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Preface 

The recent research focuses on improving the solar cell devices and especially organic solar cells 

(OSCs) via improving new techniques to guarantee high performance of this technology. As a 

result, the organic solar cells (OSCs) have been rapidly developed and approved. This in turn 

would interpret the progressive interest of analyzing the carrier behaviors and the prospected 

influence on the total performance. However, a detailed investigation of the carrier behaviors in 

bulk heterojunction (BHJ) has not been yet outlined. In other words, there is still an ambiguity of 

the carrier behaviors in BHJ and their role on improving the performance of OSCs is not 

thoroughly outlined in the open literature. This research comes to resolve this challenge. Therefore, 

a critical evaluation of the effects of chemical additives and electrode modification on carrier 

behaviors in BHJ films has been conducted. For the first time, this research entails a new methods 

of carrier behaviors of the electric-field-induced optical second-harmonic generation (EFISHG) 

measurement within laser wavelength of 1000 nm and 1080 nm to analyze the carrier behaviors. 

The current experimental research presented the prosperous of EFISHG measurements to 

modelling and analyze the carrier behaviors that effectively promote the performance of organic 

solar cells. 
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Chapter 1 

1 Overview 
1.1 Introduction 

Broadly speaking, there is a progressive demand of energy supply in the 21st century due to an 

exponential incline of population that noticed an increase from 1.5 to 7.3 billion for the last 100 

years. In this regard, a noticeable depletion of the conventional sources of energy such as coal, oil 

and nature gas was pointed out. However, the massive consuming of fossil fuels causes a, serious 

emission pollutions that particularly one of the most challenges in several areas around the world 

such as China and India. These countries characterise by their high r population and speedy 

industry, and therefore it is fair to expect that pollution would passively impact the ecosystem and 

whole globe. Therefore, there was an intensive research to find alternative sources of energy. More 

specifically, the alarm of oil depletion encourages the evolution of solar cell technology for 

industrial and popular. Among all the developed technologies, solar cell is the most efficient 

developed one.  

It has been confirmed that the average absorbed value of solar energy by land and water bodies 

suppress the total human energy consumption by more than 10,000. Therefore, the improvement 

of high-performance solar energy would be the subject for the upcoming research to sustain an 

efficient method of energy supply. 

1.2 History of Solar Cells 

Edmond Becquerel, a French scientist, was the first developer of the photovoltaic in 1839. He 

investigated that there is some materials can generate an electrical voltage when enlightening it[1]. 

In 1879, it is explored that selenium has a property of photoconductivity that can generate 

electricity without an intervention of thermal or mechanical sources [2]. Accordingly, an American 

explorer was succeeded in 1883 to manufacture the first light selenium absorber coated with a thin 
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layer of gold to produce solar energy of 1% efficiency [1-3]. This is followed by exploring the 

possibility of releasing electrons from a solid surface by subjecting ultraviolet (short wavelength 

light). This in turn observed for the first time the effect of photoelectric that elaborated by a 

German physicist in 1887.[2]. In 1904 and 1916, Albert Einstein in 1904 and Robert Millikan in 

1916 were experimentally confirmed the theory of photoelectric effect. This in turn led to gain the 

Albert Einstein’s Nobel Prize in 1921 [1-3].  

Interestingly, the first practical milestone silicon cell which able to generate solar energy of 6% 

efficiency was produced by three scientists (Calvin Fuller, Daryl Chapin, and Gerald Pearson) in 

Bell Laboratories in 1954, It is revealed that the diffusion of boron into silicon via doping the 

semiconductor material can  generate an appropriate carrier to transfer charge density [2,3]. The 

efficiency of the silicon solar cells was also promoted from 6% to 14% between 1950s to 1960s, 

In 1970s, the solar cell has been considered as a fundamental source of energy. However, the high 

cost of $150 per watt was a critical issue). Therefore, the mitigation of manufacturer’s cost of 

silicon solar cell and improving its efficiency were affirmed as major concerns. Figure 1-1 depicts 

the efficiency energy chart endorsed by National Renewable Energy Laboratory. The essential 

physics of solar cell are thoroughly described in the upcoming section. 
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Figure 1-1. The energy efficiency chart by National Renewable Energy Laboratory [4] 

 
1.3 Organic solar cells 

Organic photovoltaic solar cells (OPV) are distributed into three groups namely, dye-sensitized 

solar cells (DSSCs), small molecule solar cells and polymer solar cells. Moreover, a combination 

of organic and inorganic materials in solar cells can be denoted as hybrid solar cell. In such type, 

the organic materials present the donor field while the inorganic materials present the acceptor 

field. The OPVs are efficient low-cost solar cells that low temperatures was used throughout its 

synthesizing. In 1991, O’Regan and Gratzel were produced the first DSSCs with an acceptable 

efficiency of 7.4% [5]. In 1994, this value was promoted to be 10% via the flourishing of 

technology. Interestingly, remarkable growths of efficiency of 10.4% and 11.1% were registered 

in 2001 and 2005, respectively [6,7]. The progress of solar cell efficiency was corresponding to 

the redox reaction by employment of a dye in electrolyte and a solid electron acceptor like titanium 

dioxide (TiO2). In this regard, dye absorbs light and causing to gain electron kinetic energy that 

can be transferred the charge to the acceptor TiO2. Furthermore, itself neutralization of dye occurs 
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via the addition of oxidized electrolyte. Then, the diffusion of oxidized electrolyte occurs to the 

next electrode to maintain a complete circuit. The above procedure was also used to produce 

polymer and small molecule cells. It is important to realise that polymer layers are basically 

solution processed compared to the small molecules that represented as spin-coated, spray paint or 

deposited under vacuum using organic molecular beam deposition that considered their properties. 

For the purpose of synthesizing the organic solar cell development, it is important to utilize an 

active layer of one coated thin film of small molecules like porphyrins or phthalocyanines [8]. The 

failure of some solar cell devices is attributed to the deficiency of the material or excessive 

concentration of impurities in contrast to inorganic semiconductors. The reduction of power 

efficacy is due to the interference between these impurities and the electrical features of the solar 

cells. Moreover, the exciton separation represents the most noticeable impediment in the early 

developed OPVs. Therefore, a new heterojunction structure of a double layer donor/acceptor 

between materials was developed to enhance charges separation. Accordingly, the new design 

permits to easily separate the excitons and effectively transfer if compared to Schottky cells [9]. 

In this regard, it is important to note that copper Phthalocyanine (CuPc) and 

perylenetetracarboxylic were used to synthesize the initial solar cell that generated power of less 

than 1% [9]. However, the power conversion efficacy was recently improved due to the production 

of low-bandgap organic materials. This involves the use of organic materials type C60 as the 

acceptor in OPVs. These materials characterise by its capacity to absorb shorter wavelengths 

besides a high level of mobility. These materials retain a high level of energy due to massive 

organic donors that permits to dissociate the excitons. Lately, the utilisation of new oligothiophene 

derivative of C60 allows to improve the power efficacy to hit 4.9% [10]. Moreover, the bulk 

heterojunction is the new generation of the heterojunction cells. The bulk heterojunction was 
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synthesized by spin coating of poly (2-methoxy-5-(2’-ethylyhexyloxy)-1, 4phenylene vinylene) 

(MEH-PPV) with dissolvable fullerene. However, the coating of the active layer of bulk 

heterojunction was simultaneously achieved instead of forming junction between layers. In this 

structure, the polymer and the fullerene separated into two domains that presented a marginal 

distance between two adjacent molecules. Interestingly, the power efficacy has been improved to 

7.4% [11]. Nevertheless, it might be possible to mitigate this efficacy as a result to the 

establishment of different domains, which presents as a constraint in charge transfer. Therefore, 

the research efforts were paid in the last 10 years to enhance the charge transfer in the, there has 

been a great effort to improve the process of charge transport in the bulk heterojunction design. 

Specifically, polystyrene sphere was used to harvest a superior arrangement of these charges as a 

result to involving 3D structures of both the donor and the acceptor. The void spaces of the 

polystyrene spheres are originally filled with donors and acceptors that deduce a permanent 

transport of charges and improved power efficacy [12]. 

Organic tandem cells are another improved type of solar cells that invented by Hiram to et al in 

1990 which specified with stuffing more layers to be put on the top of the first cell [13]. This 

design promotes a high degree of absorption that made the cell thinner and finally elaborates a 

bigger space to move the electrons and enhances the cell efficacy. Basically, the promotion of 

absorption property is due to the utilisation of two materials of metal-free phthalocyanine (sub 

cells) that are split by gold. The gold used prevents the build-up of charges between the adjacent 

sub cells. In 2013, a growth of power efficacy of 10.6% was noticed due to the inclusion of 

solution-processed polymers [13]. However, the shortcomings of fullerene acceptors are still valid 

despite the progress of efficacy of organic solar cells. These shortcomings include low chemical 

and photochemical stability, low photo-voltage with no light absorption in the close visible IR 
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region, scarcity of fullerene derivatives and finally an expensive recycling of fullerene [14-17]. 

Thus, there is a necessity to explore an adapted type of organic semiconductor to raise the efficacy 

and to improve the quality of fullerene acceptors. Detailed descriptions of the organic solar cell 

structures are represented in the upcoming sections. 

 

1.4 Organic solar cells structure 

1.4.1 Single layer organic solar cell 

This type of solar cell contains two electrodes of different functions separated by a semiconductor 

layer. The first electrode has characteristics of high work function besides its apparent 

transparency if compared to the second electron that has low function. in this regard, the second 

electrode made from gold, silver, aluminum, or calcium including an aluminum layer at the top or 

lithium fluoride plugged by aluminum [18, 19]. A representative solar cell structure is figured out 

in Figure 1.2. (a) while Fig.1.2. (b) depicts the energy-band flow of an individual organic layer 

solar cell. The electric current between the two electrodes and via the active layer is generated due 

to the variation in the work functions that aids to discrete the exciton. This can be attributed to the 

formation of electron-hole pairs while a semiconductor absorbing a photon following the theory 

of Coulomb's electrostatic attraction) [18]. Nevertheless, one of the disadvantages of single solar 

cell is the very low the efficiency as a result to insignificant charge mobility via the semiconductor. 

More specifically, this leads to form a short exciton diffusion length of around 10 nm compared to 

the length of the absorbed light of around 100 nm. In other words, the generated electric current 

has no capacity to efficiently discard the exciton. Moreover, there is still a high probability of 

recombining the charges with holes without being transferred to the boundary between the cathode 

and semiconductor layer. Only 0.3% power efficacy was registered for such type of organic solar 



 
13 

 

cells [18]. To encounter such imperfection, an adapted structure of bilayer heterojunction 

(described below) was invented [19-21]. 

 

 
Figure 1.2: a) structure of a single layer solar cell b) energy band flow of a single layer solar cell 

 

1.4.2 Bilayer organic solar cell 

The invention of bilayer heterojuction has promoted the charge separation in solar cells and 

elaborated an effective model. this type characterises by emerging hole transport material and 

electron transport material. The performance of bilayer heterojuction was not exceeded 1% at the 

time of 1986. Tang was the inventor who synthesized it from two layers of copper phtalocyanine 

that work as the donor and an acceptor of perylene [22]. Afterwards, it is revealed that combining 

two layers in such structure would result in an intensive excitation. This is specifically meaning 

that the electron of the donor can be existed in the LUMO due to the donor’s excitation. This would 

also accelerate the transferring of electrode from the donor to the LUMO of acceptor. More 
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importantly, a high energy should be provided to tackle the issue of the excitation energy and to 

push the electron towards separating the excitation into free charges [23]. An identical procedure 

can be employed to further enhance the transferring of the reverse hole from an acceptor. This 

implied that the excitation should be formed at a close point to the interface between the donor and 

the acceptor to successfully get the heterojunction inside the diffusion length of the excitation. 

Accordingly, it is easy to transfer the free charges to the electrodes after being apart from the 

excitation, with possible transfer of the holes from the donor and the electrons from the acceptor 

[24]. Therefore, this would reduce the level of combination and elucidates a remarkable merit of 

an efficient separating of holes and electrons. In this case, there is a condition of matching the 

electrodes to the donor HOMO and the acceptor LUMO [25]. The architecture of this solar cells 

has approved the generation of 3.6% PCE due to the existence of vacuum deposited copper 

pthalocyanine/C60 film [40]. However, a possibility of a limited excitations is still valid for this 

type which surely would limit the power generation performance as disclosed as a key 

disadvantage. Moreover, the existence of orthogonal solvents to process the solution of the layers 

would also consider as a disadvantage. Furthermore, the fabrication of bilayer heterojuction is 

mostly expensive and complicated method due to thermal evaporation steps used. However, Chang 

et al attempted to improve bilayer heterojuction using halogen-free solvents that predominantly 

growths the power generation efficacy to suppress 7% [26]. Undoubtedly, this means an 

improvement of the exciton diffusion length at the middle interface between the two layers. For 

the convenience of the reader, Figure 1.3 depicts a schematic diagram of the bilayer heterojuction 

and the energy flow diagram. 
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Figure 1.3: a) Device structure of an organic bilayer heterojunction solar cell b) the energy flow diagram 

of a bilayer heterojunction cell 

 

1.4.3 Bulk Heterojunction (BHJ) organic solar cells 

A step forward was elucidated due to the development of the bulk heterojunction (BHJ). In 1995, 

Heeger and Friend have exceeded to improve this type of organic solar cells [27,28]. In this regard, 

both the donating and the accepting materials are informally emerged that deduced a 3D structure 

of consistent network. This type of solar cells is specified by the existence of a polymer 

semiconductor. Moreover, the large interface area of BHJ is due to gaining a bicontinous network 

which is normally coordinated on a nanometer that would create a high excitation case that reduce 

the recombination and results in an elevated JSC. To justify the comparison between the bilayer 
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and BHH, the growth of an interface area is on the side of BHJ that secures a potential transfer of 

photoinduced charge. A comprehensive review of the photogeneration of charge in BHJ was 

attained by Durrant and his co-workers [29]. They affirmed that the excitation case has a capacity 

to endure an electron transferring from the donor (polymer) into the acceptor. This in turn would 

lead to the creation of an interfacial charge current that can be mitigated via the transferring of an 

electron hole from the acceptor. Based on the theory presented by Onsager theory, there is usually 

a possibility of the dissociation into free charges that is critically corresponding to the separation 

distance’ ratio and the coulomb capture radius. A more favorable dissociation of charge transfer 

and improved excitation diffusion to the interface can be occurred   in case of existing a greater 

domain [30]. The most advantage of the charge transferring is the capability of growing its energy 

and therefore limiting the existed barrier, which is also related to the size of the solubilizing 

elements of the polymer. In other words, the design of molecules has a prominent influence on the 

charge transferring. A sufficient value of an interfacial area and a proper purification pathway 

should be provided to getting rid off any losses in the bimolecular recombination. Furthermore, 

the morphology has a fundamental impact on the power generation efficacy and therefore, it is 

vital to control it [31, 32]. To enhance the interface, a buffer layer was engaged to introduced to 

maximize the VOC besides preventing the charge transferring into the opposite electrodes [33]. 

Based on the argument above, it is mandatory to perceive the concepts of complicated structures 

of solar cells to gain high effective devices. In other words, the design of materials, the influencing 

operating conditions and the morphology are important for BHJ. Minely, the absence of solution 

in BHJ is another advantage where bilayer cells are requiring an orthogonal solvent to process 

compared to BHJ. However, the active layer in BHJ can be deposited using various techniques 

such as spin coating and doctor blading. Furthermore, the films drying has also a positive impact 
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on enhancing the morphology where the lack of morphological stability would degrade the efficacy 

of heterojunctions cells [25, 28, 34-39]. Interestingly, the thermal annealing is the most likely 

method deployed to justify the issues of the morphology. Furthermore, this method can be used to 

improve the phase segregation that would raise the efficacy [40-42]. In this line of research, there 

are various types of approaches to blend the morphology of BHJ including Atomic force 

microscopy (AFM), and Transmission electron microscopy (TEM), and Scanning electron 

microscopy (SEM). High resolution information is commensurate with AFM that can specify both 

the surface topography and the surface distribution of donor and acceptor [25]. The structure of 

BHJ is depicted in Figure 1.4. besides the energy path diagram.  

Figure 1.4: a) Device structure of an organic bulk heterojunction (BHJ) solar cell; b) energy band diagram 

of a BHJ cell 
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1.4.4 Tandem (multijunction) organic solar cells 

The thermalisation losses of solar cells was significantly considered as a main issue. This issue 

was mostly resolved via the development of Tandem solar cell structures. A combination of two 

or more individual heterojunction organic solar cells has characterised Tandem type of multi 

junction solar cells as schematically represented in Fig.1.5. Various active layers can be found in 

this structure in each individual solar cell. More importantly, each active layer comprises both 

donor material and acceptor one [43, 44]. Therefore, it can be said that two sub cells are linked in 

a series configuration where one sub cell meets holes from the other. Mathematically, the 

summation of voltage of both sub cells can measure the total open-circuit voltage and therefore an 

equal current will flow via the sub cells based on the theory of Kirchhoff. However, the sub cell 

that has the lowest photocurrent should appropriately present the overall current. Moreover, both 

sub cells should produce the same photocurrent to maintain the lowest loss of thermalization. 

another structure of Tandem was also invented and called three-terminal (3T) that successfully able 

to diminish the losses of thermalization. However, the parallel connection is linked to a more 

complicated structure of Tandem [45]. Up to this point, it is fair to claim the feasibility of Tandem 

solar cells. Furthermore, the linkage of small and wide band gap polymers would gain an equal 

exposure of the invisible and infrared ranges of the solar spectrum. The active layers are normally 

segregated by a transitional contact in serial connection. This contact is organized by an electron 

transport layer that gathers electron from one sub cell to the other. Moreover, a hole transporting 

layer would collect holes from the adjacent sub cells. To quantify the lowest loss of voltage at the 

interfacial area, the opposite charges ought to come across at an intermediate point that 

characterises by an identical level of energy. More importantly, it is vital that the layers at the 

intermediate contact should avoid any damage of the 1st active layer at the time of deposition of 
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the 2nd layer throughout the solution processing.  An alignment of the energy of the electron 

transport and hole transport layers to both the LUMO acceptor and the HOMO donor is important. 

Therefore, the voltage loss will be dropped at the intermediate interface between the electron 

transport and hole transport. In this regard, any alteration of the thickness of the two adjacent layers 

would be used to optimise the solar cells due to rearrangement of the current field [46- 48]. This 

is specifically carried out via the extraction of electrons from the front cell at the intermediate 

interface between the electron transport and hole transport to be rejoined with the holes gathered 

from the back cell. Therefore, hole transport layer is frequently used PEDOT: PSS and metal oxide 

(NiO, MoO3, V2O5, WO3 and ITO) while electron transport layer used ZnO, TiOx and Cs2CO 

[49-57]. Based on this information, the power generated efficacy of inorganic tandem solar cells 

hits 40% compared to only 11.1% for the organic tandem solar cells [58,13]. A schematic diagram 

of the organic tandem structure and the energy path are given in Figure 1.5. 

 

Figure 1.5: a) Device of an organic tandem solar cell; b) energy band diagram of organic tandem solar 

cell 
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1.5 Operational mechanisms in organic solar cells 

 

 
Figure 1.6. Operational mechanism in a BHJ. (1) An exciton is created by the absorption of a photon and 

(2) diffuses to a donor-acceptor interface. (3) Electron transfer from the donor to the acceptor via the CT 

state. (4) The CT state dissociates into a free hole and a free electron. (5) The charges are extracted at the 

electrodes 

1.5.1 Optical absorption and associated exciton 

The light absorption systems have two key properties. First of all, the wavefunction overlap 

between the ground state and the lowest excited state causes an intensive absorption [59] Secondly, 

the absorption is broad as a result to occur a considerable relaxation in the excited state. Within 

the typical first 100 nm of the active layer of organic solar cells, a massive number of photons can 

be absorbed. Specifically, the π-system lowers down to the bottom of the potential energy surface 

of the lowest excited state as a result to a great electron-vibration coupling. This in turn provided 

an equilibrium geometry of the excited state due to forming a Frenkel exciton [60-61] (Figure 

1.6(1)). Basically, organic solar cells are denoted as excitonic solar cells in comparison to silicon 

type cells that forms free charges. To summarize, a high interfacial area of efficient dissociation 
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of BHJ can be created in case of providing an effective morphology of the donor and acceptor 

[28]. 

 

 
Figure 1.7: Exciton binding energy 

 

1.5.2 Exciton migration 

Figure 1.6. (2) presents the generation of free charges that requires a migration of excitons to a 

D/A interface. Basically, excitons are neutral individuals which are not affected by diffusion or 

existing of an electric field. A random motion drives the migration of the excitons into the 

interfacial area. The exciton diffusion length, accounts for 5 to 10 nm in almost all organic solar 

cells, is mathematically defined as 𝐿 = √𝐷 𝐿 =  √𝐷𝜏 where D is the diffusion coefficient and τ is 

the exciton lifetime [61-62]. The short length would plausibly interpret the high efficacy of BHJ 

if compared to bilayer structure. 

 

1.5.3 Exciton dissociation at the donor-acceptor interface 

The dissociation of the exciton (a doubted phenomenon) into electrons and holes is important to 

gain free charge after bringing in touch to the interfacial area. The dissociation is likely to be split 

into two procedures; first of all, after reaching an exciton into the interface, an electron is relocated 



 
22 

 

to the acceptor side causing a weakly bound electron hole pair denoted as a charge transfer (CT) 

state as represented in Figure 1.6. (3) [63-66]. The CT state is a transitional state between the 

exciton and the final Charge Separated state (CS) that noticed a week interaction of the coulombic 

if compared to the thermal energy. Various SM: PC71BM systems confirmed more than 90% of 

Internal Quantum Efficiencies (IQE) that specifies a high performance of charge separation. 

However, a challenging of explaining this high performance is valid due to assuming that the 

coulombic force between two opposite charges is within tenths of an electron volt. Therefore, a 

considerable driving force is vital to gain free charge that can be expected to be low one with 

realizing the dependence of both temperature and electric field. In other words, low driving force 

would plausibly gain due to approximately temperature and electric field independents. To clarify 

the state of charge generation, various mechanisms were explored: 

First, the driving force that can be used to tackle with the exciton binding energy is the energy 

offset between the donor (LUMO) and the acceptor (HOMO). The practical value of energy offset 

is determined as 0.3eV. But realizing the energy offset is not enough to sufficiently drive the 

exciton dissociation. Hot is the oldest model developed that affirms a surplus of vibrational energy 

hold by the charges are capable to be separated throughout thermalization [67] [68]. However, this 

model recognize the dependence of the charge production on excitation energy and LUMO-LUMO 

offset [69-70]. Furthermore, the model was opposed by the theory of IQE that characterizes the 

independence between the charge production and energy (wavelength) [71]. Therefore, this issue 

was aided to form a new model of the charge delocalization, which informed the possibility of a 

spatial delocalization of both electron and holes [72-73]. This would enhance the distance between 

the charges and then reduces the binding energy of the charge transfer case. The outputs of this 

model were also confirmed that the donor phase is a main key of delocalization [74] with a 
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considerable intermolecular delocalization within fullerene [75-76]. Furthermore, increasing the 

level of interfacial mixing would be a plausible matter to increase charge segregation between 

donor and acceptor phases [77-78]. In this regard, a lower value of LUMO and a higher HOMO 

are associated with the more order phase. However, the mixed phase is inhibiting any 

recombination of the charge segregation [79]. Interfacial dipoles, interface molecule orientation, 

and entropy are another important parameter to justify the charge transfer [80], [81-82] and [83-

85], respectively. 

 

Figure 1.8: The CT state dissociates into a free hole and a free electron. 

1.5.4 Charge transport and collection 

The charge transport and segregation of charges is important, as presented in Figure 1.6(4), 

however, the tendency of movement into respective electrodes is existed in BHJ structure, as 

represented in Figure 1.6(5). In this regard, a high mobility can be found in an inorganic crystalline 

semiconductor between 102 to 103 cm2V-1s-1). However, organic crystalline semiconductor has a 

modest mobility that causes a high localization due to several factors including the weak electronic 

couplings, large electron-vibration couplings, and an insignificant disorder. However, in case of 

polymer solar cells, the overall charge transport is occurred throughout the main polymer chain 

[86]. Thus, the intermolecular charge transfer can allocate the overall charge transport for SM. 

Furthermore, the morphology of BHJ, determines amorphous to high crystalline materials, has a 



 
24 

 

direct impact on the charge separation and mobilities within a variable value range between 10-6 

to 10.2 cm2V-1s-1). This in turn would the arguments of molecules’ stacking in several studies. A 

high mobility was noticed for rigid, symmetric, planar cores molecules that characterizes with a 

high propensity of stacking to π-π [87] 

 

1.6 Electrical characterization of organic solar cells 

1.6.1 Equivalent circuit diagram of organic solar cells 

A feasible discussion of the electrical properties of organic solar cells requires a full understanding 

of the electrical model of a specified solar cell. Ideally, a diode parallel with a current source can 

be used in the model. However, a series resistor Rs and a shunt resistor Rsh are important to be 

involved in the model.  Rsh denotes the recombination of charge carriers around the dissociation 

area and Rs deems free transfer of charge carriers in the transport medium. A typical circuit for 

solar cell is depicted in Figure 1.8. where Rs = 0 and Rsh = ∞ [88]. 

 

 

Figure 1.9: Equivalent circuit diagram of organic solar cells 

 

Figure 1.8 specifies (I1) as the produced current from the event light while the diode signifies the 

nonlinearity of the I-V curve. This is only conditioned by dropping the Rs below zero and equality 

of the circuit`s I-V and diode with approximating to infinity for the Rsh. However, it is important 
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to note that the Rs of a solar cell is relevant to the conductivity of material, thickness of the active 

layer and impurity concentrations. Rsh can be measured from the reverse bias of the illuminated 

I-V. But Rs can also be measured from the slop of the illuminated I-V under high forwarded bias 

voltage (V >VOC). Overall, any growth of Rs would lessen circuit current. However, decreasing 

Rsh would influence the VOC and FF [89]. 

1.6.2 Current-voltage characterization 

This section focuses on illustrating the essentials of electrical characterizations that are uniquely 

similar within all the organic and inorganic solar cells. The current-density to voltage (J-V) 

property is associated a dark place with low current in reverse bias and high current in forward 

bias. After directing a light, a growth of photocurrent in the solar cell is started considering that 

both the photocurrent and dark characteristic are originally reflect the J-V characteristic under 

lighting. In this regard, the J-V characteristic and photocurrent (Jph) are remarkably defined using 

the following equation of Shockley 

𝐽 = 𝐽0[exp (eV/𝑛𝑘𝑇)-1]-𝐽𝑝ℎ 

J and Jo are the current density and the reverse saturation current density of the diode, e denotes 

the elementary charge, V is the utilized voltage, n is an ideal factor, k is the Boltzmann constant 

and finally T is operating temperature [90]. Basically, the photocurrent is directly related to the 

applied voltage while the diode’s characteristics are joined to the lighting intensity. Figure 1.9. 

depicts the J-V plot for a normal solar cell in the dark place under the influence of lighting. In this 

aspect, the open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF), and 

power conversion efficiency (PCE) are the key indicators that can be located from the J-V curve. 
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Figure 1.10: shows the J-V plot for a typical solar cell in the dark and under illumination 

 

Figure 1.11: Effect of the series resistance RS and the shunt resistance RSH on the shape of an I-

V curve 

1.6.3 Open-circuit voltage 

VOC is considered as open circuit voltage occurs when J= 0. However, when power = 

current*voltage and J = 0, no possibility of generating power.  The point at which the processes of 

production of photocurrent and dark current compensate one another is the open-circuit voltage 

[91]. 
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1.6.4 Short-circuit current 

the current density is considered to be short-circuit current density JSC when V=0 like VOC, due 

to occurring short-circuited as similar conditions were used being. Also, no power is generated in 

such case where the generation of power is related to JSC. Basically, the photocurrent density 

equals to the JSC (negative value). However, JSC treated as a positive sign where higher values 

of JSC are corresponding to higher values of Jph [92]. 

1.6.5 Fill-factor 

The utilization of an ultimate power density Pmax occurs at specified conditions of maximum 

voltage Vmax and current density Jmax. therefore, JSC and VOC can be used to express the power 

generation via a solar cell. However, both JSC and VOC are bigger than Jmax and Vmax as a 

result to an increased in resistance and recombination losses and diode characteristic. The power 

generation (FF) is desired to have high values and can therefore be defined as  

𝐹𝐹 = 
𝐽𝑚𝑎𝑥  × 𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 × 𝑉𝑂𝐶
 

The diode characteristic must be less than one to maintain high values of FF and also high values 

of JSC and VOC would mitigate FF [93]. 

 

1.6.6 Power conversion efficiency 

This is an important parameter related to solar cells which defines the percentage irradiance IL 

(light power per unit area). The power conversion efficiency can be illustrated as 

𝑃𝐶𝐸 = 
𝐽max ×𝑉max

Plight
 ×100 % = 𝐹𝐹 ×𝐽𝑆𝐶  × 𝑉𝑂𝐶

𝑃𝑙𝑖𝑔ℎ𝑡
 ×100 % 

The above equation elucidates that all FF, JSC and VOC have a workable influence on PCE, where 

high values of PCE are favorable Furthermore, the calculation of area in J would also affect PCE. 

The domination of excellent power conversion efficiency is coupled to high space occupied by a 

cell. Also, a balance between PCE and operational cost is important. Furthermore, the power and 
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spectrum of the light source are identical parameters that have a contribution to measure the power 

conversion efficiency. This is because solar cells do not absorb and convert photons to electrons 

at all wavelengths with identical efficacy. The calculations and comparison of the performance of 

different photovoltaic solar cells mostly use AM1.5 G standard spectrum despite an expected 

variation of the spectrum with the location [94]. 

 

1.7 Motivation of the present study 

As discussed earlier, the organic solar cells (OSCs) have gained an ascendingly attention that 

entirely deduced the proposition of many upgraded types of OSCs. Among them are the single 

layer, bilayer, bulk hetero-junction (BHJ) and tandem (multijunction). To quantify an efficient 

technology of OSCs, several technological institutes and industrial applications have deployed 

intensive research on OCSs. Therefore, various aspects of the OSCs were under investigation to 

be technically improved. The previous research of OSCs is therefore focused on two methods of 

improvements including the synthesized of efficient materials of OSCs and proposed new 

techniques. The scope of the research was to resolve the main concern of OSCs of low efficiency 

and short lifetime. Furthermore, another bath of research was focused on exploring different 

mechanism of OSCs and photovoltaic effect. Thus, several optimization methods were proposed 

to clarify and optimize the operation principle of OSCs. 

Basically, the carrier processes of the OSCs such as separation of excitons into electron and hole 

pairs, lifetime of carriers, have a prominent role in delivering high performance. The basic carrier 

process of OSCs is characterized by generating excitons in the active layer by photo-illumination 

diffuse to the interface’s donor-acceptor to be separated to electron and holes. Afterwards, 

electrons and holes are delivered to the opposite electrodes to produce photo-voltage. However, 

the carrier process in the real solar cell devices is more complicated. This is due to several causes 
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such as the uncertainty of interfaces, the existence of carrier traps, and the difficulty of the carrier 

pathway. in this aspect, several attempts were made to enhance the efficacy of OSCs. Interestingly, 

the improvement of morphology of active layers and charge extraction of the device are the most 

promising approaches. These concepts have paid the way to increase the open voltage besides 

delivering a short-circuit current of OSCs, and therefore the efficiency of OSCs was improved. 

However, a detailed evaluation of interfacial carrier behaviors is somehow not thoroughly outlined 

in the literature. In other words, a detailed analysis-based on a comprehensive study to improve 

the carrier behavior and the electrical phenomena using different organic layer is not addressed in 

the open literature. Up to the author’s knowledge, there is still room to improve the operation of 

the OSCs to accommodate the requirements of an efficient technology.  

The recent study intends to improve the energetic of the OSCs. The gathered charges at the 

interfacial area would considerably affect the potential distribution in OSCs as a result to the 

dielectric nature of organic materials and the Maxwell-Wagner effect. Thus, the direct probing of 

the electric field in OSCs would aid to perceive the carrier behaviors in OSCs and upgrade the 

OSCs efficiency. 

To successfully carry out this research, a new approach of the electric field induced optical second 

harmonic generation (EFISHG) measurement was developed. The method developed was able to 

directly probe carrier transportations and electric field distribution in OSCs such as the organic 

electroluminescence devices, organic field effect transistors, and organic solar cells. Furthermore, 

the contribution of the Maxwell-Wagner effect interface charges is another advantage of the 

proposed technique. Interestingly, the EFISHG technique is an efficient tool to determine the 

influence of BHJ in OSCs. 
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This is mainly emphasized the motivation of this study to appraise the involvement of the dielectric 

nature in OSCs to the carrier transportation in terms of the EFISHG measurement. The BHJ was 

prepared in this research by the mechanism of chemical additives and surface treatment to enhance 

the performance efficiency. At first, the ability of EFISHG will be demonstrated to be applied in 

the OSCs. Secondly, the coupling of EFISHG with Maxwell-Wagner model will be modelled to 

approve the existence of charge accumulation at each interface of BHJ and the variation of charge 

accumulations. Lastly, the feasibility of analyzing the accumulated charges, that have a 

considerable effect on the performance of OSCs, will be approved. The experimental results of 

this research have confirmed the successfulness of the proposed coupling of EFISHG and 

Maxwell-Wagner effect to critically improve the performance of the OSCs. 
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Chapter 2 

2 Materials and Experimental Techniques 
1.1 Introduction  

Producing OPV devices consists of necessary parts where the material of the substance has an 

effect on processing each layer. If different materials are implemented in the device, there will be 

some alterations in the processing of active layers. In a lot of cases, even when the exact material 

is produced by various pathways, there would still be different requirements for processing. 

Therefore, it is important to carry out large amounts of investigations in order to find out the most 

suitable conditions for processing. Thus, the best performance is maintained for producing OPV 

devices. This chapter illustrates the full details of the material and experimental deposition 

techniques used in this research. Furthermore, the measurement techniques are thoroughly 

detailed. This is followed by illustration the reliant of this research titled as electric field induced 

second-harmonic generation (EFISHG). Finally, the Maxwell-Wagner model was presented to 

explain the physics behind charge accumulation on the interface due to the reliant on the 

microscopic characteristics of materials.  

 
2.1 Material 

2.1.1 Donor Material  

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), copolymer of cyclopentane dithiophene and benzothiadiazole, is 

a low band-gap polymer semiconductor mainly deployed for efficient OPV devices that have great 

charge-carrier characteristics. Thus, the polymer can better order and self-organize in the process 

of deposition causing an increase in the device’s mobility [1-2]. Figure 2.1 shows the chemical 
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structure of the material. To approximate the HOMO level at 5.3 eV, LUMO level 3.6 eV and the 

bandgap 1.5 eV, both of optical and electrical characteristics of the PCPDTBT were applied [3-4]. 

 

 

Figure 2.1: PCPDTBT structures 

 

2.2 Accepter material 

The familiar shortened form of fullerene derivative [6,6]-phenyl-C71-butyric acid methyl ester is 

known as PCBM. This type is tested mainly in organic solar cells [5]. In organic photovoltaic 

devices, PCBM is widely used as an electron acceptor, as well as it is a solubilized version of the 

buckminsterfullerene, C71. The fact that PCBM is soluble means that it dissolves in popular 

solvents that are used for donor polymers. In return, concurrent casting of both polymer and 

fullerene occur, as well as the production of a systematic bulk heterojunction. PCBM causes fast 

and coherent transfer of charge, as well as exciton dissociation when it is used in accordance with 

a donor polymer [6] whose electrons are highly mobile [7]. Presented in Figure. 2.2 is the chemical 
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structure of the material. In order to approximate the HOMO level at 6 eV, LUMO level 3.9 eV, 

both optical and electrical characteristics of the PC71BM were used.  

 

 

Figure 2.2: PC71BM structures 

 

2.3 Transport material 

Due to its hole conducting characteristics, Poly (3, 4-ethylenedioxythiophene) poly 

(styrenesulfonate) (PEDOT: PSS) is utilized in organic electronics. Before, it was used in 

transistors, buffers, or electrode materials as an active layer. That would occur in the middle of 

dielectric material and the gate electrode [8-10]. The most benefits of this material are the 

mechanical flexibility, satisfactory thermal stability, and great transparency. These characteristics 

enable it to be used in OSCs acting as an anode buffer layer [11-12]. The fact that its ionization 

potential is significant whilst its electron affinity is 2.2 eV, it is in the list of best hole-conducting 

buffers. In more details, its ionization potential is approximately equal to ITO work function and 

its electron affinity is low for stopping electrons [13]. Consisting of two isomers, it is a sole 

component polymer. One of the components is positive referred to (PEDOT), polythiophene 

polymer whilst the other is negative referred to (PSS), sodium polystyrene sulfonate polymer. For 
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the procedure ITO-anode contact, PEDOT: PSS mixture is involved [14-15]. The chemical 

structure of PEDOT-PSS is illustrated in Figure 2.3. 

 

Figure 2.3: PEDOT, PSS and PEDOT: PSS structures 

 

2.4 Deposition Techniques Used in This Investigation 

2.5 Spin Coating 

One of the quick and simple methods used to produce thin films is known as spin coating. The 

focus is placed on uniform thin organic films flat substrates. From various methods in the 

semiconductor manufacturing field, the most suitable developed technique is spin coating. Its 

applications are mostly noticed in organic insulators, photo resist, and semiconductors. Using spin 

coating method, the thickness of the films generated would be from nanometers to micrometers. 

Two factors affect the thickness of films; the material’s concentration and the speed of the spin. 

As the speed of the spin increases, the layer of the film will be thinner. Throughout the operation, 

to ensure the layer is in a liquid form, either a lubricant or an oil is used. Moreover, to change the 

solid form into a liquid, a solvent is used [16]. 
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2.6 Thermal Evaporation 

A popular way of depositing metals like Aluminum, Gold and Chromium is thermal evaporation. 

This operation involves two stages where first the material is evaporated from a hot source, 

followed by condensing it on a cold plate. In order to come up with exact layers, the deposition 

process is done under high level vacuum system. Often, heating the material to its melting point 

followed by condensing it on a light substrate allows the generation of a thin film layer. Due to the 

variation between melting and condensing temperatures, a thin film layer is the result. However, 

both time and evaporation rate affect the film’s thickness. It is important to maintain chamber’s 

pressure below atmospheric pressure, so no reaction occurs between vapor and atmosphere. 

Typically, the pressure would be 10-6 Torr. The originality of the material decides evaporation 

temperature. Throughout the experiment, to control both film thickness and evaporation, a crystal 

monitor is found near the substrate. The reasons why thermal evaporation is widely used currently 

are due to both high wafer size and deposition rates [17]. 

2.7 Sample preparation  

2.7.1 ITO 

The first step is buying ITO-coated glass substrates from GEOMATEC. The glass substrate has 

dimensions of 10 cm × 10 cm consisting of a transparent ITO electrode of thickness 200 nm. The 

substrates were sliced into dimensions of 2.5 cm × 2.5 cm. Following this stage, for continuous 3 

hours, at a temperature of 45 °C, shaping of the ITO via etching with FeCl2 solution occurred. 

Ensuring there is no etching solution left in the modeled ITO-glass substrates, they were washed 

with distilled water. Further cleaning of the substrates occurred via ultrasonication where all of 

acetone, ethanol, and distilled water were used. This part was done twice, 10 minutes for each 
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solvent. For extra 3 hours, the substrates were placed in an oven to be dried at 80 °C. It is necessary 

to carry out UV-ozone treatment before any materials are deposited on the substrate.  

 

2.7.2 Bulk Heterojunction (BHJ) 

Fig. 2.4 (a) schematically shows the device structure of the BHJ based sandwich junctions and the 

experimental configuration. the BHJ films are designed with the device structure of 

ITO/BHJ/PEDOT:PSS/Au. In this aspect, the donor (PCPDTBT) with acceptor (PC71BM) are the 

main species of the active layer (BHJ). The amin solution was also made by solving 10 mg of 

PCPDTBT and 15 mg of PC71BM in 1 ml of chloroform.  A glass plate was used substrate that 

decorated indium-tin-oxide (ITO) layer (10 Ω/sq). furthermore, 1500 rpm for 30 seconds was 

deployed as the spin-coating of the blended solution to deposit the film deposition onto the 

substrate. This in turn resulted a 150 nm thickness of the BHJ layer. 

 

2.8 Hole transport layer 

The following was made use of as a hole transport layer; P-type conducting polymer poly(3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS). Under clear conditions, an ITO 

electrode had a PEDOT:PSS aqueous solution on top via spin-coating, keeping in mind that the 

solution was bought from Heraeus (Clevios, HTL solar). Then, ensuring a nitrogen atmosphere, 

the samples were annealed for a period of 15 minutes in an oven at 150 °C. 

2.9 Electrode (Au, Ag) 

In terms of evaporation, either electrodes Ag or Au were thermally evaporated via an evaporator. 

Respectively, evaporation rates for Au and Ag were 3~5 Å/s and 2~3 Å/s. Any electrodes that had 

a thickness of 100 nm were deposited as presented in Figure. 2.4 (b). 
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2.10 Encapsulation 

To ensure no air damage occurs, the resultant samples were enclosed using a cover glass. For 

sticking the cover glass to the sample, a UV curable resin was the solution.  

 

Figure 2.4: The structure of the solar cell sample. (a) Side view and (b) top view.  
2.11 Measurement techniques 

2.11.1 Characterization parameters of Organic solar Cells 

As shown in Figure 2.5, using light illumination, a general solar cell current-voltage (I-V) is 

seen. The I-V properties in Figure 2.5 present photovoltaic factors being drawn out. Normally, 

the following points would be involved; short circuit current (Isc), open circuit voltage (Voc), 

and the maximum power (Pmax) of the device. In turn, these factors are used to come up with 
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the Fill Factor (FF). Figure 2.5 demonstrates FF as the proportion of the two rectangles and 

worked out via (Eq. 2.1). 

FF = Pmax / Ptheoretical = = 
𝐽𝑚𝑎𝑥 ×𝑉𝑚𝑎𝑥

𝐽𝑠𝑐 ×𝑉𝑂𝐶
                          (2.1) 

Using the proportion of maximum power (Pmax), the power conversion efficiency of the device 

(ɳ) is found. It is decent to consider that the Pmax is produced due to incident optical power (Po). 

(Eq.2.2). 

𝜂 =  
𝑃𝑚𝑎𝑥

Plight
=

𝐽max ×𝑉max

Plight
 × 100 %                                          (2.2) 

 

 
Figure 2.5: Typical I-V characteristics of a solar cell in dark and under illumination 

 

2.11.2 Impedance spectroscopy (IS) 

An analysis method used for minor signals is known as Impedance spectroscopy (IS). It is 

extensively used to characterize device factors [18]. When a minor AC signal is recognized by the 

device, ensuring multiple DC biasing circumstances, any parts of equivalent circuits are examined. 

In the year 1995, the first researchers trying impedance measurement on MEH-PPV were I.H. 

Campbell et al. [19] carried out experimental work and found that under a thin transparent, gold 
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had the positive contact whereas calcium had the negative one (Au/MEH-PPV/Ca). The reason is 

that capacitance does not depend on bias as all the polymer layer is consumed. In more details, 

when an increase is noted in a capacitance, it is because charging of the traps was perceived for a 

little forward bias. On the other hand, a decrease in capacitance is because neutralization of the 

traps was perceived for a higher forward bias. In the case of capacitance rise, an approximation of 

trap density is possible. A valued benefit of using impedance spectroscopy is that it is able to 

distinguish performance of interactions with a number of time constants. The work done by G. Yu 

et al. produced an accurate complicated admittance of polymer LECs [20]. The two gained 

advantages of using a pulsed driving scheme which involves the usage of both slow ionic response 

and rapid electronic response to monitor injection of the carrier. In conclusion, a distinguishable 

working strategy monitored the spread of ionic charges and the motion of electronic current. 

Another benefit of using impedance spectroscopy is its ability to differentiate between 

contributions of the interface from the bulk. This is especially when the equivalent circuit of device 

is familiar with the device physics. Consequently, this method was mainly used for the last ten 

years to characterize devices [21-22]. 

Throughout this study, Solectron 1260 impedance/gain-phase analyzer was used to carry out IS 

measurements where the frequency range was about 10 Hz -1 MHz ensuring pitch-black and under 

photo-illumination. Moreover, all the OSCs were short-circuited where a 10 mV AC voltage was 

used for the measurements. For IS measurements, it is necessary to use both equivalent circuit 

model and fitting techniques to analyze any findings. It is expected from the equivalent circuit 

model to accurately summarize and prototype all electrical characteristics for the device. 

Standardly, it would have both resistors and capacitors that demonstrate the outcome of multiple 

layers in the arrangement. To explain the data, comprehending the properties of AC is required. 
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For this current scenario, the final spectra were curve-fitted via the equivalent circuit of Maxwell-

Wagner model. When it comes to the evaluation of organic devices, the physics is not fully 

comprehended so physical events taking place inside the device are not clear. However, OSCs 

consider any photovoltaic impact to be crucial. Regarding this, the aim is to discover a technique 

able to detect photovoltaic impact. However, analyzing organic photovoltaic impact requires more 

work to be done not only via IS measurement. Therefore, imbalance of the electric field in the 

organic layer needs to be known. Hence, more care is given to electric-field-induced second-

harmonic generation (EFISHG) measurement. This type of measurement is able to probe electric 

field profile for organic devices considering carrier behaviors straight away [23-25]. Concluding, 

both EFISHG measurement with IS measurement should be used as a reliable direct image of 

interfacial phenomena associated with photovoltaic impact in OSCs is produced. 

 

2.11.3 Electric-field-induced optical second-harmonic generation (EFISHG)  

A conventional approach in the field of solar cells is called optical second harmonic generation 

(SHG). Whilst computing data, an intensive laser beams with the major wavelength being placed 

on the sample thus a second-harmonic signal is generated. As stated in the field of dielectric 

physics, materials consist of both electrons and positive charged cores. Moreover, any type of 

material that shows some insulating properties in electric fields produces polarization effects. 

Using Taylor series, polarization is enlarged in an electric field (involving external electric field, 

inner electric field such as generated by accumulated charge, electromagnetic wave electric field, 

etc.) as shown below: 

P= P(1) + P(2) +P(3) + … = χ(1)  :E + χ(2) :EE + χ(3) :EEE+…. (2.3) 
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P(1), P(2) and P(3) denote the linear, quadratic, and cubic polarization in the electric field (E). χ(1), 

χ(2) and χ(3) are the first-, second-, and third-order electric susceptibilities (or linear, first-, and 

second-nonlinear electric susceptibilities), respectively. Moreover, the operation “:” is an outlay 

of the scalar product between matrices. As greater susceptibility is more likely to be insignificant, 

higher order polarization has decreased effects. Up until the 1960s, higher order of polarization 

which is also known as nonlinear polarization was just discovered. At the same time, the strong 

laser was evolved in order to examine non-linear optics, keeping in mind the laser consists of a 

significant electric field, mainly 1 MV/cm. 

This study focuses more on P(2) as it emphasizes second-order nonlinear optical phenomena. It is 

known that polarization vector is linked to the product of the two electric field vectors by electric 

susceptibility. Thus, it is a tensor of rank 3. The explanation behind this is that it consists of 27 

parts and is still considered a 3×3×3 matrix. More clearly, by using laser light (a frequency of ω), 

any material that has inversion symmetry indicates that all of the 27 parts have disappeared. Hence, 

no second order polarization phenomenon occurs so no second harmonic generation (SHG) having 

a frequency of 2ω is noted. In contrast, any material that has non-inversion symmetry spots SHG. 

So, a material that has inversion symmetry cannot be used to spot SHG signal. As external electric 

field impacts the material’s electronic spread, this study’s lab has come up with a distinguished 

strategy known as electric field induced second-harmonic generation (EFISHG). As the electronic 

spread is altered, the symmetry is shown in Fig. 2.7. Furthermore, the presence of organic layers 

causes an EFISHG signal to be generated via laser irradiation. This process takes place due to 

combining electrons in molecules and electro-magnetic waves E(ω) in the existence of electrostatic 

local electric field E (0). The EFISHG intensity is specified as [25-26] 

𝐼 (2𝜔) ∝  | 𝑃⃑ (2𝜔)|
2
  𝑃⃑ (2𝜔) = χ(3) (−2𝜔, 0, 𝜔, 𝜔) ⋮ 𝐸(0)𝐸(𝜔)𝐸(𝜔)     (2.4) 
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𝑃⃑ (2𝜔) denotes the nonlinear polarization generated in the organic layers and χ(3) is the third order 

nonlinear susceptibility tensor. The electrostatic local field in organic layers is given the symbol E 

(0) where the positive electric field E (0) points from the Au electrode to the ITO electrode. 

Besides, the electric field of incident laser beam is given the symbol E (ω). Essentially, the square-

root of the SHG intensity is proportional to the electric field E (0) in organic layers as the equation 

supports. In this case, E (0) is derived from E0+Es, where E0 (E0 = 𝑄𝑚 / εrε0) is the electric field 

derived from charges ±𝑄𝑚  on top and bottom electrodes of the OSCs. The 𝐸𝑠  is the electric field 

originated from charges in organic devices, such as charges 𝑄𝑠 gathered at the double-layer 

interface. Accordingly, the charges ±𝑄𝑚  on electrodes and charges 𝑄𝑠  at the interface are both 

probed by EFISHG measurement. 

  

 

Figure 2.6. Sketch of distortion of electronic cloud for a pentacene molecule under external 

electric field. 
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2.12 Experimental methods  

As depicted from Figure 2.7, an experimental structure for EFISHG measurement is performed. 

To offer probing light, a pulsed laser was the option. The light has a repetition rate of 10 Hz, a 

mean power of 1 mW lasting for 4 ns. In order for generation to take place, an optical parametric 

oscillator pumped with third-harmonic light of Q switched Nd:YAG laser were used. The incident 

angle at which the p-polarized pulsed laser beam emphasized on is 45º, ensuring the spot size was 

minor in comparison to the device area. By using both optical filters and monochromator, removal 

of reflected fundamental laser beam was possible. In terms of measurements, a photomultiplier 

tube (PMT) was used to spot SHG light given by the specimen. In addition, a digital multimeter 

was used to compute the intensity I (2ω). Presented in eq. (2.4) is the susceptibility tensor χ(3) 

which is a substance dependent parameter as well as being a function of the optical frequency ω. 

To accurately probe layers of BHJ OSCs in an electric field, the variation in χ(3) amongst materials 

enables this stage to take place. This happens where a suitable laser beam wavelength is chosen 

[15]. For almost all the studies, a laser beam of wavelength λω=1080 nm was selected where the 

created SHG at a wavelength of λ2ω=540 nm was noted down. The reason behind this is to 

particularly compute the electric field in PC71BM layer. In terms of time resolved SHG 

measurements, OSCs were lightened using several states. Under a red illumination, photocurrent 

was the result keeping in mind a 50 ms illumination with an intensity of 10 mW/cm2 accompanied 

with a 50 ms break. The cause is the LED being synchronized with the incidence laser beam. On 

the other hand, for short-circuit state, each interface of OSCs is supposed to have a gathering of 

extra charges 𝑄𝑠. The Maxwell–Wagner effect causes this as well as exciton separation being 

triggered at the interface. It is necessary to consider that electric fields in OSCs will be altered 

when there is charge 𝑄𝑠 . In turn, the alteration in electric fields is probed by EFISHG. 
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Figure 2.7: Experimental setup for EFISHG measurement 

 

2.13 Maxwell-Wagner model  

Mostly depending on the microscopic characteristics of materials, the MW model is the 

appropriate tool used to explain the physics behind charge accumulation on the interface [25, 27]. 

As the theory of Maxwell’s electromagnetic field [27-29], an accumulation of charge 𝑄𝑠 is found 

at the interface right in the middle of two dielectric materials. These materials have non-similar 

relaxation times as stated by (τ=ε/σ, where ε is the dielectric constant and σ is the conductivity) 

when current I(t) moves throughout the two-material interface [30]. To be more exact, ∇ • j = 0 

with j = E𝜎 ≠  0 is accomplished as steady state current density j moves throughout the interface. 
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For this scenario, being originally from the interface, the below relation considers electric flux 

density D 

∇ • 𝐷 =  ∇  •   (𝜀𝐸) =  ∇  •   
𝜀

𝜎
 j = 𝑄𝑠            (2.5) 

As understood from the Maxwell-Wagner impact, an accumulation of 𝑄𝑠 is found at the interface 

as two adjoining materials each have a distinguished relaxation time [26]. In simpler words, this 

idea portrays the chance of  𝑄𝑠 accumulation taking place at the PCPDTBT-PC71BM interface 

once charge is being injected from a source electrode. 

To fully comprehend charge accumulation and carrier transport in BHJ OSCs, an equivalent circuit 

was used as illustrated in Figure 2.8. This clearly presents interfacial charging and discharging 

processes taking place as an impact of Maxwell-Wagner theory. The modelling process of layers 

happens a paralleled circuit containing both a conductor (G1, G2) and a capacitor (C1, C2). In 

OSCs, organic thin films are identified using two macroscopic physical factors. Independently, 

these would be dielectric constant ε1,2 and conductivity σ1, 2. The mentioned relaxation time is 

derived from the ratio ε/σ where it represented extra charge carriers being distributed throughout 

the material. Once an elapsed time of τ = ε/σ occurs, a steady-state charge spread is confirmed. It 

is also important to realize that conductivity is proportional to carrier density n0, and can be 

computed using σ = εn0μ. At thermodynamic equilibrium, the carrier density n0 is known to be 

intrinsic carrier density of materials. The electro-magnetic field theory states that the overall 

current moving through an organic material is the total of both conduction and displacement 

current. For conduction and displacement currents, the current density j can be achieved from σE 

and dD/dt with D = εE, independently. In this case, the electric field is E and electric flux density 

is D. In a mean electric field, the drifts of carriers are used to explain charge transport in organic 
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films. This is where the square root of time dependency alongside the direction of the electric field 

is accomplished. 

 

Figure 2.8. Model of BHJ for Maxwell-Wagner effect 

 

As a result of relaxation time variation in the distinguished organic layers, the Maxell-Wagner 

effect notes that any extra charge accumulation takes place right in the middle interface of the two 

layers. Using the simplistic model of OSCs, charges density on both top and bottom electrodes can 

be computed (Q1 and Q2) as shown below: 

𝑄1 = −
𝐶1𝐶2

𝐶2+𝐶1
 𝑉 − 

𝐶1

𝐶2+𝐶1
𝑄𝑠                    (2.6) 

𝑄2 = −
𝐶1𝐶2

𝐶2+𝐶1
 𝑉 + 

𝐶1

𝐶2+𝐶1
𝑄𝑠                     (2.7) 

For both Eqs. 1.2 and 1.3, the external voltage that is given to the two electrodes is called Vex 

whereas the charge density that is collected on the interface between the organic and insulator 

layer is called  𝑄𝑠. If equivalent circuits are used, it is possible to determine charge density on the 
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interface 𝑄𝑠. Noticed from Figure 2.8, organic and insulator layer has all G1, C2, G2 and C2 as unit 

conductance and capacitance.  

𝑄𝑠 = −
𝐺2

𝐺2+𝐺1
 𝑉𝐶1 − 

𝐺1

𝐺2+𝐺1
𝑉𝐶2 = − 

𝐺2𝐺1

𝐺2+𝐺1
 (𝜏2 − 𝜏1)𝑉         (2.8) 

From a different perspective, the admittance Y of the double layer system is demonstrated as 

       𝑌 = 𝐺 + 𝑗𝜔𝐶 =
1

𝑍
= 

1
1

𝐺1+𝑗𝜔𝐶1
+ 

1

𝐺2+𝑗𝜔𝐶2

                              (2.9) 

With                                        𝐺 =
𝐺1𝐺2

𝐺1+𝐺2
+ 

(𝐺1𝐺2−𝐺1𝐺2)2

(𝐺1+𝐺2)3
 .

𝜔2

1+ 𝜏𝑀𝑊
2 𝜔2              (2.10) 

And                                        𝐶 =
𝐶1𝐶2

𝐶1+𝐶2
+ 

(𝐶1𝐶2−𝐶1𝐶2)
2

(𝐶1+𝐶2)3
 .

𝜏𝑀𝑊
2

1+ 𝜏𝑀𝑊
2 𝜔2                 (2.11) 

where a response time     𝜏𝑀𝑊 = 
1

𝜔𝑀𝑊
=

𝐶1+𝐶2

𝐺1+𝐺2
 

Specifically, the Maxwell-Wagner effect shows the charge 𝑄𝑠 accumulation being linked to 

response time 𝜏𝑀𝑊 at the interface right between layers 1 and 2 [31]. The equivalent circuit enables 

𝑄𝑠 (t) to be discovered as  

𝑄𝑠(𝑡) = 𝑄𝑠(∞)[1 − exp (−
𝑡

𝜏𝑀𝑊
) ]                     (2.12) 

once employment of step external voltage Vex takes place. This is where: 

𝑄𝑠(∞) =  𝐼𝐶(
𝐶2

𝐺2
−

𝐶1

𝐺1
) with 𝐼𝐶 = 𝑉𝑒𝑥

𝐺1𝐺2

𝐺11+𝐺2
            (2.13) 

All the way throughout the double-layer system, 𝐼𝐶  is the conduction current moving around. As 

depicted by Eq. (2),  𝑄𝑠(t) =0 as  𝐶1

𝐺1
=

𝐶2

𝐺2
 (𝜏1 = 𝜏2). However, it is required to consider that 𝑄𝑠(t) 

≠ 0 as  𝐶1

𝐺1
≠

𝐶2

𝐺2
 (𝜏1 ≠ 𝜏2). In correspondence to this, if 𝜏1 = 𝜏2, both second terms of G and C 
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which are found in Eq. (1) are zero. However, they would be non-zero if 𝜏1 ≠ 𝜏2. Hence, in IS 

spectrum, the Maxwell-Wagner type relaxation is present at angular frequency where 𝜔𝑀𝑊 =

𝜏𝑀𝑊
−1. On the other hand, it is absent if 𝜏1 = 𝜏2 . The plotting of both C (ω) and G (ω)/ω is 

presented in Figure 2.9 close to the frequency of 𝜔𝑀𝑊 , where CL and CH are the capacitance in 

the limit ƒ→ 0and ƒ→  ∞ , independently. It is notable to consider the presence of dielectric 

relaxation in actual devices as a result to charging onto electrode with a response time 𝜏𝑀𝑊 =

𝑅0𝐶𝑡. This occurs as Ct is the final series capacitance for the device as shown in Figure 2.9., 𝐶𝑡 =

𝐶1𝐶2

𝐶1+𝐶2
. As a result, for a great frequency limit ( →  ∞), an alteration in capacitance from CH (=Ct) 

to zero happens.  

In the preceding work, the Maxwell–Wagner (MW) model was favorably used to evaluate 

interfacial phenomena for bulk-layer organic devices. As an example, bulk layer organic light-

emitting diode (OLED). The findings proved the evaluation’s potentiality to rely on dielectrics 

physics technique [31-33]. In conclusion, these findings encouraged more research to be done for 

employing the MW model in evaluating carrier injection and transport processes in OSCs. 

 

Figure 2.9. C (ω) and G (ω)/ω plots in frequency domain. 
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2.14 Summary  

This chapter presented the necessary information of this research including the most important 

materials used to process each layer of the OPV device. Also, the full details of the experimental 

deposition techniques and measurement techniques are intensively described. To systematically 

elaborate the used measurements method, this chapter is critically analyzed the electric field 

induced second-harmonic generation (EFISHG). Lastly, the physical explanation behind the 

charge accumulation on the interface is referred to the Maxwell-Wagner model that successfully 

used in this research. 
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Chapter 3 
3 Spectroscopic study of EFISHG from PCPDTBT and 

PC71BM thin films 

3.1 Introduction  

The bulk heterojunction (BHJ) organic solar cells are registered as the highly efficient type of solar 

cells and therefore remarkable efforts were paid from both academic and industrial sectors to 

improve its efficiency. BHJ holds a blended structure that comprises a combination of conjugated 

polymer and fullerene derivatives. More specifically, a donator of electron and acceptor of electron 

organic materials are forming the blended structure of BHJ that mixed to attain charge separation 

after photoexcitation [1]. Interestingly, the continuous research result to develop a novel structure 

of fabricated polymeric material and high-performance additives, interlayers and improved tiny 

donator materials. Therefore, the total power generation of organic solar cells of BHJ is 

significantly improved [2-7]. Statistically, the PCE of organic cells has been improved by 12% 

compared to conventional fullerene-based structures [9-10]. However, the fabrication of tiny 

molecule BHJ is not easy where a possibility of increased charge recombination with low fill factor 

are still valid for low material purity [11-12]. Thus, the morphology of pure materials and efficient 

blending procedure are important to fabricate organic solar cells. 

The existence of blocking layer in organic solar cells would affect the charge transportation 

via the carrier that needs to be understood well. Moreover, another challenge of accumulated 

charges at the interfacial area would reason an altered electric field distribution due to the impact 

of Maxwell-Wagner (MW). This has entirely a notable effect on the power generation as a result 

to the dielectric nature of donator and acceptor organic materials. Thus, examining the electric 
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field would possibly pave the way to perceive the behavior of charge carrier to improve the 

efficiency of organic solar cells. 

As stated above, the materialization of both donor and acceptor has a vital role to upgrade the 

generated charge transportation. consequently, several studies were derived to amend the 

morphology of organic solar cells that employed AFM, and TEM. However, primitive 

measurement methods used to explore the charge transportation between donor and acceptor layers 

are not professional tool. Therefore, to perceive the behavior of charge carrier and transfer 

phenomenon, it is crucial to locate a promoted electric field in both layers.  This chapter intends 

to explore the charge transportation via the carrier in BHJ organic solar cells type 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) and [6,6] -phenyl C71 butyric acid methyl ester (PC71BM), using 

a selective measurement of the electric-field-deduced optical second harmonic generation 

(EFISHG). 

3.2 Fabrication process 

3.2.1 Single layer of PC71BM material  

The fabrication a single layer of organic solar cells of PC71BM requires a mixing of 10mg with 

1ml of chloroform solvent. The prepared solution should be preserved in an ultrasonic bath for a 

period of three hours until a complete dissolving is accomplished with appearing of a bright red 

color.  To systematically achieve that, spin-coating at 2000 rpm for 30 seconds at a thickness of 

about 100 nm was used to attain a full deposition. Afterwards, a low thermal evaporation rate of 1 

A/s would guarantee the steady state deposition of an active electrodes thin layer of deposited 

silver of 0.12cm2. 
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Figure 3.1. PC71BM structure  

 

3.2.2 Single layer of PCPDTBT material 

The fabrication a single layer of organic solar cells of PCPDTBT necessitates a mixing of 

20mg with 1ml of chloroform solvent. The prepared solution should be preserved in an ultrasonic 

bath for a period of more than three hours for a period time of three hours until a complete 

dissolving is accomplished with appearing of a bright green color. To systematically achieve that, 

spin-coating at 2000 rpm for 30 seconds at a thickness of 100nm was used to attain a full 

deposition.  Afterwards.  a low thermal evaporation rate of 1 A/s would guarantee the steady state 

deposition of an active electrodes thin layer of silver.  
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Figure 3.2. PCPDTBT Material Structure   

 

3.2.3 Single layer of Bulk heterojunction structure  

The experimental procedure of preparing organic solar cells of BHJ using both PCPDTBT: 

PC71BM materials is presented in Figure 3.3. Moreover, Figure 3.3 depicts the equal RC circuit of 

the fabricated solar cells. However, the fabrication step should come after cleaning the Indium Tin 

Oxide (ITO) coated glass substrates using an ultrasonic bath of acetone, ethanol, and distilled 

water. The ITO coated glass was then left to be fully dried and then process by UV ozone to remove 

any organic residuals. This technique deduces 25 mg/ml concentration of mixed chloroform 

solutions of volume ratio of 1:1.5 of PCPDTBT and PC71BM, respectively. However, thick films 

of PCPDTBT and PC71BM BHJ are left on the top of Indium Tin Oxide and then dried at ambient 

temperature. This is also processed by post thermal annealing for one quarter of hour at 130 oC. 

Lastly, Au electrodes of 100nm thickness are formed on the surface of BHJ film of PCPDTBT and 
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PC71BM with a thickness of 100 nm onto the surface of the BHJ film. The typical area used of the 

organic solar cells is approximately 3.1 mm2. 

 

Figure 3.3. Structure of BHJ organic solar cells 

 

3.3 Absorption spectra 

The variation of three behaviors of optical absorption spectra of BHJ, PCPDTBT and PC71BM 

against the Ultraviolet (wavelength) are shown in Figure 3.4. This is implicitly depicted the three 

registered spectra of three structures. Occasionally, Figure 3.4 illustrates that the molecules of 

PCPDTBT structure are originally thrilled between 730-750 nm while PC71BM molecules are 

thrilled between 500–530 nm. Moreover, the BHJ materials are also thrilled and absorbed the light 

of wavelength between 730-750 nm. In this regard, 700 nm represents the peak position of the 

light absorption. Furthermore, these results confirm that PCPDTBT is the key material of light 

absorption due to its high eV of around 1.5. 
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Figure 3.4. Absorption spectra of PCPDTBT, PC71BM, and BHJ 

3.4 Electrical characterization 

to evaluate the features of current-voltage (I-V) of any selected solar cell, it is important to 

measure the (I-V) in two fields of no incident light illumination and incident light illumination. 

Clearly, A PC controlled Keithley 2400 was deployed to calculate the I-V characteristics. The 1 

sun illumination capacity was supplied via a tungsten halogen light source lamp of 50 mW directed 

into the solar cell. A light intensity meter was used to identify the capacity of the subjected light 

that already set to be 1.5 G of AM radiation equivalent to 100 mW/cm2. In this regard, the bias 

voltage supplied to the Au electrode was applied to evaluate the I-V characteristics of the solar 

cells at the time of grounding the ITO electrode. The solar cells characterization comprises two 

bias scans under dark and light illumination fields. Each scan initiated from -1V and finished at 

+1V with considering a voltage step of 0.1V. 

Figure 3.5. shows the characteristics of BHJ organic solar cells and the associated correlation 

between the Jsc and supplied voltage under dark and illumination fields. Specifically, BHJ works 
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as a photovoltaic cell of an open-circuit voltage of 0.41V, short-circuit current density of 2.71 

mA/cm2, and fill factor of 0.30. 

 

Figure 3.5. J-V characteristics of BHJ solar cells in dark and under illumination (1.5G, 100 

mW/cm2) fields 

 

3.5 EFISHG Measurement  

A probe laser beam was provided from a Q-switched Nd:YAG laser (pulse width 4 ns, and 

repetition rate 10 Hz) used with an optical parametric oscillator (OPO). The p-polarized probe 

laser was subjected at 45 to the BHJ layers [13],[14]. To measure the SH spectrum, the p-polarized 

probe laser wavelength was set between 800 nm to 1100 nm of wavelength. It is noteworthy to 

mention that a feasible laser wavelength should be applied to guarantee efficient EFISHG signals 

from PCPDTBT and PC71BM in the BHJ layer. This can be attributed to enhanced 

electromagnetic waves 𝐸⃑ (𝜔) and coupling of electrons in the molecules occurred in an appropriate 
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wavelength of subjected laser. The second order polarization 𝑃⃑ 2𝜔 of the EFISHG is calculated from 

the below equation 

𝐼2𝜔 ∝ |𝑃⃑ 2𝜔|
2

= |𝜀0 𝜒⃑⃡ 
(3) ⋮ 𝐸⃑ 0 𝐸⃑ 𝜔 𝐸⃑ 𝜔|

2
 

𝜀𝑜, 𝜔  and 𝜒(3) signify the fixed of the vacuum dielectric, the angular frequency of the laser light, 

and the third-order nonlinear exposure, respectively. 𝐸⃑ (0) and 𝐸⃑ (𝜔) represent the local electrostatic 

field, and the electric field of the laser.  

𝐸⃑ (0) is measured using  

𝐸⃑ (0) =  𝐸⃑ p +  𝐸⃑ e +  𝐸⃑ s  

𝐸⃑ p is the internal electric field started by work function difference and other parameters, while 

𝐸⃑ e and 𝐸⃑ s are the external electric field, and the space charge field, respectively [15]. Therefore, 

the EFISHG is initiated after constituting 𝐸⃑ (0). The above equations affirmed the merits of the 

EFISHG method by selecting the appropriate material since 𝜒(3) is a function of angular frequency 

of the laser light (𝜔), and allows to analyses the electric field of a targeted BHJ layer. This in turn 

can attribute the high utilization of EFISHG method. Therefore, this research intends to employ 

single-layer organic solar cells of the structure ITO/PCPDTBT/Al and ITO/ PC71BM /Al with an 

appropriate wavelength of laser light. Furthermore, this would be followed by measuring the 

EFISHG spectra of the PCPDTBT (donor) and PC71BM (acceptor) molecules. Monochromator 

was used to measure the SHG at the wavelength 𝜆2𝜔 = 𝜆𝜔/2. To limit the impacts of wavelength 

necessity between the laser light and transportation of the optical system., a normalization of the 

SH intensity from the single-layer solar cells is carried out against the SHG spectrum of quartz 

powder [16]. 
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(a) 

 

(b) 

Figure 3.6. Structure of BHJ solar cells. (a) The EFISHG measurement. (b) Maxwell-

Wagner model 

3.5.1 The EFSHG – Wavelength 

 The influence of SH wavelength of a single layer solar cells on the SH spectra intensity of for the 

donor (PCPDTBT) and receptor (PC71BM) at different voltage is represented in Figure 3.7.  The 

electric field induced the generation of SHG signal and therefore the intensity of SHG is 

correspondingly varying with the square of supplied voltages. The electric fields in the donor 



 
73 

 

(PCPDTBT) and receptor (PC71BM) can be efficiently investigated using the laser wavelengths 

of 1000 nm and 1080 nm that are equivalent to 500 nm and 540 nm of SHG wavelengths, 

respectively. The EFISHG spectra detects peaks of SHG that affirmed the nonlinear exposure 

tensor 𝜒(3)initiated at the SH peak wavelength. This is attributed to the electromagnetic coupling 

between the electric field of probing laser and electrons in the molecule. Accordingly, it can be 

said that SH peaks are directly related to the transfer of electrons from the ground state to the 

thrilled state of the molecule. This in turn would result various SH spectra for various molecules 

with a unique electronic structure for each molecule. This also aiding the enhancement of these 

molecules via the EFISHG. 

 

(a) 
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(b) 

Figure 3.7. SHG spectra measurement (a) of the donor PCPDTBT and (b) of acceptor 

PC71BM. 

 

3.5.2 The EFSHG – Voltage 

Figure 3.8. depicts the influence of voltage variation on the SHG intensity for the suggested 

wavelength of 500 nm that equivalent to 1000 nm of laser wavelength and 540 nm that equivalent 

to 1080 nm of laser wavelength. A representative response EFISHG can be seen for the donor 

PCPDTBT at SH wavelength of 500 nm. An average electric field of the single layer solar cell can 

be estimated from 

Ee = (|E⃑⃑ e|) = V/d 

d denots the layer thickness in the donor. Also, the SHG intensity 𝐼2𝜔 has a quadratic 

dependency on the electric field as pictured in the following equation 
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𝐼2𝜔 ∝ |𝑃⃑ 2𝜔|
2
= |𝜀0𝜒

(3) ⋮ 𝐸⃑ 0𝐸⃑ 𝜔𝐸⃑ 𝜔|
2
 

Furthermore, an enhancement of EFISHG from PC71BM (acceptor) can be shown with 450 

nm of the SHG wavelength. Therefore, the registered results of Figure 3.8. can be used to 

conveniently probe the electric field in the donor (PCPDTBT) of PCPDTBT/PC71BM OSC. 

Therefore, the probe laser of wavelength 1000 nm is chosen within 500 nm wavelength to detect 

the SHG.  

Figure 3.8. SHG intensity of PCPDTBT and PC71BM single-layer solar cells at a SH 

wavelength of 500 nm and 540 nm 
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3.5.3 Transient EFISHG response to observe carrier behavior 

The variation of SH intensity for the ITO/PCPDTBT: PC71BM/Au OSC in dark environment 

against the operational time is plotted in Figure 3.9. for the range of Vex between +1 V and -1 V 

that subjected to the Au electrode in reference to the ITO electrode. Specifically, the SH intensity 

was generated after employing a Vex = +1 V, where an increase of SH intensity is produced at 500 

nm with using of 1000 nm wavelength of laser light. However, a growth of SH intensity is noticed 

at 540 nm after deploying 1080 nm wavelength of laser light in the dark conditions. However, 

using a Vex = -1 V, negative voltage, causes a degradation of SH intensity.  

It is vital to note that a non-zero electric field can be established in ITO/PCPDTBT: 

PC71BM/Au OSCs as a result to a change in functions of the ITO and Au electrode. Respectively, 

an electric filed Ee (t) is constituted in the donor and acceptor is initiated due to subjecting an 

external voltage. As described in Eq. 1, the electric field E(0) represents the sum of electric field 

(Ee), space-charge field (Es), and internal electric field (Ep). Therefore, the SH intensity in the 

BHJ layer is created in comparison to |Ep + Ee(t)|2. In this regard, the electric field is estimated 

from  

Ee (t) = (Vex/d) (1-exp (-t/tRC)) 

d represents the thickness of BHJ layer while tRC is the response time of the circuit calculated 

from 

tRC = R C 

R is the sheet resistance of ITO 15 Ω/□ and C is the geometrical capacitance of the OSC). 

Clearly, the above equations show a direct relationship between the variation of the electric field 

and the polarity of the Ep. Results of Figure 3.9 affirm that the electric fields in the donor Ep1 and 



 
77 

 

in acceptor Ep2 are directed from Au to ITO electrode within 540 nm SH wavelength. 

Furthermore, the ignition of function difference causes an electric field in OSCs, that must be 

directed from Au (Ø= 4.5 eV) to ITO (Ø = 5.1 eV) electrode. This would interpret several resources 

of internal electric field including the charge transportation throughout the organic electrode 

interface and the surface of SHG from Au/organic and probably ITO. Thus, a black curve of the 

zero used voltage is presumed in Figure 3.9. that means no influence of the internal electric fields 

on the recent research.   

   The EFISHG is able to examine the electric field via the donor layer and also exposes carrier 

behaviors. In the dark conditions of no photo illumination, Eph will equal zero. Figure 3.9. 

illustrates a gradual reduction of SH intensity after tRC. This is consequently associated with two 

carrier denoted by tRC and tmw as depicted in Figure 3.9 where tRC = 5.5×10-7 s for positive voltage 

of 1 V, and tRC = 6×10-7 s with negative voltage. This is specifically referred as the response time 

for electrode charging via the external circuit. Furthermore, tMW is represented as 𝐶1+𝐶2

𝐺1+𝐺2
 and 

approximately equals to 9×10-6 s with positive voltage and approximately equals to 5×10-6 s with 

negative voltage. tMW specifically represents the response time for the Maxwell–Wagner-type 

interfacial charging.   

The EFISHG response signifies the change of the electric field inside the donor layer, where 

the overall electric fields of the OSC (E(0)) is estimated using Ep + Ee.  

Therefore, the abolishment of the EFISHG response for the BHJ layer OSC is caused by the 

accumulation of electrons n at the interfacial area of the donor/receptor. Therefore, the signal of 

SHG would be decreased as declared in Figure 3.9 which informs the accumulation of electrons 

(Qs) at the interfacial area of the donor/receptor (PCPDTBT/PC71BM). For this case, 
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Qs = Es (C1+C2) × d1 ≈ 0.1 × 10-7 C/cm2 with positive voltage of 1 V, and Qs = Es (C1+C2) 

× d1 ≈ 0.3 × 10-7 C/cm2 with negative voltage of - 1 V.  

 

 

Figure 3.9. EFISHG measurement by deploying pulse voltages in the dark conditions 

 

3.6 Conclusions 

This chapter investigates the carrier behaviors in BHJ OSCs using EFISHG measurements. 

This showed that the circuit response time between positive and negative voltages are 

approximately identical. However, a significant difference was noticed for the response time of 

the Maxwell–Wagner-type interfacial charging between positive and negative voltages. This in 

turn specified the accumulation of electrons Qs in the interfacial area between the donor and 

acceptor. More specifically, the accumulated electrons in the donor side (PCPDTBT) is lesser than 

the electrons of the acceptor (PC71BM). This has a significant influence on the total efficacy of 

the bulk heterojunction OSCs.  
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Chapter 4 

4 Probing balanced carrier transport in PCPDTBT: 

PC71BM BHJ films using 1,8-Diiodooctane (DIO) as an 

additive by using EFISHG 
4.1 Introduction 

This chapter aims to experimentally conduct the electric-field-induced optical second harmonic 

generation (EFISHG) measurement at the laser wavelength. In this aspect 1000 nm was deployed 

to explore the influence of 1,8-diiodooctane (DIO) additive on the charge transportation in bulk 

heterojunction (BHJ). The experiments were used a sandwich type device structure 

(ITO/BHJ/PEDOT:PSS/Au), where the BHJ layer is a blend of the [6,6] -phenyl C71 butyric acid 

methyl ester (PC71BM) and regioregular poly [2,6-(4,4-bis-(2-Ethylhexyl) - 4H – cyclopentane 

[2,1-b;3,4-b’] dithiophene) – alt - 4,7 - (2,1,3- benzothiadiazole)] (PCPDTBT). The results 

affirmed an increase of around 25% of carrier transport characteristics in the PCPDTBT: PC71BM 

layer due to DIO additive compared to without DIO solar device. This is also associated with a 

remarkable reduction of the accumulated charge on the interface between donor and acceptor 

phases and increased domain size. 

 

4.2 General background 

The application of effective cost industrial processes is progressively increased in the recent years 

to accommodate the demands of safe environment. In this regard, the polymer-based organic 

materials are the most potential solution to be engaged as a green source of energy [1-3]. Therefore, 

intensive researches were especially focused on organic solar cells applications to synthesize high 

performance BHJ films of an effective material of polymer donors [4-5]. Specifically, the research 
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intended to tackle the limitations of BHJ films that mainly comprise low charge transportation 

between the donor and acceptor [6]. This in turn has entailed an improvement of chemical structure 

of BHJ type PCPDTBT and PCBM to efficiently adsorb sunlight. However, the author believes 

that there is still a room to enhance the electron transportation that would raise the performance of 

associated BHJ film in solar cells.  [6]. It is accepted that promoting the structural order of the BHJ 

is quite relevant to improve the carrier mobility of both donor and acceptor stages. However, it is 

important to realize that increasing the structural order would cause a reduction of interface 

between donor and acceptor phases that would also cause reduced of the recombination and exciton 

dissociation. In other words, larger domains form must be avoided [7-8]. The optimization of 

domains’ size is vital to attain an improved performance of organic solar cells. [9-14] confirmed 

that the utilization of solvent additives would be an acceptable option to control the domains’ sizes 

of donor and acceptor phases.  The suppression of exciton recombination would be achieved by 

adding a some of solvent additive to form nano-size donor and acceptor domains [15].  

To conduct this improvement, it has been decided to add 1,8- Diiodooctane (DIO) as a blending 

additive in the BHJ beside the requirements of optimising the domain size of the associated phases. 

Furthermore, PC71BM molecules was selected to be added to the BHJ due to its high capacity to 

be dissolved in DIO and form smaller domains of upgraded interface between donor and acceptor.  

Despite the shortage of studies to critically understand the influence of additive DOI (1,8-

diiodooctane) and charge transportation, the performance of organic solar cells was meaningfully 

improved [9,16-17]. This is plausibly interpreted due to the enhancement of film morphology as it 

related to charge transportation. In this regard, the evaluation of charge transportation between the 

donor and acceptor phases is fundamentally evaluated using the electrical measurement without 

looking at critical details of carrier transportation [18-20]. However, the exciton and charge carrier 
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can also be evaluated using the optical measurements. Several researches were utilized two 

improved optical measurements methods of the electric-field-induced optical second-harmonic 

generation (EFISHG) and transient absorption spectroscopy (TAS). [21-22] pointed out the main 

discrimination between the utilized optical measurement methods where no details of gathered 

charge and carrier transportation can be given within TAS. However, the clarification of the exciton 

dynamics within the BHJ is a significant merit of TAS. On the other hand, the carrier charge 

transportation between donor and acceptor phases can be chased via EFISHG method after 

excitons dissociation. EFISHG is also characterized by high order of electromagnetic field that 

improves the interaction between laser beam and electrons. The electronic field can urge twofold 

frequency and deduce a nonlinear polarization oscillation. Moreover, the selection of proper 

wavelength of SHG light would aid to investigate the carrier behavior in the BHJ. 

This study intends to utilize the optical measurement method of EFISHG to investigate the carrier 

behavior of (PCPDTBT) of [6,6] -phenyl C71 butyric acid methyl ester (PC71BM) and regioregular 

poly [2,6-(4,4-bis-(2-Ethylhexyl) - 4H – cyclopenta [2,1-b;3,4-b’] dithiophene) – alt - 4,7 - (2,1,3- 

benzothiadiazole)]. Particularly, the influence of adding DIO in the BHJ layer will be appraised 

via studying of carrier behavior. 

 

4.3 1,8-diiodooctane (DIO) material   

As stated above, the improvement of OPV was realized via the addition of solvent additives of 

DOI [23], recent researches [24-32] are critically employed a wide set of additive solvents to the 

BHJ such as chloroform (CF), chlorobenzene (CB), and dichlorobenzene (DCB). The intention 

was to explore the influence of these additives on the domain size and purity besides allocating the 

best interface composition and crystallinity. The enhancement of morphology cannot be ignored 

in organic solar cells especially in the case of nominating numerous binary combinations or ternary 
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mixtures that corresponding to solvent additives. However, these methodologies were tackled with 

inherent issues for instance, there is a possibility of instable morphology, chemical degradation, 

and toxicity.  Furthermore, there is a clear limitation of applying high boiling point additives as 

they characterized by low productivity [32-33]. Thus, the challenge of selecting a free additive of 

single solvent to promote PCEs is still existed [34-36]. This is actually compatible with the recent 

fabrication of non-halogenated single toxic solvents that probably influence the ecosystem [37-

46].  

 

 

4.4 Experimental Procedures 

4.4.1 Sample preparation 

Figure 4.2.(a) shows the schematic diagram of the experimental configuration and sandwich 

junctions structure of the BHJ. in this regard, ITO/BHJ/PEDOT:PSS/Au structure was used to 

fabricate the BHJ films. More specifically, a blended solvent of PCPDTBT (donor) and PC71BM 

(acceptor) forms the active layer was introduced by solving 10 mg of PCPDTBT and 15 mg of 

PC71BM in 1 ml chloroform. A continuous stirring of solution was kept for one hour fully 

dissolving. The formed BHJ films characterized by blending the solution with 3% of DIO. [47-

48]. A substance of a patterned indium-tin-oxide (ITO) layer (10 Ω/sq) was used with a glass plate. 

Afterwards, spin coating of the blended solution within 1500 rpm and 30 seconds was employed 

Figure 4.1. 1,8-diiodooctane (DIO) structures 
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to successfully perform the film deposition onto the substrate. This results an active layer of 150 

nm thickness of the BHJ film. After that, a spin coating of 3000 rpm for 60 seconds was used to 

full deposition of the PEDOT:PSS on the top of the BHJ film. This in turn deduced 50 nm thickness 

of PEDOT:PSS layer. Lastly, Au electrodes of 100 nm thickness were deposited onto the surface 

of the PEDOT:PSS layer that entailed an interfacial surface area of 3.1 mm2. Furthermore, the 

incident photon to current efficiency (IPCE) was evaluated based on 400 to 900 nm wavelength.  

 

4.4.2 EFISHG measurement 

The EFISHG optical method was utilized to measure the SHG using a p-polarized pulsed laser 

Figure 4.2. Schematic structure of BHJ solar cells. (a) The EFISHG measurement, (b) Equivalent 
circuit model for Maxwell-Wagner-type charging 
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light of 10 Hz (repetition rate), 1 mW (average power) for 4 ns duration. The light laser was 

generated from an optical parametric oscillator pumped with the third-harmonic light of a Q-

switched neodymium-doped yttrium aluminum garnet (Nd YAG) laser. The laser light was then 

imposed into the surface of the sample at an incident angle of 45°, as depicted in Fig. 1(a) [49-52]. 

Then, a photomultiplier tube was used to trace the generated SHG light from the selected sample. 

However, it is important to realise that type of material is strongly affected the nonlinear optical 

susceptibility, where the wavelength characterised the laser light [53]. The intensity of the SHG 

intensity (𝐼2𝜔) is mathematically conveyed as, 

𝐼2𝜔 ∝ |𝑃⃑ 2𝜔|
2
= |𝜀0𝜒

(3) ⋮ 𝐸⃑ (0)𝐸⃑ (𝜔)𝐸⃑ (𝜔)|
2
           (1) 

 𝑃⃑ 2𝜔 denotes the second-order nonlinear polarization. Also, 𝜀𝑜,, 𝜔 and 𝜒(3) are  the dielectric 

constant of vacuum, is the angular frequency of the laser beam and  the third-order nonlinear 

susceptibility of material. More importantly, the associated relationship between the wavelength 

and 𝜒(3) aids to examine the carrier transportation between the donor and acceptor phases.  

𝐸⃑ (0) and 𝐸⃑ (𝜔) are the local electrostatic field and the electric field of the laser, respectively. 𝐸⃑ (0) is 

stated as 𝐸⃑ (0)=𝐸⃑ P+ 𝐸⃑ e+𝐸⃑ s, where 𝐸⃑ P, 𝐸⃑ e and 𝐸⃑ s are the internal electric field, the external electric 

field, and the space-charge field, respectively [54-56]. In this aspect, the positive direction of the 

electric field was generated from PEDOT:PSS/Au to ITO via the BHJ layer. Therefore, the electric 

field 𝐸⃑ (0) attributes the generated EFISHG signal as given in Eq. (1). Since 𝜒(3) spectrum is 

strongly dependent on the material type, it is fair to affirm that EFISHG method is correlated to 

material type which can be efficiently used to investigate the electric field of the used material for 

the used wavelength.   

This study utilizes the BHJ type PCPDTBT:PC71BM, where PCPDTBT has efficiently produced 
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the EFISHG signal at 1000 nm of laser wavelength which is equivalent to the SHG wavelength of 

500 nm. However, PC71BM showed resonant enhancement of EFISHG at 1080 nm of laser wavelength 

[57]. In this regard, red illumination was used as the light source for the BHJ layer excitation 

(center wavelength 661 nm, intensity 100 mW/cm2). 

4.5 Electrical characterization  

This study aims to control the morphology of BHJ film by adding DIO. This would increase the 

density of donor acceptor interface that commensurate with reducing the domain size and gathered 

charge throughout the interface. This is already figured in Figure 4.3. Undoubtedly, this means an 

improved efficiency of enhanced electronic field that induced the movement of electrons towards 

the ITO and holes towards PEDOT:PSS/Au electrode. The characteristics of the current density-

voltage (J-V) is signified in Figure 4.4 considering both cases of with and without DIO under AM 

1.5G solar illumination at one sun (100 mW/cm2). In this regard, the performance metrics of two 

fabricated devices of samples (with and without DIO additive) are listed in Table 1. The operating 

conditions of both devices are identical including the spin-speed to control the film thickness, 

temperatures of the thermal treatments, and the ratio of donor and acceptor constituents. The results 

of these experiments concluded that the weight ratio of donor: acceptor solutions in chloroform of 

1:1.5 was the optimal ratio to gain the optimal performance. Occasionally, [10] affirmed that 

adding 3 wt% of DIO to the solution would be an efficient option to enhance the nanoscale suitable 

phase separation. The highest Jsc of 5.03 mA/cm2 was associated for a fabricated device of with 

DIO (Figure 4.4). On the other hand, the lowest Jsc of 4.45 mA/cm2 was associated for a fabricated 

device of without DIO. Furthermore, an improvement of around 10% of Voc was also registered.  

Table 4.1 exhibits an improvement of 25% of solar cells device with DIO additive compared to 

without DIO. This is a considerable contribution since the fabricated organic solar cells devices 

of different electron transport layer (ETL) and hole transport layer (HTL) of DIO additive have 
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more than 5% of efficiency. [58]. Interestingly, this study investigated the performance of structure 

on the carrier behavior that recognizes the influence of additive DIO on the charge transport in the 

PCPDTBT: PC71BM layer. In this study, the PEDOT:PSS layer used to justify the hole transport 

toward the Au electrode. However, this study has excluded the effect of electron transport layer. 

The assessment of the electronic field and charge behavior using the SHG optical measurement 

method will be thoroughly presented in the upcoming sections.  

 

 

 Jsc (mA/cm2) Voc (V) FF (%) η (%) 

Without DIO 4.45 0.50 29 % 0.67 % 

With DIO 5.03 0.55 31 % 0.84 % 

 

Table 4.1. The performance of PCPDTBT: PC71BM blend films formed with and without DIO 
additive. 
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Figure 4.3. AFM images of BHJ films at different DIO concentrations in height mode 
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4.6 IPCE spectra 

The IPCE spectra was measured in this study to evaluate the influence of with and without DIO 

additive. Figure 3(a) presents that the improvement of the IPCE with DIO additive between 400 

to 900 nm of wavelength and AM 1.5G solar illumination that entailed an upgraded efficiency of 

25%. Meaningfully, an enhancement of IPCE would confirm an enhancement of light absorption, 

and improved charge and exciton dissociation [59]. Moreover, Figure 4.5 asserts the improvement 

of IPCE due to DIO additive besides achieving a marginal influence on the absorption spectra 

(Figure 4.5). to summarize, the EFISHG was successfully used to explore the enhancement of 

IPCE due to the improvement of carrier behavior and accumulated charges at the donor-accepter 

interface. 

 

Figure 4.4. Current density-voltage (J-V) characteristics of BHJ sandwich structures with and 
without DIO 
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4.7 Absorption spectra 

Evaluation of the absorption spectrum of the active layer is important to characterize the blend 

where the material type is correspondingly related to the absorbed light.  To critically achieved 

this, the absorption spectrum was conducted for both with and without DIO devices since the 

deposited material would hinder the movement of photons to get the lower layer. Figure 4.6 

illustrates the registered values of absorption spectra of with and without DIO devices. It is clearly 

noticed that there is no influence of adding DIO additive on the absorption spectra.  Moreover, the 

thickness of active layer is not predominantly affected by adding DIO additive.    

Figure 4.5. IPCE spectra of BHJ cells prepared with and without DIO 
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4.8 EFISHG Measurement  

4.8.1 Internal Field 

Basically, the internal field (𝐸⃑ P) between the PCPDTBT and PC71BM stimulates the movements 

of holes and electrons generated in BHJ layer toward PEDOT:PSS/Au and ITO electrode, 

respectively. However, it is important to apply an external voltage to generate the internal electric 

field. As mentioned, the electric field 𝐸⃑ (0) in Eq. (1) consists of three components: the external 

electric field (𝐸⃑ e), the space-charge field (𝐸⃑ s), and the internal electric field (𝐸⃑ P). In this regard, 

the EFISHG intensity measurements for two devices of with and without DIO are presented in 

Figure 4.7. with applying a range of +8 V to -8 V. This concluded an enhancement of EFISHG for 

PCPDTBT and PC71BM for 500 nm and 540 nm of wavelength, respectively. According to Eq. 1, 

the EFISHG intensity is proportionate to the square of the local field (𝐼2𝜔 ∝ |𝐸⃑ 0|
2
). In this regard, 

Figure 4.6.  Optical absorption spectra of BHJ layer prepared with and without DIO. 
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a minimum voltage of Ve=+0.6 V with DIO additive is enough to grow the SH intensity of 

PCPDTBT using 500 nm of SH wavelength. Occasionally, the positive value of voltage specifies 

the existence of the internal field directed from ITO to PEDOPT:PSS/Au electrode. The gained 

results are cooperative with the negative short-circuit current as depicted in Fig.2. Moreover, Fig. 

4 indicates the improvement of the internal field as a result to DIO additive. 
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4.8.2 Carrier Behavior 

The variation of SH intensity using EFISHG measurements against the operation time is illustrated 

in Fig. 5 for the sandwich structure BHJ devices with and without DIO additive between -3V and 

+3V. The variation of SH intensity is corresponding to the generated electrostatic field from 

electrode charges 𝐸⃑ e.   

Firstly, the period between t=0 and response time of the equivalent circuit tRC characterises by 

igniting the electrostatic field in the BHJ layer.  𝑡RC is dominantly related to the capacitance C of 

BHJ layer and resistance of ITO. In this regard, the generated SHG is correlated as |𝐸⃑ P + 𝐸⃑ e(t)|2. 

Moreover, the experimental findings of EFISHG measurements throughout the time is consistently 

agree with Eq. 2. 

              𝐸⃑ e (𝑡) = (
𝑉𝑒𝑥

𝑑
)(1 −exp ( −𝑡

𝑡RC
))                (2) 

Figure 4.7. SHG intensity of BHJ film with and without DIO at SH wavelength of 500 nm and 540 nm 
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This elucidated that 𝑡𝑅𝐶 = 𝑅𝑆 𝐶 = 10−7s with the ITO resistance of 102 Ω and BHJ capacitance 

of 10−9 F. Also, these results are accommodating the ones presented in Table 2 at 1.2 × 10−7s 

and 1.6 × 10−7s of operating time. Figure 4.8 confirms a considerable change of SHG intensity at 

operating time around 10−7. However, it is fair to assume fixed value of 𝑡𝑅𝐶 due to adding small 

amount of  DIO that would not impact the film thickness. In other words, 𝑡𝑅𝐶 is assumed constant 

for the two devices of with and without DIO as depicted in Table 2.  

Figure 4.2 (b) presents the estimation of charge accumulation at the donor and acceptor interface 

using an equivalent circuit model.  The charging process is labelled as the Maxwell-Wagner effect. 

This study specifies the modelling of PCPDTBT (donor) as electronic source with conductance 𝐺1 

and capacitance 𝐶1. Moreover, PC71BM (acceptor) was modelling using conductance 𝐺2 and 

capacitance 𝐶2. Based on this model,  the charges sourced from donor are moved at time 

constant 𝑡1 =
𝐶1

𝐺1
,  and received in acceptor at time constant 𝑡2 =

𝐶2

𝐺2
.   The constants are labelled as 

dielectric relaxation time. Eq. 5 is used to measure the accumulated charge along the interfacial 

area of donor and acceptor  

𝑄𝑠(𝑡) = 𝑄𝑠 (1 − 𝑒𝑥𝑝 (−
𝑡

𝑡𝑀𝑊
))     (3) 

after applying dc  voltage at t = 0. The time constant of the MW charging is given by 𝑡𝑀𝑊 =

(
𝐶1+𝐶2

𝐺1+𝐺2
 ). In the steady state, the amount of the accumulated charges are expressed by 

 

 

𝑄𝑠 =
𝐺1𝐺2

𝐺1+ 𝐺2
 𝑉 (𝑡2 − 𝑡1)          (4) 
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Since 𝑄𝑠 is the excess charge, it forms the space-charge field 𝐸⃑ s in the BHJ layer. 

Assuming that the BHJ layer is effectively modeled as a double layer of donor and acceptor, an 

effective space-charge field 𝐸⃑ s is expressed as 

   𝐸𝑠 = −
1

𝑑1
 

𝑄𝑠

𝐶1+𝐶2
             (5) 

in donor and 𝐸𝑠 = +
1

𝑑2
 

𝑄𝑠

𝐶1+𝐶2
 in the acceptor phase. Here, 𝑑1 and 𝑑2 are the effective thickness of 

donor and acceptor, 𝑄𝑠 is space charge, 𝐶1 and 𝐶2 are effective capacitance of donor and acceptor, 

respectively. Accordingly, assuming that donor is more conductive than acceptor [52,60], 𝑡1 is 

smaller than 𝑡2, and then 𝑄𝑠 > 0. As a result, the total electric field 𝐸⃑ e + 𝐸⃑ s in donor will decrease 

as the interfacial charge 𝑄𝑠 accumulates, and the electric field in acceptor will increase meanwhile.  

Table 2 summarizes the parameters such as relaxation times for the electrode charging 𝑡RC and 

interface charge relaxations (Maxwell-Wagner time) 𝑡MW estimated from the EFISHG 

measurements. The SHG measurement shows that the Maxwell-Wagner time constant 𝑡𝑀𝑊 

decreases after adding DIO in the BHJ, from 2.4 × 10−7s to 1.8 × 10−7s at +3 V, and from 

4.0 × 10−7s to 2.8 × 10−7s at -3 V. These imply that the relaxation time (tMW-tRC) decreases by 

DIO additive, because 𝑡RC is the same for devices with and without DIO. Table 2 also represents 

the estimated space-charge field 𝐸𝑠 and accumulated charge density 𝑄𝑠 in  BHJ. EFISHG result 

indicates that the space charge field 𝐸s is pointing in the opposite direction to the external field. 

At +3 V, 𝐸s is reduced from −1.1 × 107 V/cm to -8.2 × 106 V/cm by adding DIO. At -3 V, 𝐸s is 

decreased from +5.7 × 106 V/cm to +2.7 × 106 V/cm by adding DIO. As described in Eq. 5, 

reduction of  the space charge field 𝐸s originates from the decrease of the accumulated charge 𝑄𝑠.  

Actually, the results showed that 𝑄𝑠 is decreased from 5.0 × 10−8 C/cm2 to 3.9 × 10−8 C/cm2 at 



 
98 

 

+3 V by adding DIO. The EFISHG results demonstrate that the relaxation time (tMW-tRC), the space 

charge field 𝐸s, and interface charge 𝑄𝑠 are decreased by using DIO additive. This confirms that 

the size of the optimum domain produces the interface with similar relaxation times and leads to 

reducing the accumulate charge 𝑄𝑠 due to the MW-type charging. These effects contribute to the 

improvement of the device performance. It is noteworthy that the BHJ molecules bundle into large 

domains without DIO, a large average hopping distance between domains. An increased 

accumulated charge is caused by large domains. With DIO, the size of domains is reduced, and a 

smaller hopping distance is expected. The DIO contributes to a suitable internal field that drives 

the electrons toward the ITO electrode and holes toward the PEDOT: PSS/Au electrode and leads 

to improvement in efficiency performance. 
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Figure 4.8.  EFISHG measurement with applied voltage pulse in illumination condition. 
Relaxation times for the electrode charge tRC and interface charge relaxations tMW 
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Table 4.2. Comparison of SHG result for BHJ in sandwich structures without DIO and with DIO. 
Vex: External Voltages, tRC: the circuit response time that is given by tRC = RC, tMW: The 
response time of Maxwell-Wagner charging, Es: The space charge field, Qs: The accumulated 
charge density 

 

4.9 Conclusions 

This chapter focuses on applying EFISHG measurement to evaluate the influence of adding 3 wt% 

DIO solvent to PCPDTBT: PC71BM (BHJ). It is concluded that modifying the size of domains 

would vitally improve the performance of the BHJ layer. More specifically, the efficiency of BHJ 

was increased by around 25%. Interestingly, the SHG measurement is a feasible option to track the 

transportation of electrons and holes at the donor and acceptor and therefore aids to examine the 

associated electric field. However, it is important to justify the laser wavelength. Moreover, the 

internal electric field has improved by adding DIO. DIO additive has a considerable effect to 

decrease the relaxation time, interface charge and space charge field. Therefore, it is agreed that 

optimising of the domain size of interface is important to reduce the accumulated charge. This in 

turn would lead to enhance the performance of the PCPDTBT: PC71BM based BHJ film. 

BHJ without DIO 

SHG Vex tRC tMW Es Qs 

500 +3 V 1.2 × 10-7 s 2.4 × 10-7 s -1.1× 107 V/cm 5.0 ×10-8 C/cm2 

500 -3 V 1.6 × 10-7s 4 .0 × 10-7 s +5.7×106 V/cm 2.7 ×10-8 C/cm2 

540 +3 V 2.4 × 10-7 s 4.8 × 10-7 s -6.0× 107 V/cm 5.5 ×10-8 C/cm2 

540 -3 V 2.0 × 10-7 s 6.4 × 10-7 s +1.0× 107 V/cm 9.7 ×10-8 C/cm2 

BHJ with DIO 

SHG Vex tRC tMW Es Qs 

500 +3 V 1.3 × 10-7 s 1.8 × 10-7 s -8.2× 106 V/cm 3.9 ×10-8 C/cm2 

500 -3 V 1.6 × 10-7 s 2.8 × 10-7 s +2.7× 106 V/cm 1.3 ×10-8 C/cm2 

540 +3 V 2.4× 10-7 s 3.6 × 10-7 s -2.5× 106 V/cm 2.3 ×10-8 C/cm2 

540 -3 V 2.4 × 10-7 s 6.4 × 10-7 s +5.7× 106 V/cm 5.3 ×10-8 C/cm2 
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Chapter 5 

5 Investigation of Z907 Additive Effect on Carrier 

Transport in BHJ by EFISHG 

 
5.1 Introduction  

This chapter aims to experimentally conduct the Z907 with BHJ in solar cell measurement using 

the electric-field-induced optical second harmonic generation (EFISHG) measurement via laser 

wavelength. The prepared nanoparticles were added to the Z907 dye in order to study their effect 

on the carrier transport of the fabricated BHJ solar cell. From EIS investigation, a decrease in 

resistance is noticed from 5400 to 4300 in Z907’s device. This fall in resistance plays a role in 

improved photoelectrons which are formed in the BHJ layer indicating that the end of the electrode 

is reached without any loss. Occasionally, most results from EFISHG Measurement of the internal 

field, which is directed from Au to ITO electrode, have shown massive improvements. Moreover, 

this indicates that the improvement of the internal field is due to the Z907 additive. The enhanced 

performance is attributed to OSCs with Z907 which may scatter more photons to the substrate in 

comparison to the particle free solar cell. Thus, the carrier behavior in the solar cell is enhanced 

which subsequently results in efficiency enhancement of about 45%. 

5.2 General background 

A process that takes place in all plants and organisms that enables them to transform solar energy to 

chemical energy is known photosynthesis. This is where dyes and pigments are used for overall 

growth. As a result, research expertise decided to further study and focus on the photoexcitation 

of dye molecules where movement of charge takes place. This is especially in renewable energy 

applications which include all of the following areas: artificial photosynthesis,[1,2] water splitting 
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and fuel cells,[3−5] and photovoltaics (PVs).[6−9] Specifically in the field of photovoltaics, 

joining of dye molecules (also known as conjugated polymers) with inorganic electron accepting 

materials happens. This joining results in hybrid organic−inorganic materials which consist of 

solution-processability. This would be provided from an organic donor considering all of 

mechanical, environmental, and thermal stabilities of the inorganic acceptor. In fact, there are two 

forms of organic/metal oxide PV devices which are (1) “bulk hetero-junction” organic solar cells 

and (2) conjugated polymer/metal oxide devices. In the first type, excited electrons from both light 

absorbing active layer and hole-electron transport are accepted by a nanostructured porous metal 

oxide electrode. However, the second type differs because the polymer acts as both the light 

absorber and the hole conductor. When light is absorbed by a conjugated polymer, a bound 

electron−hole pair is generated which is called, an exciton. Moreover, in order to encourage 

exciton dissociation and electrons movement, great organic/inorganic interfacial areas are required 

for the excitonic origin of the photoexcited state. The electron flow would be from the conjugated 

polymer to the metal oxide [10-11]. In addition, transferring charges to individual electrodes must 

ensure every stage is continuous in the active layer. 

In order to gain BHJ-type morphologies in conjugated polymer/metal oxide films, a nanostructured 

metal oxide layer is manufactured. Then, the conjugated polymer is penetrated [12-13] ensuring 

the conjugated polymer is mixed with metal oxide nanoparticles [14−16]. Possibly, if not this, 

there should be a joining section for the conjugated polymer with appropriate metal oxide 

precursors [17,18]. As up-to-date research indicates, highly ordered BHJ morphologies are 

accomplished via dye self-assembled monolayers (SAMs) using ITO. This way, a significantly 

ordered conjugated metal is gained which consists of a mesostructured SAMs film. Anyhow, by 

using judicious selection of the structure-directing agents (SDA), closeness between the 
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conjugated polymer and the ITO framework is directly managed. In return, charge generation 

efficiency is also controlled [19]. Usually, any BHJ hybrid films would have a thickness of ∼200 

nm which leads them to powerfully absorb in the clear area of the electromagnetic spectrum. So 

far, almost all studies outlined a substandard photovoltaic performance where power conversion 

efficiencies would be less than 2% [20]. According to some experiments, the reduced extent of 

electronic coupling between organic conjugated polymer and inorganic metal oxide is the major 

cause for small charge generation efficiency [21,22]. However, it is necessary to consider that via 

bridging coordination bonding, dyes can be powerfully coupled. As a result, quick coherent 

electron injection takes place from the dye’s excited state to the ITO [10,24]. As well as this, there 

would be a methodical charge formation having a device efficacy of greater than 12%. As a matter 

of fact, when the conjugated polymer is used as the hole conductor, computations of incident 

photon-to-current efficiency for the solid-state OSCS prove that the major part of the photocurrent 

is produced as a result to dye excitation where the dye’s efficient electron injection is reflected 

reliably [25−27]. 

Actually, in order to develop the device’s performance, introducing dye molecules into conjugated 

polymer/metal oxide BHJ materials is the trick. This is because enhanced dye/metal oxide couple 

whilst ensuring the polymer-based device is simply evaluated and manufactured [28−30]. When it 

comes to gaining advantages from dye communication with the conjugated polymer/metal oxide 

BHJ materials, managing both dye’s location and chemical interconnections is important. To be 

more certain that dye/metal oxide interactions produce the electronic coupling, the dye molecules 

have to be pointed towards the hybrid inorganic−organic surface. This electronic coupling is vital 

to gather any electrons linked to the dye’s photoexcited state. The fact that dye molecules have an 

influence on the efficacy of a conjugated polymer/metal oxide device, was first outlined by Goh 
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et al. for bilayer devices [31]. To ensure improvement in both light harvesting and repression of 

charge recombination, depositing a monolayer of dye molecules has to take place between the ITO 

and the conjugated polymer. Thus, the devices’ efficacy is maximized. Various methods of dye 

integration into the conjugated polymer have been outlined in many studies that focus on BHJ 

devices. One of these methods is known is dye grafting onto ITO [28−30, 32-35]. Despite the 

success in developing these devices where photocurrent was well formed, however there was a 

poor electron transfer taking place between nanoparticles (nanorods), which hinders the device’s 

performance. 

5.3 Metal complexes (Z907) 

The metal Ruthenium was first found by a Russian scientist called Karl Ernst Claus in the year 

1844. In today’s world and even before, the maximum efficient cell performance for DSSC used 

Ruthenium complex dye derivatives. Primarily, Ruthenium is an infrequent transition metal which 

originates from the VIII group having a coordination number of 6. Moreover, it can form powerful 

bonds with immine group (-C=N-). Commonly, ruthenium complexes are known to bind to TiO2 

via carboxylic group (-COOH ) that is anchored to two 2-2’ bipyridine as illustrated in Figure. 5.1. 

 
Figure 5.1. Carboxylic group, 2,2 bipyridine group and isothiocyanate group (starting from the 

left side) 

 

Once examining the full compound, two isothiocyanate groups are located at the opposing side. 

Photoexcited electrons are noticed to move from the di-immine group all the way to the titanium 

substrate to the COOH group once the dye is added. For this scenario, titanium dioxide injection 
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occurs in a tiny period of time, femto (pico) seconds. In terms of charge, the positive charge density 

which is still found in the dye transfers to both Ru atom and isothiocyanate groups. This process 

takes place as a result to electrostatic repulsion. Thus, any recombination with the excited electrons 

is slowed due to the electrostatic forces. The commonly used types of ruthenium dyes include 

N719, N3, and black dyes. In general, all these mentioned dyes demonstrate an acceptable 

absorbance spectrum, however a reduced extinction coefficient when contrasted to various dyes 

such as K19 and Z907. 

For this study, a suitable dye for DSSC is referred to Z907 having the chemical name 

cisBis(isothiocyanato)(2,2’-bipyridyl4,4’-dicarboxylato)(4,4-di-nonyl-2-bipyridyl) ruthenium(II), 

as can be shown in Figure 5.2. 

 

Figure 5.2. Z907 chemical structures 

5.4 Sample fabrication 

The electron transporting layer of this device, Z907, is prepared by mixing 5.22 mg with 30 ml of 

ethanol solvent. The solution is kept in an ultrasonic bath for more than an hour until it fully 

dissolves, and a red colour is seen. The sample for this investigation is dipped in the solution and 

left on a surface temperature of about 35 ˚C for minimum 12 hours as illustrated in Figure 5.3. 

Once that is accomplished, the sample is cleaned twice using ethanol and then placed in an oven 

at a temperature of 70 ˚C for approximately 3 hours. The next step is to ensure the precipitated 
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sample is Z907 via absorption as demonstrated in Figure 5.4. Two solutions of the active layer of 

this device are prepared which are PCPDTBT: PC71BM. The first one is a concentrated solution 

made by mixing 10mg:15mg with 1 ml of chloroform solvent to produce 1:1.5 of PCPDTBT: 

PC71BM solution. An estimate of 100 nm thick PCPDTBT: PC71BM BHJ films were placed on 

top of PEDOT: PSS layers. Using thermal evaporation, the top gold (Au) electrode having a 

thickness of 100 nm was deposited as noted in Figure 5.5. 

 

Figure 5.3. The sample fabrication 

 

Figure 5.4. The absorption against the wavelength for three samples of Z907 
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Figure 5.5. Schematic structure of BHJ solar cells with Z907. 

 

5.5 I–V Characteristic  

The current density-voltage characteristics of OSCs with Z907 are shown in Figure 5.6. In order 

to make reliable comparison, the current density-voltage characteristic of the reference OSCs 

without Z907 is also provided. Any data gained from J-V curve measurements regarding cell’s 

performance are outlined in Table 5.1.  The findings state that an increase in photocurrent density 

(JSC) is noted to be from 4.54 to 5.38. In addition, open-circuit voltage (VOC) also increases from 

0.50 to 0.59 for OSCs with Z907. These results were compared to the OSCs that had no Z907. It 

is worth noting that as JSC increases, power conversion efficiency also increases directly. By using 

OSCs with Z907, an improved cell performance is obtained which enhances charge extraction to 

the substrate in comparison to the Z907 free solar cell. The efficiency achieved by the OSCs using 

Z907 was 0.98% with an efficiency enhancement of ~45 % compared to the OSCs without Z907. 

Table 5.1. The cell’s performance based on data gained from J-V curve measurements  

Inverted structure Voc (V) Jsc (mA/cm2) FF (%) ɳ (%) 

BHJ 0.50 4.54 29  0.67 

With Z-907 0.59 5.38 29  0.98  
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Figure 5.6. The relation between current density and supplied voltage of OSCs with Z907  

5.6 IPCE spectra 

In this work, the IPCE spectra is computed in order to analyse the impact of the device with and 

without the Z907 additive. Figure 5.7 presents that improvement of the IPCE device with Z907 

additive had a wavelength range of 400-900 nm and AM 1.5G solar illumination which led to a 

developed efficiency of 45 %. Correspondingly, any improvements noticed in the IPCE indicate 

an improvement in light absorption and charge and exciton dissociation [36]. Moreover, Figure 

5.7 declares that IPCE improvement is due to the Z907 additive. As well as this, a marginal 

influence on the absorption spectra is achieved as noticed in Figure 5.8. To sum up, the EFISHG 

was successfully used to discover the enhancement of IPCE due to the improvement of carrier 

behavior and charge extraction at both polymer/metal oxide BHJ materials and devices.  
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Figure 5.6. The relation between IPCE and wavelength of Z907 and BHJ 

 

5.7 Absorption spectra 

Analyzing the absorption spectrum of the active layer is significant in distinguishing the blend 

where the material type is correspondingly linked to the absorbed light. This was critically 

achieved by conducting the absorption spectrum for both with and without Z907 devices since the 

deposited material slows down the movement of photons to get the lower layer. Figure 5.8 

illustrates the registered values of absorption spectra for with and without Z907 device. It is clearly 

noticed that there is no influence of adding Z907 additive on the absorption spectra. Furthermore, 

the thickness of active layer is not predominantly affected by the added Z907 additive.   
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Figure 5.8. The variation of absorption vs wavelength for with and without adding Z907 to BHJ  

 

5.8 Electrochemical impedance spectroscopy (EIS)  

To gain a complete comprehension of the developed performance, impedance spectroscopic 

measurements were carried out to discover the device’s resistance as illustrated in Figure 5.9. In 

general, the resistance is concluded from the diameter of the semicircle [37]. Using Z907, a fall in 

resistance is noted to be 5400 to 4300. Thus, both an enhanced photocurrent and FF are achieved 

as a result to developing transport properties which will be described later in this study.  
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Figure 5.9. The impact of Z image on Z real for BHJ and Z907 

 

As seen from Figure 5.10, the Randles cell is regarded as one of the uncomplicated and popular 

cell models. This cell consists of a double layer capacitor, a solution resistance, and a charge 

transfer (also known as polarization resistance). The Randles cell has proved to be a convenient 

cell where it is the initial point for complicated cell models. For this model, the following equations 

are used for both the real part of the impedance 𝑍′ and the imaginary part of the impedance 𝑍′′. 

Z′ =
1

R
1

R2+ ω2C2
                (5.1) 

Z" =  
ω C

1

R2+ ω2C2
                (5.2) 

Furthermore, resistors for the cell were computed where series resistance was reduced from 300 

to 500 after adding Z907. 
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Figure 5.10. The consistency of Z image and Z real for BHJ and Z907 calculations towards the 
measurements 

 

5.9 EFISHG Measurement  

5.9.1 Internal Field 

Basically, the internal field (𝐸⃑ P) between PCPDTBT and PC71BM stimulates the movements of 

holes where electrons generate in BHJ layer towards both Au and ITO electrode, respectively. 

However, applying an external voltage is required in order to generate internal electric field. 

Typically, it is known that the electric field 𝐸⃑ (0) in Z907 consists of three components: the external 

electric field (𝐸⃑ e), the space-charge field (𝐸⃑ s), and the internal electric field (𝐸⃑ P). Regarding this, 

Figure 5.11 shows EFISHG intensity measurements for the two devices containing with and 

without Z907. The measurements were performed using a voltage range of +8 V to -8 V. 

Independently, an improvement in EFISHG is observed for both PCPDTBT and PC71BM having 
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a wavelength of 500 nm and 540 nm, respectively. According to Eq. 1, the EFISHG intensity is 

proportional to the square of the local field (𝐼2𝜔 ∝ |𝐸⃑ 0|
2
). There is an applied minimum voltage of 

Ve= +1.8 V in each device in addition to the SH intensity of PCPDTBT using an SH wavelength 

of 500 nm. However, the SH intensity of PC71BM used an SH wavelength of 540 nm. It is notable 

to say that the minimum voltage has increased by Ve=+0.4V in Z907. Periodically, when voltage 

has a negative value, the process of internal field being directed from Au to ITO electrode has 

improved. Moreover, improvement in the internal field due to Z907 additive is clearly shown in 

Figure 5.11. 

Figure 5.11. The SH intensity measurements of with and without Z907 against the voltage 

variation 

 

5.9.2 Carrier Behavior 

The alterations in SH intensity once EFISHG measurements were carried out against operational 

time are depicted in Figure 5.12. The conditions emphasized the use of OSCs devices both with 

and without Z907 additive for a voltage ranging from -3V and +3V. Specifically, the changes in 

SH intensity correspond greatly to the generated electrostatic field from electrode charges 𝐸⃑ e. 
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First, the findings from EFISHG measurements for the Z907 layer justify there is no alteration in 

SHG intensity when +3V was applied. This is because no impact was given by the donor layer.  

When examining Figure 5.12, the green color represents time from t = 0 to response time of the 

equivalent circuit tRC. This is distinguished via igniting the electrostatic field in the BHJ layer.  𝑡RC 

is dominantly linked to both the capacitance C of BHJ layer and resistance of ITO. Therefore, the 

generated SHG is agreed to be expressed as |𝐸⃑ P + 𝐸⃑ e(t)|2. Moreover, an interesting note is that 

experimental results from EFISHG measurements throughout time were compatible for both with 

and without Z907. On the other hand, the brown color represents the approximation of charge 

accumulation at both the donor and acceptor interface via an equivalent circuit model. It is 

important to consider that the charging process is also named as the Maxwell-Wagner effect. In 

this work, the emphasis is on modelling PCPDTBT (donor) as an electronic source with the two 

of conductance 𝐺1 and capacitance 𝐶1. Besides, modelling of PC71BM (acceptor) was by using 

conductance 𝐺2 and capacitance 𝐶2. For this model, all charges provided by the donor have moved 

at time constant 𝑡1 =
𝐶1

𝐺1
,  and were gained in acceptor at time constant 𝑡2 =

𝐶2

𝐺2
.  These constants 

are classified as dielectric relaxation time. The measure in accumulated charge along the interfacial 

area of donor and acceptor is similar for both with and without the addition of Z907 layer. Further 

analysis of Figure 5.12 illustrates that the blue color is an indoor field in PC71BM. This is where 

the Z907 has developed charge transport of electrons in the acceptor material. In terms of the 

yellow color, it points out the charge collection for the device. Normally, OSCs are popular for 

having a structure split into various sections: both of BHJ and the electrode linked together. When 

looking at the end of the acceptor material, basically there is an anchoring bound of BHJ to the 

ITO. The charge-transfer complex has unstable forces of attraction which are weaker than covalent 

forces. As a result, charge accumulation takes place between interface acceptor material and ITO. 
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This layer is agreed to have an engagement in electronic transition into ITO. As a carbon chain is 

formed, there is a bridge built between the acceptor and ITO. Therefore, this reduces charge 

recombination and elevates up charge collection for the device. 

 

Figure 5.12. The influence of SH intensity with the time for BHJ and Z907 

5.10 Conclusions 

The electric-field-induced optical second harmonic generation (EFISHG) measurement via laser 

wavelength was used in this chapter to experimentally conduct the measurements of Z907 with 

BHJ in solar cell. This enables to study the influence of adding the nanoparticles to the Z907 dye 

on the carrier transport of the fabricated BHJ solar cell. The results of EFISHG measurement 

showed a drop in the resistance due to adding the Z907. This in turn has improved photoelectrons 

which are formed in the BHJ layer and internal field that instructed from Au to ITO electrode. 

Statistically, the efficiency of solar cell was enhanced by 45% due to the enhancement of the carrier 

behavior in the solar cell. 
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Chapter 6 

6 General conclusions  
6.1 Summary 

Throughout this study, the main aim was to build a specialized model which enables the analysis 

of carrier behaviors in BHJ to take place. The overall focus was on enhancing the performance of 

OSCs. Specifically, the research uses the optical measurements of EFISHG which probe carrier 

behaviors in materials instantly. The main conclusions that can be drawn from this dissertation are 

as follow.  

Chapter 1 includes a good summary on background information regarding OSCs. Besides this, 

literature reviews and operational mechanisms of OSCs in materials were included ensuring they 

were based accurate information from the photovoltaic field. Once examining the first chapter of 

this study, the major intention is understood. When it comes to the structure of OSCs, although 

massive growth is noticed in power conversion efficiency of photovoltaic cells, a major gap is still 

present in comprehending some behaviors like carrier injection and transport process. According 

to, this work aims to solve some of these mysteries.  

The second chapter presents the required information regarding the most suitable materials used 

for processing each layer of the OPV device. In addition, thorough information were provided for 

experimental deposition techniques, as well as measurement computations. To fully understand 

and select a systematic measurement technique, this chapter critically evaluates a technique called; 

electric field induced second-harmonic generation (EFISHG). At last, this chapter benefits from 

the Maxwell-Wagner model which is associated with physical actions for charge accumulation 

occurring in the interface. 
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Chapter 3 explores carrier behaviors in BHJ OSCs using EFISHG measurements. It is concluded 

that circuit response time between positive and negative voltages is approximately identical. 

However, for Maxwell–Wagner-type interfacial charging taking place between positive and 

negative voltages, a notable variation was noted for response time. In particular, this illustrated 

electrons accumulation (Qs) in the interfacial area between the donor and the acceptor. 

Consequently, it was found that accumulated electrons in the donor side (PCPDTBT) were lesser 

than electrons at the acceptor (PC71BM). In return, total efficacy of the bulk heterojunction OSCs 

was significantly impacted.   

The fourth chapter emphasizes on the EFISHG measurement application in order to analyze the 

impact of adding 3 wt% DIO solvent to PCPDTBT: PC71BM (BHJ). From this chapter, it is agreed 

on that altering the size of domains vitally enhances BHJ layer performance. To be more precise, 

BHJ’s efficiency has increased by approximately 25%. In fact, by using SHG measurement, 

managing both electrons transportation and holes at donor and acceptor is possible. Thus, 

examining the associated electric field is feasible. However, it is necessary to justify laser 

wavelength. Furthermore, no influence was noticed in the internal electric field when DIO was 

added. In general, DIO additive is known to decrease all of relaxation time, interface charge and 

space charge field. Therefore, it is agreed on that optimizing domain size of the interface would 

affect the reduction of accumulated charge. Overall, the performance of the PCPDTBT: PC71BM 

based BHJ film was massively improved.  

Chapter 5 points out some experimental work where the Z907 was tested with BHJ in solar cells. 

The measurements were carried out using electric-field-induced optical second harmonic 

generation (EFISHG) at laser wavelength. To study the influence of nanoparticles on carrier 

transport in fabricated BHJ solar cells, few prepared nanoparticles were added to Z907 dye.  From 
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EIS investigation, a drop in resistance was clearly observed to be from 5400 to 4300 in the device 

using the Z907. It is most likely that this fall in resistance has improved photoelectrons which are 

produced in the BHJ layer. Specifically, they reached the end of the electrode without any loss 

taking place. Occasionally, the findings from EFISHG measurements of the internal field, which 

was directed from Au to ITO electrode, have developed majorly. Besides, the internal field has 

also been improved due to Z907 additive. The enhanced performance of the OSCs when Z907 is 

used, a greater number of photons were scattered to the substrate in comparison to particle free 

solar cells. In conclusion, an improvement in carrier behavior in solar cells is perceived. This 

subsequently results in an enhancement of efficiency of about 45 %. 

Eventually, below are several conclusions that are fully delivered from this thesis: 

➢ EFISHG methods were utilized in order to investigate BHJ OSCs. 

➢ The chosen probed SHG measurement is beneficial in examining both electrons and holes 

behaviors in BHJ OSCs. 

➢ A clear picture for both carrier behaviors and interfacial charging of OSCs were established 

according to the field of dielectric physics. 

➢ DIO alters the morphology of BHJ and causes balanced hole and electron transport in solar 

cells (efficiency higher by 25%). 

➢ Adding metal complexes such as Z-907 contributes to enhance the charge extraction 

(efficiency higher by 45%). 
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6.2 Further work 

The future work plan is to study the interfacial properties and carrier behavior in OSCs with 

complicated structure and other optimized treatment. The main content of my proposed research 

is consisting of part: 

Design new experimental methods for direct observing carrier relaxation inside tandem 

(multijunction) OSCs based on SHG technique. Study the carrier behavior inside tandem OSCs, 

including current path across the blended film, carrier relaxation and accumulation inside the 

multijunction layer, trapping mechanism and so on. Investigate the quenching behavior happened 

on the interface between blended film and metal electrodes by using SHG technique and also study 

the contribution of blocking layer taking into account of dielectric performance of the organic 

layer. Study the probable influence of evaporation speed and composition ratio of blended film on 

the carrier relaxation and transport. 
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