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1.1   Background 

The energy question has become one of most major and worrying problem of the modern society. 

Our worldwide consumption of energy increased as consequence of the increase in the 

industrialization of the world. The need for energy is likely to grow even more with the 

improvements in standard of living across the planet. 

Today, fossil fuel including petroleum, coal and gas are the most common energy sources 

currently in widespread use. Unfortunately, these energy sources are finite, exhaustible resources. 

Fossil fuel also emits large amounts of carbon dioxide and other greenhouse gases into the 

atmosphere. Nuclear power energy also has been playing a part in the energy policy in past decades. 

However, the danger of nuclear becomes apparent by the nuclear plant accident in Great East Japan 

Earthquake. It is expected to break the dependence on nuclear energy. From these problems, the 

energy saving and the use of renewable energy is expected. 

Renewable energy is a collective term of the energy taken out of the natural phenomenon. It 

indicates sunlight, solar heat, hydraulic power, wind power, biomass, terrestrial heat, wave force, 

vibration and temperatures fluctuate etc. In particular, the solar cell is the most expected way in 

renewable energy generation. The target value of power generation was set at 53 million kW in Japan 

in year of 2030. However, the solar power generation capacity have limited by the long energy 

payback time of solar cells. The decrease of the power generating cost is indispensable for further 

spreading of the power generation unit, which is pointed out in NEDO "Outline of the Roadmap 

PV2030+".
1)

 In the account record, the cost target is also settled on at seven yen kilowatt-hour or less 

in 2030. The tough hurdle can only overcome with new concept for photoconversion. 

 

1.2   Organic photovoltaic cells 

1.2.1   The position of organic photovoltaic cells in solar cells 

Solar cells developed now are divided roughly into inorganic solar cells (Si and Cadmium 

telluride etc.) and organic solar cells (Fig. 1.1). Inorganic solar cells have already been put to 

practical use. Each company is mass-producing the solar cells with the following conversion 
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efficiencies. SunPower is producing 24.2% monocrystaline silicon solar cells. Kyocera 

mass-produces 17% polycrystalline silicon solar cells. Solar frontiers mass-produces 17% 

Cadmium-Indium-Selene solar cells. 

 

Organic solar cells can also be divided into two categories, dye-sensitized solar cells (DSSCs) 

and organic photovoltaic (OPV) cells. 

The modern version of a DSSC, also known as the Grätzel cell, has been invented in 1988. 

DSSC is based on a semiconductor formed on a photo-sensitized anode, a cathode and an electrolyte. 

The highest power conversion efficiency (PCE) reached at 11.8% in 2012. The DSSC has an 

attractive feature; it is simple to make using conventional roll-printing techniques. However, it has 

proven difficult to eliminate rigid TiO2 layer and a number of expensive materials, notably platinum 

and ruthenium, which makes difficult to construct flexible and low-cost solar cell. The liquid 

electrolyte is also one of the problems for flexible solar cell. 

On the contrary of DSSCs, OPV cell generally composed of solid films, conductive organic 

polymers or small organic semiconducting molecules. Recently, the PCE has been reached at 12% 

(heliatek) in 2013. However, it still takes time for practical use because of a decrease in efficiency 

Fig. 1.1. Categories of solar cells. 
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when building up the modules. Further improvement in efficiency must be achieved. 

Though the efficiency is still low, OPV cells have attracted considerable attention due to many 

of industrial advantages. The features of OPV cells are as follows. (1) Because OPV cells are 

composed of organic materials, it is free from a large amount of rare metals. (2) The introduction of 

soluble substituent into the molecule enables to adopt print technology. From the point (1) and (2), 

OPV cells have great merit in cost. (3) The feature of lightness and flexibility can be given when it 

forms on a plastic film. (4) The using dye enable to fabricate colorful solar cells. From these points, 

the OPV cells can be used in various situations. 

 

1.2.2   Brief history of organic photovoltaic cells 

The first OPV cells were fabricated by Calvin et al.
2)

 as single layer devices in which thin film 

of porphyrins were sandwiched between two electrodes with different work functions (Fig. 1.2). The 

charge separation requires a Schottky barrier at one of the organic-electrode interfaces. 

A bilayer device, first developed by C. W. Tang in 1986,
3)

 solved the problem of tightly bound 

excitons by inserting an acceptor semiconductor, perylene layer, between a donor, phthalocyanine, 

and a cathode electrode, Al. The reported PCE was 1% under simulated AM2 conditions. The report 

clarified that OPV cells operate with pn junction principle as same as inorganics. Another advantage 

of the bilayer device is that the electrons are transported in the acceptor layer and the holes in the 

donor layer to their respective electrodes after the dissociation of excitons. Therefore, the dissociated 

holes and electrons are effectively separated from each other and charge recombination is greatly 

reduced. However, the reported PCE of bilayer device is still significantly lower than that of 

inorganic based PV cells. The principle reason for this low efficiency is the intrinsically short 

diffusion length of excitons in organic semiconductors, which are typically in order of 10 ~ 20 nm.
 

4-7)
 

The two-dimensional interface of the bilayer approach is here exchanged by a three-dimensional 

interpenetrating network. Bulk heterojunction solar cells 
8)

 and pin junction cells 
9, 10)

 were reported 

(“i” means the layer of mixture of p-type semiconductor and n-type semiconductor.). After a few 
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years, the number of reports on bulk heterojunction solar cells increased exponentially. Currently, 

the highest reported efficiency is 12% (heliatek) with tandem structure cell. 

 

  

 

1.2.3   Device working principle of organic photovoltaic cells 

In OPV cells, the photovoltaic process of converting incident light to electricity is composed of 

four consecutive steps, (1) light absorption; (2) exciton diffusion to the donor-acceptor interface; (3) 

exciton dissociation and charge transfer; and (4) charge collection (Fig. 1.3). (1) When incident 

photon, which has larger energy than gaps between HOMO-LUMO, hits a molecule, a exciton is 

generated. After light absorption, inorganic semiconductors immediately produce free carriers, while 

organic semiconductors require an additional process to produce free carriers. (2) An exciton formed 

in the organic semiconductor diffuses to the pn interface and be dissociated into free electrons and 

holes. When excitons do not reach the pn interface, they recombine and the absorbed energy is 

dissipated without generating photocurrent. (3) Generated free electrons and holes diffuses in 

Fig. 1.2. History of efficiencies of organic photovoltaic cells. 
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respective organic semiconductors. (4) Only a free career that reaches the electrode contributes to 

the photoelectric conversion. 

 

 

1.2.4   Strategies to improve photovoltaic performance 

Development of a bulk heterojunction solar cell based on the precise material design for p-type 

semiconductors and fullerenes as n-type organic semiconductor rapidly improved the efficiency of 

OPV cells. However, maximum reported external quantum efficiency (EQE), how much the 

absorbed photon extracts to an external circuit as a free carrier, is about 70% in the specific 

wavelength, and 60% in overall wavelength.
11-13)

 The EQE is limited by the absorption of the 

transparent electrode and the reflection of the substrate to 75%.
14)

 There is roughly a room for 

improvement about 15% internal carrier correction. In order to overcome the charge recombination 

problem of the bulk heterojunction OPV cells, the nanostructured OPV cell was designed. 

Since excitons travel 10 to 20 nm, a 20 to 40 nm cylindrical pattern can be expected to 

efficiently dissociate excitons. Second, the height of the pattern should be tuned to absorb enough 

photons without losing free charges by recombination. For example, 200 nm thick 

poly-3-hexylthiophene (P3HT), which is representative organic semiconductor, absorbs over 90% of 

Fig. 1.3. Device working principle of organic photovoltaic cells. 
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incident light at the peak of maximum absorption wavelength. In this case, the pattern height should 

be around 200 nm thick. Third, the continuous layer at the top and bottom of the nanostructured 

pattern is also important and enables to form a continuous pn junction (Fig. 1.4). From these points, 

cylindrical structure of polymer and nanoimprinting technology were developed 
15)

 , and 

characterized in OPV cells. Moreover, inorganic nanorods such as TiO2 and ZnO nanorods had also 

been introduced in OPV cells.
 16, 17)

 However, the inorganic nanorod is weak to the bending and not 

suitable as a flexible solar cell. Therefore the nanorods of organic semiconductor are very attractive. 

Yang et. al and Hirade et. al fabricated the nanorod utilizing CuPc.
 18, 19)

 Matsuo et. al
 
have reported 

that the p-i-n structured OPV cells processed with benzoporphyrin (BP) precursor exhibit a high PCE 

of 5.2%
 20)

. They also pointed out the importance of morphology control in the i-layer, since such a 

high PCE could be obtained due to a nanoscale structure in i-layer, as it called column/canyon 

structure. An orientational control of crystals is also important for further improvement of PCE. The 

free carriers transfer through the π-electron cloud. Therefore, the crystals, which closely packed with 

the adjacent molecule and face-to-face, are preferable. And, it is thought that tuning the direction of 

π-stacking to the vertical to the substrate can maximize the PCE of an OPV cell. 

 

Nowadays, the PCE of the OPV cell was achieved at 10%. It can be said that OPV cells entered 

the phase of practical use. In this phase, we have to make our effort to achieve the improvement of 

not only conversion efficiency but also the durability of the cells. 

For further durability, it is essential to understand the degradation mechanism of OPV cells. 

Fig. 1.4. Ordered bulk hetero junction (cylindrical structure). 
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However many of phenomenon in the cells have not been dissolved, neither the deterioration by the 

current and light nor the structural stability. The influence of diffusion of oxygen and water, atoms, 

and molecules etc. is not also fully understood. From these points, the importance of fundamental 

research on the phenomenon must increase more than ever. 

 

1.2.5   Organic semiconducting materials for photovoltaic cells 

The origin of “organic semiconductors” can be date back to the 1954, when the investigations on 

electrical conductivities of condensed aromatic hydrocarbons such as perylene and pyrene were 

conducted by Inokuchi, Akamatsu, Matsunaga and co-workers.
 21)

 Typical current carriers in organic 

semiconductors are holes and electrons in π-bonds. The carriers can move via π-electron cloud 

overlaps, especially by hopping, tunnelling and related mechanisms. Detailed physics of the 

electrical behavior in organic semiconductors were not completely understood with the inorganic 

device physics. Considerable effort has been devoted to understand the fundamental electronic 

structure of the organic semiconductor, in particular microscopic, molecular-scale transport 

processes and the interface with metals. 

Organic semiconductors are roughly divided into polymer and small molecular weight material. 

Semiconducting polymers have been attracted considerable attention due to their potential in the 

application to a wet process and the advantage in manufacturing because the mechanical property is 

good. However, polymers generally have wide distribution of molecular weight and a difficulty of 

improving the purity. Moreover, polymers easily decompose under excessive heat compared with the 

small molecular weight materials. 

On the other hand, a semiconducting small molecular can be easily recrystallized, and has the 

feature of high purity and crystalinity. However, the cohesive of the molecule is indispensable, a wet 

process cannot be applied without introduction of the appropriate substituents. 

In the present study, semiconducting small molecules, in particular, macrocyclic molecules 

represented by porphyrins and phthalocyanines, were investigated. 

Porphyrins are pigments that can either be obtained in nature or in organic synthesis. Porphyrins 
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contain a fundamental skeleton of four pyrrole moieties connected at their α-position via methine 

bridges to form a planar macrocyclic structure.
22)

 Due to their high conjugation, porphyrins show 

intense absorption in the visible region. The absorption spectra of porphyrins are characterized by a 

strong band and four weaker bands, Soret band and Q bands, respectively.
23)

 Phthalocyanines are 

structural analogues of porphyrins. Their absorption spectra also show a Soret band and Q bands in 

the visible region. From their good photo and electric properties, the macrocyclic compounds widely 

investigated as the photoactive materials for OPV cells, already mentioned in 1.2.2. Hori et. al have 

been synthesized 1,4,8,11,15,18,22,25-octahexylphthalocyanine (Fig. 1.5 (a)) and reported that the 

OPV cells utilizing the phthalocyanine showed 3.1% PCE.
 24, 25)

 The OPV cells utilizing 

zinc-phthalocyanine (Fig. 1.5 (b)) and benzoporphyrin (Fig. 1.5 (c)) showed 4.08% and 5.20%, 

respectively. 
26, 20)

 These macrocyclic π-conjugated molecules are a promising material for OPV cells. 

These macrocyclic compounds, which also can form complexes with a range of metal ions. Large 

metal ions can bring together these tetrapyrrole derivatives to form shuttlecock type (Fig. 1.5 (d)).
 27)

 

Lead-phthalocyanine has the shuttlecock structure and forms J-aggregate or H-aggregate.
 28)

 The 

control of aggregation enables to increase absorption range or carrier mobility. Macrocyclic 

compounds can also form sandwich-type double- (Fig. 1.5 (e)) and triple-decker (Fig. 1.5 (f)) 
29)

. The 

control of the complex and crystal structure is the one of the important factor to improve the PCEs. 
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Fig. 1.5. (a) 1,4,8,11,15,18,22,25-octahexylphthalocyanine (b) zinc-phthalocyanine (c) 

benzoporphyrin (d) lead-phthalocyanine (e) double- and (f) triple-decker complexes. 

M=Zn 

(a) (b) 

(c) (d) 

(e) (f) 
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1.3   The film formation method of organic thin films 

To date, a variety of fabrication method of thin film have been developed. The fabrication 

processes can divide roughly into two kinds, dry process and wet process. The dry process includes 

vacuum evaporation method, molecular-beam epitaxy (MBE) method, sputtering technique and 

chemical vapor deposition (CVD) methods, etc. The wet process includes the drop cast method, the 

spin-coat method, the dip coat method and the Langmuir brochette method, etc. In particular, 

vacuum evaporation and spin-coating were widely applied for the formation of organic 

semiconducting thin films. These representative methods were described precisely as below section. 

And more, as the recent development for fabrication of organic semiconducting thin-film, the 

precursor method and the CVD method for organic thin film were introduced. 

 

1.3.1   Thermal evaporation 

Thermal evaporation is a method to fabricate thin film of metal, metal oxide or small molecules. 

The variables to control the evaporation are vacuum chamber pressure, source material purity and 

the temperature of evaporation source and substrate, which is correlated with the evaporation rate. 

Figure 1.6 summarizes the mechanism of film formation for thermal evaporation.
30)

 When molecules 

evaporated from the source arrive at the substrate surface, some molecules are trapped on the surface 

and then moving over the surface (surface migration). Some of the migrating molecules would 

re-evaporate from the surface into the vapor phase (re-evaporation). When migrating molecules 

reach a steady position (adsorption), the molecule stay in and forms a nucleus (nucleation), and then, 

the admolecules on the substrate trap migration molecules. Consequently, the thin film grows up 

(film formation). The film over tens of nanometers generally have smooth surface because the 

driving force is the “deposition”. However indented surface of semiconducting layer is expected to 

increase the area of pn interface in OPV cells. Nowadays, a lot of techniques for making the indented 

film are developed by using organic vapor phase deposition,
18, 30)

 glancing angle deposition,
 26, 31-34)

 

and molecular seeding growth.
19)

 The switch of driving force of film formation from deposition to 

other force is expected to fabricate unique nanometer texture. 
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1.3.2   Chemical vapor deposition（CVD） 

Chemical vapor deposition (CVD) is a deposition process utilizing chemical reaction during the 

deposition. The process is often used in the semiconductor industry to produce thin films, poly 

silicon, amorphous silicon and silicon oxide etc. Precursor gases, which are often diluted in carrier 

gases, are delivered into the reaction chamber. As they pass over or come into contact with a heated 

substrate, they react and are deposited onto the substrate. In organic materials field, CVD and related 

methods have been applied to produce polymers. 
35-37)

 Murata et. al
38)

 reported the synthesis of a 

polyoxadiazole polymers and characterized as electroluminescent or carrier-injecting layers by 

optimizing the device structures. It is revealed that CVD method is very attractive method to form 

materials that easily decompose with the heat for evaporation. 

Figure 1.7 summarizes the mechanism of film formation for CVD method. In CVD method, two 

compounds generally participate in the chemical reaction. In this chapter, it is assumed that element 

B exists beforehand. When element A evaporated from the source arrive at the substrate surface, 

some molecules are trapped on the surface and then moving over the surface (surface migration). 

Some of the migrating molecules would re-evaporate from the surface into the vapor phase 

Evaporation 

Adsorption Migration 

Re-evaporation 

Nucleation 

Film formation 

Fig. 1.6. Mechanism of film formation in thermal evaporation method. 
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(re-evaporation). When migrating molecules reach an element B, the elements react (reaction) and 

the production migrates (migration). When migrating molecules reach a steady position, the 

molecule stay in and forms a nucleus (nucleation), and then, the admolecules on the substrate trap 

migration molecules. Consequently, the thin film grows up (film formation). In CVD method, we 

have to take into account the elemental steps of not only produced materials but also the monomers. 

  

 

 

1.3.3   Spin-coating 

Spin-coating is a simple and precise method that uses centrifugal force to produce a uniform 

thin film ranging from 10 to 1000 nm in thickness. The variables in spin-coating process are solvent 

concentration, spin speed and spin time. By varying solution concentration and spin speed, the film 

thickness can be easily controlled. Spin time is determined by drying the wet film. During 

spin-coating, volatile solvent is evaporated and typical spin time is 30 sec to 1 min. 

Spin-coating method have the advantages, processability, large area and low-cost. From these 

advantages, this process is finding application in the production of optical and magnetic recording 

media. In recent years, spin-coating method was also applied to fabrication of next generation 

organic devices such as OPV cells and organic light emitting diodes (OLEDs). However, these 

Fig. 1.7. Mechanism of film formation in CVD method. 

Evaporation 

Adsorption 

 

Migration 

Re-evaporation 

Nucleation 

Film formation 

Element B Migration 

Element A Evaporation 

Migration Reaction 
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devices consist of multi organic layers. The spin-coated solution dissolve the under organic layer, 

which makes difficult to stack organic layers. The under layer must be performed some treatment of 

insolubilization for stacking layers. 

 

1.3.4   Precursor for organic semiconductor 

π-conjugated molecules such as pentacene, phthalocyanine and porphyrin generally have low 

solubility in common solvents. To overcome the problem, the introduction of soluble substituents 

was performed. However, the molecular design lowers the performance below that of their 

vacuum-deposited counterparts, because substituents inhibit π-π stacking of molecules, and therefore 

inhibit charge transfer between molecules. Moreover, soluble substituents generally consist of 

insulating hydrocarbons, which can lower the overall conductivity of materials.
39)

 

In recent years, soluble photo-convertible and/or thermo-convertible precursors with bulky 

substituent have been synthesized.
40-43)

 The bulky structure in precursor enables to dissolve precursor 

into solvents, and to apply wet process for film formation. Photo or heat treatment of spin-coated 

film causes a reaction that desorption and removal of the insulating substituent from film, and the 

molecules become insoluble. Over the past decade, there have been several reports on the 

conversion behavior from soluble precursors and the electric properties of organic compounds after 

conversion. 
44-49)

 1,4:8,11:15,18:22,25-Tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphine (CP) has 

been synthesized by Ono et. al in 1998. 
41)

 CP molecule has bicyclo structure at outer side of 

porphyrin ring. The bulky structure suppresses the intermolecular π-π interactions, which enable to 

dissolve CP into common solvents, and to apply spin-coating method for film formation. CP 

converts into 29H,31H-tetrabenzo[b,g,l,q]porphine （BP） with desorption of four ethylene by heat 

treatment, as shown in Fig. 1.8. BP slightly dissolves into dimethylformamide, pyridine and 

tetrahydrofuran, but insoluble against chloroform and toluene. The insolubility enable to stack 

organic layers without dissolving the under layer. Matsuo et. al
20) 

have stacked organic layers by 

spin-coating onto BP layer that converted from CP, and reported 5.2% PCE. Though the precursor 

method is very attractive for fabrication of stacked device, not only OPV cells but also OLED and 
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others, details of the relationship between the conversion behavior and crystal growth of the film 

have not been clarified. During conversion, two components exist in the film, precursor and the 

production. We have to consider three elementally steps for each components; migration, nucleation 

and film formation. In the case of thermo-convertible precursor, the substrate is kept at high 

temperature. Therefore the molecules have large migration energy. It become more important to 

investigate the dependence of the elementally film formation steps on temperature. Moreover, the 

mechanism of layer stacking is also unrevealed. These fundamental evaluations are indispensable to 

more precise design of precursor and its application. 

 

 

Δ 

-4C2H4 

Fig. 1.8. Reaction scheme of CP to BP. 
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1.4   Aims and outline of the thesis 

pn junction OPV cell consists of at least two semiconducting materials and two electrode 

materials. Therefore the device includes three different kinds of material interfaces. To evaluate 

precisely the effect of morphology of organic semiconducting layers on performance of OPV cell, it 

is indispensable to understand and control the mixing states and the energy states on the 

semiconductor-electrode interfaces in advance. In OPV cell, the charge separation of exciton 

happens on the pn junction. Therefore, the texture of the interface between p-type and n-type 

semiconducting layers is an important parameter that determines the performances of OPV cells. 

Increasing of pn interface area without disconnecting the hole-channel and electron-channel each 

other directly leads to high performance OPV cell. Moreover, to maximize the lifetime of exciton 

and charge transfer in semiconductor, the control of crystalinity of thin film is also indispensable. 

Aiming at the control of interface between p-type and n-type semiconductor, and the crystalinity 

of organic semiconductor, the following target was set in the present study based on the 

above-mentioned background. 

 

(1) The time-dependent change of semiconductor-electrode interface in an OPV cell is clarified. 

(2) A new structural control method to obtain high-crystalline nano-phase-separated thin film is 

investigated. 

(3) The film formation mechanism and crystallization are examined. 

(4) The thin film is mounted on photonic and electronic devices. 

(5) The relationship between film morphology and photovoltaic performance were evaluated. 
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This thesis is structured in the following seven sections. 

In chapter 1 "Introducton", first, a general introduction to OPV cells was presented. The basic 

properties of macrocyclic molecules were described. As the recent development for fabrication of 

organic semiconducting thin-film, the precursor and CVD method were introduced. This chapter was 

concluded by aims and outline of the thesis. 

In chapter 2 “Current-Voltage Characteristics of Organic Photovoltaic Cells Following 

Deposition of Cathode Electrode”, the time-dependent changes of the current-voltage characteristics 

from immediately after Al cathode deposition until the time when the device is exposed to N2 gas at 

atmospheric pressure is evaluated. The rapid change in the inner structure of OPV cells was revealed 

even under vacuum. The introduction of N2 gas also increased the photovoltaic performance. It could 

be well explained by the formation of AlOX. It was revealed that the formation of AlOX layer not 

deteriorates rather improves the OPV performance in the case of very thin film. 

In chapter 3 “Evaluation of Vacuum Deposited Benzoporphycene Thin Film as Photoactive 

Layer”, the morphology and photovoltaic properties of vacuum deposited BPc film are evaluated. 

The film vacuum deposited at room temperature was composed of BPc crystals, orienting uniaxially 

to the substrate surface with edge-on orientation. Even though the fabrication process for OPV cells 

is not optimized, the OPV cell utilizing vacuum deposited BPc film showed nearly 1% PCE. The 

BPc can be expected as a candidate of photoactive layer in OPV cell. 

In chapter 4 "Fabrication of Phase-separated Benzoporphycene (BPc)/[6,6]-Phenyl-C61-Butyric 

Acid Methyl Ester (PCBM) Films for Use in Organic Photovoltaic Cells", the dynamics of thermal 

conversion from precursor to BPc and phase-separation in coexistence with fullerene derivative are 

examined. PCBM crystal dramatically inhibited the aggregation of BPc. It is also revealed that the 

BPc crystals in the underlying layer act as seed crystals after each deposition. As a result, even if the 

precursor has low solubility and a high cohesive property, it is enable to form a film that is thick 

enough to apply as the photoactive layer by repeating spin-coating and subsequent annealing. It 

should be noted that the BPc crystals converted from BPc-pre also oriented uniaxially to the 

substrate surface with edge-on orientation but with random in-plane. The phase-separated structure 

was heavily depended on the annealing temperature. The OPV cells utilizing optimized structure 
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showed 0.16% PCE. 

A novel BPc precursor with more bulky substituent is synthesized in chapter 5. The cohesion of 

precursor was dramatically suppressed, which enable to form smooth BPc film. The crystalinity was 

improved by high temperature annealing without increasing of the surface roughness and changing 

the molecular orientation. By utilizing these BPc films prepared from novel precursor, the 

correlation between the crystalinity of films and the photoelectric conversion characteristic is 

analyzed in detail. It is revealed that the hole mobility was 10-fold enhanced and the PCE was 

doubled by utilizing crystalized BPc film instead of amorphous like one. The OPV cells utilizing 

high crystalline BPc film reached 1.5%, 1.5 times the PCE of OPV cells utilizing vacuum deposited 

BPc film. The importance of crystalinity for enhancing the PCE was experimentally demonstrated. 

BPc takes edge-on orientation and preferentially forms tabular crystals. The control of the 

direction of crystal growth is critical factor for the film texture. In chapter 6 “Fabrication and 

Semiconducting Properties of Monodisperse n-Type Phthalocyanine Nanograss”, 

dipotassium-2,3,9,10,16,17,23,24-octacyanophthalocyanine–potassium (K2Pc(CN)8–K) complex was 

focused because it is known that metal-2,3,9,10,16,17,23,24-octacyanophthalocyanine (MPc(CN)8) 

molecules formed from tetracyanobenzene (TCNB) and metals take face-on orientation and stack 

face-to-face in MPc(CN)8–M complex crystal on the metal substrate. The process was controlled to 

achieve monodisperse nanograss with individual rod diameters of 60 nm and lengths of 250 nm by 

adjusting the feed amount of TCNB and the reaction temperature. OPV cells containing K2Pc(CN)8–

K as an n-type semiconductor were fabricated, and the PCE of a cell containing 

vertical-aligned-nanograss was approximately four times larger than that of a nanograss dispersed 

bulk-heterojunction-type cell. These results support that the film fabricated by CVD method has 

good semiconducting properties and utilization of nanograss is efficient for improvement of the PCE 

in OPV cells. 

Chapter 7 summarizes the results presented in this thesis, and provides an outlook for further 

investigation of film formation and potential device improvement. 
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2.1 Introduction 

Organic photovoltaic (OPV) cells are expected to be next-generation solar energy conversion 

devices that promise to be light, flexible and printable. Control of the charge transport at the 

hetero-interfaces of multilayered OPV structures is one of the most important issues for the 

improvement of OPV cells.
1-9)

 It has been reported that the insertion of buffer layers between the 

organic layer and the electrodes improves the device performance.
2-9)

 For example, the insertion of a 

LiF layer that is several nanometers thick between the organic layer and an Al electrode is one of the 

most effective ways to improve performance.
8)

 However, the detailed effects and mechanism of 

improvement of parameters are still not entirely clear. In addition, hetero-interfaces can be easily 

affected by external factors over time,
10-12)

 which makes evaluation even more difficult. In order to 

clarify the hetero-interface phenomena, it is necessary to evaluate OPV cells soon after formation of 

the interface (vacuum deposition of a metal electrode). In this chapter, the time-dependent changes 

of the current-voltage (J-V) characteristics from immediately after Al cathode deposition until the 

time when the device is exposed to N2 gas at atmospheric pressure is reported on before evaluation 

of the effect of the morphologies of photoactive layer (Chapter 3~6). 

 

2.2 Experimental 

2.2.1. Device fabrication 

The OPV cell configuration used was indium tin oxide (ITO)/ poly(3,4-ethylenedioxy- 

thiophene):poly(styrenesulfonate) (PEDOT:PSS) / tetrabenzoporphyrin (BP)/ [6,6]-phenyl-C61- 

butyric acid methyl ester (PCBM)/ Al. The BP/fullerene derivatives materials were selected because 

they have both high stability and high power conversion efficiency (PCE, η) of 5.2% with an 

optimized p-i-n structure.
13)

 Moreover, the photoactive layer of p-i-n structure is fully covered with 

n-type semiconductor. There is no need to consider the contact between p-type semiconductor and 

electrode material. The p-i-n structure enables to simplify the contact between photoactive layer and 

electrode. The BP layer was fabricated by using precursor method as shown in chapter 1; 

spin-coating of 1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphine (CP) and 

subsequent annealing. The fabrication process of OPV cells utilizing BP/PCBM was as follows. A 

20 nm of the PEDOT:PSS was deposited from an aqueous solution on the top of a glass substrate 
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with patterned ITO layers by a spin-coating at 3000 rpm. The layer was then annealed at 135 °C for 

10 min. A solution of the CP in chloroform/chlorobenzene (1:1 (v/v)) (0.5% (w/w)) was spin-coated 

on the glass/ITO/PEDOT:PSS substrate at 1500 rpm. The as-spun film was thermally converted to 

BP by annealing at 250 °C for 3 min to form a donor p-layer (30 nm). In the second step, a 

homogeneous mixture (a typical weight ratio of 5:5) of CP and an acceptor PCBM in 

chloroform/chlorobenzene (1.0% (w/w)) was spin-coated at 1500 rpm, and CP was also converted at 

250 °C to form a 40-nm-thick i-layer. Subsequent spin-coating of 1% (w/w) PCBM/ toluene solution 

to form 30-nm-thick n-layer and constructed the p-i-n structure. The device was then transferred into 

a chamber for Al deposition. In order to evaluate the photovoltaic parameters of the devices 

immediately after Al deposition, the solar simulator and measurement system were attached to the 

evaporation chamber (Fig. 2.1). A measurement probe was contacted to the ITO electrode and 

another one was contacted to the area that was to be deposited with Al to allow measurement soon 

after Al deposition. Prior to evacuation, the evaporation chamber was displaced with an inert gas at 

least several times to prevent residual gases, such as oxygen. An Al layer (100 nm) was deposited 

through a shadow mask in 3×10
-4

 Pa. The effective area of the devices was 0.06 cm
2
. The light flux 

was set 80 mW/cm
2
 light illumination, produced with a filtered Xe-lamp in a solar simulator. The 

J-V characteristics were then measured using a Keithley 2400 source measurement unit under 

vacuum or atmospheric pressure. 

Fig. 2.1. Schematic representation of deposition and measurement set-up. 
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2.2.2. Characterization of OPV cells in the dark 

For an ideal diode,
14)

 the dark current density (Jdark) is 

 

                                                                        (2.1) 

 

where J0 is a reverse saturation current, q is elementary charge, nd is diode factor, k is Boltzmann’s 

constant and T is temperature in degrees Kelvin. The overall current-voltage response of the cell can 

be approximated as the sum of the short circuit photocurrent (JSC) and the dark current. The net 

current density in the cell is as follows. 

 

                                                                        (2.2) 

 

When we consider parasitic resistances such as series resistance (Rs) and shunt resistance (Rsh), a 

electrical circuit of photovoltaic device is depicted in Fig. 2.2. The equation (2.2) is modified as 

follows. 

 

                                                                         (2.3) 

   

where A is the device area. The series resistance arises from the resistance of the materials, which 

can be calculated from the high correct bias. The shunt resistance arises from leakage of current 

through the cell, which can be calculated from the slope at high inverse bias. 

Fig. 2.2. Equivalent circuit of PV cells. 
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2.2.3. Characterization of OPV cells under illumination 

By recording the J–V curves under illumination, it is possible to determine the maximum power 

output; the PCE (η). As shown in Fig. 2.3, the photovoltaic parameters also can be derived from the 

J–V characteristics under illumination, the short circuit current density (JSC), the open circuit voltage 

(VOC), and the fill factor (FF). JSC is the current density, which flows with zero load resistance (V=0, 

short circuit conditions), and it corresponds to the maximum current generated by the cell under 

illumination. VOC is the voltage in conditions of open circuit, when no current flows through the cell. 

The FF is the ratio of the maximum power that can be drawn from the device (WMAX) and the 

multiplication of VOC and JSC (Eq. 2.4). 

 

                                                                        (2.4) 

 

η can be calculated from the defined parameters. η is the ratio of the maximum generated power to 

the incident optical power (Pin). Hence, η can be expressed as follows (Eq. 2.5) 

 

                                                                        (2.5) 

 

 
Fig. 2.3. Typical J-V curves of OPV cell under illumination and in the dark. 
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2.3 Results and Discussion 

Figure 2.4(a) shows the J-V characteristics measured just after Al deposition (dashed line) and 

following 30 min (solid line). Although the characteristics have almost the same PCE of 

approximately 1%, each OPV parameter (VOC, JSC, and FF) was shifted slightly, shown in Table 2.Ι. 

VOC increased from 0.42 to 0.45 V, while JSC and FF decreased from 4.23 to 4.10 mA/cm
2
 and from 

0.47 to 0.45 for 30min, respectively. 

  VOC [V] JSC [mA/cm
2
] FF [-] PCE [%] 

(A) 3×10
-4

 Pa 0.42 4.23 0.47 1.04 

(B) (30 min) 0.45 4.10 0.45 1.04 

Introduction of N2 gas 

(C) 1×10
5
 Pa 0.52 4.30 0.46 1.29 

Table 2.1. The photovoltaic parameters during procedure. 

Fig. 2.4. (a) J-V characteristics of the OPV cell under 80mW/cm
2
 light, (dotted 

line) just after Al deposition, (solid line) following 30min after Al deposition. 

(b) Behavior of the photovoltaic parameters, VOC(●), JSC(▲), and FF(■). 
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The time-dependent changes of each OPV parameter are shown in Fig. 2.4(b). The parameter shifts 

were reproducible and were not due to thermal effects by Al deposition, because the temperature 

change of the OPV cells was maintained at less than ±1 °C. The origin of the parameter shifts is not 

clear, but appears to be related to relaxation phenomenon at the organic-inorganic interface. 

Hereafter, this relaxation phenomenon is referred to as the aging effect. 

 

It is well known that the melting point of Al is 660 °C. Therefore Al is deposited on organic 

layer with large thermal energy and diffuses into organic layer during deposition. After deposition, 

four patterns of mechanism about the aging effect can be drawn as shown in Fig. 2.5. 

[1] Further diffusion of Al. 

[2] Diffusion of PCBM into Al. 

[3] Realignment of PCBM. 

[4] Blooming of Al by PCBM. 

To verification of four hypotheses, we evaluated the J-V characteristics in detail. JSC is the 

photovoltaic parameter, the indicator how much photon converts into current. In this aging term, it is 

assumable that not only the amount of incident photon but also every interface without PCBM-Al is 

stable. Therefore, decreasing of JSC directly indicates that the efficiency of charge transfer at 

PCBM-Al interface decreases as the aging time. PCBM consist of fullerene and insulating side chain 

group. The insulating hydrocarbons can lower the conductivity. Direction of side chain against metal 

electrode is the one of the probable mechanism (mechanism [3]). When PCBM extract Al from itself, 

the area of interface between PCBM and Al decreases. It also leads to decreasing of JSC. Therefore, 

not only the realignment of PCBM but also the blooming of Al by PCBM (mechanism [4]) is also 

the probable mechanism. 

Fig. 2.5. Schematic image of the mechanism for aging effect. 
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Figure 2.6(a) shows the J-V characteristics before (30 min after Al deposition; dashed line) and 

30 min after displacement of N2 (99.998%) gas into the vacuum chamber (solid line) to atmospheric 

pressure. The OPV performance was clearly improved by the introduction of N2 gas. The 

time-dependent changes of each OPV parameter are shown in Fig. 2.6(b). Here, the finished time of 

N2 displacement is redefined as 0 min. Large shifts were observed in all parameters, but such shifts 

became saturated for 30 min after the N2 displacement. VOC changed from 0.45 to 0.52 V and the 

increase of VOC reached 0.10 V in total procedure. JSC and FF also increased from 4.10 to 4.30 

mA/cm
2
 and from 0.45 to 0.46, respectively. The resulting PCE was increased 24% from first 

characterization, as shown in Table 2.1. JSC and FF exhibited different trends under N2 gas 

atmosphere compared with that under vacuum, which implies a different mechanism under each 

condition. UV-vis spectrum and X-ray diffraction analysis were carried out on the device before and 

after Al evaporation. The BP/PCBM films before and after deposition of 10 nm thick Al were 

evaluated. Figure 2.7(a) shows the UV-vis absorption spectra before (blue) and after deposition (red). 

Fig. 2.6. (a) J-V characteristics of the OPV cell under 80mW/cm2 light. (dotted line) 

before (at 30min after Al deposition), (solid line) 30min after the introduction of N2 gas. 

(b) Behavior of photovoltaic parameters, VOC(●), JSC(▲), and FF(■). 
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No specific change was observed. Figure 2.7(b) shows the results of XRD analysis. In vacuum 

deposited film, the (111) plane reflection of Al crystal was observed. However, XRD results also 

indicated that there is no change in structure of thin films. These results indicate that the change of 

J-V characteristics is not due to the effect of the bulk condition but due to interfacial condition. 

 

Fig. 2.7. (a) UV-vis spectra and (b) XRD profiles of p-i-n stacked organic thin films 

before and after deposition of Al. 

-



- 32 - 

 

The results could be explained by formation of AlOX at the organic-inorganic interface. It is assumed 

that the formation of AlOX is caused not by oxygen included in organic layer (internal oxidation), 

but by oxygen from the introduced dry N2 gas (external oxidation), because if the formation of AlOX 

is caused by internal factors, similar shifts (increased JSC and FF) should be observed even under 

vacuum. To ensure the effect of external oxidation on each OPV parameter, the J-V characteristics 

were also investigated after the introduction of an inert gas with different purity (Ar, 98%). Figure 

2.8 shows the time dependent change in VOC after purge of N2 (99.998%) and Ar (98%). 

 

The VOC shift amount was the same as that in N2 procedure, but the speed of shift in VOC was 

dependent on the purity of inert gas. In the case of N2 gas (99.998%), it took 30 min to reach the 

saturated value. On the other hand, it took only 10 min in Ar procedure (98%). Thus, low degree of 

purity accelerated the oxidation of Al. Surprisingly, our results indicated that very slight amount of 

impurities affect the characteristics of OPV cells. The most striking result in this experiment is the 

widely shift in VOC. In general, the interface sensitively affects to the OPV performances. It is 

reported that the insertion of buffer layer acts as dipole-moment (LiF),
8,16)

 exciton blocking layer 

(bathocuproine (BCP),
17)

 lowering of work function (tris(8-hydroxyquinolinato) aluminium 

(Alq3)).
18)

 To clarify the effect of AlOX on VOC, the J-V characteristics were investigated in the dark. 

Fig. 2.8. Time dependent change of VOC after purge of N2 (99.998 %) (●) and Ar (98 %) (▲). 



- 33 - 

 

 Figure 2.9 shows the J-V characteristics measured in the dark before and after introduction of 

dry N2 gas into vacuum chamber. In order to better visualize the changes, the current density is 

displayed with a logarithmic scale. Dry N2 gas causes a lowering of the current density within the 

overall range and the shoulder at low-bias is diminished from 0 to 0.3 V. The J-V characteristics in 

the dark were then analyzed using the Eq. (2.1). It follows that th  e lowering of current density and 

diminishment of the shoulder at low-bias cause decrease of the J0 and nd values, respectively. VOC is 

expressed in the following Eq. (2.6) using J0 and nd.
15) 

 

                                                                        (2.6) 

 

This formula indicates that the widely VOC shift in this experiment was due to lowering of J0 induced 

by high rectification. 

 

To more precisely evaluate the rectification, the series and shunt resistance were also 

investigated. Figure 2.10 shows the time-depoendent change of series and shunt resistance. After N2 

purge, the series resistance increased from 101 to 153 Ω. On the other hand, shunt resistance was 

dramatically increased from 2.7×10
4
 to 19.0×10

4 
Ω, with order of magnitude. It is well known that 

the series resistance decreases the device performance. However this result indicate that the 

Fig. 2.9. J-V characteristics of the device before and after N2 gas purge in the dark. 
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performance can be increase by overwhelming the effect of increase of shunt resistance, resulting in 

high rectification and improvement of PCE. The lowering of the leakage current by the very thin 

insulating layer is the promising way to improve the PCE. 

 

 

Fig. 2.10. Time dependent change of series resistance and shunt resistance.  

N2 gas introduced at 30 min. 
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2.4 Conclusion 

The current-voltage characteristics of BP-PCBM solar cells were measured subsequent to 

deposition of Al as a cathode material. The rapid change in the inner structure of OPV cells was 

revealed as below. 

 

 Even in vacuum, shifts of photovoltaic parameters was observed at 20 min after Al deposition 

(aging effect). 

 

 The displacement of N2 gases (99.998%) in the evaporation chamber enhanced the photovoltaic 

parameters. The power conversion efficiency was increased 24% over the initial characteristics 

(from 1.04% to 1.29%). The reason for this change is not yet fully understood, but it can be well 

explained by the formation of AlOX. 

 

 The widely VOC shift in this experiment was due to lowering of J0 induced by high rectification. 

The lowering of the leakage current by the very thin insulating layer is the promising way to 

improve the PCE. 
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3. Evaluation of Vacuum Deposited Benzoporphycene Thin Film 

as Photoactive Layer 
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3.1 Introduction 

Porphyrinoids such as phthalocyanines and porphyrins have attracted considerable attention as 

active materials for organic electronic devices including organic light emitting diodes, organic 

field-effect transistors and organic solar cells because they possess excellent optical and electrical 

properties.
1–8)

 In particular, porphyrinoids have been widely investigated as the photoactive materials 

for organic photovoltaic (OPV) cells. The first OPV cells were fabricated with porphyrins.
9)

 C. W. 

Tang also used phthalocyanine to construct first pn bilayer devices.
10)

 Recently, Hori et. al have been 

synthesized 1,4,8,11,15,18,22,25-octahexylphthalocyanine  and reported that the OPV cells 

utilizing the phthalocyanine showed 3.1% PCE.
11,12)

 The OPV cells utilizing zinc-phthalocyanine 

and benzoporphyrin (BP) with optimized structure showed 4.08% and 5.20%, respectively.
13, 14)

 Thus, 

porphynoids are a promising material for OPV cells. 

Benzoporphycene (BPc) (Fig. 3.1) is a constitutional isomer of BP with two direct bonds 

between neighboring isoindoles and two ethenyl bridges. Compared with BP, BPc has low symmetry 

and displays broad absorption bands in the visible region, so it is considered suitable for use in OPV 

cells. In this chapter, we investigated the potential of BPc film as photoactive layer by using vacuum 

deposited BPc film. 

 

 

Fig. 3.1. Molecular strucuture of BPc. 
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3.2 Experimental 

The procedure used to synthesize BPc has been reported elsewhere.
15)

 A layer of 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with a thickness of 30 nm 

was deposited by spin-coating at 3000 rpm from an aqueous solution (Baytron P VP AI 4083) on the 

top of a glass substrate patterned with indium tin oxide (ITO) layer. The layer was then annealed at 

135 °C for 10 min. A BPc film was deposited at a rate of 0.03 nm/sec on the ITO/PEDOT:PSS 

substrate. The optical properties of the films were characterized using an ultraviolet-visible (UV-vis) 

absorption spectrometer (JASCO, V-670). Morphologies of films were observed by atomic force 

microscopy (AFM, Seiko Instruments, SPI 3800N). The θ–2θ profiling for BPc powder and the 

films was performed using the RINT 2000 series (Rigaku Co.) and Super Lab (Rigaku Co.), 

respectively. 

Each OPV cell has common structure as follows: ITO/PEDOT:PSS (30 nm)/BPc/PCBM (30 

nm)/LiF (0.5 nm)/Al (60 nm). A PCBM layer (30 nm) was spin-coated from a 1% (w/w) 

PCBM-toluene solution at 1500 rpm onto each former substrate. LiF was vacuum deposited at a rate 

of 0.1 nm/min, and then Al was vacuum-deposited at a rate of 0.1 nm/sec as an opposite electrode. 

The current-voltage (J-V) characteristics of the OPV cells were measured in air under a 100 mW/cm
2
 

light illumination (AM 1.5) at room temperature, without encapsulation of the devices. 

 

3.3 Result and discussion 

UV-vis absorption spectra of vacuum-deposited BPc film are presented in Figure 3.2. The 

absorption spectrum of BPc film exhibited a Soret band around at 450 nm and Q-band between 550 

and 750 nm. BPc had broad absorption band from 360 to 750 nm. Compared with BP,
16)

 BPc 

displayed broad absorption bands in the visible region, so it is considered suitable for use in OPV 

cells. The spectra of PCBM, which are commonly used n-type semiconductor in OPV cells, were 

also shown in Fig. 3.2. PCBM has the absorption peak at 350 nm and fill the gap in the visible 

region. 
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Figures 3.3 (a) ~ (d) depicts the AFM image of BPc films with varying thickness. In each AFM 

images of BPc films, 100-nm-width grains were observed uniformly. In the AFM image of 

40-nm-thick BPc film, the texture of underlying ITO was clearly observed. With increasing of film 

thickness, the texture was disappeared. In the AFM image of 80-nm-thick BPc film, the texture of 

ITO was almost disappeared and fully covered with BPc grains. 

Figure 3.4 shows the XRD pattern of BPc powder and the vacuum-deposited films. The lattice 

constants of the compound are a = 5.536 Å, b = 14.502 Å, c = 14.754 Å, α = 98.633°, β = 91.079°, γ 

= 96.534° (triclinic).
17)

 BPc took herringbone packing in the crystal (Fig. 3.5(a)). From these lattice 

constants and calculated intensity, the diffraction peaks were assigned as shown in Fig 3.4. The XRD 

pattern of the each vacuum deposited BPc film showed diffraction peaks at 2θ = 6.1 and 12.2°, 

which is corresponded to 010 and 020 reflection of BPc crystal. Another reflection of the BPc crystal 

was not observed. This indicates that the a-c plane of the BPc crystal is parallel to the substrate 

surface and BPc molecules take the edge-on orientation (Fig. 3.5(b)).  

Fig. 3.2. UV-vis absorption spectra of BPc (solid), BP(dotted) and PCBM (broken) 

on ITO/PEDOT:PSS substrate. 
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Fig. 3.3. AFM image of the vacuum-deposited BPc film (a) 40 nm (b) 60 nm (c) 80 nm. 
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Fig. 3.4. XRD pattern of BPc powder (a), and BPc films (b) 40 nm (c) 60 nm (d) 80 nm. 

 

Fig. 3.5. (a) Schematic view of BPc crystal. (b) Orientation of BPc crystal 

on ITO/PEDOT:PSS substrate. 
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OPV cells were fabricated using the vacuum deposited BPc thin film as an active layer. J-V 

curves obtained under illumination are presented in Fig. 3.6, and device performances are 

summarized in Table 3.1. Cell utilizing 40-nm-thick BPc film showed low open circuit voltage (VOC) 

due to the thin BPc layer. The photovoltaic parameters are as follows. The VOC, short circuit current 

density (JSC) and fill factor (FF) were 0.39 V, 2.57 mA/cm
2
 and 0.40, respectively, and its resulting 

PCE was 0.40%. The cell utilizing 60-nm, 80-nm, and 100-nm thick BPc films showed same VOC, 

0.52 V. These result indicates that the BPc grains fully cover the PEDOT:PSS substrate by 

deposition of over 60-nm-thick BPc film. The VOC can be estimate from the highest occupied 

molecular orbital (HOMO) level of donor material and lowest unoccupied molecular orbital 

(LUMO) level of acceptor material.
18)

 The HOMO level of BPc was also determined at 5.1 eV by 

PYS measurement. The VOC of the cells utilizing BPc and PCBM (LUMO = 4.2eV
19)

) is expected at 

0.6 V. Therefore, the results of J-V curves and PYS measurement validates each other. As increasing 

of film thickness from 60 nm to 80 nm, the JSC increased. But the cell utilizing 100-nm thick BPc 

showed low JSC, 2.73 mA/cm
2
. The optimized thickness of BPc was 80 nm and its resulting PCE was 

at 0.99%. Though the cells had pn planar structure and fabrication process were carried out in 

Fig. 3.6. J-V curves measured for cells utilizing vacuum deposited BPc films. 
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ambient condition, the PCE reached about 1%. The BPc can be expected as a candidate of 

photoactive layer in OPV cell. 

 

Thickness of 
BPc film 

JSC (mA/cm2) VOC (V) FF (-) Rs (Ω) Rsh (Ω) PCE (%) 

40 nm 2.57 0.39 0.40 20 33 0.40 

60 nm 2.80 0.52 0.43 91 1.0×105	 0.61 

80 nm 4.70 0.52 0.40 98 1.0×105	 0.99 

100 nm 2.73 0.52 0.34 112 4.3×105	 0.48 

Table 3.1. Photovoltaic parameters. 
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3.4 Conclusion 

The morphology and photovoltaic properties of vacuum deposited film were evaluated. The 

findings were as below. 

 

 BPc displayed broad absorption band from 360 nm to 750 nm, so it is considered suitable for 

use in OPV cells. 

 

 Only 010 and 020 reflections were observed in XRD profiles for vacuum deposited BPc film. 

BPc molecules took only edge-on orientation in the vacuum deposited film. 

 

 The HOMO level of BPc was determined at 5.1 eV 

 

 The OPV cell utilizing vacuum deposited BPc film showed nearly 1% PCE. The BPc can be 

expected as a candidate of photoactive layer in OPV cell. 
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4. Fabrication of Phase-separated Benzoporphycene/[6,6]-Phenyl- 

C61-Butyric Acid Methyl Ester Films for Use in Organic 

Photovoltaic Cells 
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4.1 Introduction 

In chapter 3, vacuum deposited benzoporphycene (BPc) thin film was evaluated as a 

photoactive layer. The BPc film showed broad absorption and good photovoltaic properties. 

However, macrocyclic π-conjugated molecules including BPc generally have low solubility in 

common solvents. It makes difficult to adopt to wet processes, facilitate processing and allow 

low-cost fabrication. To overcome this problem, soluble photo- or thermo-convertible precursors 

with bulky substituents have been synthesized.
1-5)

 There have been several reports on the conversion 

behavior of soluble precursors and the electric properties of the organic compounds formed after 

conversion.
6-11)

 Afzali et al.
5)

 reported that OFETs containing pentacene prepared from a 

thermo-convertible precursor show a high field-effect mobility of 0.89 cm
2
 V

-1
 s

-1
. Matsuo et al.

12)
 

fabricated organic photovoltaic (OPV) cells using a benzoporphyrin (BP) precursor that exhibit a 

high power conversion efficiency (PCE) of 5.2%. To use BPc in a wet process, Kuzuhara and 

Yamada in NAIST prepared a thermo-convertible BPc precursor (BPc-pre) with bulky substituents 

as same as benzoporphyrin precursor, as shown in Fig. 4.1.
13)

  

 

In this chapter, the thermal conversion behavior, crystal growth of BPc from the soluble 

precursor in the film and the effect of coexistence with [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) on film morphology were investigated. Moreover, the thickness of BPc films was increased 

by alternating between spin-coating of BPc-pre/PCBM solution and annealing, and then the structure 

of the resulting films was investigated. The BPc films were also evaluated as the photoactive layer in 

Fig. 4.1. Reaction scheme of BPc-pre to BPc. 
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OPV cells. 

 

4.2 Experimental 

4.2.1 Preparation and evaluation of BPc film and BPc/PCBM mixture film 

The procedure used to synthesize BPc-pre has been reported elsewhere.
13)

 Dichloromethane is a 

good solvent for BPc-pre, dissolving in it to give a saturated concentration of 0.15% (w/w). A layer 

of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with a thickness of 30 

nm was deposited by spin-coating from an aqueous solution on the top of a glass substrate patterned 

with indium tin oxide (ITO) layers. The layer was then annealed at 135 °C for 10 min. A BPc-pre 

film was spin-coated on the ITO/PEDOT:PSS substrate using saturated dichloromethane solution. To 

prepare a BPc-pre/PCBM mixed film, PCBM was added to the saturated dichloromethane solution 

of BPc-pre. The molar ratio of BPc-pre to PCBM was fixed at 1:1. Annealing to cause thermal 

conversion was performed at various temperatures under atmospheric conditions. The structural 

change from BPc-pre to BPc was confirmed using infrared (IR) spectroscopy (Jasco, FT/IR-660 

Plus). Thermogravimetric analysis (TGA) was carried out using a thermogravimetric analyzer 

(VAP-9000, Ulvac Riko). The optical properties of the films were characterized using an 

ultraviolet-visible (UV-vis) absorption spectrometer (ALS, SEC-2000). Morphologies of films were 

observed by atomic force microscopy (AFM, Seiko Instruments, SPI 3800N) and field emission 

scanning electron microscopy (FE-SEM, Jeol, JSM-7500F). Electron diffraction patterns of the films 

were recorded at an acceleration voltage of 100 kV by transmission electron microscopy (TEM, 

Hitachi H-7100). 

 

4.2.2 Fabrication and characterization of OPV cells 

In this study, three kinds of OPV cells were fabricated. Cell (I)–(III) had the following common 

structure: ITO/PEDOT:PSS (30 nm)/ [BPc/PCBM mixed layer] /PCBM (30 nm)/LiF (0.5 nm)/Al (60 

nm). The BPc/PCBM mixed layer of cell (I) was fabricated by spin-coating a BPc-pre/PCBM mixed 

solution onto an ITO/PEDOT:PSS substrate and then heating it at 200 °C for 10 min. The 
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photoactive layer of cell (II) was fabricated by alternating between spin-coating and heating at 

200 °C for 10 min for five cycles. For the photoactive layer of cell (III), the same method as that to 

prepare cell (II) was used, except that annealing was performed at 250 °C for 1 min. A PCBM layer 

(30 nm) was fabricated in each cell by spin-coating from a toluene solution. LiF (0.5 nm) and 

aluminum (60 nm) were deposited as a cathode at a base pressure of 5×10
-4

 Pa with deposition rates 

of 0.01 nm/min and 0.1 nm/sec, respectively. The light flux was set AM 1.5 sunlight illumination, 

produced with a filtered Xe-lamp in a solar simulator. The measurements in this chapter were carried 

out in air at room temperature, without encapsulation of the devices. 

 

4.3 Result and discussion 

Figure 4.2 shows the TG analysis curve for BPc-pre powder obtained at a heating rate of 10 °C / 

min in a nitrogen atmosphere. When BPc-pre powder was annealed, a weight loss was observed over 

the temperature range from 125 to 210 °C. Total weight loss was 18.8%, which was consistent with 

the loss of four ethylene groups by retro-Diels-Alder reaction at the four bicyclo moieties. The color 

of BPc-pre powder changed from light blue to light green by annealing. 

Figure 4.3 shows the IR spectra of an as-spun BPc-pre film and that of a BPc-pre film annealed 

at 200 °C for 10 min. Both spectra showed bands at around 1023, 1080, 1339, 1532, 1558, 1607 cm
-1

 

that are derived from the vibration modes of δ C-H (alkene), ν C-N (pyrrole), ν C-N (pyrrole), ν C=C 

(pyrrole), ν C=C (pyrrole) and ν C=C (alkene), respectively. These are the distinguishing bands of 

porphycene rings. After annealing, absorption bands at 722, 1463, 2865 and 2937 cm
-1

 disappeared, 

and now ones appeared at 734, 888, 1446 and 1602 cm
-1

. The former bands are assigned as δs C -H, 

δas C-H, νs C-H and νas C-H of an alkane, respectively, while the latter are the vibration modes of δ 

C-H, δ C-H, ν C=C and ν C=C of benzene rings, respectively. These changes indicate that the 

bicyclo structure on the outer side of the porphycene ring converts into a benzene ring, so BPc-pre is 

converted into BPc by annealing. 
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Fig. 4.3. IR spectrum of (a) as-spun BPc-pre film and (b) BPc-pre film 

after annealing at 200 °C for 10 min. 

Fig. 4.2. TG analysis curve of BPc-pre. 

(a) BPc-pre 

(b) BPc 
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UV-vis absorption spectra of a BPc-pre film before and after annealing at 200 °C for 10 min, 

together with that of a 35-nm-thick BPc film that was vacuum-deposited on an ITO/PEDOT:PSS 

substrate are presented in Fig. 4.4. The absorption spectrum of the as-spun BPc-pre film exhibited a 

Soret band around at 390 nm and Q-band between 550 and 700 nm. After annealing, the Soret band 

exhibited a red shift to 450 nm, and the Q-band extended to 750 nm. The positions of the absorption 

peaks of the converted film agreed well with those of the vacuum-deposited film. From the results of 

TGA, IR and UV-vis measurements, we concluded that the retro-Diels-Alder reaction of BPc-pre 

was completed by annealing at 200 °C for 10 min. 

 

Figure 4.5(a) and (b) depict AFM images of the as-spun BPc-pre film and the same film after 

annealing at 200 °C for 10 min (i.e., a BPc film), respectively. The as-spun BPc-pre film was 

composed of a 20-nm-thick smooth layer. In contrast, discrete particles with a height of over 100 nm 

were observed after annealing. When the BPc-pre film was converted, a continuous BPc layer was 

Fig. 4.4. UV-vis absorption spectrum of as-spun BPc-pre film, BPc-pre film 

after annealing at 200 °C for 10 min, and vacuum-deposited BPc film. 
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not obtained even when annealing conditions such as temperature (170–250 °C) and interval were 

varied. An AFM image of a BPc/PCBM film converted at 200 °C for 10 min is illustrated in Fig.  

4.6(a). The BPc/PCBM film was a continuous layer with a smooth surface (RMS roughness ~1.8 

nm). After conversion, the surface roughness of the film improved considerably compared with that 

of the BPc-only film. A high resolution electron diffraction (HRED) pattern of the BPc/PCBM film 

obtained over an area with a diameter of 150 m showed the superposition of patterns from both a 

BPc crystal (triclinic, a = 5.536 Å, b = 14.502 Å, c = 14.754 Å, α = 98.633°, β = 91.079°, γ = 

96.534°)
14)

 and a PCBM crystal (monoclinic, a = 10.274 Å, b = 19.101 Å, c = 19.342 Å, β = 

91.616°)
15)

, as shown in Fig. 4.6(c). The diffraction pattern of BPc coincided to the pattern projected 

along the b*-axis of a BPc crystal. BPc crystals oriented uniaxially to the substrate surface but with 

random in-plane. Conversely, the diffraction spots from PCBM were indexed as 210, 012, and 021 

reflections. The orientation of PCBM crystals was random. To clarify the film structure, a 

dichloromethane solution was spin-coated on the BPc/PCBM film, repeatedly. After rinsing, discrete 

laminar crystals that were <1 μm wide and 20 nm high were clearly observed, as illustrated in Fig. 

4.6(b). An HRED pattern of the film after rinsing showed only the diffraction rings from a BPc 

Fig. 4.5. AFM image of (a) as-spun BPc-pre film, (b) BPc-pre film 

after annealing for 10 min (i.e., BPc film). (scale bar: 1 μm). 
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Fig. 4.6. AFM image and HRED pattern of BPc/PCBM film converted at 200 °C 

for 10 min [(a), (b)], and those of a BPc/PCBM film rinsed with dichloromethane 

[(c), (d)] (scale bar: 1 μm). 
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crystal  (Fig. 4.6(d)). Although PCBM crystals were dissolved by rinsing with dicholormethane, the 

BPc crystals remained tightly adsorbed onto the substrate surface. BPc molecules crystallized on the 

substrate surface and grew two-dimensionally because of strong molecular cohesion with edge-on 

orientation, resulting in the formation of laminar crystals of BPc. It appears that PCBM in the film 

acts as a matrix during the crystallization of BPc. In examining the effect of the matrix, 

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) was blended with 

BPc-pre as a polymer matrix instead of PCBM. Figure 4.7 shows the optical micrograph of 

BPc-pre/MEH-PPV film after annealing under the same conditions. BPc crystallized discretely to 

form grains over 100 nm in height, which were quite similar to those formed from the BPc-pre film, 

although MEH-PPV remained amorphous. Therefore, we concluded that PCBM crystals formed by 

annealing suppress surface diffusion and the subsequent aggregation of BPc, resulting in the 

formation of a smooth and phase-separated BPc/PCBM film (Fig. 4.8). 

 

When a BPc-pre/PCBM mixed solution was over-coated on a BPc-pre/PCBM film, the initial 

BPc-pre/PCBM film dissolved and a fresh film of same thickness formed. As a result, film stacking 

by multi spin-coating steps was difficult. Thicker films could be formed by alternating between 

Fig. 4.7. Optical micrograph of BPc/MEH-PPV film converted at 200 °C for 10 min. 
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Fig. 4.9. UV-vis absorption spectra of multi-stacked BPc/PCBM films. The 

inset shows the dependence of absorbance at 660 nm on the number of 

alternating spin-coating/annealing cycles. 

 

Fig. 4.8. Schematic image of the BPc/PCBM film. 
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spin-coating BPc-pre/PCBM solution and annealing. UV-vis absorption spectra of multi-stacked 

BPc/PCBM films are presented in Fig. 4.9. In the wavelength region below 550 nm, the absorbance 

of a single layer of BPc/PCBM was larger than that of a BPc film converted from BPc-pre alone (Fig. 

4.4) because its absorption overlapped with that of PCBM.
16)

 In contrast, in the wavelength region 

from 550 to 800 nm, the absorbance of a single layer of BPc/PCBM was almost comparable to that 

of a BPc film converted from BPc-pre alone. The absorbance at 660 nm increased proportionally 

with the number of spin-coating and subsequent annealing cycles, as shown in the inset of Fig. 4.9. 

This indicates that each layer was almost the same thickness, and that BPc in the underlying layer 

was not dissolved. 

Figure 4.10(a) shows an FE-SEM image of a BPc/PCBM film with five layers. The film surface 

before rinsing was very smooth and similar to that of the single-layer BPc/PCBM film shown in Fig. 

4.6(c). After rinsing, many tabular BPc grains about 1 μm wide and several micrometers long were 

observed (Fig. 4.10(b)). Careful observation of individual grains revealed that the long axis of the 

crystal in the upper layer was aligned parallel to that of the crystal in the lower layer, as indicated by 

arrows. A selected area electron diffraction (SAED) pattern of the tabular crystal indicated by the 

circle corresponds to a single net pattern projected along the b*-axis of a BPc crystal (Fig. 4.10(c)). 

This indicates that BPc converted from BPc-pre crystallized homoepitaxially on the underlying BPc 

crystals in each deposition process, as shown in Fig. 4.10(d). A cross-sectional image of the 

BPc/PCBM film with five layers after rinsing is depicted in Fig. 4.11. A BPc layer with a thickness 

of 20 nm was clearly observed. The highest grain had a height of about 100 nm, which is good 

agreement with five times the height of a single layer of BPc grains. The cross-sectional SEM image 

confirms that the thickness of BPc can be increased by repeated spin-coating/annealing cycles. 

The homoepitaxial crystallization of BPc can be explained as follows. BPc-pre was thermally 

converted to BPc in the BPc-pre/PCBM blend film, and BPc and PCBM crystallized individually to 

form a phase-separated structure. When a BPc-pre/PCBM mixed layer was spin-coated on top of a 

phase-separated BPc/PCBM film, PCBM crystals were partially dissolved by dichloromethane, but 

BPc crystals were not. As a result, as amorphous layer of BPc-pre/PCBM formed on the 

discontinuous crystalline BPc film. Upon annealing, BPc-pre was converted to BPc, which then 
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crystallized. The BPc crystals in the underlying layer act as seed crystals. In contrast, a BPc-pre film 

formed by one spin-coating step was very thin, with the same thickness as the first BPc/PCBM layer. 

Fig. 4.10. Topological SEM image of a BPc/PCBM film containing five layers prepared at 

200 °C: (a) as-prepared, and (b) after rinsing. (c) SAED pattern of the area indicated by a circle, 

and (d) schematic representations of the homoepitaxial growth of BPc (scale bar: 1 μm). 

Fig. 4.11. Cross-sectional SEM image of a BPc/PCBM film with five layers after rinsing. 
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Therefore, deposited BPc cannot fully cover the underlying BPc crystals. Repetition of the above 

process forms BPc grains of varying height from 20 to 100 nm, producing a phase-separated, 

single-crystalline BPc nanostructured thin film.  

OPV cells were fabricated using the phase-separated BPc/PCBM thin film as an active layer. 

J-V curves obtained in the dark and under illumination are presented in Fig. 4.12(a) and (b), 

respectively and device performances are summarized in Table 4.1. Cell (I) showed low rectification 

in the dark and slight photoconversion under illumination. The open circuit voltage (VOC), short 

circuit current density (JSC) and fill factor (FF) of cell (I) were 0.03 V, 0.88 mA/cm
2
 and 0.25, 

respectively, and its resulting PCE was 6.6×10
-3

%. The photoactive layer of cell (I) was composed of 

discrete 20-nm-high BPc grains and a 30-nm-thick PCBM film. The thin photoactive layer caused 

the low rectification and poor photoconversion of this cell. 

The film stacking by repetition of spin-coating and annealing at 200 °C increased VOC from 0.03 

to 0.08 V and JSC from 0.88 to 1.22 mA/cm
2
. Although the active layer of cell (II) was five times 

thicker than that of cell (I), cell (II) also showed poor rectification in the dark and low VOC, with 

almost the same characteristics as those of cell (I). In contrast, the active layer prepared at 250 °C 

(cell (III)) exhibited significantly improved rectification and cell performance. The J-V curve 

Fig. 4.12. J-V curves measured for cells (I)–(III) (a) in the dark, and (b) under illumination. 
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measured in the dark for cell (III) exhibited good diode behavior, and it achieved VOC, JSC and FF of 

0.36 V, 1.14 mA/cm
2
 and 0.40, respectively. These parameters yielded a PCE for cell (III) of 0.16%. 

 

The photovoltaic properties of these cells heavily depended on thermal conversion conditions. 

The BPc/PCBM film prepared at higher temperature (250 °C) above the conversion temperature of 

BPc-pre showed good photovoltaic performance. However, annealing for 10 min at this temperature, 

which is same period of the annealing condition at 200 °C, caused surface roughening with the 

coagulation and crystallization of PCBM. However, using a short annealing time prevented surface 

roughening. Figure 4.13(a) shows an FE-SEM image of a film that was annealed at 250 °C for 1 min 

and subsequently rinsed. Small grains of BPc 200 ~ 500 nm in size were observed. The grain size 

was about one-sixth that of BPc crystals annealed at 200 °C. Although the grain size depended on 

Device configuration	 JSC (mA/cm2)	 VOC (V)	 FF (-)	 η (%)	

Cell	 (I)	 BPc:PCBM (1:1) 200 °C 10 min	 0.88	 0.03	 0.25	 6.6×10-3	

Cell	 (II)	 5-layered BPc:PCBM (1:1) 200 °C 10 min	 1.20	 0.08	 0.25	 2.4×10-2	

Cell	 (III)	 5-layered BPc:PCBM (1:1) 250 °C 1 min	 1.14	 0.36	 0.40	 0.16	

Table 4.1. Photovoltaic parameters of cell (I)–(III). 

 

Fig. 4.13. (a) Topological SEM image of a BPc/PCBM film with five layers prepared at 

250 °C after rinsing, and (b) the film formation mechanism (scale bar: 1 μm). 
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annealing conditions, the SAED pattern of each grain showed a similar single net pattern projected 

along the b*-axis of the BPc crystal, so BPc molecules adopt an edge-on orientation regardless of 

annealing conditions. Annealing for 1 min was sufficient for conversion of BPc-pre to BPc but 

inhibited crystal growth because there was less time for migration of converted BPc molecules. 

Therefore, a fine phase-separated, single-crystalline BPc film formed, as illustrated schematically in 

Fig. 4.13(b). The miniaturization of grains increased the coverage of BPc on the PEDOT:PSS 

substrate and reduced the contact area between the PEDOT:PSS anode and PCBM, which is an 

n-type semiconductor. This decreased the leakage current and improved the PCE of cell (III) 

compared with those of cell (I) and (II).  
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4.4 Conclusion 

We investigated the thermal conversion behavior of BPc-pre and film structure of BPc and 

BPc/PCBM. The resulting film was evaluated as photoactive layer. The findings were as below. 

 

 BPc-pre had a high cohesive property. A continuous BPc layer was not obtained even when 

annealing conditions such as temperature (170–250 °C) and interval were varied. 

 

 PCBM crystals dramatically inhibited the aggregation of BPc-pre and BPc, resulting in a 

phase-separated structure with a flat surface. 

 

 The crystals of BPc converted from BPc-pre oriented uniaxially to the substrate surface with 

edge-on orientation but with random in-plane. 

 

 BPc converted from BPc-pre crystallized homoepitaxially on the underlying BPc crystals in 

each deposition process, alternating between spin-coating BPc-pre/PCBM solution and 

annealing. 

 

 High temperature annealing (i.e., 250 °C) reduced the size of BPc crystals and the contact area 

between PEDOT:PSS and PCBM. The decreasing the contact caused the leakage current to 

decrease and PCE to increase. Resulting PCE was 0.16 %. 
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5. Dimethyl Fused Benzoporphycene Precursor 

and Its Application to Organic Photovoltaic Cells 
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5.1 Introduction 

The conversion behavior and film formation of a BPc precursor (BPc-pre-1) has been 

investigated in chapter 4. However BPc-pre-1 poorly dissolved in organic solvents. The thickness of 

BPc-pre-1 film fabricated by spin-coating was only 20 nm, not sufficient for application to a 

photoactive layer of organic photovoltaic (OPV) cells. 

In this chapter, dimethyl fused benzporphycene precursor (BPc-pre-2) (shown in Fig. 5.1) was 

synthesized and used. It can be expected that the more bulky substituent enable to dissolve 

BPc-pre-2 well
1, 2)

 and reduces the intermolecular aggregation in the film. OPV cells utilizing BPc, 

which was converted from BPc-pre-2 as a p-type semiconductor and [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) as an n-type semiconductor was fabricated. The correlation between 

crystalinity and OPV performance was investigated. 

 

 

5.2 Experimental 

BPc-pre-2 powder and the data of 
1
H nuclear magnetic resonance (NMR) spectrum of BPc-pre-2 

were supplied by Dr. Kuzuhara and Prof. Yamada in NAIST. Dichloromethane proved a good solvent 

for BPc-pre-1 and BPc-pre-2, and gave a saturated concentration of 0.15% and 0.7% (w/w), 

respectively. BPc-pre-1 film was spin-coated on indium tin oxide (ITO)/ 

poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) substrates by spin-coating 

Fig. 5.1. Reaction scheme from BPc-pre-1 and 2 to BPc. 
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of saturated BPc-pre-1 dichloromethane solution at 1500 rpm, and BPc-pre-2 film was formed from 

0.6% dichloromethane solution. Annealing for thermal conversion was carried out at various 

temperatures under atmospheric conditions. The optical properties of the films were characterized 

using an ultraviolet–visible (UV-vis) absorption spectrometer (ALS SEC-2000). The structural 

change from BPc-pre to BPc was examined using Fourier-transform infrared (FT-IR) spectroscopy 

(Jasco, FT/IR-660 Plus). Thermogravimetric analysis (TGA) was carried out using a VAP-9000 

(Ulvac Riko). Film morphologies were observed by polarized optical microscope (POM, Olympus 

BX51), atomic force microscopy (AFM, Seiko Instruments, SPI 3800N), field-emission scanning 

electron microscopy (FE-SEM, Jeol, JSM-7500F), and transmission electron microscopy (TEM, 

Hitachi, H-7100). Electron diffraction patterns of the films were recorded at an acceleration voltage 

of 100 kV by TEM. 

Hole-only devices were fabricated with PEDOT:PSS and Au electrodes as the anodes and 

cathodes to measure space charge limited current (SCLC) and calculate the hole mobilities.
3-5)

 Au 

electrode was deposited on the prepared ITO/PEDOT:PSS/BPc. The electrical characteristics were 

measured using Keithley 4200 source/measure units in the dark. 

In this study, pn planar junction OPV cells were fabricated. Each cell has common structure as 

follows: ITO/PEDOT:PSS (30 nm)/BPc (50 nm)/PCBM (30 nm)/LiF (0.5 nm)/Al (60 nm). The BPc 

layer was fabricated by spin-coating a 0.15% of BPc-pre-1 or 0.6% of BPc-pre-2 solution onto a 

ITO/PEDOT:PSS substrate and subsequently heating at several temperature and intervals. A PCBM 

layer (30 nm) was spin-coated from a toluene solution onto each cell. LiF and Al were then 

vacuum-deposited as an opposite electrode. The current-voltage (J-V) characteristics of the OPV 

cells were measured in air under a 100 mW/cm
2
 light illumination (AM 1.5) at room temperature, 

without encapsulation of the devices. 

 

5.3 Results and Discussion 

First, re-crystallized and dried BPc-pre-2 powder was analyzed by using 
1
H NMR spectroscopy. 

1
H NMR spectrum showed a singlet at 7.32 ppm from chloroform, used in re-crystallization process. 

The other signals were assigned with BPc-pre-2.
 
ppm 9.79 (4H, meso), 7.25–7.14 (8H, olefin), 5.93 
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(4H, bridge head), 5.00-4.97 (4H, bridgehead), 2.05-2.00 (4H, bridge), 1.73-1.69 (4H, bridge), 

1.52-1.50 (12H, methyl), 0.69 (2H, NH), 0.65-0.58 (methyl). The ratio of amount of BPc molecule 

and chloroform in dried powder was calculated at about 1:1 from the signals at 7.32 and 7.25–7.14 

ppm (Fig. 5.2). When BPc-pre-2 powder was heated, weight loss was observed over the temperature 

range from 150 to 210 °C (Fig. 5.3). The total weight loss was about 37.0%, which was consistent 

with the loss of four isobutene groups and chloroform molecule. The results of NMR spectrum and 

the TG analysis for BPc-pre-2 validate each other. These results indicate that chloroform molecules 

co-crystalize with BPc-pre-2. Though the size of leaving group and packing structure were different 

between BPc-pre-2 and BPc-pre-1, the weight loss of BPc-pre-2 was observed over almost same 

temperature range of BPc-pre-1, from 125 to 210 °C. 

 

Fig. 5.2. NMR spectrum of BPc-pre-2 powder in CDCl3. 
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Figure 5.4 shows the IR spectra of the as-spun BPc-pre-1 and 2 film, and that of the BPc-pre-2 

film annealed at 200 °C for 10 min. As-spun BPc-pre-2 film had bands at 1382 and 1450 cm
-1

, which 

derives from methyl rock and C-H scissoring vibration modes in CH3. The other absorption bands of 

the as-spun BPc-pre-2 film almost corresponded with that of the BPc-pre-1 one. The spectrum of 

BPc-pre-2 and annealed film showed the common bands at around 1023, 1080, 1339, 1532, 1558, 

and 1607 cm
-1

, which derives from vibration modes in porphycene rings. After annealing, weak 

absorption bands at 1382 and 1450 cm
-1

 and medium absorption bands at 722, 1463, 2865, 2937 and 

2954 cm
-1

 were disappeared. As former shown, the former absorption bands derive from methyl rock 

and C-H scissoring vibration modes in CH3. The latter bands derive from the vibration modes of C-H 

bonds in alkane. On the other hand, absorption bands at 734, 812, 888, 1446 and 1602 cm
-1

 were 

appeared after annealing, which derives from the vibration modes in benzene rings. These results 

indicate that the dimethyl fused bicyclo structure at outer side of porphycene ring converts into 

benzene ring. 

Fig. 5.3. Thermogravimetric curve for BPc-pre-1 and BPc-pre-2. 
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The color of BPc-pre-2 thin film changed from blue to green by annealing. Figure 5.5 shows the 

time-dependent UV-vis absorption spectra of BPc-pre-2 film during the annealing process at 200 °C, 

and the UV-vis absorption spectra of the BPc-pre-1 film before and after annealing at 200 °C for 10 

min. The absorption spectrum of the as-spun BPc-pre-2 film exhibited a Soret band at around 390 

nm and a Q-band in the wavelength region between 550 and 700 nm. The positions of absorbance 

peaks of BPc-pre-2 were completely coincident with that of BPc-pre-1. With increased annealing 

time, the Soret band was redshifted to 450 nm, and the Q band extended to 750 nm. The spectral 

shape of BPc film converted from BPc-pre-2 was also corresponded with that converted from 

BPc-pre-1. The differences between the precursors were not observed except for the absorbance, 

which derives from the film thickness. The thickness for BPc-pre-1 and 2 was 20 nm and 80 nm, 

respectively. The conversion time depended on the annealing temperature. As increasing of 

annealing temperature, the reaction rate was increased. In this chapter, the annealing time for device 

fabrication was set at twice the time for conversion, summarized in Table 5.1. 

Fig. 5.4. IR spectra of BPc-pre-1, BPc-pre-2, and annealed BPc-pre-2 film. 
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As-spun BPc-pre-2 film was composed of a smooth layer (root-mean-square (RMS) roughness ≈ 

0.2 nm; see Fig. 5.6 (a)). The high resolution electron diffraction (HRED) pattern of the as-spun film 

showed a halo pattern (see Fig. 5.6 (b)), indicating that the BPc-pre-2 film was amorphous. Figure 

5.6 (c) shows the AFM image of the BPc-pre-2 film after annealing at 200 °C for 10 min (i.e., BPc 

film). On the contrary of BPc-pre-1, the BPc film converted from BPc-pre-2 was composed of 

smooth layer. Though there were many small spots that seems to be generated by desorption of 

leaving groups, the surface roughness was drastically improved. The selected area electron 

diffraction (SAED) pattern obtained from a circle with a diameter of 1 μm showed the pattern 

projected along the b*-axis of the BPc crystal (triclinic, a = 5.536 Å, b = 14.502 Å, c = 14.754 Å, α 

Fig. 5.5. Time-dependent UV-vis absorption spectra of BPc-pre-2 during annealing at 

200 °C, and UV-vis absorption spectra of BPc-pre-1 film before and after annealing at 

200 °C for 10 min. 

Table 5.1. The time for conversion of BPc-pre-2. 
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= 98.633°, β = 91.079°, and γ = 96.534°) (Fig. 5.6 (d)).
 6)

 This indicates that the (010) plane of the 

BPc crystal is parallel to the substrate surface and BPc molecules take the edge-on orientation as 

same as that of the BPc film converted from BPc-pre-1. In the case of BPc-pre-1, the precursor 

aggregates and then converts into BPc, resulting in discontinuous BPc film shown in chapter 4. On 

the other hand, bulky substituent of BPc-pre-2 reduces the intermolecular aggregation in the film. 

BPc-pre-2 converts into BPc before aggregation, and BPc subsequently crystalizes, resulting in flat 

and continuous BPc film. 

 

Figure 5.7 shows XRD patterns of BPc film prepared at several temperature from 150 to 250 °C. 

BPc film converted at 200 °C clearly showed diffraction peaks at 6.1° and 12.2°, which derives from 

Fig. 5.6. AFM image and SAED pattern of as-spun BPc-pre-2 film (a)(b), and 

that of BPc-pre-2 film annealed at 200 °C for 10 min (c)(d). Scale bar: 1μm 
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(010) and (020) reflections, which is consistent with SAED pattern shown in Fig. 5.6. As decreasing 

annealing temperature, the crystalinity was also decreased. In particular, BPc film prepared at 150 °C 

showed the diffraction peak from not only (010) plane but also (001) plane at around 5.9°. 

 

Figure 5.8 shows the AFM images of BPc film converted from BPc-pre-2 at below 200 °C. BPc 

film converted at 170 °C also had smooth surface (Fig. 5.8 (a)). On the other hand, some aggregates 

were observed in BPc film prepared at 150 °C indicated by arrow (Fig. 5.8 (b)). As decreasing the 

annealing temperature, it takes long time to convert into BPc. Though BPc-pre-2 has low cohesive 

property, BPc-pre-2 even aggregates and then converts into BPc. Therefore, BPc converted from 

precursor at 150 °C includes the aggregates. The crystalinity of BPc converted from precursor at 

150 °C is not so high, resulting in random orientation of BPc crystals. 

In annealing at 250 °C, the orientational domain size was dramatically increased (Fig. 5.9 (a)). 

The most common size of the orientaional domain was about 450 μm
2
, which was calculated from 

POM image. The edges of domains in POM image were also observed in AFM images (Fig. 5.9 (b)). 

In the zoomed AFM image of the domain (Fig. 5.9 (c)), a lot of tiny cracks were observed but the 

depth of the observed cracks was about 1 ~ 2 nm. Moreover, the cracks were not observed in the 

Fig. 5.7. XRD patterns of BPc films prepared at several temperature. 
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cross-sectional FE-SEM image of BPc film (not shown). Therefore, the cracks are surface structure. 

Fig. 5.9 (d) shows the superposition of TEM image and the SAED pattern of BPc film prepared at 

250 °C. TEM image showed a single net pattern projected along the b*-axis of the BPc crystal. The 

angle between the direction of the cracks and the a*-axis was ±37°; the cracks were parallel to the 

(207) and (20-7) planes of BPc crystals. In real lattice, the (207) and (20-7) planes are parallel to the 

herringbone packed molecular plane of BPc (Fig. 5.9(e)). BPc crystals are easy to cleave at the 

molecular planes in order to relax the strain associate with crystallization, resulting in formation of 

the “herringbone” surface texture. 

The height scale in AFM image of each BPc film converted from precursor at between 150 °C 

and 250 °C was within 10 nm. Therefore we concluded that each BPc film converted from BPc-pre-2 

have smooth surface enough to treat as planar OPV cells. Moreover, BPc in each film took edge-on 

orientation. These results indicate that the crystalinity is variable by annealing temperature without 

roughening of the film and changing the orientation of BPc crystal. It enables to evaluate direct 

correlation between crystalinity and device performance. 

 

  
Fig. 5.8. AFM images of BPc films prepared at (a) 170 °C and (b) 150 °C. 
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Fig. 5.9. (a) Optical micrograph, (b) 30 μm×30 μm sized and (c) 5 μm×5 μm sized AFM 

images of BPc film prepared at 250 °C. (d) The superposition of TEM image and SAED 

pattern. (e) Schematic structure of BPc crystal. 
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Figure 5.10 shows the J–V curves of OPV cells utilizing BPc film converted from BPc-pre-1 

and BPc-pre-2. The cell fabricated from BPc-pre-1 showed slight photoconversion under 

illumination. The photoactive layer of cell utilizing BPc-pre-1 was composed of discrete 

100-nm-height BPc grains and 30-nm-thick PCBM film. The thin photoactive layer caused the low 

rectification and deteriorated photoconversion. The film prepared from BPc-pre-2 drastically 

improved rectification and cell performance. This indicated that the good pn junction formed in the 

cells. The photovoltaic parameters, such as the short circuit current density (JSC), open circuit voltage 

(VOC), fill factor (FF), power conversion efficiency (PCE) are summarized in Table 5.2. The 

performance of the photovoltaic cells was found to depend greatly on the annealing temperature. At 

150 °C annealing temperature, a power conversion efficiency of 0.61% was obtained. When the 

annealing temperature was increased to 170 °C and 200 °C, the PCE increased to 1.19% and 1.29%, 

respectively. The more improvement of device performance was achieved at 250 °C, in which VOC = 

0.47, JSC = 5.35, FF = 0.59, and the resulting PCE was 1.49%. 

 

Fig. 5.10. J-V curves of OPV cells utilizing BPc converted from 

precursors under illumination. 
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PCE was mainly increased by improvement of JSC, therefore, the charge transport properties of 

the device were additionally investigated. The hole mobilities (μh) of the BPc thin films were 

investigated using SCLC measurements with hole-only devices. Figure 5.11 shows the dark currents 

of ITO/PEDOT:PSS/BPc/Au devices with the corrected bias, which was determined as the difference 

between the work function of PEDOT:PSS and the HOMO level of BPc. SCLC behavior can be 

characterized by the Mott–Gurney square law (Equation(5.1)), 

 

                                                                        (5.1) 

 

 

                                                                        (5.2) 

 

where ε is the static dielectric constant of the medium, i.e., the organic layer, ε0 is vacuum 

permittivity, ε’ is the relative dielectric constant and μ is the charge carrier mobility.
7)

 The relative 

dielectric constant was assumed at 3.0. The μh was calculated from the currents in the square law 

region, which was also summarized in Table 5.2. The film prepared at 150 °C showed the lowest 

mobility, 1.56×10
-3

 cm
2
 V

-1
 s

-1
. The μh of the BPc film gradually increases as the increasing of 

annealing temperature. The μh of the BPc film prepared at 250 °C reached at 1.29×10
-2

 cm
2
 V

-1
 s

-1
, 

which is about 10 times of that prepared at 150 °C. The dependence of mobility on annealing 

temperature is caused by the increasing the crystalinity, as supported by XRD analysis. The 

increasing of crystalinity enables to pass the carrier effectively, resulting in enhancing the mobility.  

 

Table 5.2. Photovoltaic parameters and the hole mobilities. 
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Fig. 5.11. I-V curves for hole-only devices. 

Fig. 5.12. The plot of short circuit current density vs hole mobility. 
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Figure 5.12�shows a comparison of the JSC and the�μh of BPc film obtained by SCLC 

measurements. We found that, in the region below 0.01 cm
2
 V

-1
 s

-1
, the JSC has a good linear 

relationship with the μh, but JSC rather saturates over 0.01 cm
2
 V

-1
 s

-1
. The maximum JSC in this 

BPc/PCBM cell was roughly calculated as around 7.5 mA/cm
2
 from the absorbance of the film and 

solar spectrum. As increasing of the μh, the value will approach to the line of 7.5 mA/cm
2
. The 

orientaional control of BPc crystal will leads to further improvement of carrier mobility, eventually 

PCE. 
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5.4 Conclusion 

In this chapter, dimethyl fused thermo-convertible BPc precursor was evaluated as an active 

material for OPV cells. The correlation between crystalinity of BPc and OPV performance was 

investigated. The findings were as below. 

 

 The novel design of precursor enables to not only dissolve the precursor well into solvent, but 

also prevent the cohesion of precursor. The BPc converted from BPc-pre-2 had smooth 

roughness (RMS= ~ 0.2 nm) in each annealing condition (from 150 °C to 250 °C) 

 

 BPc crystals are easy to cleave at the molecular planes in order to relax the strain associate with 

crystallization, resulting in formation of the “herringbone” surface texture in BPc film prepared 

at 250 °C. 

 

 As increasing of annealing temperature, the BPc was highly crystalized without roughening the 

film surface and changing molecular orientation (edge-on), and the hole mobility was enhanced 

from 1.56×10
-3

 to 1.29×10
-3

 cm
2
 V

-1
 s

-1
. Moreover, the PCE of OPV cells fabricated from 

BPc-pre-2 was also enhanced from 0.61 % to 1.49 %. The direct correlation between hole 

mobility and PCE was experimentally demonstrated. 
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6. Fabrication and Semiconducting Properties of 

Monodisperse n-Type Phthalocyanine Nanograss 
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6.1 Introduction 

The texture of the interface between p-type and n-type semiconductors is an important 

parameter that determines the performance of organic photovoltaic (OPV) cells. The diffusion 

length of photogenerated excitons in organic materials is typically in the order of 10 nm.
1-4)

 

Therefore, to maximize the dissociation of excitons and charge collection, control of the p-n 

junction nanostructure is a crucial factor.
5, 6)

 In chapter 4, thin film of benzoporphycene (BPc) was 

controlled by phase-separation of BPc and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). 

However the diameter of BPc grain was sub-micrometer and the shape was tabular, not sufficient 

small to dissociate charge carriers effectively. The tabular benzoporphycene crystals are due to its 

crystal orientation. π-Stacking direction was parallel to the substrate, and BPc crystals grow 

preferentially to in-plane. The orientation control is an important factor to fabricate vertically long 

grains. 

On the other hand, the fabrication of semiconducting nanorods has been widely investigated
7-9)

 

to increase the interface between pn interface, and drastically improvement in power conversion 

efficiency (PCE) was demonstrated. However, n-type organic semiconducting nanorods have not 

been reported to date. 

In previous studies, metal-2,3,9,10,16,17,23,24-octacyanophthalocyanine (MPc(CN)8) (M = 2K, 

Cu, Fe, Co, Ni, Zn) molecules were synthesized on metal and/or alkali halide substrates by 

chemical vapor deposition (CVD) of tetracyanobenzene (TCNB).
10-13)

 MPc(CN)8 molecules are 

formed on the metal substrate by the tetramerization of vaporized TCNB molecules.
10)

 MPc(CN)8 

molecules form MPc(CN)8–M complexes and stack face-to-face with π-to-π distances of 

approximately 0.34 nm along the long axis of the crystals, thereby forming upright-standing, 

micrometer-sized, needle-like crystals.
10)

 This structure has potential for efficient charge 

dissociation and collection at the electrode. Cyclic voltammetry measurements of MPc(CN)8 and 

MPc(CN)8–M complexes have been performed by Louati et. al 
14)

 and Takeshita et. al
 15)

, 

respectively. The redox properties of MPc(CN)8 and its complexes shift toward the anodic direction 

compared with that of unsubstituted phthalocyanine, which indicates that MPc(CN)8 is a good 

electron-accepting material. 
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In this chapter, a K2Pc(CN)8–K film was prepared on a single KCl crystal in an attempt to 

fabricate monodisperse K2Pc(CN)8–K nanograss. The semiconducting characteristics of the 

K2Pc(CN)8–K nanograss, such as the field effect and photovoltaic properties, were investigated. 

 

6.2 Experimental 

6.2.1 Preparation of K2Pc(CN)8–K nanograss on KCl 

A K2Pc(CN)8–K film was prepared from TCNB (Tokyo Kasei Inc., no further purification) and 

KCl. Single-crystal KCl specimens were purchased from Okenshoji Co., Ltd and cleaved in air. 

TCNB and KCl were placed into a 10 mm diameter Pyrex test tube with TCNB at the end of the 

tube and the 100 mm
2
 KCl crystal held at a distance of 50 mm from the TCNB. After evacuating 

and purging with argon gas three times, the tube was melt-sealed at 10 Pa. Each sealed tube was 

approximately 100 mm long. The sealed tube was heated at a prescribed temperature and time in a 

hot air oven. The substrates covered with a K2Pc(CN)8–K film were then cleaved to half their 

original thickness. 

 

6.2.2. Characterization of K2Pc(CN)8–K nanograss on KCl 

The films deposited on KCl crystals were examined using UV-vis absorption spectroscopy 

(Jasco V-670). The surface morphology was investigated using field emission-scanning electron 

microscopy (FE-SEM; Jeol JSM-7500M). Films for high-resolution transmission electron 

microscopy (HRTEM; Jeol JEM-200CX) were separated from the KCl substrates by contact with a 

water surface, and then mounted on a microgrid. Photoemission yield spectroscopy (PYS; Bunkou 

Keiki BIP-KV201) was performed on a thin film of K2Pc(CN)8–K to determine the highest 

occupied molecular orbital (HOMO) level. The sample for PYS was prepared by mounting a 

K2Pc(CN)8–K film on indium tin oxide (ITO)-coated glass. The lowest unoccupied molecular 

orbital (LUMO) level was estimated from the HOMO levels and the band gaps determined from 

the spectral edge of the UV-vis absorption spectrum. 

A K2Pc(CN)8–K field-effect-transistor (FET) was fabricated as follows. Source and drain 
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electrodes were formed on top of an n-type Si wafer with a thermally grown oxide (ca. 300 nm 

thick) by photolithography (lift-off) of Au (100 nm)/Cr (5 nm). The channel length and width were 

50 μm and 5 mm, respectively. A K2Pc(CN)8–K film floated on water was then mounted on the 

substrate and heated at 60 °C for 10 min under dry N2 gas flow. The FET properties were measured 

with a semiconductor parameter analyzer (Keithley 4200). Two photovoltaic devices (Fig. 6.1), 

ITO/(poly(3-hexylthiophene-2,5-diyl) (P3HT; Aldrich):K2Pc(CN)8–K)/LiF/Al (device A) and 

ITO/P3HT/nanograss K2Pc(CN)8–K/LiF/Al (device B), were also fabricated using P3HT and 

K2Pc(CN)8–K as the p-type and n-type semiconductors, respectively. The active layer in device A 

was fabricated as follows. K2Pc(CN)8–K formed on the KCl substrate was dispersed in water and 

subsequently centrifuged. After washing with water and acetone several times, the K2Pc(CN)8–K 

powder was dried at 135 °C for 3 h. The K2Pc(CN)8–K powder was then dissolved in a chloroform 

solution containing 12 mg/mL P3HT, (1:1 weight ratio). The K2Pc(CN)8–K/P3HT film was 

spin-coated from a chloroform solution onto an ITO substrate at 1500 rpm and then heated at 

135 °C for 20 min. For device B, the K2Pc(CN)8–K film was fabricated on the substrate at 330 °C 

for 24 h with 0.5 mg of TCNB. The length of the nanograss was estimated to be ca. 300 nm from 

FE-SEM measurements. The P3HT film was then spin-coated from a chloroform solution (12 

mg/mL) onto the K2Pc(CN)8–K /KCl substrate. In this case, the P3HT film acts not only as a 

p-type semiconductor, but also as a reinforcement layer. The P3HT/K2Pc(CN)8–K film was then 

separated from the KCl substrate on a water surface. The floated film was transferred onto an ITO 

substrate by horizontal lifting transfer, and subsequently dried at room temperature for 1 h 

followed by heating at 135 °C for 20 min. A LiF (0.5 nm)/Al (60 nm) bilayer as a cathode 

electrode was vacuum-deposited on each substrate under a vacuum of 5×10
-4

 Pa. The J-V 

characteristics of the as-prepared photovoltaic cell were measured using a Keithley 2400 

sourcemeter in air with 100 mW/cm
2
 light illumination (AM1.5). 
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6.3 Results and discussion 

6.3.1 Morphological control of K2Pc(CN)8–K nanograss 

We have determined that it is possible to limit the growth of the films by adjustment of the 

amount of TCNB feed. Figure 6.2 shows UV-vis absorption spectra of several K2Pc(CN)8–K films 

prepared with different amounts of TCNB, and that of a vacuum-deposited CuPc film as a 

reference. The amount of TCNB was varied from 1.0 to 0.1 mg under a fixed heating temperature 

of 300 °C. The absorbance of the film was proportional to the amount of TCNB. FE-SEM images 

of the films prepared with various amounts of TCNB are shown in Figs. 6.3(a)–(d). As with the 

UV-vis absorption spectra (Fig. 6.2), the length of the nanograss was approximately proportional to 

the amount of TCNB used. Therefore, it is possible to fabricate nanograss with a controlled length 

by simply adjusting the amount of TCNB addition. 

Fig. 6.1. Schematic diagrams of device structures: (A) ITO/(P3HT:K2Pc(CN)8–

K)/LiF/Al and (B) ITO/P3HT/nanograss K2Pc(CN)8–K/LiF/Al. 
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Figure 6.4 shows histograms of the length of rods consisting of nanograss obtained from 

FE-SEM images of K2Pc(CN)8–K films prepared at various temperatures. The nanograss formed at 

240 °C for 24 h was relatively short, which indicates that these conditions are not sufficient for 

reaction with the TCNB. In contrast, the nanograss heated at over 270 °C for 24 h had an average 

length of approximately 200 ~ 300 nm, which indicates that heat treatment at 270 °C for 24 h is 

Fig. 6.2. UV-vis spectra of K2Pc(CN)8–K films prepared with various amounts of  

TCNB and CuPc film. 

Fig. 6.3. Cross-sectional FE-SEM images of K2Pc(CN)8–K films prepared with 

various amounts of TCNB: (a) 1.0, (b) 0.7, (c) 0.4, and (d) 0.1 mg.  
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Fig. 6A. Length distribution of rods consisting ofnanograss and cross-sectional FE-SEM images ofK2Pc(CN)8-K films 

fabricated with 0.5 mg TCNB at (a) 240, (b) 270, (c) 300, and (d) 330°C for 24 h. The insets in the FE-SEM images show 

the interface between the nanograss and the substrate. 
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sufficient to induce reaction with the TCNB. The heating temperature also affected the film 

morphology. The length of rods consisting of nanograss formed at 270 °C had a wide distribution. 

A high heating temperature was effective (e.g., 330 °C) for the fabrication of nanograss with a 

uniform length that is vertically aligned on the substrate. As the nanograss became monodisperse, 

the diameter of the individual rods also approached a saturation value (60 nm). It should be noted 

that the gaps between the rods were occupied by K2Pc(CN)8–K grains, except for the film formed 

at 240 °C; see insets in the FE-SEM images of Fig. 6.4. 

The synthesis method used allows the simultaneous formation of molecules and the film of 

nanograss. Therefore, an understanding of the reaction scheme is important for elucidating the 

mechanism of film formation. Scheme 6.1 shows that K2Pc(CN)8 molecules are formed by the 

tetramerization of TCNB with potassium in KCl.
11)

 The amount of K2Pc(CN)8 produced is 

determined by the amount of metal and TCNB, assuming that the reaction temperature and time 

are sufficient to induce reaction. In the present experiments investigating the control of the 

K2Pc(CN)8–K nanograss length, sufficient metal was provided for the reaction, because the 

substrate material is single KCl crystal. Therefore, the amount of TCNB supplied determined the 

amount of K2Pc(CN)8 produced. 

   

 

 

 

Figure 6.5 shows a box plot of the nanograss length and the absorbance at 660 nm, as a 

function of the amount of TCNB. In addition to the nanograss length, the absorbance of the films 

Scheme 6.1. Reaction scheme for the synthesis of K2Pc(CN)8. 
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increased linearly with the amount of TCNB supplied. This consistency between the nanograss 

length and absorbance indicates that TCNB reacts with metal at the top of the nanograss, and the 

nanograss grows sequentially. The sequential growth is attributed to the unique reaction and the 

crystal structure of the nanograss. 

  

Figure 6.6(a) shows a HRTEM micrograph of disk-like crystallites formed at the initial stage 

of reaction that create a grid pattern with a spacing of 1.56 nm, which coincides with the a and b 

lattice constants of tetragonal cells. These results demonstrate that the crystals have their c axis 

perpendicular to the KCl(100) surface. In this conformation, K2Pc(CN)8 molecules are stacked in a 

staggered arrangement within the crystal (Fig. 6.6(b)).
10)

 In the crystals of the K2Pc(CN)8–K 

complex, the phthalocyanine molecules are stacked and the central metal atoms are overlapped 

(Fig. 6.6(c)), where the overlap acts as the metal distribution channel.
13)

 TCNB reacts with the 

metal at the top of the nanograss, resulting in growth of the nanograss. 

 

Fig. 6.5. Nanograss length as a function of the amount of TCNB, 

and the absorbance at 660 nm. 
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UV-vis absorption spectroscopy also provides relevant information regarding the packing 

structure in the films. Many of the phthalocyanine molecules take herringbone-packing structures 

in the crystal and exhibit large splitting of the Q-band (Davydov splitting). CuPc forms an α-phase 

in the thin films and exhibits Davydov splitting. However, the K2Pc(CN)8–K films did not show 

Q-band splitting, because the relative position of the molecules causes alignment of the transition 

dipoles parallel to each other. The absorption spectra of the K2Pc(CN)8–K films had similar 

profiles, regardless of the nanograss length, which confirms that the nanograss is entirely 

composed of crystals of the K2Pc(CN)8–K complex, i.e., from the bottom to the top of the 

Fig. 6.6. (a) HRTEM image of K2Pc(CN)8–K at the initial growth phase showing many 

domains with a grating-like structure. (b) Schematic image of a K2Pc(CN)8–K complex crystal. 

(c) Schematic diagram showing the growth of the K2Pc(CN)8–K complex crystals. 
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nanograss. These results also indicate that nanograss growth occurs sequentially in the vertical 

direction. The heating temperature was found to determine the uniformity of the nanograss. 

Scheme 6.1 shows that the production of K2Pc(CN)8 is determined by the addition of TCNB and 

metal. The diffusion of metal in the nanograss is the most important factor that determines the 

uniformity of the nanograss length. The area where the central metals overlap in the K2Pc(CN)8–K 

crystals acts as a metal distribution channel. The distribution of the rod lengths directly reflects the 

number of defects in this metal distribution channel. This result can be explained by the increase in 

the diffusion rate due to annealing at high temperature, which minimizes the contribution of 

defects, so that uniform growth of the nanograss is achieved. 

  

The mechanism for the formation of K2Pc(CN)8 grains in the gaps between the rods was 

investigated using HRTEM. In the case of very thin films, a region with many defects existed 

between the disk-like domains (Fig. 6.7). This indicates that if K2Pc(CN)8–K domains with 

different epitaxial orientations collide, in-plane coalescence arises with defects, which would result 

in an area with multiple defects. It is considered that the metal atoms, which act as nuclei for the 

tetramerization of TCNB, are transferred through the phthalocyanine ring channel. This channel is 

Fig. 6.7. HRTEM image of K2Pc(CN)8–K at the initial growth phase with emphasis 

on the gaps between the disk-like crystallites. The arrows indicate the gaps. 
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solidly formed in the ordered structure consisting of K2Pc(CN)8–K complex structures, which 

results in faster rate of formation of phthalocyanine molecules. In contrast, the growth rate in the 

disordered regions is slow and grains with relatively small size grow in these gaps. 

  

6.3.2 Semiconducting properties of K2Pc(CN)8–K films 

PYS measurements were performed on thin K2Pc(CN)8–K films to determine the HOMO level 

of K2Pc(CN)8–K. The results indicate that K2Pc(CN)8–K has a HOMO level of 5.80 eV, and has a 

relatively larger ionization potential than an unsubstituted phthalocyanine such as CuPc. The 

ionization potential is strongly dependent on the substituents in the benzene ring. Thus, the 

electron withdrawing effect of the CN-group stabilizes π conjugation. A LUMO level of 4.30 eV 

for K2Pc(CN)8–K was determined from the absorption edge, indicating a relatively narrow band 

gap (1.50 eV).  

Figure 6.8 shows the drain-source current-voltage characteristics of K2Pc(CN)8–K films at 

different gate voltages. The positive values of both the drain and gate voltages indicate that 

K2Pc(CN)8–K is an electron-transporting (n-type) material. However, the water-flow transferred 

film has a non-negligible effect of trapped water.
16)

 The measurement method also has a problem 

with the contact between the K2Pc(CN)8–K film and SiO2 surface, which leads to a significantly 

distorted Id–Vd profile and prevents observation of the Id versus Vg
2
 relation in the transfer 

characteristics and accurate calculation of the electron mobility. Evaluation of the field effect 

behavior of MPc(CN)8 films has been previously attempted using vacuum deposition and 

spin-coating techniques.
17)

 However, these characteristics were not observed due to decomposition 

caused by heating. In the presently used CVD method, synthesis and film formation can be 

performed at the same time, which allows for the formation of MPc(CN)8 films without 

decomposition, and as such, measurement of their FET characteristics. The channel of a FET is 

formed at the interface between the semiconducting film and the insulating layer; therefore, 

conduction cannot be achieved by only the nanograss structures. This supports our finding that the 

gaps between the rods were occupied by small K2Pc(CN)8–K grains. 
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Fig. 6.8. Drain-source current-voltage characteristics of a FET consisting of 

K2Pc(CN)8–K films measured at various gate voltages. 

Fig. 6.9. J–V characteristics of bulk-heterojunction cells (device A (▲)) and a 

P3HT/nanograss K2Pc(CN)8–K device (device B (●)). Solid line: under 

illumination; dotted line: dark conditions. 
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Figure 6.9 shows J–V curves for devices A and B, obtained under both illumination and dark 

conditions. Each device showed good rectification in the dark and photovoltaic effects under 

illumination. The open circuit voltage (VOC), short circuit current density (JSC), fill factor (FF), and 

PCE of device A were 0.62 V, 8.0 µA/cm
2
, 0. 20, and 1.1×10

-3
%, respectively. In the case of device 

B, these parameters were 0.85 V, 24.4 µA/cm
2
, 0.23, and 4.7×10

-3 
%, respectively. The LUMO 

level of K2Pc(CN)8–K was determined to be 4.3 eV in this work. The HOMO level of P3HT has 

been widely investigated and determined to be 5.0-5.2 eV.
18, 19)

 According to semiconductor 

physics, VOC is proportional to the difference between the HOMO level of the donor material and 

the LUMO level of the acceptor compound.
20)

 VOC for the P3HT/K2Pc(CN)8–K OPV device was 

calculated to be approximately 0.7-0.9 V, which validates both the PYS and J-V measurements. 

The PCE of device B was approximately four times better than that of device A as a result of the 

increased parameters (JSC in particular). The enhanced JSC was attributed to the efficient 

dissociation and collection of photogenerated hole-electron pairs at the interface between the 

K2Pc(CN)8–K nanograss and P3HT. The efficient charge collection structure also slightly improved 

the FF. The formation and alignment of the nanograss on the substrate was an important factor for 

improvement of the PCE. 

However, the JSC and FF were still low, due to the high series resistance of the device.
21-23)

 

The series resistance of OPV cells containing K2Pc(CN)8–K nanograss was estimated to be 

approximately 3000 Ω/cm
2
. The high series resistance results from two non-optimal points. One is 

the setting of the film thickness to 300 nm for device fabrication. The length of nanograss used as a 

photoactive layer in OPV cells should be between 100 and 200 nm; therefore, to fabricate 

nanograss of this length, the amount of TCNB feed should be set to 0.1–0.3 mg (Fig. 6.7). 

However, a film thickness of over 300 nm was required to fabricate a self-supporting film on water 

with sufficient mechanical strength to withstand breaking. Another point is that annealing and 

solvent annealing processes were not employed for penetration of P3HT between the rods.
24)

 When 

used, these processes caused shrinking of the films, so that the J-V characteristics could not be 

measured. These points can be overcome by the appropriate selection of an electrode material for 

inverted cells and direct fabrication of the nanograss on the device substrate. Even though the 
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fabrication process is primitive, these preliminary results are encouraging and demonstrate the 

advantages of this approach for the fabrication of efficient OPVs. 
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6.4 Conclusion 

Growth of vertical n-type phthalocyanine nanograss was achieved using the CVD method with 

TCNB. The nanograss was characterized as n-type semiconducting layer in OPV cells. The 

findings were as below. 

 

 The process was controlled to achieve monodisperse nanograss with individual rod diameters 

of 60 nm and lengths of 250 nm. 

 

 The gaps between the rods were fully covered with K2Pc(CN)8–K complex grains. The film 

continuity at the interface between the substrate and the nanograss layer allowed measurement 

of the FET characteristics of the material. The K2Pc(CN)8–K complex film exhibited n-type 

conduction characteristics on the FET. 

 

 The energy of the HOMO level of K2Pc(CN)8–K was determined to be 5.8 eV. 

 

 Organic photovoltaic cells containing K2Pc(CN)8–K as an n-type semiconductor were also 

fabricated, and the PCE of a cell containing vertical-aligned-nanograss was approximately 

four times larger than that of a nanograss dispersed bulk-heterojunction-type cell. 
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This thesis offers two unique methods to fabricate the films of novel porphyrinoids, precursor 

method and CVD method. Fabrication and utilizing these films in OPV cells leads to a contribution to 

the understanding of the photophysical and charge transporting processes for photovoltaic applications. 

Using high-performance p-i-n stacked OPV cell and constructing measurement system enables to 

evaluate the photovoltaic parameters of the devices immediately after Al deposition, and also revealed 

the phenomena at hetero-interfaces. 

There are a number of conclusions that can be drawn from the work in this thesis as follows. 

In chapter 2, the current-voltage characteristics of BP-PCBM solar cells were measured 

subsequent to deposition of Al as a cathode material until the time when the device is exposed to N2 

gas at atmospheric pressure. Even in vacuum, shifts of photovoltaic parameters was observed at 20 

min after Al deposition (aging effect). The displacement of N2 gases in the evaporation chamber 

enhanced the photovoltaic parameters, in particular VOC. The PCE was increased 24% over the initial 

characteristics. The change of photovoltaic parameters can be well explained by the formation of AlOX. 

Future work should be focused upon the development of air-stable cathode with very-thin and uniform 

insulating layer at the semiconductor-electrode interface for durable and high performance OPV cells. 

In chapter 3, the morphology, optical and photovoltaic properties of vacuum deposited BPc film 

were reported. BPc took edge-on orientation in the vacuum deposited BPc film. The BPc film showed 

broad absorption in visible region, and the HOMO level of BPc was also determined at 5.1 eV. The 

OPV cell utilizing vacuum deposited BPc film showed nearly 1% PCE; BPc is a promising candidate 

for photoactive material for OPV cell. 

In chapter 4, the thermal conversion behavior of a BPc-pre and the film formation of BPc in the 

presence of PCBM were reported. The BPc films were composed of discrete particles over 100 nm in 

height due to aggregation of BPc-pre. On the other hand, during heat conversion process of 

BPc-pre/PCBM mixture film, both BPc and PCBM crystallized independently and PCBM crystals 

dramatically inhibited the aggregation of BPc, resulting in a phase-separated structure. Repeated 

spin-coating of BPc-pre and PCBM in dichloromethane solution and subsequent annealing allowed 

the thickness of BPc films to be increased. BPc crystallized homoepitaxially on the underlying 

crystalline BPc layer after each deposition step. The thermal conversion conditions affected the size 
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of BPc crystals and the photovoltaic properties of the corresponding cell. An organic photovoltaic 

cell containing a repeatedly-stacked BPc film prepared at 250 °C showed good rectification and a 

PCE of 0.16%. The correlation between the coverage of p-type semiconducting layer and 

photovoltaic properties was revealed. 

In chapter 5, dimethyl-fused benzporphycene precursor (BPc-pre-2) was synthesized and used. 

The novel design of precursor enables to not only dissolve the precursor well into solvent, but also 

prevent the cohesion of precursor. The crystalinity is variable by annealing temperature without 

roughening of the film and changing the orientation of BPc crystals (edge-on). As increasing of 

annealing temperature, the BPc was highly crystalized, and the hole mobility was enhanced from 1.56

×10
-3

 to 1.29×10
-3

 cm
2
 V

-1
 s

-1
. Moreover, the PCE of OPV cells fabricated from BPc-pre-2 was also 

enhanced from 0.61% to 1.49% and exceeded that of OPV cells composed of vacuum-deposited film. 

The direct correlation between hole mobility and PCE was experimentally demonstrated. 

In chapter 6, formation of K2Pc(CN)8–K complex crystal was controlled to uniform nanograss 

with individual rod diameters of 60 nm and lengths of 250 nm. This is the first report on the 

fabrication of n-type semiconducting nanograss. The amount of TCNB simply determined the length 

of rods. The reaction temperature was found to determine the length distribution of the rods consisting 

of nanograss. The energy of the HOMO of K2Pc(CN)8–K was determined to be 5.8 eV. The PCE of a 

cell containing vertical-aligned-nanograss was approximately four times larger than that of a 

nanograss dispersed bulk-heterojunction-type cell. The formation and alignment of the nanograss on 

the substrate were important factors for the improvement of the PCE. 

In conclusion, precursor and CVD methods are promising route for fabricating the thin film of 

novel porphyrinoids, having good semiconducting properties. However, BPc mainly took edge-on 

orientation, which is not favorable orientation for OPV cells. For controlling molecules to face-on 

orientation and fabricating high performance OPV cells, further investigation of materials should also 

be carried out. Fabrication method of K2Pc(CN)8-K complex nanograss is also still primitive. In the 

future, the film should be directly constructed on the target substrate. The design of apparatus for film 

formation, which enables to control of the pressure and convection in the reactor etc., will open the 

door to more precise control of film structure and further improvement of semiconducting properties. 
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