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ABSTRACT 

 
MORPHOLOGY AND CATHODE OPTIMIZATION FOR  

EFFICIENT POLYMER BULK HETEROJUNCTION 

 SOLAR CELLS  

 

Yi Yang, M.S. 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor:  Michael Jin 

 Efficiency of polymer bulk heterojunction solar cell is highly dependent on the active 

layer morphology and can be controlled by specific experimental conditions. In this work, the 

influences of P3HT:PCBM blend composition, solution concentration, and the thermal annealing 

on the cell performance are presented. The maximum of Jsc and FF are reached when the 

weight percentage of PCBM in the blend is 60 % under which both high density of donor and 

accepter interfaces expecting the formation of efficient percolated electron transport paths. 36 

mg/ml is found to be the optimum solution concentration for P3HT:PCBM blend and it can be 

explained by the relationship between the active layer thickness and resistance. Finally, it is 

observed that the Jsc and Voc increase from 2.04 mA and 0.47 V to 10.65 mA and 0.58 V 

respectively after the devices are annealed at 150 °C for 20 min. The increase in J sc, in 

particular, can be attributed to the donor/accepter phase separation and charge carrier mobility 

increase caused by P3HT crystallization. The light absorption increase in active layer by 

annealing is also responsible for the Jsc increases. 

In order to increase the FF, charge accumulation expected at the Al/PCBM interface is 

prevented by depositing Ca prior to Al, which produces higher electrical field at the interface due 
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to the lower work function of Ca compared to Al. The increased electrical field can eliminate the 

charge barrier at the interface and facilitate the transport of electrons from PCBM to the 

cathode. In this work, cells with Al and Ca/Al bilayer as the cathodes are fabricated respectively 

to study the effect of Ca on the cell performance. Compared to cells with Al cathode, FF of the 

cells with Ca/Al cathode has increased from 21% to 51%. Also, both Jsc and Voc of the cells 

increase from 9.81 mA/cm2 to 11.22 mA/cm2 and 0.53 V to 0.65 V, respectively. The highest 

efficiency of 3.32% is realized.  

 

 

 

 



vi 

 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS……………………………………………………………………….. viii 
 
ABSTRACT……………………………………………………………………………………….. viv 
 
LIST OF ILLUSTRATIONS……………………………………………………………………… viii 
 
LIST OF TABLES………………………………………………………………………………... x 
 
OVERVIEW........................................................................................................................    xi 
 
Chapter                                                                       Page
                            
 1. OPTIMIZATION OF MORPHOLOGY FOR ORGANIC SOLAR CELL……….... 1 
 
  1.1 Introduction………………………………….......................................... 1 
 
   1.1.1 Solar Cell and Its Characteristics……………………..…..... 1 
 
   1.1.2 Organic Photovoltaic Device..…......................................... 2 

   1.1.3 Organic Bulk Heterojunction Solar Cell……....................... 3 

                                       1.1.4 Morphology of Polymer/Fullerene Bulk  
                                       Heterojunction Solar Cell..............................…….......................    5 
   
  1.2 Experimental Setup…………………………………….........................    6 
 
                                       1.2.1 Materials and Device Fabrication......................................    6 
 
                                       1.2.2 Characterization Tools…...................................................   9 
 
  1.3 Results and Discussion……………………………………...................    10 
 
                                        1.3.1 Effect of the composition..................................................  10 
 
                                        1.3.2 Effect of solution concentration........................................    12 
 
                                        1.3.3 Effect of Annealing...........................................................    14 
 
                          1.4 Conclusion.........................................................................................    18 
  
 2.  REALIZATION OF EFFICIENT ORGANIC SOLAR CELL WITH   
             CALCIUM/ALUMINUM CATHODE……………………………………….………...... 19 
 
  2.1 Introduction…………………………………...........................................  19 
 



vii 

  2.2 Electrode Materials for Polymer Solar Cells……….............................  21 
 
  2.3 Fill Factor in Polymer Solar Cells……….............................................  22 
 
                          2.4 Ca/Al Bilayer Cathode for P3HT:PCBM Solar Cells ..........................  23 
 
                          2.5 Experimental Procedures ..................................................................  24 
   
                          2.6 Results and Discussions.....................................................................  24 
 
                          2.7 Conclusion..........................................................................................   25 
 
REFERENCES...................................................................................................................    26 
 
BIOGRAPHICAL INFORMATION……………………………………………………………...     29
  
 
 



 

 
viii 

 

 

LIST OF ILLUSTRATIONS 

Figure           Page 
 
 1.1         I-V curve of a typical solar cell……………………………………………… 2 
 
 1.2 Schematic representation of a bulk heterojunction solar cell,  
                          showing the phase separation between donor (red) and  
                          acceptor (blue) materials…………........................................................... 4 
  
 1.3 Typical structure of a polymer bulk heterojunction solar cell................... 4 
 
    1.4 Structure of Poly (3, 4-ethylenedioxythiophen)/polystyrene  
                          sulfonic acid.............................................................................................  7 
 
             1.5        Structure of poly(3-hexylthiophene-2,5-diyl)............................................  8 
 
             1.6        Structure of (6,6)-phenyl C61 butyric acid methyl ester............................    8 
 
             1.7        Fabrication procedures for polymer bulk heterojunction solar cell...........    9 
 
             1.8        (a) KLA -Tencor Alpha-Step IQ Profilometer, (b) Perkin Elmer 
                          Lambda 19 UV-VIS-NIR spectrometer and (c) Home-made  
                          solar simulator.......................................................................................... 10 
 
             1.9        Performance of P3HT:PCBM bulk heterojunction solar cells 
                          as a function of weight percentage of PCBM; (a) short circuit current, 
                          (b) open circuit voltage, and (c) fill factor................................................. 11 
 
             1.10      Performance of P3HT:PCBM bulk heterojunction solar cells  
                          as a function of solution concentration; (a) short circuit current,  
                          (b) open circuit voltage, and (c) fill factor................................................. 13 
  
             1.11      I-V characteristics of P3HT:PCBM bulk heterojunction solar  
                          cells as a function of annealing temperature........................................... 15 
  
             1.12      Phase diagram of P3HT/PCBM blends: melt crystallization  
                          temperature (▲) and melting temperature (●) of P3HT;  
                          melt crystallization temperature (∆), cold crystallization temperature (□), 
                          and melting temperature (○) of PCBM; and Tg(x) with its range  
                          (vertical bar) of the blends....................................................................... 16 
 
             1.13      UV–VIS-NIR spectra of the P3HT:PCBM blends annealed at  
                          various conditions; S1 –  without annealing, S2 – 80 °C for 20 
                          min, and S3 – 150 °C for 20 min.............................................................. 17 
 
             2.1        Schottky junction between a metal and n-type semiconductor  
                          with ΦM > ΦS............................................................................................. 19 



 

 
ix

 
             2.2        Ohmic junction between a metal and n-type semiconductor 
                          with ΦM < ΦS.............................................................................................   20 
 
             2.3        Schottky junction between a metal and p-type semiconductor  
                          with ΦM <ΦS...... ……………………………………………………………………………………………………  21 
 
             2.4        Ohmic junction between a metal and p-type semiconductor  
                          with ΦM >ΦS................................................................................................................................................  21 
 
             2.5        Energy diagram for device components...............................................................................  22 
 
             2.6        Energy band diagrams for Al (blue) and Ca (red) contacting  
                          with PCBM.................................................................................................  23 
 
             2.7         I-V characteristics of P3HT:PCBM solar cells with Al (D1) and Ca/Al  
                          bilayer (D2) as cathodes...........................................................................  24 
 
     
    



 

 
x

LIST OF TABLES 

 
Table               Page 
 
 1.1      Solar cell output characteristics P3HT:PCBM bulk  
                        heterojunction solar cells as a function of annealing  
                        temperature………………….………..........................................................  15 
 
 2.1      Performance of P3HT:PCBM solar cells with Al (D1) and  
                        Ca/Al bilayer (D2) as cathodes…………………………………...................    25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 

 
xi

OVERVIEW 
 

The thesis has been divided into two major chapters because the polymer bulk 

heterojunction solar cell is investigated from two different aspects: 

1. Chapter 1 – Optimization of morphology for organic solar cell  

2. Chapter 2 – Realization of efficient organic solar cell with calcium/aluminum cathode 

In Chapter 1, by control of the composition and the solution concentration of a blend 

made of electron-donating and electron-accepting organic molecules, the morphology of organic 

absorber in polymer solar cell is optimized and their effects on efficiency have been studied. 

Also, annealing is carried out to optimize donor/accepter phase separation and its influences on 

the performance of polymer solar cell are studied. 

In Chapter 2, Ca/Al bilayer cathode is employed to improve the charge collection in 

polymer solar cell. As a result, and the power conversion efficiency over 3% is realized. 

Mechanisms of the improvement have been studied. 

 

 

 

 

 

 

 

 

 

  



 

 
1

 

 
CHAPTER 1 

OPTIMIZATION OF MORPHOLOGY FOR ORGANIC SOLAR CELL 

 

1.1 Introduction 

  The high cost of traditional photovoltaic devices has prohibited the technology from 

having a significant impact on global energy production. However, photovoltaics (PV) is still of 

continued high interest because of the fact that they represent the only truly portable renewable-

energy conversion technology available today. The expensive investment in costly 

semiconductor processing technologies is the essential limit for the production of photovoltaic 

cells. Therefore, photovoltaic devices fabricated on thin plastic substrate and manufactured by 

techniques such as reel-to-reel printing is highly attractive with regard to cost. In order to realize 

this idea, technologies for large-area coating must be applied to a low-cost material class. 

These requirements can be fulfilled by solution processable organic and inorganic 

semiconductors. Flexible chemical tailoring allows the design of organic semiconductors with 

the desired properties, and printing or coating techniques like screen-printing, inkjet, offset, and 

flexography are being established for semiconducting polymers today, driven by display and 

general electronic device demands.  

Generally, organic photovoltaics (OPV) have many attractive features, among them: (a) 

the potential to be flexible and semitransparent, (b) the possibility to be manufactured in a 

continuous printing process, (c) fabrication by means of large-area coating, (d) convenient 

integration in a wide variety of devices, (e) greatly reduced costs compared with traditional 

photovoltaics, and (f) significant ecological and economic advantages [1]. 

1.1.1 Solar Cell and Its Characteristics 

  Photovoltaics is the field of technology and research related to the application of solar 

cells for energy by converting sunlight directly into electricity. Due to the growing demand for 



 

 
2

clean sources of energy, the manufacture of solar cells has expanded dramatically in recent 

years [2]. 

The most important figures of merit describing the performance of a solar cell are the 

open circuit voltage (Voc), the short circuit current (Jsc), the fill factor (FF) and the power 

conversion efficiency (PCE). Typical current versus voltage curves under dark and illumination 

are shown in Figure 1.1. The FF is given by the quotient of maximum power (yellow rectangle in 

the figure) and the product of open circuit voltage and short circuit current (white rectangle). The 

efficiency is the ratio of maximum power to incident radiant power. 

 

Figure 1.1: I-V curve of a typical solar cell [3]. 

1.1.2 Organic Photovoltaic Device 

A photovoltaic device which incorporates organic molecules is called organic 

photovoltaic device. In organic photovoltaic devices, the primary effect upon exposure to solar 

light is a photoinduced electron transfer between donor- and acceptor-type semiconducting 

polymers or molecules, yielding a charge-separated state. This photoinduced electron transfer 

between donor and acceptor boosts the photogeneration of free charge carriers, as compared 

with the individual, pure materials, in which the formation of bound electron–hole pairs, or 

excitons, is generally favored. In combining electron-donating and electron-accepting materials 

in the active layer of a solar cell, excitons created in either material can diffuse to the 

donor/acceptor interface, i.e. between materials with sufficiently different highest occupied 
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molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) respectively. The 

material with larger LUMO will act as electron acceptor (A) and the one with smaller LUMO 

value will act as electron donor (D). To achieve efficient charge separation we need: 

∆ (LUMOD-LUMOA) > Exciton energy [4]. 

1.1.3 Organic Bulk Heterojunction Solar Cell 

Due to their short lifetime and low mobility, the diffusion length of excitons in organic 

semiconductors is limited to about 10 nm only [5]. This imposes an important condition on 

efficient charge separation. Anywhere in the active layer, the distance to the interface should be 

on the order of the exciton diffusion length. Despite their high absorption coefficients, exceeding 

105 cm-1, a 20 nm double layer of donor and acceptor materials would not be optically dense, 

allowing most photons to pass freely. The solution to this dilemma is elegantly simple [6, 7]. By 

simply mixing the donor and accepter materials randomly and relying on the intrinsic tendency 

of polymer materials to phase-separate on a nanometer dimension, junctions throughout the 

bulk of the material are created that ensure quantitative dissociation of photogenerated 

excitons, irrespective of the thickness. 

Polymer–fullerene solar cells were among the first to utilize this bulk heterojunction 

principle [6]. However, this attractive solution poses a new challenge. Photogenerated charges 

must be able to migrate to the collecting electrodes through this intimately mixed blend. 

Because holes are transported by the donor material and electrons by the accepter material, 

these materials should be preferably mixed into a bicontinuous, interpenetrating network in 

which inclusions or barrier layers are avoided. The close-to-ideal bulk heterojunction solar cell 

may look like the illustration in Figure 1.2. 
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Figure 1.2: Schematic representation of a bulk heterojunction solar cell, showing the phase 
separation between donor (red) and acceptor (blue) materials [5]. 

 
The basic structure of the solar cell is shown in the Figure 1.3. It consists of indium tin 

oxide (ITO) coated glass as the bottom anode over which the hole transport layer, poly(3,4-

ethylenedioxythiophen): polystyrene sulfonic acid (PEDOT:PSS) is formed. An active layer, a 

blend of poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61 

(PCBM) is spin coated on top of PEDOT:PSS to absorb the light. Finally the top metal cathode 

is deposited. 

 

Figure 1.3: Typical structure of a polymer bulk heterojunction solar cell.  

 

Devices with the bulk heterojunction structure using conjugated polymers and fullerenes 

have shown the highest efficiencies compared to other types of organic solar cells, such as 

organic small molecule solar cells and dye-sensitized solar cell. PCE of about 5% was achieved 

based on P3HT and PCBM as the donor and acceptor respectively [8, 9, 10]. 
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1.1.4 Morphology of Polymer/Fullerene Bulk Heterojunction Solar Cell   

Organic photovoltaic device is highly dependent on the nanoscale morphology of the 

two components (donor/acceptor) in the photoactive layer. In order to achieve high efficiency 

solar cells, the nanometer morphology of the bulk heterojunctions should facilitate both the 

photo induced creation of mobile charge carriers (the optimum density of donor/acceptor 

interfacial contact) as well as transport of the carriers. Also the charge carrier mobility is highly 

dependent on the morphology and higher crystallization of the photoactive polymer-fullerene 

blend is preferred. The morphology can be affected by controlling several experimental 

parameters during the film formation or by treatments afterwards. Experimentally the following 

parameters have been identified as most significant for their influence on the nanoscale 

morphology in these polymer–fullerene blends [11]: 

a) spin coating solvent, 

b) composition between polymer and fullerene, 

c) solution concentration, 

d) controlled phase separation and crystallization induced by thermal annealing, and finally 

e) the chemical structure of the materials. 

For instance, using the blend of poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene 

vinylene] (MEH-PPV) and PCBM as the active layer, Shaheen et al. observed a strong 

dependence of the performance on the solvent used; whereas toluene cast devices yielded 

power conversion efficiencies of only 0.9%, the use of chlorobenzene almost tripled the 

efficiency [10]. Also in the study of blending ratio, Gao et al. discussed the solar cell device 

parameters Jsc and Voc of MEH-PPV:C60 bulk heterojunctions in terms of their dependence on 

the C60 content [12]. Although the Voc dropped upon the addition of only small amounts of C60 to 

MEH-PPV, the photocurrent and also the power conversion efficiency were still increasing up to 

the largest C60 content of 80%. To investigate the influence of the solution concentration, H. 

Hoppe et al. prepared solutions of different concentrations but with constant mixing ratio 
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between MDMO-PPV and PCBM (1: 4 by weight) [11]. It was confirmed that the average film 

thickness and the fullerene cluster size are increased with higher concentration, which can 

determine the light absorption and series resistance of the active layer, charge carrier 

generation, and donor/accepter phase separation in the active layer respectively. Padinger et al. 

reported recently on postproduction treatments of P3HT:PCBM bulk heterojunction solar cells 

[13]. After a combined heat and applied DC voltage postproduction treatment, the power 

conversion efficiency could be raised to 3.5% from the improved active layer morphology and 

the removal of shunts respectively. 

In this study, effects of the composition between P3HT:PCBM and the solution 

concentration of active layer on cell performance are studied. Also thermal annealing is carried 

out at different conditions to learn its effect on the polymer solar cell performance.  

1.2 Experimental Setup 

  In this section, the materials and device fabrication procedures for P3HT:PCBM bulk 

heterojunction solar cells have been given. Also, the various characterization techniques used 

are provided.  

1.2.1 Materials and Device Fabrication 

 ITO is chosen as an anode in this study due to its high transparency and low resistivity. 

ITO coated glass sheets are purchased from Sigma Aldrich and its resistivity is 15-25 ohm/sq. 

Before cleaning, ITO substrates masked with Scapa tapes are put into 32 vol% hydrochloric 

acid (HCl) for 30 min for patterning. Then, the patterned ITO substrates are cleaned in an 

ultrasonic bath using soap water, toluene, acetone and isopropanol sequentially for 20 min 

respectively.  

After the cleaning of ITO substrates, PEDOT:PSS is spin coated on top of the ITO 

coated glass at 5000 rpm for 30 sec producing thickness of 20-40nm. It is annealed at 80 °C for 

10 min to drive off solvent (water) molecules. Both spin coating and annealing are carried out in 

the ambient air. PEDOT: PSS in this study is obtained from H.C. Starck Inc. PEDOT:PSS 
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(Figure1.4) is widely used for OPV and organic light emitting diode (OLED) devices because its 

highest occupied molecular orbital (HOMO) value is as high as 5.2eV [14] so that it can work as 

a hole transport layer. It has a high electrical conductivity in the range of 400-600 S/cm and high 

optical transparency [15]. What is more, it is stable in the oxidized state and can meet the 

requirement of outdoor applications. 

 

Figure 1.4: Structure of Poly (3, 4-ethylenedioxythiophen)/polystyrene sulfonic acid [16]. 

 

For the fabrication of polymer bulk heterojunction, a chlorobenzene solution of 

regioregular P3HT and PCBM is prepared and spin-coated to deposit a P3HT:PCBM absorber 

layer on top of the PEDOT:PSS. P3HT and PCBM are purchased respectively from Sigma 

Aldrich and Solenne B.V. and used as received without further purification. The chlorobenzene 

is chosen because higher cell efficiency is obtained from it compared to other solvents, such as 

chloroform and dichlorobenzene [19]. The solutions are spin-coated at 1500 rpm for 30 sec and 

repeated once to increase the thickness of the active layer. Then the samples are baked on the 

hot plate at different temperatures for 20 min respectively to study its effect on cell performance. 

The all processes associated with the P3HT:PCBM layer are performed under the ambient air.  

Polythiophene belongs to a class of polymers made up of alternate single and double 

C-C bond and is an example for π-conjugated systems. It is of increasing interest because of 

the combination of electronic properties, environmental stability and their structural properties. 

Environmental stability allows the device fabrication in ambient air, yet resulting in working solar 
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cells as demonstrated in this study. Polythiophene is made soluble in organic solvents by the 

alkyl substitution of the thiophene ring and the solubility increases with increasing the chain 

length of the substitute. P3HT (Figure 1.5) is one of the polythiophene derivatives and widely 

used as electron donor because of its low band gap and high hole mobility. 

Buckminster fullerene (C60) is widely used as electron acceptor because of its high 

electron mobility. The solubility of the pristine C60 is limited in many solvents and hence it is 

structurally modified to PCBM (Figure 1.6), which shows practical solubility in many organic 

solvents like chloroform, chlorobenzene, etc. 

 

Figure 1.5: Structure of poly(3-hexylthiophene-2,5-diyl) [17]. 

 

Figure 1.6: Structure of (6,6)-phenyl C61 butyric acid methyl ester [18]. 

 

In this work, firstly, various batches of devices are made with varying PCBM content to 

study the effect of the composition between P3HT and PCBM on cell performance. Secondly, 

P3HT:PCBM blends with the same PCBM content are dissolved in different amounts of 

chlorobenzene to learn the cell performance dependence on solution concentration. Thirdly, 

after the active layer is spin-coated, devices are annealed at different temperatures to check 
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thermal annealing influence on cell performance. Also, the optical transmittances of 

P3HT:PCBM layers directly spin-coated on quartz substrates and annealed at different 

temperatures are measured and analyzed in order to study the effect of annealing on active 

layer light absorption.  After thermal annealing of P3HT:PCBM absorber layer, 100 nm-thick 

aluminum is deposited on top of the absorber layer as a cathode using a NRC thermal 

evaporator. Aluminum with a purity of 99.9% is purchased from Kurt J. Lesker. The main 

fabrication procedures are schematically shown at Figure 1.7. As it shows, four individual cells 

can be formed at one substrate and each of them has a size of about 0.25 cm2.  The area of 

each cell is defined by the overlap between strips of ITO and Al. 

 

Figure 1.7: Fabrication procedures for polymer bulk heterojunction solar cell. 

1.2.2 Characterization Tools 

In this section, various characterization tools employed in this thesis work are 

introduced.  

A profilometer (Figure 1.8(a)) is an instrument used to measure a feature's length or 

depth, usually in the micrometer or nanometer level. A stylus is moved vertically in contact with 

a sample and then moved laterally across the sample for a specified distance and specified 

contact force. It can measure small surface variations in vertical stylus displacement as a 
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function of position. This instrument has been used to measure thicknesses of the films. In this 

study, the KLA -Tencor Alpha-Step IQ Profilometer is used. 

Ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy is a useful technique for 

chemical and electronic band structure analysis by measuring the transmission (absorption) of 

light through (by) a sample. In this study, in order to investigate the light absorption of P3HT: 

PCBM active layer, Perkin Elmer Lambda 19 UV-VIS-NIR spectrometer (Figure 1.8(b)) is used.  

The performance of the polymer photovoltaic cells fabricated is characterized using a 

home-made solar simulator (Figure 1.8(c)). The current versus voltage measurement is carried 

out under air mass (AM)0 condition using a Keithley 2420 3A source measurement unit 

controlled by a computer program written by NASA Glenn Research Center. Projector lamp (GE 

lighting General) is used to simulate AM0 and the crystalline silicon solar cell calibrated for AM0 

at NASA Glenn Research Center is used to calibrate the projector lamp.  

              

(a)                                                  (b)                                                     (c) 

Figure 1.8: (a) KLA -Tencor Alpha-Step IQ Profilometer, (b) Perkin Elmer Lambda 19 UV-VIS-
NIR spectrometer and (c) Home-made solar simulator. 
 

1.3 Results and Discussion 

1.3.1 Effect of the composition 

It is observed that the change in PCBM content of the active layer greatly affects the 

cell performance. From Figures 1.9(a) and (c), it is found that Jsc and FF increase with the 

weight percentage of PCBM and reach the highest values of 1.32 mA/cm2 and 21.7% 
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respectively when the PCBM weight percentage is 60 %. With the PCBM content increased 

further, both Jsc and FF go down.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.9: Performance of P3HT:PCBM bulk heterojunction solar cells as a function of weight 
percentage of PCBM; (a) short circuit current, (b) open circuit voltage, and (c) fill factor. 
 

To achieve high Jsc and FF for polymer bulk heterojunction solar cells, creation of 

mobile charge carriers is important. As introduced, the mobile charge carriers can only be 
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generated at the P3HT/PCBM interfaces. Therefore too low of the PCBM content does not 

enable the required density of donor/acceptor interfaces. Additionally, too low of the PCBM 

concentration does not enable the required formation of the percolated electron transport paths. 

These two reasons can account for the Jsc and FF increase with PCBM concentrations from 

20% to 60% according to Figure 1.9(a) and (c). However, it has been proved that PCBM tends 

form clusters, i.e. many PCBM molecules gather together, by molecular diffusion when it goes 

up to certain concentration [20]. This inhomogeneous distribution of PCBM within the P3HT 

matrix can decrease both the density of donor/acceptor interfaces and percolated electron 

transport paths, which is responsible for the decease of Jsc and FF when the PCBM 

concentration is over 60% in this study.  

When it goes to Voc (Figure 1.9(b)), it is found that Voc increases with the PCBM 

percentage and reach the highest value of 0.43 V when the PCBM weight percentage is 40 %. 

With the PCBM content increased further, Voc starts going down. This variation of Voc can be 

explained by the shunt resistance (Rs) change with different PCBM percentage. When the 

PCBM percentage is low, P3HT phase is dominant so that there may exist shunts caused by 

the direct contact of P3HT with ITO and Al, because there is no enough PCBM phase to form 

charge separation interfaces. When the PCBM percentage is too high, the dominant PCBM 

phase may also generate shunts. In both conditions, the shunt resistance will decrease and 

result in a decrease of Voc. 

Therefore in this study, the influences of Jsc and FF on cell performance are 

determinant and the optimum PCBM weight percentage is found to be 60%. 

1.3.2 Effect of solution concentration 

The thickness of P3HT:PCBM active layer formed by spin coating can be determined by 

the solution concentration. In this study, the PCBM weight percentage is fixed to 60% according 

to the conclusion from previous study and the solution concentrations are varied. From Figures 

1.10(a) and (c), it is found that both Jsc and FF increase with the solution concentration and 
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reach the highest value of 2.0 mA/cm2 and 21.6% respectively when the total concentration is 

36 mg/ml. With further increase in the solution concentration, both Jsc and FF go down.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Performance of P3HT:PCBM bulk heterojunction solar cells as a function of 
solution concentration; (a) short circuit current, (b) open circuit voltage, and (c) fill factor. 
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thickness, more excitons are generated due to the enhancement of light absorption. However, 

the resistance of the active layer also increases with thickness. Too high thickness will lead to 

the decrease of Jsc and FF. Therefore, the balance between active layer light absorption and 

resistance can be responsible for what is observed in this study. 

When it goes to Voc (Figure 1.10(b)), it is found that Voc increases with the solution 

concentration and reaches the highest value of 0.42 V when the total concentration is 36 mg/ml, 

the same as Jsc and FF. It can be explained by the enhancement of light absorption. With 

further increase in the solution concentration, it starts to go down.  

The decrease of Voc can be explained by the solubility of P3HT and PCBM in 

chlorobenzene. When the solution concentration reaches 72 mg/ml, P3HT and PCBM may not 

be able to be dissolved completely but exist in the solution as particles. These particles can 

remain on the active layer after spin-coating and act as shunts which result in the decrease of 

Voc.  

1.3.3 Effect of Annealing 

A set of three devices is fabricated under different annealing conditions. While the cell 

#D1 is not annealed after the blend of P3HT:PCBM was spin-coated on the PEDOT:PSS layer, 

the P3HT:PCBM blends in the cells #D2 and #D3 are annealed respectively at 80 °C and 150 

°C for 20 minutes prior to the deposition of the ca thode. The I-V characteristics and the solar 

cell output characteristics are shown in Figure 1.11 and Table 1. 
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Figure 1.11: I-V characteristics of P3HT:PCBM bulk heterojunction solar cells as a function of 
annealing temperature. 

 

Table 1.1: Solar cell output characteristics P3HT:PCBM bulk heterojunction solar cells as a 
function of annealing temperature. 
 

 

According to Figure 1.11 and Table 1.1, it is concluded that both Jsc and Voc of the cells 

increase with the increase of annealing temperature. D3 shows an efficiency of 1.36 %, more 

than two times higher than that of D1, which is only 0.20 %.  

The observed increase in Jsc can be explained by phase separation of P3HT and PCBM 

by annealing. In order to achieve high efficiency solar cells, charge separation and the transport 

of the carriers to the electrodes, i.e. the continuous path ways for each carrier type, are very 

important and highly dependent on active layer morphology. It has been known that the 

annealing temperature should be higher than the glass transition temperature (Tg) of the 

polymer to realize crystallization because the mobility needed for crystallization is frozen below 

its Tg [21].  According to Zhao et al [22], Tgs for pure P3HT and PCBM are 12.1 °C and 131.2 °C 

respectively. According to the phase diagram (non-equilibrium) of P3HT/PCBM blends reported 
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in their work (Figure 1.12), Tg varies as a function of the composition of the blend. Since the 

weight percentage of PCBM is 60% in this study, the Tg for the blends is around 50 °C. 

Consequently, annealing procedures need at least a temperature of 50 °C to realize the phase 

separation. In this study, it is confirmed by the cell performance improvement when annealed 

above 50 °C.  

     
Figure 1.12: Phase diagram of P3HT/PCBM blends: melt crystallization temperature (▲) and 
melting temperature (●) of P3HT; melt crystallization temperature (∆), cold crystallization 
temperature (□), and melting temperature (○) of PCBM; and Tg(x) with its range (vertical bar) of 
the blends [22]. 

 

In the case of P3HT, which has one molecular axis much longer than the other two, 

large p-conjugation length along the long axis and close molecular packing of the molecules 

along at least one of the short molecular axes are two important conditions for high carrier 

mobility [23]. These two conditions can be realized by P3HT crystallization upon annealing. 

Therefore higher carrier mobility caused by annealing is also responsible for the increase of Jsc.  

According to what is discussed above, cell performance should increase as long as the 

device is annealed above 50 °C, i.e. the T g of P3HT. However, from Figure 1.11, it is also 

observed that the cell annealed at 150 °C shows the  highest efficiency. Annealing at a higher 

temperature can promote the crystallization of P3HT creating a better donor/accepter phase 

separation and providing a higher carrier mobility. 
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One more interesting observation made during annealing is that the color of the active 

layer becomes darker. This clue gives the speculation that there may be an optical property 

change for active layer by annealing. To confirm this, a set of three P3HT:PCBM thin films 

arespin-coated on top of quartz substrates and UV-VIS-NIR spectroscopy is performed to 

measure their transmittance. While S1 indicates P3HT:PCBM layer without annealing, S2 and 

S3 are P3HT:PCBM blends annealed at 80 °C and 150 ° C respectively for 20 minutes (Figure 

1.13). According to the figure, S2 and S3 show a lower transmittance than that of S1. It proves 

that by annealing, light absorption of P3HT:PCBM thin film is increased. The apparent 

modification of the P3HT:PCBM absorption spectrum can be attributed to a result of π-π 

overlap between main chains increases when the devices are annealed, resulting in a redshift 

of the P3HT absorption maximum as observed [24]. 

 

 

 

 

 

 

 

 

 

 

Figure1.13: UV–VIS-NIR spectra of the P3HT:PCBM blends annealed at various conditions; S1 
–  without annealing, S2 – 80 °C for 20 min, and S3 – 150 °C for 20 min. 

 

The increase of Voc with annealing temperature can be attributed to the shift of P3HT 

and PCBM band structures. It is known that for P3HT/PCBM solar cell, Voc is mainly determined 

by the energy difference between the HOMO of P3HT (electron-donor) and the LUMO of PCBM 

(electron-acceptor). Due to the rearrangement of P3HT molecular chains by annealing, the π-π 
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overlap between main chains changes. It results in the change of HOMO and LUMO for P3HT 

and thus the various values of Voc. 

1.4 Conclusion 

It is concluded that the efficiency of polymer bulk heterojunction solar cell is highly 

dependent on the preparation condition of the active layer and its consequent morphology. 

Various batches of the devices have been prepared to study the influences of P3HT:PCBM 

blend composition, solution concentration, and the thermal annealing on the cell performance. 

60 wt% of PCBM in the blend is found to be the optimum composition under which both high 

density of donor and accepter interfaces and the formation of efficient percolated electron 

transport paths can be expected, leading to a high Jsc and FF. The optimum solution 

concentration of P3HT:PCBM blend has been found to be 36 mg/ml and it can be explained by 

the relationship between the active layer thickness and resistance. Finally, by thermal 

annealing, it is observed that the Jsc and Voc increase from 2.04 mA and 0.47 V to 10.65 mA and 

0.58 V respectively. The increase in Jsc, in particular, can be explained in terms of 

donor/accepter phase separation and charge carrier mobility increase caused by P3HT 

crystallization. The light absorption increase in active layer by annealing is also one reason why 

the Jsc increases. However, in this work, the FF, an important factor determining efficiency, 

cannot be increased by the morphology control of the active layer. Chapter 2 will focus on 

improving FF using a calcium/aluminum bilayer cathode. 
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CHAPTER 2 

REALIZATION OF EFFICIENT ORGANIC SOLAR CELL 

WITH CALCIUM/ALUMINUM CATHODE 

This chapter of the thesis describes the addition of Ca as a part of cathode into the 

device structure explained in chapter 1 and how device performance can be affected. Different 

metal/semiconductor interfaces and their influences on device performance are described first. 

Next the experimental procedures and the results for P3HT:PCBM bulk heterojunction solar cell 

with Ca/Al cathode are given. 

2.1 Introduction 

The metallic electrodes in optoelectronic devices are vital components because charge 

collection and injection at the electrodes closely depend on their electronic properties with 

respect to the part of the device it is interfacing with. An ideal electrode must be highly 

conductive, chemically and electrochemically stable and should not cause the degradation of 

the active materials contacted in the device [25, 26]. 

 When a metal is considered as electrode material, its work function with respect to its 

interfacing material in the device configuration is critical because it will determine the function of 

the interface – either facilitate or hamper the flowing of charge carriers from the semiconductor 

to the contacts [27, 28].  

At the contact between two different materials, there is equalization of the chemical 

potential of the electron, i.e. of the Fermi level, in the two different materials. At the contact 

between a metal and a semiconductor, either a rectifying Schottky or an ohmic contact is 

achieved [29]. 

If ΦM is the work function of the metal and ΦS is the work function of the semiconductor, 

there will be following cases: 
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- For n-type semiconductor 

• a Schottky contact if ΦM > ΦS; electrons diffuse from the semiconductor to the metal 

and the depletion layer appears in the semiconductor. Consequent rectifying contact is shown in 

Figure 2.1. 

 

Figure 2.1: Schottky junction between a metal and n-type semiconductor with ΦM > ΦS. 

• an ohmic contact if ΦM < ΦS; electrons diffuse from the metal to the semiconductor, 

and it creates a negative accumulation in the n-type semiconductor. Consequent ohmic junction 

without a barrier is shown in Figure 2.2.       

 

Figure 2.2: Ohmic junction between a metal and n-type semiconductor with ΦM < ΦS. 

- For p-type semiconductor 

• a Schottky contact if ΦM <ΦS; holes diffuse from the semiconductor to the metal and a 

depletion layer appears in the semiconductor. Consequent rectifying junction is shown in Figure 

2.3.   
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Figure 2.3: Schottky junction between a metal and p-type semiconductor with ΦM <ΦS. 

• an ohmic contact if ΦM >ΦS; electrons diffuse from the semiconductor to the metal and 

it creates a positive accumulation in the p-type semiconductor. Consequent ohmic junction 

without a barrier is shown in Figure 2.4 [30]. 

 

Figure 2.4: Ohmic junction between a metal and p-type semiconductor with ΦM >ΦS. 

2.2 Electrode Materials for Polymer Solar Cells 

For P3HT/PCBM bulk heterojunction solar cells, ITO is widely used because of its high 

transparency and good conductivity [31]. Also ITO has a high work function value of 4.7 eV, 

which makes it a good anode material to form ohmic junction with organic semiconductors [32]. 

As it shows in Figure 2.5, when ITO interfaces PEDOT:PSS (hole transport layer), there is no 

energy barrier at the interface because PEDOT:PSS has the same work function value of 4.7 

eV as ITO [33].   
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For cathode that interfaces PCBM (electron acceptor), Al is normally used because of 

its good conductivity and stability in air [34]. Also the work function of aluminum (ΦAl) is 4.3 eV, 

lower than that of PCBM (ΦPCBM = 4.4 eV) and theoretically an ohmic junction can be formed at 

the interface [35]. This can explain the high efficient polymer bulk heterojunction solar cells 

using Al as cathode reported from the literature [36]. 

 

Figure 2.5: Energy diagram for device components [33-36]. 

2.3 Fill Factor in Polymer Solar Cells 

FF is a more sensitive parameter compared to Voc and Jsc, and depends on the mobility 

(m) – lifetime (t) product of the bulk material, thickness of the active polymer layer and the 

morphology of the cathode/polymer interface [37]. Dhritiman Gupta et al. confirmed that a 

nonuniform contact can result in a scenario of charge accumulation leading to a barrier 

formation at the cathode/polymer interface [38]. During thermal evaporation, the homogeneity of 

Al cathode layer is sensitive to the experimental conditions, such as sample placement, 

deposition rate and chamber pressure. Therefore it is speculated that the low FF observed in 

previous study may result from the inhomogeneous contact of Al cathode to the absorber layer.  

Different deposition conditions (sample placement, deposition rate and chamber 

pressure) tried for Al in this study, however, have no effects on FF. Instead, the removal of 

charge accumulation was tried using a low workfunction metal – Ca - in the following study.  
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2.4 Ca/Al Bilayer Cathode for P3HT:PCBM Solar Cells 

As introduced, when a metal and semiconductor with different work functions are 

placed in contact, electrons will flow from one with the lower work function until the Fermi levels 

equilibrate. The resulting electrostatic potential is termed the built-in field designated by Vbi and 

Vbi = Φs -ΦM. The magnitude of Vbi determines how much it can hamper or facilitate the flowing 

of charge carriers to contact for Schottky or ohmic junction respectively and is expressed by the 

degree of band bending shown in the energy band diagram as described in earlier sections [39].  

According to Figure 2.6, for both Al and Ca, the band bending facilitates the flowing of 

electrons to cathodes because of the formation of ohmic junctions. However, because the work 

function of Ca (ΦCa) is as low as 2.8 eV, the degree of band bending for Ca is higher (Vbi  = 

ΦPCBM –ΦCa= 1.6 eV) than that for Al (Vbi = ΦPCBM -ΦAl =0.1 eV). Therefore using Ca, electrons 

can be transported to cathode more efficiently and it can help eliminate the charge 

accumulation. Al is deposited on top of Ca as a protection layer due to the poor stability of Ca in 

air.  

 

 

 

 

 

 

 

 

 

Figure 2.6: Energy band diagrams for Al (blue) and Ca (red) contacting with PCBM. 

In this work, Ca/Al bilayer is used as the cathode and its influence on cell performance, 

especially on FF is studied.  
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2.5 Experimental Procedures 

99.99% pure Ca and Al are purchased from Kurt J. Lesker for thermal evaporation. 

Because Ca is easily oxidized in the air, it is stored in the mineral oil and the oil is removed prior 

to the deposition. P3HT/PCBM solar cells respectively with only Al (D1) and Ca/Al (D2) are 

fabricated to compare the effects of Ca on cell performance. Thicknesses of Al and Ca are 100 

nm and 50 nm respectively. The device measurements are carried out typically right after 

cathode deposition under AM0 condition using the solar simulator described in chapter 1. 

2.6 Results and Discussions 

According to Figure 2.7 and Table 2.1, it can be observed that FF increases from 21% 

to 51% by replacing Al with the Ca/Al cathode. Also, both Jsc and Voc of the cells increase from 

9.81 mA/cm2 to 11.22 mA/cm2 and 0.53 V to 0.65 V, respectively. An efficiency of 3.32% is 

realized for D2.  

 

Figure 2.7: I-V characteristics of P3HT:PCBM solar cells with Al (D1) and Ca/Al bilayer (D2) as 
cathodes. 
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Table 2.1: Performance of P3HT:PCBM solar cells with Al (D1) and Ca/Al bilayer (D2) as 
cathodes. 
 

 

The increase of Jsc and FF can derive from a removal of energy barrier caused by 

charge accumulation at the metal/PCBM by the addition of Ca. The increase of Voc can be 

attributed to the higher work function difference between anode and cathode when Ca is added. 

As discussed in Chapter 1, Voc is controlled primarily by the energy difference between the 

HOMO of P3HT (electron-donor) and the LUMO of PCBM (electron-acceptor). However, it is 

also dependent on the electric field generated by the work function difference between anode 

and cathode, although not as much as other polymer diodes with a metal-intrinsic-metal (MIM) 

structure [40]. Due to the lower work function of Ca than that of Al, a higher electric field 

enhances the Voc. 

2.7 Conclusion 

P3HT/PCBM polymer bulk heterojunction solar cells with Ca/Al cathode are fabricated 

to study the effect of Ca on the cell performance. Compared to cells with Al cathode, FF of the 

cells with Ca/Al cathode has increased from 21% to 51%. Also the increases of Jsc and Voc are 

observed. The improvement can be attributed to the removal of charge accumulation at the 

metal/PCBM interface caused by the high Vbi when the low work function Ca is used.  
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