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Sammanfattning 
Abstract 

Over the last few decades, bulk-heterojunction organic photovoltaic devices comprising an intimately mixed donor-acceptor blend have gained 

serious attention due to their potential for being cheap, light weight, flexible and environmentally friendly. In this thesis, APFO-3/PCBM bulk-

heterojunction based organic photovoltaic devices with an inverted layer sequence were investigated systematically. Doctor blade coating is a 

technique that is roll-to-roll compatible and cost efficient and has been used to fabricate the solar cells. 

 

Initial studies focused on optimization of the electrodes. A thin film of the conductive polymer PEDOT:PSS was chosen to be the transparent anode. 

Different PEDOT:PSS films with respect to the film thickness and deposition temperature were characterized in terms of conductivity and 

transmission. Decent conductance and transmittance were obtained in the films deposited with wet film thickness setting of 35 μm, The cathode was 

fabricated from a metal bilayer comprising Al and Ti with an area about 1 cm2, and the best-working cathodes contained a 70 nm thick Al layer 

covered by a thin Ti layer of about 10 -15 nm. 

 

Optimized coating temperature and wet film thickness settings for the active layer and PEDOT:PSS layer were experimentally determined. The 

highest efficiency of the APFO-3/PCBM based inverted solar cells fabricated by doctor blading was 0.69%, which exceeded the efficiency of spin-

coated inverted cells.  

 

A higher efficiency (0.8 %) was achieved by adding a small amount of high molecular weight polystyrene to the active layer. Morphological 

changes after adding of the polystyrene were observed by optical microscopy and AFM. A coating temperature dependent phase separation of the 

APFO-3/PCBM/polystyrene blend was found. 
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1 Abstract 

Over the last few decades, bulk-heterojunction organic photovoltaic devices comprising an 

intimately mixed donor-acceptor blend have gained serious attention due to their potential for 

being cheap, light weight, flexible and environmentally friendly. In this thesis, 

APFO-3/PCBM bulk-heterojunction based organic photovoltaic devices with an inverted 

layer sequence were investigated systematically. Doctor blade coating is a technique that is 

roll-to-roll compatible and cost efficient and has been used to fabricate the solar cells. 

 

Initial studies focused on optimization of the electrodes. A thin film of the conductive 

polymer PEDOT:PSS was chosen to be the transparent anode. Different PEDOT:PSS films 

with respect to the film thickness and deposition temperature were characterized in terms of 

conductivity and transmission. Decent conductance and transmittance were obtained in the 

films deposited with wet film thickness setting of 35 μm, The cathode was fabricated from a 

metal bilayer comprising Al and Ti with an area about 1 cm
2
, and the best-working cathodes 

contained a 70 nm thick Al layer covered by a thin Ti layer of about 10 -15 nm. 

 

Optimized coating temperature and wet film thickness settings for the active layer and 

PEDOT:PSS layer were experimentally determined. The highest efficiency of the 

APFO-3/PCBM based inverted solar cells fabricated by doctor blading was 0.69%, which 

exceeded the efficiency of spin-coated inverted cells.  

 

A higher efficiency (0.8 %) was achieved by adding a small amount of high molecular weight 

polystyrene to the active layer. Morphological changes after adding of the polystyrene were 

observed by optical microscopy and AFM. A coating temperature dependent phase separation 

of the APFO-3/PCBM/polystyrene blend was found.  

 

Key words: conjugated polymer, organic semiconductor, organic photovoltaic, organic solar 

cell, bulk-heterojunction, doctor blading.  
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2 List of abbreviation

Al — Aluminum  

APFO — Alternating polyfluorene  

APFO-3 — Poly[(9,9-dioctylfluorenyl-2,7- 

diyl)-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benz

othiadiazole)] 

AFM — Atomic force microscope 

BHJ — Bulk-heterojunction  

D-A-D — Donor-acceptor-donor  

EQE — External quantum efficiency 

FF — Fill factor  

HOMO — Highest occupied molecular 

orbital  

ITO — Indium tin oxide  

Jsc — Short circuit current density  

LUMO — Lowest unoccupied molecular 

orbital 

LiF — Lithium fluoride  

Mw — Weight average molecular weight 

MDMO-PPV — Poly[2-methoxy-5-(3,7- 

dimethyloctyloxy)]-1,4-phenylenevinylene 

OPV — Organic photovoltaic  

PCBM — [6,6]-phenyl-C61-butyric acid 

methyl ester  

PCE — Power conversion efficiency  

PEDOT:PSS — Poly(3,4-ethylenedioxy- 

thiophene):poly(styrenesulfonate)  

PIB — Polyisobutylene  

PS — Polystyrene  

R2R — Roll-to-roll  

Ti — Titanium  

Voc — Open circuit voltage  

UCST—Upper critical solution temperature  

UV-VIS—Ultraviolet-visible spectroscopy 

WF — Workfunction 

WFT — Wet film thickness  

wt - Weight  
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3 Introduction 

Energy source is the material basis of human activities, and it has been a key factor in the 

development of human society. However, the increasing use of energy since the 18
th
 century 

has also caused many serious problems, such as global warming and atmospheric pollution. 

The availability of the current main energy sources (oil, coal, etc.) is limited. According to 

recent predictions from USGS, there are only 40 years of petroleum remaining. All those 

factors are forcing us to replace most of the currently used non-renewable energy sources by 

renewable energy sources.  

 

Sunlight is by far the largest available energy source. The energy from sunlight that strikes the 

Earth in one hour exceeds the annual human energy consumption on the planet. Therefore, 

extracting energy directly from sunlight has been acknowledged as an essential means to 

diversify future global energy production.  

 

Direct conversion of sunlight into electricity can be achieved through the use of a 

photovoltaic device that is called solar cells. Solar cell technologies have been extensively 

studied, since the first crystalline silicon based solar cell was developed at Bell Laboratories
[1]

. 

So far, traditional in organic solar cells can harvest more than 20%
[2]

 of the incoming energy, 

which is already close to the theoretical upper limit of 30%
[3]

. Silicon-based solar cells 

represent the most widely established solar cell technology which currently occupies more the 

85% of the market
[4]

. Although, photovoltaic technology has been on the market for many 

years, less than 0.1% of the total world energy production is based on it. A major obstacle is 

the relatively high production cost of silicon-based technology when compared to other 

sources of energy. The fabrication of inorganic devices requires intensive processing at high 

temperatures as well as high vacuum conditions and requires a large number of lithographic 

steps. Therefore, in order to fully explore the potential of photovoltaic technology, new 

materials have to be developed. 

 

As a relatively novel technology, organic solar cells have been studied intensively in recent 

years. The present power conversion efficiency (PCE) of bulk-heterojunction (BHJ) based 

organic solar cells exceeds 6.5%
[5]

, but it is still much below the value for inorganic solar cells, 

and in addition, their lifetime is significantly shorter. However, organic photovoltaic 

technology shows great promise for decreasing the cost of solar energy. The semiconducting 

materials that comprise the active layer of organic solar cells are polymers or small molecules, 

which potentially are much cheaper to prepare and process than inorganic materials thanks to 

straight forward fabrication method such as roll-to-roll (R2R) print. Furthermore, this 

technology offers the possibility for thin, flexible, lightweight devices due to the superior 

mechanical characteristics of many organic materials; especially polymers.  

 

In this thesis, BHJ based organic photovoltaic (OPV) devices were investigated. The aim of 

this project was to fabricate cost efficient organic solar cells with an inverted layer sequence. 

Therefore, the R2R compatible doctor blading technique was used as the main fabrication 

method. The optical, electronic and structural properties as well as the performance limiting 

factors of such OPV devices were studied.  
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4 Background 

 

4.1. The semiconducting behavior of conjugated polymer 

Chemically, polymers are formed by repetitive covalent bonding of chemical units or 

monomers. Molecular weights over 10,000 g mol
-1

 are possible and therefore they are often 

referred to as ―macromolecules‖.  

 

 
 

Figure 4.1 σ-and π-bonds in ethene, as an example of a conjugated π-electron system, (The 

picture is taken from www.megamolecules.com) 

 

 

Figure 4.2. (a) The energy levels of a π-conjugated molecule, the lowest electronic excitation 

is between the bonding π-orbital and the antibonding π*-orbital, (b) collection of molecular 

orbitals form bands separated by an energy gap 

 

Based on the type and number of carbon atoms along the main chain, polymers can be divided 

into two major classes: saturated and unsaturated. A saturated polymer has no double bonds, 

while unsaturated defines polymers which contain double bonds. Most conductive polymers 

have an unsaturated structure. The semiconducting property of polymers originates from the 

conjugated π-electron system which is formed by the sp
2
 hybrid orbitals of carbon atoms in 

the molecule (See Figure 4.1). The π-bonding is significantly weaker compared to the σ-bonds, 

which forms the backbone of the molecules. Therefore, π-π* transitions with an energy gap, 

or bandgap, are the lowest electronic excitations of semiconducting polymers (See Figure 4.2). 
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A typical bandgap of a conjugated polymer lies within the semiconducting range of 1 to 4 eV,  

characterized by the electron affinity and ionization potential, which refer to the lowest 

unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), 

respectively.  

 

4.2. Bulk-heterojunction solar cells 

4.2.1 Working principle 

Absorption of light is the first step toward light to energy conversion. Only photons with 

higher energy than the energy of the bandgap can be absorbed by the active material. 

Absorption losses can occur due to reflection, transmission, or insufficient energy of incident 

photons. Generally, lower bandgap materials absorb more photons; however, the waste of 

excess energy from the higher energy photons also limits the device performance, therefore, 

there are certain limitations on the bandgap
[6]

. 

 

Figure 4.3. A typical schematic drawing of the donor/acceptor bulk-heterojunction (BHJ) 

based organic photovoltaic (OPV) device. The donor and acceptor form an interpenetrating 

network and a large interface between donor and acceptor can be obtained which increases 

the exciton dissociation rate significantly. (Image is modified from http://www.nrel.gov/) 

 

An exciton, which is an electrostatically bound electron and hole pair, forms after a photon is 

absorbed in the active material which is usually the polymer fullerene BHJ. The exciton can 

recombine, or diffuse and dissociate into free carriers and then collected by the electrodes. 

The small diffusion length of primary excitons in the amorphous and disordered organic 

semiconductors is an important limiting factor. Such excitons, with large exciton binding 

energy
[7-9]

 (>100 meV) and short diffusion length (4 to 20 nm) created in the bulk materials of 

organic semiconductors cannot be dissociated into free charger carriers by the thermal 

excitations
[10,11]

. However, it is observed that they dissociate at metal-semiconductor 

interfaces or at donor-acceptor interfaces where a discontinuous electronic potential exists. An 

ultrafast, reversible, metastable photoinduced electron transfer from conjugated polymers 
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onto fullerenes in solid films was observed in the mixture of conjugated polymers with 

fullerene
[14, 40]

. This phenomenon resulted in the development of BHJ devices. BHJ based 

OPV devices were first introduced by Heeger’s group
[41]

 in 1995, which ideally could 

maximize the interfacial area between the donors and acceptors. BHJ based organic solar cells 

can be divided into 3 classes: small-molecule/small-molecule
[43]

, polymer/polymer
[44]

, and 

small-molecule/polymer
[41]

. In this project, we only discuss the polymer/small-molecule 

based organic solar cell. 

 

A conventional architecture of a BHJ based polymer/fullerene OPV device is shown 

schematically in Figure 4.3. At any position in the active film, a donor-acceptor interface 

exists within a few nanometers distance; therefore, efficient exciton dissociation can occur. A 

simplified working principle of OPV device is schematically shown in Figure 4.4. 

 

Figure 4.4. Simplified working principle of donor/acceptor BHJ based organic solar cell. 

After created in the active layer, excitons can recombine, or diffuse and dissociate to a weakly 

bounded state, charge transfer state, at the donor-acceptor interface. And the weakly bounded 

electron-hole pair can further dissociate into free carriers and be collected by the electrodes. 

 

The free charges must be able to reach the electrodes in order to contribute to the output 

power. However, there is always a risk of trapping or recombination, which limits the charge 

transport efficiency. Due to the increasing risk for trapping or recombination with the increase 

of distance that a charge needs to travel in order to reach the appropriate electrode, a thin 

layer is desired which however limits the optical absorption. Therefore, the optimization of 

active layer thickness is crucial in order to realize optimum photovoltaic performance.   

 

4.2.2 Current-voltage characteristics 

In order to characterize a photovoltaic device, several parameters are usually introduced. They 

are: open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), PCE, and 
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external quantum efficiency (EQE). A typical current-voltage characteristic of a solar cell is 

illustrated in Figure 4.5. 

 

 

Figure 4.5. Typical J-V characteristics of a solar cell, the shadowed area indicates the 

maximum power that can be extracted
[47]

.  

 

The open-circuit voltage Voc is defined as the voltage between the two terminals of a device 

when there is no external load. For a solar cell device, it is equal to the applied voltage at 

which the net current in the cell is zero under illumination.  

 

The short-circuit current density Jsc of a solar cell is defined as the current in the external 

circuit when the external load is at short circuit. It is equal to the extracted photogenerated 

current when there is no applied voltage. 

 

The fill factor FF is defined as 

 

𝐹𝐹 =
𝐽𝑚𝑎𝑥 ∙ 𝑉𝑚𝑎𝑥
𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐

=
𝑃𝑚𝑎𝑥
𝐽𝑠𝑐 ∙ 𝑉𝑜𝑐

 

 

Pmax indicates the maximum power that can be extracted from the solar cell and it is 

represented as the filled rectangle in Figure 2.5. In general, a large series resistance, a small 

shunt resistance and recombination tend to reduce the FF. 

 

The power conversion efficiency PCE is the most important parameter for solar cells as it 

indicates how efficiently the cell operates, and it is defined as the power output divided by the 

incident light power. It can be can be calculated from 

 

𝑃𝐶𝐸 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑙𝑖𝑔𝑡
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Where Jsc is the short circuit current in A m
-2

, Voc is the open circuit voltage in V, FF the fill 

factor, and Plight the incident solar radiation in W m
-2

. 

 

External quantum efficiency considers the fraction of incident photons that can be converted 

to charges, usually per wave length, as 

 

𝐸𝑄𝐸 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑜𝑡𝑜𝑛𝑠
=
𝑐

𝑒
∙
𝐽𝑠𝑐 ,𝑖

𝜑𝑖𝑛 ,𝑖
 

 

Where h is the Planck’s constant, c is the speed of light and e is an elementary charge. Jsc,i and 

φin,i are the short-circuit current density at a specific excitation wavelength and the incident 

monochromatic photon flux, respectively. 

  

4.2.3 Performance factors 

As mentioned previously, the most important parameter PCE depends on three key factors, 

namely Jsc, Voc, and FF.  

 

Jsc of organic solar cells is related to several factors such as the light intensity, light absorption 

rate, exciton generation and dissociation rate, and the carrier transport in the active layer etc. 

The absorption of light or exciton generation rate depends on the active layer thickness and 

the bandgap of the active materials. The exciton dissociation rate mainly depends on the 

interfacial area between donor and acceptor, and in BHJ films the dissociation rate is quite 

efficient. Molecules with high electron affinity, such as the fullerene [6,6]-phenyl-C61-butyric 

acid methyl ester (PCBM), are usually employed as the acceptor for organic solar cells
[12-17]

. 

The carrier transport in the active layer is controlled by the donor-acceptor interpenetrating 

network and the morphology of the active film thus plays a pivotal role. 

 

The Voc of BHJ based organic solar cells is limited by many factors, such as the morphology 

of active layer, electrodes, and film quality, etc
[18-20]

. Usually, the difference between the 

HOMO energy of the donor and the LUMO energy of the acceptor determines the Voc. 

 

The third parameter that determines PCE is the FF. Compared to Voc and Jsc, the FF is much 

more sensitive. In general, it depends on the mobility-lifetime product of charges in the active 

material, the thickness of the active layer, as well as the morphology of the active layer. 

Moreover, a big series resistance would also lower the FF in BHJ based organic solar cells. 

 

4.3. Device structure 

A schematic picture of a typical BHJ based OPV device is shown in Figure 4.6 (a). The active 

layer is usually spin coated onto substrates coated with transparent indium tin oxide (ITO). A 

layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is deposited 

between active layer and ITO and acting as the anode which collects the holes. A metal 

bilayer comprising aluminum (Al) and lithium fluoride (LiF) is commonly used as the opaque 

cathode and it is usually deposited by thermal evaporation
[21-23]

. 
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Figure 4.6. A schematic diagram of a traditional non-inverted structure (a), and an inverted 

structure (b). Note the absence of ITO glass which could lower the cost of manufacturing in 

large-scale mass production. 

 

Because of the lower PCE and shorter lifetime of organic solar cells compared to their 

inorganic counterparts, it is extremely important to use abundant and cheap materials as well 

as cost efficient production methods if organic solar cells are to be commercialized. Hence, 

ITO glass, which increases the prize of organic solar cells should be replaced. Here, solar cells 

with an inverted layer sequence are introduced as ITO free cells. A schematic diagram of the 

inverted organic solar cell studied in this project is shown in Figure 4.6 (b). The metal cathode 

(Al/Ti) is evaporated on a plastic substrate by thermal evaporation before the deposition of 

any other layers, which has lower cost compared to non-inverted solar cells that have their 

metal electrodes evaporated as the final step. The transparent top anode is made from high 

conductivity PEDOT:PSS, and the active layer is sandwiched between the two electrodes. 

Therefore, with this inverted structure, cost efficient and flexible organic solar cells can be 

fabricated. 

(a) (b) 
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5. Materials and methods 

 

5.1. Materials 

5.1.1. Metal cathode 

The most commonly used cathode for organic solar cells is Al. In order to lower the 

workfunction (WF) of the cathode and prevent any reaction between Al and PCBM, a thin 

layer of LiF is usually deposited between Al and active layer
[24]

. For inverted cells, the 

cathode is always prepared before deposition of other layers, however, when Al is exposed to 

air, a highly insulating oxide would be formed at the Al surface, therefore a protecting layer is 

required. A thick LiF layer is undesirable as it would result in a low Jsc and it is found to be 

detrimental to electron injection as well. So we use titanium (Ti) as the protecting material, 

since it has the desired WF and sufficiently high electron mobility, even if oxidized. And the 

metal electrodes used in this project had a rectangular shape with the area about 1 cm
2
. 

 

5.1.2. PEDOT:PSS 

ITO is commonly used as anode for organic solar cells. But due to its high price, it is not a 

good anode material when commercialization of organic solar devices is taken into account. 

PEDOT:PSS is a transparent and highly conductive, and it thus can be a good substitute.  

 

The chemical structure of the PEDOT:PSS is given in Figure 5.1. It is a polymer mixture of 

two ionomers. The sodium polystyrene sulfonate, which is a sulfonated polystyrene, is one 

component of PEDOT:PSS. Some sulfonyl groups are deprotonated and carry negative 

charges. PEDOT is the second component. It is a conjugated polymer based on polythiophene 

and carries positive charges.  

 

Two different PEDOT:PSS, CLEVIOS™ P (PEDOT:PSS Baytron P) and CLEVIOS™ PH 

500 (PEDOT:PSS PH500) are studied in this project. Both were purchased from H.C. Starck, 

and their properties are given in Table 5.1. 

 

Table 5.1. General properties of CLEVIOS
TM

P and CLEVIOS
TM

PH500 (Data is taken from 

the homepage of H.C.Starck, http://www.hcstarck.com). 

 CLEVIOS
TM

P CLEVIOS
TM

PH500 

Form Liquid Liquid 

Odour Odourless Odourless 

Color Dark blue Dark blue 

Conductivity Min. 300 S cm
-1

  Max 10 S cm
-1

 

Solid content 1.0 to 1.4 % 1.2 to 1.4 % 

Viscosity Max. 30 mPa·s 60 to 100 mPa·s 

ph value 1.5 to 2.5 at 20 °C 1.5 to 2.5 at 20 °C 

Density 1 g cm
-3

 at 20 °C 1 g cm
-3

 at 20 °C 

PEDT :PSS ratio 1 : 2.5 (by weight) 1 : 2.5 (by weight)  

Boiling Point Approximately 100 °C Approximately 100 °C 
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As discussed above, the thickness of the PEDOT:PSS film is a critical parameter. A thin layer 

yields large sheet resistance, while a thicker layer leads to a decrease in light transmittance. 

The WF, as well as the conductivity and roughness of PEDOT:PSS films are all dependent on 

the annealing temperature
[25]

, therefore, the thermal treatment of PEDOT:PSS should also be 

optimized. 

 

 

          

                    PEDOT                     PSS 

 

 

Figure 5.1. The chemical structure of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) 

 

5.1.3. APFO-3 

The alternating polyfluorene (APFO) copolymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-5,5- 

(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (APFO-3) is composed of fluorene monomers 

and donor-acceptor-donor (D-A-D) co-monomers, and it is commonly used in organic solar 

cells
[13, 26, 27]

. Its chemical structure is shown in Figure 5.2.  

 

 

H17C8 C8H17

 

 

Figure 5.2. The chemical structure of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-5,5-(4’,7’-di-2- 

thienyl-2’,1’,3’-benzothiadiazole)] (APFO-3), In this project, APFO-3 with Mw~7900 was 

used as the electron donor. 

 

APFO-3 is designed to have a low band gap. Therefore, the absorption band of APFO-3 is 

quite broad and extends into the infrared spectrum. The absorption spectrum of APFO-3 is 

given in Figure 5.4.  
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5.1.4. PCBM 

In this study, the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was 

used as the electron acceptor. The chemical structure of PCBM is given in Figure 5.3.  

 

 

 

 

 

Figure 5.3. The chemical structure of the fullerene derivative [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) 

 

5.1.5. Toluene 

It has been reported that APFO-3/PCBM based BHJ organic solar cells can result in a PCE 

over 2.5% when prepared from a mixed solvent of chloroform and chlorobenzene
[38]

. 

However, the toxicity of such solvents will increase the cost of manufacturing, since a specific 

working environment will be required. Therefore, toluene is used as the solvent for the active 

materials in this project simply because of its low toxicity. However, it may be difficult to 

dissolve high molecular weight APFO-3 in toluene. The chemical structure of toluene is 

shown in Figure 5.4 

 

 

 

 

Figure 5.4 The chemical structure of toluene 

 

An APFO-3 and PCBM blend with a fixed donor-acceptor ratio (1 : 4 wt) is used as the active 

solution. The absorption spectrum of such blend is given in Figure 5.5. 
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Figure 5.5. The absorption spectrum of APFO-3, PCBM, and the 1:4 blend (Measured by 

Kristofer Tvingstedt). 

 

5.1.6. Polystyrene 

Polystyrene (PS) is one of the most widely used kinds of plastic
[28]

. The chemical structure of 

PS is given in Figure 5.6.  

 

 

 

Figure 5.6. The chemical structure of Polystyrene (PS) 

 

As stated above, one major advantage of organic solar cells compared to their inorganic 

counterparts is that they potentially can be fabricated by R2R or other printing techniques. 

However, for large scale production of organic solar cells, the ink viscosity, as well as the 

environmental stability will become crucial. Adding polymer additives into the active ink is 

one simple way to satisfy those requirements. It has been reported by C. J. Brabec, F. Padinger, 

and N. S. Sariciftci that adding a small amount of polystyrene into 

poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-PPV) and PCBM 

active ink did not affect the efficiency of such solar devices significantly
[29]

. Meanwhile, the 

active polymer could be better encapsulated against environmental influence. Through the 

proper choice of additive the charge transfer between conjugated polymer and PCBM could 
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be advantageously tuned as well, either by changing the intermolecular distances through 

morphology control or by the dielectric permittivity of the blend system. At the same time, the 

ink viscosity can also be increased if higher molecular weight PS is chosen. In this project, 

a-PS with weight average molecular weight (Mw) about 30,000,000 has been used as the 

additive in the APFO-3 (Mw~7900) and PCBM blend system. 

 

5.1.7. Polyisobutylene 

Another additive material used to increase the ink viscosity is polyisobutylene (PIB) with Mw 

about 4,200,000. The chemical structure of PIB is given in Figure 5.7. 

 

H3C CH3

 
 

Figure 5.7. The chemical structure of polyisobutylene (PIB) 

 

5.2. Methods 

5.2.1. Coating technique 

Spin coating is the most widely used deposition technique for the development of organic 

solar cells so far. Highly reproducible as well as very homogenous films can be deposited by 

this technique. In principle, its operation can be described as: an excess amount of a solution 

is introduced on the substrate which is going to be accelerated to a chosen rotational speed in 

order to spread the fluid by centrifugal force, as shown in Figure 5.8. The angular velocity of 

substrate with the overlying solution gives rise to the ejection of most applied solution and 

only a thin film remains on the substrate. The thickness, morphology and surface topography 

of the final film obtained from a particular material in a given solvent and at a given 

concentration is highly reproducible
[30]

. 

 

It has been commonly acknowledged that the spin coating technique is an excellent 

experimental technique on a laboratory scale. However, for commercialization of the OPV 

technology, where mass and large-scale production is required, spin coating becomes 

uncompetitive. Several disadvantages such as: incompatibility with R2R printing technique 

the difficulty to deposit large area films, ink waste, etc. limit its industrial applicability.  

 

Doctor blading is a technique that is less frequently studied in the context of organic solar 

cells, although doctor blading is a rather simple technique. As shown in Figure 5.9, a sharp 

blade is placed at a fixed distance from the substrate surface. Then the ink is dropped in front 

of the blade. By moving the blade across the substrate with a constant speed, a thin wet film 

can be uniformly deposited on the substrate. The wet film thickness (WFT) is dependent on 

the distance between the blade and substrate, as well as the surface energy of substrate, the 

surface tension of the ink, and the viscosity of the ink. To simplify, we define the gap width 

between blade and substrate as the WFT in this project. 
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Figure 5.8. Schematic illustration of the spin coating technique 

 

 

 

 

Figure 5.9. Schematic illustration of the doctor blading technique, a hotplate is used for 

controlling the coating temperature. 

 

In contrast to the spin coating technique, doctor blading is quite material saving, since ideally 

all ink can be fully utilized. In addition, it is also compatible with R2R print, which means 

that it can be easily transferred to a R2R coating environment; therefore, it is a preferred 

technique as the precursor of mass production. However, optimization of coating conditions is 

more elaborate, which makes doctor blading unpopular in laboratories. 

 

5.2.2. Thermal evaporation 

Thermal evaporation is a widely used method to deposit metal films. The source material is 

evaporated at high temperature and vacuum, and the ejected atoms travel directly to the 

substrate where they condense back to a solid state. A schematic picture of a thermal 

evaporator is given in Figure 5.10. 
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Figure 5.10. Schematic diagram of a resistive thermal evaporation system 

 

Vacuum is usually required to remove vapors other than the source material before the 

evaporation begins, because evaporated atoms may never reach the substrate, if they collide 

with other foreign atoms too frequently, and furthermore, the collision may cause the 

evaporated material to react with foreign atoms. For instance, if aluminum is deposited in the 

presence of oxygen, it will form aluminum oxide instead of pure aluminum.  

 

5.2.3. Thickness determination of the active layer  

The thickness of the active layer is an important parameter for organic solar cells, and 

strongly affects the device performance. The common equipment that can be used to measure 

film thickness is a DekTak stylus surface profilometer which requires a scratch in the active 

layer before measurement. However, since the substrate here was a plastic, scratching could 

not be performed without a high risk of destroying the plastic substrate. In order to determine 

the thickness of the active layer in this project, another method was used, in which the color 

of the active layer which is strongly influenced by inference of light is utilized. We first 

coated several active layers on the metal electrodes which were deposited on glass substrates 

with different WFT settings. Since reflective electrodes were used here and due to the 

inference of light, the colors of the films were extremely sensitive to the thickness of the 

active layer. Later on, we measured the thicknesses of those active layers by DekTak stylus 

surface profilometer, and listed the relation between the colors and thicknesses as shown in 

Figure 5.11. This relation should be valid also for those films that are coated on plastic 

substrates. As a result, the thickness of active layers on plastic substrates can be determined in 

comparison to the color sheet shown in Figure 5.11. However, one should note that the color 

of the active layer is material specific, which means it depends on active materials, electrode 

materials, as well as the thickness of the active layer and the thickness of the buffer layer.  
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Figure 5.11. The color sheet is used for determining the thickness of active layers. The color 

of the active layer depends on the active materials, electrode materials, as well as the 

thickness of the active layer and the thickness of the buffer layer. In this case, the active 

material is a mixture of APFO-3 and PCBM with a donor/acceptor ratio 1:4 (weight, the 

concentration of APFO-3 was 3 mg ml
-1

). The active layer is deposited on the metal electrode 

which contains an 80 nm thick Al layer covered by a 15 nm thick Ti buffer layer. 

 

Simple and efficient are the main advantages of using this method to determine the thickness 

of active layer of an inverted organic solar cell. We do not need to measure the thickness for 

every device we fabricated. Meanwhile instead of getting a uniform film, doctor blading 

usually gives nonuniform films. In addition, by using the color sheet, the thickness variations 

in the thin film and how much the thickness changes from one region to another in this film 

can be determined immediately. 

 

5.2.4. Four-point probe 

The sheet resistivity of different PEDOT:PSS films were measured in a four-point probe setup, 

which permits to evaluate the resistance of bulk materials or the sheet resistance of thin films. 

The measurement technique is based on two pairs of electrodes, one supplying the current the 

other measuring the voltage. The four-point probe setup used in this project consists of four 

equally placed metal tips. As shown in Figure 5.12, current is injected through the outer two 

tips; while, the voltage across the inner tips are measured to determine the sample resistivity.  

 

Figure 5.12. Schematic diagram of a four-pont probe setup 
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In principle, for a very thin film, where the sample thickness is much smaller than the probe 

spacing, we can assume that current rings are emanating from the outer two probes. We know 

the differential resistance is 

∆R = ρ  
dx

A
  

Where the expression for the area A is A=2πxt. Therefore, we can calculate the integration 

between the inner tips (where the voltage is measured) 

R =  ρ
dx

2πxt
=

ρ

2πt
ln 2

2s

s

 

For R=V/2 we get 

ρ =
πt

ln 2
 

V

I
  

As a result, the sheet resistivity Rs=ρ/t can be expressed as 

Rs = 4.53  
V

I
  

5.2.5. Ubbelohde viscometer 

The viscosity of different solutions was measured by an Ubbelohde viscometer in this project. 

An Ubbelohde viscometer is a commonly used gravity type viscometer; and it uses a capillary 

based method to measure the viscosity. It consists of four reservoir bulbs and a capillary tube 

as shown in Figure 5.13. 

 

In principle, the time needed for the test ink to flow from the upper graduation mark to the 

lower mark is measured. By multiplying the time taken by a predefined constant of the 

viscometer, the kinematic viscosity is obtained. 

 

 

Figure 5.13. Schematic picture of Ubbelohde viscometer (Image from www.ides.com) 
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5.2.6. Atomic force microscope 

The atomic force microscope (AFM) is one of the most commonly used and powerful tools 

for determining the surface topography of materials. In principle, it works like our fingers 

which touch and feel and object when we are in the dark. The ―signal‖ got by the fingers can 

transport to the brain which is able to reconstruct the topography of the object. An AFM uses 

a sharp tip which is attached to a cantilever to scan the sample surface point by point, and the 

computer works as the ―brain‖ to ―visualize‖ the sample surface. A schematic illustration of 

AFM is given is Figure 5.14. 

 

Typically the tip radius is on the order of nanometers. When it is brought close contact with 

the sample surface, a deflection of the cantilever occurs due to the force between the tip and 

the sample. The defection can be measured using a laser spot reflected from the top surface of 

cantilever and into a photodetector; as a result, after the tip scan over a certain region, the 

surface topography of the sample can be constructed. 

 

Figure 5.14. Schematic illustration of an atomic force microscope (AFM) (Image 

from www.barrett-group.mcgill.ca) 
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6 Results and discussions 

In this part, detailed results obtained from this project work will be discussed. The solar cells 

that were studied during this project were mainly fabricated manually by the doctor blade 

technique which was not a stable fabrication method; therefore the results shown here are 

based on statistics. Different experiments were performed, and for different cases, more than 

five repetitions were done in order to get the statistic results. The active materials were mainly 

APFO-3 and PCBM with the donor/acceptor ratio 1:4 (weight, the concentration of APFO-3 

was 3 mg ml
-1

), and toluene was used as solvent. The coating temperature was found to 

strongly influence the properties of both PEDOT:PSS and active layers, therefore, 

optimization of coating temperature of PEDOT:PSS as well as the active layer were 

conducted and will be discussed in this part. The WFT settings for coating either film may 

also affect the device performance, hence studies on the WFT settings were also performed. 

Additives were then introduced to increase the ink viscosity and to improve the active film 

quality and their influence on processing as well as device performance will be discussed. 

 

6.1. Optimization of anode 

6.1. 1. PEDOT:PSS Baytron P vs. PEDOT:PSS PH500 

At the beginning of this project, two kinds of PEDOT:PSS, PEDOT:PSS Baytron P and 

PEDOT:PSS PH500 were studied. Both PEDOT:PSS were blade coated on plastic substrates 

at room temperature with the same WFT setting and then characterized by the four-point 

probe technique and Ultraviolet-visible spectroscopy (UV-VIS). The PEDOT:PSS film acts as 

the transparent anode, which means that its transmittance and sheet resistivity strongly affect 

the final device performance. Therefore, PEDOT:PSS films with higher conductivity as well 

as transmittance are desired.  

 

Table 6.1. The results from resistivity measurements on PEDOT:PSS Baytron P and PH500 

films that were deposited with the same wet film thickness (WFT) setting (35 μm) at room 

temperature. Four samples were deposited for each case, and four regions (Region 1 to 

Region 4) on each sample were tested.  

 PEDOT:PSS Baytron P PEDOT:PSS PH500 

Resistivity (Ω square-1) Region 1 Region 2 Region 3 Region 4 Region 1 Region 2 Region 3 Region 4 

Sample 1 571 524 602 557 181 183 167 282 

Sample 2 720 680 667 628 189 101 156 106 

Sample 3 577 613 691 621 202 247 191 125 

Sample 4 431 764 882 511 167 245 278 301 

Average 627 195 

 

Table 6.1 shows the resistivity of PEDOT:PSS Baytron P and PH500 films that were 

deposited under the same conditions. According to Table 5.1 which was taken from the 

homepage of H.C. Starck, there should exist a large difference in sheet resistance between 

those two PEDOT:PSS, which however could not be confirmed here. According to the 

supplier H.C starck, Baytron P can enable a sheet resistance of 500 Ohm square
-1

 with more 

than 80% transmission
[45]

, whereas PH500 can yield a sheet resistance of 150 Ohm square
-1 
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with 90% transmission
[46]

, and these data is close to our experimental results. Although a 

comparably poorer transmission and conductivity was obtained for both PEDOT:PSS films, 

PH500 displayed a lower resistivity compared to Baytron P, while UV-VIS measurement 

(Figure 6.1) indicated that a higher transmittance is achieved with PH500 films.  
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Figure 6.1. The results from transmittance measurements for PEDOT:PSS Baytron P and 

PH500 films that deposited with the same WFT setting (35 μm) at room temperature. 

 

6.1. 2. Resistivity and transmittance of PEDOT:PSS PH500 film 

Clearly, the optical transparency is a very important factor for inverted organic solar cells 

since the PEDOT:PSS layer is the first to be passed by the sunlight, and therefore the Jsc can 

be directly affected. The sheet resistance on the other hand is also an important parameter as it 

determines the efficiency of large-area devices. The sheet resistivity and transmittance of 

PEDOT:PSS PH500 film both depend on the film thickness. Thicker films give an enhanced 

conductance, but a poorer transmittance. In order to study the relation between film thickness, 

resistivity, and transmittance, different PEDOT:PSS PH500 films were deposited with 

different WFT settings. Results from four-point probe measurements are shown in Table 6.2. 

 

Table 6.2. Results of resistivity measurements for PEDOT:PSS PH500 films that were 

deposited with different WFT settings at room temperature. Four samples were deposited for 

each WFT setting, and four regions (1 to 4) on each sample were tested. (Unit: Ohm square
-1

) 

WFT 15 μm 25 μm 35 μm 

Region 1 2 3 4 1 2 3 4 1 2 3 4 

Sample 1 1020 832 722 694 256 251 466 397 181 183 167 282 

Sample 2 582 503 1030 585 249 340 591 321 189 101 156 106 

Sample 3 1991 1394 1258 898 377 379 424 538 202 247 191 125 

Sample 4 798 651 901 644 298 262 401 442 167 245 278 301 

Average 906.44 374.50 195.06 
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Figure 6.2. Transmittance of PEDOT:PSS PH500 films deposited with different WFT settings 

at room temperature 

 

It has been estimated that in order to minimize the power loss caused by the series resistance, 

for a 1 cm wide solar cell with this inverted structure, the sheet resistivity of the anode has to 

be lower than 200 Ohm square
-1

. Therefore, according to Table 6.2, films deposited with a 

WFT setting between 25 μm and 35 μm could give sufficient conductivity. Transmittance 

spectra of PEDOT:PSS PH500 films deposited with different WFT settings are shown in 

Figure 6.2. Compared to the absorption spectrum of APFO-3 (Figure 5.3) which has two 

absorption maxima at 385 nm and 550 nm, around 80 percent light can pass the PEDOT:PSS 

PH500 films deposited with WFT of about 30 μm in the range where APFO-3 absorbs. This 

indicates that PEDOT:PSS PH500 can be an efficient transparent anode material for inverted 

solar cells with the inverted structure. Therefore, in this project we used PEDOT:PSS PH500 

as the transparent anode. As mentioned before, the Baytron P film deposited with a WFT 

setting of 35 μm has 80% transmittance with respect to the wavelengths from 400 nm to 500 

nm. According to H.C. starck group, the thickness of such film should be about 300 nm. Since 

the solid content in the Baytron P solution is the same as in the PH500 solution, one can 

expect the thickness of PH500 films deposited with a WFT setting of 35 μm to be about 300 

nm as well.  

 

Another important aspect is that light interference inside the PEDOT:PSS film also affects the 

total device performance, since the sunlight contains rays with different wavelengths and 

intensities, and the active materials used in this project do not equally absorb the sunlight with 

respect to the wavelength. Therefore, depending on the thickness of PEDOT:PSS, 

constructive or destructive interference in the PEDOT:PSS film for light with certain 

wavelengths may be required, which will be demonstrated experimentally later.  
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6.1. 3. Reproducibility of PEDOT:PH500 film 

Table 6.3 shows the sheet resistivity of PEDOT:PSS PH 500 films deposited at different 

coating temperatures, and the results are also plotted in Figure 6.3. The depositions were 

performed on a hotplate where temperature could be controlled. Only small differences can be 

observed since all of films were deposited with the same WFT setting. 

 

Table 6.3. The results from resistivity measurements for PEDOT:PSS PH500 films that 

deposited at different coating temperatures. The WFT setting was 35 μm for all cases. Four 

samples were deposited at different temperatures and four regions (1 to 4) on each sample 

were tested. (Unit: Ohm square
-1

) 

Temperature Room temperature 60 
o
C 115 

o
C 

Region 1 2 3 4 1 2 3 4 1 2 3 4 

Sample 1 181 183 167 282 208 186 174 190 182 180 182 179 

Sample 2 189 101 156 106 191 181 156 172 162 174 177 180 

Sample 3 202 247 191 125 188 179 162 184 190 194 179 184 

Sample 4 167 245 278 301 193 182 188 196 190 167 165 168 

Average 195 183 178 

 

The resistivity of PEDOT:PSS films deposited at higher coating temperature varied less 

compared to those films deposited at room temperature. That means higher reproducibility 

can be achieved when the coating temperature is increased. PEDOT:PSS films coated at more 

elevated temperature resulted in a slightly smaller resistivity. Similar results have been 

reported by Youngkyoo et al.
[25]
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Figure 6.3. Mean value and standard deviation of the sheet resistances of PEDOT:PSS 

PH500 films, doctor bladed at different temperatures, The WFT setting was 35 μm. 

 

6.2. Metal electrode 

As mentioned above, that for an inverted cell a thin protective layer of Ti had to be deposited 
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on the top Al cathode. However, since the reflectance of Ti is low and its conductivity is also 

quite poor; the thickness of the Ti should be kept as thin as possible. 
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Figure 6.4. Representative JV characteristics of APFO-3/PCBM (1:4 weight, the 

concentration of APFO-3 was 3 mg ml
-1

) based BHJ solar cells with different thickness of the 

Ti layer. The coating temperature for the PEDOT:PSS and active layer were 60 
o
C and room 

temperature, respectively; 85 nm thick active layers were deposited with a WFT setting of 20 

μm, and PEDOT:PSS layers were deposited with a WFT setting of 35 μm. Solar cells were 

transferred to a hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

 

In order to establish the minimum Ti thickness that is required to sufficiently protect the Al, 

four different metal electrodes with different thickness of the Ti layer were deposited on 

plastic substrates. The JV curves of representative solar cells with different Ti layers 

thicknesses are shown in Figure 6.4. The flat characteristics obtained from the solar cells with 

5 nm thick Ti layers indicates a large series resistance in the device. However, it is evident 

that this can be avoided by depositing a thicker Ti layer. 

 

Table 6.4. The performance of representative APFO-3/PCBM (1:4 weight, the concentration 

of APFO-3 was 3 mg ml
-1

) based BHJ solar cells with different Ti layer thicknesses. The 

coating temperature for the PEDOT:PSS and active layer were 60 
o
C and room temperature, 

respectively; 85 nm thick active layers were deposited with a WFT setting of 20 μm, and 

PEDOT:PSS layers were deposited with a WFT setting of 35 μm. Solar cells were transferred 

to a hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

Ti (nm) Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

5 2.05 0.61 0.29 0.37 

10 2.07 0.59 0.31 0.38 

15 2.16 0.58 0.30 0.37 

60 1.82 0.55 0.32 0.32 
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Table 6.4 gives the key parameters for these four kinds of devices. Solar cells with 10 nm and 

15 nm thick Ti layer showed a similar performance. But the devices with a 60 nm thick Ti 

buffer layer gave a comparably lower current. That might be due to the lower reflectance of 

the thicker Ti layer which caused a lower photon absorption rate in the active layer; hence 

lower current would be generated in the solar cell. The reflectance of different cathodes with 

respect to the thickness of the Ti layer was measured by UV-VIS as shown in Figure 6.5. 
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Figure 6.5. The relative reflectance spectra of metal electrodes with different thicknesses of Ti 

layer, the reflectance of pure Al was set as 100% 

 

6.3. Influences of thermal treatment 

6.3.1. Optimization of coating temperature for PEDOT:PSS layer 

In the previous discussion, we discussed that by elevating the coating temperature for 

PEDOT:PSS, the variations in sheet resistance of the formed PEDOT:PSS film could be 

controlled in a small region. A 60 
o
C coating temperature seemed to be high enough for 

depositing a reproducible PEDOT:PSS film. In this part, we studied the influence of coating 

temperature for PEDOT:PSS on device performance.  

 

Table 6.5. Representative performance of APFO-3/PCBM (1:4 weight, the concentration of 

APFO-3 was 3 mg ml
-1

) based solar cells which had different coating temperatures for their 

PEDOT:PSS layers. 80 nm thick active layers were coated at 90 
o
C; WFT setting for 

PEDOT:PSS layer was 35 μm. Solar cells were transferred to a hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

Temperature Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

60 
o
C 2.53 0.61 0.42 0.65 

90 
o
C 2.69 0.60 0.43 0.69 

120 
o
C 2.66 0.52 0.42 0.57 

150 
o
C 2.11 0.47 0.37 0.37 
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Figure 6.6. JV characteristics of APFO-3/PCBM (1:4 weight) based BHJ solar cells which 

had different coating temperatures for their PEDOT:PSS layers is plotted in the form of 

representative results. 80 nm thick active layers were coated at 90 
o
C; the WFT setting for the 

PEDOT:PSS layer was 35 μm. Solar cells were transferred to a hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

 

Four different temperatures were set as the coating temperatures for the PEDOT:PSS layer, 

and clear changes in evaporation rate of the solvent which was water could be observed. The 

devices were left on the hotplate for a while after the deposition of PEDOT:PSS films in order 

to make the PEDOT:PSS films stable and then moved to another hotplate and annealed at 90 
o
C for five minutes. Different performances of solar cells made from the four cases were 

obtained as shown in Table 6.5. Reasons for the different device performances are unclear, but 

our suggestions for this observation will be given. As we found in the experiments, after the 

coating temperature went up to around 150 
o
C, wet PEDOT:PSS film dried immediately after 

the blade went over. Coating speed should have played a very important role for the formation 

of dry film in this case, manual control of the coating speed started to be insufficient. As a 

result, the PEDOT:PSS film became much rougher compared to those deposited at lower 

temperatures. This might explain why an unexpectedly low current was obtained for such 

cells made at high PEDOT:PSS deposition temperature. On the other hand, at such high 

temperature, the PCBM will probably crystallize in the active layer; this could also be a 

reason for the lower performance.  

 

The solar cells made from 90 
o
C and 120 

o
C PEDOT:PSS deposition temperatures gave a 

slight improvement of Jsc compared to those made from 60 
o
C coating temperature. The 

reason might be that the faster evaporation of water in the PEDOT:PSS left a smoother 

interface between the active layer and PEDOT:PSS. In another word, the longer time that 

water exists on the surface of active layer, the more chances would exist for water to destroy 
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the active layer. Therefore, higher Jsc were obtained for the cells made from higher 

PEDOT:PSS deposition temperature. 

 

Another observation was that the Voc of solar cells made at higher PEDOT:PSS coating 

temperatures were lowered. Youngkyoo et al. have reported that annealing of PEDOT:PSS 

layers lower the WF of PEDOT:PSS, which lower the Voc of solar cells
[25]

. This might explain 

why the lower Voc and FF were obtained for the cells with higher PEDOT:PSS coating 

temperature.  

 

6.3.2. Optimization of coating temperature for active layer 

 

Figure 6.7. Representative performance of APFO-3/PCBM (1:4 weight, APFO-3: 3 mg ml
-1

) 

based BHJ solar cells with different coating temperatures for their active layers. The coating 

of PEDOT:PSS layers were performed at 60 
o
C with a WFT setting of 35 μm; the thickness of 

the active layer was around 80 nm. Solar cells were transferred to a hotplate and annealed at 

90 
o
C for five minutes after PEDOT:PSS deposition. 

 

Many groups have reported that for spin coated solar cells, depending on the solvent-removal 

speed, the morphology of active layer can be controlled
[31]

, and by controlling the evaporation 

rate of solvent, the molecular ordering of polymer chains can be improved
[32]

. Most of the 

studies about the influence of evaporation rate of solvent were focused on polymers which 

could crystallize
[33-36]

. However, APFO-3 does not have this property, and the results would be 

different
[42]

.  
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Figure 6.8. Representative JV characteristics of APFO-3/PCBM (,1:4 weight, the 

concentration of APFO-3 was 3 mg ml
-1

) based BHJ solar cells which had different coating 

temperatures for their active layers. The coating of PEDOT:PSS layers were performed at 60 
o
C with a WFT setting of 35 μm; the thickness of the active layer was around 80 nm. Solar 

cells were transferred to a hotplate and annealed at 90 
o
C for five minutes PEDOT:PSS 

deposition. 

 

In order to study the influence of solvent evaporation rate on device performance, active 

layers were deposited at different temperatures by using a hotplate. Figure 6.7 summarizes the 

results obtained from solar cells which had different coating temperatures for their active 

layers. Both Jsc and FF were increased significantly when the coating temperature for active 

layer was elevated to around 90 
o
C.  

 

Figure 6.8 shows the JV characteristics of solar cells that had different coating temperatures 

for their active layers. The shape of JV curve changed from a rather straight line to a typical 

diode curve when the coating temperature for active layer was elevated from room 

temperature to 90 and 100 
o
C. However, when the coating temperature went up to 130 

o
C, 

coating then became really difficult, and worse performance was obtained at such high 

temperature. 

 

Another interesting phenomenon observed in this part was that the dry film thickness of active 

layer would become quite sensitive to the coating speed when coating temperature for active 

layer went to about 90 
o
C. That means even with the same WFT setting for active layer, by 

decreasing the coating speed, the thickness of the dry film can be easily increased. This could 

be directly seen from a change of the films colors. The phenomenon did not show up when 

the active layers were coated at room temperature. Since it would not change the dry film 

thickness too much, by adjusting the coating speed, dry film thickness could be controlled 

into the better desired region which was around 80 nm.  
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Figure 6.9. AFM topography scans of APFO-3/PCBM (1:4 weight) blend films blade coated 

at (a), (c) room temperature, and (b), (d) 90 
o
C   

 

In Figure 6.9, AFM results obtained from APFO-3/PCBM blend blade coated from toluene 

solution are shown. Both films that were coated under different conditions were smooth, and 

no clear phase separation could be observed, but the comparably rougher surfaces were 

obtained at elevated coating temperature indicated the fast evaporation of solvent has affected 

the film morphology.  

  

6.3.3. Post annealing 

Studies that focus on the influence of annealing on organic solar cells have been reported 

intensively
[15,37]

. In order to investigate the influence of annealing temperature for the inverted 

cells, several cells were made following the same processes. After the fabrication process, 

some cells were measured without annealing, while some cells were annealed at different 

temperatures before measurements. 
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Table 6.6. Representative performance of APFO-3/PCBM (1:4 weight, the concentration of 

APFO-3 was 3 mg ml
-1

) based BHJ solar cells which were post-annealed at different 

temperature for five minutes. 80 nm thick active layers were deposited at 90 
o
C, the 

PEDOT:PSS PH500 layers were coated at 90 
o
C with a WFT setting of 35 μm.  

Temperature Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

90 
o
C 2.69 0.60 0.43 0.69 

120 
o
C 2.60 0.60 0.35 0.54 

150 
o
C 2.04 0.43 0.32 0.28 

 

Firstly, for solar cells were made without post annealing, only uncertain results could be 

obtained. In general, depending on how much time we exposed the cells to air before the 

measurement, the Jsc and Voc could be quite different. Shorter exposure time would give a 

comparably higher Jsc (~2.3 mA cm
-2

), but Voc sometimes would be extremely low 

(0.2V~0.3V). On the contrary, longer exposure time would result in a much higher Voc (~0.6 

V) but lower Jsc (1 mA cm
-2

~2 mA cm
-2

). Results became more stable after elevating the 

annealing temperature to 90 
o
C. The performance of solar cells annealed at different 

temperature is given in Table 6.6. 
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Figure 6.10. Representative JV characteristics of APFO-3/PCBM (1:4 weight, the 

concentration of APFO-3 was 3 mg ml
-1

) based BHJ solar cells which were post-annealed at 

different temperatures for five minutes. 80 nm thick active layers were deposited at 90 
o
C, the 

PEDOT:PSS layers were coated at 90 
o
C with a WFT setting of 35 μm.  

 

Worse performance was obtained at 150 
o
C annealing temperature for the inverted cells. This 

is probably the same decrease in performance as we obtained in previous part where elevated 

coating temperature (150 
o
C) decreased the device performance. Influence on device 

performance from annealing could be due to the affected active layer or the PEDOT:PSS layer 

or the interface between PEDOT:PSS and active layer, which makes it difficult to find out 



31 

how the device performance is affected. But we know that the WF of PEDOT:PSS would be 

lowered after annealing which would give rise to lower Voc and FF. On the other hand, the 

elevated temperature could increase the kinetic energy of molecules in materials and then led 

to more molecular diffusion between active layer and PEDOT:PSS layer, which might be the 

reason lower current was obtained at higher annealing temperature.  

 

Compared to the results in the previous section 6.2.1, where the active layer of the solar cells 

were also deposited at 90 
o
C, the devices that were made with 120 

o
C PEDOT:PSS coating 

temperature and annealed at 90 
o
C for five minutes gave the Voc 0.52 V and the FF 0.42; but 

solar cells made with 90 
o
C PEDOT:PSS coating temperature and annealed at 120 

o
C for five 

minutes gave the Voc 0.6 V and FF 0.32. It seems that coating temperature of PEDOT:PSS, 

which is corresponding to film formation, would affect Voc strongly, but annealing 

temperature would firstly affect the FF. To understand this, more studies are needed. 

  

6.4. Thickness of active layer and PEDOT:PSS layer 

6.4.1. Computer simulations 

To achieve high performance for solar cells, the solar radiation need to be sufficiently 

absorbed in the active layer and the charges must be efficiently collected. Therefore, the 

thickness of the active layer and the PEDOT:PSS layer are important parameters for organic 

solar cells. They are also related to each other due to the interference of light. Computer 

simulations (Figure 6.11) show that with a fixed PEDOT:PSS layer, the absorption in the 

active layer oscillates with increasing active layer thickness. On the other hand, with a fixed 

active layer, the absorption fluctuates with the variation of the PEDOT:PSS layer thickness.  

 

6.4.2. Optimization of the active layer thickness 

In this part, the thickness of the active layer dependent device performance will be discussed. 

As shown in Table 6.7, solar cells fabricated with different WFT settings gave different device 

performance. WFT setting of 5 μm, which was the minimum available setting, gave rise to a 

blue active layer and solar cells fabricated with this condition had the highest Jsc. Further 

increase of the WFT setting, decreased Jsc. Compared with the color sheet introduced in 

previous part (Figure 5.11), the dry film thickness of an active layer deposited with a WFT 

setting of 5 μm was around 70 nm. This result agrees well with the computer simulation, that 

APFO-3 has an absorption maximum peak for 70 nm thick active layer (See Figure 6.11 (a)). 

  

Table 6.7. Representative performance of APFO-3/PCBM (1:4 weight, the concentration of 

APFO-3 was 3 mg ml-1) based BHJ solar cells made with different WFT settings for the 

active layers. The deposition of active layers were performed at room temperature with 

different WFT settings and the PEDOT:PSS layers were coated at 60 
o
C with a fixed WFT 

setting (35 μm). The solar cells were transferred to a hotplate and annealed at 90 
o
C for five 

minutes after PEDOT:PSS deposition. 

WFT (μm) Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

5 2.23 0.57 0.32 0.41 

20 2.07 0.59 0.31 0.38 

35 1.90 0.57 0.29 0.32 
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When the WFT setting was increased to 20 μm or 35 μm, the color of the dried active layers 

could not be predicted anymore, and the reproducibility for such cells is poor. More ―colorful‖ 

film was obtained with the increased WFT setting indicated the uniformity of the film was 

worse. Moreover, the dried active layers coated with the WFT setting of 25 μm and 35 μm 

were thicker than the active layer coated with a WFT setting of 5 μm. Since the free carriers 

generated in a thicker active layer could not be efficiently collected by the electrodes, the 

lower current was obtained. But the Voc of the solar cells seems to be independent of the 

active film thickness; all of them had a Voc about 0.58 V.  
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Figure 6.11. Computer simulations for absorption in the active layer for different layer 

thicknesses: (a) shows the absorption of APFO-3/PCBM (1:4 weight) based BHJ solar cells 

with different active layer thicknesses and fixed PEDOT:PSS layer thickness (200 nm), (b) 

shows the absorption of solar cells with different PEDOT:PSS layer thicknesses and fixed 

active layer thickness (100 nm), (c) shows the active layer absorption as a function of both 

active layer and PEDOT:PSS layer thickness. 
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Figure 6.12. Representative JV characteristics for APFO-3/PCBM based BHJ solar cells 

made with different WFT settings for the active layers. The deposition of active layers were 

performed at room temperature with different WFT settings and the PEDOT:PSS layers were 

coated at 60 
o
C with a fixed WFT setting (35 μm). The solar cells were transferred to a 

hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

 

6.4.3. Optimization of the PEDOT:PSS layer thickness 
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Figure 6.13. Representative JV characteristics for APFO-3/PCBM (1:4 weight) based BHJ 

solar cells made with different WFT settings for the PEDOT:PSS layers. 70 nm thick active 

layers were deposited with a WFT setting of 5 μm at room temperature, the PEDOT:PSS 

PH500 layers were coated at 60 
o
C. Solar cells were transferred to a hotplate and annealed at 

90 
o
C for five minutes after PEDOT:PSS deposition. 
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In order to optimize the WFT setting for the PEDOT:PSS layer, similar experiments were 

conducted. All other conditions for the fabrication processes were the same as before, but only 

the WFT settings for PEDOT:PSS layers were different. As shown in Figure 6.14, an increase 

of WFT settings firstly enhanced the Jsc to 2.23 mA cm
-2

, with a corresponding PCE of 0.41%, 

but a further increase of the PEDOT:PSS WFT setting led to lower currents. 
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Figure 6.14. Representative performance of APFO-3/PCBM (1:4 weight, the concentration of 

APFO-3 was 3 mg ml
-1

) based BHJ solar cells made with different WFT settings for the 

PEDOT:PSS layers. 70 nm thick active layers were deposited with a WFT setting of 5 μm at 

room temperature, the PEDOT:PSS PH500 layers were coated at 60 
o
C. Solar cells were 

transferred to a hotplate and annealed at 90 
o
C for five minutes after PEDOT:PSS deposition. 

 

As already mentioned before, the optical interference is dependent on the thickness of the 

PEDOT:PSS film. The color of the final cells made from 30 to 40 μm thick wet PEDOT:PSS 

films were purple, but it changed to bright yellow when 25 and 45 μm of WFT settings were 

used. This indicates that optical interference causes more light with wavelengths close to the 

absorption maximum of the APFO-3/PCBM blend to be reflected away from the device 

surface when 25 μm and 45 μm WFT settings were used to coat the PEDOT:PSS. Therefore, 

for such cells lower currents were obtained. The lower currents obtained from the cells made 

from 45 μm thick wet PEDOT:PSS film could also be due to the poorer transmittance of the 

thicker PEDOT:PSS film, because more light were absorbed in the thicker PEDOT:PSS layer 

instead of reaching the active layer. Those deductions matched well with the computer 

simulations shown in Figure 6.11 (b). A peak locates at 300 nm which is the expected 
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thickness of PEDOT:PSS film coated with 35 μm WFT setting. At this peak, further increase 

or decrease of PEDOT:PSS film thickness would both lower the absorption in solar cells.  

 

6.5. Additives 

6.5.1. Viscosity 

To make the organic solar cells mass producible, ink viscosity is one of the most important 

key factors. Polystyrene (PS) (Mw~30,000,000) and polyisobutylene (PIB) (Mw~4,200,000) 

were used as additives to increase the ink viscosity in this project. The viscosities of PS in 

toluene and PIB in chloroform were measured with an Ubbelohde viscometer, and the results 

are plotted in Figure 6.15. PS gives a higher ink viscosity due to its higher molecular weight. 

Therefore, PS was used as the additive for the future studies. 
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Figure 6.15. Viscosity of (a) PIB (Mw~4,200,000) in chloroform and (b) PS (Mw~30,000,000) 

in toluene 

 

6.5.2. AFM studies 

The surfaces of the APFO-3/PCBM/PS (3:12:1 weight, the concentration of APFO-3 was 3 

mg ml
-1

) blend films deposited at room temperature and 90 
o
C are quite different as illustrated 

in Figure 6.16. The isolation of bead-like bright yellow regions with a radius of about 25 μm 

and the formation of a gray network in the film deposited at room temperature indicated a 

phase separation between the PS and APFO-3/PCBM blend, while for the films coated at 90 
o
C, a much smoother surface was obtained and no clear phase separation was observed, 

although there were some ―blobs‖ randomly distributed on the film surface. The network in 

the films deposited at room temperature and the ―blobs‖ on the films deposited at 90 
o
C 

should both be the PS phase, since the AFM images of pure active films (only APFO-3 and 

PCBM, no PS) did not show such features (See Figure 6.9). 

 

Further examination of the film deposited at room temperature tells us the bead-like regions 

and gray regions are ―basins‖ and ―ridges‖, respectively, and the height of the ―ridge‖ is 

around 70 nm (See Figure 6.17). The height of ―blob‖ on the film deposited at 90 
o
C is also 

about 70 nm which confirmed that both ―ridge‖ and ―blob‖ are separated PS phase.  
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Figure 6.16. Optical microscopy images of APFO-3/PCBM/PS (3:12:1 weight, the 

concentration of APFO-3 was 3 mg ml
-1

) blend films blade coated at (a) room temperature, (b) 

90 
o
C. For the film deposited at room temperature, strong phase separation can be observed. 

The bright yellow region indicates the APFO-3/PCBM phase while dark gray network 

indicates the PS phase. For the film deposited at elevated temperature, a smoother surface 

was obtained with some “blobs” randomly distributed on the film surface.  

 

 

 

Figure 6.17. AFM topography scans of APFO-3/PCBM/PS (3:12:1 weight, the concentration 

of APFO-3 was 3 mg ml
-1

) blend films blade coated at (a) room temperature, (The image 

focused on the boundary between “basin” and “ridge”. The bright region is the top of the 

“ridge” while darker region is the “basin”. The height of the “ridge” is about 70 nm.) (b) 90 
o
C. (The bright spot is a “blob” on the film surface, the height of the “blob” is about 70 nm, 

and the radius of the “blob” is about 7 μm.) 

 

The pictures that focused on the ―blob‖ and ―smooth‖ regions on the film deposited at 90 
o
C 

as well as the ―ridge‖ and ―basin‖ on the film deposited at room temperature are shown in 

Figure 6.18. And all of them appear quite smooth.  
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Figure 6.18. AFM topography scans of APFO-3/PCBM/PS (3:12:1 weight, the concentration 

of APFO-3 was 3 mg ml
-1

) blend films blade coated at different temperatures. The scans of 

“blob” region and “smooth” region on the film deposited at 90 
o
C are shown in (a) and (b), 

respectively. Picture (c) and (d) were taken from the film deposited at room temperature, and 

(c) shows the top of a “ridge”, (d) shows the bottom of a “basin”. 

 

The reason for the PS phase separation from APFO-3/PCBM could be due upper critical 

solution temperature (UCST) type phase behavior existing in the blend. 90 
o
C coating 

temperature might exceed the phase transition temperature of the APFO-3/PCBM/PS blend, 

therefore, the phase separated morphology disappear and instead we get homogeneous films. 

Youngmin Lee et al. has studied the P3AT/PS blend and reported that the UCST type phase 

behavior also existed
[39]

, but the transition temperature for such blend was much higher, at 

about 200 
o
C. On the other hand, the fast solvent-removal speed could also be the reason that 

no phase separation occurs at elevated coating temperature. The deposited wet film dried 

immediately at 90 
o
C, which left no time for the PS molecules to assemble and to form the 

network, and as a result a homogeneous film could be obtained. 
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6.5.3. Solar cell characteristics 

JV curves for APFO-3/PCBM/PS based BHJ solar cells made from different inks with 

different PS concentrations and with their active layer deposited at different temperatures are 

given in Figure 6.19. The key parameters for those cells are given in Table 6.8. 

 

Table 6.8. Representative performances of APFO-3/PCBM/PS (the concentration of APFO-3 

and PCBM were 3 mg ml
-1

 and 12 mg ml
-1

, respectively) based BHJ solar cells with different 

PS concentrations, 80 nm thick active layers were deposited at 50 
o
C and 90 

o
C with a WFT 

setting of 5 μm, the PEDOT:PSS PH500 layers were coated at 90 
o
C a WFT setting of 35 μm 

for both cases. Solar cells were moved to a hotplate and annealed at 90 
o
C for five minutes 

after the deposition of PEDOT:PSS. 

Temperature 

Composition 

(APFO3:PCBM:PS 

wt:wt:wt) 

Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

90 
o
C 

3:12:0 2.69 0.60 0.43 0.69 

3:12:0.3 3.00 0.59 0.44 0.80 

3:12:0.5 2.00 0.62 0.32 0.39 

3:12:1 1.36 0.61 0.29 0.24 

50 
o
C 

3:12:0 2.36 0.60 0.34 0.50 

3:12:0.3 2.63 0.60 0.36 0.56 

3:12:0.5 2.76 0.57 0.37 0.59 

3:12:1 1.77 0.59 0.36 0.38 

 

For the solar cells which had their active layers deposited at 90 
o
C, the ink that had 0.3 mg 

ml
-1

 PS concentration resulted in better performing solar cells compared to those without 

additive. The reason should be that the increased ink viscosity gave rise to more uniform films. 

However, further increase of additive concentration reduced the device performance. Figure 

6.19 (a) shows that the JV curves obtained from 0.5 mg ml
-1

 and 1 mg ml
-1

 PS are unstable 

with noise in the third quadrant and the decrease in FF indicates that the existence of PS starts 

to affect the transport properties of the active layer. As a result, the Jsc decreased with the 

increase of PS concentration. 

 

However, as shown in Figure 6.19 (b), for those cells which had their active layer deposited at 

50 
o
C, even with 1 mg ml

-1
 PS concentration, the JV curves for such solar cells still did not 

show any instable feature, which indicated that 50 
o
C was below the UCST, or the evaporation 

of solvent at 50 
o
C was not fast enough, therefore, the PS phase was separated from the 

APFO-3/PCBM blend phase in the active layer. Since the PS did not exist in the 

APFO-3/PCBM domains, it would not affect the transport property of the active layer (which 

is contrary to the case we discussed above that at 90 
o
C coating temperature of the active layer, 

most PS would not separate from the APFO/PCBM blend). In this case, more PS could be 

added to the active solution to increase the film quality without destroying the device 

performance, and the best device was obtained from the solution which had 0.5 mg ml
-1

 PS. 
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Figure 6.19. Representative JV characteristics for APFO-3/PCBM/PS (the concentration of 

APFO-3 and PCBM were 3 mg ml
-1

 and 12 mg ml
-1

, respectively) based BHJ solar cells that 

were made with different PS concentrations, 80 nm thick active layers were deposited at (a) 

90 
o
C and (b) 50 

o
C, with a WFT setting of 5 μm, the PEDOT:PSS PH500 layers were coated 

at 90 
o
C a the WFT setting of 35 μm. The solar cells were moved to a hotplate and annealed 

at 90 
o
C for five minutes after the deposition of PEDOT:PSS. 

 

6.5.4. Summary 

In this section, we investigated the influence of PS on BHJ based solar cell performance. By 

adding small amounts of PS into the active ink, uniform films could be deposited without 

detriment to the device performance by doctor blading. However, increased concentration of 

PS decreased the Jsc of the solar cells, which in turn gave rise to a lower PCE. The 

concentration of PS that can be added into the active ink without impairing the device 

(b) 

(a) 
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performance seems to be dependent on the deposition temperature. At elevated temperature 

(90 
o
C), the best working cells had 0.3 mg ml

-1
 PS in the active ink, but more PS caused a 

significant drop in Jsc, while for the devices that had their active layer deposited at 50 
o
C, the 

ink with 0.5 mg ml
-1

 of PS gave the best result. Morphological studies showed a clear phase 

separation for the APFO-3/PCBM/PS blend active layer deposited at room temperature, but 

for the active layer deposited at 90 
o
C, the phase separated morphology disappeared, which 

indicated the phase separation of PS depended on the coating temperature. More PS could be 

added into the active ink without destroying the devices performance when coating of the 

active layer was performed at lower temperature. Overall, the best performing devices made 

in this project were those cells which had their active layer coated at 90 
o
C with 0.3 mg ml

-1
 

of PS concentration.  

 

6.6. Spin coating vs. doctor blading 

Spin coated cells with about 0.045 cm
2
 active area were made and measured without adding 

additive. A 65 nm thick active layer was deposited by spinner with 1000 rpm spin speed, and 

PEDOT:PSS was spin coated with a spin speed of 800 rpm. Compared to blade coated cells, 

spin coated cells had much smoother films; hence, higher Jsc were obtained (Table 6.9), and it 

is possible to get even a higher current when the active layer thickness is optimized. However, 

for spin coated cells, deposition of all layers had to be performed at room temperature; 

therefore, poorer FF was obtained.  

 

Although, lower current was obtained from the blade coated cells, the PCE of the blade 

coated cells exceeded that of the spin coated cells. By adding 0.3 mg ml
-1

 PS into active ink, a 

Jsc of 3 mA cm
-2 

could be obtained, which was just about 5 percent lower than the Jsc obtained 

from the spin coated cell.  
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Figure 6.20. JV characteristics of the best-working spin coated cells and blade the coated 

cells. 
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Table 6.9. Performance of the best-working solar cells fabricated by spin coating technique 

and doctor blade coating technique. For spin coated cells, about 65 nm thick active layer was 

deposited by spinner with 1000 rpm spin speed, PEDOT:PSS was spin coated with a spin 

speed of 800 rpm, both depositions were performed at room temperature. For the blade 

coated cells, an 80 nm thick active layer was deposited at 90 
o
C, the PEDOT:PSS PH500 

layers were coated at 90 
o
C with a WFT setting of 35 μm.  

 Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

Spin coating 3.12 0.61 0.32 0.61 

Blade coating 2.69 0.60 0.43 0.69 

Blade coating (0.3 mg ml
-1

 PS) 3.00 0.59 0.44 0.80 

 

6.7. Conclusion 

In this project, BHJ based organic solar cells with an inverted layer sequences were 

investigated. The active materials used in this project were the APFO-3 and PCBM blend and 

the conductive polymer PEDOT:PSS was chosen to be the transparent anode. The main 

method used to fabricate the solar cells was R2R compatible doctor blading technique. 

 

Initially, different PEDOT:PSS films with respect to the film thickness and the coating 

temperature were deposited and characterized by a four-point probe system and UV-VIS 

measurements. Sufficient conductance and transmittance were obtained in the films deposited 

with a wet film thickness setting of 35 μm. A study of the metal cathode showed that the best 

working cathode contained a 70 nm thick Al layer covered by a thin protecting Ti layer of 

10-15 nm.  

 

Then, optimized coating temperatures and wet film thickness settings for both the active layer 

and the PEDOT:PSS layer were experimentally determined. The most appropriate WFT 

settings for the active layer and the PEDOT:PSS layer were found to be 5 μm and 35 μm, 

respectively. With a fixed active layer and PEDOT:PSS layer thickness, FF could be increased 

to 0.44 by increasing the coating temperature for the active layer to 90 
o
C. The highest 

efficiency of the APFO-3/PCBM based inverted solar cells fabricated by doctor blading was 

0.69%, which exceeded the efficiency of spin-coated reference inverted cells.  

 

For blade coated cells, higher PCE (0.8 %) was achieved by introducing a small amount of PS 

(Mw~30,000,000) into the active solution, but more PS would lower the device performance. 

The morphological changes after adding the PS were observed using optical microscopy and 

AFM, and a coating temperature dependent phase separation of the APFO-3/PCBM/PS blend 

was also found.  

 

6.8. Future work 

In this thesis we have fabricated APFO-3/PCBM based inverted organic solar cells by doctor blading. 

Compared to the non-inverted spin coated cells (Appendix), the Jsc and FF of the inverted cells are quite 

acceptable, but a significant drop in Voc was observed in inverted cells no matter what kind of method was 

used to fabricate the cells. So we suggest the future studies on this subject could focus on improving the Voc 

of inverted cells. 
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Appendix 

“JV characteristics and key parameters of a non-inverted APFO-3/PCBM based BHJ solar 

cell” (Data from Dr. Christian Müller ) 
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Figure X. The JV characteristics of a non-inverted APFO-3/PCBM based organic solar cell 

with a 90 nm thick active layer.  

 

Table X. The key parameters of the non-inverted APFO-3/PCBM based BHJ solar cell. 

Jsc (mA cm
-2

) Voc (V) FF PCE (%) 

3.58 0.92 0.38 1.3 
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