM 1.5 spectrum, simulating sunlight after passing through the 

atmosphere, provided by AAA solar simulator (LOT Oriel). Author calculated 

performance parameters from measured data and evaluated influence of 

molecular structure on the parameters of power conversion. 

Author formulated part of the paper describing used methods and evaluation 

of their results. 
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3.5.3 P3: Aerosol flow homogenization in the spray polyphenylene 

vinylene thin film deposition 

Aim of this work was to introduce the method for spray coating of PPV 

material. Two different spray deposition techniques, SD and homogenized 

SD (h-SD), were compared within the study. Samples were studied by the 

microscopy and SEM. Functional photovoltaic device was prepared by 

homogenized spray deposition and characterized by photoelectrical 

measurements. 

3.5.3.1 Evaluation of personal contribution 

Author participated on designing of the experimental part. Author prepared 

substrates and solutions for the deposition. Author performed the deposition 

by spraying device and thermal treatment, cooperated on the optimization of 

the deposition parameters. Author performed microscopic analysis of the 

thin film homogeneity. Author performed electrical characterization of 

prepared samples, measurement of current voltage characteristics with 

Keithley 2601B electrometer in the dark and under irradiance of 1 sun (100 

mW/cm2) and a standard AM 1.5 spectrum, simulating sunlight after 

passing through the atmosphere provided by AAA solar simulator (LOT 

Oriel). Author calculated performance parameters from measured data. 

Author measured and evaluated spectral resolved photocurrent. Spectral 

resolved electrical response was studied using a combined apparatus 

consisting of: picoampermeter Keithley 6478, xenon lamp LSH502 LOT Oriel, 

monochromator MSH101 LOT ORIEL, photometric head SiQE120 RaRe 

Solutions connected to the picoampermeter Keithley 485.  

3.5.4 P4: Effect of the Side Chains and Anode Material on Thermal 

Stability and Performance of Bulk-Heterojunction Solar Cells 

Using DPP(TBFu) 2 Derivatives as Donor Materials 

Aim of this work was to study the influence of the modification of solubilizing 

chain of DPP(TBFu)2 molecule on the molecular properties and further on 

the properties of OSC, where DPP(TBFu)2is used as a donor material. Paper 
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also discussed effect of MoO3 as an alternative hole transporting layer and 

effect on the thermal stability of the OSC.  

Although PCE of the reference ethyl-hexyl alkylated DPP(TBFu)2 was not 

exceeded by the materials with electrophilic side chains, obtained efficiencies 

were reasonable, concerning the higher reaction yields in the case of alkyl 

esters, which makes considered materials promising for further use. 

Derivative substituted with ethyl-hexyl acetate exhibit good power-

conversion efficiency even without any thermal treatment, which poses a 

potential for cheap and easy processing of BHJ solar cell. 

MoO3 anode contact together with DPP(TBFu)2, exhibit creation of more 

thermally stable interface of the active layer and anode contact, allows using 

higher annealing temperatures, which leads to higher power conversion 

efficiencies in comparison with commonly most used PEDOT:PSS. 

Least but not last, gradual annealing was introduced as a method to improve 

performance of OSC. Slow increase of temperature during annealing process 

caused the effective donor acceptor reorganization, resulting in higher power 

conversion efficiency. 

3.5.4.1 Evaluation of personal contribution 

Author cooperated on the research of actual situation and designing the 

experimental part. 

Author prepared substrates for organic solar cell prototypes. Author studied 

behaviour of studied materials in interaction with commonly used acceptors 

PC60BM and PC70BM and perform the optimization of donor:acceptor ratio. 

Author evaporated aluminium and MoO3 layers using MBraun vacuum 

system 

Author optimized the method of thin film deposition suitable for particular 

material. Sample preparation took place in the clean room class C, to 

prevent the dust and particles from disrupting the thin layer. Samples before 

the encapsulation of the structures were manipulated within the MB-200B 
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MBRAUN glovebox.  Author performed encapsulation of the samples inside 

the glovebox. 

Author performed electrical characterization of prepared samples, 

measurements of current voltage characteristics with a a Keithley 2601B 

electrometer in the dark and under irradiance of 1 sun (100 mW/cm2) and a 

standard AM 1.5 spectrum, simulating sunlight after passing through the 

atmosphere provided by AAA solar simulator (LOT Oriel). Author calculated 

performance parameters from measured data and evaluated influence of 

molecular structure on the parameters of power conversion. 

Author participated on formulation of the results. 

3.5.5 P5: Thiophene-free diphenyl-amino-stilbene-diketo-pyrrolo-

pyrrole derivatives as donors for organic bulk heterojunction 

solar cells 

Aim of this extended study, based on previously synthesised materials [P2], 

was to describe more detailed characterization of diphenylamino stilbene 

based DPP materials and their application as donors in organic solar cells. 

Study focused on the relationship between structure and properties of 

4 soluble derivatives. Study provided comparison of asymmetrical D-π-A 

with symmetrical D-π-A-π-D, both alkylated either with ethyl-acetate or 

ethyl-hexyl-acetate.  

It was demonstrated, that D-π-A-π-D type molecules always exhibited better 

photovoltaic and mobility parameters. Comparison of 2-ethyl-hexyl acetate 

and ethyl-acetate N−alkylationolubilizing chains showed that shorter 

solubilizing chain provides better molecular planarity, and therefore higher 

charge carrier mobility. The effect of the solubilizing chain was more 

significant for asymmetrical molecules, where a 2-ethyl-hexyl acetate chain 

led to destabilization.  

Diphenyl amino building blocks in the structure are in general susceptible to 

rotation (intermolecular π–π interaction is weaker) and thus high charge 

carrier mobility is barely reachable. If PC70BM was used as the acceptor, all 
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parameters of the solar cell improved, except from the fill factor. This effect 

demonstrated that lower mobility of the donor material is probably the most 

limiting factor for all four thiophene-free materials. However, considering the 

generally lower lifetime of organic solar cells and their possible disposal by 

incineration, the absence of sulphur (thiophene-free material) makes theman 

environment friendly alternative for solar cells.  

3.5.5.1 Evaluation of personal contribution 

Author performed the research of the actual situation and designed the 

experimental part.  

Author prepared the samples and performed complete optical 

characterization, in extent going beyond the published results. Author 

prepared the samples for AFM microscopical analysis and for OFET 

measurements, which were performed by co-authors to verify the thin film 

homogeneity and to calculate the charge carrier mobility.  

Author prepared substrates for organic solar cell prototypes. Author studied 

behaviour of studied materials in interaction with commonly used acceptors 

PC60BM and PC70BM and perform the optimization of donor:acceptor ratio.  

Author evaporated aluminium cathode layers using MBraun vacuum system 

located in the inert atmosphere  nitrogene glovebox MB-200B MBRAUN. 

Author optimized the method of thin film deposition suitable for particular 

materials. Samples preparation took place in the clean room class C, to 

prevent the dust and particles from disrupting the thin layer. Samples before 

the encapsulation of the structures were manipulated within the nitrogen 

atmosphere of the glovebox. Author performed the encapsulation of the 

samples in the inert atmosphere. 

Author performed electrical characterization of the prepared samples, 

measurements of current voltage characteristics with a a Keithley 2601B 

electrometer in the dark and under irradiance of 1 sun (100 mW/cm2) and a 

standard AM 1.5 spectrum, simulating sunlight after passing through the 

atmosphere provided by AAA solar simulator (LOT Oriel). Author calculated 



  

73 

 

performance parameters from the measured data. Author evaluated the 

results and discussed influence of the molecular structure on the 

parameters of the power conversion. 

Author formulated the complete paper. 

3.5.6 P6: Reducing Recombination Processes in the Inverted-Solution-

Processed Small-Molecule Solar Cells by the Inserted Fullerene 

Cathode 

Aim of this brief paper was to describe the effect of inserted layer of fullerene 

(C60) on the cathode of inverted DPP(TBFu)2 based OSC. It was 

demonstrated, that 10 nm thin layer of fullerene reduces recombination 

processes, which are the main reasons of the low fill factor at inverted 

DPP(TBFu)2 based devices.  

Inserted layer of C60 led to rapid increase of fill factor together with slight 

increase of short circuit current and therefore increase of the efficiency for 

both inverted and regular devices based on DPP(TBFu)2 donor material. For 

inverted devices, obtained efficiency reached contemporary record value. 

3.5.6.1 Evaluation of personal contribution 

Author participated on designing the experimental part. Author partially 

prepared and characterized samples. Author prepared substrates for organic 

solar cell prototypes. Author optimized the method of thin film deposition of 

the active layer. Sample preparation took place in the clean room class C, to 

prevent the dust and particles from disrupting the thin layer. Samples before 

the encapsulation of the structures were manipulated within the nitrogen 

atmosphere of the glovebox. Author performed the encapsulation of the 

samples. 
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4 CONCLUSION 

Two groups of the new diketopyrrolopyrrole derivatives, diphenylamino 

stilbene DPP and thiobenzofuran DPP, were studied with respect to their 

potential use in organic photovoltaics. Author performed extensive study of 

optical and electrical properties of pure materials and study the structure-

property relationship of DPP based materials. Series of prototypes of organic 

photovoltaic devices were prepared, their performance optimized and 

influence of molecular structure on solar cell performance was discussed. 

Effect of side solubilizing chain presence and type was described. It was 

demonstrated for diphenylamino stilbene DPP that shorter, ethyl acetate  

solubilizing chain led to better thin film morphology and higher charge 

carrier mobility within the bulk. Therefore all OSC parameters connected 

with mobility were improved. For thiobenzofuran DPP, ethyl hexyl, ethyl-

hexyl acetate, and diethyl acetal solubilization group were compared and it 

was showed that ethyl-hexyl acetate group led to a formation of an 

appropriate bulk-heterojunction without the thermal annealing, which 

indeed is advantageous for potential industrial use. 

Besides materials, application based research is also closely connected with 

area of organic materials. Alternative methods of optimization and thin film 

deposition were studied with regard to diketopyrrolopyrrole materials. 

Among methods of solar cell optimization, gradual annealing was studied 

and it was described that slow increase of temperature can lead to improve 

of thermal stability and performance of studied devices. As an alternative to 

commonly used PEDOT:PSS, MoO3 hole transporting layer was introduce 

and it was demonstrated that with studied devices from TBFu based DPP, 

MoO3 led to better stability of the BHJ/HTL interface.  Low efficiency of small 

molecules based inverted solar cells was improved by evaporated layer of 

fullerene on the cathode, which solved problem with low fullerene population 

on the cathode and thus increased efficiency of inverted solar cell, mainly via 

the fill factor. 
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As deposition methods, next to the commonly used spin coating, within this 

work vacuum deposition and spray deposition were used. Advantage of 

vacuum deposition is creation of precise layer and possibility to deposit 

insoluble materials. On the other hand, spray deposition is solution-based 

method which allows fast large scale production. Homogenized spray 

deposition enables to reach more precise layer. Both methods were used and 

optimized for diketopyrrolopyrrole material. 

Results were published within 7 scientific papers and 11 conference 

contributions. 6 chosen publications are integral to this thesis. 
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ABBREVIATIONS AND SYMBOLS LIST 

BHJ Bulk heterojunction 

DPP 3,6-diphenyl-2,5-dihydropyrrolo[3,4-c]pyrrole 1,4-dione 

DSSC Dye-sensitized solar cell 

e elementary charge 

F Electric field intensity 

HOMO highest occupied molecular orbital 

Iph Photocurrent 

ITO Indium-tin oxide 

LUMO lowest unoccupied molecular orbital 

MDMO-PPV poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-

phenylenevinylene] 

n Charge carriers density 

OFET organic field effect tranzistor 

OLED organic light-emitting diode 

OPV organic photovoltaics 

OSC organic solar cell 

PC60BM phenyl-C61-Butyric-Acid-Methyl Ester 

PC70BM phenyl-C71-Butyric-Acid-Methyl Ester 

PCBTDPP poly[N-9′-heptadecanyl-2,7-carbazole-alt - 3,6 - bis 

(thiophen-5-yl) - 2,5-dioctyl - 2,5-dihydropyrrolo[3,4-

]pyrrole-1,4-dione] 

PEDOT-PSS Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate 

q charge 

S0, S1 Singlet energy levels 
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SSH Su-Schrieffer-Heeger model 

σ conductivity 

TFT Thin film transistor 

T0, T1 Triplet energy levels 

UV Ultraviolet 

Vis Visible 

ε Molar absorption coefficient 

Фkv quantum yield 

Фeng energetic yield 

λ Wavelenght 

ex Frequency of the excitation light 

em Frequancy of the emitted light 

μ Charge carrier mobility 

e Efficiency 

τ Timelife of fluorescence 

τ0 Timelife of fluorescence with zero quencher concentratin 

 

 

Speed of light in vacuum c = 299 792 458 ms1 

Planck constant  h = 6,626·1034 Js 
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Abstract. Modern organic semiconductor devices are designed as stacked organic/inorganic 
thin films. In such multilayer structures, strong requirements are set forth to the properties of 
the specific films, e.g., film homogeneity, thickness uniformity and roughness. The physical 
vacuum deposition (PVD) technique fulfils all of these requirements having even the capability 
of producing the whole multilayer structure in the same vacuum cycle. Diphenyl-diketo-
pyrrolopyrroles (DPP) are low-molecular-weight materials with promising luminescence and 
photoelectrical properties. This study deals with PVD of thin DPP films and measurement of 
their properties. The organic films and inorganic electrodes of the multilayer structures were 
prepared in the same vacuum cycle, and then the structures were encapsulated in a glove box 
avoiding exposure to oxygen. ITO|composite|Al structures were prepared with active DPP-C60 
composite films (ratio 60:40 mass %) of about 100 nm thicknesses. The surface morphology of 
the films was studied by SEM imaging, which revealed uniform films containing separate 
spherical structures. The dark current and the photoconductivity were measured and the 
photoelectrical behavior of the structures was estimated. It was found that the optimized 
preparation of the structures under the aforementioned conditions leads to an improvement of 
their photoelectrical properties. 

1.  Introduction 
Diphenyl-diketo-pyrrolopyrroles (DPP) are low-molecular-weight materials with promising 
luminescence and photoelectrical properties. The first known derivative, 1,4-diketo-3,6-difenyl-
pyrrolo-[3,4-c]-pyrrole (DPP) was described for the first time in 1974, having been synthesized by 
mistake.  

In 1986, the first derivative was introduced to the market and, since then, many other derivatives 
have fulfilled their potential, especially in the industry of colorants. The interest in these pigments has 
grown recently and they have become subjects of patents in many areas of applications. 
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These compounds have been the object of intensive research for pigment applications; they exhibit 
a variety of shades in the solid state and, especially, chemical, light and thermal stability [1]. DPP 
itself has a high molar absorption coefficient, as well as a high fluorescence quantum yield; therefore, 
the low-molecular-weight derivatives of DPP have been extensively studied concerning their optical 
and photophysical properties [2–4]. Potential applications have been reported of DPP derivatives as 
luminescent media in a polymer matrices [5], solid-state dye lasers [6], OLED devices [7] and organic 
field-effect transistors [8]. 

Thin films of low-molecular-weight semiconductors are usually prepared by means of a variety of 
complex techniques, including physical or chemical vapor deposition, organic molecular-beam epitaxy 
or solution-based deposition techniques. The performance of small molecular organic devices has been 
shown to be highly sensitive to the films’ morphology and processing conditions. Often, the solution-
deposited active layers of devices (e.g. spin cast films) exhibit a high portion of microcrystallites and 
aggregates, whereas the vapor deposition techniques provide high-quality crystalline films 
characterized by improved charge-transport properties compared with those of solution-deposited 
films. The relationship between the organic thin film morphology and the device performance is 
nowadays subject of comprehensive research activities. 

DPP based polymers, as well as small molecules, have found their place in the organic electronics. 
This paper deals with 3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione, denoted hereinafter as DPP (figure 1). Using this material as a donor for 
bulk-heterojunction-based solar cells leads to a photovoltaic conversion efficiencies up to 4,4 % [9]. 
Conjugated systems provide high charge-carrier mobility across the structure. 

In the present paper, DPP-C60 donor-acceptor composite films were prepared by vacuum             
co-deposition and the photoelectrical properties of ITO|composite| films were investigated. 
 

 

 

 

Figure 1. Chemical structure of the 
active material DPP. 

 
Figure 2. Chemical structure of the  
fullerene C60. 

 
2.  Experimental 
3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 
was provided by our partner Center for Organic Chemistry Ltd. (COC), who synthetized it according 
to the route published in 2009 by Walker et. al. [9]. Fullerene C60 PCBM ([6,6]-Phenyl-C61-butyric 
acid methyl ester) (figure 2) was purchased from Ossila Ltd. 

To fabricate our samples we used the Ossila OLED/OPV Pixelated Anode Substrate System and 
the Ossila Encapsulation System, which consist of a pre-patterned ITO-covered glass substrate with a 
standard size of 20×15 mm, an active area deposition mask, a cathode deposition mask, encapsulation 
epoxy, encapsulation glass slides and electrical connection legs with a standard 0.1-inch (2.54 mm) 
pitch. The pre-patterned ITO structure consists of one cathode strip along the long side of the substrate 
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and six fingers, which, combined with the deposition masks, form six active pixels with dimensions 
4×1.5 mm and six anodes connected to them. 

The composite thin film was deposited onto Ossila substrates in an MBraun vacuum system from 
two heat sources simultaneously at evaporation temperatures of 180 ºC for DPP and 420 ºC for C60 and 
deposition rates of 4.2 Å/s and 2.5 Å/s, respectively, through the active area deposition mask. After 
deposition of the active composite layer, the samples were taken out in nitrogen atmosphere, the mask 
was changed with the cathode deposition mask and the samples were returned back into the 
evaporation chamber. When the vacuum in the evaporation chamber reached sufficient levels, 
aluminum electrodes were deposited. 

Finally, the samples were encapsulated according to a standard procedure. 
An optical micrograph image of the sample prepared was taken and the overlapping of the layers 

was inspected. 
Selected samples were studied by a Philips 515 scanning electron microscope (SEM). The SEM 

morphology characterization of the DPP-C60 composite films was carried out on the Ossila substrates 
without implementing the final encapsulation procedure and the result is shown in figure 3. 
 

 

 

 

Figure 3. SEM images of the deposited 
composite thin films: a) magnification of 
10 000; b) magnification of 40 000. 

 
Figure 4. Optical micrograph in polarized light; 
the device structure is as follows: A is ITO, B is Al 
and C is the active composite layer. 

 
The setup for photoelectrical measurements consisted of a Keithley 6517A electrometer and 

voltage source; monochromatic light was produced by an LSH502 LOT-Oriel halogen lamp and an 
MSH101 LOT-Oriel monochromator. The light power was controlled by using gray filters and 
measured by a S120VC standard Si photodiode power sensor and a Keithley 485 picoampermeter. 

The photoelectrical measurements started with the spectral dependence of the photocurrent at zero 
applied voltage; the I-V characteristics were then measured in both directions of the voltage scale in 
dark and when exposed to monochromatic light. Finally, the dependence of the photocurrent on the 
incidental light power (irradiance) was measured. The sample was exposed to monochromatic light at 
the wavelength of 533 nm. 
 
3.  Results and discussion 
 
3.1.  Sample characterization 
An optical micrograph image of the sample prepared for electrical characterization is presented in 
figure 4. As is seen, uniform films covering entirely the ITO electrode area were prepared. 

A more precise film-surface characterization of the composite films was performed by SEM. SEM 
images taken at two different magnifications from the same sample without applying the encapsulation 
procedure are presented in figure 3. The image taken at the lower magnification of 10 000 (figure 3a) 
confirms that smooth and uniform DPP-C60 films without a presence of pinholes were produced. The 
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SEM image taken at a magnification of 40 000 (figure 3b) reveals the formation of spheres with a size 
of about 100 - 200 nm. The spheres observed could be related to the formation of a single phase of one 
of the components. To clarify this problem, further studies of samples with different DPP-C60 ratios 
should be carried out. In general, one can conclude that the DPP-C60 films deposited are suitable for 
electrical measurements in “sandwich” type samples. 

3.2.  Photoelectrical measurements  
Figure 5 presents the spectral dependence of the photocurrent measured at zero applied voltage 
between the electrodes of ITO|composite|Al structures with active DPP-C60 composite films. The 
maximum of the spectrum was found at 533 nm. A similar spectral dependence of the photocurrent 
taken from samples with the same DPP-C60 ratio of a composite film prepared by spin-coating 
technique was published in the literature [9]. To excite this peak during the following experiments, a 
monochromatic light (λ = 533 nm) was used. 

I-V characteristics measured in dark and under illumination of ITO|composite|Al structures with 
active DPP-C60 composite films of about 100 nm thickness are presented in figure 6. To estimate the 
electrical parameters of the samples, the graphs are plotted on a semi-logarithmic scale (the negative 
values of the current are multiplied by −1). 
 

 

 

 
Figure 5. Spectral dependence of the 
photocurrent at zero applied voltage. 

 Figure 6. I-V characteristics measured in 
the dark and under monochromatic light 
with irradiance 0.35 mW cm-2 

 
The dark current measurements yielded non-linear and almost symmetrical characteristics with a 

contact barrier of about 0.2 V. These effects could be related to the imperfections of the electrodes.  
It should be mentioned that no additional intermediate layers serving to reduce the contact barrier 

were used. The optimization of the stacked structures will be a subject of a future study. Under 
illumination by monochromatic light, the non-optimized samples produced photocurrent of almost two 
orders of magnitude higher than what was observed in the dark measurements. By processing the data 
for the DPP-C60 structure, a short-circuit current of JSC = 36×10-9 A cm-2 and an open-circuit voltage of 
UOC = 0.71 V were determined. 

Using the area confined within JOS and UOC, the dependence of the electrical power on the voltage 
is plotted in figure 7, right y axis. The maximum electrical power found was PMAX = 1,2×10-8 mW cm-2 
at UMP = 0.25 V and JMP = 5,24×10-9 A cm-2. 

The dependence of the photocurrent on the incident light power (irradiance) for samples with   
DPP-C60 films under illumination by monochromatic light is plotted in figure 8. It was found that the 
photocurrent is proportional to Gγ, where G is the photogeneration rate and γ = 1.15 is the slope of the 
graph presented. This result could be connected to a monomolecular photogeneration mechanism. 
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Figure 7. Dependence of the power density (right y 
axis) and current density (left y axis) on the voltage 
applied, as calculated from figure 6, light curve. 

 Figure 8. Dependence of the photocurrent 
on the light intensity at λ = 533 nm and 
applied voltage UMP = 0.25 V. 

4.  Conclusions 
ITO|composite|Al structures with active DPP-C60 composite films of about 100-nm thickness were 
prepared by vacuum deposition and encapsulated in an inert atmosphere. 

The surface morphology of the films prepared was studied by SEM imaging, which revealed 
formation of spheres with a size of about 100 - 200 nm. 

Photoelectrical measurements were carried out. It could be concluded that the vacuum-deposited 
DPP-C60 composite active layers have promising properties for incorporation in the future organic 
solar cells. Further optimization should be conducted in view of reducing the contact barrier and 
facilitating the excitation decay and charge carrier extraction through addition of intermediate 
interface layers. 
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Symmetrical pyrrolo[3,4-c]pyrrole-1,4-diones (1,4-diketopyr-
rolo[3,4-c]pyrroles, abbreviated as DPP) with the same substitu-
ents at the 3- and 6-positions form a promising class of electron
donors in bulk heterojunction (BHJ) solar cells.1 Asymmetrical
push–pull substituted DPPs were successfully used in dye-
sensitized solar cells (DSSC).2 The common feature of DPP dyes
used in both types of organic photovoltaics (OPVs) is the presence
of a 2-thienyl substituent at the 3- or 3,6-positions,3 and their
good solubility obtained following N(2), N(5)-dialkylation with
branched alkyl groups.

There are generally two synthetic routes to obtain the final sol-
uble dyes.4a The first consists of a complete synthesis of a
conjugated system and final alkylation, while the second starts
with the synthesis of a DPP core with only one ring at each of
the 3,6-positions, then alkylation and final conjugation extension
of the soluble precursor by halogenation followed by coupling
reactions. The latter route is generally preferred, especially for
DPPs with highly extended conjugation, such as DPP dimers.1b,4b

The disadvantage of this synthetic strategy is the absence of a
parent pigment, which could be modified simply by various alkyl
groups in order to optimize the properties of the final material.5

On the other hand, the preparation of DPP pigments by classical6
and industrial7 syntheses from aromatic nitriles and a succinic
ester (or pyrrolinone8 in the case of asymmetrical DPPs) is compli-
cated by their extreme insolubility, making traditional purifying
procedures such as recrystallization or column chromatography
impossible.

Both phenylene and phenylene–vinylene conjugation extension
of the parent 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-
dione (C.I. Pigment Red 255) and its peripheral electron-donating
substitution results in a bathochromic shift.9 Phenylene conjuga-
tion extension of dimethylamino end-capped DPP brings a further,
but a relatively small, red shift in absorption.10 Furthermore, the
synthesis of such an extended pigment was carried out by an indi-
rect route involving a coupling reaction and final thermal decom-
position of the so-called latent pigment.10a Consequently, the
first aim of the present Letter is to report the preparation of ex-
tended DPPs end-capped by a strong electron-donating substituent
and to test whether such an enlarged conjugated system could be
synthesized by a direct route. Phenylene–vinylene conjugation
extension was chosen as it gives a higher red shift compared to
the phenylene example9b (Scheme 1). N(2),N(5)-dialkylation of
DPP pigments with branched alkyl groups is necessary to obtain
processable materials with good morphology of layers and/or good
phase separation in BHJ devices. Nevertheless, this reaction is also
accompanied by O-alkylated by-products necessitating careful
purification of the product.11 On the other hand, no unwanted
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by-products were observed during alkylation with more reactive
ethyl bromoacetate.12 Thus the second aim of this work was to
combine both the higher reactivity of esters and solubility-induc-
ing branched alkyl groups in a 2-ethylhexyl bromoacetate alkylat-
ing agent (Scheme 1), which has never been used previously in the
syntheses of soluble derivatives of organic pigments. The spectral
and electrochemical properties of the synthesized compounds
were studied and their ability to produce photovoltaic effects
was tested.

The reaction of 4-dimethylamino-40-cyano-stilbene (R0 = NMe2)
with succinic ester according to Scheme 1a, gave the resulting pig-
ment in low yield (1%) and in poor purity. On the other hand, when
starting from 4-diphenylamino-40-cyano-stilbene (R0 = NPh2), a
well-defined product 113 was obtained in moderate yield (39%). A
slightly higher yield (40%) was obtained for asymmetrical DPP pig-
ment 2,14 synthesized according to Scheme 1b. Compound 1 thus
represents the largest DPP pigment prepared by a direct route ever
reported, to the best of our knowledge, with the distance between
the two amino nitrogens being 27.993 Å according to DFT (B3LYP/
6-311G(d,p)) calculations.15 On the other hand, the course of the
reaction starting with a dimethylamino derivative shows the limits
of this synthetic strategy. We consider that this difference results
from a sterically demanding propeller-like diphenylamino (DPA)
group partially hindering aggregation (stacking) of the pigment,
and also limiting the packing of starting compounds inside these
aggregates.

The N(2),N(5)-dialkylation with 2-ethylhexyl bromoacetate
proceeded as expected. Compounds 1a,16 and 2a,17 were produced
in moderate yields (24%, and 55%) and good selectivity. Detailed
NMR studies of compounds 1a and 2a were performed18 including
application of 2D experiments (COSY, NOESY, HMQC, and HMBC).
The existence of cross-peaks between H(20) and NCH2COO in the
NOESY spectra, and protons H(50) and carbons C(30) as well as pro-
tons H(60) and carbons C(80) in the HMBC were of key importance
for the assignments. The 1H and 13C chemical shifts of compounds
1a and 2a are reported in Table S1 in the Supporting information.

The absorption spectra of non-alkylated compounds 1–4 in
DMSO show a similar shape with maxima corresponding to 0–0
vibronic transitions (Fig. 1). These bands correspond to HOMO–
LUMO excitation accompanied by pronounced charge (electron)
transfer from the peripheral triphenylamine to the central DPP
core (Fig. 2 for compound 1). Conjugation extension induces a
bathochromic shift 17 nm (3 ? 1), and 4 nm (4 ? 2). On the other
hand, while the fluorescence spectra of 3 and 4, in DMSO show
moderate Stokes shifts (800 and 1700 cm�1), approximately
mirror-symmetry between the absorption and emission for 3,



Figure 1. Absorption and fluorescence spectra of compounds 1–4 in DMSO.

Figure 2. Kohn–Sham frontier orbitals of compound 1 (DFT B3LYP/6-311G(d,p), isovalue = 0.02).
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and relatively high fluorescence quantum yields (uF = 0.41 and
0.22), the fluorescence of compounds 1 and 2 show very similar
maxima (Table 1), being weak (uF < 0.01 for both), with consider-
able Stokes shifts (4000 and 5300 cm�1) and the vibronic struc-
tures are blurred. Such behaviour may indicate an excited state
symmetry-breaking20 for quadrupolar compound 1 and twisted
intramolecular charge-transfer21 for both 1 and dipolar 2, that is
the phenomena which were observed only for distorted
N(2),N(5)-dialkylated piperidino-phenyl DPP derivatives,12 but
not for their pigment precursors.9a The poor solubilities of all four
pigments did not allow a study of the solvent dependence of the
absorption and fluorescence spectra.



Table 1
Studied and supporting compounds19 (EH = 2-ethylhexyl, DPA = diphenylamino) and their optical properties in DMSO

N
R

R
N

O

O

N

m

n

R ´

Compound 1 1a 2 2a 3 3a 4 4a

R H CH2COOEH H CH2COOEH H CH2COOEt H CH2COOEt
R0 DPA DPA H H DPA DPA H H
n 1 1 1 1 0 0 0 0
m 1 1 0 0 0 0 0 0
kabs (nm) 586 530 546 498 569 538 542 508
kems (nm) 764 — 772 — 597 614 593 603
Stokes shift (nm) 178 — 226 — 28 76 51 95
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The absorption spectra of 1a and 2a in DMSO show one struc-
tureless band with maxima at 530 and 498 nm, respectively, indi-
cating the loss of planarity induced by N(2), N(5)-dialkylation.12

While 4-diphenylamino derivatives 3a and 4a show weak, but
easily detectable fluorescence in DMSO, in a similar manner to
their 4-piperidino analogues,12 the fluorescence of 1a and 2a could
not be detected at all. Such total absence of fluorescence of DPP
derivatives in solution is reported for the first time, to the best
our knowledge. On the other hand, both 1a and 2a show fluores-
cence in weakly polar toluene at room temperature and highly po-
lar, but rigid 2-methyltetrahydrofuran solvent glass at 77 K, that is
the non-radiative excited state deactivation process requires both
high solvent polarity and a fluid environment, which allows the
conformational changes.

The solid-state absorption edge (Fig. 3), which is important for
solar cell efficiency, was estimated as 640 nm for 1a and 560 nm
for 2a from thin film absorption, giving thus an optical band gap
in compound 1a 0.21 eV lower compared to 2a., that is a bit higher
than the difference derived from the absorption maxima in DMSO
solution (0.16 eV). Both, 1a and 2a show weak solid-state fluores-
cence in thin films.
Figure 3. Solid-state absorption spectra of 1a and 2a.
The optical band gaps of 4-diphenylamino substituted com-
pounds 3a and 4a, derived from the absorption maxima in DMSO,
do not differ from the values of their 4-piperidino analogues by
more than 0.03 eV.12 On the other hand, the absolute values of
their HOMO and LUMO energies represented by the first oxidation
and reduction potentials in acetonitrile (Table 2) are considerably
stabilized.24 The stabilization of the HOMO by about 0.2 eV is cru-
cial for power conversion efficiency (PCE) of organic bulk hetero-
junction (BHJ) solar cells, as its Uoc factor represents the
difference between the HOMO of the DPP donor and the LUMO
of the C61 PCBM acceptor in the solid-state.1b Conversely, the
LUMO is stabilized slightly less and not sufficiently to allow back
electron transfer from fullerene to the DPP environment and fol-
lowing recombination in BHJ solar cells. While addition of the sec-
ond DPA group, when going from 4a to 3a, brings a considerable
lowering of the first oxidation potential in DMF, that is a destabili-
zation of the HOMO energy by 0.13 eV (Table 2), no such effect was
observed when going from asymmetrical 2a to 1a (the difference is
0.02 eV in favour of 1a).

Compounds 1a and 2a show sufficient solubility to be processed
from chloroform to form good phase separation in blends with C61

PCBM in BHJ solar cells. Using branched alkyl bromoacetates as
alkylating agents thus represents an interesting alternative for
increasing solubility based on derivatization with branched halo-
alkanes, probably for a wider variety of substrates than just DPPs.

BHJ solar cells were prepared by a standard procedure.25 Preli-
minary results without any optimization of the parameters show
moderate power conversion efficiency (PCE) = 0.75% for compound
1a, with a short circuit current (Jsc) = 3.90 mA cm�2, an open circuit
voltage (Uoc) = 593 mV and a fill-factor (FF) = 32.5%. When asym-
metrical DPP 2a was used: PCE = 0.25%, with Jsc = 1.92 mA cm�2,
Uoc = 531 mV and FF = 24.1%. There is a series of consecutive opti-
cal and electronic processes, which allow observation of photovol-
taic behaviour, however, the inability to employ light from 560 to
640 nm (Fig. 3) may be one of the reasons for the lower PCE of our
compound 2a.

Although the PCE for symmetrical 1a is considerably lower than
the value for DPP(TBFu)2, that is the best photovoltaic material be-
tween small (non-polymeric) DPPs in BHJ OPV applications, with
optimized PCE = 4.1–4.8% in combination with C71 PCBM,26 and
PCE = 3.13% (3.4% by our measurement) with C61 PCBM,27 the value
for 1a is probably the highest published for DPPs not containing a
thiophene ring. Extensive optimization of the ratio of the



Table 2
Electrochemical first redox potentials and band gaps obtained by cyclic and rotating disc voltammetry in DMF (or acetonitrile)22

Compound E1/2 ox (V) EHOMO (eV) E1/2 red (V) EHOMO (eV) DE (V)

1a 0.87a �5.22 �1.06 �3.29 1.93
2a 0.85 �5.20 �1.09 �3.26 1.94
3a 0.84a (0.78a) �5.19 (�5.21) �1.07 (�1.24) �3.28 1.91
4a 0.97 (0.93) �5.32 (�5.36) �1.19 (�1.22) �3.16 2.16

HOMO and LUMO energies were obtained using EHOMO/LUMO = Eox1/red1 + 4.350 for DMF, and +4.429 for acetonitrile.23

a Two-electron process.
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components, the effect of annealing and additives and other device
properties is now in progress and will be discussed in a forthcom-
ing full paper.

In conclusion, two extended DPP pigments have been synthe-
sized by a direct base-catalysed reaction of an aromatic nitrile
and succinic, and pyrrolinone esters. Their derivatives, prepared
with high selectivity by alkylation using a branched ester of
bromoacetic acid, show sufficient solubility to be processed from
solution. The structures of both soluble derivatives were confirmed
by full assignment of the 1H and 13C NMR chemical shifts. Moder-
ate power conversion efficiencies in BHJ solar cells with these DPPs
as electron donors were found. Electrochemical and spectral data
rationalize some aspects of the photovoltaic performance.
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Abstract. Two different spray deposition (SD) techniques – SD and homogenized SD (h-SD), 
were compared in the case of poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene 
vinylene] (MDMO-PPV) used as a model material. The h-SD setup includes a homogenizer (a 
chamber) for homogenization of the spray flow. The homogenizer allows droplet size control 
and spraying at a low air pressure. Films of about 1µm thickness were prepared by SD and h-
SD from a toluene solution with a concentration of 0.5 g l-1. Optical micrograph images show 
that using h-SD results in obtaining uniform films without a distinguishable structure. Imaging 
by polarized light reveals the typical discs observed often in the spray deposition experiments. 
The spectral dependence of the photocurrent consists of two peaks. This property makes the 
structures with h-SD films more attractive for a photovoltaic application since this enhances 
the photovoltaic conversion in a wider visible light range. The I-V characteristics measured on 
samples with h-SD films show that exposure to white light increases the current by two orders 
of magnitude. One can thus conclude that the ITO|MDMO-PPV|Al structures with h-SD 
MDMO-PPV films behave as a photovoltaic cell. 

1.  Introduction 
Organic semiconductor thin films are potential candidates for applications in microelectronic devices 
due to their easy processing and low cost [1]. 

Poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) is a widely 
investigated organic semiconductor (HOMO and LUMO orbital positions at 5.4 and 3.2 eV, 
respectively, [2]) with a potential application as photoconductive or electroluminescent layers. 

A variety of methods are being used to produce PPV films – spin-coating [3], electrophoretic 
deposition [4], Langmuir-Blodgett [5] and ink-jet printing [6]. 
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Recently, spray-deposition (SD) through a conventional airbrush was introduced as an efficient 
large-area deposition technique [7, 8]. 

The SD method produces films on a large covered area at relatively low substrate temperatures            
(20 − 100 ○C). The main problems impeding the wide usage of the spray deposition arises from the 
non-uniformity of the sprayed films. As a result, films with voids or considerably high grain size are 
usually produced. 

In our previous experiments we found that MDMO-PPV films sprayed at room temperature of the 
substrate tend to cross-link in network fibers separated by voids [9]. This effect was reduced by 
increasing the substrate temperature during the spray deposition which decreases the void size and 
increases the covered part of the substrate [10]. In this paper, a way of increasing further the film 
uniformity is suggested by homogenizing the sprayed flow. Usually, the homogenizer consists of a 
heated chamber [11] where the solution is sprayed and heated in contact with the chamber walls. Our 
construction suggests a chamber of approximately 1 l volume where a more precise heating control is 
achieved by mixing directly the sprayed flow with hot air. The air is heated outside the chamber in an 
air convector to temperatures of 30 − 70 ○C. SD using homogenization of the sprayed flow by mixing 
with hot air is denoted hereinafter as h-SD. 

The paper presents a comparative study of the properties of SD and h-SD poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) films. The study seeks potential 
applications for these films in solar energy conversion technologies and other branches of organic 
electronics. 
 
2.  Experimental 
A base solution (concentration of 1 g l-1) was prepared by dissolving 20 mg MDMO-PPV (Sigma-
Aldrich, catalogue number 546461) in 20 ml toluene (Sigma-Aldrich Toluene, catalogue number 
PLC22C11X). The solution was heated for 5 min at 60 ○C, followed by ultrasonic treatment for 
15 min and filtering by a filter of 0.35 µm hole size. A work solution without undissolved particles 
with a concentration of 0.5 g.l-1 was prepared by diluting 20 ml of the base solution by 20 ml toluene. 

The aerosol flow was produced by a Paasche EZ-STARTER Single Action Airbrush Kit with a 
nozzle diameter of 0.5 mm. The parameters used for the SD process were: substrate temperature 30○C; 
distance from the spray nozzle to the substrate 10 cm; air pressure used for the formation of the 
sprayed flow 1 kPa; work solution amount 20 ml; deposition time 4 min; substrate motion velocity 
1 mm/s. 

The parameters used for h-SD process were: substrate temperature 30 ○C; distance from the 
homogenizer’s outlet to the substrate 2 cm; air pressure for the formation of the sprayed flow 1 kPa; 
work solution amount 100 ml; deposition time 20 min; substrate motion velocity 1 mm/s. 

Thin films for surface morphology characterization were spray deposited on microscope-grade 
glass. The substrates were cleaned with detergent and deionized water followed by a plasma treatment. 

Selected samples were studied by scanning electron microscope (SEM) Philips 515. 
The samples for photoelectrical characterization were deposited on Ossila substrates with 

preliminary prepared ITO electrodes after cleaning according to a standard procedure. 
Aluminum electrodes were deposited in oil-free vacuum of 8×10-4 Pa. 
The photoelectrical measurements were carried out in an oil-free vacuum of 2.2×10-5 Pa by a 

Keithley 6517A Electrometer. Monochromatic light was produced by an LSH502 LOT-Oriel halogen 
lamp and an MSH101 LOT-Oriel monochromator. The light power was controlled by adding grey 
filters and measured by a Gigahertz-Optik - X97 Irradiance Radiometer. 

The photoelectrical measurements started by taking the spectral dependence of the photocurrent at 
zero applied voltage; the I-V characteristics were then measured in both directions of the voltage scale 
in dark and under exposure to a white light. Finally, the dependence of the photocurrent on the 
incident light power (irradiance) was measured. 
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3.  Results and discussion 
 
3.1.  Sample characterization 
Figure 1 presents an optical micrograph of a SD film deposited under the aforementioned conditions. 
It confirms that the SD film tends to cross-link in a network of fibers separated by voids. Comparing 
the color in the scratched line (in the middle of the picture), one can clearly see that voids (areas not 
covered by the material) have been formed. This observation is supported by electrical measurements 
of sandwich samples with SD films prepared under the same conditions; the measurements resulted in 
a short circuit between the electrodes. 

A precise film surface characterization of the h-SD films was performed by SEM. 
SEM images of a h-SD sample at two different magnifications are presented in figure 2. At the lower 

magnification of 10000 (figure 2a), spherical or disc-shaped particles of size of about 1 µm could be 
observed. They are probably related to the presence of dust or to non-dissolved MDMO-PPV particles. 
In figure 2b, a SEM image of the same film taken at magnification of 40000 is presented. Spheres or 
discs with a size of about 200 nm could still be observed and considered as being dust particles. The 
other, more uniform part of the film, could be related to the individual structure of the film. The SEM 
images of h-SD films confirmed that uniform and relatively smooth films free of pinholes have been 
obtained. These films are suitable for electrical measurements in a “sandwich” type samples. 

 

 

 
 

Figure 1. Optical micrograph of a SD 
MDMO-PPV film. 

  

Figure 2. SEM images of a h-SD film:                  
a) magnification 10000; b) magnification 40000. 

 
3.2.  Photoelectrical measurements 
Figure 3 presents the spectral dependence of the 
photocurrent measured at zero voltage applied 
between the electrodes of structures with h-SD 
films. It consists of two peaks. The peak at 
560 nm is known from photovoltaic structures 
with spin-coated and electrophoretically 
deposited MDMO-PPV films [12]. Another 
stronger and wider peak appears at 370 nm. The 
existence of these two peaks makes the 
structures with h-SD films more attractive for 
photovoltaic applications as it allows 
photovoltaic conversion in a wider visible light 
range. White light were used in the subsequent 
experiments on excitation of these two peaks. 

 

 
 
Figure 3. Spectral dependence of the 
photocurrent at zero applied voltage. 
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The I-V characteristics measured in dark and under white light illumination of a ITO|MDMO-
PPV|Al structure with h-SD MDMO-PPV films of about 1 µm thickness are presented in figure 4. To 
estimate the electrical parameters of the samples, the data are plotted in a semilogarithmic scale      
(the negative values of the current are multiplied by −1). 

The dark-current measurements (figure 4, curve a) resulted in non-linear and almost symmetrical 
characteristics with a contact barrier of about 0.3 V. These effects could be related to the bulk material 
properties, which seem to dominate in the thick MDMO-PPV film. An optimization of the spray 
parameters to obtain films of a lower thickness is, therefore, necessary. Despite the non-optimized 
conditions of forming a thick film where charge-carriers recombination is possible to occur, a 
photocurrent higher by two orders of magnitude (marked by the vertical line in figure 4) was obtained 
under illumination by white light. This result demonstrates the potential of the h-SD method for 
deposition of thin films for photovoltaic applications. 

The dependence of the photocurrent on the incident light power (irradiance) for samples with h-SD 
MDMO-PPV films under illumination by white light is plotted in figure 5. It is seen that the 
photocurrent is proportional to Gγ, where G is the photogeneration rate and γ = 1.7 is the slope of the 
graph presented. 

 

 

 

 
Figure 4. I-V characteristics measured: a) in the 
dark and b) under illumination by white light, 
irradiance of 0.59 mW cm-2) of ITO|MDMO-
PPV|Al structures with h-SD MDMO-PPV films. 

 Figure 5. Dependence of the photocurrent on 
the light intensity under illumination by white 
light, of ITO|MDMO-PPV|Al structures with h-
SD MDMO-PPV films. 

 
To summarize, it could be pointed out that the spray deposition parameters have a considerable 

influence on the uniformity, coverage and grain size of the SD MDMO-PPV films. The homogenizer 
introduced allows one to control the droplet size by using low nozzle air pressure and achieve a very 
low air pressure by controlling the temperature and pressure of the additional flow that is mixed with 
the first one. 
 
4.  Conclusions 
Thin films of thickness of about 1 µm were prepared by SD and h-SD from a solution with a 
concentration of 0.5 g.l-1. 

It was found that the homogenization of the sprayed aerosol flow by mixing it with hot air reduces 
the droplet size thus leading to deposition of more uniform films. 

Optical micrograph images show that using h-SD results in forming uniform films without 
distinguishable structure. 

The spectral dependence of the photocurrent consists of two peaks. This property makes the 
structures with h-SD films more attractive for photovoltaic applications as photovoltaic conversion 
takes place in a wider visible light region. The I-V characteristics measured on samples with h-SD 
films show that exposure to white light increases the current by two orders of magnitude. 
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More experiments connected with the determination of the droplet size and size distribution should 
be carried out to achieve a full control over the process parameters. The application of the h-SD thin 
films in the development of organic electronics necessitates further studies on the mechanism and 
kinetics of the spray process, and on the structure and properties of the films. 
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2Institute of Physics, Academy of Sciences Czech Republic v.v.i, Na Slovance 2, 182 21 Prague 8, Czech Republic
3Centre for Organic Chemistry Ltd., Rybitvı́ 296, 533 54 Rybitvı́, Czech Republic

Correspondence should be addressed to Alexander Kovalenko; kovalenko.alx@gmail.com

Received 17 September 2015; Accepted 8 December 2015

Academic Editor: Jegadesan Subbiah

Copyright © 2015 Alexander Kovalenko et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

An optimized fabrication of bulk-heterojunction solar cells (BHJ SCs) based on previously reported diketopyrrolopyrrole donor,
ethyl-hexylated DPP(TBFu)

2
, as well as two new DPP(TBFu)

2
derivatives with ethyl-hexyl acetate and diethyl acetal solubilizing

side-chains and PC
60
BM as an acceptor is demonstrated. Slow gradual annealing of the solar cell causing the effective donor-

acceptor reorganization, and as a result higher power conversion efficiency (PCE), is described. By replacing a hole transporting
layer PEDOT:PSS with MoO

3
we obtained higher PCE values as well as higher thermal stability of the anode contact interface.

DPP(TBFu)
2
derivative containing ethyl-hexyl acetate solubilizing side-chains possessed the best as-cast self-assembly and high

crystallinity. However, the presence of ethyl-hexyl acetate and diethyl acetal electrophilic side-chains stabilizes HOMO energy of
isolated DPP(TBFu)

2
donors with respect to the ethyl-hexylated one, according to cyclic voltammetry.

1. Introduction

Currently polymer and small molecules (SMs) bulk-
heterojunction (BHJ) organic solar cells (SCs) exceeding 11%
power conversion efficiency (PCE) [1] and lifetimes above
1000 hours under continuous illumination [2, 3] attracted
particular interest due to their flexibility, color tunability, and
predominantly potentially low production cost. Considering
SMs as a donor material, despite the recent successful results
[4, 5], they still lag behind the polymer BHJ solar cells. How-
ever small-molecules BHJ SCs do not depend on a polymer
weight distribution; thus they do not suffer from batch-to-
batch differences [6]. One of the most promising structural
classes of the donors in BHJ SCs is diketopyrrolopyrrole
(DPP) derivatives, which show excellent photovoltaic
performance as both a part of polymers [7–10] and dimers
[11–13], because of a low band gap, enabling them to absorb a
large portion of the solar spectrum, as well as an ability to be

further functionalized to match the parameters required for
the photovoltaic applications. Among the DPP monomers,
DPP(TBFu)

2
ethyl-hexyl alkylated derivative (compound (A)

onFigure 1) showing high power-conversion efficiency (PCE)
up to 4.4–4.8% with PC

70
BM [14, 15] and 4.0% with PC

60
BM

[16] represents themost successful design. Applying a solvent
annealing for the DPP(TBFu)

2
:PC
70
BMblend 5% of PCE can

be exceeded [17], which is, up to now, the highest reported
PCE among the monomeric DPP derivatives. Consequently,
relatively easily (as compared to, e.g., bis-DPPs) obtainable
DPP(TBFu)

2
is often used as a benchmark compound in

the current research dealing with new SM donors [18–20],
acceptors [21], or tandem cells [22]. The attempts to modify
DPP(TBFu)

2
structure using different heteroatoms brought

only lower PCE [15, 20]. DPP(TBFu)
2
belongs to SM donors,

for which the relationships between the structure [15, 23, 24]
and various aspects of the photovoltaic activity such as hole
mobility [25] were understood to the most detailed extent.
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Figure 1: DPP(TBFu)
2
derivatives substituted with ethyl-hexyl (A), ethyl-hexyl acetate (B), and diethyl acetal (C) solubilization groups.

PCE of BHJ SCs using DPP(TBFu)
2
as a donor is

known to be extremely sensitive to annealing at (constant)
temperature [14]. Furthermore, to the best of our knowledge,
PEDOT:PSS is the only hole-selective (transporting) contact
(HSC) reported in the previous studies. Here we report a
newmethod of the gradual annealing, causing the progressive
reorganization of the donor-acceptor bulk-heterojunction,
improving the solar cells performance. It is known that the
MoO
3
used as HSC [26, 27] instead of PEDOT:PSS can

improve in some cases PCE of BHJ SCs [28], so we studied its
effect in detail, including the thermal stability of the contacts.
Moreover, we have tested the new DPP(TBFu)

2
derivatives

with ethyl-hexyl solubilization groups substituted by ethyl-
hexyl acetate [19] and diethyl acetal [29] groups (Figure 1
compounds (B) and (C)). It was expected that the electron-
accepting effect of these substituents could stabilize HOMO
level [30] of a donor and thus improve the open-circuit
voltage of the cell.

2. Experimental

2.1.Materials. Thesynthesis and analysis ofDPPdonors (A)–
(C) are described in Supporting Info (SI).

PC
60
BM (Solenne, 99%), chloroform (Aldrich, 99.9%),

MoO
3
(Aldrich, 99.98%), andAl (Aldrich, 99.99%)were used

as received without further purification. Prior to dissolving,

materials for the active layer were kept in vacuum at 60∘C
overnight and then transferred to the nitrogen atmosphere.
The solution for the active layer films was prepared from
a DPP:PC

60
BM blend (1.5 : 1 by weight for all DPP(TBFU)

2

derivatives) in chloroform with a total concentration of
20mg/mL following the sonication for 5 minutes until com-
plete DPP dissolution. All manipulations were carried out
in a glovebox under a nitrogen atmosphere unless otherwise
stated.

2.2. Device Fabrication. For the regular device architec-
ture glass substrates with patterned ITO were covered by
PEDOT:PSS by spin coating at 5500 rpm for 60 seconds
with consequent annealing for 10 minutes at 150∘C in the
air and then annealed in the inert nitrogen atmosphere for
another 10 minutes at 150∘C to remove residual moisture.
As an alternative hole-selective contact 10 nm thick MoO

3

layers were thermally evaporated in the vacuum chamber
on the pixelated glass/ITO substrates. DPP(TBFu)

2
:PC
60
BM

heterojunction layer was created by dynamic spin coating of
25 𝜇L of prepared solution at 2500 rpm for 40 seconds in
nitrogen atmosphere. Thickness of all the layers measured
by the profilometer was in a range of 100 nm. Consequently
gradient thermal annealing was applied in the glovebox
starting from 50∘C and speed 1∘C/minute up to the notable
degradation of the cell. After every 10 degrees efficiencies
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Table 1:The first half-wave (𝐸
1/2
) oxidation (Ox1) and reduction (Red1) potentials obtained from rotating disk voltammetry recomputed [31]

to frontier orbital energy levels. Absorptionmaxima 𝜆MAX of 0-0 and 0-1 vibronic subbands of the longest wavelength band (absolute maxima
are in bold and relate to molar absorptivities 𝜀).

Compound 𝐸
1/2

(ox1) [V] 𝐸
1/2

(red1) [V] 𝐸HOMO [eV]a 𝐸LUMO [eV]b 𝐸HL [eV]
c
𝜆MAX [nm] 𝜀 [L/mol⋅cm]

A 0.91 −0.88 −5.26 −3.47 1.79 628, 584 65153
B 1.01 −0.86 −5.36 −3.49 1.87 622, 578 69754
C 0.95 −0.88 −5.30 −3.47 1.83 614, 578 60386
a
𝐸HOMO [eV] = 𝐸1/2 (ox1) [V] + 4.35 [32].

b
𝐸LUMO [eV] = 𝐸1/2 (red1) [V] + 4.35 [32].

c
𝐸HL [eV] = 𝐸HOMO − 𝐸LUMO = electrochemical HOMO − LUMO gap.
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Figure 2: Reaction scheme.

of the solar cells were measured in ambient atmosphere at
room temperature. Al top electrode was deposited by thermal
vacuum deposition; active area mask was 6mm2.

2.3. Solar Cell Characterization Techniques. Current density-
voltage measurements were carried out under illumination
using an Abet Sun 2000 solar simulator with an air mass
(AM) 1.5 G filter. The simulated light intensity was adjusted
to 1000Wm−2 by using a NREL-calibrated Si solar cell.

3. Results and Discussion

3.1. Synthesis andMolecular Properties. All threeDPP deriva-
tives (A)–(C) were synthesized according to scheme in
Figure 2. While the yields of the bromination and cross-
coupling reactions always exceeded 80% and 70%, respec-
tively, the alkylation reactions proved to bemore problematic.
Alkylation of moderately soluble substrate 1 with 1-bromo-
2-ethylhexane (or bromoacetaldehyde diethyl acetal) yielded
half amount of the desired product compared to that obtained
when 2-ethylhexyl 2-bromoacetate was used. This is mainly
caused by a competitive𝑂-alkylation [33] in the former case,

which was not observed in the latter one by TLC, as in
previous studies [29, 32]. Furthermore, the latter reaction
was finished at considerably shorter reaction time. Slight
modification of the original Suzuki-Miyaura cross-coupling
reaction [14] utilizing benzofuran pinacolate 4 instead of
the corresponding boronic acid and PdCl

2
(PPh
3
)
2
instead of

Pd
2
(dba)
2
catalyst increased the yield of the last step from 67

to 81% for (A).
Spectral and electrochemical data are summarized in

Table 1 and the absorption spectra in DCM are shown in
Figure S1 (in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/734917). It is quite interesting
that the HOMO and the LUMO levels of (A), derived
from two electrochemical ionization reactions in solution
(−5.26 eV and −3.47 eV), are only about 0.06–0.07 eV lower
than the values recorded in the solid-state. The latter values
were derived from a combination of the ionization reaction,
estimated by photoelectron spectroscopy, and the absorption
onset (−5.20 eV and −3.40 eV) [12, 14]. These two measure-
ments gave almost identical gaps (1.79 eV versus 1.80 eV). On
assumption of a similar solid-state arrangement of (A) and
(B), the decrease of the HOMO from −5.26 eV to −5.36 eV
should lead to an increase of the open-circuit voltage of BHJ
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Table 2: Main parameters of the fabricated solar cells.

Donor material Anode contact Optimum annealing 𝑇, ∘C PCE, % 𝑉oc, mV 𝐽sc, mA/cm2 FF, %
(A) PEDOT:PSS 110 3.75 865 9.39 46
(A) MoO

3
130 4.52 911 10.06 49

(B) PEDOT:PSS 100∗ 2.04 823 5.11 48
(B) MoO

3
140 3.29 856 7.90 49

(C) PEDOT:PSS 110 1.49 550 6.57 41
(C) MoO

3
140 2.28 797 6.59 44

∗100∘C in case of constant temperature and up to 160∘C in case of gradual annealing (PCE > 2.50%).

SC by about 0.1 eV as the𝑉oc depends primarily on the energy
difference between the HOMO of the SM donor and the
LUMO of the (fullerene) acceptor [34].

3.2. Gradient Annealing Effect and Anode Contact Thermal
Stability. Firstly, the solar cells containing ethyl-hexyl alky-
lated sample (A) were fabricated using standard procedure
reported in [14] with donor/acceptor ratio 60 : 40 and dynam-
ically spin-coated at 2500 rpm for 60 seconds. PEDOT:PSS
was used as an anode hole-selective contact and Al as a top
cathode. Annealing at 110∘C for 10 minutes was applied prior
to Al deposition. After annealing PCE of the devices was in
a range of 3.6 ± 0.2%, which is comparable with previously
published results [15, 20] when PC

60
BM was used as an

acceptor. Fabrication of the BHJ SCs based on the samples
(B) and (C) was optimized using various donor/acceptor
concentrations (50 : 50, 60 : 40, and 70 : 30) and spin coating
conditions; however similarities of the donor structures lead
to the same preparation conditions as for the reference (A)
sample. For the above mentioned series of devices annealing
at 110∘C for 10minutes was applied. Best PCE of the SCs based
on thematerials (B) and (C)was obtained as 2.04%and 1.49%,
respectively (Table 2), that is, lower than for (A) sample.Main
losses were observed in the 𝑉oc and especially in 𝐽sc.

As an alternative anodematerialMoO
3
was used. Anneal-

ing of the devices for 10 minutes at constant temperature
110∘C possessed similar PCE values in comparison with the
devices with PEDOT:PSS. However using gradual increase
of the annealing temperature it was discovered that above
mentioned solar cells can not only sustain higher tempera-
tures but also possess higher PCE values when temperatures
up to 140∘C were applied (Figure 3). On the contrary, for
the PEDOT:PSS based devices annealing temperatures higher
than 110∘C resulted in the PCE decrease when direct anneal-
ing is applied (Figure S2), which relates to the previously
reported results [14]. Gradient annealing for PEDOT:PSS
based devices possesses better thermal stability at higher
temperatures. In the case of compound (A) maximum effi-
ciency reached at 80∘C was preserved till 150∘C with conse-
quent degradation at higher temperatures. Devices based on
compound (B) and PEDOT:PSS anode have shown the best
thermal stability among all the PEDOT:PSS based devices;
maximum efficiency was reached at 160∘C with consequent
degradation.

Interestingly, for thematerials (A) and (C) during the gra-
dient annealingmaximum short-circuit current was achieved

at the temperature above 100∘C; further PCE augmentation
was determined by the 𝑉oc and FF increase; notably the
highest𝑉oc (954mV) for thematerial (A) wasmeasured prior
to annealing; however after 𝑉oc decrease up to 100

∘C one can
observe its slight augmentation up to 911mV, which is even
exceeding maximum 𝑉oc previously reported using PC70BM.
In the case of donor (C) gradual𝑉oc augmentation is observed
through the whole annealing process; however at tempera-
tures above 140∘C solar cells based on material (C) degraded
rapidly. 𝑉oc increase at the constant short-circuit current
can be associated with the reorganization of the donor-
acceptor stacking in the bulk heterojunction. In case of the
material (B) maximum current can be observed even without
annealing procedure, and no significant improvement in the
𝑉oc was observed. In case of compound (C) the highest
𝑉oc (800mV) was observed at 150∘C (752mV at 110∘C),
in case of MoO

3
anode; however in case of PEDOT:PSS

the highest 𝑉oc is observed prior to annealing (∼700mV),
with a decrease to 550mV at 110∘C and 400mV at higher
temperatures (Figure S3). Thus we assume that the anode
interface is not thermally stable in case of compound (C)
and PEDOT:PSS. In fact, among all the considered materials
sample (B) showed the highest PCE at nonannealed samples
(Figure 2(A)). Increase of the PCE during the annealing is
observed due to the FF increase, which is influenced by the
series resistance decrease. This observation can be related
to the changes in contact/BHJ interface population during
the annealing process. The substitution of widely used ethyl-
hexyl with ethyl-hexyl acetate solubilization groups thus
enables a formation of an appropriate bulk-heterojunction
without the thermal annealing. Irrespective to the lower PCE,
such behavior can be favorable if thermally unstablematerials
are used in a fabrication of SCs. This fact, together with
above mentioned better reaction yields, makes the ethyl-
hexyl acetate side-chain promising for further studies.

Analyzing the results of the above described gradient
annealing process, we can observe that for the considered
materials optimum annealing temperature lies between 130
and 140∘C (Table 2), when MoO

3
is used as a hole-selective

electrode. As it has been already mentioned devices were
degrading, when PEDOT:PSS layer was used instead of
MoO
3
. As far as PEDOT:PSS is known to be stable even at

higher temperatures [35, 36], we associate this phenomenon
with the donor-acceptor morphology and PEDOT:PSS/
DPP(TBFu)

2
interface degradation, which can be

circumstantially identified by slight increase of the series



International Journal of Photoenergy 5

DPP(TBFu)2 (A)
DPP(TBFu)2 (B)
DPP(TBFu)2 (C)

DPP(TBFu)2 (A)
DPP(TBFu)2 (B)
DPP(TBFu)2 (C)

J s
c

(m
V

/c
m

2 )

40 60 80 100 120 140 16020
t (∘C)

25

30

35

40

45

50

FF
 (%

)

40 60 80 100 120 140 16020
t (∘C)

40 60 80 100 120 140 16020
t (∘C)

500

600

700

800

900

1000

V
oc

(m
V

)

0

1

2

3

4

5
PC

E 
(%

)

0

2

4

6

8

10

12

40 60 80 100 120 140 16020
t (∘C)

Figure 3: Main photovoltaic parameters of the gradually annealing of the devices with MoO
3
anode layer.

resistance when samples were annealed at temperatures
above 110∘C.

AFM images depicted in Figure 4 (material (A)) and
Figure S3 (material (B)) clearly show the changes in the
crystallinity during the annealing in case of material A. The
rms roughness has decreased from 2.6 nm to 0.9 nm. Larger
crystalline size is observed when the layer was annealed
at 140∘C (rms roughness 1.5 nm); however at 160∘C notable
degradation of the morphology can be noticed; at the
same time rms roughness has increased to 3.6 nm. In case
of the material (B) high crystallinity is observed even at
nonannealed samples and significant changes in the layer
morphology during the annealing were not observed.

An evolution of the solid-state absorption spectra upon
annealing (Figure 5) shows the trends corresponding to the
ones detected through morphology changes. In accordance
with previous results for (A) [14], the 0-0 vibronic band
of a solid-state absorption dramatically decreases due to
annealing and the vibronic structure becomes sharper. The
former effect relates to the change of an excitonic coupling
from joint J- and H-aggregation [37] to dominant H-type

[38], while the latter one implies the better ordered solid-state
structure [39]. In the case of DPP generally [40] and com-
pound (A) especially [15, 23] these changes relate to a shift
of the 𝜋-𝜋 stacked molecules along the long molecular axis
towards the shorter center-to-center distance. As the solid-
state absorption of compound (B) shows very similar shape
even as-cast with no effect of annealing, we can conclude that
an optimal donor phase arrangement is formed immediately
during casting, improving thus a phase separation observed
by AFM.

In summary we fully associate PCE decrease of the
PEDOT:PSS containing (A) DPP(TBFu)

2
:PC
60
BM devices

with the degradation of the PEDOT:PSS/BHJ interface when
annealing at 𝑇 > 110∘C is applied. On the other hand at
temperatures 𝑇 > 160∘C BHJ morphology degradation is the
main issue. However material B possesses high crystallinity
even at as-cast layers; PEDOT:PSS based devices have shown
PCE augmentation up to 160∘C andmorphology degradation
was observed only at 170∘C.Therefore it is correct to suppose
that the PEDOT:PSS/BHJ interface is more thermally stable
in case of the material (B).
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Figure 6: 𝐽-𝑉 curves of the gradually annealed (at highest PCE)
solar cells with MoO
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as an anode material.

As a result of the annealing and anode contact stability
study, using DPP(TBFu)

2
:PC
60
BM we attained efficiencies

(PCE = 4.52%), with the values of FF, 𝑉oc, and 𝐽sc almost
identical with the ones containing PC

70
BM, described in

original report [14]. New materials used in the present
research possessed lower PCE values, even though material
(B) shows a moderate PCE above 3.2%. We see the main
reason of PCE decrease when going from A to B in the
lower 𝑉oc, that is, the trend on the contrary to the expec-
tations coming from HOMO energies of isolated (A) and
(B) derivatives, obtained from CV (Table 1). The decrease
of 𝐽sc is considered as a consequence of the higher rate of
charge recombination in the CT state of B. These effects
will be further studied on an enlarged set of DPP donors.
Final 𝐽-𝑉 curves of the considered materials at the best
annealing conditions are depicted in Figure 6. It has to be
noted that good reproducibility was observed in case of all
materials used. Statistics was done on 12 electrodes for each
configuration and 80% of the electrodes were possessing PCE
in a range of ±0.2% when PEDOT:PSS was used as an anode
material. In case MoO

3
cathode reproducibility was even

better 90% of devices have shown PCE deviation of ±0.2%.

3.3. Thermal Stability of Donor Materials. It is known that
DPP derivatives, especially poorly soluble pigments, usually
possess exceptional thermal stability [41, 42]. TGA measure-
ments in air have shown temperatures 356.47∘C, 317.08∘C,
and 300.55∘C for samples (A), (B), and (C), respectively.
Thus the main issue of the thermal degradation was expected
to be the bulk-heterojunction morphology and contact/BHJ
interfaces. Thermal degradation of the considered materials
was carried out at 80∘C and 110∘C on both PEDOT:PSS and
MoO
3
based devices for 60 hours with several intermediate

device characterizations to monitor the dynamics of the pro-
cesses ongoing during the thermal annealing. Devices based

on the above mentioned materials are showing exceptional
stability at 80∘C possessing no notable PCE losses after 60
hours of annealing in ambient atmosphere. However at 110∘C
after 24 hours degradation was observed, which is associated
with devices decapsulation. As it wasmentionedmorphology
of the bulk-heterojunction degrades at temperatures above
150∘C for the materials (A) and (C). Material (B) was found
to be the most stable regarding the BHJ morphology thermal
stability; PCE decrease was observed at temperatures above
170∘C.

4. Conclusion

One of the main achievements of the present paper is the
study of the MoO

3
anode contact advantages in case of

the OSCs based on DPP(TBFU)
2
, where more thermally

stable interface of active layer and anode contact allows
using higher annealing temperatures resulting in higher
efficiencies in comparison with PEDOT:PSS. It has also
been shown that the gradual annealing is more advanta-
geous and results in slightly higher PCE of the considered
devices. As a result PCE of organic photovoltaics based on
DPP(TBFu)

2
:PC
60
BM BHJ is approaching the one based

on DPP(TBFu)
2
:PC
70
BM and exceeding previously reported

PCE values for DPP(TBFu)
2
:PC
60
BM. Although PCE of

the reference ethyl-hexyl alkylated DPP(TBFu)
2
was not

exceeded by the materials with electrophilic side chains, the
acceptable values of the efficiencies were obtained, which
along with higher reaction yields in the case of alkyl esters
make considered materials relatively prospective. It is also
worth mentioning that the modification of DPP(TBFu)

2

with ethyl-hexyl acetate caused maximum values of 𝑉oc
and 𝐽sc even without annealing, which can be identify as-
cast appropriate BHJ morphology as well as higher thermal
morphology stability.
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[30] I. Kratochvı́lová, A. Kovalenko, F. Fendrych, V. Petráková, S.
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An extended study on a group of four soluble diphenyl-amino-stilbene based diphenyl-diketo-
pyrrolo-pyrrole molecules has been carried out. Using the materials in thin-film transistors it was
shown that the above-mentioned compounds can be successfully used as donors in organic photo-
voltaic devices. Influence of the molecular symmetry and solubilizing chain on the morphology and
solar cell performance are described. It was shown that a shorter and non-branched ethyl acetate
chain leads to higher charge carrier mobility, short circuit current, and better fill factor. After the
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our knowledge, is the highest reported efficiency of thiophene-free small-molecule diketo-pyrrolo-
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Introduction

Since their discovery, bulk-heterojunction (BHJ)
organic solar cells (SCs) have become one of the
most attractive organic photovoltaic (OPV) technolo-
gies (Dou et al., 2013) due to their color tunabil-
ity, flexibility, low mass, and simplicity of produc-
tion. Active area of these SCs is based on a solution-
processed mixture of p- and n-type molecular semi-
conductors undergoing a nanoscale phase separation
in the solid state (Kovalenko et al., 2015; Guerrero
et al., 2015a, 2015b). While fullerene derivatives re-
main the most successful electron acceptors in these
cells, great progress in searching for new, more ef-
ficient donors has been made over the past decade.
The donors are either conjugated polymers or small
molecules (SM) with an extended conjugated system.
Formerly, polymeric donors were generally considered
to be more efficient but a discovery of the Nguyen’s
group (Walker et al., 2009) showed that BHJ SC with

an SM donor based on diketopyrrolopyrrole (more
preciously pyrrolo[3,4-c]pyrrole-1,4-dione, abbreviated
DPP) can achieve power conversion efficiencies (PCE)
of over 4 %. This discovery has stimulated dramatic
progress in the area of SM donors and has led to
achieving PCEs of over 8 % for single junction cells
(Chen et al., 2013). Surprisingly, although PCE of
BHJ SCs with other mono-DPP (Shin et al., 2013)
or bis-DPP (Loser et al., 2011; Walker et al., 2013)
donors have reached or slightly exceeded the 4 % limit
since 2009, only one of them exceeded the highest
value of 4.8 % recorded for DPP(TBFu)2 (Liu et al.,
2013) of the D-A-D type. However, several papers re-
ferring to bis-DPP A-D-A-type SM donors with power
conversion efficiencies of 5–6 % have been published in
2013–2014 (Huang et al., 2013; Lin et al., 2013).
SM donors show some advantages with respect to

the conjugated polymer donors. They do not suffer
from batch-to-batch differences (Lee et al., 2014) and
they can be end-capped by suitable stable functional
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groups, i.e. they do not have the vague open ends of a
conjugated system which may be a potential source of
traps for charge carriers. SMs also tend to have better
photo- and oxidative-thermal stability (David et al.,
2011; Kučerík et al., 2012). The diphenylamino (DPA)
electron-donating end group ranks among the most
popular and successful of the SM donors of the D-A-D
(or, more specifically, the D-π-A-π-D) type, with A =
e.g. 2-pyran-4-ylidenemalonitrile (Xue et al., 2009; Li
et al., 2011), benzothiadiazole (Shang et al., 2010;
Deng et al., 2011; Zeng et al., 2012; Wang et al., 2014),
tetracyanobutadiene (Leliége et al., 2011), thiazoloth-
iazole (Dutta et al., 2012a, 2012b; Shi et al., 2012;
Cheng et al., 2013), bithiazole, thieno[3,4-c]pyrrole-
4,6-dione and, of course, both DPP isomers, i.e. the
less frequent pyrrolo[3,2-b]pyrrole-2,5-dione (Song et
al., 2013), and more popular mono- (Jeong et al., 2011;
Zhang et al., 2014a) and bis-pyrrolo[3,4-c]pyrrole-1,4-
dione (Feng et al., 2014; Chen et al., 2015). The
highest PCE = 3.76 % among the DPA disubsti-
tuted mono DPPs was found for the DPA-stilbene
symmetrically extended N ,N ′-diethylhexylated 3,6-
dithiophene-DPP core. There are some common fea-
tures typical for the above cited DPA-DPP SM
donors: they always contain an N ,N ′-dialkylated 3,6-
dithiophene-DPP core(s) and the conjugation exten-
sion between the electron-donating (DPA) and the
electron-accepting (DPP) centers is achieved using a
coupling reaction from appropriate brominated pre-
cursors. While asymmetrical push-pull substituted
DPA-DPPs form a successful class of components in
the area of dye-sensitized solar cells (DSSC) (Qu &
Tian, 2012; Yum et al., 2012; Holcombe et al., 2012),
the use of asymmetrical DPPs of the general struc-
ture D-π-A-π (D = DPA, A = DPP) in BHJ SCs is
rare and PCEs of the final devices are usually con-
siderably lower than those for their symmetrical ana-
logues (Chen et al., 2015; Lee et al., 2011; Zhang et
al., 2014b).
We have previously reported the syntheses and

preliminary photovoltaic performance of asymmetri-
cal (DPP 3, PCE = 0.25 %) and symmetrical (DPP 4,
PCE = 0.75 %) thiophene-free DPA-stilbene-DPP SM
donors in BHJ SCs with PC60BM as an acceptor
(Frebort et al., 2014). Both these derivatives were
synthesized by direct alkylation of the corresponding
DPP pigment with branched (2-ethyl-hexyl) bromoac-
etate, i.e. without the use of coupling reactions and
brominated precursors. Thiophene-free materials are
more environmentally friendly as they do not contain
sulfur and can be incinerated after their lifespan. Here,
a more detailed study on this type of compounds is
presented considering the the following topics: 1) how
does PCE depend on the substitution of PC60BM with
PC70BM; 2) whether the branching of side-chain ac-
etates, i.e. DPP 1 vs. DPP 3 and DPP 2 vs. DPP 4,
provides an improvement in cell parameters; and 3)
whether the lower PCE of asymmetrical D-π-A-π SM

donors with respect to the D-π-A-π-D ones is a general
phenomenon.

Experimental

DPP-based donor materials (Fig. 1) were syn-
thesized via the synthetic route described in a pre-
viously reported publication (Frebort et al., 2014).
The final product was used as pure matter (pow-
der). PC60BM (Solenne, Groningen, The Nether-
lands, 99 %), PC70BM and PEDOT:PSS (Ossila,
Sheffield, UK), chloroform (Aldrich, St. Louis, MO,
USA, 99.9 %), and Al (Aldrich, St. Louis, MO, USA,
99.99 %) were used as received without further purifi-
cation.
Absorption and fluorescence spectroscopy were

carried out in ambient environment (25◦C, atmo-
spheric pressure) using a Varian Cary Probe 50
UV-VIS spectrometer (Agilent Technologies, Santa
Clara, CA, USA) and a Horiba Jobin Yvon Fluorolog
(Horiba, Kyoto, Japan), respectively. Film thickness
was measured by a DEKTAK profilometer (Bruker,
Billerica, MA, USA). Thin films were prepared on sil-
icon glass by spin-coating of a solution with the total
concentration of 15 mg mL−1.
Electrochemical measurements were carried out in

N ,N -dimethylformamide containing 0.1 M Bu4NPF6
in a three-electrode cell by cyclic voltammetry (CV)
and rotating disc voltammetry (RDV). The working
electrode was a platinum disc (2 mm in diameter) in
the CV and RDV experiments. As the reference elec-
trode, a saturated calomel electrode (SCE) was used,
separated from the measured solution by a bridge
filled with a supporting electrolyte. A Pt wire served
as an auxiliary electrode. Voltammetric measurements
were performed using a PGSTAT 128N potentiostat
(Metrohm Autolab, Utrecht, The Netherlands) oper-
ated by the NOVA 1.10 software from the same man-
ufacturer. The HOMO/LUMO values were calculated
according to Isse and Gennaro (2010):

−EHOMO/LUMO [eV] = E1/2(ox1/red1) [V] + 4.350 (1)

where EHOMO/LUMO represents highest occupied/
lowest unoccupied molecular orbital energy and
E1/2(ox1/red1) corresponds to oxidation/reduction
peaks.
Glass substrates with patterned ITO were covered

with PEDOT:PSS by spin coating at 5000 min−1 for
60 s with subsequent annealing for 10 min at 150◦C
in air to remove residual moisture. Solution for the
preparation of an active layer of optimized films was
prepared from a DPP : PC70BM blend (3 : 7 by mass
for all DPP derivatives) in chloroform with the total
concentration of 15 mg mL−1. The layer was created
by dynamic spin coating of 30 μL of the prepared so-
lution at 2500 min−1 for 40 s. Solvent annealing in
chloroform (exposition of the active layer to the sol-
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Table 1. Optical properties of DPP derivatives

Absorbance λmax/nm Fluorescence spectrum in toluene Stokes
Donor material Eg-opt/eV

toluene thin film λmax/nm λ/cm−1

DPP 1 490 509 1.96 580 111
DPP 2 515 538 1.91 601 116
DPP 3 495 498 2.13 584 112
DPP 4 522 542 1.92 609 114

Fig. 1. DPP derivatives under study.

vent vapor) was performed for 25 min in each sample.
Samples were stored in a nitrogen atmosphere until
the measurement, which took place in a normal atmo-
sphere at room temperature. The samples were mea-
sured using an NT-MDT (Moscow, Russia) Ntegra-
Prima ambient AFM microscope with ETALON tips
(tip curvature radius < 10 nm, frequency = 140 kHz,
force constant = 3.5 N m) in a semicontact mode; res-
olution of the images was 256 × 256 points.
OFETs devices were fabricated with bottom gate

bottom contact geometry with commercial substrates
purchased from Fraunhofer IPMS (Dresden, Ger-
many). The substrates consisted of a heavily doped
Si wafer featuring a 240 nm silicon dioxide layer
with patterned interdigital Au electrodes on an ITO
layer. They were rinsed with acetone and propan-2-
ol, dried with nitrogen blow, and treated by plasma
for 2 min. All solutions were prepared from anhy-
drous chloroform with the total concentration of solids
of 15 mg mL−1 and filtered by means of a 45 μm
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polyvinyl fluoride (PVDF) membrane filter. Active
layers were deposited on the substrates by spin coat-
ing at 1500 min−1 for 60 s and at 4000 min−1 for 30 s
to dry. Transfer IDS-VGS curves of transistors were
measured by means of a probe station using a Keith-
ley (Cleveland, OH, USA) 6487 picoampermeter and
a Keithley 617 electrometer. The charge carrier mo-
bility was deduced from the transfer characteristic at
the saturation region (for each fixed gate voltage, the
drain-source voltage, UDS, is increased until the cur-
rent saturates, see Fig. S3) (UDS = –40 V, dwell time =
500 ms) using the equation (Stassen et al., 2004):

μ = m2sat
2L
W

1
Ci

(2)

where μ is mobility, L andW are the length and width
of the channel, msat is the slope in a square root de-
pendence of saturated current vs gate voltage, and Ci
is the gate insulator capacitance per unit area.
All processes and measurements were done in the

inert atmosphere of a nitrogen glove box in the dark.
Glass substrates with patterned ITO were covered

with PEDOT:PSS by spin coating at 5000 min−1 for
60 s with subsequent annealing for 10 min at 150◦C
in air to remove residual moisture. Solution for the
preparation of an active layer of optimized films was
prepared from a DPP : PC70BM blend (3 : 7 by mass
for all DPP derivatives) in chloroform with the total
concentration of 15 mg mL−1. The layer was created
by dynamic spin coating of 30 μL of the prepared so-
lution at 2500 min−1 for 40 s. Solvent annealing in
chloroform was performed for 25 min in each sample.
For the optimization, various donor : acceptor ratios
as well as other conditions were examined. For each
sample, a 100 nm thick Al layer was thermally evapo-
rated in the vacuum chamber. All manipulations were
carried out in a glovebox under a nitrogen atmosphere
unless otherwise stated. Thickness of all the hetero-
junction layers measured by the DEKTAK profilome-
ter was in the range from 75 nm to 85 nm.
Current density–voltage measurements were car-

ried out under illumination using a xenon lamp
LSH502 LOT Oriel and a solar simulator LS0916 LOT
Oriel (Newport, North Kingstown, RI, SA) with an air
mass (AM) 1.5G filter. The simulated light intensity
was adjusted to 1000 W m−2 by an NREL-calibrated
Si solar cell.

Results and discussion

Optical properties

All four materials showed a wide structureless ab-
sorption band with the maxima at 490 nm and 520 nm,
respectively, which corresponds to the non-planar con-
formation of N -alkylated DPP (Table 1). Red shifts
of 25 nm and 27 nm, respectively, were observed be-
tween the symmetrical and asymmetrical derivatives,

Fig. 2. Solid state absorption spectra of DPP 1 (diamond),
DPP 2 (triangle), DPP 3 (square), and DPP 4 (circle).

which can be assigned to the conjugation length re-
duction (Luňák et al., 2011). The influence of differ-
ent solubilizing side chains is negligible; because of
the molecular distances, intermolecular interactions
do not play a significant role. In weakly polar toluene,
all studied materials showed strong fluorescence in
the solution with a considerable Stokes shift of about
90 nm. Absorption and fluorescence spectra of pure
DPP derivatives in toluene are shown in supplemen-
tary data (Figs. S1 and S2, respectively).
In a thin film (Fig. 2), absorption of each derivative

showed apparent bathochromic shift due to the inter-
molecular interactions in the solid state. Unlike the
solutions, a slight red shift between the molecules with
ethyl acetate and ethyl-hexyl acetate N -alkylation
(DPP 1 vs. DPP 3 and DPP 2 vs. DPP 4) was ob-
served, which indicates that the solid state planarity
decreases within the branched solubilizing chain re-
ducing thus the length of the conjugated system.
For the thin film of symmetrical derivatives (DPP 2

and DPP 4), only a 4 nm difference in the solid state
absorption maxima and a 0.01 eV difference in the
optical band gap were observed, whereas for asym-
metrical derivatives (DPP 1 and DPP3), the differ-
ences are higher: 11 nm in the solid state absorption
maxima and 0.17 eV in the optical bandgap. The re-
sults show that the longer and branched ethyl-hexyl
acetate N -alkylation has a more significant effect on
the asymmetrical derivatives because the phenyl on
one side of the DPP core is more susceptible to the
rotation and the loss of planarity destabilizes the
molecule and shortens the conjugated system. Also,
according to the DFT (B3LYP/6-311G(d,p)) calcu-
lations (Frisch et al., 2009), the rotation angle be-
tween the DPP central core and phenyl group was
15◦ and 23◦ for DPP 1 and DPP 3, respectively. In
case of symmetrical DPP 2 and DPP 4, the rota-
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Table 2. Electrochemical properties of DPP derivatives

Donor material HOMO/eV LUMO/eV Eg-el/eV

DPP 1 –5.20 –3.27 1.93
DPP 2 –5.21 –3.33 1.88
DPP 3 –5.20 –3.26 1.94
DPP 4 –5.22 –3.29 1.93

Table 3. Mobility of DPP derivatives

Hole mobility Threshold voltage
Donor material

cm2 V−1 s−1 V

DPP 1 (1.7 ± 0.7) × 10−6 –47.3 ± 3.7
DPP 2 (9.5 ± 0.8) × 10−6 –27.4 ± 3.6
DPP 3 (2.5 ± 0.6) × 10−8 –12.0 ± 1.8
DPP 4 (6.9 ± 0.4) × 10−6 –28.5 ± 7.2

tion angle was in the range of 21–22◦ for both com-
pounds.

Electrochemical properties

Electrochemical measurements (see Table 2) have
shown that longer alkyl chains, being a weak donor,
do not significantly affect the oxidation and reduc-
tion potentials by the induction effect. To influence
the FMO orbitals, much stronger substituents have to
be used (Luňák et al., 2009; Vala et al., 2010, 2014).
However, in case of DPP 3 and DPP 4, the LUMO
level was slightly shifted while at the HOMO level re-
mained unaltered.

Charge transport properties

It has been reported that the performance of or-
ganic solar cells directly depends on the mobility of the
photoactive materials (Ebenhoch et al., 2015). For the
donor material, optimal hole mobility is in the inter-
val between 10−3–10−4 cm2 V−1 s−1. As shown in Ta-
ble 3, mobility values determined by the characteriza-
tion of thin-film transistors are significantly lower than
the optimum. However, the absence of thiophene in
the structure enables rotation of the individual molec-
ular building blocks (intermolecular π–π interaction is
weaker) and thus high charge carrier mobility is barely
reachable.
In general, higher charge carrier (hole) mobility

can be observed for symmetrical derivatives than for
the asymmetrical ones. This effect can be ascribed to
the longer conjugated chain and corresponds well with
the results of optical measurements. A short solubiliz-
ing chain undoubtedly has a positive effect and im-
proves the hole mobility; for a symmetrical derivative,

Fig. 3. Illuminated current voltage characteristics of represen-
tative solar cells for each donor blended with PC70BM
in a 30 : 70 mass ratio: DPP 1 (diamond), DPP 2 (tri-
angle), DPP 3 (square), and DPP 4 (circle).

the improvement is of only about 40 %, but for the
asymmetrical one, an increase of almost three orders
of magnitude was found. The main reason is proba-
bly the morphology as the branched ethyl-hexyl chain
causes rotation and shortening of the conjugated sys-
tem. Phenyl compared to the DPA stilbene group is
more susceptible to rotations, and this effect is thus
more emphasized in asymmetrical derivatives.

Photovoltaic properties

Fig. 3 shows current voltage characteristics of so-
lar cells under AM 1.5 illumination with the inten-
sity of 1000 W m−2. The trend shown in the field
effect measurements is also clearly visible in the cur-
rent voltage measurements. DPP 2 with the highest
carrier mobility exhibited the highest photocurrent,
as the Jsc corresponds with the charge carrier mobil-
ity. Also, the external quantum efficiency was slightly
higher throughout the whole spectrum (Fig. 4).
We can observe higher Voc when DPP 4 is used as a

donor. DPP 4 compared to DPP 2 has a lower HOMO
level and bigger bandgap, which serve to increase the
Voc level in general. Also, the longer and branched side
chain leads to a surface with slightly higher RMS (see
the AFM results below) and probably improved the
phase separation. The same effect cannot be observed
within DPP 2, however, as the performance of this
material was poor in general. A thin film of DPP 2
showed creation of domains of about 200 nm in size,
which is an order of magnitude larger than it was ob-
served for the other materials. The higher Voc is the
reason why the efficiencies of solar cells using DPP 2
and DPP 4 as the donor are similar, but note that
the mobility of DPP 2 is significantly higher. Charge
carrier mobility does not affect the Voc value signif-
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Fig. 4. External quantum efficiencies of representative solar
cells for each donor blended with PC70BM in a 30 :
70 mass ratio: DPP 1 (diamond), DPP 2 (triangle),
DPP 3 (square), and DPP 4 (circle).

icantly, but its effect can be seen on increasing fill
factor and photocurrent (Table 4). The dependence of

the charge carrier mobility on the fill factor is known
(Andersson et al., 2011; Proctor et al., 2014) and can
be observed for the studied materials. Mobility and
therefore the fill factor is evidently the most limiting
parameter for the materials. Using PC70BM instead
of the cheaper alternative PC60BM, is supposed to
lead to improved efficiencies (Zhang et al., 2012). An
improvement could be observed for all parameters ex-
cept for the fill factor, where the mobility of donor
material is the most limiting factor – as it was re-
ported (Ebenhoch et al., 2015), low hole mobility of
the donor material results in a low fill factor.

Atomic force microscopy of DPP : PCBM
BHJ films

Fig. 5 shows the AFM profile of all DPP mate-
rials blended with PC70BM in a 30 : 70 mass ratio.
The AFM images clearly show the formation of do-
mains in the nanometric scale. The lowest RMS was
observed for derivatives with ethyl acetate solubiliz-
ing groups, DPP 1 and DPP 2. For derivatives with
ethyl-hexyl acetate solubilizing groups, larger domains

Fig. 5. AFM pictures of the active layer, mixture of particular DPP derivatives with PC70BM in a 30 : 70 mass ratio: DPP 1,
RMS 0.4 (a); DPP 2, RMS 0.4 (b); DPP 3, RMS 19.1 (c); and DPP 4, RMS 0.6 (d).
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Table 4. Photovoltaic properties of DPP derivatives with PC60BM and PC70BM

Donor material Acceptor Jsc/(mA cm−2) Voc/V FF/% PCE/%

DPP 1 PC70BM 4.5 ± 0.2 670 ± 50 28.1 ± 0.5 0.86 ± 0.12
DPP 1 PC60BM 2.4 ± 0.1 522 ± 37 28.1 ± 0.5 0.35 ± 0.06
DPP 2 PC70BM 6.8 ± 0.2 680 ± 30 33.1 ± 0.7 1.53 ± 0.09
DPP 2 PC60BM 3.9 ± 0.1 556 ± 15 33.7 ± 0.7 0.72 ± 0.06
DPP 3 PC70BM 2.3 ± 0.1 540 ± 80 26.0 ± 2.0 0.32 ± 0.03
DPP 3 PC60BM 1.7 ± 0.1 488 ± 34 23.9 ± 0.6 0.20 ± 0.05
DPP 4 PC70BM 6.3 ± 0.2 750 ± 30 31.3 ± 0.3 1.49 ± 0.08
DPP 4 PC60BM 3.7 ± 0.1 568 ± 33 32.2 ± 0.6 0.68 ± 0.07

can be observed. In case of DPP 3, the layer was very
rough, also, high crystallinity could be observed by the
naked eye. Therefore it can be stated that charge sepa-
ration was effective due to the smaller donor-acceptor
interface. Pinholes, approximately 1–3 nm deep, were
present in the layers of DPP 1, DPP 2, and DPP 4
but not in the sample of DPP 3, because the layer
roughness is significantly higher. These pinholes were
caused by morphological relaxation (Peumans et al.,
2003).

Conclusions

In conclusion, the introduced materials applied as
donor materials in BH OSCs do not contain thiophene
unlike the donors most often used for organic BHJ so-
lar cells. Considering the generally lower lifetime of
organic solar cells and their possible disposal by incin-
eration, the absence of sulfur (thiophene-free material)
makes them an environment friendly alternative of so-
lar cells. Efficiency of over 1.5 % (DPP 2 and DPP 4) is
the highest published for thiophene-free DPP deriva-
tives so far.
Symmetrical and asymmetrical derivatives were

compared; symmetrical D-A-D type molecules always
exhibited better photovoltaic and mobility parame-
ters. Comparison of 2-ethyl-hexyl acetate and ethyl
acetate N -alkylation showed an interesting effect:
shorter solubilizing chain has been proved to provide
better molecular planarity, and therefore higher mo-
bility. For bulk-heterojunction devices, the domains
formed on their surface are smaller and the surface
is smoother. Combination of the above mentioned pa-
rameters results in a better fill factor, current and effi-
ciency within the prepared solar cell prototypes. The
effect of the solubilizing chain was more significant
for asymmetrical molecules, where a 2-ethyl-hexyl ac-
etate chain led to destabilization so crucial that the
DPP 3 thin film showed very rough morphology, with
domains 20 times larger than in other materials. Its
mobility was very poor, which affected the total pho-
tovoltaic performance. When using PC70BM instead
of PC60BM, an improvement could be observed for all
parameters except for the fill factor, where the mobil-
ity of the donor material is probably the most limiting
factor.
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Reducing Recombination Processes in the Inverted-Solution-Processed
Small-Molecule Solar Cells by the Inserted Fullerene Cathode

Alexander Kovalenko, Ivaylo Zhivkov, Patricie Heinrichová, Jan Pospı́šil, Jana Honová,
Martin Vala, and Martin Weiter

Abstract—Inverted architecture organic solar cells are potentially at-
tractive, due to their long-term stability. However, this type of architecture
is poorly applied in small-molecule solar cells, due to lower power conver-
sion efficiencies (PCEs), usually caused by low fill factors. Here, the initially
low fill factor of the inverted architecture small-molecule solar cells based
on a DPP(TBFu)2 :PC60 BM blend is augmented by the inserted fullerene
layer at the cathode, thus resulting in the efficient charge extraction and, up
to now, highest PCE for DPP(TBFu)2 material and one of the highest for
small-molecule DPP derivatives. Highly reproducible devices with PCE up
to 5.29% were fabricated, which is notably higher than previously reported
results.

Index Terms—Capacitance–voltage characteristics, inserted fullerene
cathode, interface phenomena, polymer and small-molecule-based organic
photovoltaics, thin-film devices, vertical segregation.

I. INTRODUCTION
Today, on the verge of commercialization of organic solar

cells [1]–[6], the development and optimization of the fabrica-
tion processes is of utmost importance. Small-molecule solar
cells seem to be a prospective alternative to polymers [7], [8], as
far as the efficiencies of the abovementioned cells are approach-
ing ones based on polymers; however, small molecules usually
possess advantages of structural diversity, synthesis simplicity,
high purity, monodispersity, and less batch-to-batch variation
[9], [10]. All these advantages in the end will result in reduced
production cost of the final item. Among the small-molecule
groups, one of the potentially promising derivatives is 3, 6-
diphenyl-2, 5-dihydro-pyrrolo[3, 4-c]pyrrole-1, 4-dione, which
is commonly referred to as DPP [11]–[15]. DPP derivatives pos-
sess high thermal and oxidation stability, precise tunability, and
cheap mass-production costs.

In many cases, inverted architecture polymer/fullerene de-
vises are advantageous in terms of stability [16] and efficiency
[17]. However, inverted small-molecule solar cells [18]–[20]
remain to be underreported and usually possess lower power
conversion efficiency (PCE) in comparison with a regular ar-
chitecture. Nevertheless, some approaches were done to im-
prove the efficiency of the small-molecule inverted solar cells;
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as an example, using additives, such as PEIE [21] from the ZnO
layer, seems to improve the charge extraction at the cathode and,
thus, increases the PCE of the solar cells. Another example is
a use of fullerene derivative-doped zinc oxide nanofilm mod-
ified with a fullerene-based self-assembled monolayer as the
cathode [22].

In the case of DPP(TBFu)2 : PC60BM solar cells, up to
now, only one approach was done, where Poly [(9, 9-bis(3’-
(N, N-dimethylamino)propyl)-2, 7-fluorene)-alt-2, 7-(9, 9–
dioctylfluorene)] layer was used as a cathode [23], wherein
low fill factors (FFs) are reported the case of inverted thermally
annealed devices, which can be improved by adding of diiodooc-
tane (DIO). However, dramatic drop in the efficiency due to low
light-generated current was observed.

It is generally reported that small-molecule devices usually
possess low FF in comparison with polymer-based devices, even
though their hole and electron mobilities are similar [24]–[25].
However, applying solvent treatment (SVT) to small-molecule
bulk-heterojunction (BHJ) solar cells with DPP(TBFu)2 :PCBM
as an active layer [26]–[28], notable augmentation of FF was
reported [29], and lately, it was explained [30] that in this case,
FF is affected by fullerene cathode population. Thus, nearly
100% population of fullerene caused by SVT improves FF up
to 60%.

Therefore, according to the above-mentioned reports [21],
[22], the solution toward high-performing small-molecule so-
lar cell lies in efficient charge extraction at the cathode; thus,
this study shows how using inserted fullerene cathode FF and
thus performance of the small-molecule solar cells can be aug-
mented.

II. RESULTS AND DISCUSSION

As far as an inverted architecture seems to be overall more
promising, we have fabricated a set of inverted and regular
DPP(TBFu)2 :PC60BM BHJ solar cells. As can be seen from
Table I, both types of the devices suffer from shunting and,
thus, low FF. Especially, inverted devised possessing extremely
low FF and Rsh of 3167 Ω. It has been reported [23] that the
addition of surfactant such as DIO improved FF of the inverted
devices, however decreasing the Jsc . In this respect, we assume
that the surfactant “locked” the initial vertical-phase segrega-
tion, where bottom electrode is partly covered by an electron-
selective fullerene; at the same time, DIO affected overall
morphology and crystallinity resulting in lower charge-carrier
mobility, as was reported. In our case, it is clearly seen that the

2156-3381 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
MAIN PHOTOVOLTAIC PARAMETERS OF THE REGULAR INVERTED SOLAR CELLS

Js c , mA/cm−2 Vo c , V FF, % PCE, % R s h , Ω

Regular 10.16 0.911 49 4.53 6635
Inverted 9.37 0.889 39 3.24 3167
Regular/C6 0

cathode
10.56 0.834 56 4.93 16 333

Inverted/C6 0
cathode

10.58 0.847 59 5.29 23 415

Regular/PC6 0 BM
cathode (10 nm)

9.91 0.873 57 4.99 20 653

Js c —short-circuit current; Vo c —open-circuit voltage; FF—fill factor; PCE—power con-
version efficiency; R s h —shunt resistance (from J–V curve). Best performing devices are
stated in the table. Deviation of the photovoltaic properties based on 24 electrodes was in
a range of ±10%.

Fig. 1. Schematic structure of the inverted DPP(TBFu)2 :PC60 BM solar cell
with an inserted C60 cathode.

FF is lowered predominantly by a low shunt resistance, which,
in turn, is a result of poor cathode fullerene population, as shown
below by means of capacitance–voltage measurements.

As has been mentioned, PC60BM layer inserted by ther-
mal evaporation over the active layer was successfully used
in P3HT:PC60BM BHJ organic solar cells [31], [32]. Thin layer
of 5–15 nm resulted in increase of FF and Jsc by improving
of the light-generated electrons collection, thus reducing the
recombination processes in the solar cell. In order to improve
the performance of the regular architecture devices, we have
applied the abovementioned approach by evaporation of 10-nm
C60 layer over the active layer (see Fig. 1).

Poorly soluble C60 (instead of its derivative PC60BM) was
chosen because highly soluble PC60BM is not suitable in the
case of the inverted architecture, because the photoactive layer
is spin-coated over the C60 layer.

Moreover, there are two significant reasons to use fullerene:
even though previous reports claim results with evaporated
PC60BM, recent studies, by a strongly interdisciplinary ap-
proach, using several characterization techniques, have shown
[33] that during the thermal evaporation, several different
fullerene species, due to thermal decomposition, can be ob-
served (see Fig. 2). The evaporated films mainly consist of
PC60BM; nevertheless, about 15% of the material are degraded
species. However, these species are quite difficult to detect using
standard methods, because the main features of the molecule

Fig. 2. Structures of possible species created upon thermal decomposition of
PC60 BM [33].

Fig. 3. IR spectrum of the reference PC60 BM, evaporated PC60 BM layer,
and residual material in crucible.

(e.g., ester bond) are preserved. Second important reason to
choose C60 is that during the evaporation of PC60BM, a large
fraction of the material is decomposed without evaporation and
remains in the crucible, regardless of the evaporation speed;
thus, this method is exceptionally nonefficient as far as only
small ratio of material is used.

In Fig. 3, the IR spectroscopy analysis of the evaporated layer
from PC60BM source is depicted. To get a deeper insight, we
have analyzed not only the reference material, but residual black
soot in the crucible as well. It can be seen from the spectra that
vibration from the double bond of the ester group (C = O peak
at 1735 cm−1) is preserved in all the cases; however, the peak
is cleaved in the case of the residual soot in the crucible. In
addition, several changes are observed in the region of 1500–
2000 cm−1, which is usually related to double bonds and is the
evidence of the ester bond break.
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Fig. 4. J–V curves at 1-sun illumination of the inverted and regular
DPP(TBFu)2 :PC60 BM solar cells.

Thus, seemingly during the thermal evaporation, even at low
deposition rates, PC60BM, as well as IC60BA [34], [35], is
decomposed.

First, we have deposited 10-nm fullerene film onto the pho-
toactive layer of DPP(TBFu)2 :PC60BM BHJ solar cells; vac-
uum deposition was finished by the Al top electrode without
breaking the vacuum. As can be seen from Table I and Fig. 4,
notable increase in FF and slight increase in Jsc were observed.
In general, efficiencies were comparable with those reported for
the solvent-annealed DPP(TBFu)2 :PC60BM devices [29], [30],
as far as 100% of fullerene cathode population is observed.
Nevertheless, notable decrease in Voc was observed, due to the
fact that C60 has lower lowest unoccupied molecular orbital
level than the PC60BM. A similar effect was reported using
phtalocyanine-based planar devices [36].The main difference is
caused by the increase in Rsh from 6635 to 16 333 Ω. The same
phenomenon of the Rsh augmentation is observed in the case of
the inverted devices. However, as the initial fullerene cathode
population is low, the improvement of FF is more pronounced.
Efficiency values obtained on inverted devices with an inserted
fullerene layer on the cathode, to the best of our knowledge, are
the highest obtained using DPP(TBFu)2 as the donor, regardless
of the acceptor and contact materials.

Mott–Shottkey analysis of the solar cells in the present case
is used to analyze the cathode population (by the extrapolation
of the slope in positive bias) [30], [37]–[39] of the abovemen-
tioned inverted devices with/without inserted C60 cathode, in
comparison with pure DPP(TBFu)2 layer (see Fig. 5). The flat-
band potential is obtained by the extrapolation of the slope
until intercepting the X-axis. This approach, identifying cath-
ode coverage, was proven by several cross-techniques in the
previous reports (i.e., atomic force microscopy, transmission
electron microscopy, and Kelvin Probe in [30], ellipsometry in
[37], modified EQE measurements in [38], and electron energy-
loss spectroscopy in [39]). It is clearly seen that initial cathode
coverage of the thermally annealed inverted devices is predomi-
nantly hole transport material (DPP(TBFu)2), which is observed

Fig. 5. C–V measurements at 1 kHz of the inverted devices with/without and
inserted C60 cathode, in comparison with pure DPP(TBFu)2 layer.

by the high value of flat-band potential that is comparable with
the one of pure donor material [38].

Thus, light-generated charge carriers (electrons, in the present
case) cannot be efficiently collected at the cathode, as far as it
is predominantly populated by a hole-transport material. In-
troducing a 10-nm layer onto the cathode ensures its 100%
electron transport material (fullerene) coverage. As seen from
capacitance–voltage measurements [30], [37], [38], this reduces
recombination processes in the solar cell, which can be observed
in augmented FF and slight increase of Jsc . Another assumption
is that recombination processes can be reduced by the passiva-
tion of the interfacial trap states [40] by an inserted C60 layer.

III. CONCLUSION

In conclusion, this study has shown how the inserted 10-nm
layer of C60 reduces recombination processes in inverted archi-
tecture DPP(TBFu)2 :PC60BM BHJ solar cells, which initially,
as reported in [23], showed low-FF values. One of the reasons
of the recombination processes is a low fullerene population of
the inverted thermally annealed DPP(TBFu)2 :PC60BM devices.
Using the capacitance–voltage measurements, we have shown
that the ratio of the hole-transporting material is high at the cath-
ode, which negatively affects carriers’ collection at the interface.
Evaporation of thin, 10-nm, layer of C60 at the cathode resulted
in fully electron-transport material populated contact; thus, re-
combination resistance was significantly improved, which re-
sulted in short-circuit current and predominantly FF. Efficiency
improvement was observed in both regular and inverted archi-
tecture devices. In the case of the inverted devices, obtained
efficiencies are the highest yet reported for DPP(TBFu)2 -based
solar cells and, for the best of our knowledge, the highest for
small-molecule DPP derivatives, if the inverted device architec-
ture is considered.
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