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Abstract 

 

Conventional solar cells based on bulk silicon have been considered as a promising 

candidate to deal with the world energy crisis. However, the fabrication of such kind of 

solar cells needs high temperature, high vacuum and high purity materials. These 

conditions inevitably result in expensive manufacturing cost and limited production 

area. Therefore, it is desirable to develop novel photovoltaic devices with easy 

fabrication, low cost and availability for large area production to replace the commercial 

silicon-based solar cells. Following the invention of organic semiconductors and the fast 

development of thin film technology, organic solar cells have been considered to be the 

third-generation photovoltaic devices. Organic materials have several important 

advantages, including low cost, solution processability and flexibility, making organic 

solar cells a very attractive area to be investigated. 

 

In this project, organic solar cells composed of poly(3-hexylthiophene) (P3HT) and 

titanium oxide (TiO2) have been studied. P3HT is a p-type semiconducting polymer that 

has high light absorption coefficient in the visible region and is soluble in common 

organic solvents. Therefore P3HT can be used for producing thin film devices by simple 

printing or coating techniques and a few hundred nanometer thick P3HT film is enough 

to absorb sufficient light to generate electricity. TiO2 is a n-type semiconductor which 

exhibits higher electron mobility than that of organic semiconductors. More 

importantly, TiO2 can form a staggered heterojunction with P3HT and show 
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photovoltaic effect. In our experiments, a TiO2 thin film has been coated on an indium 

tin oxide (ITO) electrode by spin-coating and subsequently annealed for crystallization. 

In order to enhance the performance of the solar cell, aligned TiO2 nanofibers have been 

fabricated on the TiO2 thin film by electrospinning to increase the interfacial area 

between TiO2 and P3HT. Afterward, P3HT film of ~200nm thick has been spin-coated 

on the TiO2 nanofibrous film and annealed in a nitrogen-filled glovebox. Gold electrode 

is then evaporated on top of the P3HT. Consequently, J-V curve of the device has been 

measured under a solar simulator with AM1.5 filter to characterize the photovoltaic 

parameters of such hybrid solar cell. 

 

Considering the absorption range of TiO2 and P3HT, the cell only utilizes a narrow part 

of the solar spectrum. Hence, we aim to improve the absorption by adding an inorganic 

semiconductor interlayer. Surface modification of cadmium sulphide (CdS) on 

electrospun TiO2 nanofibers using electrochemical deposition has been employed to 

improve the performance of the solar cell. Because the band gap energy of CdS is 

between those of TiO2 and P3HT, it provides a different absorption peak in the solar 

spectrum. The effect of such modification has been analysed by measuring the external 

quantum efficiency and J-V characteristics of the device. In addition, different 

microscopy techniques, such as field emission scanning electron microscopy and 

transmission electron microscopy, have been employed to investigate the morphology 

of nanofibers before and after the deposition.  
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In an ordinary organic solar cell, a reflective electrode is commonly adopted to ensure a 

sufficient absorption of light in the active layer. But it is also feasible to use a 

transparent electrode in the organic solar cell to collect light from both sides. Here, we 

use graphene as the top electrode of an organic solar cell since graphene is a fascinating 

material bearing flexible, metallic and transparent properties. After the transfer of 

graphene on the active layer, a hydrophilic thin layer of poly(3,4-

ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) is added to serve as the 

electron blocking layer. Moreover, due to the doping effect of PEDOT:PSS on 

graphene, the series resistance of the device is dramatically reduced. In the end, we 

obtain a semi-transparent device that can absorb light from both sides. The performance 

of the device under two single-sided and double-sided illuminations has been 

characterized. 

 

In summary, our results indicate that the efficiency of a hybrid solar cell can be 

optimized by various strategies, including interfacial modification, control of the 

nanostructure of heterojunction and broadening the light absorption region of the active 

layer. In addition, the fabrication of semi-transparent solar cells which can collect light 

from both sides is also a meaningful way to enhance the energy harvesting of the 

devices in real applications. 
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Chapter 1    Introduction  

1.1  Background 

Energy plays a leading supportive role in the world-wide rapid developments. From 

mining, purification of raw material and synthesis, to agriculture, manufacturing, 

building, transportation and lighting, huge amount of energy is consumed in every 

process which is essential to maintain our urban live and cultural activities. There are 

surveys reported by the International Energy Agency (IEA) that the global energy 

consumption keeps increasing significantly in the past few decades and it is predicted 

that this trend will continue. 

 

Among all the sources of energy, fossil fuel, especially coal, has been the most common 

source all along despite that other renewable energy sources have been investigated and 

developed. However, fossil fuel reserved under the ground is limited and is close to be 

exhausted within one to two centuries. Owing to this energy crisis, a novel renewable 

source of energy is in urgent need. This source is required to be clean, sustainable and 

capable of mass generation to support our daily live. 

 

Solar energy is one of the most attractive source among other renewable sources. There 

are some advantages of solar energy that other type of energy sources cannot be 

compatible. Solar panel can be used almost anywhere while hydroelectricity, wind 

power and geothermal are subjected to series of strict geographic requirement. In 
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addition, there is no need for a large generation station, but simple circuit is enough to 

support a photovoltaic device for energy extraction. In other words, solar energy can be 

mobile and is suitable for undeveloped place which does not have electrical grids. Other 

generation approaches usually rely on turbine or other moving parts which is noisy and 

liable to mechanical fatigue. 

 

At the beginning of this technological invention, the prototype of photovoltaic device 

based on inorganic semiconductor p-n junction is expensive, but it has been 

recommended to be installed on satellites because of its high power-to-weight ratio. 

Afterwards, this technology has been further applied for energy harvesting to mitigate 

the energy demand. Up to recent decade, although the fabrication of inorganic 

photovoltaic is more mature, it is still highly desirable to further reduce the cost of solar 

cells [1]. In this respect, researchers notice that photovoltaic device must be constructed 

using materials other than bulk silicon in order to significantly reduce the cost. 

Therefore, organic semiconductor has been introduced to this field. Based on many 

processing advantages, the cost can be greatly reduced and the tradeoff is low efficiency 

due to complete different mechanism and interfacial instability [2] which is the intrinsic 

problem of organic material. 

 

Some researchers used inorganic semiconductors such as CdSe, TiO2, PbS, ZnO to 

make a hybrid junction, because those semiconductors generally provide stable surface 

and possess high electron mobility [3]. Nano-technology is often employed in the 

synthesis of organic-inorganic hybrid devices to maximize the interfacial area. To date, 
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hybrid solar cell has been widely studied for many years. 

 

1.2  Motivation 

Commercial solar cells making use of bulk silicon need high purity of material to 

facilitate the photovoltaic function. Despite of the high efficiency (>25%) and stability 

of the silicon cell, the harsh synthesis conditions, for instance, high temperature close to 

1000°C, inevitably increase the cost and limit the production area. This expensive 

fabrication hinders the replacement of fossil fuel which is very low cost. Therefore, in 

recent decades, many research works have been redirected to organic materials. 

 

Several reasons support this action. Firstly, the fabrication of organic materials is low 

cost and fast because it is solution processable and allows room temperature fabrication. 

This property makes it available for large area production and is flexible for different 

substrates. Secondly, the material source is abundant and cheap. Organic materials 

mainly consist of light elements (carbon, oxygen, hydrogen) and are produced by series 

of synthetic processes. Lastly, the energy band configuration can be tuned by adding 

electron donating or accepting functional groups. Based on the data from National 

Renewable Energy Laboratory, we can see that the solar spectrum covers a wide range 

of wavelength as shown in Figure 1-1. Tunable bandgap is very useful because energy 

band configuration governs the light absorption range, junction behavior and the 

suitable electrode material which are of primary importance in solar cell construction.  
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Figure 1-1  Sun light irradiance and photon flux [4]. 

 

However, there are some difficulties impeding the application of wholly organic solar 

cell. The electron mobility of organic material is usually low and the organic-organic 

interface suffers from phase segregation. Although the extinction coefficient of organic 

material is high so that thin film is used to boost the collection of carriers, inorganic 

semiconductor is substituted for organic electron transporter which forms a hybrid solar 

cell. Inorganic semiconductor commonly exhibits few orders higher carrier mobility 

than organic counterparts without any doping. In addition, large electron affinity, high 

dielectric constant and stable surface are also beneficial to the operation and fabrication 

of photovoltaic devices. 
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Consider that the bulk heterojunction technique cannot be directly applied to inorganic 

semiconductor to create large interfacial area junction, in this project, nanotechnology is 

applied in different ways to construct a photovoltaic device in order to enhance the 

performance of basic device. Poly(3-hexylthiophene) (P3HT) and titanium dioxide 

(TiO2) are used as main building blocks of the solar cells investigated throughout the 

project for comparison purpose. Nanostructure and interlayer are added to the device 

aimed to enhance the performance. Besides, transparent back electrode is attempted to 

replace the traditional metal electrode to make a semi-transparent device which 

illustrated the feasibility of two way illumination of a single device.  

 

1.3  Overview 

The objective of this project is to fabricate hybrid junction solar cells and enhance the 

cells with different approaches. By systematic control of fabrication condition, the 

device performance is optimized and the mechanism to enhance its operation is studied. 

 

In Chapter 1, the background of solar cell investigation and development is introduced. 

It is mainly about the concern for energy crisis and feasibility of commercialization of 

solar technology. The advantage of hybrid photovoltaic device is discussed. 

 

In Chapter 2, a brief discussion about the theory behind photovoltaic effect is given. 

The difference in operating principle between traditional photovoltaic device and hybrid 
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junction device is pointed out. Deriving from the above, the material requirement to 

boost the device performance and also the limitation of device is discussed. 

 

In Chapter 3, the enhancement by adding nanofibers inside the junction structure is 

illustrated. Basic principle of fabrication of nanofibers by electrospinning is introduced. 

The optimal amount of nanofibers beneficial to the operation of device is found out by a 

systematic work. Different characterization methods are employed to evaluate the 

structure properties of the junction. 

 

In Chapter 4, surface modification is carried out for further improvement of the optimal 

device in previous chapter. Electrochemical deposition is introduced to modify the 

junction interface. The morphology and growth of deposition layer with respect to time 

is demonstrated by different microscopic techniques. The reason for improvement is 

discussed based on light response of devices. 

 

In Chapter 5, graphene is used to replace the reflective back electrode of a solar cell and 

form a semi-transparent device. Transferring process and the problems encountered are 

presented. Doping of graphene is used to assist the transferring and to solve the junction 

problem. The performance of device is characterized under various illumination 

conditions. Probable reasons are suggested about the diversity of light response on 

different sides. 

 

In Chapter 6, conclusion is drawn upon the work done and findings in this project. 
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Finally, further work is suggested for further development and investigation. 
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Chapter 2 Principle of Photovoltaic Device  

2.1  Organic conjugated polymers 

When the p-orbital of two adjacent atoms (carbon, nitrogen, oxygen or sulfur) of sp
2
 

hybridization are side-way overlap, it is energetically favored to delocalize two 

electrons in this overlapped orbital to form a π-bond between these two atoms. A 

polymer that has a series of π-bonds or delocalized electrons through the backbone is 

called conjugated polymer. Electrons in such kind of polymer are relatively free and 

become mobile charges so that the polymer can be conductive and has some meta-stable 

states [5]. Photons absorbed by the polymer may generate mobile charge carriers which 

can transport through the polymer matrix. Figure 2-1 shows the chemical construction 

of four organic semiconductors which are commonly used in photovoltaic devices. They 

are, from left to right, poly (2-methoxy-5- (3’,7’-dimethyloctyloxy)-1,4-phenylene-

vinylene) (MDMO-PPV), poly [2,6-(4,4-bis- (2-ethylhexyl)- 4H-cyclopenta [2,1-b;3,4-

b'] dithiophene)-alt-4, 7-(2,1,3-benzothiadiazole)] (PCPDTBT), [6,6]-phenyl-C61 

butyric acid methyl ester (PCBM) and poly(3-hexylthiophene) (P3HT). Only PCBM 

has high electron affinity and is an electron acceptor and transporter while all the other 

behave as electron donor and hole transporter in solar cell applications. 
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Figure 2-1 Molecular configuration of four common conjugated photovoltaic 

polymers. 

 

In general, these semiconductors have intrinsic large bandgaps which indicate low 

intrinsic charge carrier density at room temperature and dark. The light absorption 

spectrum, unlike inorganic crystalline semiconductors, is a narrow range depending on 

the inter- or intra-molecular electronic coupling features [6]. As the photon flux peak of 

solar spectrum is about 700 nm (~1.8eV), small bandgap polymer is desired to absorb 

larger fraction of light. On the other hand, the high absorption coefficient of organic 

semiconductor results in that very thin layer (100-500 nm) is enough for effective 

absorption, while inorganic crystalline semiconductor must be several orders thicker for 

solar cell application. Another important parameter of solar cell is charge carrier 

mobility. Polymers of π electron system usually favor hole-transporting except for some 

polymers with high electron affinity that can be electron transporter [7]. The 

morphology and crystallinity of the polymer strongly influence the carrier mobility over 
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several orders of magnitude (from 10
-6

 to 1 cm
2
V

-1
s

-1
) [8]. 

 

Physical properties can be tailored in order to simplify the fabrication process. 

Solubility of polymer in common organic solvent allows the application of many 

coating and cast methods such as screen printing [9,10], ink jet printing [11,12], dip 

coating [13] and spin coating. The buckminsterfullerene C60 is an example of electron 

acceptor which has been replaced by its derivative PCBM because of its limited 

solubility [14]. In addition, all the above cast techniques can be performed under room 

temperature condition.  

 

2.2  Concept of organic photovoltaic cell 

An excitonic solid state solar cell is designed for energy harvesting which involves the 

conversion of photon energy to electricity. Generally, the active layer of each cell 

consists of two components including hole transporter and electron transporter. Incident 

photon absorbed by the active layer creates strongly bound electron hole pair called 

exciton. The exciton can diffuse within a short distance of typically 1-20 nm before 

their decay [15]. In such a short range, if there exists an interface of hole transporter and 

electron transporter, the exciton will be split into free charge carriers. Free holes and 

electrons follow the path provided by corresponding transporter and move to the anode 

and cathode, respectively. Each collected free charge gives rise to current flow in the 

external circuit and gives a little amount of energy output. 
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By identifying steps in the device operation, it is convenient to recognize the limiting 

process and find the possibility for improvement. The operation of excitonic solar cell 

can be divided into seven fundamental physical processes: 

(1) Coupling of the photon 

(2) Photon absorption 

(3) Exciton generation  

(4) Exciton diffusion 

(5) Exciton dissociation 

(6) Charge transportation 

(7) Charge collection 

These processes are further explained as follows: 

 

2.2.1 Coupling of photon 

Solar cells are commonly constructed in a sandwich fashion and the active layer is 

placed in between two electrodes and the whole device is isolated from the ambient. 

Incident light must pass through a transparent substrate and electrode to reach and 

stimulate the active layer. The thickness of an organic solar cell is just a few hundred 

nanometers so that the substrate is easily thicker than the device by three to four orders 

of magnitude. Even a transparent material is applied, reflection must occur at the 

medium interface. Larger difference in refractive index brings about more serious 

reflection. Surface antireflection patterning such as pyramidal surface and grating can 

help to reduce the reflection loss. Furthermore, the device reflection is not only 
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contributed by the air-substrate interface, but from all layers in the device. Since the 

thicknesses of layers are close to the scale of wavelength, the layer thickness, ordering 

and dielectric function can play an important role in this optical behavior [16]. 

 

2.2.2 Photon absorption 

The active layer should be the only absorber in the device design. It is desirable to have 

an active layer fully absorbing the solar spectrum. However, organic materials always 

exhibit strong and narrow characteristic absorption. Besides material synthesis to tune 

their optical properties, cooperation of materials with different absorption region is 

beneficial to the device performance. Also, the strong absorption coefficient of organic 

materials allows complete absorption by a thin layer. The intensity of light passing 

through a homogeneous medium can be described by: 

𝐼𝛼 = −
𝑑𝐼

𝑑𝑥
 

where I is intensity of light beam, α the absorption coefficient and x is travelling 

distance of the beam. The equation describes that the decease of intensity with respect 

to travelling distance is proportional to itself by the absorption coefficient. Combined 

with the previous step, the absorption efficiency is defined as the ratio of photon 

number absorbed in the active layer to the number of photon incident on the substrate.  

 

2.2.3 Exciton generation 

Electron absorbs the energy of photon and is promoted from a low energy level or the 
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valence band to a high energy level or the conduction band. The difference of two band 

edges indicates the minimum energy of photon to induce this promotion. In organic 

semiconductors, the valence band edge is called highest occupied molecular orbital 

(HOMO) or first oxidation potential and the conduction band edge is called lowest 

unoccupied molecular orbital (LUMO) or first reduction potential. After the transition, 

the promoted electrons and the remaining positive states (holes) are strongly bound by 

Coulomb interaction and are collectively called excitons. Such exciton is classified as 

the Frenkel exciton in solid-state physics. Different case is presented by inorganic 

semiconductors, which have high dielectric constants. The binding energy can be 

smaller than the thermal energy, and thus free charges are formed instead of bound 

excitons. Transition 1 in band diagram Figure 2-2 represents the formation of exciton 

after a photon is absorbed by a polymer or a dye molecule. 

 

 

Figure 2-2 Schematic diagram of electron transition. 
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2.2.4 Exciton diffusion 

Exciton can be viewed as a quasi-particle with effective mass. It can move to its vicinity 

by three-dimensional diffusion during its life time. The diffusion length of exciton in 

organic semiconductors is very short and depends on the structure and dielectric 

properties of the material. In order to separate the exciton into free charge carriers, it 

must reach the dissociation site which is the interface of two materials with offset 

electron affinity. If the exciton cannot dissociate, it will release its energy by radiative or 

non-radiative decay. The former mechanism leads to re-emission of photon and results 

in luminescence of material. Therefore, the quenching of photoluminescence is used as 

a measure to estimate the dissociation. The latter mechanism leads to vibrational or 

thermal decay. The exciton diffusion efficiency describes the fraction of excitons which 

successfully diffuse to dissociation sites. 

 

2.2.5 Exciton dissociation 

After an exciton has reached the dissociation site, the electron will be transferred to a 

lower LUMO because it is energetically favored, while the hole remains. The material 

with smaller electron affinity is called electron donor and that with higher electron 

affinity is called electron accepter. It is represented by transition 2 in Figure 2-2. 

Systematic analysis has been reported about the efficiency of dissociation. It finds that 

the difference of LUMO should be at least 0.3 eV to give efficient dissociation [17]. A 

counter process of dissociation is the geminate recombination of the exciton. Transition 

3 in Figure 2-2 represents this recombination. The separated electrons and holes merge 
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back because of the field is not strong enough to resist the electrostatic force. 

 

2.2.6 Charge transportation 

Free charge carriers should transport to corresponding electrode in order to be collected. 

However, trapping state may be present to localize the free charge during the 

transportation. The trapping increases the possibility of bimolecular recombination 

which describes the recombination of free charges from different excitons. In addition, 

the transport of electrons and holes is also influenced by the mobility in the material. 

Organic semiconductors normally possess higher mobility of hole than electron so that 

they are always employed to be hole transporter in hybrid junction and inorganic phase 

is used as electron transporter. If considerable free charge carriers are retained in the 

active layer by whatever means, it leads to the build-up of electric field facilitating the 

recombination in the device. 

 

2.2.7 Charge collection 

The final step is charge carrier extraction from the device by electrode. To facilitate the 

extraction of charge carriers to correct electrode, carrier blocking layer is often 

employed to selectively transport one type of carrier to the electrode. Moreover, it is 

believed that the Fermi level of the metal electrode should be as close as possible to the 

LUMO of the acceptor and the HOMO of the donor to give efficient charge extraction. 

The charge collection efficiency counts this process and the previous one together to 
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give the number fraction of collected carriers and the dissociated excitons. 

 

2.3  Photovoltaic parameters 

2.3.1 External quantum efficiency (EQE) 

The conversion of photon to electron is evaluated by quantum efficiency. The ratio of 

the number of incident photons to that of output electrons is called incident photon 

conversion efficiency (IPCE) or EQE.  

𝐸𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛
=

𝐽

𝑃
×

ℎ𝑐

𝑒𝜆
 

where J is photocurrent density in A/m
2
, P incident photon intensity in W/m

2
, h the 

Planck’s constant, c the speed of light, e the elementary charge of electron and λ is the 

wavelength of light. Since the response of device varies over different wavelengths, 

EQE is often measured as a function of wavelength by monochromatic light. Its shape 

would be similar to the absorption spectrum of the active layer. 

 

Although EQE is only an observation of input photons and output electrons, it can be 

divided into a series of efficiency of involved operation steps. 

𝐸𝑄𝐸 = 𝜂𝐴𝜂𝐸𝐷𝜂𝐷𝜂𝐶 = 𝜂𝐴𝐼𝑄𝐸 

where 𝜂𝐴  is the absorption efficiency of the active layer, 𝜂𝐸𝐷  the exciton diffusion 

efficiency to dissociation site, 𝜂𝐷  the dissociation efficiency and 𝜂𝐶  is the charge 

collection efficiency. Product of the last three can be combined to internal quantum 

efficiency (IQE) which is defined as the ratio of absorbed photon number to the number 
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of output electrons. 

 

It seems that the efficiency or current density of a solar cell can be calculated by 

integration of EQE over the photon flux (Nph) of solar spectrum. However, this method 

fails. By definition, the value of EQE is unrelated to the light intensity, but it is 

practically varying non-linearly with illumination intensity. The monochromatic light 

intensity during the measurement is not comparable to the intensity of full spectrum 

illumination. Hence, the monochromatic light EQE will not exactly be equal to the EQE 

under real application. This implicit dependence of photocurrent is called space charge 

limited photocurrent and has been investigated by Mihailetchi et al. in 2005 [18,19]. 

 

2.3.2 Current density versus voltage (J-V) characteristics 

The efficiency of solar cell is measured under a solar simulator which reproduces the 

solar spectrum. To evaluate the efficiency of a solar cell, J-V characteristics of the cell 

under standard illumination are measured. Figure 2-3 shows a typical J-V curve of a 

solar cell. There are many analytical studies giving a modeling of current as a function 

of voltage. 
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Figure 2-3 Typical J-V characteristics of a solar cell. 

 

The y-intercept of the J-V curve is called the short-circuit current density (Jsc). It 

represents the maximum amount of electron flow in external circuit raised by 

illumination on the solar cell. The integration of EQE gives a theoretical upper limit of 

this parameter rather than an actual value. 

𝐽𝑆𝐶 = 𝑒 ∫ 𝐸𝑄𝐸(𝜆) × 𝑁𝑝ℎ (𝜆)𝑑𝜆 

 

Open-circuit voltage (Voc) indicates the maximum energy carried by a unit charge. 

Improving Voc remains a problem in the design of photovoltaic cell structure. It is 

commonly believed that it is linearly related to the difference between LUMO of the 

acceptor and HOMO of the donor [20]. Therefore, new conjugated polymer synthesized 

with a low HOMO is desired. Another way to improve Voc is construction of multi-

junction in a single device named as tandem cell. The resulting Voc is the sum of 
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individual junction. A tandem structure achieving 1.56 V of Voc has been constructed 

by Jan Gilot et al. [21]. 

 

To evaluate the performance of a device, fill factor (FF) is an important parameter 

indicating the quality of device structure. It can be illustrated in any J-V curve as shown 

in Figure 2-3 that the area ratio of the rectangle defined by maximum power point 

(MPP) and the rectangle defined by Jsc and Voc. 

𝐹𝐹 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝐽𝑆𝐶𝑉𝑂𝐶
 

It is obvious that the position of MPP is considerably influenced by the FF under similar 

Voc and Jsc values. The reciprocal of slope near Voc indicates the series resistance of 

the device. The series resistance results in internal voltage loss during the operation. At 

short circuit condition, the reciprocal of slope represents the shunt resistance, therefore, 

non-zero slope is undesirable. In the study of carrier dynamic and recombination 

processes, it is shown that the recombination process leads to tilting of the low voltage 

region of the J-V curve [22,23]. The ideal photovoltaic device with FF close to 1 must 

has weak recombination, small series resistance and low shunt current loss. 

 

Finally, the photo-current conversion efficiency, η, is determined by the product of Jsc, 

Voc and FF divided by the incident photon power density, Pin. 

𝜂 =
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑖𝑛
=

𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝑃𝑖𝑛
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2.4  Organic-inorganic hybrid junction and junction morphology 

In the development of solar cells, the junction morphology has played a crucial role in 

determining the performance of a photovoltaic cell, especially in hybrid junction. After 

the development of bilayered structure (Figure 2-4 (a)) [1], researchers realize that the 

interface in an organic solar cell allows exciton dissociation and they want to increase 

the contact area of electron transporter and hole transporter in a finite device size. 

Compared with other efficiency enhancement strategies such as dye sensitizing or 

blocking layer, it gives more fundamental effect on the device operation. 

 

In full organic solar cells, electron and hole transporters can be dissolved in the same 

solvent and deposited simultaneously. This method forms intimate bicontinuous 

nanostructure by self-assembly property and results in disorder bulk heterojunction as 

shown in Figure 2-4 (b). The efficiency can be drastically increased to 4-5% by this 

junction morphology [24]. It is believed that hybrid junction can provide similar 

improvement by increasing the contact area. Nanoparticles [25], nanorods [26,27], 

nanofibers [28,29] and also porous structure [30,31] have gradually arisen and been 

investigated in order to get denser interface. 
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Figure 2-4 Schematic diagram of (a) bilayered junction, (b) disorder bulk hetero-

junction and (c) order structure of solid state solar cell.  

 

2.4.1 Nanoparticle junction 

Nanoparticles embedded in a polymer matrix are a straightforward ideal to substantially 

increase the interfacial area owing to the high surface to volume ratio of nanoparticles. 

Cadmium selenide (CdSe), zinc oxide (ZnO) and TiO2 have been used to form such 

composite film with different donor polymers. Greenham et al. observed 

photoluminescence quenching when MEH-PPV intermixes with 5 nm CdSe 

nanoparticles [32]. Figure 2-5 (a) shows the TEM image of CdSe nanoparticles in 

MEH-PPV. The efficiency of device is approximately 0.1% at AM1.5 condition with 80 

mW/cm
2
. Researchers realized that the efficiency is improved as the weight fraction of 

nanoparticles is increased. It leads to a conclusion that electron transport in 
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discontinuous nanoparticles by hopping is the limiting process in the device operation. 

This phenomenon also occurs in ZnO and TiO2 nanoparticle hybrid junction. 

 

 

Figure 2-5 Microscopic image of nanoparticles [32,33]. 

 

In 2001, Breeze et al. studied the effect of mobility and morphology on the properties of 

the device consisting of MEH-PPV and 13 nm TiO2 nanoparticles as the active layer 

[33]. Figure 2-5 (b) is the AFM image of the TiO2 nanoparticle layer. The device 

demonstrates Jsc of 0.4mA/cm
2
, Voc of 1.1V, FF of 0.4 at illumination intensity of 

about 100mW/cm
2
. They point out that short exciton diffusion length and low carrier 

mobility are the primary limitations of this device. Similar morphology of ZnO 

accompanied with electron blocking layer was investigated by Waldo et al. in 2004 

[25]. The efficiency of optimum device is greatly improved to 1.6%. They show the 

importance of electron blocking layer which allows high fraction of ZnO and current 

density without concurrent drop of Voc. 



Principle of Photovoltaic Device  
             

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Lo Shing Chung Page 38 

 

 

2.4.2 Nanorod junction 

The involvement of nanorods began in 1999 when Huynh et al. observed the 

improvement of composite film conductivity caused by slightly increase of aspect ratio 

of CdSe nanoparticles [34]. The effect is attributed to longer electron transport pathway 

and reducing the number of interparticle hopping. Few years later, Huynh et al. gave a 

remarkable work that 7 nm by 60 nm CdSe nanorods are blended with regioregular 

P3HT [26]. The device gives power conversion efficiency of 1.7% under AM1.5G solar 

condition with Voc of 0.7 V and FF of 0.4. The absorption edge is at 720 nm. About the 

efficiency peak, the EQE of wavelength at 515 nm reaches over 54%. A monochromatic 

light at this wavelength with intensity of 0.1 mW/cm
2
 provides power conversion 

efficiency of 6.9% and Voc of 0.5 V. 

 

In 2008, Chang et al. investigated the microscopic mechanisms of charge separation and 

transportation of TiO2 nanorod with 20 - 40 nm in length and 4 nm in diameter blended 

in P3HT [35]. The weight fraction was optimized as 50%, in which both electron and 

hole mobility in the composite are maximized and less dispersive with electric field. 

However, the device shows only 0.17% efficiency with Voc of 0.58V, Jsc of 0.91 

mA/cm
2
 and FF of 0.32. They further improved the device performance by thermal 

annealing and removal of insulating surfactant. The device exhibits a high power 

conversion efficiency of 1.14% with Voc of 0.69V, Jsc of 2.62 mA/cm
2
 and FF of 0.63. 

Next year, they reported an application of dye sensitizing technique on this structure [3]. 
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Different ligands are attached on the surface of TiO2 nanorods with similar size to 

previous report. The best device gives efficiency of 2.2% with Voc as high as 0.78V and 

Jsc 4.33 mA/cm
2
 under 100 mW/cm

2
. 

 

2.4.3 Ordered junction 

In order to occupy more nanocrystals with higher aspect ratio, researchers seek an 

ordered heterojunction rather than dispersive structure mentioned above. Such ordered 

structure can be nanorod array, aligned nanofiber, regular pores, etc. Figure 2-4 (c) 

shows an example of nanorod array structure. Ideally, short direct channels can be 

provided to charge carriers to corresponding electrodes. Therefore, TiO2 and ZnO attract 

more attention because they can easily be synthesized and grown in different shapes, 

available for modification and are also non-toxic. Figure 2-6 shows various ordered 

nanostructures for hybrid solar cell applications. 
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Figure 2-6 Morphology of ordered structure for hybrid solar cells. (a) ZnO/TiO2 

nanorod [36], the scale bar represents 200 nm. (b) TiO2 nanotube [37] 

and (c) cross-aligned TiO2 nanofibers [28]. 

 

Greene et al. demonstrated the performance of hybrid photovoltaic device using ZnO-

TiO2 core-shell nanorod structure with P3HT [36]. The ZnO nanorods are 150 - 225 nm 

long and 15 - 25 nm in diameter and the thickness of TiO2 shell is within 20 nm. Figure 

2-6 (a) gives the SEM images of side view and top view of the nanorod array. The 

devices show acceptable FF of 0.5 – 0.55 and Voc of 0.45 – 0.5 V, but low current 
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density suppressing the overall efficiency to less than 0.3%. Researchers proposed a 

possible reason that the nanostructure contributes little absorption of light. Another 

group showed a hybrid solar cell using 4 µm long TiO2 nanotube array grown by 

anodizing Ti foils [37]. A SEM image of the nanotubes is shown in Figure 2-6 (b). They 

filled the nanotubes with a blend of P3HT and C60-methanofullerene resulting in 

double junction in the device. Electron blocking is also employed. It gives a maximum 

IPCE of 53% in the visible region and high Jsc of 6.5 mA/cm
2
 under AM1.5 

illumination condition. However, the efficiency is limited to about 1% by the low Voc 

and FF. The nanorod and nanotube arrays are perpendicular to the substrate, while Shim 

et al. investigated an ordered structure laid on the substrate surface [28]. They 

fabricated a device consisting of TiO2 nanofibers and MEH-PPV to study the influence 

of nanofiber alignment. Cross-aligned TiO2 nanofiber is shown in Figure 2-6 (c). Their 

results point out that the alignment of nanofiber significantly increases the current 

density of the device and slightly reduces the generated voltage, while the FF remains 

similar in all devices which is about 0.5. The device with aligned nanofibers exhibits an 

overall power conversion efficiency of 0.41% which is 70% higher than that with 

random nanofibers. 

 

2.4.4 Porous junction 

The last important morphology is TiO2 porous structure which has also been 

investigated for a long time, because dense and large interface accompanied with 

continuous interpenetrating network is provided for both electron and hole. In 1998, 
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Bach et al. described a dye-sensitized mesoporous TiO2 heterojunction with an 

amorphous organic hole transporter 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)-

9,9'-spirobifluorene (OMeTAD) [38]. This device gives a strong response in the visible 

region and a maximum EQE of 33%. Under weak light illumination (9.4 mW/cm
2
), the 

FF is 0.62 and overall efficiency is 0.74%. It is an impressive result at that time. 

Afterward, the carrier transport properties of porous TiO2 with organic materials are 

studied by other research groups [39,40]. 

 

Recently, Moon et al. in Switzerland and Chang et al. in Korea reported high 

performance sensitized porous TiO2 solar cell with efficiency of 4.4% and 5.1%, 

respectively [41,30]. The former group uses organic dye and OMeTAD as hole 

transporter to give Voc of 0.8 V, Jsc of 9.64 mA/cm
2
 and FF of 0.57, while the latter 

group uses inorganic Sb2S3 crystallites as sensitizer and P3HT as hole transporter to 

give Voc of 0.65 V, Jsc 13.0 mA/cm
2
 and FF of 0.61. To compare their performance, the 

IPCE or EQE of the former one in Figure 2-7 (a) is rather flat and responds weakly to 

wavelength longer than 600 nm. In Figure 2-7 (b), since Sb2S3 contributes extra 

absorption in the red light region beginning at 700 nm, the lower Voc in the latter one is 

compensated by the increase in current density.  

 



Principle of Photovoltaic Device  
             

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Lo Shing Chung Page 43 

 

 

Figure 2-7 IPCE of porous TiO2 device. (a) TiO2/organic dye/OMeTAD and (b) 

TiO2/Sb2S3/P3HT [41,30]. 

 

2.5  Characterization method 

2.5.1 J-V characteristic measurement 

The solar radiation well matches the black body radiation at about 5800K. When it 

penetrates through the atmosphere, part of it, especially ultraviolet, is absorbed or 

scattered by gas molecule such as H2O, O2 and O3. Therefore, the solar spectrum 

reaching the sea level is strongly confined in the visible to infrared region. The air mass 

(AM) coefficient indicates the effective optical path length compared with the thickness 

of Earth’s atmosphere. It is used for specification of terrestrial solar illumination 

condition. The standard spectrum is given by American Society for Testing and 

Materials (ASTM) and government research and development laboratories. The AM1.5 

(Figure 1-1) standard spectrum, corresponding to the sunlight received at an angle of 

48.19° from zenith, is used as a common illumination condition for solar cell 
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characterization. 

 

The performance of solar cells is measured under the condition of AM1.5 of 100 

mW/cm
2
 reproduced by a Newport 91160 solar simulator equipped with Xenon arc 

lamp and AM1.5 filter. The Xenon arc lamp is the most common light source for solar 

simulation, because it gives high intensity and unfiltered spectrum close to sunlight. A 

standard silicon solar cell is utilized for the light intensity calibration. Solar cells are 

connected to a Keithley 2400 source meter to give a voltage bias on the devices. 

Generally, the ramping voltage is ranged from -0.5 V to 1 V. 

 

2.5.2 EQE measurement 

A schematic diagram of EQE measurement is shown in Figure 2-8. The monochromatic 

light is generated by an Oriel 66902 300W xenon lamp through a Newport 66902 

monochromator. The light comes from a narrow aperture is recorded and calibrated by a 

silicon photodetector connected to a Newport 2931_C dual channel power meter. After 

calibration, the solar cell fixed on holder is placed at the same position of the 

photodetector to ensure that the same illumination is projected on the solar cell. The 

response is recorded by another channel of the power meter. The calibration and 

measurement is performed in dark so that the monochromatic light is the only source of 

light. In general, the measurement is carried out over 300 – 800 nm with steps of 10 nm. 
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Figure 2-8 Schematic diagram of EQE measurement. 

 

2.5.3 Scanning electron microscopy (SEM) 

The SEM technique provides a simple and non-destructive way to study the structure 

and surface features in sub-micron scale. High energy electron beam produced by the 

filament hits on the material surface and interacts with the interior atoms of the 

material. The interaction volume depends on the atomic mass of the constituent. Figure 

2-9 roughly shows the shape and size of it. Rebounded electrons and electromagnetic 

wave come from different regions of the interaction volume and carry different material 

information. 
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Figure 2-9 Interaction volume of electron beam. 

 

Typically, secondary electrons would be collected for surface imaging. It is produced by 

inelastic scattering at the material surface. Therefore, it can reflect the morphology of 

the sample. By continuously scanning the electron beam on the sample surface and 

collecting the secondary electron signal, the details of surface can be visualized in a 

relatively large area. Besides, the resolution of SEM depends of the conductivity of 

target material. If the sample is non-conducting, it will be charged up by the electrons 

and the trajectories of electrons will be deviated. Practically, this problem is solved by a 

thin coating of gold to give a conducting surface. Although TiO2 is semi-conducting, the 

coating can avoid accumulation of local charges to give higher resolution. Samples are 
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stuck on conducting carbon tape and viewed by a JSM-6335F Field Emission Scanning 

Electron Microscope. 

 

2.5.4 Transmission electron microscopy (TEM) 

If the electron beam hits a target sample with very thin thickness about few hundred 

nanometers, the interaction volume shown in Figure 2-9 is no longer completed. Most 

of the electrons penetrate the target without deviation of their path, but some of them 

are diffracted by the crystallite of the target and obey the Bragg’s law: 

𝑠𝑖𝑛 𝜃 =
𝑛𝜆

2𝑑ℎ𝑘𝑙
 

where θ is the scattering angle, n an integer representing the order of diffraction, λ the 

de Broglie wavelength of electrons and dhkl is the distance between crystal planes. And, 

the de Broglie wavelength depends on the accelerating voltage of the electron beam: 

𝜆 =
ℎ

(2𝑉𝑒𝑚𝑂)1/2
 

where h is the Planck’s constant, V the accelerating voltage of electron beam, e the 

elementary charge of electron and mo is the mass of electron. For electron beam 

accelerated by 50 kV potential, the de Broglie wavelength is only about 0.05 Å. The 

crystal structure of the target can be distinguished by the obtained diffraction pattern. 

 

The morphology and crystal phase of samples are characterized by a JEOL JEM2010 

Transmission Electron Microscope. The resolution of TEM is very high in sub-

nanometer scale. This resolution is sufficient to probe the atomic configuration and 
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defect. Also, some X-ray signals are generated and can be collected to analyze the 

composition of the target. This technique is called energy-dispersive X-ray spectroscopy 

(EDX). Since the atomic configuration and orbital energy of an atom are unique, the X-

ray emitted from different atoms can be recognized. 

 

2.5.5 Ultraviolet – visible (UV-vis) spectroscopy 

The UV-vis light absorption of material is directly related to the electron jump from 

valence band to conduction band or, in conjugated polymer, from π-bonding orbital to 

anti-bonding orbital, because the photon energy of this part is about 2 – 4 eV and 

matches the bandgap energy of most semiconductor. Hence, by continuously varying 

the wavelength of incident beam and measuring the transmission, the bandgap of 

semiconductor can be determined. The absorption and reflection in this range govern 

the color of the substance. In organic semiconductors, the absorption profile is of 

significant importance for the optoelectronic application, because they often have 

complicated electronic transitions and confined optically active range. The 

complementary technique is fluorescence spectroscopy which observes the electron 

transition from excited state to ground state. 

 

A spectrophotometer consists of a continuous radiation source such as tungsten 

filament, deuterium arc lamp or xenon arc lamp. The light is separated in different 

wavelengths by a diffraction grating or prism and then filtered to be single wavelength.  

The transmittance of a sample is defined as the intensity ratio of the transmitted beam 
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and the original beam. Samples are measured by a Shimadzu UV-2550 UV-VIS 

spectrophotometer, which is in double beam configuration. Before the beam reaches the 

sample, it is split into two equal beams. One acts as reference beam and is assumed to 

be 100% transmission. Another one is sent to the sample. The obtained transmittance is 

the comparison of the intensity of these two beams. 
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Chapter 3 TiO2/P3HT Hybrid Junction Solar Cell 

3.1  Introduction 

A simple TiO2/P3HT hybrid junction solar cell can easily be constructed by stacking 

each layer on the starting substrate which is indium tin oxide (ITO) coated glass. ITO is 

a transparent conductor with good physical and chemical stability used to be the front 

electrode of solar cell. Considering the energy band structure of TiO2 and P3HT (Figure 

3-1 (a)), ITO and gold (Au) are chosen to attach to TiO2 for electron collection and 

P3HT for hole collection. As mentioned previously, there are different methods to 

increase the interfacial area between the donor and acceptor material. Therefore, cross-

aligned TiO2 nanofibers are designed to build a porous TiO2 film for infiltration of 

P3HT. The schematic diagram of device construction is shown in Figure 3-1 (b). 

 

 

Figure 3-1 Band diagram (a) and schematic diagram (b) of P3HT/TiO2 device. 
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In this device, sun light coming from the bottom will pass through the ITO coated glass 

and reach the active layer. Because of the large bandgap of TiO2, this layer will only 

absorb ultra-violet and high energy photon (>3.2eV) and is transparent to the rest. For 

this reason, TiO2 will not obstruct the absorption of P3HT which will absorb large 

portion of visible light. Both of them can generate exciton for dissociation by their own 

absorption. After the dissociation at P3HT and TiO2 interface, electrons and holes will 

be collected by ITO and Au, respectively. As the valence band edge of TiO2 is very low, 

holes from P3HT cannot transport to it. This property dictates holes to diffuse toward 

another electrode only, and thus TiO2 is commonly used as hole blocking layer in solar 

cell application. Among various metal, the Fermi level of Au is very close to the HOMO 

of P3HT and ohmic contact is formed so that it is more suitable as hole collecting 

electrode of P3HT. 

 

3.2  Properties of TiO2 

Titanium oxide or titania, appears as white solid in the bulk, is a versatile material used 

in our daily lives in many ways, for examples, sunscreen, food coloring, cosmetics, etc. 

Recently, more potential applications (air purification [42], water treatment [43], self-

cleaning coating [44-47]) based on its photocatalytic effect have attracted substantial 

research interest. Non-toxic, simple synthesis and slow recombination rate of charge 

carrier [48] are also important advantages of it. 
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Figure 3-2 Unit cell of (a) anatase [49] and (b) rutile [50]. 

 

At atmospheric pressure, TiO2 exists in three polymorphs, rutile, anatase and brookite 

[51,52]. All of them are tetragonal and consist of TiO6 octahedra in different 

constructions. There are also a number of phases reported at high pressure [53,54]. 

Brookite is difficult to synthesis and study [55] so that most daily applications only 

involve rutile and anatase phases. The atomic configuration of rutile and anatase are 

shown in Figure 3-2. Rutile is the most stable phase at all temperatures [53,56]. 

 

Table 3-1 gives a comparison of material parameters of anatase and rutile. Both anatase 

and rutile have indirect bandgap and absorb ultraviolet light. For solar cell construction, 

both phases have a suitable bandgap, but the effective electron mass of anatase is 

significantly smaller than that of rutile. The electron mobility μe and diffusion constant 

of anatase governed by effective electron mass should be considerably higher than that 

of rutile. Therefore, anatase is preferable in the construction of active layer. 
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Table 3-1 Material parameters of rutile and anatase [57,58]. 

 Anatase Rutile 

Atoms per unit cell 4 2 

Lattice parameter (nm) a = 0.3785 a = 0.4594 

 c = 0.9514 c = 0.2959 

Density (kg*m
-3

) 3894 4250 

Experimental bandgap (eV) 3.2 3 

Refractive index 2.5 2.85 

Effective electron mass (me) 1 20 

Dielectric constant 31 100 

 

The phase of TiO2 greatly depends on the synthesis conditions. In order to well control 

the microstructure of TiO2, the kinetics in anatase to rutile transformation is widely 

studied especially for high temperature applications. Although experiments show 

different onset of the transformation depends on the process and measuring method 

[59,60], it is widely accepted that bulk anatase will begin to transform to rutile at 600°C 

in air [52,59]. John C. Jamieson and Bart Olinger performed thermodynamic study on 

TiO2 and proposed the phase diagram of it as shown in Figure 3-3. 
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Figure 3-3 Phase diagram of TiO2 [51]. 

 

To evaluate the phase component of the synthesized TiO2, X-ray diffraction (XRD) is 

often carried out to determine weight ratio of the two phases WR/WA. Such semi-

quantitative analysis is known as the method of Spurr and Myers [61], which used an 

empirical formula shown below: 

𝑊𝑅

𝑊𝐴
=  1.22 ×

𝐼𝑅

𝐼𝐴
 –  0.028 

IR/IA is an intensity ratio of rutile (110) peak to anatase (101) peak. However, the signals 

collected from XRD vary with many other factors so that the result is not very accurate. 

Owing to distinct Raman spectra of those phases, laser Raman microspectroscopy is 

also commonly employed for the same purpose [62,63]. 

 

3.3  Properties of P3HT 

Poly (3-hexylthiophene) (P3HT) is a most widely studied conducting polymer. The 
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bandgap is about 1.9eV in well crystallized solid state, corresponding to 650 nm 

wavelength. Many potential uses of P3HT have been proposed such as thin film 

transistors [64,65], light emitting diodes [66], photoelectric cells [67,68] and etc. 

Investigations about P3HT find that the optical and electrical properties of P3HT can be 

largely influenced by molecular conformation and polymer chain arrangement.  

 

 

Figure 3-4 Absorption spectra of P3HT in solution (black) and in solid state (grey) 

[69]. 

 

The conjugation of polythiophene is planar along the thiophene ring so that the 

conduction of its family is one dimensional. P3HT, as the derivative of polythiophene, 

shares the same conducting properties so that twist or bend also cause shorter 

conjugation of the polymer. It is known that the longer conjugation will absorb light 

with longer wavelength and reduce the transition energy [70]. Some researchers try to 

figure out the saturation conjugated length of bandgap shift. However, a tiny red shift of 
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absorption maximum is still observed from 72 units to 96 units [71]. Then, they draw a 

conclusion that a large number of monomers is required to converge the bandgap of this 

polymer family. In addition, P3HT exhibits significant difference in absorption and 

bandgap in solution and in solid film (Figure 3-4) [69]. This reveals the influence of 

polymer chain organization of P3HT in the solid state. 

 

In order to reduce the bandgap, sufficient long thiophene chain is essential. However, 

increasing of chain length will inevitably reduce the solubility of the product. Therefore, 

alkyl group is added to improve the solubility which is beneficial to the fabrication 

process [69]. Hexyl group is the balanced length to raise steric effect in the polymer 

packing without losing the conductivity. Tokio Yamabe et al. showed that the electric 

conductivity of polymer film will decrease with increase in the length of alkyl group 

[72]. 

 

As shown in Figure 3-5, the polymerization of thiophene ring will only take place at the 

head (2 position) or the tail (5 position). This configuration results in three possibilities 

of coupling: head-to-tail coupling, head-to-head coupling and tail-to-tail coupling. We 

can see that only head-to-tail coupling can repeat to form a uniform macromolecule. 

Thus, regioregularity is commonly defined as the percentage of monomers which adopt 

head-to-tail coupling to describe the structure homogeneity [73]. Moonhor Ree et al. 

studied the influence of regioregularity on the absorption, photoluminescence, packing 

of P3HT and performance of P3HT/PCBM bulk heterojunction device [74]. They 

demonstrated that higher regioregularity induces a closer and better molecular chain 
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organization. The increase of absorption and luminescence effect is attributed to 

stronger interchain interaction. 

 

 

Figure 3-5 Coupling structure of 3-position alkyl substituted thiophene ring and 

structure of polythiophene. 

 

Similar to inorganic semiconductor, the conductivity of P3HT is found to be thermally 

sensitive. The temperature dependence of d.c. conductivity of P3HT was investigated 

by Kirt A. Page et al. The results show that the d.c. conductivity varies by three orders 

of magnitude over the temperature range of -80°C to 70°C [75]. This implies that the 

variation in temperature of application environment will bring considerable deviation in 

the performance of solar cell fabricated with P3HT. 

 

3.4  Electrospinning process 

TiO2 nanofibers are employed to form an infiltrated structure with P3HT by the 

electrospinning process. Using electrospinning to produce TiO2 nanofibers is 
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extensively investigated and reported before [76-79] and it is a convenient technique to 

fabricate high aspect ratio fibers with nanoscale diameter. Nevertheless, the mechanism 

of this technique is quite complicated. It involves a number of parameters about not 

only the operation condition, but also the properties of solution [80,81]. As ordered 

structure of nanofibers can lead to higher current and efficiency [28], a rotating 

collector has been introduced in the electrospinning system. Such alignment enables 

denser deposition of nanofibers while keeping small thickness of device. 

 

3.4.1 Process principle  

Basically, a solution or melt of polymer, which serves as fiber former, including fiber 

precursor is prepared. The solution is pumped to flow through a thin nozzle with high 

electric tension and a counter electrode is placed in front of the nozzle. Because of the 

high electric field, induced charge will accumulate at the front of solution resulting in 

the deformation of solution toward the counter electrode. As the electric potential is 

increased, a semi-spherical shape of solution drop will be deformed to a conical shape 

known as Taylor cone. As the surface charge repulsion eventually exceeds the surface 

tension of solution, solution will be ejected from the tip of the Taylor cone [82]. 

 

When charged jets travel along the electric field lines, the solvent evaporates rapidly 

and is subjected to different fluid instabilities causing violent banding and stretching 

[83]. The electrostatic repulsion between the surface charges leads the jet to deflect 

laterally and form a conically shaped travelling path. D. H. Reneker et al. illustrated this 
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envelop cone as shown in Figure 3-6. At the initial of charged jet path, there exists a 

stable zone in which the flight path is straight. According to conductivity and viscosity 

of the polymer jet, jet radius and applied electric field, Rayleigh and whipping 

instability will grow at different rates with respect to flying distance. Whipping 

instability usually dominates in following zone in which the flight path of jet is chaotic 

and unpredictable [84]. Large stretching force caused by the instability gives rise to 

fibers with very thin diameters ranging from few micrometers to nanometers and with 

high aspect ratios.  

 

 

Figure 3-6 Charged jet bending under instability [83]. 
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3.4.2 Equipment  

Figure 3-7 shows the schematic diagram of the electrospinning setup. The main part of 

the system is enclosed by a large transparent PMMA box. Because the process involves 

high electric field, PMMA box provides good isolation of the inner field from outer 

environment. A syringe pump is used to inject sol-gel of TiO2 through a metallic nozzle 

fixed on the PMMA wall. A high voltage supply (0 – 40 kV) is connected to the hollow 

metallic needle to give high potential to the solution inside. Negative end is connected 

to ground and a planar counter electrode. The substrate is stuck on a metallic rotor, 

which is controlled by a motor, for fiber alignment. 

 

  

Figure 3-7 Schematic diagram of electrospinning set-up. 
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3.5  Fabrication of photovoltaic device 

Before the fabrication process, the glass substrates are cut to 12 mm x 12 mm for 

convenience of processing. The patterned ITO at the center of substrates is 4mm wide 

and has 15 Ω/sq sheet resistance. The substrates are cleaned in an ultrasonic bath using 

acetone, isopropyl alcohol (IPA) and ethanol sequentially and 20 min for each step. 

Three minutes oxygen plasma cleaning is subsequently applied to remove organic 

remnant. 

 

A TiO2 layer is fabricated on the ITO by a sol-gel method. The sol-gel solution is 

prepared by adding 0.05 g acetylacetone and 0.06 g ethanolamine in 3.55 ml ethanol 

first. After roughly mixing, 0.34 ml titanium (IV) n-butoxide precursor is dissolved in 

the solution. It must be mixed by a magnetic stirrer for 1 day to ensure the uniformity of 

the solution. The resulting solution is clear and yellowish. 

 

Because titanium (IV) n-butoxide is unstable and very active to moisture, acetylacetone 

and ethanolamine are added for stabilizing purpose and heating is also avoided. The 

well-mixed solution is spin-coated on the cleaned ITO at 6000 rpm for 30 s. The coating 

environment is filled with dried compressed air to control the moisture in air. Sintering 

of the coated film is performed at 500°C for 2 min in oxygen rich environment. This 

layer not only serves as a hole-blocking layer in device operation but also provides a 

rough surface to improve the adhesion of electrospun nanofibers in the next step. 
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To fabricate nanofibers of TiO2 by electrospinning, a solution contained titanium (IV) 

tetra iso-propoxide (TTIP) and poly(vinylpyrrolidone) (PVP) is prepared. First of all, 

0.2 g high-molecular-weight PVP (Mw = 1,300,000 g/mol) is mixed in 2.92 ml 2-

methoxyethanol (EGME) and 0.9 ml IPA and stirred for 1 day. The stirring ensures 

completely dissolution of PVP and excludes the trapped air in the PVP powder. Then, 

0.01 g acetylacetone, 0.02 g acetic acid and 0.2 g TTIP are added and stirred for 2 days 

because the PVP solution is very viscous. Similar to the TiO2 film sol-gel, the solution 

should be clear and yellowish.  

 

The metallic rotor is normally placed at 17-20 cm in front of the needle. After substrates 

with TiO2 thin film are stuck on it, the PMMA box is closed and filled with dried 

compressed air. Then, the motor is turned on and a high voltage up to about 10 kV is 

gradually applied on the metallic needle to establish an electric field of about 40 kV/m. 

A syringe containing the solution is placed on a syringe pump for injection into the 

electric field. The feeding rate of solution is 0.1 ml/h. Each layer of nanofibers is 

collected for about 30 min to fully occupy the surface. The next layer is collected 

perpendicular to the previous one to create a porous structure. Devices with different 

number of layers are fabricated to illustrate the effect. Subsequently, the nanofibers are 

sintered at 500°C for 10 min in oxygen to remove organic compound and to activate 

nucleation of TiO2. 
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Figure 3-8 Flow chart of device fabrication. 

 

P3HT purchased from Rieke Metals, Inc. with regioregularity 93% is dissolved and 

mixed in toluene at 50°C. The resulting solution is reddish brown and spin-coated on the 

fibrous film at 1500 rpm for 30 s. The coated samples are immediately transferred to a 

glove box filled with high purity nitrogen and annealed at 120°C for 20 min to reduce 

oxygen vacancy and crystallize the polymer. Then, the samples are taken out from the 

glove box. Thermal evaporation is employed to deposit Au electrode of about 80 nm on 

the P3HT layer through a patterned mask to define the area of the devices. Post-

annealing at 80°C for 15min is carried out in the glove box to improve the contact of 

P3HT and electrode. Finally, devices are encapsulated by glass pieces for isolation. A 

complete flow chart of the device fabrication is shown in Figure 3-8. 
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3.6  Characterization of devices structure and performance 

The TiO2 layer thickness and roughness is measured by atomic force microscopy 

(AFM). The thickness of the TiO2 layer is about 40 nm with 10 nm roughness. It can be 

seen that the film tends to shrink into island during the nucleation. This roughness 

provides a better surface for nanofiber deposition. 

 

After the electrospinning process, the alignment of nanofibers is revealed by optical 

microscopy. Figure 3-9 shows the morphology of 2 layers of nanofibers before the 

annealing process which means the nanofibers are a composite of polymer and TiO2 

precursor. The image shows that the diameters of nanofibers are mostly below 1 µm and 

just occasionally thicker than 1 µm. In addition, the perpendicular alignment between 

two adjacent nanofiber layers is clear. By assuming the morphology will not change 

after the annealing of nanofibers, a porous continuous layer is expected to form in the 

same configuration of this state. Much thinner fibers are expected because of the 

removal of organic content and nucleation of TiO2 during the annealing process. 
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Figure 3-9 Morphology and alignment of nanofibers before annealing. 

 

SEM is employed to reveal the nanostructure with resolution ranging from hundred to 

few nanometers. Figure 3-10 shows two SEM images of intercrossed nanofibers formed 

on the TiO2 layer with different magnifications. High magnification image (Figure 3-10 

(b)) illustrates that the nanofiber diameter is further reduced by the annealing process. 

The thickness of nanofibers ranges from 30 nm to 100 nm and the most popular 

thickness is 70 nm. However, low magnification image (Figure 3-10 (a)) shows that the 

alignment of nanofibers is not as good as nanofibers before annealing which are 

straighter and more parallel. A possible reason for this is that the nanofibers deposited 

on the substrate are not strongly attached to each other. Consider the weight ratio of 

polymer and TiO2 precursor is 1 to 1 in the nanofibers, a large amount of gas is released 

by the combustion of organic part. This gaseous pressure may influence the alignment 

of nanofibers. Furthermore, during the nucleation of TiO2, atomic migration inside 

nanofibers may cause inner stress to distort the geometry of nanofibers. 
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Figure 3-10 SEM images of TiO2 nanofibers at (a) x4500 (b) x30000 magnification. 

 

Figure 3-11 shows the morphology and diffraction pattern of a TiO2 nanofiber under 

TEM. We can see that this fiber has 80 nm diameter and smooth surface. The diffraction 

spectrum is performed at the location marked by the circle in Figure 3-11 (a). By 

matching the diffraction pattern to crystal plane, the polycrystalline structure of anatase 
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phase of the nanofiber is confirmed. The brightest fringe corresponding to (101) plane 

at 25° is the strongest peak of anatase. The following two fringes are (103) and (200) 

planes at 37° and 48°, respectively. 

 

 

Figure 3-11 (a) Morphology (b) diffraction pattern of TiO2 nanofiber under TEM.  

 

Afterwards, a P3HT layer is spin-coated on the annealed TiO2 nanofiber structure which 

is rough and porous. To know whether the P3HT solution can infiltrate into this 

structure, contact angle of the solvent on TiO2 is a crucial parameter. If the contact angle 

is large, it means that the solvent cannot spread out on the TiO2 surface so that it is 

difficult to bring P3HT into the TiO2 fibrous structure in the coating process. Therefore, 

the contact angle of toluene on TiO2 is measured and shown in Figure 3-12. We can see 

that the toluene drop spread on the TiO2 film surface.  The contact angle is around 6° to 

9° so that toluene is a suitable solvent to infiltrate P3HT in TiO2 nanofibrous film. 
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Figure 3-12 Contact angle of toluene on TiO2 film. 

 

The devices with different number of nanofiber layers are characterized under xeon 

lamp solar simulator. Figure 3-13 shows the J-V characteristics of the devices under 

illumination intensity of 100mW/cm
2
 (condition AM1.5G). We can see that the current 

generated by the devices increases with the addition of fiber layers up to three layers. 

After adding the fourth layer, the J-V curve obviously gives distortion and lower current 

than the 3-layer device.  
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Figure 3-13 Current density – voltage curves for TiO2/P3HT devices with different 

number of fiber layers. 

 

The device without fibers gives high Voc = 0.61V, low Jsc = 0.25 mA/cm
2
, FF = 0.49 

and efficiency = 0.074%. Although Voc is the highest among this set of devices, the 

short circuit current is very low. Addition of fiber layer can dramatically increase the 

roughness and the surface area of the TiO2 film which can enhance exciton dissociation 

in the active layer. This effect is proved by the increase of generated current with 

number of fiber layer. The Voc of devices slightly drops when the TiO2 fiber layer 

becomes thicker, which is probably due to the increased series resistant of the solar cell. 

On the other hand, the rough surface of multilayer TiO2 fibrous film may decrease the 
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shunt resistance of the devices, which is another possible reason for the decreased open 

circuit voltage. 

 

The sudden drop of performance for the device with 4 fiber layers is caused by too thick 

an active layer of the device. This is indicated by the low FF of this device. The large 

slope in the low voltage region shows that electron-hole pair recombination is serious. 

Although more dissociation site is created in the active layer, the charge carriers cannot 

be collected by electrode before recombination. The limited diffusion distance of charge 

carriers restricts the device thickness. Another feature of the J-V curves is that the slope 

at high voltage region firstly increases when the fibrous layer is thin and then decreases 

when the fourth layer is added. We can see that the thin fibrous layer reduces the series 

resistance and helps the carrier transportation of the devices. 

 

All the important parameters of this measure are listed in Table 3-2 below. The area of 

each device is different, because the device area is defined by the overlapping area of 

two electrodes (ITO and Au). It is characterized under the optical microscope. The most 

efficient device is given by 3 layers of nanofibers in the active layer. This device 

demonstrates an efficiency of 0.39% which is about five-fold increase of the device 

without fiber layer. This should be attributed to the great increase in current density 

(1.43mA/cm
2
) while keeping moderate value of FF (054) and Voc (0.5V). 
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Table 3-2 Summary of performance parameters of TiO2/P3HT devices with 

different number of nanofiber layers. 

 

3.7  Discussion 

In the construction of TiO2 nanofiber structure, the electrospinning process is rather 

random that it cannot control the exact position of fibers on the substrate. Although the 

same fiber alignment condition is held every time, the difference in configuration will 

produce certain deviation in each device. Only the total amount and main orientation of 

fibers can be controlled by deposition time and rotation. Variation of local fiber density 

and overlapping of fiber in the same orientation are inevitably found in each time. 

Indeed, much research effort has been made to align nanofibers from electrospinning 

[85-87]. W. Hutmacher et al. recently developed a direct writing method of melt 

electrospinning by which precise position and alignment of fibers can be controlled 

[88], because the nanofibers are collected in the stable zone very close to the nozzle. 

However, polymer solution requires distance for evaporation so that instabilities always 

influence the morphology of fibers. To minimize the deviation from fiber configuration, 

samples of the same set will be placed on the rotor together to deposit the nanofibers in 

 Area (cm2) Voc (V) Jsc (mA/cm2) FF η (%) 

4 fiber layers 0.017 0.48 -0.73 0.34 0.12 

3 fiber layers 0.019 0.50 -1.43 0.54 0.39 

2 fiber layers 0.014 0.56 -1.01 0.49 0.28 

1 fiber layer 0.017 0.57 -0.58 0.45 0.15 

No fiber 0.012 0.61 -0.25 0.49 0.074 
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a single process. 

 

Furthermore, devices involving micro- or nano-structures will encounter a problem that 

organic material cannot completely infiltrate into the structure. In the spin-coating 

process of P3HT on TiO2 fibrous structure, some trial devices also have the same 

problem. Those devices generally show low FF or low current density. The incomplete 

infiltration of P3HT will leave pores and form trap states in the active layer. Excitons 

near pores are difficult to dissociate and lead to recombination. In macroscopic view, 

the series resistance of device will increase because of the presence of pores in the 

composite layer. 

 

Several reasons will lead to incomplete infiltration of P3HT. The solution of P3HT in 

toluene is viscous and opaque at room temperature so that, before coating, it must be 

pre-heated to about 50°C to become fluidic, reddish and transparent. Also, substrate at 

similar temperature is preferred for the coating process. Only a small droplet of P3HT 

solution is used in coating. If the substrate is cold, the droplet will instantly be cooled 

down after being in contact with the substrate. After a solution drop is deposited on the 

substrate, it is necessary to wait for a few seconds. Because there are many spaces 

inside the TiO2 nanofiber structure, the solution may not immediately reach all the 

positions. When more layers are constructed on the substrate, more time is needed to 

ensure complete infiltration. However, toluene is a volatile solvent. If waiting for too 

long, the P3HT layer will be very thick and uneven. To accelerate the infiltration of 

P3HT solution, toluene is sometimes spin-coated on nanofiber structure first. Pure 



TiO2/P3HT Hybrid Junction Solar Cell 
             

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Lo Shing Chung Page 73 

 

toluene is much easier to go into the structure. In addition, this can avoid trapping of air 

in the P3HT solution. 
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Chapter 4 Interfacial Modification 

4.1  Introduction 

In order to enhance the efficiency of the hybrid solar cells, interfacial modification is a 

feasible approach that can facilitate exciton dissociation at the inorganic–organic 

heterojunction. Different from traditional solar cells, excitonic solar cells rely on the 

interfacial energetics of the acceptor-donor heterojunction to separate excitons. To 

change the interfacial energetics, interfacial modifier can be attached to the surface 

before the formation of junction. Semiconductor quantum dot [89] and thin layer [90], 

organic dye [91,3] and small dipole molecule [92,93] can serve as interfacial modifier to 

affect the interaction of materials. Interfacial modifier can block charge recombination 

or facilitate the transport of charge carriers. Some dipole molecules attached to surface 

with specific orientation can induce shifting of energy band at the material surface [92]. 

Owing to the semiconductor nature, interfacial modifier also absorbs part of the sun 

light and it is often chosen to be complementary to the absorption spectrum of the 

junction materials. 

 

A range of semiconductors can be used for interfacial modification, for instance, CdSe 

[89,94], PbS [95], Se [96], In2S3 [97] and Cu2-XS [98]. Because junction interface 

becomes bulky in most investigation, thin layers of those semiconductors are commonly 

fabricated through solution medium such as chemical reaction, chemical bath 

deposition, successive ionic layer adsorption and reaction, electrochemical deposition or 
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other nanotechnology. In the work presented below, cadmium sulfide (CdS) is chosen to 

modify the optimized device obtained from Chapter 3. Figure 4-1 (a) shows the three-

dimensional diagram of the target device. CdS layer is deposited on the TiO2 fibrous 

layer before P3HT infiltration.   

 

 

Figure 4-1 (a) Three-dimensional structure and (b) band structure of modified 

device. 
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Consider the band structure of CdS shown in Figure 4-1(b). This band alignment allows 

the excitons contributed from the different parts to dissociate at the CdS/P3HT or 

TiO2/CdS interface. All free electrons and holes are directed to the ITO side and Au 

side, respectively. Moving in the reverse direction is forbidden by the energy barrier. 

From previous reports [99,100], the CdS layer can significantly increase the Voc of 

similar hybrid junction by passivating the surface state to reduce recombination and 

charge trapping. Also, CdS provides extra light absorption to increase Jsc in the device. 

 

4.2  Properties of cadmium sulfide (CdS) 

CdS is a II-VI semiconductor having two polymorphs, greenockite and hawleyite. 

Figure 4-2 shows the atomic configuration of these two phases. Greenockite appears as 

shade yellow and orange while hawleyite as bright yellow. The appearance depends on 

the synthesis condition and both phases are stable at room temperature. Greenockite has 

a hexagonal structure with lattice parameters a = 4.136 Å and c = 6.713 Å [101] while 

hawleyite is cubic with lattice parameter a = 5.818 Å [102]. 

 

A number of studies are reported about the structural, optical and electrical properties of 

CdS from different synthesis methods because of its diversity [103-107]. Among 

different growth methods of CdS, electrochemical deposition and chemical bath 

deposition are available for bulky substrate. Chemists have demonstrated the deposition 

of CdS by several ligands such as ammonia [108], triethanolamine [109], 
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ethylenediamine [110], nitrilotriacetic acid [111], cittatocomplex [112] and tartaric acid 

[113]. Because CdS is insoluble in water, when aqueous solution of those Cd
2+

 salts 

react with sulfide carrying molecules, homogeneous precipitation occurs slowly. 

 

 

Figure 4-2  Structure of (a) greenockite [114] and (b) hawleyite [115]. 

 

Due to its sharp yellowish color, CdS is mainly used as pigment. In the development of 

optoelectronic devices, its direct band gap of 2.4 – 2.5 eV, equivalent to about 500 nm, 

has drawn considerable research interest for applications such as semiconductor laser 

and light emitting diode [103]. In addition, its conductivity is found to be in the order of 

10
-8

 (Ωcm)
-1

 in dark and about 1 (Ωcm)
-1

 under illumination at room temperature [112]. 

Such photoconductivity makes it available for photoresistor and photodetector 

applications.  

 

In spite of the usefulness of CdS, Cd
2+

 salts are generally considered to be toxic and 
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hazardous to environment. According to materials safety data sheet from American 

National Standards Institute, CdS is carcinogenic and damages kidneys and lungs upon 

long term exposure. It will react with acid to form toxic hydrogen sulfide [116].  

 

4.3  Electrochemical deposition 

Electrochemical deposition is a surface treatment commonly employed to deposit thin 

film on conducting substrate from chemical bath. The densification takes place at the 

solution-solid interface so that it is possible to deposit dense layer on the porous 

electrode. Since this method is a facile, low cost and low-temperature technique and the 

deposited composition can also be well controlled, it has shown much importance in the 

synthesis of different materials. Zinc oxide [117,118], copper oxide [119], TiO2 [120] 

and nickel oxide [121] are the most widely studied semiconductors grown from this 

method. I. Zhitomirsky contributed many work in the growth of organoceramic films 

[122] and polymer films [123]. Furthermore, versatile morphologies of different 

materials have also been fabricated, such as single crystal [124], mesoporous metal film 

[125] and “3D structure” [126] etc. 

 

4.3.1 Theory of electrochemical deposition 

When an electrode is immersed in an electrolyte, equilibrium potential is established at 

their interface. This equilibrium will be broken, if external current is applied to shift the 

potential across the interface. This shifting is called overpotential, u. The overpotential 

activates the overall electrode reaction which includes charge transfer, diffusion, 
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chemical reaction and crystallization. Following the electric field established between 

two electrodes, cations or positive molecules move towards the cathode and release 

their charges by a reduction reaction: 

𝑂𝑥 +  𝑧𝑒 ⇌  𝑅𝑒 

where Ox is the oxidized form, Re the reduced form, e the electron and z is number of 

electrons transferred across the electrolyte-electrode interface. The time, t, derivative of 

the transferred charge, Q, is closely related to current density, J: 

𝐽 =
𝑑𝑄

𝑑𝑡
= 𝑧𝐹

𝑑𝑚

𝑑𝑡
 

where F is the Faraday’s constant giving charges carried by one mole of electrons and m 

is the number of transferring event in mole per unit area. This equation has the same 

meaning of the Faraday’s first law of electrolysis which states that the total amount of 

chemical change at an electrode is directly proportional to the quantity of electrical 

charges transferred to that electrode. We can see that 
dm

dt
 represents the rate of reaction 

in mole. The rate constant, k is defined as 

𝑑𝑚

𝑑𝑡
= 𝑘 [𝑂𝑥] 

where [Ox] represents the concentration of Ox. Based on the above relation, pioneers 

finally formulate the relation between current and overpotential by introducing the 

transfer coefficient α and the well-known Arrhenius equation: 

𝑘 = 𝐴 𝑒𝑥𝑝 (−
∆𝐺

𝑅𝑇
) 

where A is a constant, ΔG the activation energy of reaction, R the gas constant and T is 

absolute temperature. The resulting relation is: 
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𝐽 = 𝐽𝑂[𝑒𝑥𝑝 (
(1 − 𝛼)𝑢𝑧𝐹

𝑅𝑇
) − 𝑒𝑥𝑝 (−

𝛼𝑢𝑧𝐹

𝑅𝑇
)] 

The equation is named as Butler-Volmer equation. JO is called the exchange current 

density which is an important parameter to define the kinetics of the electrochemical 

cell. 

 

4.3.2 Equipment 

In the deposition system, a three-electrode configuration in a single-compartment cell is 

employed. A schematic diagram is shown in Figure 4-3. A platinum plate is used as the 

counter electrode because of its chemical stability. The reference electrode is a 

sliver/sliver chloride electrode in saturated potassium chloride solution. ITO on the 

sample acts as the cathode. It is placed in parallel to the platinum plate in order to get a 

uniform deposition. 

 

Figure 4-3  Schematic diagram of set-up of electrochemical deposition. 
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4.3.3 Deposition process of CdS 

An aqueous bath containing Cd
2+

 and sulfide carried molecule is prepared by reacting 

the same volume of 0.1M cadmium nitrate (Cd(NO3)2) solution and 0.1M thioacetamide 

(C2H5NS) solution. The mixture is initially clear and CdS nanoparticles formed in the 

solution slowly according to the following equation [127]: 

𝐶𝑑2+ + 𝐶𝐻3𝐶𝑆𝑁𝐻2 + 2𝐻2𝑂 → 𝐶𝑑𝑆 + 𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝑁𝐻4
+ + 𝐻+ 

 

After the fabrication of TiO2 nanostructure on ITO electrode, the ITO electrode is 

connected to the negative end of the electrochemical station. According to the reduction 

potential of Cd
2+

, a voltage of -0.7 V is applied to the ITO electrode to activate the 

reaction [128]. In order to obtain uniform deposition on the fibrous layer, this threshold 

voltage is kept constant and results in a small negative current. Such current decreases 

slowly and saturates in the order of ~10
-5

A within ten minutes. When the deposition is 

carried out on the TiO2 thin film without fibrous structure, the current is smaller than the 

previous process by an order of magnitude. This indicates that the connection with 

nanofibers increases the available area for reduction. The whole process is performed 

under room temperature. The deposition amounts of CdS are controlled by the time of 

the treatment. Since precipitation of CdS particles occurs continuously in the bath, the 

samples after deposition are rinsed for several times by deionized water in order to 

remove any physisorbed particle. 
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4.4  Characterization of modified surface and fibers 

To characterize the morphology, thickness, absorption property and phase of the 

deposit, SEM, TEM and UV-vis absorption spectroscopy are employed. In order to 

determine the thickness of the deposit with respect to the deposition time, the process is 

carried out on three TiO2 films for different time. Figure 4-4 shows the SEM images of 

the cross section of the samples in the same scale. 

 

Figure 4-4  CdS grown on flat TiO2 by a (a) 1 h, (b) 2 h and (c) 3 h deposition 

process. 
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We can clearly see the TiO2 film with sharp boundary and the deposit grown on it. For 

1-hour deposition, the growth of CdS is not quite even and cannot fully cover the 

surface of TiO2. After 2-hour deposition, the CdS layer becomes more even with an 

average thickness of about 100 nm. For longer time deposition, a very thick (>150 nm) 

and rough CdS layer is observed. It seems that CdS tends to cover the surface first 

rather than stack up in its growth. 

 

 

Figure 4-5  Contact angle of toluene on CdS deposition. 

 

Subsequently, the contact angle of toluene on the CdS deposition is measured and found 

to be around 9° to 11°. Toluene can therefore be the solvent to coat P3HT on it. 

 

Afterwards, CdS layer is deposited on substrates with TiO2 nanostructure. To get 

reasonable amounts of CdS on nanofibers, 2-hour deposition is applied to the substrate 

with 3 layers of nanofibers. Figure 4-6 shows the top view of nanofiber structure after 

deposition of CdS. The images reveal that nanofibers are remained on the substrate with 
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numerous nanoparticles uniformly attached to the surface and nanofibers. The diameters 

of the nanofibers after deposition range from 70 nm to 180 nm.  

 

  

Figure 4-6  SEM images of TiO2 nanofibers with CdS deposition. 

 

To obtain further information of crystallinity and phase about the deposited particles, an 

individual nanofiber is inspected by TEM. The morphology of deposited CdS is shown 

in Figure 4-7 (a). There are many CdS nanoparticles grown on the TiO2 nanofiber and 

their diameters range from 20 nm to 80 nm. The total fiber diameter is about 180 nm. 

Figure 4-7 (b) shows the high resolution image of an attached particle. The particle is 

polycrystalline with grain size about 5 nm to 30 nm. The distance between crystal 

planes is measured to be 3.19 Å.  

 

Figure 4-7 (c) is the electron deflection pattern performed at the location marked by the 

circle in Figure 4-7 (a). Because TiO2 and CdS are both present in this location, we can 

find the diffraction pattern of these two materials. The phase of CdS is confirmed to be 
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hexagonal greenockite by eliminating the TiO2 patterns. The most obvious evidence is 

the third ring which comes from the (110) plane of CdS solely. The brightest diffraction 

pattern consists of three rings from (100) of CdS, (101) of TiO2 and (101) of CdS 

because of their similar interplane distances and high intensity. The diffraction of (102) 

and (103) of CdS overlap those of (103) and (200) of TiO2 to form the second and 

fourth rings. And, the interplane distance found from Figure 4-7 (b) corresponds to the 

(101) plane of this phase. 

 

 

Figure 4-7 (a) Morphology, (b) atomic configuration and (c) diffraction pattern of 

a CdS-coated nanofiber. 
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The absorption characteristics of the synthesized CdS were measured by UV-vis 

absorption spectroscopy. To compare the absorption of TiO2, CdS and P3HT, two TiO2 

thin films with and without CdS deposition and P3HT thin film about 50 nm thick were 

prepared on the transparent substrate. Figure 4-8 shows the measured results in 300 nm 

to 800 nm. We see that the TiO2 thin film is fully transparent in the visible light range 

and gives a strong absorption for wavelengths shorter than 370 nm. The deposition of 

CdS largely enhances the absorption in the green to ultra-violet range. As a result of the 

CdS layer, a sharp increase of absorption is observed at 510 nm which corresponds to 

the bandgap of 2.4eV. 

 

The absorption of P3HT shows two peaks at 516 nm and 550 nm and a shoulder at 600 

nm. According to the results from Peter J. Brown et al. [129], the peak at 516 nm is 

related to the intrachain π-π* transition coupled with one phonon mode. And, the 

peak at 550 nm corresponds to the π-π* transition solely. The shoulder at 600 nm is 

contributed by interchain interaction and its position is independent of ordering. The 

P3HT film gives weak absorption for wavelengths shorter than 450 nm so that CdS is a 

suitable complementary absorber.  
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Figure 4-8  Absorption spectra of constitutive materials. 

 

4.5  Characterization of the modified devices 

Devices with CdS interlayer modification were fabricated and characterized by a solar 

simulator. All the fabrication conditions remained the same as mentioned in previous 

chapter. Initially, devices without nanostructure were modified to illustrate the effect of 

modification. Three deposition time were employed and compared. Figure 4-9 shows 

the J-V characteristics of the devices with different amounts of CdS deposition together 

with those of the device without deposition. All the devices were fabricated in the same 

set of the process. The illumination intensity was 100mW/cm
2
 by AM1.5G filter. 
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Figure 4-9  J-V characteristics of flat devices with different deposition time. 

 

Obviously, the device with 2-hour deposition gives the highest photo-current conversion 

efficiency (0.099%) and Jsc (0.33 mA/cm
2
). The Voc of devices exhibit a monotonic 

increase with longer deposition time while the Jsc increases at the beginning and 

decreases in the sample with 3-hour deposition. The slight increase in Voc may be 

attributed to more effective exciton dissociation by involving the CdS layer. The FF is 

also higher after the deposition except for the 3-hour sample. It is probably because the 

recombination of electron hole pair is suppressed. 

 

Electrons in TiO2 and holes in P3HT are blocked by the CdS from the electric field 

extraction. The absorption of CdS also causes more exciton generation in the device so 
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that the current is increased. The drop of current of the device with long time deposition 

should result from a too thick active layer. We notice the distortion of J-V curve in the 

high voltage region which indicates that a high series resistance is present in the device. 

Table 4-1 lists the important characteristic parameters of the devices. The improvement 

of efficiency is about double that of the device without CdS deposition. 

 

Table 4-1  Summary of performance parameters of the modified flat devices. 

 

Voc (V) Jsc (mA/cm
2
) FF η (%) 

0 h 0.54 -0.21 0.46 0.052 

1 h 0.56 -0.26 0.52 0.075 

2 h 0.57 -0.33 0.53 0.099 

3 h 0.58 -0.24 0.46 0.064 

 

To verify the origin of the improvement, the quantum efficiencies of 0 h and 2 h devices 

were measured with respect to monochromatic light range from 300 nm to 800 nm 

which is the major absorption range as illustrated by the absorption spectra. Figure 4-10 

gives the EQE results of the devices. The blue curve is measured from the device 

without modification. We can see that the highest efficiency is found at about 490 nm to 

600 nm which is strongly absorbed by P3HT. The peak at 516 nm and shoulder at 600 

nm is matched to the absorption spectrum of P3HT. Furthermore, there is a small peak 

present at about 350 nm. It should be contributed by the absorption of TiO2 in this 

region. 
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Figure 4-10 Comparison of EQE of the flat devices with and without CdS 

deposition. 

 

The red curve in the figure is measured from the device with 2-hour deposition. A 

higher EQE is found in the short wavelength region and one more peak is present at 400 

nm. The higher Jsc is explained by the fact that more excitons and charge carriers are 

harvested in green to violet range resulting from the absorption of CdS. However, a 

slight decrease in the P3HT absorption range is observed. It indicates that some charge 

carriers cannot be collected because of the presence of CdS. It may be due to the limited 

charge carrier diffusion length. 
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The next step is to characterize the effect of CdS deposition on the fibrous device. The 

measured J-V curves are shown in Figure 4-11. The resulting changes by deposition are 

similar to the device without nanofibers. The Voc also increases with the increase in 

deposition time and the highest current density is found in the 2-hour device. The 

increase of Voc is more significant this time. Comparing the original device and the 2-

hour device, the Voc only increases by 30 mV in the previous analysis while it increases 

by 70 mV in this time. It is probably because larger interface and more CdS are present 

in the device. Current also drops in the last device and now it suffers more drastic 

decrease resulting in the current even lower than that of original device. This can be 

accounted for by the same reason of limited diffusion length.  

 

On the other hand, the FF shows different change with respect to deposition time. A 

small decrease is seen from the modification. The highest FF obtained by modification 

in previous analysis is only 0.53 while the fibrous device without modification already 

gives 0.55. The deposition cannot boost the FF to higher values. Possible reason is that 

the fibrous nanostructure with larger interface already reduces the recombination by 

enhancing the charge carrier injection so that the CdS layer may not contribute further 

in the same manner. 

 



Interfacial Modification  
             

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Lo Shing Chung Page 92 

 

 

Figure 4-11 J-V characteristics of the fibrous devices with different CdS 

deposition time. 

 

To summarize this analysis, Table 4-2 shows important parameters of the J-V curves. 

The optimum deposition time is about 2 hours which increases the efficiency from 0.41 

to 0.6. As the FFs of devices are similar, the higher efficiency is attributed to the larger 

open-circuit voltage and short-circuit current. Nevertheless, the efficiency in this case 

does not increase as much as the flat device.  The possible reason is that many 

nanofibers are dropped out in the deposition process leading to reduction of interfacial 

area. This can be revealed from the increasing ratio of current. The Jsc value increases 

by a factor of 1.57 after deposition in previous analysis, while it only increases by 1.38 
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this time. Also, the FF change contributes to this outcome slightly. 

 

Table 4-2  Summary of performance parameters of the modified fibrous devices. 

 

Voc (V) Jsc (mA/cm
2
) FF η (%) 

0 h 0.53 -1.39 0.55 0.41 

1 h 0.58 -1.56 0.55 0.50 

2 h 0.60 -1.93 0.52 0.60 

3 h 0.61 -1.27 0.53 0.42 

 

Afterwards, EQE of these four devices are measured and the results are plotted in 

Figure 4-12. By carefully comparing the EQE curves shown in Figure 4-12 and Figure 

4-10, we can find that they not only differ from their magnitude, but also in their shapes. 

The top of EQE curves is not flat, but there are two well defined peaks belonging to 

P3HT and CdS. Although we find suppression of the P3HT peak previously, the 

modification also enhances the contribution from P3HT this time. A possible reason is 

that the rough interface in the device allows more charge carrier injection before 

recombination. 

 

By observing the evolution of the curves, we can see that more CdS sample gives 

broader peak and flatter region from 400 nm to 460 nm. According to the absorption 

spectrum of CdS, the EQE curve shape becomes closer to the absorption curve of CdS 

and dominant in long time deposition. The emerged narrow peak at 400 nm resulted 

from the involvement of thin CdS layer was also reported by Spoerke et al. [99]. As the 
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CdS layer becomes thicker, the shrink of P3HT absorption peak is observed. The 

contribution of P3HT is lower than CdS in the last device. In addition, the peak position 

of P3HT suffers from a little blue shift from 510 nm of the original device to 500 nm in 

the last device. It may indicate that the thick CdS layer leads to low P3HT ordering. 

Finally, the high energy region corresponding to the absorption of TiO2 shows weak 

dependence on the deposition time.  

 

Figure 4-12 EQE of the fibrous devices with different deposition time. 

 

4.6  Discussion 

In the above analysis, the optimal modification time is 2 hours. According to the 

presented image of cross section of CdS deposition (Figure 4-4), the thickness is about 
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100 nm. However, the top view SEM (Figure4-6) and TEM (Figure 4-7) images reveal 

the deposition composed of many nanoparticles. It is believed that the judgment upon 

cross section may be influenced by some particular particles in the background so that 

the effective thickness of deposition is believed to be less than 100 nm. 

 

Fabrication processes such as annealing, electrospinning and Au evaporation are 

performed to all devices in the same set to reduce the deviation of outcome. However, 

the electrochemical deposition process should be performed one by one in the same 

electrolyte bulk for better repeatability. The presence of more than one substrate 

inevitably leads to non-uniform coating of CdS between the substrates. It depends on 

the position of substrates. Also, current passing through each substrate is ambiguous. 

Therefore, deposition is performed sequentially on each substrate. The position of 

substrate should also be retained at the same position in each time. 

 

Furthermore, as revealed by the EQE results, the effect of deposition indeed varies with 

the morphology of interface. In case of 2-hour deposition, the contribution of P3HT is 

suppressed in the flat interface device, while improvement is found in the nanostructure 

device. The later one has nanostructure to provide more charge dissociation site to boost 

the electron injection to n-type transporter so that the difference may come from the 

injection property of the junction. It is reasonable to conclude that the optimum amount 

of modification varies with the morphology and material properties. The coincidence of 

optimum deposition time in the above analysis is probably because the sampling 

interval (1 hour) is a bit wide. 
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Chapter 5 Graphene Electrode Replacement 

5.1  Introduction 

Recently, graphene has attracted intensive research activities in studying its physical 

properties and potential applications. Beginning with a free-standing atomically thin 

carbon film accidentally obtained by Novoselov, K. S. et al. [130] few years ago, many 

research groups follow his work on this monocrystalline graphitic film. It is a 

groundbreaking result because such structure is theoretically predicted to be unstable 

under ambient condition. Afterwards, two very important experiments [131,132] reveal 

that charge carriers in graphene are governed by the Dirac equation with zero rest mass. 

This two-dimensional system draws large amount of attention worldwide, because 

quantum effect can be observed on this material on bench-top experiments. Besides 

quantum effect, the unique macroscopic properties of this novel material are studied in 

plenty of research works and many of them indeed outmatch those of ordinary bulk 

materials. 

 

From the view point of solar energy device, graphene also has potential to bear different 

roles in a solar cell. Y. S. Chen et al. reported their organic photovoltaic devices with 

graphene as the acceptor material [133]. This application is based on the fact that the 

work function of graphene is 4.5eV which is lower than the LUMO of common donor 

polymer such as P3HT and poly(3-octylthiophene) (P3OT). The active layer of their 

devices consists of functionalized graphene dispersion to achieve large interfacial area. 
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Recently, another group also reported a graphene/CdSe composite film for quantum dot 

sensitized solar cell [134] in which graphene serves as a good conducting network for 

electron transportation. 

 

Graphene electrode should be the most straightforward idea to utilize the advantages of 

graphene on solar cell applications because it is transparent and conducting. Transparent 

electrode in solid state solar cell is of fundamental importance to allow photovoltaic 

effect. In fact, a well prepared single layer graphene film can offer high transmittance 

comparable to ITO in the visible and near-infrared range [135]. X. Wang et al. have 

made a dye-sensitized organic solar cell with graphene anode [136], but their graphene 

was obtained by a reduction method which results in a thick graphene with low 

transmittance. Another example was presented by K. P. Loh et al. who replaced ITO by 

graphene as a transparent electrode [137]. The properties of graphene are modified by 

doping or coating to align the band structure as reported by Loh’s group. 

 

Compared to traditional metal electrode fabrication such as sputtering and thermal 

evaporation, the transfer process of graphene on devices is low cost and no need for 

vacuum environment which is commonly time-consuming on lowering the pressure. 

Therefore, graphene electrode is aimed to replace the top Au electrode and form a semi-

transparent photovoltaic device. In such configuration, the device can receive light from 

both sides to increase the chance of illumination. 

 

Furthermore, Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) 
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is introduced in the device mainly because of a practical consideration that graphene 

cannot be directly transferred on the hydrophobic P3HT. PEDOT:PSS layer is fabricated 

on the P3HT before the transferring process. This layer offers better contact between 

graphene and P3HT by chemical doping and also serves as an electron blocking layer. 

Both doped and non-doped devices are fabricated and characterized to illustrate the 

doping effect. For convenient to analyze, graphene is transferred on the optimum 

structure described in Chapter 3. 

 

5.2  Properties of graphene 

Graphene is, up to now, the most ideal free-standing 2D system as it is an only one-

atom-thick crystal. Carbon atoms connect each other through delocalization of their 

valence electrons into sp
2
-hybridized orbitals to form hexagonal or so called 

honeycomb structure. Such delocalized electrons and extremely thin structure allow 

graphene to appear as a transparent conductor. Also, this condense matter system 

exhibits fascinating electronic properties (large breakdown current density [138] in the 

order of 10
8
A/cm

2
, ultrahigh charge carrier mobility [139] and ballistic transport of 

carriers), strong mechanical properties [140] (breaking strength of ~40N/m which is 

nearly the theoretical limit, elastic limit as much as 20% and elastic modulus of TPa) 

and new quantum phenomena (chiral quantum hall effect [132] and conductivity 

without charge carrier [131]). Many graphene-based application ideas have been 

generated, such as flexible displays, gas sensors and high-speed transistors due to its 

exceptional mechanical, electrical, chemical and biocompatible properties [141-143]. 
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Figure 5-1  Structure of graphene [144]. 

 

Furthermore, abundant sources of carbon and well developed synthesis methods make 

graphene a low cost and environmental friendly material. Four main synthesis methods 

have currently been developed by researchers. Two top-down approaches are 

mechanical exfoliation of graphite [130] and chemical oxidation or exfoliation [145]. 

Two bottom-up approaches are epitaxial growth [146] and chemical vapor deposition 

[147] (CVD). Top-down approaches often require high quality graphite crystal but are 

difficult to control the size of graphene product. In contrast, bottom-up approaches are 

readier for mass production and easier to get single layer graphene with considerable 

area. Therefore, CVD grown single layer graphene on copper foil supplied by Hefei 

University of Technology has been used to construct our devices.  
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5.3  Properties of PEDOT:PSS 

PEDOT:PSS is a polymer mixture of PEDOT and PSS. PEDOT, as a member of 

polythiophene, possesses good conductivity and transparency, but it is insoluble in 

common solvents and unstable in air [148]. PSS acid is thus added to improve the 

solubility and stability. This results in an aqueous dispersion in which the acid 

deprotonates to carry a negative charge and PEDOT is in oxidized form as shown in 

Figure 5-2. The ratio of PEDOT and PSS also influences the conductivity of 

PEDOT:PSS [149] so that commercial suppliers often tailor the solution to suit different 

applications. A high conductivity PEDOT:PSS aqueous solution with concentration of 

2.5% is supplied by Sigma-Aldrich Co. LLC. and used in this work. 

 

 

Figure 5-2  Structure of PEDOT:PSS [149]. 

 

Using this polymer mixture, thin, transparent, ductile and conductive film can be coated 

on a hydrophilic surface. PEDOT:PSS has been used as electron blocking layer in many 
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organic electronic devices. Also, because of the brittleness of ITO, PEDOT:PSS is one 

of the candidate being used as electrodes for flexible or even stretchable photovoltaic 

devices [149,150]. Another advantage is that it can be patterned in micro- or nano-meter 

scale by soft-lithographic methods [151]. 

 

5.4  Transferring and doping process 

After the spin-coating of P3HT layer, oxygen plasma treatment is carried out for a few 

seconds on the P3HT surface to tune it from hydrophobic to hydrophilic. Figure 5-3 

shows the contact angle change before and after the treatment. PEDOT:PSS is then 

spin-coated on the surface at 3000 rpm for 30 s. This layer is annealed at 120°C for 20 

min in nitrogen ambient. Some region apart from ITO is wiped off and Au film is 

deposited on it. This film is prepared to connect with graphene for the convenience of 

measurement. 

 

Figure 5-3 Contact angle of water on P3HT (a) before and (b) after O2 plasma 

treatment. 
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Many processes to transfer graphene from copper foil have been described in papers 

and the method reported by Ruoff et al. [135] is followed. In the beginning, 0.06 g 

PMMA is dissolved uniformly in 1 ml ethyl methyl ketone. About 300 nm-thick 

PMMA layer is spin-coated on a CVD grown graphene on copper substrate. After slow 

curing at 40°C on hot plate for an hour, the copper substrate is etched by an iron(III) 

chloride water solution overnight. The PMMA/graphene film is floated on DI water to 

wash out chemicals and residue. The washing process should go on with fresh DI water 

until no more color change of water is observed. At this stage, the PMMA/graphene 

film is ready to be placed on the active layer with annealed PEDOT:PSS and overlapped 

with ITO and Au film region at the same time. For non-doping process, it is dried 

directly on a heater. For doping process, a small amount of PEDOT:PSS solution is 

dropped near the graphene film to float it and dried by spin-coating. The cell is then 

placed in a nitrogen box for annealing at 120°C for 20 min to remove any oxygen and 

moisture. Note that there is no need to wash out the PMMA layer before encapsulation. 

 

5.5  Graphene characterization 

At the beginning, we check the quality of the purchased CVD grown graphene by 

measuring its sheet resistance and transmittance. Graphene is firstly transferred on the 

SiO2/Si plate because of its smoothness. Two gold electrodes are deposited on it by 

thermal evaporation through a patterned mask to form ohmic contact. The sheet 

resistance of graphene over a 5mm x 5mm area is found to be about 200 Ω/sq. Although 
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ITO usually has sheet resistance about 40 Ω/sq, both these values become negligible if 

they are compared with series resistance of hybrid junction which is typically 10
4
-10

5 
Ω. 

 

In order to measure the transmittance, another graphene is transferred on a normal glass 

substrate and scanned over the UV-visible range. The graphene film demonstrates quite 

good transmittance over this relevant spectral range as shown in Figure 5-4. Over 95% 

of light intensity can transmit through the graphene layer except for a small portion of 

high energy photon which gives small contribution in the exciton generation. With good 

conducting and transmission properties, the transferred graphene film is basically 

capable for used as the electrode in solid state solar cell. 

 

 

Figure 5-4  Transmittance of graphene from 300 nm to 800 nm. 

 

5.6  Characterization of non-doping semi-transparent device 

The J-V characteristics of a non-doped device about 0.16 cm
2
 are measured. The 

performance of this device with respect to the different side of illumination is shown in 
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Figure 5-5. To compare the performance, the J-V characteristics of a normal device 

with Au top electrode is also plotted in the figure. The key parameters are summarized 

in Table 5-1. The J-V characteristics of the semi-transparent device give Voc of 0.45 V 

when illuminated from the ITO side and 0.30 V from the graphene side. Compared to 

the normal device, these Voc is a bit low. Nevertheless, when the device is illuminated 

from ITO, the Jsc of it is the same as that of the normal device. This result indicates that 

both devices have the same exciton generation process but the electrode contact or 

structure of graphene device is not as good as the Au device so that it exhibits lower 

Voc and FF. The bad contact probably comes from the morphology mismatch of 

graphene film and the annealed PEDOT:PSS layer. The CVD grown single layer 

graphene is not flat but is a replica of the surface of copper substrate. Meanwhile, 

annealed PEDOT:PSS layer also has a certain roughness. 

 

Table 5-1 Summary of performance parameters of the non-doped device and the 

normal device. 

Curve Jsc (mA/cm
2
) Voc (V) FF η (%) 

ITO -1.53 0.44 0.47 0.32 

Gra -0.98 0.30 0.45 0.13 

Au -1.52 0.55 0.55 0.46 
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Figure 5-5 J-V characteristics of normal device and non-doped device at different 

side of illumination. 

 

5.7  Characterization of doped semi-transparent device 

To deal with the contact problem, the graphene film is doped with PEDOT:PSS solution. 

The additional PEDOT:PSS solution dried by spin-coating can fill up the gaps in-

between and avoid the involvement of extra medium interface. The performance of the 

doped device with the same structure is measured and corresponds to the red curves in 

Figure 5-6. The Voc increases by almost 0.1 V when illuminated from ITO while it has 

no improvement when illuminated from graphene. This leads to a conclusion that 

contact problem is not the cause of low Voc in the latter case. 
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To further investigate, the EQE of the device on both sides was measured and 

corresponds to the red curves in Figure 5-7. The shapes of EQE curves surprisingly 

indicate that the contribution of P3HT is very low when illuminated from graphene. In 

this case, light rays penetrate through the P3HT layer first, but the absorbed light does 

not favor to generate current. It is probably because excitons are mainly generated near 

the interface of P3HT and PEDOT:PSS rather than the interface of TiO2 and P3HT 

which is a charge dissociation site. From the above consideration, a hypothesis is 

suggested that the low performance may be due to high attenuation and limited exciton 

diffusion length in the P3HT layer. 

 

5.7.1 Single-sided illumination analysis 

To verify the hypothesis, devices with similar area but different P3HT thickness are 

fabricated and characterized on both sides. By adjusting the concentration of P3HT 

solution, TiO2 fibers are covered by P3HT layers with different thickness. Figure 5-6 

shows the corresponding J-V characteristics of the obtained devices with respect to 

illumination from different sides. 
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Figure 5-6 J-V characteristics of the doped devices with illumination on the (a) 

ITO and (b) graphene side. 

 

For illumination from the ITO side, the maximum efficiency of 0.33 % and Voc of 0.53 

V are given by 30 mg/ml P3HT solution. Voc drops because of the smaller shunt 

resistance in thinner active layer, while charge carriers are subjected to serious 

recombination in thick active layer. And, devices with thin P3HT layer also demonstrate 

similar Jsc. For illumination from the graphene side, the thinnest device demonstrates 

the highest efficiency of 0.15 % and Jsc of 1.23 mA/cm
2
. Generally, the devices show 

lower current and voltage in this case. The Jsc drops monotonically with increase in the 

thickness of P3HT. The Voc values of the three thinner devices exhibit weak 

dependence of P3HT thickness. 

 

In both illumination cases, the thinner devices give higher Jsc. It illustrates that the 

exciton separation and charge collection is better in thinner devices. However, high 
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efficiency is impeded by low generated voltage. The Voc behaves differently in these 

two cases. When illumination comes from the ITO side, it increases remarkably with 

increase in the thickness of P3HT. When illumination comes from the graphene side, it 

keeps at a low value. Such discrepancy is further studied by the EQE measurement. 

 

Figure 5-7 is the EQE results of the devices with respect to different P3HT thickness. 

We can observe from the curves that devices work as normal for all active layer 

thicknesses when illuminated from ITO. However, only the thinnest device gives 

normal EQE curve when illuminated from graphene. Figure 5-7 (a) shows that the effect 

of P3HT thickness on the photocurrent conversion process weakly depends on the 

photon energy.  

 

 

Figure 5-7 EQE of the doped devices with illumination on (a) ITO and (b) 

graphene side. 
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It can be seen in Figure 5-7 (b) that when illumination comes from the graphene side, 

charge carriers generated by high energy (300 - 400 nm) and low energy photons (400 - 

700 nm) are subjected to different limitation. The low energy part drops continuously 

while the high energy part drops suddenly in the thickest device. 

 

The EQE curves of the thick P3HT layer devices have the same shape of the inverse of 

P3HT absorption spectrum. It confirms that the light ray from the graphene electrode is 

subjected to severe absorption and loss. Obviously, thicker P3HT layer hinders excitons 

from charge dissociation so that the EQE curves for low energy photon are upside-

down. It can be imagined that the exciton generation is proportional to the light 

intensity in that region so that the exciton concentration is expected to decrease 

exponentially with respect to thickness. Therefore, the majority of excitons are mainly 

generated at the interface of PEDOT:PSS and P3HT and cannot diffuse to the 

dissociation site and transform into the device current. 

 

For high energy part, devices show a sharp absorption peak when illuminated from 

graphene rather than an absorption shoulder when illuminated from ITO. The variation 

of this part is similar to Figure 5-7 (a). It is probably because P3HT weakly absorbs this 

part of light. Although P3HT and TiO2 also absorb this part of light, high energy 

excitons in P3HT will easily decay through thermalisation and lose the energy. 

Therefore, this part is expected to be more useful when light comes from ITO and 

absorbed by TiO2. 
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5.7.2 Effective thickness 

It is desirable to determine the amount of P3HT in the active layer, but it is actually a 

matrix containing unknown volume fraction of TiO2 nanofibers. Hence, the 

transmittance of the active layer is utilized as an indicator to estimate what is the 

effective thickness of P3HT it is optically equivalent to. Figure 5-8 (a) shows the 

transmittance of four active layers. The transmission of the characteristic peak at λ = 

560 nm of four P3HT thin films with definite thickness are measured and shown in 

Figure 5-8 (b). This wavelength is chosen because TiO2 is transparent to this part of 

light. The least square fitting curve is calculated using a simple attenuation model: 

𝑇 = 100𝑒𝑥𝑝 (−𝛼𝑑)  

where T is the transmittance, α the absorption coefficient and d is the penetration depth. 

The value of α is about 0.016 nm
-1

 and the calculated effective thicknesses of P3HT are 

shown in Table 5-2.  

 

Table 5-2  Estimated value of the effective thickness of P3HT. 

condition Transmittance at 

560 nm (%) 

Estimated 

thickness (nm) 

40mg/ml 0.594 320 

30mg/ml 2.669 226 

20mg/ml 10.06 144 

10mg/ml 33.18 68.9 
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Figure 5-8 (a) Transmittance of four active layers and (b) least square fitting of the 

transmittance at λ = 560 nm with respect to d. 

 

An optimum thickness of about 220 nm is obtained in ITO-illuminated case but not in 

graphene-illuminated case in which a thinner layer is better. The discrepancy between 

the optimum thicknesses in the two cases can be attributed to the anisotropy of the 

photo-response of the whole active layer. According to the EQE change in Figure 5-7 

(a), we see that the free charges dissociated at the vicinity of TiO2/P3HT interface 

become difficult to be collected when the effective thickness of P3HT is larger than 220 

nm. Hence, the EQE change of the low energy part in Figure 5-7 (b) should result from 

the exciton diffusion to dissociation sites. 

 

5.7.3 Double-sided illumination analysis 

Furthermore, receiving light from both sides at the same time is the advantage of having 
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two transparent electrodes. It is worth and possible to measure the cell performance 

under both sides illumination simultaneously from the same light source. To achieve 

this purpose, two mirrors are utilized to construct a holder as illustrated in Figure 5-9. 

The tilting angle of the mirrors are fixed at 45° with respect to the bottom while the cells 

are held vertically. 

 

 

Figure 5-9  Schematic diagram of the holder for double side illumination. 

 

The J-V characteristics of those four semi-transparent cells are shown in Figure.5-10. 

The obtained current is generally larger than single side illumination and only the values 

of Jsc are simply the superposition of the two cases in single side illumination. A high 

current density of 2.92 mA/cm
2
 is produced by the thinnest device. Moreover, the Voc 

remain at the higher values in the two cases. There exists a region that the graphene case 

does not contribute any current, but it exhibits an increase in current. Such increase may 

result from less leakage current in the double-side illumination case or the 

photoconductivity of P3HT.  
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Figure 5-10 J-V characteristics of semi-transparent devices with respect to 

illumination from ITO, graphene (Gra) and on both side (DS). 

 

Although the thinnest device gives the highest current, the efficiency is restricted by the 

low voltage. The 20 mg/ml sample has a high Jsc of 2.49 mA/cm
2
 and Voc of 0.48 V at 

the same time, but the FF of this device is low. The highest efficiency of 0.49 % is given 

by the 30 mg/ml sample. The FF demonstrated in the double side illumination is similar 

to that obtained by ITO illumination case. It is probable that feature of this curve is 
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dominated by the ITO illumination case. As benefited from the current increment, the 

efficiencies under double-side illumination are higher than the sum of the two single-

side cases. Therefore, one can maximize the output of a single semi-transparent cell by 

illuminating both sides simultaneously. The summary of all analytical parameters are 

listed in Table 5-3. 

 

Table 5-3 Summary of performance parameters of the semi-transparent devices 

with respect to different illumination cases. 

Sample Illumination Jsc (mA/cm2) Voc (V) FF η (%) 

40mg/ml ITO 1.19 0.41 0.428 0.209 

Graphene 0.25 0.15 0.320 0.012 

Both side 1.35 0.40 0.428 0.231 

30mg/ml ITO 1.50 0.53 0.421 0.335 

Graphene 0.84 0.29 0.374 0.091 

Both side 2.25 0.50 0.437 0.492 

20mg/ml ITO 1.65 0.49 0.336 0.272 

Graphene 0.95 0.33 0.354 0.111 

Both side 2.49 0.48 0.341 0.407 

10mg/ml ITO 1.59 0.36 0.416 0.238 

Graphene 1.23 0.31 0.399 0.152 

Both side 2.92 0.37 0.414 0.447 
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5.8  Discussion 

In the fabrication of the semi-transparent device, the PMMA layer is not washed out 

from the top of the graphene. The reason is that PMMA is transparent in the relevant 

range of wavelength so that it does not obstruct light absorption of the active layer. In 

addition, washing of PMMA will inevitably contaminate the device by organic solvent. 

 

All the semi-transparent devices discussed in the above analysis have larger area of 

around 0.2 cm
2
. Compared to the area of devices discussed in Chapters 3 and 4, the area 

of graphene device is about ten times of their area which is typically smaller than 0.02 

cm
2
. The difference comes from the fabrication method. The graphene transferring 

process involves spin-coating and other mechanical process in which defects are easily 

induced at the corner or edge of the graphene film. If the device area is defined by these 

corner or edge, defects will lead to uncertainty of the device area. Therefore, the area of 

graphene film should not be too small to ensure enough intact area overlap with the ITO 

electrode to sharply define the area of devices. The larger-area graphene film is also 

convenient for handling. 
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Chapter 6 Conclusions and Future Work

6.1  Conclusions 

From the above systematic analysis, we can draw some conclusions about the principle 

of improvement and intrinsic properties of the analyzed devices. 

 

In Chapter 3, the solid state TiO2/P3HT bilayered junction is an injection limited 

configuration and it can be improved by increasing the interfacial area of the junction. 

Adding TiO2 nanofiber structure is one of the methods to achieve this purpose. The 

recombination rate is also reduced by such a manner so that geminate pair 

recombination in this junction is reduced by increasing the electron injection site to 

promote their dissociation. The optimized improvement by this method enhances the 

efficiency from around 0.07% to 0.4% which is mainly contributed by the increase of 

Jsc from around 0.25 to 1.4 mA/cm
2
. 

 

In Chapter 4, interfacial modification of TiO2/P3HT junction is performed by depositing 

a CdS layer in between. This layer can promote the charge separation by cascaded band 

structure and provide more excitons in the junction by complementary absorption 

spectrum. The optimized amount or thickness of modification depends on the 

morphology of the junction. It is decided by the competition between more absorption 

and longer diffusion path. Higher Voc and Jsc are generally given in this 

TiO2/CdS/P3HT configuration, but FF seems to be limited to about 0.55. 
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In Chapter 5, semi-transparent, large area, hybrid junction solar cells with intact 

graphene anode have been fabricated and show maximum efficiency of about 0.34% 

and 0.15% when illuminated from ITO and graphene, respectively. The contact problem 

of graphene after the transferring process can be improved by a solution doping 

treatment. The discrepancy of performance results from the existence of favor 

illumination direction of the active layer structure. Generation of excitons at the vicinity 

of dissociation site is beneficial to device operation. Optical paths and sequence of 

passing in medium of light ray influence the exciton distribution in different layers 

which is a crucial consideration to design and optimize the performance of a solar 

device. 

 

6.2  Future work 

Finally, some extension ideas can be suggested upon the presented work in this project. 

As we know that the organic device composed of P3HT, CdS and TiO2 utilizes the solar 

spectrum of wavelength shorter than 650 nm. The integration over the energy and 

photon flux of solar spectrum shows that only 40 % of solar energy and 25% of photon 

is contained in this part of light. Therefore, it is desirable to make use of photovoltaic 

polymers or semiconductors with lower bandgap energy to enlarge the absorption range 

of device. For examples, poly [4,8-bis-substituted- benzo [1,2-b4,5-b'] dithiophene- 2,6-

diyl- alt-4-substituted- thieno [3,4-b] thiophene- 2,6-diyl] (PEDTTT) and PCPDTBT are 

two possible organic candidates with bandgaps of 1.77eV and 1.4eV, respectively 
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[152,153]. 

 

In addition, the charge injection property largely depends on the junction morphology 

and constitutive materials. To further increase the interfacial area, junction morphology 

with smaller features could be developed either by improving the electrospinning 

process to synthesize thinner and more regular nanofibers or by seeking other 

nanotechnology for material growth. Nanorods or porous TiO2 may give smaller 

features to enlarge the interface.  

 

Besides, the concept of tandem solar cells can be introduced to enhance the 

performance. A different junction can be constructed upon the previous one to form 

multi-junctions. Single multi-junction device can boost the device Voc by cascaded 

effect, but it involves more technical problems such as current matching and 

recombination layer. Another possibility is provided by the semi-transparent device 

because it is transparent to wavelength longer than 650 nm. A photovoltaic device using 

infrared region could be placed behind the semi-transparent device so that the two 

devices operate separately at the same time. This method also reduces the technical 

problem in designing and fabricating a single series tandem solar cell. 
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