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ABSTRACT 
 

Organic solar cells (OSCs) referred to as third-generation solar photovoltaics, after 

crystalline silicon and thin-film solar technologies. There are two categories of OSCs: 

large molecules (polymer-based) and small molecules (oligomer-based).  Herein, however 

only small molecules are used due to its lower cost compared to polymeric materials. 

Nickel (II) phthalocyanine tetrasulfonic acid tetrasodium salt (NiTsPc) and tris(8-

hydroxyquinolinato) aluminium (Alq3) are utilized as donor layer and acceptor layer, 

respectively.  The main focus of this study is to modify the donor layer via a solvent 

treatment in order to enhance the ability of the charge carrier transport at the 

donor/acceptor interface hence leading to the improvement in the OSC performance.  

Initially, NiTsPc thin films are deposited on the cleaned glass substrate using spin-coating 

technique at constant rotation speed to produce 120nm film. Surface modification was 

done by immersing the NiTsPc films in the selected low solubility solvents of chloroform 

and toluene.  Morphology of the solvent treated NiTsPc films has shown some different 

features compared to the untreated film, as viewed by Atomic Force Microscopy (AFM) 

images. The treated film forms a smaller granular structure as a result of the etching 

process by the solvent.   Prior to the next stage of solvent treatment, the NiTsPc films are 

thermally treated at 140°C.  Formation of nano fibers can be clearly observed in the Field 

Effect Scanning Electron Microscopy (FESEM) images, as a result of thermal treatment.  

Then the influence of immersion time at 0, 40, 80 and 120 minutes on the nanofibers 

diameter size was examined by observing the FESEM images, for the NiTsPc films being 

soaked in the selected solvent.  The number of small nanofibers increases upon immersing 

the NiTsPc films, compared to the untreated film.  Further measurement via absorption 

spectroscopy has shown NiTsPc films possess two distinct regions in the B-band and the 

Q-band.  There is an increase approximately 30% in light absorption intensity upon the 

immersion time of 60 minutes, compared to the untreated film. Furthermore, the optical 
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energy gaps in these B and Q bands are calculated using a Tauc plot, to be in the range of 

2.70 to 2.85 eV and 1.43 to 1.50 eV, respectively.  The drop of 5% in the fundamental 

energy gap has been obtained for the film being treated 60 minutes in chloroform.  The 

drop in the NiTsPc energy gap can be explained in terms of defects formation (density of 

states of energy level) upon solvent treatment. The presence of these defects is further 

supported by the results obtained from the Raman spectra.  The intensity ratio between the 

D and G peak (ID/IG) in the Raman spectra is deviated from unity, indicating the defects 

formation in NiTsPc molecule due to the solvent treatment.  In the final part of this study, 

the acceptor layer of Alq3 is brought into contact with the treated NiTsPc donor layer, 

which then sandwiched between two electrodes of indium tin oxide (ITO) and aluminium.  

The current density-voltage (J-V) curves present that the double value of short-circuit-

current density, Jsc has been obtained in the device consists of treated NiTsPc.  This result 

confirms the enhanced charge carrier transport at donor/acceptor interface which agrees 

with PL quenching phenomena.  Therefore, the performance of OSC can be improved to 

some extent via thin film surface modification by soaking in a suitable solvent at an 

optimum time.  
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ABSTRAK 
 
 

Sel suria organik (OSC) yang disebut sebagai fotovoltaik solar generasi ketiga, selepas 

silikon kristal dan teknologi solar filem nipis. Terdapat dua kategori OSC: molekul besar 

(berasaskan polimer) dan molekul kecil (berdasarkan oligomer). Di sini, hanya molekul 

kecil digunakan kerana kosnya yang lebih rendah berbanding dengan bahan polimer.Nikel 

(II) phthalocyanine tetrasulfonic asid tetrasodium garam (NiTsPc) dan tris (8-

hydroxyquinolinato) aluminium (Alq3) digunakan sebagai lapisan penderma dan lapisan 

penerima.  Fokus utama kajian ini adalah untuk mengubah suai lapisan penderma melalui 

rawatan pelarut dalam usaha untuk meningkatkan keupayaan pengangkutan pembawa caj 

di antara muka penderma/penerima lalu membawa kepada peningkatan dalam prestasi 

OSC.  Pada mulanya, filem nipis NiTsPc didepositkan pada substrat kaca dibersihkan 

menggunakan teknik salutan putaran pada kelajuan putaran yang malar untuk 

menghasilkan filem 120nm.  Pengubahsuaian permukaan telah dilakukan dengan 

merendam filem NiTsPc dalam perlarut yang mempunyai keterlarutan rendah iaitu 

klorofom dan toluena.Morfologi filem NiTsPc yang dirawat pelarut telah menunjukkan 

beberapa ciri-ciri yang berbeza berbanding dengan filem yang tidak dirawat, seperti yang 

dilihat oleh imej Mikroskop Daya Atom (AFM).  Filem yang dirawat membentuk struktur 

berbutir kecil sebagai hasil daripada proses punaran oleh pelarut.  Sebelum ke peringkat 

seterusnya untuk rawatan pelarut, filem NiTsPc dirawat dengan haba pada suhu 140 ° C.  

Pembentukan gentian nano boleh jelas diperhatikan dalam Mikroskopi Elektron Daya 

Imbasan (FESEM), sebagai hasil rawatan haba. Kemudian, pengaruh masa rendaman pada 

0, 40, 80 dan 120 minit pada saiz diameter nanofibers diperiksa dengan memerhatikan imej 

FESEM, untuk filem NiTsPc yang direndam di dalam pelarut dipilih.  Bilangan nanofibers 

kecil meningkat apabila filem NiTsPc yang direndam, berbanding dengan filem yang tidak 

dirawat.  Pengukuran lanjut melalui spektroskopi penyerapan telah menunjukkan filem-

filem NiTsPc mempunyai dua kawasan yang berbeza dalam B-band dan Q-band.  Terdapat 
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peningkatan kira-kira 30% dalam keamatan penyerapan cahaya apabila masa rendaman 60 

minit, berbanding dengan filem yang tidak dirawat.  Tambahan pula, jurang tenaga optik di 

B dan Q band dikira menggunakan plot Tauc, berada dalam julat 2.70-2.85 eV dan 1.43-

1.50 eV, masing-masing.  Penurunan sebanyak 5% dalam jurang tenaga asas telah 

diperolehi untuk filem itu sedang dirawat 60 minit dalam kloroform.Penurunan dalam 

jurang tenaga NiTsPc boleh dijelaskan dari segi pembentukan kecacatan (ketumpatan 

negeri tahap tenaga) akibat rawatan pelarut.  Kehadiran kecacatan ini turut disokong oleh 

keputusan yang diperolehi daripada spektra Raman.  Nisbah keamatan antara puncak D 

dan G (ID/IG) dalam spektra Raman menyisih daripada nilai satu, menunjukkan 

pembentukan kecacatan dalam molekul NiTsPc disebabkan rawatan pelarut.  Dalam 

bahagian akhir kajian ini ini, lapisan penerima Alq3 dibawa ke dalam hubungan dengan 

lapisan penderma yang dirawat NiTsPc, yang kemudian diapit di antara dua elektrod 

indium timah oksida (ITO) dan aluminium. Graf ketumpatan arus-voltan (J-V) 

menunjukkan bahawa nilai kepadatan litar pintas semasa, JSC sebanyak dua kali ganda 

telah diperolehi dalam peranti terdiri daripada NiTsPc yang dirawat. Keputusan ini 

mengesahkan pembawa caj pengangkutan dipertingkatkan pada antara muka 

penderma/penerima yang mana bersetuju dengan fenomena pelindap kejutan PL. Oleh itu, 

prestasi OSC boleh diperbaiki sedikit melalui pengubahsuaian permukaan filem nipis 

dengan rendaman dalam pelarut yang sesuai pada masa yang optimum. 
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CHAPTER 1 
INTRODUCTION 

 

1.1 PROJECT BACKGROUND AND HISTORY OF SOLAR CELLS 

The world today is highly dependent on energy from the earth's resources. The study to 

find new sources of energy as the early precaution setup to replace existing energy is 

developing. Natural resources such as petroleum are expected to decrease in the 10 to 20 

years due to high consumption of energy nowadays. Organic solar cells are a promising 

alternative way for the energy production.   

Research in solar energy started in 1954 at Bell Laboratory, with the discovery of 

silicon based inorganic solar cells (Spanggaard et al., 2004). After a few years of research, 

the efficiency of the photovoltaic cells rise to 24% from initially 6% (Martin A. Green et 

al., 2003).  After that period, intensive research on inorganic solar cells was made.  

Inorganic solar cell really promises a great efficiency nevertheless a huge drawback comes 

from its high production cost. Therefore, there is a need to find other alternatives to reduce 

the production cost of solar cells, and organic-based devices turn out to be one of the best 

solutions to solve such problem.  

At the initial period of research activities on organic-based solar cells, small organic 

compounds which also known as oligomers were used as an active layer such as 

anthracene.  This anthracene was the first oligomer, used active layer in solar device by 

Alfredo Pochettino and Max Volmer in the early of the 20th century (Spanggaard et al., 

2004).  Besides, chlorophyll and organic dyes were also used to be incorporated into 

organic solar cells (Spanggaard et al., 2004).  In 1986, Ching W. Tang discovered a high 

molecular weight material known as conjugated polymer, which can behave as a semi-

conducting material (Tang, 1986). He found this conjugated polymer can conduct 

electricity and produced a photovoltaic effect. 
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Extension of the work was made by Niyazi Serdar Saricifti (Sariciftci et al., 1993).  He 

fabricated the first polymer/fullerene based solar cells in 1993 and known as the best 

organic photovoltaic device until the polymer/polymer based solar cells were introduced 

by Yu and Hall in 1995 (Frederik C, 2009; Spanggaard et al., 2004).  After that, there were 

intensive research studies have been performed on the modification of material structures, 

improvement of device architectures, surface modifications and fabrication processes.  

Despite of all the efforts throughout these years, the device efficiency only about 6% 

was reported in 2009 (Chen et al., 2009; S. H. Park et al., 2009).  Recently, efficiency of 

10.6 % recorded by You et al. using device with tandem structure. The history of the 

development of organic solar cells is summarized in Table 1.1.  In addition, Figure 1.0 

shows the development of photovoltaic technologies provided by National Renewable 

Energy Laboratory (NREL), United States of America. 

 

Table 1.1: The development of organic solar cells as reported by researchers. 

Year Achievement Reference 

1839 Discovery of photovoltaic effect by Becquerel. (Martin A, 
2002) 

1873 Photoconductivity in selenium observed by Willoughby 
Smith. (Smith, 1873) 

1906 Photoconductivity in anthracene by Alfedro Pochettino 
was observed.  

(Spanggaard et 
al., 2004) 

1950s Investigation of organic dye, chlorophyll and related 
compounds in photovoltaic devices. 

(Spanggaard et 
al., 2004) 

1958 Kearns and Calvin et al. successfully measured open 
circuit voltage of 200mV in their MgPc based device. 

(Kearns et al., 
1958) 

1986 
Bilayer heterojunction organic photovoltaic cell invented 
by Ching W. Tang with power conversion efficiency of 
1%. 

(Tang, 1986) 
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Year Achievement Reference 

1991 
Power conversion efficiency reached 0.7% when 
Hiramoto and his co-researchers fabricated the first 
dye/dye based device. 

(Hiramoto et al., 
1991) 

1997 Polymer/perylene based solar cells yield power conversion 
efficiency of  1% discovered by Yu and Hall. 

(Spanggaard et 
al., 2004) 

2005 Tandem arrangement of photovoltaic device was reported 
by Kuwat Triyana and researchers with 1.38% efficiency. 

(Triyana et al., 
2005) 

2009 

Kwanghee Lee and Alan J. Heeger et al. reported 
fullerence based organic solar cell, with power conversion 
efficiency of 6.1% and near 100% internal quantum 
efficiency. 

(S. H. Park et 
al., 2009) 

2012 Highest power conversion efficiency so far at 10.6% for 
device with tandem structure, reported by You et al. 

(You et al., 
2013) 

 

 

 

Figure 1.1: The development of photovoltaic technologies provided by National 
Renewable Energy Laboratory (NREL), United States of America. 
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1.2 MOTIVATION  

 Research on organic semiconductor materials for solar cells application becomes 

one of the hot topics around the world.  At early stage of research, organic solar cells 

utilizing small compounds (oligomers), the deposition process of the active layer was done 

by a dry processing method of thermal evaporation technique.  However, this evaporation 

method is an intricate, a lot of material being wasted and high cost production which is 

contrary to the objective of introducing organic solar cells for cost effective.  Therefore, a 

wet processing method of spin-coating is applied to replace the conventional dry 

processing technique. This spin-coating method can provide a simpler way to deposit the 

active layer, small material consumption as well as cheaper end-product (Kodigala, 2010). 

 Among many organic semiconductor small compound materials, phthalocyanine is 

one of the materials that being extensively investigated since it is known to have the 

promising properties to be used in optoelectronics device.  Phthalocyanine has high 

symmetry, planarity, physical properties and good electron delocalization (Günes et al., 

2007).  It has a good chemical stability and excellent film growth.  Most of phthalocyanine 

acts as hole conducting material that exhibit an intense absorption in the both ultraviolet 

and visible region (Aziz et al., 2012).  

 In this work, metal-phthalocyanine is used as one of the thin films in the active 

layer of organic solar cell.  In general, the conventional evaporation method is employed to 

deposit metal-phthalocyanine films due to constrain of material insolubility in any organic 

solvent.  A lot of studies were reported by chemists by modifying the material molecular 

structure, in order to produce soluble phthalocyanine (Liu et al., 2001; Ribeiro et al., 2006; 

Šebera et al., 2009).  Besides, very few reports can be found on the utilization of soluble 

phthalocyanine in the fabrication of organic solar cells (Chunder et al., 2010; Schumann et 

al., 2011). Some examples of soluble phthalocyanines in organic solar cells will be 

discussed in Chapter 2. 
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 Solvent treatment is a common way to modify the surface of the organic thin film. 

Previous work reported that the modification of surface resulting a better charge carrier on 

transport behaviour (Schmidt-Mende et al., 2001).  Besides, the surface of polymer thin 

film was modified via a so-called “slow-solvent-vapor treatment” to enhance the 

performance of the organic solar device (Y. Zhao et al., 2007), in which the film was 

exposed to the chosen concentrated solvent vapor in a covered container.  However, in this 

work, the investigation is performed on the physical properties of a soluble phthalocyanine 

thin film by immersing the film in the selected solvents. 

 

1.3 RESEARCH OBJECTIVES 

 Besides the investigation of the new organic materials to be used in the solar 

photovoltaic device, surface modification of the active layer may improve the device 

performance.  Herein, a soluble phthalocyanine of nickel (II) phthalocyaninetetrasulfonic 

acid tetrasodium salt (NiTsPc) is used as the donor material while tris(8-

hydroxyquinolinato)aluminium (Alq3) as the acceptor for active layer in the device.  

 The first objective of the work is to investigate and find the optimum the 

parameters such as the material concentration, spin rate and annealing temperature in order 

to form the homogenous NiPsPc thin film with good physical characteristics. The NiTsPc 

thin film is deposited on the solid substrates using spin-coating of wet processing method. 

The spin-coated NiTsPc thin films will be analysed in terms of absorption behaviour and 

morphological properties. Secondly, the study is focused to investigate the effect of 

surface modification on the morphology and optical properties of the NiTsPc films.  The 

modification process of NiTsPc films surface will be done by immersing the films in the 

selected solvents.  Besides, the variation in physical properties with different immersion 

time in the solvent, will be investigated.      

 The final objective is to fabricate and study the electrical properties of the 

photovoltaic devices containing the solvent treated NiTsPc film as a donor layer and Alq3 
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as an acceptor layer.  Correlation between the surface modification of NiTsPc and the 

performance of photovoltaic devices will be explored.   

Hence the objectives of this study can be summarized as listed below: 

i. To investigate the parameters in forming the homogenous NiTsPc thin film with 

good physical characteristics using spin-coating method. 

ii. To investigate the effect of surface modification via solvent immersion on the   

morphology and optical properties of the NiTsPc films. 

iii. To fabricate and study the electrical properties of the photovoltaic devices utilizing 

the solvent treated NiTsPc.  

 

1.4 THESIS OUTLINE 

 This thesis consists of five chapters. In Chapter One, an introduction and a brief 

historical development of the organic solar cells research are mentioned. Furthermore, this 

first chapter describes the motivation to perform the research, followed by the objectives of 

the research also mention in this chapter.  

 Chapter Two reports the fundamental issues in organic solar cells including the 

working principle of organic solar cells and the basic device architecture. In addition, two 

major challenges are reviewed in this chapter; how to make a proper selection of material 

for organic solar cell and charge carriers transport properties. The solubility of materials, 

energy levels and a material (phthalocyanine) are also reviewed. Besides, this chapter 

explains the effect of solvent treatment on the charge carrier transport properties in organic 

solar cells.  Finally, a description on the electrical analysis of the organic solar device is 

also presented. 

 The experimental details are presented in Chapter Three.  All the experimental 

steps, starting from the preparation of substrate, preparation of solution, deposition process 

until the device fabrication are presented in great details.  In addition, the principles of the 

physical instrumentations used in this study, are also briefly described.  
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Chapter Four is divided into two parts of the experimental results and discussion. 

The first part explains the selection of parameter such as suitable concentration, optimum 

temperature and selection of solvent in treating the organic film.  Correlation between the 

solvent treatment time on the morphology, structural, optical and electrical of solar device 

are presented in the second part.  

The conclusions as well as closing remark based on the results obtained from the 

experimental studies are presented in Chapter Five.  Finally, suggestions of possible future 

studies in enhancing the performance of organic solar cells are described.     
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CHAPTER 2 

LITERATURE REVIEW 

2.1 CHAPTER OVERVIEW 

Several topics regarding the organic solar cells are described in this chapter. Besides, the 

previous works reported by other researchers on organic solar cells are also reviewed. This 

chapter begins with explanations of the basic working principles of the organic 

photovoltaic device. In order to build the device, the materials selection for active layer is 

one the prime importance, hence this aspect will be discussed in great detail.  The organic 

photovoltaic device architecture comprised of the active layers that sandwiched between 

two dissimilar electrodes.  The surface modification of the organic active layer is utilized 

in order to enhance the performance of the device either via increment in light absorption 

or charge transport.  Therefore, different approaches being utilized in the modification of 

the organic thin films are reviewed in this chapter. Finally, the electrical conduction of the 

device after being modified is reviewed and discussed. 

 

2.2 WORKING PRINCIPLE OF ORGANIC SOLAR CELLS 

An organic material consist of two energy levels which called the Highest Occupied 

Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) (Nunzi, 

2002).  These energy levels are also known as the ionization energy or the valence band 

and electron affinity or the conduction band. The different between these energy levels 

correspond to the energy gap of a material. A well-adapted energy level is formed when 

two materials incorporated and forming energy level as shown in Figure 2.1(b). The 

LUMO and HOMO level of the materials are form a step potential and make the electrons 

and holes easier to transport to the respective electrodes.  
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Figure 2.1: (a) Different levels of HOMO and LUMO represent an energy gap, (b) A step 
potential at the well adapted energy profiles of the two dissimilar materials. 

  

Generally, the working principle of the organic solar cells depends on five important 

factors: 

a. Absorption of light and generation of exciton 

b. Diffusion of excitons to interface 

c. Charge separation 

d. Charge transport 

e. Charge collection 

 The operation of organic solar cells starts with the absorption of light.    Instead of 

free carriers formation (for the case of inorganic material), light absorption by organic film 

results primarily in the production of excitons (bound state of electron and hole pair).  In 

order to produce free charge carriers, the photogenerated excitons must diffuse to an 

interface where they dissociate into an electron in one phase and a hole in the other.  

However, the excitons diffusion length in organic film was reported to be in the range of 5 

to 15 nm only (Dennler et al., 2005; Skompska, 2010), which is much smaller compared to 

the thickness of active layer (around 100 nm).  In general, an organic solar cell consists of 

a donor and an acceptor as active layer, which then sandwiched between two electrodes 

with different work functions.  The built-in electric field is produced from the different 

work functions of the electrodes and plays an important role to dissociate and separate the 

LUMO 

HOMO 

Energy 
Gap 

(a) (b) 

LUMO 

HOMO 

LUMO 

HOMO 

Donor Acceptor 
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excitons into free charge carriers of electrons and holes at the donor/acceptor interface 

(Peumans et al., 2004).  Then, the produced electron and holes are transported and 

collected at the respective electrodes before flowing out to the external circuit.  However, 

some portion of produced electrons and holes may recombination geminately and will not 

contribute to the photocurrent.  The generated photocurrent is measured as the current 

produced by the organic solar cells device. Therefore, the electrical conduction of the free 

charge carriers is an important role for a better photovoltaic device performance. 

 

2.3 DEVICE STRUCTURE 

 The design of the photovoltaic device is developed in order to fabricate a better 

photovoltaic device.  The designs of photovoltaic device include homo-junction and 

hetero-junction. Homo-junction photovoltaic device or single layer is shown in Figure 

2.2(a) which depicted the active layer sandwiched between two electrodes with different 

work functions. This arrangement is also known as the Schottky type device since the 

charge separation take place at one of the electrodes. After absorption of light, the exciton 

is dissociated into free charge carrier and transport to its respective electrode.  Further 

discussion of this process is done by referring the diagram in Figure 2.2(b). The contact of 

one of the electrodes and organic layer cause the band bending at the interface within the 

depletion region.  The generated exciton is dissociated in this region before travel to its 

respective electrode. However, the dissociation process only occurred at the depletion 

region. Therefore, the recombination loses are high as the free charge carrier travel in the 

thin photoactive layer and results in low power conversion efficiency (Huang et al., 1997; 

Shrotriya, 2010). 
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Figure 2.2: (a) Simple structure of single layer device (b) Schematic diagram of the 
electron flow in a single layer device. 

 
Taking into account the recombination problem in a single layer device, the hetero-

junction photovoltaic device is then introduced. Two layers consist of p-type and n-type 

material are stacked between two different electrodes to form a hetero-junction 

photovoltaic device or also known as the bilayer device.  Figure 2.3(a) shows the diagram 

of the hetero-junction device.  The HOMO-LUMO level of the stacked material must be 

well matched in order to create an efficient exciton separation process.  During the 

absorption of photon, exciton is created very near to donor/acceptor interface, within 

approximately 10-20 nm from the interface to allow exciton diffusion process (Winder et 

al., 2004).  By comparing to the single layer device, this double layer arrangement enables 

the dissociation process occurs at the interface between donor and acceptor since it creates 

a large potential drop between them as shown in Figure 2.3(b).  

Donor 

Anode 

Cathode 

 (a) 
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Figure 2.3: (a) Structure of a bilayer device (b) Schematic diagram of the electron flow in 
a bilayer device. 

 

Using the same principle as the bilayer junction, a bulk hetero-junction device can 

be fabricated by introducing a mixture of donor and acceptor creating a three-dimensional 

(3-D) inter-penetrating network (D. W. Zhao et al., 2010) instead of stacked them together 

as shown in Figure 2.4(a). Compared to the bilayer structure device, the exciton can be 

dissociated throughout the active layer in the bulk hetero-junction device, as the donor and 

acceptor are well blended.  Moreover, this device provides a good contact between donor 

and acceptor and provides a charge percolation path for the free charge carriers produced. 

The recombination loses is reduced since most of the free charge successively collected at 

its respective electrode and not recombined with its counterpart. As a result, the 

photocurrent value is increased drastically the performance of the bulk hetero-junction 

photovoltaic device (Dennler et al., 2005). 
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Figure 2.4: (a) Structure of a bulk hetero-junction device (b) Schematic diagram of a bulk 
hetero-junction device. 

 

2.4 FACTORS GOVERN THE PERFORMANCE OF ORGANIC SOLAR CELLS  

 The performance of the organic photovoltaic device meets many challenges. 

Recently, the efficiency of organic photovoltaic device produced around 10.6% for device 

prepared in the laboratory condition (You et al., 2013)  Based on this efficiency, organic 

photovoltaic cells still cannot yet compete with the latest efficiency in the conventional 

inorganic-based solar panel of more than 25% (Martin A Green et al., 2012).  The 

efficiency of the photovoltaic device depends on many factors.  Some of the factors are the 

selection of materials and charge carrier transport properties, as to be discussed in the next 

sub-sections. 

 

2.4.1 Selection of materials 

 Solution processed materials to be used as an active layer in the fabrication process 

of organic photovoltaic cells is very attractive due to simplicity and cost effective. 
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Therefore, organic materials with high solubility in organic solvent can be considered as 

the most potential candidates for the active layer.  Table 2.1 shows some of the organic 

materials used in organic photovoltaic device and its solvent. 

 

Table 2.1: The energy level of the organic semiconductor materials and its suitable solvent 
 

Material Suitable solvent HOMO 
(eV) 

LUMO 
(eV) Reference 

 

 
Poly(3-hexylthiophene) 
(P3HT)  
 

Chloroform, 1,2-
dichloroform, 
chlorobenzene 

5.1 3.2 
 

(K. Kim et 
al., 2011) 

 

 
Poly(3-octylthiophene) (P3OT)  
 

Chloroform, 1,2-
dichloroform, 
chlorobenzene 

5.1 2.8 (Manoj et al., 
2003) 

 
 

α,ω-dihexylsexithiophene 
(DH6T)   
 

Chloroform, 1,2-
dichlorobenzene 5.2 2.9 (W. Li et al., 

2012) 
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Material Suitable solvent HOMO 
(eV) 

LUMO 
(eV) Reference 

 

 
 
[6,6]-phenyl-C61 butyric acid 
methyl ester (PCBM) 
 

Chloroform, 1,2-
dichlorobenzene 6.0 3.9 (J. Y. Kim et 

al., 2007) 

 

 
Tris (8-hydroxyquinolinate) 
aluminium (Alq3) 
 

Chloroform, 
Dimethylsulfonate 6.3 3.4 (Muhammad 

et al., 2010) 

 

 
Nickel (II) 
phthalocyaninetetrasulfonic 
acid tetrasodium salt (NiTsPc) 
 

Deionized water, 
DMSO 5.0 2.5 (Fakir et al., 

2012) 

 

 
Vanadyl 2,9,16,23-
tetraphenoxy-29H,31H-
phthalocyanine (VoPcPhO) 
 

Chloroform, 1,2-
dichlorobenzene, 
tetrahydofluoran 

5.3 3.3 (Abdullah et 
al., 2012) 

  

 The information on the solubility of an organic material is important as it can be 

used for surface modification of the deposited film via a solvent treatment. An organic 

material can be either fully or partially dissolved in their solvents, depending on the 

functional group linked to the main compound structure or backbone.   As an example, 

N

O

N
O

N

O
Al
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pure fullerene cannot be dissolved in any organic solvent, however become soluble once a 

phenyl group is introduced to the fullerene molecule.  

 Besides the ability of the material to dissolve in organic solvent, the energy gap of 

the material is also a prime important factor in selecting the suitable material. Value of the 

energy gap in a certain organic material can be calculated by the difference in the HOMO 

and LUMO level as shown in Table 2.1. Usually, polymer has a wide energy gap and 

always acts as the insulator. However, polymer type used in organic solar cells is 

conjugated polymer which has a narrower energy gap.  A narrow energy gap makes the 

charge carrier efficiently transferred between the HOMO and LUMO levels to produce 

photocurrent. 

 For a hetero-junction device, the suitable combination of the donor and acceptor as 

the active layer can be chosen from the combination of HOMO and LUMO level of 

organic materials.  As shown in Figure 2.5(a), the energy profile of is not well-adapted 

since a high step up potential at the acceptor of the active layer.  Electron needs more 

energy to jump the barrier height. This condition limits the ability of the amount the 

electron to be transported to the electrode. 

 A well-adapted energy profile as shown in Figure 2.5(b), indicates an easier 

process of charge transport.  The free charge carrier can be easily transported thus makes a 

better electrical conduction of the device.  Hence this energy profile is preferable in 

selecting the correct materials for the device.  Example of a well-adapted energy profile is 

P3HT-PCBM, NiTsPc-Alq3, and CuTsPc-Alq3.  Therefore, choosing a well-adapted 

energy profile between the donor and acceptor is very important in fabricating the device.  

As mention in the previous section, the light absorption of organic material is 

limited to cover either UV or visible region.  It is a good combination of material if the 

incorporated thin film can cover both of the regions.  Taking Figure 2.6 as an example, 

most of the light absorbed by the P3HT polymer film (dark blue line) cover from 400-

650nm and cadmium sulphide (CdS) (green line) which most absorption occurs at UV 
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region.  Introducing CdS into P3HT film has made the absorption range covers in both UV 

and visible region (light blue).  It is a good improvement to implement film with this 

absorption property in photovoltaic device since a broader range of light can be absorbed.  

Another example of materials which have complementing absorption properties are P3HT-

PCBM (Hauch et al., 2008) and DH6T-PCBM-P3HT (Muhammad et al., 2011a). 

 

Figure 2.5: The schematic diagrams of charge transport: (a) A high potential at the 
acceptor of the active layer, (b) a well-adapted energy profile for easier charge transport. 
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Figure 2.6: Absorption of P3HT, CdS and mixture of P3HT and CdS (Khan et al., 2010). 
 

 Recently, researches on low molecular weight materials (oligomers) as an active 

layer in organic electronics have been developed (Peter Peumans et al., 2003; Stingelin-

Stutzmann et al., 2005). One of the focused oligomer materials is phthalocyanine and 

derivatives.  It is known as one of the most promising candidates for optoelectronics 

devices. Advantageous possesses by phthalocyanines includes chemical stability, excellent 

film growth, and electronic properties (Schwieger et al., 2002). Phthalocyanine is a p-type, 

hole conducting material that works as electron donor and characterized by high symmetry, 

planarity and electron delocalization (Günes et al., 2007).  Phthalocyanine also can act as 

n-type material by modification of the molecule, for example: Copper (II) 

1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine 

(F16CuPc) by adding fluorinated ion to the copper (II) phthalocyanine (CuPc).  This 

addition makes the molecule to have excess electron and act as a good n-type material. 

 Research on the phthalocyanines with different central atom was done by some 

researcher mainly on the optoelectronics devices (Kwong et al., 2003; Singh et al., 2006; 

Singh et al., 2005).  Figure 2.7 shows some of the selected phthalocyanines. 
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Figure 2.7: (a) Metal free phthalocyanine Pc, (b) Nickel (II) phthalocyanine, NiPc  
(c) Nickel (II) phthalocyaninetertrasulfonic acid tetrasodium salt, NiTsPc 

(d)Copper (II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-
phthalocyanine, CuF16Pc. 

  

 At the early stage of the research, phthalocyanine film was sublimed in high 

vacuum systems.  Since this method is very intricate and not very cost effective, solution 

processed phthalocyanine has been introduced.  However, most of phthalocynines are 

insoluble in any organic solvent.  Thus, introduction of electron withdrawing substituents 

such as sodium salt molecules (Sanchez et al., 2001)  and tricarbethoxyethyl substituent 

(Şener et al., 2003), have produce the soluble phthalocyanines.  
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2.4.2 Charge carrier transport properties 

 As discussed from the previous section, the free charge carrier transport to its 

respective electrodes after dissociation process.  The movement of the free charge carrier 

depends on the mobility of the material.  Each material has different electron and holes 

mobility.  For a p-type semiconductor, hole mobility is higher than the electron mobility. 

For example, previous works on a p-type of phthalocyanine with the mobility around 10-6 -

10-10 m2v-1s-1 (Aimai et al., 1998; Ambily et al., 1999; Gould et al., 2000; Mycielski et al., 

1982; Soliman et al., 2003).  However, in some cases, the free charge carrier is unable to 

be efficiently transported to the electrodes due to the existent of impurities in the film 

(caused by the fabrication process of the device).  Any unsuccessful free charge carrier 

transportation to the electrode will result in charge recombination or trapped.  As a result, 

photocurrent produced by this device is low and do not promise a good organic 

photovoltaic device.  There are numerous methods being employed by researchers to 

encounter this issue.  One of the techniques is to enhance the charge transport at the active 

layer to the electrode, by increasing the inter-penetrating network as evident by the coarser 

surface mean roughness of the AFM images.  Yusli et al. reported that the surface mean 

roughness of the film become coarser after mixing 1,2-dichlorobenzene and chloroform 

solvent for P3HT and PCBM and the AFM images are shown in Figure 2.8 (Yusli et al., 

2009).  Rougher surface yields a greater phase separation and a larger interfacial area for 

excitons dissociation.  Furthermore, this phase separation also develops a continuous 

pathway for charge carrier to move to its respective electrodes.  The same methods was 

used by Kwong et al. for fabrication of organic solar cells device and yielded a higher 

efficiency (Kwong et al., 2004). 
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Figure 2.8: 3D atomic force microscopy images of P3HT:PCBM blend films dissolved in 
(a) pure DCB solvent, (b) CH solvent, and (c) DCB:CH co-solvent yield surface mean 

roughness 11.062 nm, 12.623 nm and 14.2777 nm respectively . 
 

 

Figure 2.9: Comparison of AFM images of the P3HT: PCBM active layer; (A) 
fast-thermal-annealing and (B) slow-solvent-vapor-treatment (Chirvase et al., 2004; G. Li 

et al., 2005; Ma et al., 2005). 
 

For the same reason, slow-solvent-vapor-treatment (SSVT) was done to the organic 

thin films.  The film was place inside a container, filled with saturated vapor of the solvent 

for a certain time (Y. Zhao et al., 2007). Referring to Figure 2.9, the mean surface 

roughness was increased after this solvent vapor treatment (Guo et al., 2008).  The result 

suggested that existence of the inter-penetrating between the molecules, which was in good 

agreement to the other reported findings by other researchers. 
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2.5 ELECTRICAL ANALYSIS 

Figure 2.10 shows a typical current density, J against voltage, V (J-V) graph 

obtained for the organic solar cell in dark and under light illumination.  Exposure of this 

device to light caused the J-V curve to be shifted downward producing a photovoltaic 

effect.  Referring to Figure 2.10 (Jsc a), no photovoltaic effect occurs and the device act as 

a normal diode in dark condition.  The analysis of this graph is performed by focusing on 

the two important components in this graph that is open-circuit voltage (Voc) and short-

circuits current density (Jsc). Maximum square area at the graph corresponds to the 

maximum power output of the device. The ratio between the maximum power and product 

Jsc and Voc is known as the fill factor. For an ideal photovoltaic cell, the fill factor is equal 

to one. A higher fill factor indicates a better performance for the photovoltaic device. 

Equation 2.1 is used to calculate the value of fill factor. 

 

퐹푖푙푙	퐹푎푐푡표푟,퐹퐹 = =     (2.1) 

 

 

Figure 2.10: Typical J-V graph for organic solar cells 

 

The factors that govern the value of Voc are still being debated among the 

researchers.  However, there are some researchers reported that this value depends on the 
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different of the HOMO and LUMO level of the donor and acceptor (Brovelli et al., 2007; 

Hoppe et al., 2004; Bernard Kippelen et al., 2009).  From the graph, Voc is the maximum 

potential of the photovoltaic device obtained at zero current (x-intercept) which 

corresponds to the bias at the p-n junction under light illumination.  Therefore, using 

different materials as donor and acceptor which have different pair of HOMO-LUMO level 

will result in different Voc value. 

 The reported experimental result (Jo et al., 2012), as presented in Figure 2.11 

shows the variation in J-V curves upon exploiting different materials.  Table 2.2 tabulates 

the different Voc values obtained from Figure 2.11.   

 

Figure 2.11: The value of shifted to a bigger value when the PCBM incorporated with 
another material which has different energy level. 

 

Table 2.2: The energy level, energy gap and Voc (Jo et al., 2012) 

 HOMO (eV) LUMO (eV) Energy gap, Egap Voc 

PDHF-TBT -5.22 -3.42 1.80 0.40 

PDHF-BT -5.47 -3.45 2.02 0.71 

 

By increasing the difference of HOMO level of a donor, which in this case was poly[{9,9-

dihexylfluorene-alt-{4-(3,4-ethylenedioxythiesnyl)-2,1,3-benzothiadiazole] (PDHF-BT) 

and LUMO level of PCBM, hence the Voc value has been significantly improved. 
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From the graph, the short-circuit current density is the current produced when there 

is no potential different across the photovoltaic device.  It is accepted that the Jsc depends 

on the absorption properties of the films and their charge carrier transport (Muhammad et 

al., 2011a). From Figure 2.10 (Jscb and Jscc), the different value in Jsc corresponds to a 

better production of current in the device. As discussed in the previous section, the 

dissociated exciton transport may easier to be collected at the electrodes after treating the 

organic film by a selected solvent. 

Referring to Figure 2.12, the active layer for the device was the treated copper 

phthalocyanine (CuPc) as the first layer and PCBM as the second layer. Although the CuPc 

film was treated with different solvents, there was no significant change in the shape of the 

J-V graph and Voc.  The result suggested that the solvent treatment did not affect the band 

structures at the interface, on the other hand has affected the charge carrier transport 

properties.  The modification shows that the current produced was the highest for the film 

treated with acetone, indicated that the free charge carrier transport ability was higher thus 

resulted in a higher current. 

Besides, the mobility of the free charge carriers can be investigated by analyzing 

the current produced from the J-V graph. By converting the graph into a double log J-V 

graph, the slope of each region can be determined.  Each region corresponds to the 

condition of the charge carrier conduction mechanism.  The mechanism was discussed 

based on the Space charge limited current theory (Murgatroyd, 2002).  At the lower bias 

voltage, the injected charge carriers were very weak and almost the same as the thermally 

generated intrinsic charge carriers.  At this condition, the slope of the graph was almost 

unity and the device operation based on the Ohm’s Law. 
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Figure 2.12: Variation of Jsc caused by solvent treatment (Karak et al., 2010) 

 

  High injected charge carrier resulting a greater magnitude of the electric field as 

the carriers dominates the voltage bias and become space charge limited (SCLC) 

(Campbell et al., 1997). The slope at this region is about 2. The mobility can be 

approximately determined by rearranging Equation 2.2 become Equation 2.4 (Ahmad et 

al., 2010): 

 

퐶푢푟푟푒푛푡	푑푒푛푠푖푡푦, 퐽 =        (2.2) 

휃 = =          (2.3) 

푀표푏푖푙푖푡푦, 휇 =
	

        (2.4) 

 

J1 and J2 is the lower and higher log value of current density at second region. As the value 

of mobility of the carriers gets higher, hence the carrier is easier to move and collected to 

the electrodes to generate higher current.  
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Figure 2.13: A double-log graph constructed from a linear J-V graph. 

 

 Ahmad et. al investigate the mobility of  photovoltaic device with CuPc organic-

inorganic. As shown in Figure 2.13, three regions are found (Ahmad et al., 2010).  First 

region was the Ohmic region with slope about to unity from lower voltage until 0.7 V.  

With slope approximately 2.0, the second region corresponded to the SCLC region.  They 

reported that the calculated mobility was found to be 10-6 m2 V-1s-1 for this CuPc-based 

device. A trap free region occurs with a slope slightly higher than the first region 

correspond to the trap free region. This region occurs as the space charge is fully filled 

with free carriers or approaching the trap limit. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

 
3.1 CHAPTER OVERVIEW 

 In the early part of this chapter, the preparation, deposition and characterization of 

the thin NiTsPc films are explained, followed by the description on the fabrication and 

characterization of the photovoltaic device.  The preparation process of NiTsPc solution 

using wet processing method and the deposition technique of the thin film using a thermal 

evaporator are explained in detail.  Afterwards, the treatment process of the NiTsPc thin 

film via immersion in the selected solvents is elucidated.  In this case, the films were 

treated with solvent that has low solubility with the material to modify the film surface 

only without destroying the whole film structure.  

Morphological and optical characterizations were made to the modified film using 

Atomic Film Microscopy (AFM), Field Effect Scanning Electron Microscopy (FESEM), 

KLA Tencor P.6 Surface Profilometer, Jasco V-570 UV/VIS/NIR Spectroscopy, 

RenishawinVia Raman Microscope and X-ray Diffractrometer D5000.  The photovoltaic 

devices were fabricated using NiTsPc as the p-type to be coupled with an n-type material 

as the active layer in the sandwiched structure between two electrodes of ITO and Al.  

Finally, the electrical properties of the devices were measured and characterized using a 

Keithley 236 source measuring unit and AM 1.5G filter of Oriel Solar stimulator, 

 

3.2 SUBSTRATE PREPARATION 

 Commercially available glass substrate was purchased and used as the substrate for 

the deposition of the organic thin film.  Glass was chosen as substrate as it possesses high 

transmission of light within the visible region.  Glass substrates were cut to the size of 2.0 

cm x 2.3 cm for the measurements of optical properties.  The substrates were cleaned by 

soaking them sequentially with a detergent solution, acetone, isopropyl alcohol and de-
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ionized water.  A good cleaning process must be done to avoid any contamination that can 

affect the result of the work. In order to fabricate the photovoltaic device, glass coated-ITO 

substrates were chosen as the bottom electrode.  The commercially available ITO with a 

sheet resistance 7Ω/square was purchased and cut with size of 2.0 cm x 2.3 cm.  Some 

parts of the ITO were etched to avoid short circuit condition during electrical 

measurement. Etching process was started by spraying a layer of paint on ITO using 

commercial spray paint to make a pattern as shown in Figure 3.1(a). 

 

Figure 3.1: (a) Patterned ITO using spray paint. (b) Substrate after etching process. 

 

Once the paint was dried, a diluted hydrochloric acid (HCl: H2O = 4:6) was used to 

etched the uncover part of the substrate by heating at 60˚C for about 20 minutes.  Then, the 

ITO substrates were cleaned using similar method of glass substrates; i.e. by soaking them 

sequentially in a detergent solution, acetone, isopropyl alcohol and de-ionized water.  The 

spray paint was completely removed at the end of the cleaning process.  Based on Figure 

3.1(b), the un-covered part of the substrate was etched and left the permanent ITO under 

the spray paint.  

3.3 MATERIAL AND PREPARATION OF SOLUTION 
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 In this work, nickel (II) phthalocyaninetetrasulfonic acid tetrasodium salt (NiTsPc) 

was used as donor material while perylene-3, 4, 9, 10-tetracarboxylic-3, 4, 9, 10-

dianhydride (PTCDA) and tris(8-hydroxyquinoline)aluminium (Alq3) was used as the 

acceptor material. Both of the materials were purchased from Sigma Aldrich and used 

without further purification.  In order to utilize spin-coating method for film deposition, the 

organic semiconductors must be fully dissolved in organic solvent.  All available solvents 

in the lab of Low Dimensional Material Research Centre (LDMRC) including chloroform, 

toluene, ethanol and 1, 2-dichlorobenzene were used to dissolve NiTsPc powder.  By 

naked eye, the material solution can be observed to check the solubility.  It was found that 

NiTsPc was fully dissolved in de-ionized water, whereas the other solvents only produced 

partially dissolved material. Therefore, by weighing and dissolving 15, 20, 25, 30 and 35 

mg of NiTsPc in 1 ml of de-ionized water, the solution with concentration of 15, 20, 25, 30 

and 35 mg/ml were prepared. The solution was shaken vigorously to help the material to 

be dissolved.  Then, the solution was filtered using 0.2µm2 filter to remove any 

contaminant or un-dissolve material.  

 

3.4 DEPOSITION OF THIN FILM 

The prepared NiTsPc solution from the previous section was used to deposit the 

thin film using a spin-coating method before being treated with solvent.  In order to 

fabricate the photovoltaic device, an n-type material was deposited on the treated NiTsPc 

(p-type) film using a home-built thermal evaporator.  

 

3.4.1 Drop Casting Solution 

This technique is a facile method used to produce a thicker thin film around 0.5 – 

2.0 µm. Firstly, a cleaned substrate was placed on a leveled surface to make sure that the 

thickness of each part of the deposited thin film after deposition process was uniformed. 
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Then, 30µl of NiTsPc solution was dropped on the substrate and it was left to dry in 

ambient condition for two hours.  

 

3.4.2 Spin Coating Technique 

Compared to a drop casting, deposition of thin film using this spin-coating 

technique can produced a thinner thin film. The value for rotation per minute (rpm) is 

inversely proportional to the thickness of the thin film. That is means, by increasing the 

value of rpm, the film thickness of the will decrease. For a film to be used in the 

fabrication of photovoltaic device, the thickness should be in the range of 100 to 150 nm.  

However, NiTsPc solution did not show any adherence on the substrate when the rpm was 

set below 800 rpm and beyond 1000 rpm. Thus the rpm value was limited by the ability of 

the solution to adhere on the substrate. In this work, the spin speed was set at 1000 rpm to 

produce an appropriate NiTsPc film thickness. A Laurell P-6000 spin coater was used in 

this work and Figure 3.2 shows the deposition process diagram using spin coating 

technique to form NiTsPc film on a solid substrate.  The prepared NiTsPc thin films were 

then annealed in an oven at different temperatures between 80 to 140˚C to remove the 

residual water content.  An optimum temperature was then determined, and discussed in 

Chapter 4.  After this thermal annealing process, the NiTsPc films were ready to be treated 

with solvent.  
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Figure 3.2: Deposition process using spin coating technique 

 

3.5 SOLVENT TREATMENT 

Some researchers (Zhi-Hui et al., 2010) used slow solvent vapor treatment and 

solvent ratio to modify the film morphology. However, a so-called solvent treatment was 

applied; the prepared and annealed NiTsPc thin films from the previous section were 

immersed in its poor solvent to modify the surface morphology, hence would lead to the 

change in the organic material energy gap.  Poor solvent define as the solvent which has 

low solubility to the NiTsPc material.  

Previously, as mentioned in section 3.3, the NiTsPc powder was dissolved in 

several of solvents in order to distinguish the suitable solvent to be used throughout the 

work.  It was found that de-ionized water was the best solvent.  In addition, from that part 

of the work, it was also known that chloroform (CHCl3) and toluene show very low 

solubility to NiTsPc powder.  As a result, these two solvents were selected to be used in 

the solvent treatment process as the poor solvent for NiTsPc thin films.  This process 

started by immersing the prepared film in its poor solvent in 20, 40, 60, 80, 100 and 120 

minutes.  Immersion process was stopped after immersing the film for 120 minutes since 

a) A cleaned substrate was placed on the 
substrate dish. 

b) 30µl of NiTsPc solution was dropped on the substrate. 

c) Substrate was spun at 1000 rpm for 60 seconds 

d) Let the film dry in ambient condition 
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the film was started to etch (which can be observed by naked eyes).  After immersion time 

was achieved, the film was taken out from the solvent and placed on a leveled surface to 

let the film dry in ambient condition.  The whole process was done in a fume cupboard to 

avoid contaminant. 

In order to find a better solvent for surface treatment, an experiment was done to 

distinguish which solvent (either chloroform or toluene). NiTsPc films were immersed in 

each solvent for same immersion time of 20 minutes. Next, the photovoltaic devices were 

fabricated by depositing PTCDA as n-type material on top of the solvent treated NiTsPc 

film. The electrical properties of the device were measured. From the result, the device 

using NiTsPc film treated with chloroform give a better electrical performance compared 

to NiTsPc treated with toluene. Thus, chloroform was used as the poor solvent throughout 

this work. 

 

3.6 DEVICE FABRICATION 

The double layer photovoltaic devices with arrangement of ITO/NiTsPc/n-type 

material/Al were fabricated.  In this case, the second layer of n-type material cannot be 

deposited onto the first p-type layer using a spin-coating technique because such wet 

process will destroy the first layer.  Thus, n-type material was deposited on the solvent 

treated NiTsPc, using a home-built thermal evaporator.  The typical diagram of a home-

built thermal evaporator is shown in Figure 3.3(a).   Initially, the treated NiTsPc film was 

placed on the substrate mask before it was inserted into the thermal evaporator.  About 20 

mg of the n-type material were placed inside a quartz boat and the thermal evaporator was 

then pumped down to achieve a pressure of 10-4mbar.  Next, the quartz boat was heated by 

supplying current gradually from 10 to 30 A through a tungsten wire.  As a result, the n-

type material in the quartz boat was also heated and started to sublime inside the chamber.  

A shuttle was opened to allow the material to sublime to the treated NiTsPc through a 

shadow mask for a certain time depending on the desired thickness.  In this case, the 
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deposition time for Alq3 and PTCDA is 60 s and 45 s respectively to produce a 60 nm film 

thickness. 

The final process of device fabrication was the top aluminium electrode deposition. 

A commercial Auto Edward 306 deposition system (Figure 3.3(b)) was used to deposit the 

top electrode.  Some pieces of Al wire with 99.9% purity were attached on a tungsten 

filament coil and placed inside the deposition chamber.   The pressure inside the chamber 

was about 1.50 x 10-5 mbar before the deposition process was started.  The tungsten 

filament was heated up slowly by increasing the current from 10 to 20 A with increment of 

1 A per minutes to melt and evaporate the Al.  The small increment of current was 

performed in order to control the deposition rate only in the range of 1 – 2 nm/s, thus the 

Al penetration in the active layer can be avoided, hence preventing the device being 

shorted.  As the Al vaporized, the shuttle was opened for 90 s to produce a thickness of 

around 30 nm of Al layer.  The schematic diagram of photovoltaic device in this work was 

shown in Figure 3.4. 

 

Figure 3.3: (a) Inside view of home built thermal evaporator. (b) Auto Edward 306 
deposition system. 
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Figure 3.4: Schematic diagram of photovoltaic device with arrangement of ITO/treated 
NiTsPc/n-type material/Al. 

 

3.7 THICKNESS MEASUREMENT 

The thickness of the thin films was measured using a KLA TENCO P-6 surface 

profilometer.  This instrument uses a diamond stylus which moves laterally throughout the 

surface of the thin film.  A scratched line was made on the surface of the film to create the 

difference height between the substrate and the surface of the film.  The surface profile 

was generated due to the deviation of the diamond stylus as shown in Figure 3.5.  In this 

work, the film was scratched at five different positions and the average value was taken as 

the thickness of the film. 

 

Figure 3.5: Printed screen shot of the surface profilometer, indicates the difference in the 
height profile of film surface and the substrate to give the film thickness. 
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3.8 X-RAY DIFFRACTION (XRD) 

XRD measurement was performed by a Siemens D5000 Diffractometer in order to 

determine the structure of the thin films.  Using an XRD machine, a thicker film must be 

used or else it will only give the reading of the substrate.  Therefore, film deposited using 

drop casting method was used since it has thickness up to 2µm which is adequate for this 

characterization.  From the XRD patterns, crystallite size of the sample can be measured 

by Scherrer equation:  

 

퐶푟푦푠푡푎푙푙푖푡푒	푠푖푧푒,퐷푝 =        (3.1)  

 

For this XDR machine of Siemens D5000, the Scherrer constant, K = 0.94 and source 

wavelength, λ = 1.542 Ǻ. B is the full width at half maximum (FWHM).  Using an Origin 

Pro software, the XRD pattern was convoluted at highest intensity peak which corresponds 

to the main crystallite size at the film to get the value of FWHM to be use in Equation 3.1 

 

3.9 ATOMIC FORCE MICROSCOPY (AFM) 

Using a tapping mode of Dimension 3000 AFM, the AFM images of the sample 

were displayed using the setting parameters as tabulated in Table 3.1.  Initially, the AFM 

machine was started when a sharp tip at a cantilever was probed over a surface area 100 

µm2. Any deflection between the tip and the surface of the sample will trigger the 

cantilever as a response mechanism. A laser and photodetector was used to detect the 

deflection.  AFM can detect and display the humps and valleys along the surface area of 

the treated films.  Besides, specific software was used to display the 2 and 3 dimensional 

images of the sample, height, roughness analysis and section analysis.  Basic working 

principle of AFM was shown in Figure 3.6. 
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Table 3.1: Parameter for the Atomic Force Microscope (AFM) measurement. 

Scan size 10.000 µm 
Scan rate 2.001 Hz 

Image data (for 2 dimension imaging) Height 
 

 

Figure 3.6: Schematic diagram of working principle of AFM. 

 

3.10 FIELD EFFECT SCANNING ELECTRON MICROSCOPY (FESEM) 

The surface morphologies of films were investigated by using a field emission 

scanning electron microscopy (FESEM). A FEI Quanta 200 field emission scanning 

electron microscopy (FESEM) used in this work is shown in Figure 3.7.  The surface 

images of the films obtained from this FESEM are very important to study the structure of 

the films surface after the solvent treatment. 

The FESEM scanning was carried out in the high vacuum condition. Electrons 

liberated from field emission source and accelerated in a field gradient. These electrons 

which are called primary electrons pass through electromagnetic lenses and deflect to 

produce a narrow scan beam that bombard the sample. This bombardment causes different 

types of electrons to be emitted from the sample. Only secondary electrons are captured by 

the detector and images are constructed relative to the scanning primary electron beam. 

These signals are amplified and transformed to a video scan-image that can be seen on a 

monitor.  
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Figure 3.7: Picture of FEI Quanta 200 field emission scanning electron microscope 
(FESEM). 

 

3.11 ULTRAVIOLET-VISIBLE-NEAR INFRARED (UV-VIS-NIR) 
SPECTROSCOPY 

Light incident towards any medium such as thin film will be either reflected, 

absorbed or transmitted. In organic solar cells, the ability for a thin film to absorb light is 

one of the important factors for a device to be optimized. Using a Jasco V-570 

UV/VIS/NIR Spectroscopy (Figure 3.8), the absorption of the film can be measured. In 

brief, two glass slides which will act as the reference was inserted in the sample holder. To 

produce light with wavelength range 190 nm to 350 nm and 340 nm to 2500 nm, a 

deuterium discharge tube and a tungsten iodine lamp were used. The light passed through a 

grating in the monochromater and split into two light path by sector mirror. First light path 

will pass through the first glass slide and the second light path will go through the second 

glass slide. The transmitted light was detected by photodiodes. The transmitted light from 

both sides were collected at the photomultiplier before transferred to the amplifier and 

decoded to electrical signal. Using software, the signal was then display into spectrum. 

Besides, overall operation also operated using this software. Basic working principle of the 

instrument was displayed in Figure 3.9.  Since glass was inserted in both sample holders, 
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thereby no changes had been observed to the transmitted intensity. Thus, a baseline was 

formed which was used as the reference point for other film deposited on glass slide. 

In this work, after the baseline was measured, one of the glass slides was replaced 

by NiTsPc film. Consequently, it was scanned in range 200 nm to 800 nm which known as 

the greatest region of the light absorption for organic material. From the absorption 

spectrum, the value of the optical energy gap can be calculated using Tauc’s relationship 

(Muhammad et al., 2011b): 

 

훼ℎ푣 = 	 훼 (ℎ푣 − 퐸 )        (3.2) 

 

is the absorption coefficient and Eg is the energy gap. Value of n depend on the type of 

transition in which n = 1/2 for direct transition, n = 2 for indirect allowed transition and n = 

3/2 for forbidden transition (M. El-Nahass et al., 2003). 

Besides, the wavelength of the absorption gives the information regarding the 

absorption of certain chemical structure.  In addition, the electronic transition of the 

electron can also be elucidating from the absorption spectra.  Figure 3.10 shows the 

possible transition of electron in a thin film.  Each transition needs an amount of energy. 

Higher energy is needed to transit an electron from σ to σ* and n to σ*.  Absorption at the 

shorter wavelength (< 200 nm) will have more energy compared to higher wavelength. 

Obviously, the absorption at lower wavelength is due to these electronic transitions.  For 

organic material, most of the absorption occurs due to the transition between n to π* and π 

to π*.  These transitions correspond to the absorption spectrum lies in wavelength within 

200 – 700 nm which have lower energy.  
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Figure 3.8: Photograph of Jasco V-570 UV/VIS/NIR Spectroscopy 

 

 

Figure 3.9: Schematic diagram of working principle of UV-Vis-NIR Spectroscopy 

 

Figure 3.10: Possible electronic transition of electron 
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3.12 RAMAN SPECTROSCOPY 

In order to determine the vibrational, rotational and other low frequency transitions 

in molecules, RenishawinVia Raman Microscope was used. Referring to Figure 3.11, if a 

single wavelength of light is shone on a material, most of the light is scattered without 

color change. This scattering process is called Rayleigh scattering. Nevertheless, there is a 

tiny fraction of light energy is converted to vibrational energy in material and scattered 

with different wavelength of light. Difference in energy between the incident light and 

scattered light is plotted in term of frequency which called the Raman Effect. Selection of 

laser is very important in Raman spectroscopy because each laser will have different 

penetration depth. 

Figure 3.11: The electronic transition of (a) Rayleigh scattering, (b) and (c) Raman 
scattering 

 

According to (Parr et al., 2001), penetration depth is given by the following 

equation: 

 

푃푒푛푒푡푟푎푡푖표푛	푑푒푝푡ℎ,푑 = .         (3.3)  

 is the absorption coefficient.  If ultraviolet laser (325 nm) laser is used, the absorption 

coefficient gained from the value of  at 325 nm in  against  graph.  Wrong selection of 

laser will cause some of the parts of the film could not be characterized.  Parameter used in 
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characterizing the film using RenishawinVia Raman spectroscopy in this work is shown in 

Table 3.2. 

 

Table 3.2: Set up parameter for Raman spectroscopy. 

Scan range 200 – 2000 cm-1 
Laser power 10% 

Exposure time 10 s 
Laser 514 nm (green laser) 

 

3.13 PHOTOLUMINESCENCE SPECTROSCOPY 

PL is a process where an incident light is absorbed by an electron at the lower 

energy state and supplying them with energy to excite to higher energy level as shown in 

Figure 3.12. 

 

Figure 3.12: Electronic transitions in PL. 

 

However, this process only can occur if the energy supplied to the electron is equal 

or larger than the energy gap. Prior to starting the PL measurement using RenishawinVia 

Raman Microscope, a laser source must be properly chosen, in order to produce enough 

energy for electron excitation. In this study, the laser wavelength was chosen based on the 

position of the highest absorption coefficient peak of the thin film. Parameter used in 

characterizing the film for PL measurement is shown in Table 3.3. 
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Table 3.3: Set up parameter for PL measurement. 

Scan range 400 – 1000 nm 
Laser power 0.5% 

Exposure time 10 s 
Laser 325 nm (UV laser) 

 

3.14 ELECTRICAL MEASUREMENT 

 Fabricated devices from previous section with arrangement ITO/NiTsPc/n-type 

material/Al were measured using Keithly 236 Source Measurement Unit (SMU) in a 

controlled environment.  A black box was used to place the sample holder, the electrical 

probe and the light source; hence the background light was eliminated.  Characterization 

under light illumination was done under an Oriel solar stimulator – model 67005 with Air 

Mass 1.5 filter by standard conditions with a white light irradiation at 100mW/cm2 to 

stimulate the irradiation of light from the sun.  Overall measurement was controlled by a 

personal computer, equipped with a LabVIEW system design software. 

ITO and Al electrodes were respectively connected to anode and cathode at the 

SMU before starting the measurement.  The voltage was set to be at range -1.0 to 1.5V in 

order to detect the photovoltaic effect which occurred at the 4th quadrant of the current-

voltage curve.  The response time was set to 1 µs so that it matched to the typical mobility 

of electron in organic material.  The software gives the value of current and voltage of the 

device.  The value of current was converted to current density by dividing the measured 

current to effective area of the photovoltaic device.  Figure 3.13 shows the effective area of 

the fabricated photovoltaic device, which is defined as the overlapping area of three parts 

i.e ITO, organic layer and aluminium.  Graph of current density against voltage (J-V) was 

then plotted and analyzed.  Information about the short-circuit current density and open-

circuit voltage can be gathered from this graph. Equation 3.4 is used to calculate the fill 

factor of the device from the J-V graph 

 

퐹푖푙푙	퐹푎푐푡표푟,퐹퐹 = =       (3.4) 
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Figure 3.13: The top view of photovoltaic device where effective area is shown. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 CHAPTER OVERVIEW 

This chapter presents the results of the measurements made throughout the research 

duration. This chapter is divided into two parts. The first part of the work discusses the 

selection of parameters in obtaining good physical properties of NiTsPc film. The optimum 

parameters are obtained from the analysis of the absorption properties, morphology 

properties of the NiTsPc thin films.  Selection of the best concentration of NiTsPc solution 

to form good thin film is described in the early part of this chapter.  Furthermore, the 

choice of suitable solvent in order to modify the surface morphology of NiTsPc film is also 

discussed.  Then, the optimum annealing temperature of the spin-coated NiTsPc film as 

well as the selection of the acceptor material to be used in the fabrication of the 

photovoltaic device, are also described in the first part of this chapter.  At the end of the 

first part, the electrical measurement is described based on the fabricated device consists of 

NiTsPc film.   

In the second part of this chapter, the effect of solvent treatment on the NiTsPc 

films on their surface morphology is discussed.   The variation in surface morphology and 

optical properties of the NiTsPc films with different immersion times is described in great 

length.   Then, this later part illustrates the electrical properties obtained from the 

fabricated photovoltaic devices consist of the solvent treated NiTsPc films.  Correlation 

between surface modification and the performance of photovoltaic devices is explained in 

the second part of this chapter.  The characteristics of the untreated and treated films were 

investigate and analyzed by X-ray diffraction (XRD), Atomic Force Microscopy (AFM), 

Field Effect Scanning Electron Microscopy (FESEM), Ultraviolet-Visible-Near Infrared 

(UV-Vis-NIR) Spectroscopy, Raman Spectroscopy and Photoluminescence Spectroscopy 
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(PL).  The electrical properties of the photovoltaic device were measured using Keithley 

236 Source Measurement Unit (SMU) in a black box to avoid influence of other light 

sources on the device. 

 

4.2 PART I: SELECTION OF PARAMETERS 

4.2.1 Concentration of NiTsPc solution  

 There has been reported that the suitable thickness of the donor/acceptor layer to 

fabricate the organic solar photovoltaic devices is below 200 nm (Moulé et al., 2006). In 

this work, the donor layer of the spin-coated NiTsPc has the thickness of around 150 nm. 

Usually, the film thickness can be controlled by adjusting the spin rate of the spin coater. 

Higher spin rate produces a thinner thin film.  A suitable film thickness is very crucial in 

this study because the deposited film will be used in solvent treatment process. If a film 

with 100nm, then some upper parts of the film will be etched during the solvent treatment 

process.  Therefore a film with thickness around 150 nm is required in this work, so that 

the thickness of the donor layer will be in the range of 80-100 nm upon the solvent 

treatment. Hence the total thickness of donor plus acceptor layers will be around the 

optimum thickness of 200 nm for organic solar cell. 

 In some cases, the organic solution cannot stick on the glass substrate during spin-

coating process.  Therefore, the correct parameters must be used to obtain a good film with 

a uniform layer.  In this research work, a good uniform NiTsPc film can be obtained from 

the NiTsPc solution by spin coating at a spin rate of in the range 800 rotations per minutes 

(rpm) to 1000 rpm.  As the spin rate of the spin coater cannot be fully utilized to produce 

different thickness, hence the concentration of the NiTsPc solution can also be 

manipulated.  The NiTsPc solution with a higher concentration of solution produced a 

thicker film compared to NiTsPc solution with lower concentration using same spin rate of 

spin coater.  Therefore, in this work, the NiTsPc concentrations were varied to fulfill the 

condition of the film thickness production around 150 nm within the selected spin rate 
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range of 800 to 1000 rpm.  The variation of solution concentrations of 15, 20, 25 and 35 

mg/ml on the film thickness is tabulated in Table 4.1.  The influence of solution 

concentration on the film deposition on glass substrates, is also presented in the form of 

photographs in this Table 4.1.   

  

Table 4.1: Variation of thickness and the corresponding photographs of NiTsPc films, 
produced from different solution concentrations. 

 
Solution Concentration 

(mg/ml) Film thickness (nm) Photographs of NiTsPc films 

15 ~35 

 

20 ~60 

 

25 ~77 

 

35 ~120 

 
 

 In the case of the concentration of 15 mg/ml, the produced film was very rough and 

not uniform on the glass substrate as can be viewed in the photograph.  As the solution 

concentration increases up to 25 mg/ml, the NiTsPc film of 75 nm can be obtained with 

almost uniform layer.  However, the uniform film with desired thickness of above 100 nm 

can only be obtained from the solution concentration of 35 mg/ml.  Beware of the material 

consumption is also one of the factors to be taken into account in selecting the optimum 

concentration for the film formation.  Besides, the influence of solution concentration on 

the light absorption of NiTsPc films is presented in Figure 4.1.  For concentration of 15 

mg/ml, the absorption coefficient of the film is the highest nevertheless the film is too thin.  
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Hence, the optimum thickness of 120 nm is selected for the concentration of 35 mg/ml to 

form a uniform NiTsPc film on glass substrate. 
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Figure 4.1: The effect of NiTsPc solution concentration on the absorption spectra of the 
respective film.  

 

4.2.2 Optimum Temperature in Thermal Treatment Process 

 Light absorption of a thin film is one of the main factors for a good photovoltaic 

device. Therefore, a thermal treatment was applied to the NiTsPc film so that the 

morphology of the film can be modified, leading to the improvement in the absorption 

properties.  Similar research work was utilized by some researchers to enhance the 

absorption capability of the thin films (Karan et al., 2007; Schuster et al., 2010). 

Furthermore, annealing process was also done to remove the residual water content from 

the NiTsPc films.  

 Figure 4.2(a) shows the variation of absorption spectra with the temperature of 

thermal treatment on the TsNiPc films.  The light absorption coefficient is increased as the 
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annealing temperature increases, however it drops beyond 140˚C.  The magnifications of 

the absorption spectra graphs in the UV region (275 and 375 nm) and visible region (575 

and 675 nm) are presented in Figure 4.2(b) and 4.2(c), respectively. Referring to these 

figures, the absorption coefficient can be increased up to 50% compared to the pristine 

film, upon thermal annealing at 140˚C.  Hence 140˚C is selected as the optimum annealing 

temperature by producing the highest ability of TsNiPc film to absorb light in the UV as 

well as in visible regions. The details of the absorption peaks will be explained in section 

4.3.3. 
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Figure 4.2: (a) The absorption spectra of NiTsPc,(b) Magnification of the absorption 
spectra at the B band (UV region) and (c) Magnification of the absorption spectra at the Q 

band (visible region). 
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4.2.3 Selection of suitable solvent for the film surface treatment 

All of the solvents available in the laboratory of the Low Dimensional Materials 

Research Center (LDMRC) were tested to find the suitable solvent for the NiTsPc film 

surface treatment.  In this case, a suitable solvent is the solvent that has low solubility to 

NiTsPc. The solution of NiTsPc powder in the respective solvents can be distinguished by 

naked eyes. From all the tested solvent, only chloroform and toluene have shown the 

lowest solubility to NiTsPc. In order to find more suitable solvents for NiTsPc, a 

preliminary experiment on surface modification was done to the NiTsPc film using both 

solvents with the same immersion time. During the immersion process, the solvent 

molecules were absorbed into the thin film layer, and then evaporated during the drying 

process. It is expected that the modification of the film surface was not occur during the 

immersion process.  The film  has started to aggregate and align during the evaporation of 

solvent or the drying process (Yang et al., 2011).  If a vapor pressure of a solvent is low, 

then a longer time is needed for the solvent to evaporate from the film surface.  The vapor 

pressure of toluene and chloroform is 22mmHg and 159mmHg, respectively.  Thus, the 

evaporation rate of toluene is much slower as compared to that of chloroform.  Therefore, 

the film treated with toluene need more time to dry which in turn provides a longer time 

for the film to aggregate.   Based on the results obtained at this stage, the film treated with 

toluene is expected to form a better surface morphology compared to the chloroform 

treated film.  

 The observation of the surface morphology of the treated NiTsPc films was 

determined by Atomic Force Microscopy images as shown in Figure 4.3.  It is found that 

the roughness mean square (rms) of the untreated pristine, chloroform treated and toluene 

treated films is approximately 41 nm, 16 nm and 8 nm, respectively.  As can be clearly 

seen from Figure 4.3, without solvent treatment, the NiTsPc film surface has bigger 

granular structure size corresponds to higher surface roughness.  As the film treated with 

solvent, some part of the bigger structure has been etched by the suitable solvent.  Then 
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such immersion process has produced the smaller granular structure size before the drying 

process.  During the drying process, the smaller structures were aggregated and aligned.  In 

Figure 4.3(b) and 4.3(c), the structures at the film treated with toluene formed are packed 

and formed only on the surface of the film but rather less packed for the chloroform treated 

film as observed with larger dark spots in the AFM images.  

 

 

Figure 4.3: AFM images of NiTsPc films in 3-D (on the left) and in 2-D (on the right) for 
(a) the untreated, (b) treated with chloroform, and (c) treated with toluene. 

  

(a

(b

(c
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Comparing the size of the molecule for both solvent, the molecular size of toluene 

is bigger compared to chloroform due to the presence of the aromatic ring in toluene 

moiety as shown in Figure 4.4. 

 

Figure 4.4: The chemical structure of chloroform (left) and toluene (right). 

Therefore, as the NiTsPc film immersed in each solvent, the chloroform molecule was 

easier to be absorbed by the film and can penetrate into the underlying part of NiTsPc film 

and etched the surface as well as the underlying portion area of the film.  The modification 

for film treated with chloroform involved the underlying part of the film surface. As a 

result, the film treated with chloroform has larger surface area caused by formation of 

granular structure.  Thus, it is anticipated that chloroform can be the most suitable solvent 

for solvent treatment of NiTsPc layer as the donor layer of the photovoltaic device.  Such 

granular underlying structures would provide a percolation path for the free charge carrier 

to be transported to its respective electrodes. 

 Nevertheless, it is very hard to distinguish which solvent is better in modifying the 

film surface based on the analysis of AFM images alone.  Therefore, further 

characterization was performed by measuring the electrical properties of the organic solar 

cell devices.  In this work, the NiTsPc was used as a p-type material, to be coupled with an 

n-type material to form bilayer organic solar cell. 

 There are two types of small molecule organic semiconductors were used as an 

electron donor (n-type) to be deposited on top of the NiTsPc film.   Perylene-3, 4, 9, 10-

tetracarboxylic-3, 4, 9, 10-dianhydride (PTCDA) was chosen due to its good electron 

mobility (2 x 10-4 cm2/Vs) (Forrest et al., 1994). The other n-type material was tris (8-
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hydroxyquinolinate) aluminium (Alq3) due to its high thermal stability, adequate electron 

transport, and luminescent properties (L. Li et al., 2008; Shukla et al., 2010).  The final 

device constructions consist of ITO/treated-NiTsPc/PTCDA/Al and ITO/treated 

NiTsPc/Alq3/Al.  The electrical properties in terms of the graph of current density, J 

against voltage, V was plotted.  The short-circuit current density; Jsc is the current passes 

through the solar cells when the voltage is zero.  This current was depends on the 

absorption properties of the films and their charge carrier transport (Muhammad & 

Sulaiman, 2011a). 
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Figure 4.5: Influence of NiTsPc film being treated with different solvent on the current 
density – voltage (J-V) characteristics of the ITO/treated NiTsPc/PTCDA/Al devices. The 

devices were tested in air under light illumination 100 mW/cm2. 
  

 Figure 4.5 shows the electrical photovoltaic performance of the solar cells using 

either toluene or chloroform treated NiTsPc films, incorporated with PTCDA as the second 

active layer. The J-V characteristic of the pristine layer in the ITO/untreated 

NiTsPc/PTCDA/Al device is also shown as a reference device.  The values of the Jsc for 

devices consist of the toluene and chloroform treated active layer are increased half and 
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two times compared to the untreated NiTsPc film, respectively.  Previously, it has been 

mentioned that the formation of the granular structures at the underlying part of the 

chloroform treated film may provide a percolation path for a better free charge carrier 

transport to its respective electrodes.  In fact, a better charge transport to electrodes 

generates the higher value of Jsc has been generated from the chloroform treated NiTsPc 

film. The dependency of Jsc on the photo induced charge carriers transport between the 

donor and acceptor layer, suggests that in this current work, the charge transfer process at 

the NiTsPc/PTCDA interface has been enhanced.  

However, the value of the open-circuit voltage, Voc has not been changed upon 

replacing the pristine with the solvent treated NiTsPc. Voc is the voltage produced when no 

current being generated in the device. Voc value can be defined either as the difference in 

the electrodes work function or the difference between the Highest Occupied Molecular 

Orbital (HOMO) of the donor and the Lowest Unoccupied Molecular Orbital (LUMO) of 

the acceptor (Muhammad et al., 2011a).   In addition in Figure 4.5, it is observed that there 

is a very small change in the open-circuit voltage (Voc), i.e. around 0.25 to 0.28 V upon 

immersion NiTsPc films in either toluene or chloroform.  Such unchanged voltage value 

can be explained as no alteration of the HOMO-LUMO level of the active layer upon 

solvent treatment.  Nevertheless, it will be shown that the solvent treatment process with 

different immersion time has produced a significant change in open circuit voltage as well 

as photocurrent, later. 
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Figure 4.6: The energy level diagrams; (a) NiTsPc film incorporated with PTCDA 
(Brovelli et al., 2007) and (b) NiTsPc film incorporated with Alq3 (Muhammad et al., 

2010).  

 A larger value of Voc can be generated by increasing the difference in HOMO-

LUMO level of the donor and acceptor.  In this work, Alq3 was used to replace the 

PTCDA as an acceptor.  Figure 4.6 shows the schematic diagram of the energy levels 

between the donor and acceptor layer.  It can clearly observed in these energy levels that 

the gap between HOMO-LUMO level of NiTsPc and Alq3 is bigger compared to the 

difference in HOMO-LUMO level of NiTsPc and PTCDA. Hence, it can be inferred that 

larger gap between HOMO-LUMO levels of NiTsPc/Alq3 has generated larger open 

circuit voltage as shown in Figure 4.7.  
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Figure 4.7: The current density – voltage (J-V) characteristics of ITO/NiTsPc/Alq3/Al and 
ITO/treated NiTsPc/Alq3/Al devices.  The devices were tested in air under light 

illumination 100 mW/cm2. 
 

 Chloroform treated devices for both PTCDA-based (see Figure 4.6) and Alq3-

based (see Figure 4.7), generate larger values of Jsc as compared to that of the toluene 

treated devices.  This finding reveals that more photocurrent can be produced by applying 

the chloroform solvent treatment. This behavior can be described as the improved charge 

transport ability due to the enhancement in surface morphology of the chloroform treated 

NiTsPc layer.  In addition, chloroform treated device for both Alq3 and PTCDA has a 

higher Jsc compared to the toluene treated device. Therefore, it can be safely said that 

chloroform is a good and suitable solvent for surface treatment in order to improve the 

morphological characteristic, leading to an enhancement in the photocurrent generation.   
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4.3 PART II: EFFECTS OF SOLVENT TREATMENT TIME TO 
MORPHOLOGICAL, STRUCTURAL, OPTICAL AND ELECTRICAL 
PROPERTIES 

4.3.1 Morphological properties 

The influence of thermal treatment process on the surface morphology of the chloroform 

treated NiTsPc films is depicted by the FESEM images in Figure 4.8.  In this case the 

images were obtained from the pristine and thermally treated films, but without underwent 

the solvent treatment process.  Figure 4.8(a) and 4.8(b) show the images of the pristine 

NiTsPc film with 10k and 30k magnification.  As can be clearly seen from these figures, 

nanostructure feature cannot be observed in the film before the thermal treatment process 

although the image has been enlarged with a higher magnification (see Figure 4.8(b)).  On 

the other hand, a striking different in FESEM image can be clearly seen in Figure 4.8(c) 

for the film being applied of a thermal treatment at 140°C.  There are many nano-structures 

with a diameter below 200 nm appear in the image.  Karan et al and B.-E. Schuster et al. 

reported almost the same FESEM images due to the thermal treatment process in NiTsPc 

films (Karan et al., 2007; Schuster et al., 2010). 

Nano-structures with random orientation as the ramiform structures are called 

nanofibers since it shape more like a fiber. It is believed that the thermal treatment can 

initiate the formation of nanofibers as observed in the images of Figure 4.8.  Therefore, the 

surface of the NiTsPc film can be modified via a thermal treatment process.  Then, the 

formation of nanofibers can be further enhanced via a solvent treatment process, as will be 

discussed later.  Furthermore, FESEM images in Figure 4.8 shows the presence of white 

dots on the surface of the NiTsPc films.  These white dots represent the insoluble NiTsPc 

powder.  As discussed earlier, the NiTsPc powder was dissolved in deionized water, then 

spin-coated onto glass substrates to form thin films.  The size of the insoluble NiTsPc 

particles is around 200 nm.  Nevertheless, these insoluble particles disappear as a response 

to the solvent treatment process, as will be described in next paragraph.  
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Figure 4.8: The FESEM images of the NiTsPc thin film (a) before thermal annealing with 
10k magnification (b) before thermal annealing  with 30k magnification (c) after thermal 

annealing with 20k magnification. 

 

In the second process of solvent treatment, the thermally annealed NiTsPc films 

were immersed in chloroform with different soaking times. The films were then left under 

ambient condition to allow evaporation of the solvent until the films were completely 

dried. As discussed earlier in the first part of the chapter, the film starts to aggregate and 

align during evaporation process.  For a longer immersion time in the solvent treatment 

process, the chloroform molecules were allowed to absorb deeper into the NiTsPc thin film 

layer. Therefore, the time needed to dry the thin film become longer. Variation surface 

morphology of the NiTsPc films upon different immersion time can be observed in the 

FESEM images as shown in Figure 4.9.  The size of the nanofibers was calculated by 

measuring the diameter of nanofibers at five different parts and the average values were 

recorded.  The influence of immersion time at 0, 40, 80 and 120 minutes on the nanofiber 

diameter size is presented in the bar graphs on the right hand side correspond to the time, 

5µm 
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2µm 
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respectively.  The number of nanofibers with diameter in the range of 81-120 nm is greater 

than the nanofiber with diameter of 41-80 nm can be seen in the untreated film as 

compared to the film being immersed in a suitable solvent for 40 minutes. However, as the 

treatment time increases beyond 40 minutes, the number of nanofibers with smaller 

diameter has increased.  Therefore, longer time of immersion allows the chloroform 

molecule to etch the exposed surface of the films.  This condition suggests that the 

chloroform molecule has partly modified the larger size nanofiber, hence the smaller 

nanofibers are produced.  Comparison between the untreated film and the 40 minutes 

treatment time, it can be observed that the number of nanofiber with diameter 41-80 nm 

has increased by 1.5 times.  As the immersion time increased to 80 minutes, then the 

number of nanofiber with a smaller diameter decreased (see the bar graph in Figures 

4.9(c)), corresponds to the effect of solvent molecules in the film modification.   From this 

experiment, it is found that if the film being treated beyond a certain time, then number of 

smaller nanofibers drops.  Herein, the immersion times of 40 and 60 minutes can be 

considered to produce a better number of smaller size nano-fibers in NiTsPc films. 
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Figure 4.9: FESEM images comparing the morphology of NiTsPc films upon different 
treatment times. (a) untreated, (b) 40 minutes, (c) 80 minutes and (d) 120 minutes. 

0

10

20

30

40

0-
40

41
-8

0

81
-1

20

12
1-

16
0

16
1-

20
0

A
m

ou
nt

 o
f f

ib
er

Diameter of the fiber (nm)

0
10
20
30
40
50

0-
40

41
-8

0

81
-1

20

12
1-

16
0

16
1-

20
0

A
m

ou
nt

 o
f f

ib
er

Diameter of the fiber (nm)

0

10

20

30

40

0-
40

41
-8

0

81
-1

20

12
1-

16
0

16
1-

20
0

A
m

ou
nt

 o
f f

ib
er

Diameter of the fiber (nm)

0

10

20

30

0-
40

41
-8

0

81
-1

20

12
1-

16
0

16
1-

20
0

A
m

ou
nt

 o
f f

ib
er

Diameter of the fiber (nm)

400nm 

(a) 

400nm 

(b) 

400n

(c) 

400nm 

(d) 



61 
 

 

 

Figure 4.10: AFM images comparing the morphology of NiTsPc films upon different 
treatment times. (a) untreated, (b) 40 minutes, (c) 80 minutes and (d) 120 minutes. 
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Further analysis of the influence different annealing time on the surface of NiTsPc 

films was carried out by AFM images, as shown in Figure 4.10.  The untreated film image 

shows that inter-planar distance between the nanofibers is far from each other.  After 

solvent treatment, the nanofiber structure has been interconnected and separated by a 

closer distance.  As previously discussed, the nano-fibers were formed during the solvent 

evaporation process upon film aggregation as reported by J.L. Yang et al (Yang et al., 

2011). For the film being treated at 40 minutes, the interval region between the grains 

became smaller as more nanofibers are formed in the film, as shown in Figure 4.10(b). 

However, referring to Figure 4.10(c), some part of the exposed surface of the film has been 

etched for the film being solvent treated at 80 minutes. Therefore, increasing the 

immersion times beyond 80 minutes allows the solvent molecules to be absorbed and 

penetrates deeper into the NiTsPc film, causing upper layer of the film being etched away.  

Such film is certainly not appropriate for further solar cell fabrication, as it would lead to a 

short-circuit device. 

Table 4.2: The rms roughness value of solvent treated thin films, obtained from the 
AFM images. 

Treatment time, t (minutes) Root mean square roughness, rms (nm) 
0 (untreated) ~ 22 

40 ~ 28  
80 ~ 17  

120 ~ 14 
 

Table 4.2 provides a list of the root mean square roughness (rms) of each NiTsPc 

film upon different treatment time.  The film surface becomes rougher with 25% increment 

of rms from untreated to 40 minutes treated film with chloroform.  This result indicates 

that the coarser nanofibers being formed by a larger amount of humps and valleys along 

the thin film surface, are influenced by the film treatment in suitable solvent.  Same as 

described previously in the FESEM images, the nanofibers shown in the AFM images have 

been etched away after achieving the maximum immersion time.  Therefore, the drop 
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values in rms (from AFM images) for 80 minutes and 120 minutes of solvent treatment, is 

related to the smaller number of nanofibers on the film surface (from FESEM images).  

As a summary, the morphological properties of the NiTsPc thin film surface can be 

modified by a solvent treatment.   Enhanced number of nanostructure has been obtained 

upon immersing the thin film in a suitable solvent (which in this case is chloroform).  The 

results in Figure 4.9 and 4.10 suggest that the formation of the nanofibers on the surface of 

NiTsPc films, is controlled by the immersion time.  

 

4.3.2 Structural properties 

The structural characterization was made by X-ray diffraction traces from the deposited 

NiTsPc thin film on glass substrate in the range of 2θ between 5° to 80°.  Figure 4.11 

shows the X-ray diffraction traces of the films.  The untreated NiTsPc film is amorphous, 

as indicated by a broad XRD feature without any peak.  After being treated with 

chloroform between 40 to 120 minutes, the NiTsPc film shows a semicrystalline feature to 

certain extent with a protruding peak as can be observed at 2θ = 32°.  The crystallite size of 

the NiTsPc can be obtained by convoluting this peak using an Origin Pro 8.0 software and 

inserting the value of its full width at half maximum (FWHM) into Equation 4.1:   

퐿 = 	          (4.1) 

From this equation, L is the mean crystallite size, K is the Scherrer constant with value 

0.94, λ= 1.542 Angstroms is the X-ray source wavelength and β is the FWHM value.   The 

crystallite size of NiTsPc has been determined to be in the range of 70-100 nm.  This 

finding reasonably agrees with the reported values of 20-100 nm for the other type of 

phthalocyanine by other researchers (Boudjema et al., 1984; M. M. El-Nahass et al., 

2005). 
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Figure 4.11:  XRD diffraction pattern for the NiTsPc film with different treatment time. 
 
 

                          
 

Figure 4.12: Chemical structure of NiTsPc (left) and Alq3 (right)  

 

Furthermore, the structural characterization can also be done by analyzing the 

spectrum of NiTsPc thin film on glass substrate using the Renishawin Via Raman 

Microscope.   NiTsPc structure is defined as a planar molecule consists of 57 atoms based 

on the chemical structure in Figure 4.12.  Therefore, the characterization of the vibration of 

the molecule is based on the square planar molecule (point group D4h). For this 

characterization, the vibration, Γvib of NiTsPc molecule is represented by Equation 4.2 

(Bała et al., 2006): 

N

O

N
O
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Γ = 14퐴 + 13퐴 + 14퐵 + 14퐵 + 13퐸 + 6퐴 + 8퐴 + 7퐵  

																											+7퐵 + 	28퐸              (4.2) 

This equation consists of the translational and internal vibrations of the NiTsPc molecule. 

However, only the internal vibration, Eg is out of plane vibration while A1g, B1g, B2g are in 

plane vibrations and taken into consideration here.  Referring to Figure 4.12, the 

symmetrical atomic shifts in case B1g vibrational mode is correspond to C´2 axis folds, an 

axis of vibration through the central atom and benzene ring.  On the other hand, B2g 

vibrational mode is corresponding to the C˝2 axis folds, an axis of vibration through the 

nitrogen atoms (Bała et al., 2006; Szybowicz et al., 2004).  The Raman shifts for each 

peaks in the untreated NiTsPc film (see Figure 4.13) are in good agreement to those 

reported results by other researchers for ruthenium phtalocyanine (X. Li et al., 2004), 

copper phthalocyanine (Szybowicz et al., 2004) and cobalt phthalocyanine (Szybowicz et 

al., 2010) , even though the central atoms are different to the material used in this study. 
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Figure 4.13: Raman spectra for the untreated NiTsPc film. 
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Interestingly, there are two protruding peaks occur at 1350 and 1580 cm-1, correspond to 

the D and G peaks  (Chu et al., 2006).  The appearance of the D peak in the spectra is an 

indication of the presence of six-fold aromatic ring in the film. On the other hand, the 

existence of G peak indicates the presence of both six-fold aromatic ring and chain (Ferrari 

et al., 2000). Tentative band assignment of vibration (Saini et al., 2011) for each Raman 

active mode is tabulated in Table 4.3. 

Comparison of the Raman shift upon varying the treatment time on the NiTsPc 

films can be observed in Figure 4.14.  Focusing only at the D and G peak, there is no shift 

in the peak positions in Raman spectra but the intensity of these two peaks is not similar. 

Therefore, the analysis of the structural properties can be done based on the variation in 

intensity.  Figure 4.15 shows the magnification of the D and G peak of each film. The 

intensity has been altered by immersing the film in chloroform at different treatment time. 

 

Table 4.3: Tentative band assignment of Raman active modes of NiTsPc film. 

Band position (cm-1) Band assignment Raman active modes 

604 - 690 C-N, Ni-N,C=N A1g 

1035 - 1094 C-N, C=N, C=C-C B2g 

1181 - 1339 C=C-C A1g 

1550 - 1558 C-N, C-N=C-C=C B1g 
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Figure 4.14: Stacks of Raman spectra for the untreated and treated NiTsPc films with 
different immersion time in a suitable solvent. 
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Figure 4.15: The D and G peak of Raman Spectra around 1350 and 1580 cm-1 (The plot is 

magnified from Figure 4.14) 
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In order to explain the behavior of both peaks upon varying the treatment time, the 

intensity ratio of both peaks is evaluated by convoluting them to fit the theoretical Lorentz 

curve. The relationship between the intensity ratio of D and G peaks with the presence of 

six-fold ring and chain can be presented in the following relation: 

 

	 ∝
	

        (4.3) 

 
The ratio of ID and IG is inversely proportional to IC + IR.  If the intensity ratio for D and G 

peaks is unity, it suggests that the presence of six-fold aromatic rings and no presence of 

chains are detected.  For the case of deviation of the ratio from unity may be attributed to 

the defects in the materials.  Such defects may be originated from the distortion of six-fold 

aromatic ring in the NiTsPc molecule.  
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Figure 4.16: Intensity ratio of D and G peak for different treatment time. 
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Figure 4.16 shows the influence of treatment time on the ratio of ID and IG. For the 

untreated film, the value of IC + IR, is minimum whereas the ratio ID/IG is maximum since 

the ratio of ID and IG is inversely proportional to IC + IR.  From this figure, the value of the 

ID/IG ratio is greater than one for all the films, hence it may be attributed to the presence of 

chain as the sixfold aromatic is distorted.  On the contrary, for film being treated for 60 

minutes, the ID/IG ratio found as the minimum, suggesting that the presence of chain in the 

film via the increment of IC + IR. In Table 4.3, it is can be found that the G peak is 

triggered from the vibration of C-N and C-N=C-C=C. The latter vibration shows that the 

six-fold aromatic ring has been distorted and then initiates the opening of the six-fold 

aromatic ring from the structure of NiTsPc and forming some sort of defects in the 

molecule.  As the treatment time increases, more defects are formed at the film.  These 

defects may influence the optical energy gap which will be explained in next section.  

 

4.3.3 Optical properties 
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Figure 4.17: Absorption properties of NiTsPc, Alq3 and NiTsPc/Alq3 double layer films. 
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Absorption spectra of the NiTsPc and Alq3 films are shown in Figure 4.17.  The 

absorption spectrum of the NiTsPc film exhibits two peaks in both B and Q bands.  In Q 

band, an intense absorption peak at 630 nm is due to the transition between the bonding 

and antibonding (π-π*) at the dimer part of the phthalocyanine (Pc) molecule. In addition, 

a shoulder peak occurs with low absorption intensity in the Q band region at 670 nm.  This 

shoulder corresponds to the absorption at the monomer part of the molecule from second 

π-π* transition or as excitation peak or as a vibrational interval (Farag, 2007).  The central 

atom (Nickel) of the phthalocyanine molecule is associated with the  d–band (Farag, 2007). 

On the other hand,  a strong absorption peak at 288 nm and a shoulder at 350nm within the 

UV region of the spectrum, are attributed to π-d and partially occupied d-π* transitions, 

respectively (M. El-Nahass et al., 2004).  The absorption features of this spin-coated 

phthalocyanine derivative film is similar to the reported thermally evaporated 

phthalocyanine films (Karan et al., 2007; G. Park et al., 2011).  The result indicates that 

the simple spin-coating method can be utilized to obtain similar light absorption properties 

of a soluble phthalocyanine, as provided by the complicated thermal evaporation 

technique.  A simple superposition of bilayer NiTsPc/Alq3 thin film shows that a broad 

light absorption at the UV region.  When this layer is applied as the active layer in the 

photovoltaic device, it can increase the absorption ability of the device.  

Upon chloroform treatment, all the absorption peaks of the NiTsPc film still exist 

as shown in Figure 4.18(a).  It can be observed clearly from Figure 4.18(b) and 4.18(c) that 

the solvent treatment does not cause any shift of the peaks in neither B nor Q bands.  The 

treatment time only affects the absorption intensity.  As the treatment time increases from 

20 to 60 minutes, the absorption intensity of the treated films is higher as compared to the 

untreated sample.  However, the absorption intensity starts to decrease for the films being 

treated longer than 60 minutes.  Besides, the absorption spectrum became wider for this 

film so that light with wider range of wavelength can be absorbed.  Hence, the optimum 

treatment time is found 60 minutes.  
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Figure 4.18: (a) The absorption spectra for untreated and treated NiTsPc with chloroform 
(b) Magnification of the absorption intensity at B band (c) Magnification of the absorption 

intensity at Q band. 

 

Two absorption edges in the absorption spectra suggest the existence of two 

different energy gaps for the NiTsPc film.  Further investigation on the optical energy gap 

has been performed by plotting the a Tauc’s plot (Muhammad & Sulaiman, 2011b) as 

shown in Figure 4.19.  The Tauc’s relation can be written as: . 

 

훼ℎ푣 = 	 훼 (ℎ푣 − 퐸 )        (4.4) 

where, αo is the energy dependent constant and Eg is the optical energy gap.  The value of n 

represents the type of the absorption transition.  The Tauc plot in Figure 4.19(a) shows the 

two regions; the region with higher energy is called fundamental energy gap and the region 

with lower energy gap is called the onset energy gap.  The tail of the graph shows an 
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exponential behavior indicating the presence of localized state, which can be correlated 

with an indirect transition (M. El-Nahass et al., 2004).  Hence, the value of n = 2 is used, 

assuming an indirect transition.  This indirect transition with n = 2 also reported by other 

researchers for NiPc (M. El-Nahass et al., 2004; Kumar et al., 2000). 
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Figure 4.19: (a) The Tauc’s Plot of the untreated and treated NiTsPc films with different 
treatment time, (b) Enlargement of the fundamental energy gap region, and (c) 

Enlargement of the onset energy gap region. Optical energy gap was obtained by 
extrapolating line from 1.7 and 3.5 eV. 
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Table 4.4: List of the optical energy gaps for the untreated and treated NiTsPc films with 
different treatment time. 

 
Treatment time 

(minutes) 
Fundamental energy gap, 

Eg1 (eV) 
Onset energy gap, Eg2 

(eV) 
0 (untreated) 2.85 1.50 

20 2.75 1.46 
40 2.73 1.43 
60 2.70 1.43 
80 2.73 1.45 
100 2.75 1.45 
120 2.79 1.46 

 

Table 4.4 shows the value of the energy gap, both at the fundamental and onset by 

extrapolating the straight linear lines from the fix points at 1.7 eV and 3.5 eV (correspond 

to the peaks in the NiTsPc absorption spectrum).  It is noted that the value of energy gap in 

NiTsPc is influenced by the treatment time.  The minimum fundamental energy gap is 

obtained for the film treated up to 60 minutes.  The fundamental energy gap of 2.70 eV of 

the untreated NiTsPc obtained from the Tauc’s plot is in agreement to those reported in 

other phthalocyanines (B. Kippelen et al.; Krebs, 2009; P. Peumans et al., 2003).  The 

result of the energy gap can be related by the result in the structural properties section. 

Previously discussed in the morphological properties, more defects have been formed in 

the NiTsPc film as the treatment time increases. These defects create the density of states 

of energy level and produce a narrower energy gap (Broqvist et al., 2009; Mensing et al., 

2002).  Hence, the formation of the defects after the film being treated by solvent, has 

altered the energy gap of the NiTsPc film. 

 

An n-type material of Alq3 was thermally evaporated on top of the treated NiTsPc 

film, to be used as the active layer in the photovoltaic device.  The charge transfer behavior 

of the donor and acceptor (D/A) heterojunction between layer and Alq3 layer, is examined 

by the photoluminescence (PL) spectroscopy measurements.  The pristine sample of the 

untreated NiTsPc/Alq3 is used as reference.  The effect of treatment time of the NiTsPc 

film on the PL spectra of the NiTsPc/Alq3 bilayer is shown in Figure 4.20.  The PL 
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intensity of the film is reduced to some extend as the NiTsPc is treated from 20 to 60 

minutes compared to the pristine sample, while the intensity increased as the film being 

treated from 80 to 120 minutes.  High PL intensity does not favor the photovoltaic 

properties.  Hence, the reduction in PL intensity, known as PL quenching is more 

beneficial here.   In this study, a small PL quenching phenomenon can be seen for the 

bilayer films particularly the 60 minutes treated film.  Such PL quenching represents an 

efficient charge transfer at the D/A interface (Xu et al., 1993).  

450 500 550 600 650 700 750

0.0

0.2

0.4

0.6

0.8

1.0 120 minutes

100 minutes

80 minutes

60 minutes40 minutes

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

Wavelength (nm)

Untreated 20 minutes

 

Figure 4.20: Photoluminescence spectra of untreated and treated NiTsPc films. 

 

4.3.4 Electrical properties  

NiTsPc/Alq3 bilayer film was sandwiched between ITO and Al electrodes to form 

ITO/NiTsPc/Alq3/Al photovoltaic devices.  The photovoltaic effects can be observed in 

the fourth quadrant of the J-V curve, when the ITO/NiTsPc/Alq3/Al devices were 

illuminated by a standard 100 mW/cm2 light in air.  The variation in the J-V curves upon 

solvent treatment time is presented in Figure 4.21, showing different values of short-circuit 

current, Jsc and open-circuit voltage, Voc.In this study, if a higher voltage than 6V, then it 
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causes the breakdown in the devices.  It is well accepted that the value Jsc of a photovoltaic 

device, depends on the absorption property of the active layer and it charge carrier 

transport.   

However, the open-circuit voltage, Voc is still in debate whether it is caused by the 

difference in the electrodes’ work function or by the difference in the Highest Occupied 

Molecular Orbital (HOMO) of the donor and the Lowest Unoccupied Molecular Orbital 

(LUMO) of the acceptor (Muhammad et al., 2010). The difference in electrodes work 

function is about 0.8 V (Greenham et al., 1996).  In this study, the value of Voc for the 

devices falls within the range of 1.3 V to 1.4 V.   Hence, it can be said that the Voc is 

attributed to the difference in HOMO of NiTsPc (5.0 eV) and LUMO of Alq3 (3.4 eV).  

This small variation in Voc suggests that the HOMO and LUMO molecular energy levels 

are insignificant by the solvent treatment as described in the previous section.  The exact 

value of the HOMO-LUMO of NiTsPc, Alq3 and PTCDA was not determined in this 

work.  In general, HOMO-LUMO values of those organic layer on metal electrodes can be 

measured from a combination of X-ray and ultraviolet photoemission (XPS,UPS).  

Nevertheless, both UPS and XPS are not available at University of Malaya.   
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Figure 4.21: The current density – voltage (J-V) characteristics of the photovoltaic devices 

consist of untreated and treated NiTsPc film for different immersion time. The devices 
were tested in air under light illumination 100 mW/cm2. 
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Figure 4.22: The short-circuit current density (Jsc) of the photovoltaic device. 

 

The effect of treatment time on the Jsc value (obtained from Figure 4.21) is then presented 

by a graph in Figure 4.22.  Initially, the current increases with treatment time approaching 
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a maximum value at 60 minutes then drops for 80 to 120 minutes.  The variation of Jsc 

value can be explained by referring to the ability of the NiTsPc films to absorb light as 

shown in Figure 4.18.   In this figure, the intensity of the light absorbed has been increased 

and the absorption range becomes wider upon solvent treatment on the film.  These 

conditions allow the photovoltaic device containing treated NiTsPc layer, to generate more 

excitons upon light illumination.  Furthermore, it is expected that the photoinduced charge 

carriers’ transport through the the donor/acceptor interface can be enhanced upon 

increasing the treatment time.  Such a longer treatment period provides a larger interface 

area as indicated by the larger number of nano fibers in the FESEM images.  Hence, the 

film being treated with chloroform for 60 minutes, is selected as the optimum time in this 

study producing the highest Jsc = 1.0 µA/cm2 as presented in Figure 4.22.  This current 

value is approximately double the value of the untreated device when incorporated with 

Alq3.  Hence, the charge transport behaviour is more efficient between the treated NiTsPc 

layer (as donor) and the second layer of Alq3 (as acceptor) compared to the device consists 

of the untreated NiTsPc/Alq3 film.  Furthermore, the FF of the device treated with solvent 

shows an increased nearly double from the untreated device. The value of fill factor for 

each device is calculated using equation 4.5 and shows in Table 4.5. 

 

퐹푖푙푙	푓푎푐푡표푟,퐹퐹 = =        (4.5) 
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Table 4.5: The value of Pmax, Jsc, Voc and fill factor (FF). 

 
Maximum 
power, Pmax 

Short-circuit 
current density, 

Jsc (µA/cm2) 

Open-circuit 
voltage, Voc (V) Fill factor, FF 

Untreated film 0.09 0.52 1.30 0.14 
20 minutes 0.16 0.80 1.36 0.15 
40 minutes 0.30 0.82 1.36 0.27 
60 minutes 0.43 1.02 1.40 0.30 
80 minutes 0.31 0.80 1.30 0.29 

100 minutes 0.23 0.77 1.26 0.23 
120 minutes 0.20 0.60 1.20 0.28 

 

 Overall Jsc and fill factor values produced from the ITO/NiTsPc/Alq3/Al devices 

are very small compared to those reported in literatures for organic solar cells (Karak et al., 

2010). There are many factors contribute to this small value including un-encapsulated 

device and electrical behavior being measured in air.   These processes have certainly 

reduced the solar cell performance through device degradation.  Furthermore, the 

aluminium atoms from the top electrode may diffuse to the organic layer of Gaq3 leading 

to formation of oxidized sub-layer (Jørgensen et al., 2008). Several suggestions to increase 

the solar cell performance are described in Chapter 5.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORKS 

5.1 Conclusions 

 Phthalocyanine and its derivatives have shown a good physical properties and 

promising materials to be used as active layer in organic solar cells.  Nevertheless, most 

phthalocynines thin films can only be deposited on to solid substrates via a thermal 

evaporation technique.  Herein, a simple solution processed of spin-coating technique was 

demonstrated to deposit a nickel (II) phthalocyaninetetrasulfonic acid tetrasodium salt 

(NiTsPc) thin films.  Several parameters including spin rate of the spin-coater and the 

solution concentration are among the most important factors to produce a homogenous and 

good NiTsPc films, with the desired thickness on the cleaned glass substrates.  In this 

study, the spin rate was fixed to be around 800-1000 rpm to avoid the non-adhering 

problem of the thin film on the substrate.  Even though the lowest spin rate of 800 rpm was 

used, the spin-coated film was not at the optimum film desired. Hence, the concentration of 

NiTsPc solution was varied.  As a result, the desired homogenous NiTsPc film with 120 

nm can be produced using a solution concentration of 35mg/ml and the spin rate of 800 to 

1000 rpm.   

In order to enhance the absorption properties of the film, a thermal treatment was 

done to the deposited NiTsPc thin films.  The results reveal that the shape of the absorption 

plot of the thermally annealed NiTsPc film, remain the same compared to the pristine 

sample.  Such behavior indicates that there is no change in the conjugated bond of NiTsPc 

compound.  However, there was a small variation in the absorption intensity upon thermal 

annealing treatment.  From the experiment, the annealing temperature was selected at 

temperature 140°C, to enhance the absorption coefficient up to 50% compared to the 

pristine NiTsPc film. 
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 Surface modification of the NiTsPc thin films was done by immersing the film in 

its suitable solvent with different immersion times.  Immersion process allows the solvent 

molecule to absorb and penetrate into the film and it is believed that the modification of 

the film occurred during the drying process.  In this research work, two types of solvents 

were chosen for surface modification namely chloroform and toluene, due to their low 

solubility to NiTsPc film.  The surface morphology of the solvent treated NiTsPc films was 

initially analyzed using the AFM images.  The AFM results have shown that the roughness 

mean square (rms) values of the chloroform and toluene treated thin film are 16 nm and 9 

nm respectively which is smaller compared to pristine film of 41 nm.  Hence, the treated 

film forming a smaller granular structure as a result of the etching process by the solvent.   

Furthermore, the toluene treated NiTsPc film has formed more packed structures compared 

to that of the chloroform treated film.  Such observation is attributed to the lower vapor 

pressure of toluene (22 mmHg) compared to chloroform (159.8 mmHg), in which toluene 

needs more time to evaporate from the film, allowing more time for molecular re-

arrangement.  The value of film roughness mean square increases 25% upon solvent 

treated from the untreated film. This result indicates that the coarser nanofibers being 

formed by a larger amount of humps and valleys along the thin film surface are influenced 

by the film treatment in its suitable solvent.   

Further characterization was performed by measuring the electrical properties of  

the solar cells using either toluene or chloroform treated NiTsPc film as the first layer, 

incorporated with PTCDA as the second active layer.  The solar cells with sandwiched 

structure of ITO/NiTsPc/PCTDA/Al were illuminated with a standard 100 mW/cm2 light 

source through the ITO electrode and the J-V characteristics were measured.  Jsc of the 

solar device consisting chloroform treated NiTsPc film was measured to be twice higher 

compared to the device with untreated NiTsPc film. Besides, the toluene treated device 

only a slight increment of photocurrent.  Therefore, chloroform was chosen to for the next 

part of study; variation in immersion time of the solvent treatment process. 
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 Prior to solvent treatment, the NiTsPc films were thermally treated at 140°C.  The 

FESEM images show that the nano fibers were formed after thermal treatment.  Such 

nanofibers cannot be observed in the FESEM image of the pristine sample of non-

annealing NiTsPc film, even at higher magnification. Then, the solvent treatment with 

different immersion times of 40, 80 and 120 minutes on the NiTsPc films was performed 

in chloroform.  A significant variation in the surface morphological properties has been 

generated upon different soaking times in this suitable chloroform solvent.  The results 

revealed that the nano fibers with diameter below 200 nm appeared in the untreated 

NiTsPc film.  By immersing the film in chloroform, a part of the exposed surface has been 

etched and modified to produce larger diameter nano-fibers compared to the pristine 

sample.  As the immersion time increases beyond 40 minutes, the number of nano fibers 

with smaller diameter was increased 1.5 times.  From the FESEM images of the film with 

longer immersion time (80 and 120 minutes), the nano fiber has been interconnected and 

separated by closer distance.  Both FESEM and AFM results show that the films were 

etched by the suitable solvent after achieving the optimum time. 

 For the structural characterization, the NiTsPc film has a semi-crystalline feature as 

evident from a protruding peak at 2θ = 32° for the film being treated with its suitable 

solvent. Calculated value of the mean crystallite size for the treated film determined to be 

in the range of 70-100 nm. Raman spectrum of the NiTsPc film shows two clear peaks at 

1350 and 1580 cm-1 correspond to the D and G peaks.  The Raman spectra for all the 

untreated and treated film did not show any shift in the peak positions, but rather variation 

in Raman intensity.  The intensity ratio of the D to G peak (ID/IG) is greater than unity for 

all films. The plot of ID/IG against treatment time shows that the minimum point occurs for 

the NiTsPc film being soaked at 60 minutes.  This result indicates the formation of defects 

by opening the six-fold aromatic ring from the NiTsPc molecule becoming a planar chain.  

As the treatment time increases, more defects are formed in the film, and these defects 

have influenced the optical energy gap to certain extent.   
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Optical characterization on the film shows that the absorption of NiTsPc film 

produce two peaks in B-band and Q-band. Strong absorption at B-band occurs at 288 nm 

and a shoulder peak at 350 while at Q-band the absorption occurs at 630 nm and a small 

shoulder peak at 670 nm. No shift on the absorption peaks position was recorded at the 

absorption spectrum but the intensity increased around 22% and 23% at the strong 

absorption peaks (B-band and Q-band) for film treated for 60 minutes.  Besides the 

increase of intensity, the absorption spectrum becomes wider for the NiTsPc film with a 

longer soaking time in chloroform solvent. Therefore, NiTsPc film being treated at 60 

minutes in chloroform has the ability to absorb more photons, thus generates more excitons 

for charge carrier.  This result is further supported by the observation in the PL 

measurement. PL quenching around 80% has been obtained for NiTsPc film being treated 

with solvent at 60 minutes.   

 By employing the Tauc’s relation, two different energy gaps for the film named 

fundamental energy gap and onset energy gap based on the high and low energy regions.  

The fundamental energy gap using Tauc plot of the untreated NiTsPc with the value of 

2.85 eV, is in agreement to those reported in other phthalocyanines systems. The lowest 

energy gap (fundamental and onset) was estimated to be 2.70 eV and 1.43 eV, which is a 

drop of 5% compared to the untreated film.  The change in optical energy gap can be 

explained in terms of defects formation upon solvent treatment. As the treatment time 

increases, the NiTsPc film creates the density of states of energy level and produces a 

narrower energy gap for film treated at 40 minutes. However, both energy gaps for the film 

increased when the films were immersed beyond 60 minutes. Photoluminescence (PL) 

characterization was done by incorporating the film with Alq3, an n-type material.  Low 

PL intensity is favorable in the fabrication organic solar cells as it represents an efficient 

charge transfer at the donor-acceptor interface. 

 The photovoltaic device was fabricated by sandwiching the untreated and treated 

NiTsPc/Alq3 bilayer between ITO and Al electrodes to form ITO/NiTsPc/Alq3/Al device. 
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The current density-voltage (J-V) measurement was focused on the short-circuit-current 

density, Jsc since this value represent charge transfer transport behavior.  Highest Jsc value 

as well as fill factor are determined for the device consists of NiTsPC film being treated at 

60 minutes.  At this optimum time of 60 minutes, the value of fill factor reaches 0.30, 

which is nearly double compared to the untreated device.  Charge transport in this device is 

more efficient thus yield higher Jsc value.  This result agrees with the explanation in the 

morphology, structural and optical properties for 60 minutes of the solvent treatment.   

However, overall performance based on solution processed NiTsPc film, is still 

very small compared to those reported organic solar cells.  Such low performance is 

attributed to many factors primarily the fabricated device was not performed in a glove 

box.  This becomes the major problem in the device degradation and oxidation, which 

reduces the performance of the device.  Besides, the electrical measurements were 

performed in air compared to those reported devices in literatures, being measured under 

vacuum.    

 

5.2 Closing Remarks   

To restate the objectives of this study from Chapter 1 is to investigate the parameter in 

forming the homogenous  NiTsPc film using spin-coated method and modify the surface 

morphology of NiTsPc films by immersing the films in the selected solvents.  By 

considering the comprehensive results and discussions in Chapter 4, it can be seen that all 

objectives have been accomplished.  This thesis marks a considerable stride towards 

reduction of energy gap in solution processed organic NiTsPc film for solar photovoltaic 

devices.  Therefore, the performance of OSC can be improved to some extent via thin film 

surface modification by soaking in a suitable solvent at an optimum time.   
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5.3 Future Works 

 From the research work, some of the properties of the treated NiTsPc were 

determined and can be applied in enhancing the performance of the photovoltaic device. 

For future works, the condition of the treated not only can be used as the active layer in the 

photovoltaic device but can also be practiced as the replacement of PEDOT: PSS as the 

buffer layer.  Treated NiTsPc can avoid the contamination caused by the acidity of 

PEDOT: PSS which can dissolve indium ions from the ITO layer.  In addition, it can also 

assist the free charge carrier to transport to the electrode.  

 Both X-ray and ultraviolet photoemission (XPS,UPS) can be utilized to obtain the 

value of HOMO and LUMO of the solvent treated organic films.  Information from the 

XPS and UPS measurements can provide the exact energy levels of the organic films. 

Furthermore, for future works, the device fabrication should be carried out in a glove box.  

Besides, the device should be fully encapsulated to the degradation and oxidation 

processes significantly. Besides, encapsulation of the fabricated device also gives the same 

advantage as it will be tested under ambient condition. 
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