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Abstract 

Although the main advantages of organic photovoltaics (OPVs) include low-cost, 

lightweight, large area available and compatible with flexible and transparent 

substrates, the power conversion efficiency (PCE) is still low for real application. The 

key problems with OPVs have not been solved. Some of the primary culprits such as 

narrow absorption band and short exciton diffusion length in organic semiconductors 

are still hindering the solar radiation utility of organic solar cells. In the thesis, a 

multijunction structure was designed for broadening light absorption and a novel thin 

film deposition method was adopted to generate a crystallized thin film with a 

long-range exciton diffusion length. Both of them might provide alternative solutions 

for the inefficient light absorption and exciton employment in organic solar cells.  

At first, the mechanism of S-shape characteristic current-voltage (I-V) curve in 

solar cell characterization was investigated by experiments and numerical simulation. 

The finding indicates that the inefficient charge extraction can to a large extent induce 

the kink in I-V curve, especially in the low mobility organic semiconductor 

photovoltaic devices. The charge accumulation within the device can cause a serious 

recombination problem, which will modulate the normal exponential I-V curve into 

S-shape. This part of research provided a guideline for avoiding S-shape when 

designing OPVs device especially for the high performance tandem devices which 

easily formed charge accumulation with the inefficient intermediate layers involving.         

With the secondary dye added, a multijunction structure was designed to broaden 
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light absorption spectra which mimicked the photosynthesis in natural green leaves, 

where the pigments (primary chlorophylls and carotenoids) complementarily absorb 

light energy and then transfer into the reaction center. Comparing with tandem 

structure, which was conventionally used for complementary light absorption, the 

recombination centers can be eliminated in our design which will reduce the 

complexity of fabrication processing. As a result, the short circuit current was 

improved around 50% with maintaining the value of open circuit voltage in our 

devices. 

Finally, to overcome the limitation brought forward by short exciton diffusion 

length in organic semiconductor thin films, a crystallized boron subphthalocyanine 

chloride (SubPc) thin film was grown on negative electrode using solution method. In 

this novel thin film growth technique, the surface charges were suggested to promote 

the nucleation of SubPc molecules on the substrate. The crystallized thin film 

structure was characterized by GIXRD and TEM techniques and results indicated a 

turbostratic-graphite-like structure. With the preferred molecule packing, the exciton 

diffusion length was measured up to five-fold increase comparing with that in the 

thermal evaporated amorphous thin film.  
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Chapter 1 

Introduction 

Due to the rapid global population increase especially for my homeland China, 

the annual energy consumption has a significant increase in the last decade. 

Meanwhile, the increasing environmental pollution arising from combustion of fossil 

fuels makes us aware of the urgency in developing renewable and green energy 

sources. Among different renewable energy resources, solar energy is one of the 

highest potential candidates for future energy. In fact, the photosynthesis in our plant 

produces the most energy for the lives living on the earth. Until now, the photovoltaic 

as one form of solar energy has developed into the third generation from the first 

modern cell developed in 1954 at Bell laboratories,1 which adopted   

nanotechnologies. Although solar cells are very attractive in solving the energy 

problems in the world, the manufacturing processes of silicon-based or other thin film 

based devices like cadmium telluride (CdTe) solar cells would also generate a lot of 

pollutants from strong acid to toxic metals like lead, mercury and cadmium. 

Furthermore, the costs of the raw materials and the specific fabrication equipment also 

significantly affect the manufacturing cost of these solar cells and these also hinder 

the growing ubiquity of solar cells. Organic solar cells (OSCs) with low-cost feature 

have triggered the academic and industrial interests. The prototype of OSCs can be 

seen as mimicking the photosynthesis in the natural green leaves that converts the 

solar radiation energy into electronic excitation energy, which is finally stored as the 
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chemical energy form. Such a process involves the energy transfer and charge transfer 

in the reaction center of chloroplast. In fact, the transfer processes dominate the whole 

photogeneration in organic photovoltaics as well and it is important to understand 

these charge transfer and energy transfer processes for improving the power 

conversion efficiency of organic solar cells. The following will present the outline of 

the thesis. 

The present work was developed based on the two fundamental transfer 

processes: Marcus charge transfer and Förster resonance energy transfer theory, which 

will be discussed in chapter two. Then the working principle of organic solar cells 

such as exciton generation, diffusion and dissociation into free charge carriers at 

donor/acceptor interface, charge transfer and collection by electrodes were described. 

Among these processes, the first step after light absorption can be interpreted as an 

energy transfer process in which the excitation energy exists in the form of excitons. 

The remaining are indeed charge transfer processes including hetero- and 

homo-molecular charge transfer and the charge transfer between molecules and 

electrodes.  

In chapter three, the experimental parts applied in this thesis were described in 

detail, from the OSCs device fabrication to the basic characterizations including 

current density-voltage (J-V), capacitance-voltage (C-V), and external quantum 

efficiency (EQE) as well as the thin film characterizations, for instance atomic force 

microscopy (AFM), grazing incidence X-ray diffraction (GIXRD) and TEM 

techniques. Finally, for the exciton diffusion length measurement, the spectrally 
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resolution photoluminescence quenching method was adopted and discussed.  

With the S-shape characteristic in current density-voltage curve, the performance 

of solar cells will be greatly reduced due to its poor fill factor. In chapter four, the 

mechanism of S-shape current-voltage curve was investigated by intentionally 

inducing the charge accumulation at the cathode contact interface. As a matter of fact, 

it is the research on what will be happened when there is a barrier at the charge 

transfer process between organic molecules and electrode. 

In chapter five, a multijunction design (TTPA/SubPc/C60) was employed for 

broadening the light absorption. Similar with the photosynthesis in natural green 

leaves, a secondary complementary light absorber was added into the active layers, in 

which Marcus charge transfer process was suggested to dominate this working 

multijunction device. Through performing photoluminesence measurements and 

examining the single TTPA/SubPc device, we confirmed that there were two 

heterojunctions (TTPA/SubPc and SubPc/C60) formed for driving exciton dissociation, 

which will provide an alternative way to exploit wider solar spectra for planar 

structure devices. 

In chapter six, a crystallized boron subphthalocyanine chloride (SubPc) thin film 

was grown under assistance with negative surface charges and the growth mechanism 

of this novel technology is discussed as well. With the spectrally 

resolution-photoluminescence quenching method, the exciton diffusion length can be 

measured up to 95±2nm, five-fold larger than that in the thermal evaporated 

amorphous thin film. The crystallized SubPc thin film with a long-range exciton 
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diffusion length can be expected to make a role on enhancing the performance of 

organic solar cells. 

In chapter seven, the conclusion of the thesis and future work was provided. The 

research roadmap of this thesis can be summarized from structure design to material 

modification, and will develop into the more microscopic domains, hetero- and 

homo-molecular energy transfer and charge transfer in the future work for giving a 

deep insight into the working principle of organic solar cells.	  
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Chapter 2 

Background of organic solar cells and 
literature review 

 2.1 Introduction 

Rapid increase of power conversion efficiency (PCE) of organic solar cells 

(OSCs) has triggered great scientific and economic interests in solar cells since last 

decade. Today, the solar PCEs of 6-8% have been commonly reported in the different 

laboratories around the world2,3. As the component for this low-cost photovoltaic 

devices, organic semiconductors have their own unique features like, (i) the high 

extinction coefficient, (ii) tunable optical and electronic properties, and (iii) 

inexpensive processing capabilities.3,4 In the current chapter, I will describe some 

typical organic semiconducting materials and their related processing methods. After 

that, two fundamental theories on energy transfer and charge transfer will be 

introduced, which dominate organic solar cell operation. At the last part of this 

chapter, I will specify the working principles of organic solar cells which involve 

exciton generation, transportation, dissociation prior to free charge carrier generation 

and collection by electrodes. 

2.2 Typical small molecule organic semiconductors and 

the related processing methods 

It is well accepted that general organic solids are quite electrical insulating. 
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However, in certain organic materials having π-conjugated systems as the constituent 

materials, electrons can transfer between molecules via π-electron cloud by hopping 

or tunneling, which can be therefore categorized into semiconductors due to their 

electrical properties. Generally, classical theories based on inorganic semiconductors 

are used for understanding the electronic properties in organic semiconductors, such 

as electrons, holes, motility, optical bandgap and phonon-assisted charge transfer. 

Although the charge carrier transport is dependent on the π-bonding orbital and 

quantum mechanical wave overlap, certain of these inorganic principles can explain 

the observations in organic semiconductors well.  

In general, the organic semiconductor family is divided into two categories 

according to molecule weight: light weight small molecules and long chain polymers. 

And the following research almost exclusively discusses small molecule 

semiconductors and their application in organic solar cells.  

The small molecule semiconducting organic solids are composed of aggregates of 

discrete molecules typically held together by weak Van der Waals force. To certain 

extent, the optical properties of amorphous organic thin films still maintain the basic 

properties of single molecules. Different from inorganic semiconductors which have a 

continuous absorption spectra of photons with energy greater than their band gap, 

organic semiconductors have well-defined electronic transitions that are relatively 

quite narrow in general. On the other hand, the electronic properties of organic 

semiconductors are also strongly depending on the overlap of the neighboring 

molecule orbits. As a result, the electronic transport in organic semiconductors isn’t a 
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band-like transportation rather than a thermo-activated hopping, which is dependent 

on the temperature and electric field. Typically, the mobility of organic 

semiconductors is rather lower than the inorganic crystallized semiconductors, ranged 

from 10-8 to 10-1 cm2/s.V.5 

The conventionally used lightweight organic semiconductors in solar cells are 

phthalocyanine, acene families (e.g. CuPc, SubPc, pentacene and tetracene as donors), 

fullerenes (C60, C70 as typical acceptors). Figure 2.1 demonstrates the extinction 

coefficient of several neat films that can convert into absorption coefficient by the 

formula  α = 4πk λ. The magnitude and full width of half maximum (FWHM) peak 

of the absorption spectrum of a photoactive layer determines to a large extent its 

potential for harvesting the solar radiation. The related electronic and optical 

properties are summarized in Table 2.1. 
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Figure 2.1 The typical organic small molecular semiconductors used in solar cells, 

CuPc and Pentacene used as donor semiconductors, C60 is acceptor material and BCP 

is conventionally used as exciton blocking layer (described later). The graph shows 

the extinction coefficient for the neat film of each material.6 



9	  
	  

Table 2.1 Summary of optical and electronic properties of some small molecules used 

in organic solar cells, including ionization potential (IP), electron affinity (EA), 

optical energy gap (Eopt), mobility (µ), and exciton diffusion length (LED). References 

are given. 

Materials IP(-eV) EV(-eV) Eopt(eV) µ(cm2/s.V) LD(nm) 

CuPc 5.24 3.53 1.73 7.4×10-4[7] 10±3[3] 

Pentacene 5.18 3.07 1.97 1.5×10-1[6] 65±16[3] 

SubPc 5.69 3.69 3.09 10-5[10] 8~20[11,12] 

C60 6.23 4.53 1.73 5.1×10-2[6] 40±5[3] 

BCP 7.013 3.512 3.512 5.5×10-6[14] — 

 In general, for the small molecule materials with a low sublimating point, 

thermal evaporation is the commonly used processing method. In thermal evaporation, 

powder form of organic materials are sublimated onto substrate through the resistively 

heated crucible. Since the deposition pressure is in the order of 10-7 torr, the mean 

free path15 of the organic molecules is around 102 m which allows molecules 

rectilinear transport from the source to the substrate as shown in Figure 2.2. The 

deposition rate is controlled by the crucible or Knudsen boat temperature and usually 

maintain at 1~10 Å/s. Gold crystal balance is used to monitor the actual deposition 

rate and the thickness of thermal evaporated thin films. The advantage of thermal 

evaporation is the compatibility of multilayer devices and precise thickness control 

(nm resolution), which is extremely important for device design when different 

functional layers can be applied. 
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Figure 2.2 Schematic of the vacuum thermal evaporation process; Substrate is fixed 

on top of material source, with a heated degassing system (From S. Babar. Corp.) 

	  

The other processing method for the soluble small molecule semiconductors is by 

solution processing,16 which has received more and more attention recently in the 

research community and industries due to their simple processing techniques, 

including large area ink-printing17, screen printing18, spray coating19, roll-to-roll 

printing20. However, until now the PCEs of soluble small molecules are still lower 

than that of other soluble polymeric counterparts21. As a result, most of the attention 

on organic semiconductors has been focused on the polymer bulk heterojunction 

(PBH) solar cells. A combination of polymer design, morphology control and device 

engineering has produced PCEs range from 6% to 8% for the conjugated 

polymer/fullerene systems in the laboratories.22 For that kind of solution-processing 

materials, spin-coating is a kind of laboratory frequently used technique, which is 

focusing on the small area and reproducible. 
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In the spin-coating process, an excess amount of solution is dropped on the 

substrate, and then rotated at a high speed for the fluid to spread out by the centrifugal 

force, as shown in Figure 2.3 (a). The thickness of the spin-coated film is a critical 

parameter, which is dependent on the accelerated rate, operation time used, solvent 

viscosity, substrate surface condition and especially for spin speed. For instance, 

Figure2.3 (b) shows the relationship of the thickness versus spin speed for the 

commercial available polymer, Poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS, H. C. Stark). Prior to obtaining a near saturation 

value, the thickness of the spin-coated thin film will be steeply reduced versus the 

spin speed, which in general takes the way of power law ℎ ∝ !!!, where h denotes 

the thickness of spin-coated thin film, ω is the spin speed, and the parameter b is 

mainly dependent on the solvent evaporation rate and concentration of solution. 23 
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Figure 2.3 Spin-coating for organic thin film; (a) the typically fabrication processes, 

(b) the thickness of PEDOT: PSS versus spin speed (From H. C. Stark Corp).  
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The spin coating method is a promising way to fabricate these soluble organic 

materials, due to its simplicity and non-vacuum fabrication condition. However, it is 

not suitable for complicated device structure with accurate thickness requirement, 

such as multi-layer and tandem planar devices, since the upcoming layer could affect 

the deposited layers. Although the spin coating has the disadvantages in multilayer 

deposition, it is still the most effective method for bulk heterojunction devices in the 

current stage. 

2.3 Device architectures of organic solar cells 

    For an organic solar cell, the core of device is the asymmetric electronic structure 

that is used to split the excitons into free charge carriers and sweep charges out of 

device. In this section, the device architectures of organic solar cells are reviewed and 

assigned into different groups according to exciton dissociation and free charge 

transport pathways, as well as the exciton dissociation position within the active layer 

of devices.     

2.3.1 Single layer schottky junction 

The single layer organic solar cell is one of simplest organic solar cells’ 

structures, where the organic semiconductor layer is sandwiched between two 

conducting electrodes with different workfunction. The basic structure is illuminated 
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in the Figure 2.4, which can be seen as a metal-insulator-metal model (MIM) or 

Schottky diode. As a matter of fact, it is formed between the transparent anode with 

high workfunction such as indium doped tin oxide (ITO) and fluorine doped tin oxide 

(FTO) glasses, and low workfunction metals, for example aluminum (Al), silver (Ag) 

and magnesium (Mg). The workfunction difference between two electrodes is 

important for the schottky junction, which determines the electric field within device 

for dissociating the photogenerated excitons and driving the charge carriers. In the 

Figure 2.4, the situation is illuminated in the case of an Schottky junction composed 

with ITO/Organic/Al. After Fermi level alignment throughout the whole device, a 

resulting band bending formed due to the difference of two electrodes, which 

corresponds to an electric field. However, due to the exciton diffusion length (LED) for 

most organic semiconductor films are below 20nm,24 only those excitons generated in 

a small region within LEX near the contacts contribute to the photocurrent. Therefore, 

these devices generally present low current density and field-dependent charge carrier 

collection properties. 
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Figure 2.4 Schematic of a single layer schottky device composed by ITO/Organic/Al. 

Photogenerated exciton can be dissociated in the electric field formed by the 

difference between electrode workfunction. 

 

2.3.2 Bilayer planar heterojunction 

Due to the limits faced by the single layer devices that low exciton dissociation 

rate, the bilayer planar heterojunction organic solar cell was proposed by Tang25 in 

1986. The two organic layers, a copper phthalocyanine (CuPc) and a perylene 

derivative, were sandwiched between an ITO and Ag electrodes, and interestingly 

observed one of the hitherto most efficient organic photovoltaic devices. The high 

efficient separation of the excitons at the bilayer interface resulted in a highly 
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improved performance of solar cells. The structure of a bilayer heterojunction organic 

solar cell is similar with the typical silicon based p-n junction device, in which the 

electron donor layer is coupled with the acceptor layer. Rather than the depletion 

region formed in p-n junction, for the intrinsic and light-doped organic 

semiconductors, it is hard for depletion region forming at the donor/acceptor contact. 

Actually, the driving force of the exciton dissociation is the affinity energy offset 

between the donor and acceptor as shown in the Figure 2.5. The bilayer organic 

semiconductors are sandwiched between two electrodes, which match the donor 

HOMO level with anode and the acceptor LUMO level with cathode for efficient 

extraction of the corresponding photogenerated charge carrier, respectively.  

One of the advantages over the single layer device is the charge carrier 

transportation process. After the excitons dissociation at the D/A interface, the 

electrons transport within the acceptor part, and meanwhile the holes transport within 

the donor part as shown in Figure 2.5. Therefore, the charge carriers, holes and 

electrons, are effectively separated from each other. As a result the probability of 

recombination will be greatly reduced.  

However, due to the location requirement of exciton dissociation; namely the 

exciton must diffuse into the D/A interface, this kind of structure is also an exciton 

diffusion limitation device that limits the active absorber layer thickness and further 

reduces the light utility in the bilayer device. As a result, the photocurrent is hard to 

be enhanced with the thin absorber layer in the device (dependents on exciton 

diffusion length of organic semiconductors).  
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Figure 2.5 Schematic of a bilayer planar heterojunction organic solar cell. The donor 

layer (D) contacts with the high workfunction anode (ITO) and the acceptor (A) layer 

contacts with the low work function metal (Al), to achieve preferred hole and electron 

collection, respectively. Photogenerated exciton can only be dissociated at the D/A 

interface. Thus this kind of structure is exciton diffusion limit. 
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2.3.3 Bulk heterojunction 

As identifying the limitations of bilayer structure, it is straightforwardly bear in 

mind that greatly enlarging the donor/acceptor (D/A) interface area and controlling 

the material domain size within the exciton diffusion length. The bulk heterojunction 

device was, therefore, proposed to overcome the limits mentioned above.  

The essence of organic bulk heterojunction is that the donor and acceptor 

molecules are intimately mixed in order for the large interface area and making sure 

the materials domain size less than the exciton diffusion length. The related energy 

diagram is demonstrated in Figure 2.6 with neglecting all kinds of interfacial energy 

alignments. As the D/A interface being dispersed throughout the active layer, no loss 

happens due to the short exciton diffusion length, because ideally all excitons will 

arrive at the nearest interface within their lifetime. Actually, the near 100% internal 

quantum efficiency (IQE) has been reported in polymer bulk heterojunction organic 

solar cells, after carefully control of morphology of bulk materials.26 Therefore, the 

main advantage of bulk heterojunction over bilayer structure is that the thickness of 

active layer can be largely enhanced even beyond tens of exciton diffusion length.  

Other than the domain size control, the percolation of each component in active 

layer is also required for high efficiency solar cells in order to make sure all the 

charge carriers derived from exciton dissociation are collected by the electrodes. 

Namely, the donor and acceptor phases have to form a bicontinuous and 

interpenetrating network for the electrons and holes transportation within respective 

parts. The nanoscale morphology control forming a percolation structure with 
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nanometer size phase separation is challenging until now for high performance 

organic bulk heterojunction solar cells, which can be usually improved by using 

thermal annealing and additives methods.27 In addition, due to the interpenetrating 

network and its large interface area, the bimolecular recombination is largely 

enhanced where the electrons in acceptors have a large chance of meeting the holes in 

donors. This loss channel can be thought of the dominated recombination pathway in 

many kinds of bulk heterojunction organic solar cells. 

 

 

 

Figure 2.6 Schematic of the bulk heterojunction device. The donor (D) is blended 

with the acceptor (A) throughout the active layer, and thus photogenerated excitons 

can arrive at the D/A interface within their diffusion length. 
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2.3.4 Tandem structure 

According to the detailed balance limit or Shockley–Queisser limit (S-Q), 28 the 

highest efficiency of a single junction solar cell can be up to 30% with the optimized 

bandgap 1.1eV semiconductor. Actually in the single junction device, the solar 

spectrum coverage is controlled by the bandgap of semiconductors used in the device. 

At the other hand, the open circuit voltage is also determined by the bandgap value 

that, however, converses the rule that dominates the spectrum coverage. As a result, it 

is hard to realize the device with higher efficiency in the single junction device 

breaking through the S-Q limit. The tandem structure has been adopted to overcome 

these problems that can cover the major part of the solar spectrum and meanwhile 

enhance the output potential of photovoltaic devices. The schematic of device 

structure is illuminated in Figure 2.7. In a word, the essence of the tandem structure is 

to split the spectrum and decrease the thermalization losses.  

There are some challenges faced by tandem solar cells. (i) The current matching 

between the unit cells due to the series connection constrains; (ii) the problems such 

as the incomplete recombination and resistance induced by the intermediate 

recombination layer; (iii) light management within the whole device; (iv) for organic 

solar cells, the fabrication processing especially for the all-solution processing devices 

induced the solvent deforming effect.  
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Figure 2.7 The schematic of tandem solar cell structure 
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2.4 Energy transfer and charge transfer in organic 

systems 

	   	   	   	   	   Organic solar cell is a device that converts the solar radiation energy into the 

electrical energy, which mimics parts of photosynthetic processes in the natural green 

leaves that converts light into electronic excitation energy. Among the processes, the 

energy transfer and charge transfer are two elementary processes and they will be 

briefly discussed in the following.  

2.4.1 Förster energy transfer 

    Förster energy transfer describing a process involving an excited donor and an 

acceptor is considered to be a basic process in the natural photosynthesis. The 

photosynthetic reaction center is designed to efficiently accept the excitation energy 

from antenna complex compounds. The rapid energy transfer to the special pair 

primary electron donor is conventionally described by the Förster resonance energy 

transfer theory. This process is important for the organic photovoltaic system as well, 

involving the exciton transportation. (Exciton can be seen as an excited state with a 

higher energy in molecule)  

     Förster energy transfer is a nonradiative transfer of excitation energy from a 

donor molecule to an acceptor molecule, differing from the emission-reabsorption 

process. It is described in the Eq. 2.1 and Figure 2.8. Through the Coulombic 

interaction between donor and acceptor molecular dipoles, the excitation energy in the 

excited !∗ can transfer into the acceptor molecule, which excites the acceptor 
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molecule from ground state A into excited state !∗. As shown in the figure 2.8, this 

energy transfer obeys the conservation rule that requires the value of excited energy in 

donor is equal to the excited energy of acceptor. This required identical energy holds a 

corresponding frequency which is also the reason why this “ Resonance” is defined. 

!∗ +   ! → ! + !∗ 

                       (2.1) 

 

 

Figure 2.8 The schematic of free energy curve versus the configuration coordinate in 

Förster energy transfer process. 
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	   	   	   	   This energy transfer arises from the dipole-dipole weakly coupling, but does not 

involve a photon reabsorption process. Before Förster, the energy transfer was firstly 

put forwarded by the Perrins (J. Perrin 1927 and F. Perrin 1932), who concerned the 

energy transfer as a coherence process. However, the value of calculated results for 

transfer rate was much too large, which can be only held at strong coupling dipole 

limit and cannot be met in practice. In this part, quantum mechanics is adopted to 

deduce the Förster energy transfer formula rather than provide the empirical one. 

Let us consider the case where there is an already excited donor and an acceptor 

in ground state, which are weakly coupled through a dipole-dipole interaction. The 

Hamiltonian of the system can be expressed as Eq.2.2. 

! = !!   + ! 

                           (2.2)                                   

!!   = !∗! !! !∗! + !∗! !! !∗!  

            (2.3) 

Where, HD is the Hamiltonian of the system with donor excited, and HA is the 

Hamiltonian of the system with acceptor excited. !∗!   denotes the electronic state 

for excited donor together with ground acceptor under considering the nuclear state. 

In parallel, !∗!   represents the electronic state for both ground donor and excited 

acceptor. In Eq.2.2, V represents the interaction between donor and acceptor taking 

the form of dipole-dipole interaction, and it can be expressed as Eq.2.4: 
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! =
3 !! ∙ ! !! ∙ ! − !! ∙ !!

!!  

                   (2.4)  

                                       

Where r is the distance between donor and acceptor molecules. For the dipole 

moment, it can factor out the orientation contribution as a unit vector and get the form 

of separation of variables as !! = !!!!, where !! is the dipole operator as shown 

in Figure 2.9. Therefore, the coupling interaction can be shown as Eq.2.5: 

                        

! = !!!!
!
!! !∗! !∗! + !∗! !∗!  

             (2.5)  

   

 

Figure 2.9 The schematic of the dipole-dipole interaction,    !! is the dipole operator; 

!! is the orientation contribution as a unit vector. 
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    The term K is defined as the orientation factor shown as ! = 3 !! ∙ ! !! ∙

! − !! ∙ !!. Then, the transition rate can be represented by Fermi’s Golden rule: 

                      

!!ℓ =
2!
ℏ! !!ℓ !! !! − !ℓ  

                   (2.6) 

Where the initial state ℓ = !∗!   and the final state ! = !∗! . 

The Fermi’s Golden rule transition can be rewritten as a correlation function in 

the interaction of Hamiltonian: 

!!ℓ =
2!
ℏ! !ℓ

ℓ

!!ℓ !! !! − !ℓ =
1
ℏ! !" !!(!)!!(0)

!!

!!
 

   (2.7) 

Substitute Eq.2.5 into Eq.2.7, we can obtain  

!!" =
1
ℏ! !"

! ! !(0)
!! !∗! !! ! !!(!)!! 0 !!(0) !∗!

!!

!!
 

Where !! ! = exp  (+!!!! ℏ)!!exp  (
−!!!!

ℏ) 

Since the dipole operator acts only on !∗  or !  and furthermore the D and A 

nuclear coordinates are orthogonal. Then the above formula can transform into the 

Eq.2.8 by variable separation: 

!!" =
1
ℏ! !"

!!

!! !∗ !! ! !! 0 !∗ ! !! ! !! 0 !
!!

!!
 

      (2.8) 

Here, the term !∗ !! ! !! 0 !∗  in Eq.2.8 actually denotes the donor 

fluorescence; and similarly the term ! !! ! !! 0 !  represents the acceptor 

absorption spectrum. At last, convert the time-correlation transition rate !!" by an 
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inverse Fourier transformation: 

 

!!" =
1
ℏ!
!!

!! !!!∗ ! !!!∗ ! !"  !!"#$%! (!)
!!

!!
!!"#! (!) 

(2.9) 

Where σ  is lineshape normalized to ! !. 

The above expression Eq. 2.9 is consistent with the classical Förster resonance 

energy transfer in the dipole-dipole approximation in terms of empirical parameters as 

following: 

!!→! =
1
!!

1
!!

3
4!

!!

!!!!!
!!(!)!!(!)!"  

         (2.10) 

Where, !!(!) is normalized fluorescence emission spectrum of donor molecule; 

!!(!) is normalized acceptor absorption spectrum in units of cm2, n0 denotes the 

average refraction index of medium, c the light speed, !! the nature lifetime of the 

excited donor state in the absence of quenchers, ! the angular frequency, r the 

distance between molecules. 

Comparing the two expressions Eq.2.9 and Eq.10, the rate of energy transfer 

between the excited donor and ground acceptor can be summarized into the Eq.2.11: 

!!→!  or  w!" =
1

!!"#$%
(
!!
! )

! 

                 (2.11) 

Here R0 is the critical distance named Förster radius, defined when the rate of energy 

transfer in equal to other decay rate of excitation. According to the deduced results, 
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the Förster energy transfer should be extremely sensitive to the molecular distance 

variation (r-6 dependent) and molecular related orientation. Generally, the range of 

allowing distance of FERT is only around 10nm. Therefore, it is straightforward to 

think of ordering molecules to enhance the energy transfer range. 
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2.4.2 Marcus charge transfer  

Besides energy transfer, charge transfer is another fundamental process that takes 

place in the exciton dissociation; charge carrier transport and extraction progresses in 

organic system. Similar with the p-n junction structure in inorganic photovoltaic 

device, the organic solar cells take the form of donor/acceptor (D/A) pair to present 

the asymmetric electronic structure during the photovoltaic device operation, which 

involves the electron non-adiabatic transfer between the coupled excited donor and 

ground acceptor state as the Eq.2.12. It should be noted that differing from energy 

transfer, the nuclear coordinate mediates the electron transfer as shown in Figure 2.10. 

!∗ +   ! → ! + !∗ 

                            (2.12) 

Such a process can be seen as a chemical reaction that a free energy difference 

(∆!∗) as the driving force. Therefore, the expression for the rate constant k of the 

reaction is given by 

	  

! = !  !"#  (
−∆!∗

!!"
)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	     (2.13)	  

Where the ∆!∗ is given by  

                           

∆!∗ =
!
4 1+

∆!!

!

!

 

                     (2.14) 
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The coefficient A in the Eq.2.13 is a term depending on the nature of the electron 

transfer reaction;  
 ∆!!is the standard free energy of reaction, and λ is a reorganization 

energy as shown in free energy curve in Figure 2.10. For the case of weakly coupled, 

all of the terms can be derived from the quantum calculation, employing the Fermi’s 

Golden rule.29 

 

 

 

 

 

Figure 2.10 Free energy of reactants versus the reaction coordinate Q 
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The most thrilling success of Marcus’ theory is about the inversed region 

prediction. This inversed region can be easily visualized using the following Figure 

2.11. With fixing the free energy curve of donor and lowering the G curve of acceptor 

vertically, the free energy barrier for the reaction ∆!∗ will continue to vanish with 

increasing the value of -∆G0, then it will increase inversely after stepping over the 

critical point -∆G2
0 where the value of ∆G gets minimum, comparing with Figure 2.10. 

This can be also mathematically derived from Eq.2.14, the free energy barrier 

∆!∗  gets minimum, when ∆G0 is equal to that of λ. As a result, the rate constant k 

presents a parabolic curvature shown in Figure 2.11 (b) will vanish with a big free 

energy driving force in the inverse region. 
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Figure 2.11 Visualization of the Marcus inversed region. (a) plot of the free energy 

versus the reaction coordinate for three different values of ∆G0 generated by vertically 

lowering the acceptor’s G curve relative to the donor’s G curve.( -∆G1
0 <-∆G2

0< 

-∆G3
0); (b) the schematic curve of ln k versus different -∆G0. The points -∆G1

0 and  

-∆G3
0 are in the normal and inversed regions, respectively, while ln k gets the 

maximum value at the point -∆G2
0 when the ∆G2

0 is equal to λ. 
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The Marcus electron transfer theory has taken an insignificant role to organic 

photovoltaic system, especially the inversed region theory. The following Figure 2.12 

is schematic of electronic process in organic heterojuncion energy diagram, taking the 

SubPc and C60 for instance. To avoid energy lost, it is important that the unwanted 

back electron transfer from the excited C!"∗  to SubPc should be as small as possible. 

In fact, this hot-electron back recombination in the system SubPc/C60 is very small 

even though it is a very highly exothermic process (~1.1eV). It has been suggested 

that the resulting inversed region effect make a big role to avoid this energy lost. 

 

 

 

 

Figure 2.12 The schematic of energy diagram for the SubPc/C60 system organic solar 

cell, demonstrates the electron processes when device operating. The hot electron 

back recombination transfer was suppressed by the inversed region of Marcus’ theory. 
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2.5 The working principle of organic solar cells 

The operation of an organic photovoltaic device can be simply illustrated by the 

four key steps shown in Figure 2.13: the photons are absorbed by the active materials 

and generate excitons at an efficiency of ηA, which is related to the absorbance of the 

organic molecule layers; the transportation efficiency of excitons into the donor and 

acceptor interface (ηET) is determined mainly by the exciton diffusion length (LED) as 

well as active layer thickness. The excitons will dissociate at the interface and 

transform into charge transfer state, then into the separated free charge carriers at the 

efficiency (ηCT) due to the energy level offset. Finally the electrons (holes) transport 

within acceptor (donor) layer to the electrodes, respectively and are finally collected 

by electrodes at the efficiency of ηCC. By combining all these processes, the 

efficiency of organic solar cell can be expressed by the Eq.2.15. The electronic 

process within the device will be described in detail respectively in the following 

sections. 

 

! = !!×!!"×!!"×!!!                                                                                                         (2.15) 
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Figure 2.13 Schematic illustrations of the four consecutive steps in the 

photogeneration from incident light: absorption with efficiency ηA, exciton diffusion 

with efficiency ηED, exciton dissociation with efficiency ηCT and carrier collection 

with efficiency ηCC.  
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2.5.1 Excitons and exciton reactions 

2.5.1.1	  Excitons	  

    In organic semiconductors, an absorbed photon can excite an electron from 

ground state into the excited state, leaving a hole in the original orbital. Due to the 

low dielectric constant of organic materials, the excited electron and hole tend to form 

a tightly bonded electron-hole pair, known as exciton, which will be stuck in the deep 

potential well. If the correlated electron-hole pair is located on the same molecular 

site and moves as a unit through the crystal or amorphous lattice, it is called Frenkel 

exciton. It is thus a small radius exciton which size is far apart comparing with that of 

single molecule. Indeed, the exciton in organic semiconductors holds Frenkel form. 

At the other extreme, if the radius of an exciton is more than an order of magnitude 

larger than the intermolecular separation distance, this kind of exciton is defined as 

Wannier exciton which is commonly emerged in inorganic system, where the blinding 

energy is weak due to a relative high dielectric constant. Between the two extremes, 

the charge transfer excion is used to denote an electronically excited neutral polar 

state where the exciton radius is only one or two times as the nearest-neighbor 

intermolecular separated distance. Such kind of exciton is recently used to describe 

the charge transfer state after the Frenkel exciton dissociation at the donor/acceptor 

interface in organic solar cells. All these three kinds of excitons are illustrated in 

Figure 2.14 
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Figure 2.14 The small-radius Frenkel exciton in which the radius is small in 

comparison with a lattice unit. (b) The large-radius Wannier exciton where its radius 

is larger comparison with the lattice constant. (c) The charge-transfer exciton is a 

nearest neighbor state. (Souce: Kalinowski 1977, p13) 

      

    According to the electron spin arrangement, excitons can be also categorized into 

singlet excitons and triplet excitons as shown in Figure 2.15. The two kinds of 

excitons can transform by intersystem crossing effect, although the spin forbidden in 

the quantum world. Furthermore, the properties and movement mechanisms of the 

two kinds of excitons are different. Usually, the singlet exciton has a high mobility 

but short lifetime, while the triplet exciton has a longer lifetime but smaller mobility. 

The detailed discussion will be described in the following sections. 
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Figure 2.15 The excitation produces exciton processes: the transition in a given spin 

manifold always occurs from the ground state into excited states. The dispositions of 

electron spins are shown in the boxes alongside the singlet (S) and triplet (T) state 

designations. The two states can transform by intersystem crossing. (source: M. Pope 

and C. Swenberg. 1999. p18) 
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2.5.1.2 Exciton reactions 

    When the density of excitons in the condense matter is large, the probability of 

collision between excitons increases, especially under the high intensity illumination. 

Similar with the basic chemical reaction between ions, the main kinds of reactions 

include fusion, fission and annihilation between excitons.  

(1) Singlet fission into two triplet excitons 

Singlet exciton fission is an interesting phenomenon in organic molecules 

where a singlet exciton is splitting by quantum cutting on a femtosecond or 

picosecond timescale into two triplet excitons with more or less half the energy of the 

parent singlet and holding complementary angular momenta. This effect can be used 

to interpret an unusual energy deactivation channel in a photosynthetic antenna, the 

carotenoids molecules.30 As shown in the Figure 2.16, it should be noticed that the 

parent singlet state is labeled S* rather than S1 because the fission parent state is not 

necessarily the same with the optically excited state. Actually, it is believed to be an 

intermediate process, which requires the third state modulating the fission reaction.30  

 

  

Figure 2.16 The schematic of singlet exciton fission into two triplet excitons. 
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(2) Singlet-singlet exciton fusion 

     The possibility of exciton fusion between singlet excitons was initially 

proposed by Northrop and Simpson on 1958, as demonstrated in the Figure 2.17. Two 

first singlet exciton !! can fusion into a higher excited state singlet exciton !!  with 

the by-product of a ground state !! . This singlet-singlet fusion reaction is 

summarized in the Eq. 2.16. 

 

 !! + !! →   !! + !!                        (2.16) 

Where the  !! denotes the ground state for singlet exciton; the !! is the first excited 

singlet state; !!  is a higher excited singlet state (n>1). The higher vibronic state !! 

can decay internally back into !! with giving off photon.  

      

  !!∗ → !! → !! + ℎ!                        (2.17) 

!!∗ → !! + ℎ!                            (2.18) 

Otherwise, it can be ionized which is similar with Auger emission in inorganic 

materials. 
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Figure 2.17 The excitation produces exciton processes and schematic of 

singlet-singlet exciton fusion for excitons of molecules A and B. S1 and T1 denote the 

first excited singlet and triplet excited electronic states. Sn and Tn present the higher 

singlet and triplet excited states. The double arrow represents the exciton interaction. 
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(3) Singlet-triplet annihilation 

      One of features of the triplet exciton is the long lifetime due to the spin 

forbidden for direct recombination. As a result, under an intense illumination, it is 

possible to generate a large concentration of these excitons in condensed molecules. 

Triplet excitons can work as the quenchers for singlet excitons, according to the 

following reaction: !! + !! →   !! + !! and then !! → !! + ℎ!"#, as demonstrated 

in Figure 2.17. 
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2.5.2 Exciton transport in molecular systems 

Exciton, a quasi-particle in the quantum mechanics, takes the random walk way 

in the organic semiconductors. It is usual using the point of view, diffusion, to 

describe its transportation. Therefore, the important property of excitons is their 

diffusion length, LEX, which is a measurement of how far on average an exciton 

moves from its initial point during its lifetime. Furthermore, the LEX determines to a 

large extent the exciton transport efficiency (ηET) in the photogeneration process of 

organic solar cells. In this section, I will highlight exciton movement mechanism, the 

role in device design, and material treatment for optimizing the exciton transport 

efficiency (ηET).  

To illuminate the exciton movement, a brief description of relevant theories of 

exciton transfer will be given in the following. Under weak coupling condition, there 

are two kinds of transfer processes for excitons: Förster resonance transfer and Dexter 

exchange electron transfer processes. Both of them are non-reabsorption energy 

transfer processes but different greatly in fundamental mechanisms. 

As description in previous section 2.4, the resonant energy transfer, known as 

Förster transfer, is the phenomenon that the excited donor (D) transfers its excitation 

energy (not an electron) to an acceptor (A), which is associated with the Coulombic 

interaction between molecular dipoles. However, different from Förster transfer, 

Dexter transfer is a kind of electron exchange transfer, which needs the overlap of 

wavefunctions of two interactional molecules. Figure 2.18 shows the schematic 

diagram of Förster resonance energy transfer and Dexter energy transfer.  
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Unlike the singlet exciton can transport by the way of Förster resonance transfer 

as shown in the figure 2.18 (a), the triplet exciton transportation can only take way of 

Dexter transfer, which exchanges the electron shown in Figure 2.18 (b) based on the 

spin conservation rule. The triplet-triplet energy transfer cannot involve the Förster 

resonance transfer, because it will violate the Pauli exclusion principle. Therefore, the 

triplet exciton can have a longer lifetime due to a low probability for direct 

recombination of electron-hole pair with the same spin direction. Associated with the 

difference in the mechanisms, the transfer rate of two processes has the different 

dependence on the molecular distance. 

 

 

 

Figure 2.18 The schematic diagram: (a) Förster resonance energy transfer and (b) 

Dexter exchange transfer 
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For Förster resonance energy transfer, the rate constant is the six-power 

dependence on the molecular distance, as seen in Eq. 2.19, 

                      

!!"#$%&# =
1

1+ (! !!)
! 

                  (2.19) 

Where, R0 is a characteristic distance, called the Förster radius that makes the transfer 

efficiency KFörster 50%, and r is the distance between donor and acceptor. Unlike the 

six-power dependence of Förster energy transfer, the transfer rate constant of Dexter 

process exponentially decays as the distance between these two parties increases, seen 

in Eq. 2.20. On account of the exponential relationship to the distance, the exchange 

mechanism range typically occurs within around 1nm. Hence, the exchange 

mechanism is also called as the short-range energy transfer.  

    

!!"#$"% = !"#$%(
−2!
! ) 

                 (2.20) 

Where, J is the normalized spectral overlap integral, which normalizes the absorption 

spectra and the emission spectra on the same scale normalization refer to the same 

highest level, K is an experimental factor, r is the distance between donor and 

acceptor molecules, and L is the sum of Van der Waals radius.  
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As described above, both two kinds of exciton diffusion length, LED, are 

extremely sensitive to the molecular spatial variation and orientation variation. Thus, 

the exciton diffusion length is usually extremely short (5~20nm) in the actual 

amorphous or polycrystalline organic thin film (with both spatial and dipole disorder). 

In order to improve the LED or avoid the shortcomings that the small LED brought 

forward in organic solar cells, one of the improvement methods can be implemented 

by device structure design. Through decreasing the distance between the exciton 

generation position and dissociation point, the bulk heterojunction (BHJ) structure is 

applied and obtain up to two fold increase in its performance, which blends donor and 

acceptor with well-proportioned and forms a percolation system benefit for charge 

extraction.31,32 In addition, the intersystem crossing between singlet and triplet exciton 

can be also utilized to enhance the diffusion length, due to triplet exciton has a longer 

lifetime.33 On the other side, since a long-range exciton diffusion has been observed 

in the highly ordered rubrene single crystalline34, exciton diffusion length is expected 

to be increased by aligning the molecule stacking, because this kind of excited energy 

transfer between molecules is heavily dependent on the related dipoles orientation 

according to the Forster’s theory.35 The methods of in situ or post-annealing31,36, 

templating effect37,38, and molecule structure design38,39 have been adopted to produce 

a well-ordered molecule stacking behavior and shown better exciton transport 

properties. 
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2.5.3 Exciton dissociation at the donor/acceptor interface 

A subsequent dissociation step is required to obtain free charge carriers from 

initial excitons with a global efficiency of ηCT, when an exciton reaching the D/A 

interfaces. Before dissociating into free charge carriers, the exciton will transform 

intermediately into a so-called charge transfer exciton state, which experiences an 

appreciable binding energy (0.2~1eV) due to low permittivity of organic materials, 

which is significantly larger than thermal energy (KT is about 0.025 eV at room 

temperature). One critical fundamental issue identified only recently is the nature of 

intermediate states in the charge separation processes at the hetero-molecule interface. 

When the exciton splitting at the interface, the electron and hole are still under the 

influence of their Coulombic interaction, and form a charge transfer state (CT) as 

shown in Figure 2.19. The dissociation of CT exciton requires an additive energy to 

overcome the barrier, which is dependent on the build-in electric field and the 

temperature due to Marcus’ theory, 40 where the electron transfer process was 

researched closely both in chemistry and biology. 
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Figure 2.19 The energy diagram of donor/acceptor interface and a charge transfer 

state is illuminated 41 

Recently, the intermediate charge transfer state in the process of photogenerated 

exciton dissociation has been intensively studied 42,43 and it is considered as a critical 

step in determining the performance of OPVs. Generally, there are two mutual 

contradicted fundamental issues for exciton dissociation required to be concerned. 

One is an energy driving force, which can be approximately provided by affinity 

energy offset at the donor and acceptor interface. However, if the driving force for 

charge separation is too large, Marcus inversed region kinetics will work, and it will 

lower the electron transfer rate as presented in previous Marcus’ theory.43 The other 

issue needed to be concerned is the thermodynamic requirement that the charge 

transfer state tends to be the lowest excited energy state in the system, which forms a 

potential barrier for its further dissociation. In the following section, some important 

issues on the CT exciton dissociation will be introduced. 
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2.5.3.1 The hot electron effect on the charge separation 

The processes that charge photogeneration at donor/acceptor interfaces can be 

described by Marcus theory as discussed previously. When exciton dissociating at 

donor/acceptor interface, the injected electron is “hot” initially which thermalizes at a 

particular distance from the hole (the thermalization length according to the 

uncertainty principle). Thus, the efficiency of charge photogeneration is then 

dependent on the ratio of thermalization length versus the Coulombic capture radius. 

This phenomenon that the required energy of charge separation can be provided by 

excess thermal energy has been described by both Friend et al.44 And Peumans and 

Forrest et al.’s work 45 The former proposed that the relaxed charge transfer state 

termed as an exciplex state which cannot be separated into free charges but decay by 

radiative or nonradiative geminate recombination, also can be regenerated by thermal 

excitation. Therefore, the dissociation into free charge carriers must take place from 

the thermally excited CT state prior to thermal relaxation to the exciplex. Actually, 

this is a kinetic competition between the dissociation rates constant !!"## and decay 

rate constant   !!"# , as shown in Figure 2.20. Taking PFB/F8BT polymer 

donor/acceptor pair for example, the potential energy curve (AD) represents the 

ground state, A*D curve denotes the CT exciton residing on F8BT/PTB, and (A-D+) 

curve represents the electron and hole residing in the respective component across the 

heterojunction, where A and D symbolize the acceptor (F8BT) and the door (PFB or 

TFB), respectively. The diagram is drawn to project three different coordinates at the 

same time, i.e. the abscissa represents either the distance of the two dissimilar ground 
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state molecules (AD) or the separation of the geminate polarons (A-D+). The exciplex 

state is then located at the minimum of the (A-D+) potential. When the system absorbs 

a photon, an exciton was generated at a certain distance r1 from the D/A interface. 

Then it diffuses to a distance r2, where it transforms into an interfacial geminate 

polaron pair with a rate constant Kct, then the polaron pair will either dissociate (Kdiss) 

or relax into the exciplex state (Krel). The ratio Kdiss/Krel determines to a large extent 

the photo-generation efficiency. 

 

Figure 2.20 Potential energy diagram for the species involved in charge 

photogeneration at donor/acceptor interfaces proposed by Friend et al., where kct is the 

rate of thermal hot CT-state formation, krel is the rate of thermal relaxation to the 

‘exciplex’ state, kdiss is the rate of dissociation of the hot CT state, kex is the rate of 

radiative decay of the ‘exciplex’, and kbt is the rate of re-excitation of the ‘exciplex’ to 

regenerate the exciton.44 
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	   	   	   	   Other than the experimental researches, Peumans et al. employed Monte Carlo 

calculations to simulate the dissociation of excitons at a donor/acceptor interface 

based upon Marcus theory. The model assumed that the electron was injected with an 

excess thermal energy corresponding to the free energy difference between the 

exciton and the dissociated charges. These calculations were observed to be in 

agreement with photocurrent generation efficiencies for small molecule bilayer 

organic solar cells. 

2.5.3.2 Electric field effect on the exciton dissociation  

According to Onsager theory46, separation of the CT exciton into the fully 

dissociated charge carriers can be driven up by the presence of an electric field, which 

reduces the Coulombic potential barrier in the downfield direction and thus enhances 

the dissociation probability. As the field strength increases, so does the dissociation 

probability of the CT exciton. Currently, the related works of electric effect on the CT 

separation are almost derived from polymer photovoltaic devices, typical   

MDMO-PPV:PCBM and PFB:F8BT blends.47 It was observed that the applied 

electric field can preferentially quench CT state emission, but the intensity of the 

required field is beyond the normal operation range (105 V/cm). In other words, it is 

still under debate whether the macroscopic electric field in organic photovoltaic 

devices is sufficiently large enough to make a significant effect on the charge 

photogeneration under the conditions of device operation. 

Other than the electric field effect, additional factors are also important in 
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determining the efficiency of charge transfer exciton separation. These included the 

magnitudes of the electronic coupling across the donor/acceptor interface, the 

reorganization energy of the excited molecule involved, the thermalization length and 

time scale of the initial injected hot electron, the presence of donor/acceptor 

interfacial dipoles, the polarizability of the materials and the mobilities of the charge 

carriers. The exact mechanisms of these parameters are under investigations and a 

better understanding of these would be important for us to fabricate a higher 

efficiency OPV device. 

2.5.4 Charge carrier collection by electrodes 

After generating the free charge carriers, the efficiency of charge collection by 

electrodes is also concerned in this section. Assuming the contact between electrode 

and active layer is ohmic characteristic (the contact barrier effect will be discussed in 

detail in the following sections), the charge collection by electrode is highly 

dependent on the charge carrier mobility. Concern that one of the key origins for the 

superior efficiency of inorganic devices over organic devices lies in the high intrinsic 

carrier mobility, the charge carrier mobility can be considered as the critical point for 

high collection efficiency, especially for high performance of organic photovaltaics. 

Higher carrier mobility means that charges can transport to the electrodes more 

quickly, with reducing the current losses via recombination of electrons and hole. 

However, in the actual device, there is usual an energy barrier at the electrode/organic 

semiconductor, if the Fermi levels of the electrode and organic semiconductor are 
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inhomogeneous prior to intimately contacting. In this section, the contact 

classification will be introduced firstly according to the contact electrical properties, 

and then the related modifications in actual devices are described in detail. 

To define different types of electrical contacts, I take the metal-semiconductor 

model for example. Assuming the semiconductor is intrinsic or lightly doped; after 

they are brought into intimate contact, charge carrier transfer will take place between 

the electrode and semiconductor until the Fermi levels of them are aligned into the 

same value. If the work function is the same with each other or there is a little 

dissimilar at low temperature, the ohmic contact will be presented. Such an ohmic 

contact between a metal and semiconductor is defined as what has negligible small 

impedance difference as compared with the series impedance in bulk of the 

semiconductor. Although in the organic photovoltaic, the ohmic contact is ideal for 

the charge extraction from the organic semiconductor into electrode. Actually, the 

modification of the contact to get the quasi-ohmic characteristic is also feasible. Bao 

et al. 48engineered the contact between Au and Pentacene by inserting an ultrathin 

interfacial Si3N4 insulator in between. The Au/Pentacene contact behavior is 

successfully tuned from rectifying to quasi-ohmic by varying the Si3N4 thickness 

within 0–6 nm. In addition, some transition metal oxides were also used at the anode 

or cathode interfaces respectively for promoting the charge carrier injection49. Due to 

their preferred valance band level, the HOMO level of organic semiconductor can be 

pinned and the energy difference between the valance band of metal oxide and 

HOMO of organic semiconductor can be maintained at a small constant value for a 
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high efficiency hole extraction.   

Other than the Schottky contact at metal/organics interface, the possible 

formation of an interfacial electric dipole layer has been reported in different cases by 

the alignment of Fermi levels, although the exact difference between the local 

interface dipole and band bending in the organic semiconductor is still under debate. 

50,51 The width and height of dipole layer is of enormous importance for 

understanding and improvement of organic semiconductor devices. Peisert et al. 51,52 

studied the properties of the formed dipole layer between Au and organic 

semiconductors using core level x-ray photoemission spectroscopy (XPS) and valence 

band ultraviolet photoemission spectroscopy (UPS) and proposed that the dipole are 

almost located at the top 2 nm thickness of organic semiconductors and the vacuum 

level shift according to dipole strength can be as large as 1 eV. Furthermore, the 

dipole layer between metal electrode and organic active layer has been exploited to 

improve the performance of organic photovoltaic. By intentionally inducing a 

permanent dipole layer, the difference between the workfunction of electrode and 

HOMO level of donor material can be tuned arbitrarily to some extent. Khodabakhsh 

et al53 applied self-assembled monolayers (SAMs) of molecules with permanent 

dipole moments to modify the surface of indium tin oxide (ITO) coated substrates for 

tuning the anode work function and device performance in molecular solar cells based 

on a CuPc/C60 heterojunction. The increasing of the power conversion efficiency by 

can be up to an order of magnitude, which was suggested to be attributed primarily to 

an enhanced interfacial charge transfer rate at the anode. In parallel, Yip et al utilized 
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the SAMs dipole to modify cathode interfacial properties.54 

Besides the transfer barrier discussed above, the exciton recombination and the 

compatibility of electrode with the initial donor layer would also affect the efficiency 

of the photovoltaic cell. As the fundamental principle described above, the excitons 

cannot dissociate into free charge carriers by self-acting. It requires the exciton 

diffusion into donor/acceptor interface rather than the reverse direction. Thereby it 

needs to insert an exciton blocking layer at the interface between electrode and active 

layer, confining the excitons in the active organic layers furthermore preventing them 

from quenching at the cathode (anode)/organic interface. BCP is mostly commonly 

used as exciton blocking layer employed by Peumans and Forrest et al.13 
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2.6 The current status of organic solar cells and 

objectives in this thesis 

    As a new member in solar cell family, organic solar cell has been developing 

since last decade, and has improved greatly especially during last 3 years, as over 8% 

(power conversion efficiencies) PCEs have been reported by the solar companies 

around the world, especially a 10% PCE was reported by the Mitsubishi Chemical 

Corp. as marked by red dot-line in the Figure 2.21. Affected by the optimistic 

atmosphere, many researchers in the OSCs field are confident that the trend would 

soon come over 10% and reach 15% PCE possibly.55 However, there are also some 

arguments on the optimistic viewpoint, which states “Not-So-Sunny Outlook for 

Organic Photovoltaics”.56 For the matter of real outdoor application, the final cost is 

determined by many factors, such as the large area packaging, lifetime and low output 

power density as well. As a word, the main challenges faced by organic solar cells are 

the low power conversion efficiency and lifetime problems related to the unclear 

microscopic physical mechanisms, which are required to be paid intensive efforts. 
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Figure 2.21 The best efficiency of solar cells around the world57 
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2.6.1 The mechanism of S-shape characteristic current-voltage 

curve 

A commonly observed poor performance in organic solar cells is the S-shape 

effect of current-voltage curves, which will reduce the fill factor significantly. It was 

supposed to be device structure, materials and processing dependent and different 

explanations including injection barrier between electrode and active layer 13,58,59, the 

electrode interface degradation60,61, and the effect of the dipole layer at electrode 

interface 62 have been proposed. Although the underlying physical mechanism causing 

the S-shape effect especially in bulk heterojunction devices has been investigating, it 

is believed that the physical origin of the S-shape effect in the bulk and planar 

heterojunction devices may be different due to the great differences in the device 

architecture. Therefore, in this thesis, I focus on investigating the S-shape effect in 

bilayer heterojunction organic photovoltaic devices, which can shed light on the 

mechanism and supply an outline avoiding S-shape J-V curve for achieving high 

performance OPV devices. 
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2.6.2 Light absorption broadening 

One of the limitations faced by high performance OPVs is the narrow absorption 

band when compared with silicon-based devices which can take in a continuous 

spectra of photons with energy greater than their energy band gap. Another 

insufficient absorption factor could be induced by inadequate absorbers due to the 

limitation of short exciton diffusion length in planar OPVs and low mobility in bulk 

heterojunction OPVs, where the thickness of organic active layer is typically ranged at 

around ~100nm. Beyond this range, charge carriers tend to be lost through 

recombination due to the low mobility and amounts of defect states in organic 

semiconductors. 

    In this work, I applied a multijunction design to broaden the light absorption 

spectra of the whole device, which is different in approach but equally satisfactory in 

results with tandem structure methods and the Förster resonance energy transfer 

enhancement in photosynthesis system. This design employs a secondary dye layer to 

broaden the light absorption spectrum and overcome the short exciton diffusion length 

limitation as well.  
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2.6.3 Exciton diffusion length enhancement 

The exciton diffusion length, LED, determines to a large extent the probability of 

exciton contributing photovoltaic effect by dissociation at the interface of donor and 

acceptor. Unfortunately, it was reported that LED in the most extensively researched 

organic semiconductors was ranged 8~20nm12,63, which was rather smaller than the 

light absorption depth in the visible spectrum, α-1~hundreds of nm (α is the absorption 

coefficient). Such a kind of limitation strongly hinders the improvement of planar 

organic photovoltaic performance. For the exciton transport, according to Förster’s 

theory35, this kind of excited energy transfer between molecules is strongly sensitive 

to the related dipoles orientation and spatial distance. Consequently, the exciton 

diffusion length is expected to be enhanced by aligning the molecule packing. In this 

work, I managed to grow a crystallized organic thin film with preferred packing 

behavior using a novel fabrication technique in order to enhance the exciton diffusion 

length. 
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Chapter 3 

Fabrication and characterization of organic 
photovoltaic devices 

After the background and working principle introduction for organic solar cells 

in chapter 2, the basic fabrication and test techniques will be demonstrated in chapter 

3. This present chapter concentrates all of the experimental work of the thesis and 

specifies each of them in detail. At first, the device fabrication and characterization 

including current-voltage, capacitance-voltage measurements will be described. After 

that, the techniques for testing the morphology and microstructure of organic thin 

films are also introduced which are important for understanding the relationship 

between device performance and materials properties. At last, the exciton diffusion 

length measurement technique used in this thesis is specified from the theory to 

experiments. 

3.1 Light weight small molecule organic solar cells 

fabrication and characterization 

In this section, I will briefly describe the fabrication processes and 

characterization approaches of organic photovoltaic devices based on lightweight 

small molecule organic semiconductors. The substrate used for the solar cell is indium 

tin oxide (ITO) coated glass substrates with sheet resistance of 13 Ω/⎕  ,which were 

cleaned using the following procedure: sequential ultrasonic cleaning in DI water with 
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soap, DI water, acetone, isopropyl alcohol for 5 mins each step at 40℃. After 

cleaning, the substrates were dried by 99.995% pure nitrogen and treated by O2 

plasma for 15 min prior to loading into vacuum chamber. In bilayer heterojucntion 

OPV devices, MoO3 (99.5%, Aldrich), CuPc (99%, Aldrich), SubPc (86%, Aldrich) 

C60 (99.5%, Aldrich), BCP (98%, Aldrich), were used as received. All the materials 

were deposited using thermal evaporation under a pressure of < torr6101 −×  at a 

deposition rate of around 0.1 nm/s for organic layers and Ag cathode, which was 

evaporated through a metal shadow mask with 2 mm diameter openings. Figure 3.1 

shows the schematic structure of bilayer heterojunction small molecule organic solar 

cells, in which CuPc works as the donor material, while C60 works as acceptor 

materials. 

 

Figure 3.1 The schematic of bilayer heterojunction small molecule organic solar cell, 

Specially, ITO coated glass works as an anode; CuPc and C60 work as a 

donor/acceptor pair, BCP layer denotes the exciton blocking layer and silver usually 

takes the cathode role in OPV operation. 
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The current density-voltage (J-V) characterization curves were measured by a 

Keithley 2400 under illumination from an AM1.5G 100mW/cm2 simulated solar 

spectrum (ABET 2000) as shown in Figure 3.2. The power density of the solar 

simulator was calibrated by a silicon reference cell (NIST) and monitored by a power 

meter throughout the measurement.  

 

 

Figure 3.2 The solar simulator spectrum comparing with the standard AM1.5G profile 
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The major characteristics of solar cells can be derived from the typical current 

density-voltage curve of solar cells under illumination or dark condition as shown in 

Figure 3.3. Short circuit current density (Jsc) is the maximum of the current generated 

by the photovoltaic device normalized to the device active area under illumination 

while the charge carriers take zero potential energy. Open circuit voltage (Voc) is the 

maximum potential that the photovoltaic device can produce while generating zero 

photo-charges. Actually, there is a tradeoff between the potential energy of output 

charges and the number of photogenerated charges. There is a maximum output power 

density (Pmax) that can be generated by the device as shown in Figure 3.3, which is 

commonly characterized by fill factor (FF) which is defined as the ratio of Pmax area 

to the rectangle area formed by the Voc and Jsc. (FF = !!"#
!!"×!!"  

). At last, the most 

important parameter of the solar cell, the power conversion efficiency of solar cell is 

defined as ! = !!"×!!"×!!
!!"

, where Pin is the input power of solar radiation. 

 

Figure 3.3 The current density-voltage curve of solar cell, the intercepts are Voc and Jsc. 

Pmax is the area of the largest rectangle under J-V curve as shown by shadow area. 
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    Generally, the current-voltage (I-V) characteristics of a solar cell can be modeled 

by an equivalent circuit as shown in the Figure 3.4, which is helpful for analyzing the 

device performance. Electrically, the solar cell is equivalent to a current generator 

connecting with a diode in parallel. As in the real device, there are loss channels 

occurring in the photon conversion process. As a result, it is usual to model these 

losses with series resistance (RS) and shunt resistance (RSH). The operating bias regime 

of solar cell ranges from 0 to Voc. 

 

 

 

Figure 3.4 The equivalent circuit model for the solar cells 
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                  (3.1) 

Where I0 is the dark current, q the elementary charge, n the ideality factor, V the 

applied voltage, RS the series resistance, RSH the shunt resistance, and IPH is the 

photocurrent. As seen in the Eq. 3.1, in order to obtain high current I, it is very 
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necessary that lowering the dark current, decreasing the RS and increasing the shunt 

resistance RSH.  

Derived from Eq.3.1, when the current I become zero meaning that the circuit is 

open, the potential that the solar cell can generate is shown in Eq. 3.2:  

 

!!" =
!"#
! ln  (

!!"
!!
+ 1) 

                         (3.2) 

Where ISH is equal to the short circuit current as the device is in the state of 

short circuit and assumed that the shunt resistance is infinite. Thus, a decrease of dark 

current is beneficial for Voc enhancement as well. 

	  

3.2 Capacitance-voltage measurement on organic solar 

cells 

Other than the general performance characterizations as described previously 

such as Jsc, Voc and FF deduced from current-voltage (J-V) measurements, the electric 

properties of photovoltaic device are also required to well understand the device 

physics such as charge carrier density (Nc), build-in electric field, which can be 

derived from the capacitance-voltage (C-V) measurement.64 The application of 

Mott-Schottky analysis to C-V measurements of solar cells is frequently used as 

shown in Eq.3.3, based on the depletion approximation. 

1
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             (3.3) 
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Where q is the elementary charge, Ks is the semiconductor dielectric constant, ε0 is the 

permittivity of free space, A is the effective area of solar cell and Vbi is the build-in 

potential. At last, a plot 1/C2-V shown in Figure 3.5 usually yields a straight line if the 

doping is homogeneous, where the slope denotes the doping density in depletion 

region of semiconductor and the extrapolation intersected with the DC bias axis yields 

the built-in voltage (Vbi).  

 

Figure 3.5 Mott-Schottky plot (Peter Stallinga, 2009) 

	  

In organic solar cells, if the device thickness and doping concentration make the 

depletion approximation valid,64,65 the Nc distribution over the depletion region width 

can be obtained from the slope of Mott-schottky plot as shown in the following Eq. 

3.4. 
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Where ! = !!  !!!
!

.  

     Although for those organic solar cells without doping in organic 

semiconductors that are difficult to form the depletion region, the capacitance voltage 

measurement can qualitatively evaluate the charge density variation within the device 

versus the DC bias applied. In this thesis, the capacitance-voltage measurements were 

taken by Agilent B1500A Semiconductor Device Analyzer coupled with a solar 

simulator with an AM 1.5 filter.	  

3.3 Photo-response of organic solar cells characterized 

by external quantum efficiency and absorption 

measurement  

	   	   	     Besides the general power conversion efficiency (PCE) characterization of solar 

cells, it is also required to characterize its photo-response spectrum. In OPVs 

especially in the multijunction OPV devices, it is necessary to characterize the 

attribution of each component or individual layer to the device PCE. The external 

quantum efficiency (EQE) is a very important characterization for extracting the 

information on the charge carriers extracted outside of device per incoming photon at 

a particular wavelength, and it can be described as following. 

!"!(!) =
!"!#$%&'(
!ℎ!"!#$(!) 

                           (3.5) 

It should be not confused with internal quantum efficiency (IQE) which is the 

ratio of charge carriers generated by solar cells to the photons actually absorbed by 
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the active materials after considering the reflection and absorption lost by front 

electrode. Due to either the external or internal quantum efficiency (EQE or IQE) is 

dependent on both the absorption of photons and the collection of charge carriers, it 

can be used to characterize the charge collection efficiency of photovoltaic device 

coupling with the absorbance measurements. In this work, the EQE values were 

measured with an EQE system equipped with a Xenon lamp (Oriel, 300W), a 

monochrometor (Newport 66902), a Si detector (Oriel) and a dual channel power 

meter (Newport 2931-C). All of the measurements were processed under dark 

conditions. The absorption measurements were carried by an Agilent Varian Cary 

4000UV/VIS/NIR spectrophotometer. All of tested organic materials were deposited 

on the cleaned microscope glass pieces (Corning corp.) and quartz glass pieces. 

3.4 Organic thin film morphology and crystal structure 

characterization 

	   	   	   	   	   Unlike the intrinsic optical and electronic properties, the actual properties of 

organic semiconductor thin films are more important for the performance of solar 

cells, which are also dependent on the microstructure of materials such as the thin film 

domain sizes and their distribution, roughness, crystallinity, and molecule packing 

behavior. Atomic force microscope (AFM) is commonly used to characterize the 

morphology of organic thin films. With this technique, the information on the size 

distribution of grains can be observed. In this thesis, all the work on AFM was 

performed by Bruker Nano Scope 8 in the ambient air at room temperature, where the 
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tapping mode was used because of the organic thin films. The standard LTESP silicon 

tip was adopted which was bought from Bruker corp. 

For organic thin films (~100 nm), grazing incidence X-ray diffraction (GIXRD) 

was required to extract the crystalline information of the thin films. Combining with 

transmission electron microscope (TEM) with selected area electron diffraction 

(SAED), the crystalline structure information can be extracted. It should be noted that 

the low power input is required for operated electron beam for the organic 

semiconductors. Otherwise, the organic material crystalline structure may be 

destroyed. In this thesis, the GIXRD was performed by Rigaku 9KW Smartlab, and 

maintain the grazing angle (α) 0.5° using Cu kα radiation on the thin film analysis 

stage. And TEM with selected area electron diffraction (SAED) was performed by 

JEOL 2100F at a low accelerate voltage 100kV. The TEM samples were prepared by 

directly scratching the SubPc thin film with carbon covered cooper grids. 
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3.5 Exciton quenching and diffusion length measurement 

by photoluminescence emission and excitation spectra 

One of the key electronic properties in organic semiconductors is exciton 

diffusion length, which determines the probability of exciton attribution to the 

efficiency of photovoltaic device. Therefore, I will introduce a conventional technique 

for measuring exciton diffusion length by using the especially 

resolved-photoluminescence quenching (SR-PLQ11,12) technique as shown in Figure 

3.6.  

 

Figure 3.6 The schematic of exciton density profile n(x) over the exciton generation 

position x from the sample surface. The reflection and absorption of exciton blocking 

layer (EBL) and exciton quenching layer (EQL) and refraction in the guest organic 

thin film were neglected. 
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    In the experiments, a wavelength dependent exciton density distribution n(x) as a 

function of the distance from the sample surface facing the incident illumination (x) is 

produced by using a monochromated light source. The organic seimiconductor thin 

films were covered with either a transparent exciton blocking (EBL) or exciton 

quenching layer (EQL). The exciton distribution can be then described by the 

one-dimensional steady state continuity equation Eq.3.6, 
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                (3.6) 

With boundary conditions: 

                          !!(!)
!!

= 0  , at x=0 ; n x = 0, at x=∞ with EBL    

                          n x = 0  , at x=0; ∞ with EQL 

Where the first term in equation denotes the diffusion term, the second term 

represents the natural decay of excitation, and the last term is the exciton generation. τ 

is the exciton lifetime, I0 the incident photon flux, α the absorption coefficient, and θλ 

is the incidence angle at x=0 which in our case is 45° without accounting for 

wavelength dependent refraction through the blocking or quenching layer. Comparing 

the PL intensity of the sample with the exciton blocking layer (EBL) to that with the 

exciton quenching layer (EQL), one can obtain the normalized quenching ratio η(α) 

by integration of the corresponding exciton densities over all x as follows: 
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                         (3.7) 
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Here, nQ(x, α) is the exciton density profile in the film with the quenching layer, 

nB(x, α) is the density profile in the film with the locking layer, and PLQ (PLB) is the 

PL emission intensity for the sample with the quenching (blocking) layer at a given 

excitation wavelength. By solving for n (x) in Eq.3.6, Eq.3.7 becomes 

 

! ! =
! ! !!"
!"# !!

+ 1 = !` ! !!"     + 1 

                    (3.8) 

For the unity of the second term, it derives from the same incidence conditions 

between PLB and PLQ measurement, including the incidence angle and intensity. After 

correction of the incidence conditions, the slope of a plot of PLB/PLQ versus effective 

absorption coefficiency !` !   yields the exciton diffusion length. In cases where 

Förster energy transfer from the SubPc film to the quenching layer can be neglected 

due to the high quenching efficiency of exciton at interface between the C60 and 

SubPc which has been already applied in organic solar cell system. 
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Chapter 4 

The charge accumulation effect on S-shape 
current-voltage curve in small molecule 
planar heterojunction organic solar cells 

4.1 Introduction 

The current power conversion efficiency of OPVs is still low comparing with 

inorganic counterparts, various approaches including new device structures and 

materials have been adapted for improving the efficiencies of the OPVs; tandem 

structure is one of the most common applied methods to utilize a wider solar spectrum 

for energy conversion. In such a device, part of the photogenerated carriers from 

forward cell must be recombined with the counterparts from the backward cell to 

match the subcell currents. A layer of metal or metal oxide nanoparticles is usually 

inserted between two unit cells as the recombination centers. If the recombination of 

the carriers is hindered, charge accumulation will occur in the device, resulting in 

performance degradation66. A commonly observed degradation problem in tandem 

structure is the S-shape effect of current density-voltage (J-V) curves, which reduces 

the fill factor of the devices significantly. Other than tandem structure, S-shape effect 

has also been observed in different kinds of OPVs, including hybrid and polymer bulk 

heterojunction solar cells.67 In the latter, the S-shape effect is believed to be device 

structure, material and fabrication process dependent. And different explanations 

including injection barrier between electrode and active layer 13,58,59, the electrode 
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interface degradation 60,68, and the effect of the dipole layer 59, 62 have been proposed. 

On the other hand, however, the underlying physical mechanism causing the S-shape 

effect especially in planar bilayer heterojucntion planar devices has not been 

intensively investigated. Due to the differences in the device architecture, it is 

believed that the physical origin of the S-shape effect in the bulk and planar 

heterojunction devices may be different. 

In this chapter, the S-shape effect in bilayer heterojunction OPV devices was 

investigated by increasing the exciton blocking layer (bathocuproine (BCP)) which 

has shown to be an essential layer for high performance.13 Previously, Peumans et al. 

have shown that favorable hopping states were induced by the thermalization of the 

hot metal atoms on the BCP layer and they found the optimum BCP thickness is 

around 15nm. Here, instead of just comparing the J-V curves of the devices with 

various BCP thicknesses, we also perform C-V measurements to study the charge 

accumulation effect due to the presence of thick exciton blocking layer in the bilayer 

heterojunction photovoltaic devices. We demonstrated the occurrence of the S-shape 

effect in the J-V curves and charge accumulation in the device can be controlled by 

modulating the BCP layer thickness from 5nm to 20nm, as shown in Figure 4.1. We 

also applied a numerical model to simulate the J-V curve of the devices and the model 

suggests that the charge carrier interfacial recombination near the C60/BCP interface 

and BCP layer cause S-shape effect in J-V curves. Our finding indicates the 

importance of the charge accumulation effect and a careful control of the exciton 

blocking layer in planar heterojunction OPV devices. 
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Figure 4.1 The schematic of planar heterojunction small molecule organic solar cell. 

In the optimized device, cleaned ITO glass works as anode, the 10nm MoO3 layer 

works as hole transport layer, 20nm CuPc works as donor layer, 45nm C60 as acceptor 

layer, the thickness of exciton blocking layer (BCP) varied from 5nm to 20nm, the 

100nm Ag takes the role of cathode. 
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4.2 The device performance evolution with S shape 

In general, an accompany with the S-shape effect in the J-V curves of the device, 

the fill factors and the power conversion efficiencies will also decrease when the BCP 

layer increases as shown in Table 4.1. It can be seen that there is an undesirable drop 

on the FF of the devices caused by increasing the thickness of BCP from 10nm to 

20nm. The more than two fold degradation of FF from 0.58 to 0.26 is induced by the 

S-shape J-V curves. It is also worthy to mention that the open circuit voltage Voc of 

the bilayer heterojunction devices does not show a general variation trend when the 

BCP thickness increases. It may be due to the band bending at the interfaces between 

the organic layers that could partly compensate for band bending at the metal-organic 

interface. Hence no significant change in Voc is observed as in the bilayer 

heteorjunction devices when S-shape J-V curves occur.69  

 

Table 4.1 The parameters of device performance. 

BCP  S-shape FF Jsc 

 (mA/cm2) 

Voc 

(V) 

Η 

(%) 

Rs 

(Ωcm2) 

Rp 

(Ωcm2) 

5nm — 0.57 3.28 0.43 0.84 4.397 1212 

10nm — 0.58 3.31 0.43 0.87 4.700 1329 

15nm √ 0.44 3.03 0.47 0.66 — — 

20nm √ 0.26 2.44 0.44 0.29 — — 
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4.3 S-shape represented in both numerical simulations 

and experiments 

4.3.1 Numerical investigation of S-shape J-V curves based on 

Poisson equation and Continuity equation 

Although the S-shape effect in the bilayer heterojunction photovoltaic has not 

been intensively investigated, the S-shape effect in bulk heterojunction OPV has been 

recently studied by numerical simulation and it has been observed that surface 

recombination rate as a boundary condition governs the S-shape properties in the J-V 

curves of the bulk heterojunction OPV 70. Similar to the numerical model in ref.75, I 

develop an one-dimensional carrier transport model for the device is based on the 

Poisson equation and continuity equation under steady state, 
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npq
x r

−=
∂

∂
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ψ

                          (4.1)                            

0=+−⋅∇ GRJ                             (4.2) 

The current density can be further substituted by the charge transport equations,  

FqpxpKTJ ppp µµ +∂∂−=                     (4.3) 

FqnxnKTJ nnn µµ +∂∂=                    (4.4) 

In the above equations, µn and µp are the charge carrier mobility for electrons and 

holes, q is the elementary charge, T is the temperature, n and p are the electron and 

hole density and εr is the material effective dielectric permeability, F denotes the 

electrical field, R and G describe the recombination and generation rate of the charge 

carriers. According to the thermionic emission theory 71, the boundary conditions can 



79	  
	  

be written as, 
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Eq. (4.5) to (4.8) states the hole and electron concentrations at the interfaces 

between anode/donor and cathode/acceptor respectively, and the band diagram of the 

simulation model is shown in the figure 4.2. Nc and Nv are the corresponding effective 

charge carrier density. The electron and hole concentrations at the anode/donor 

interface are calculated by the energy difference between the anode work function and 

hole conducting highest occupied molecular orbital (HOMO), i.e. Φ1 in Figure 4.2. In 

analogy, Φ2 is used to evaluate the carrier concentration at the buffer layer and 

cathode interface. The sets of equations are solved by numerical approach AMPS-1D. 

72 



80	  
	  

 

Figure 4.2 Band diagram used in simulation with insert of a thin generation layer 

	  

In bilayer heterojunction OPV devices, excitons are generated by the irradiated 

photon and diffuse to the interface of donor/acceptor where the excitons will then be 

split up. Due to the favor in energy, the holes remain on donor’s HOMO whereas the 

electrons are transferred to acceptor’s LUMO. In the current model, the generation 

process is represented by inserting a 5nm generation layer with a bandgap (Eg) 

between the donor and acceptor layers (as shown in Figure 4.2) and the free carriers 

are generated from this layer. 69. Furthermore, we considered BCP layer effect by 

introducing the buffer layer with thickness varying from 5nm to 20nm as shown in 

Figure 4.2. It is important to noticed that using the buffer layer with a smaller 

bandgap to replace BCP layer is due to (i) preventing the numerical instability in the 

simulation model which is based on inorganic semiconductor theories; (ii) the buffer 

layer consists of two opposite effects; one is the charge hopping states induced by 

silver deposition for carrier transfer and the other is the gap states for recombination. 
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When the buffer layer is thin, the hopping states would be dominant and when the 

buffer layer is thick, as the generated charges cannot hop to the electrode effectively, 

they will recombine near the C60/BCP interface hence the gap states for recombination 

would be dominant. For simplicity, we adapted the buffer layer for qualitatively study 

of the S-shape effect in the J-V curves. The parameters used in the simulation are 

summarized in Table 4.2. 
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Table 4.2 The parameters used in simulation 

Parameter Symbol Numerical value 

Bandgap[51,70] EgA, EgD Eg 1.7eV, 1.7eV 1.4eV 

Electron mobility µn 10-1 cm2/Vs 

Hole mobility µp 10-2 cm2/Vs 

Eff. density of states Nc, Nv 1.7×1021 cm-3 

Dielectric constanta 

CuPc, C60 

εr 3, 4 

Injection barrier Φ1, Φ2 0eV, 0.1eV     

Temperature T 300K 

Thickness of organic 

semiconductor 

L1 ,L2 ,L3 20nm,5nm,45nm 

Contact recombination 

rate 

Discrete donor-like 

gap state concentration 

Capture cross section 

SNO,  SPO 

SNL,  SPL 

 

NDb 

σc 

1010 cm/s, 1010 cm/s 

1010 cm/s, 1010 cm/s, 

 

1018 cm-3 

10-10cm2 

	  

a from SES research Corp. 

b and c from reference [72]. 
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During simulation, the boundary conditions and materials properties were held 

unchanged. Therefore, in our case, the contact recombination rate modulation effect 

suggested in previous ref.75 can be eliminated. The only viable is the thickness of 

buffer layer. The simulation result is shown in the Figure 4.3. It demonstrates that the 

exponential characteristic J-V curve starts to decay as the buffer layer reaches 15nm. 

Prior to this critical value, the buffer layer cannot modulate the shape of J-V curves. 

As continuing increasing the buffer layer thickness, the S-shape characterized curve 

will be formed, which indicates that the gap states of buffer layer play a significant 

role in the formation of S-shape curve, because the gap states would have more 

chance to recombine the photo-generated carriers before reaching to cathode. 

 

Figure 4.3 The numerically simulated J-V curves with different buffer layer 

thicknesses from 5nm to 20nm. 
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4.3.2 Experimental investigation of S-shape by increasing the 

exciton blocking layer thickness 

The experimental results of J-V curves by increasing the exciton blocking layer 

BCP layer thickness are shown in Figure 4.4. It can be noticed that when the thickness 

of BCP is below 15nm, normal exponential J-V curves are observed. When the 

thickness of the BCP equals to 15nm, an S-shape characteristic appears and the 

exponential diode curve degrades remarkably. When increasing the BCP thickness up 

to 20nm, the S-shape is further reinforced. It is worthy to mention that the J-V curves 

of the device under dark do not show the kink, (inset of Figure 4.4) which implies the 

kink observed in the J-V curves under illumination related to the photo-generated 

carriers.  

 

Figure 4.4 The J-V characteristic varies with the thickness of BCP layer; (a) 

ITO/MoO3(10nm)/CuPc(20nm)/nmC60(45nm)/BCP(x)/Ag.  
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The current observation about the critical thickness of the BCP layer agrees with 

the previous work 13, where the permeated depth of the hot metal atoms in BCP layer 

during evaporating of electrode is around 15nm. We argue the BCP layer consists of 

two regions (sub-layers): an unaffected BCP layer and the metal permeated BCP layer. 

The unaffected region is a barrier for electron transport, and cause charge 

accumulation at the contact with C60 layer, while the metal permeated region has 

favorable hopping site for the electrons to hop through. If the BCP layer thickness is 

thin and the metal permeated layer is dominant, the S-shape effect would be vanished. 

On the other hand, when the BCP layer is 15nm or thicker, the unaffected BCP region 

will dominate the electron transport process in the device and S-shape J-V curves 

would be observed. The simulation result shown in the figure 4.3 agrees with the 

experimental results when the buffer layer is thin, the charge carriers will be extracted 

by cathode effectively and resulting an exponential J-V curve. While the buffer layer 

is thick, the charge extraction will be hindered; the photo-generated charges would be 

recombined in the buffer layer and induce the S-shape J-V curve.  

The thickness effect of the BCP exciton blocking layer is further illustrated by the 

band diagram as shown in Figure 4.5(a) and (b) and summarized in the following. The 

extracted current density (JE) presents at J-V curve is related to the recombination 

current (JR) and the photo-generated current (JG) by  

!! = !! − !!                          (4.9) 

Similar to the surface recombination boundary condition in the bulk heterjunction 

OPVs70, the space charge recombination current density at the charge accumulation 
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region can be written as 73,  

LnqLRqJR ⋅
Δ
⋅=⋅⋅=
τ

 

                 (4.10) 

where Δn refers to the accumulated charge density at the interface between 

acceptor and cathode, τ is the lifetime for electron in acceptor, L is the charge 

accumulation layer thickness and R is recombination rate. According to the 

experimental results, when the BCP thickness is equal to 5 or 10nm (Figure 4.5a), the 

charge accumulation carrier density (Δn) is small and the charge accumulation layer 

region L cannot be formed hence the recombination current can be neglected. When 

the thickness of BCP layer increases (Figure 4.5b), the blocking effect induces the 

charge accumulation and the gap states recombination current (JR) makes a significant 

influence on the JE and induces the S-shape change in the J-V curves as shown in both 

experimental and simulation results.  
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Figure 4.5 The energy diagram of the bilayer heterojucntion solar cell, including a 

distribution of trap density in BCP layer. The units are in eV and the inserted arrows 

show the interfacial electrical process before extracted by cathode, (a) device with 

5nmBCP, (b) device with 20nmBCP.  
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4.4 Capacitance-voltage research on the S shape  

As previous introduction in Chapter 3, the charge carrier density within the 

planar heterojunction organic solar cells can be qualitatively characterized by 

applying the capacitance-voltage measurements. Therefore, to further confirm the 

charge accumulation effect in the devices with thick BCP layer,  the C-V 

measurements were performed to the 5nm and 20nm BCP devices both under dark 

and illumination with AM 1.5 filter, as shown in Figure 4.6 74.  

One can deviate the C-V bias range into two different regions, smaller than the 

Voc (around 0.43V) and larger than Voc. In the dark environment, the capacitances of 

both devices remain nearly constant until the applied bias is close to Voc. The constant 

capacitances of both devices under dark are considered as the geometric limitation. 

When the applied bias is larger than Voc, the capacitances begin to be uptrend, where 

charges are injected from the electrode and the 5nm BCP device has larger 

capacitance than that with the 20nm BCP which exhibits the thickness effect of planar 

capacitor. While under illumination, the 5nm BCP devices does not show a significant 

increase in the capacitance at the voltage range between negative bias to Voc, it 

indicates that the photo-generated charges can be effectively collected by the 

electrode and no charge accumulation occurs; however, for the 20nm BCP device, a 

significant increase is observed in the same bias range, which implies the 

photo-generated carriers are accumulated within the device and cannot be collected by 

the electrode effectively. The charge accumulation effect can also be used to explain 

the S-shape effect in the J-V curves; by considering the case of zero applied electric 
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field (V=0), the 20nm BCP device has the larger capacitance value than the 5nm BCP 

device which implies not all photo-generated charges are collected and measured 

externally at the electrodes. As a result, the short circuit current (Jsc) of the 20nm 

device is smaller as shown in the J-V curve of Figure 4.4. By comparing the J-V and 

C-V measurement results, the increases of BCP thickness would cause charge 

accumulation and related induced recombination within the device and resulting in the 

S-shape effect in the J-V curves.  

 

 

Figure 4.6 Capacitance –voltage curve of devices with 5 and 20nm BCP under dark 

and AM1.5 filer, the frequency used is 1kHz, oscillator (OSC) is 20meV.  
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4.5 Conclusion 

In conclusion, we study the thickness effect of exciton blocking layer in bilayer 

heterojunction organic solar cells. We demonstrate charge accumulation would occur 

in thick BCP layer which causes S-shape effect in the J-V curves and significantly 

degrades the device performance, when the thickness of exciton blocking layer (BCP) 

exceeds its critical value (15nm). A numerical method is developed to reproduce the 

J-V curves by inserting a buffer layer with a gap state recombination site. The 

simulation results indicate when the buffer layer is thicker than 15nm, the interfacial 

recombination will modulate the extracted current and induce an S-shape 

characteristic in the J-V curves. The charge accumulation hypothesis is further 

confirmed experimentally by the C-V measurement of the devices under dark and 

under solar simulator illumination. Our work demonstrated the thickness of exciton 

blocking layer (BCP) plays an important role in the performance and provides insights 

into the origin of the S-shape phenomenon in planar bilayer heterojunction organic 

photovoltaic devices. 
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Chapter 5 

Multijunction organic solar cells 

5.1 Introduction 

One of the main factors limiting the performance of OPV is the narrow 

absorption range when compared with silicon-based devices, which limits the free 

charge generation. In the photosynthesis occurring in nature, the absorption of solar 

spectrum is broadened by the secondary pigment, which forms a light-harvesting 

complex for collecting more of the incoming light than that would be captured by the 

photosynthetic reaction center alone. With this mimics applied in dye sensitized solar 

cells (DSSCs), the absorption range can be enhanced by adding second dye into the 

device where the energy would then be transported by Förster resonant energy 

transfer (FRET). The FRET process involves dipole-dipole coupling of donor and 

acceptor by an electric field and it strongly relies on the overlapping between donor 

emission and acceptor absorption spectra as well as the distance between the 

donor-acceptor separation distances (r-6dependent as described in Chapter 2). Unlike 

DSSC structure, in which secondary dye can be dissolved in electrolyte and form 

intimately contact with the sensitized dye, the application of FRET for efficiency 

enhancement in planar heterojunction (PHJ) OPV would be difficult, especially due to 

the large separation distance between the donor and acceptor as a result of simply 

adding another absorber layer into the device. In this chapter, I will demonstrate that 

the performance of the bi-layer OPV can be enhanced by adding second 
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photo-absorber (donor) into the device and forming multijunction device, which was 

employed to broaden the absorption spectrum (especially the UV region) for 

enhancing the efficiency of the solar cells. It is worth to mention that the main 

difference between the tandem structure solar cell and multijunction solar cell is 

exclusion of the recombination layers in the cells.  

After performing photoluminescence (PL) analysis, absorption measurements for 

various combinations of the thin films and studying of the single TTPA/SubPc 

junction device, it can be demonstrated that the enhancement could be possibly 

attributed to (i) the complement of the optical absorption profiles from TTPA and 

SubPc layers, (ii) the two heterojunction (TTPA/SubPc and SubPc/C60) for exciton 

dissociation and (iii) the favorable energy level alignment for effective charge 

transport throughout device. Similar to the Förster resonant energy transfer 

demonstrated in other excitonic solar cells, our device demonstrated the charge 

transfer (CT) effect by adding extra absorber for wider absorption of the solar 

spectrum can enhance the power conversion efficiency of the OPV. We also discuss 

the key parameters in designing the structure of the multijunction planar organic solar 

cells. 
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5.2 Performance of organic solar cells with multijunction 

structure 

In the multijucntion solar cell structure, the structure was carefully designed by 

inserting the tris[4-(2-thienyl)]amine (TTPA) layer into a boron subphthalocyanine 

chloride (SubPc)/C60 bi-layer single planar heterojunction solar cells to broaden the 

absorption spectrum (especially the UV region) for enhancing the efficiency. 

The schematic diagram of the device structure and the corresponding energy 

diagrams of the multijunction organic photovoltaic devices are shown in Figure 5.1a. 

In all the devices, 10nm of bathocuproine (BCP) is used for the exciton blocking, 

100nm of Ag is used as the cathode and PEDOT:PSS coated ITO glass works as the 

anode. Different from the single junction device which has only one interface between 

the SubPc and C60 layers, the multijunction device has the TTPA layer being added 

into the active region intentionally to form two heterojunctions (TTPA/SubPc and 

SubPc/C60) within the device. The band structure of the multijucntion device in Figure 

5.1 is similar to the cascade energy structure formed by placing a thin intermediate 

layer between the donor and acceptor reported before for the short circuit current 

improvement. However, the main drawback of the cascade structure is the 

scarification of the open circuit voltage while the value of the Jsc increases75-77. 

Furthermore, the intermediate layer used in these devices is usually thin (< 5 nm) 

which also limits the photon absorption and thus the exciton generation in the 

device76,77. Different from the conventional cascade structure OPV, the TTPA layer 

applied in the current multijunction device has 20nm thickness and the same highest 
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occupied molecular orbital (HOMO) level as the SubPc layer78. 

 

 

 

 Figure 5.1 The schematic diagram of the multijunction device and the corresponding 

energy diagram. 
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 From the J-V curves of the multijunction and reference single junction devices 

in Figure 5.2, we can notice the band alignment of the multijucntion device allows the 

open circuit voltage remaining almost unchanged while the Jsc increases 50% from 

3.05mA/cm2 to 4.5mA/cm2 and resulting in the overall PCE increases from 1.49% to 

2.18% (Table 5.1).  

 

 

Figure 5.2 The performance of devices: multijunction device:  ITO/ PEDOT:PSS/ 

TTPA(20nm)/ SubPc(13nm)/ C60(32.5nm)/ BCP(10nm)/ Ag(100nm). Single junction 

reference device: ITO/ PEDOT:PSS/ SubPc(13nm)/ C60(32.5nm)/ 

BCP(10nm)/Ag(100nm). 
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Table 5.1 Device characteristics of the multijunction device comparing with the 

reference cell, and a TTPA/SubPc bilayer device. 

  Jsc(mA/cm2)  Voc(V)  FF  η(%)  

SubPc Ref.  3.05 0.98 0.5 1.49 

TTPA/SubPc  1.18 0.92 0.3 0.33 

Multi-junc  4.5 0.97 0.5 2.18 

 

Prior to obtaining this optimized device, the materials with different energy 

diagrams have been attempted to work as the secondary dye for SubPc molecule in 

our research. Taking the Pentacene for example, it is also a conventionally used 

organic semiconductor for electronics79. The energy diagram of the pentacene 

involved multijunction device and the related J-V curve are shown in the figure 5.3. 

According to its energy diagram, it should be expected to possess a lower open circuit 

voltage which can be mainly determined by the energy level offset between the 

HOMO of pentacene and LUMO of C60. In fact, the Voc have a remarkable decrease 

from 0.98V to 0.33V as this multijunction formed, although the Jsc is enhanced nearly 

50%. This example indicates that the energy levels of energy diagram in the 

multijunction device need to be carefully designed for maintaining the Voc value while 

increasing the photogenerated current. 
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Figure 5.3 The schematic diagram of the multijunction device and the corresponding 

energy diagram. (b) The performance of devices: multijunction device:  ITO/ 

PEDOT:PSS/ Pentacene(20nm)/ SubPc(13nm)/ C60(32.5nm)/ BCP(10nm)/ 

Ag(100nm). Single junction reference device: ITO/ PEDOT:PSS/ SubPc(13nm)/ 

C60(32.5nm)/ BCP(10nm)/Ag(100nm). 
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The significant improvement of the device efficiency without the decay of the 

open circuit voltage provides a direction for the further development of high 

efficiency multijunction planar organic solar cells without the complex tandem 

structure. In the following section, I will focus on investigating the physical 

mechanism for the efficiency enhancement.  

5.3 Photo-response broadening 

Figure 5.4 shows the absorbance and the external quantum efficiency (EQE) of 

multijunction device as well as the reference bilayer SubPc/C60 device. The increases 

of the optical absorption of the complex film and the EQE at that range around 340nm 

to 440 nm is attributed to the presence of the TTPA thin film which can absorb high 

energy photons for exciton generation. It is important to notice that the quantum yield 

of the lower energy photon from the SubPc is not affected by the presence of the 

TTPA layer as shown in the EQE results in Figure 5.4. It indicates the TTPA layer in 

our device can successfully complement the optical absorption of the single 

SubPc/C60 junction and extra free carriers are generated by the presence of the TTPA 

film. 
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Figure 5.4 The absorbance profiles of the complete active layers comparing with the 

reference and the external quantum efficiency (EQE) of the multijunction device in  

comparing with reference device.   

  



100	  
	  

5.4 Mechanism underlying the multijunction device 

5.4.1 Exciton quenching research by photoluminescence  

The enhancement of the EQE can be possible due to the exciton fission process in 

the TTPA layer that has been recently reported in tetracene solar cell80. The fission 

process is known as the splitting of a singlet state exciton into two lower energy 

triplet state excitons where the efficiency can be as high as 70% in tetracene film at 

300K80,81. However, more detailed investigations on the energy states of the excitons 

are needed to confirm whether the fission process is energy favorable in the current 

TTPA thin film. After knowing the extra exciton generation from the high energy 

photons, it is important to investigate the exciton dissociation location as it plays a 

very important role on the performance of the organic solar cell. To verify the exciton 

separation location, we performed room temperature photoluminescence (PL) 

measurement on four various samples: bilayer TTPA(20nm)/SubPc(13nm), 

multi-layer [TTPA(2nm)/ SubPC(1.3nm)]×10, single layer SubPc(13nm) and single 

layer TTPA (20nm). In the PL results shown in Figure 5.5, the bilayer film with 

TTPA and SubPc (green curve) shows a significant drop at the TTPA emission peaks 

while comparing with the single TTPA layer (black curve). It indicates the excitons in 

the TTPA layer are quenched by the presence of the TTPA/SubPc interface. The 

dropping of the PL peaks is more obvious in multilayer film which consists 10 periods 

of TTPA(2nm)/SubPc(1.3nm) where the TTPA peaks completely vanish. It is also 

important to point out that the PL peak of the SubPc does not increase significantly 
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while the TTPA peaks drop, it represents the exciton transfer from the TTPA layer to 

the SubPc layer is not dominating in our samples82. Moreover, as the PL peak of the 

SubPc does not drop due to the presence of the TTPA/SubPc interface, it suggests the 

dissociation of the SubPc exciton is not effective in the TTPA/SubPc bilayer sample.  

 

 

 

Figure 5.5 The photoluminescence (PL) of the organic semiconductor films for a 

pump wavelength of 340nm at room temperature. 
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5.4.2 Verification of the multijunction charge transfer by bilayer 

heterojunction solar cells 

To further confirm the exciton dissociation is happening at the TTPA/SubPc 

interface, a solar cell was fabricated with only TTPA/SubPc layers as the active 

region and the corresponding J-V cures are shown in Figure 5.6. It can be noticed that 

the Jsc of the device can achieve around 1.2mA/cm2 with a Voc of 0.92V. By summing 

up the Jsc values from the TTPA/SubPc device with the SubPc/C60 single junction 

device in Figure 5.1, the Jsc level quantitatively agrees with the multijunction cell. It 

provides evidence that both interfaces in the multijunction device are effectively 

contributing to the generation of photocurrent by direct charge transfer in the current 

OPV structure.  
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Figure 5.6 The performance of TTPA/ SubPc bilayer device with inserted a schematic 

diagram of structure (ITO/ PEDOT:PSS/ TTPA(20nm)/ SubPc(13nm)/ BCP(10nm)/ 

Ag(100nm)). 
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5.4.3 Charge transfer in the multijunction device 

To verify the inefficient energy transfer between the TTPA layer and the SubPc 

layer, their emission and absorption curve are measured. It can be noticed that the 

overlap between their emission and absorption spectra is very weak as shown in the 

figure 5.7 which limits the probability of FRET in our current device. The schematic 

diagram for the charge transfer process in the mulitjunction device is shown in Figure 

5.8a. The higher energy photons will be absorbed by the TTPA layer and the 

generated excitons will be dissociated at the TTPA/SubPc interface for free charge 

generation. The lower energy photons which are transparent to the TTPA layer will be 

absorbed by the SubPc for charge generation.    

 

Figure 5.7 The relative value of the emission of TTPA film and the absorbance of 

SubPc film. 
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Figure 5.8 (a) The schematic diagram for improvement of photon response by direct 

charge transfer (CT) (b) Direct charge transfer overwhelming the Förster resonant 

energy transfer (FRET) between TTPA and SubPc molecule. 
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Based on the previous discussion about the experimental findings, I 

summarized a few key design parameters for the cascade-type multijunction OPV. 

Firstly, the lower bandgap donor material (SubPc in our case) should have reasonable 

ambipolar carrier transporting properties for efficient charge transfer and SubPc has 

been reported to be as an electron acceptor in OPVs83. Secondly, the HOMO levels of 

the donor materials should be aligned for efficient charge transfer and maintaining the 

open circuit voltage value. If the HOMO level of higher bandgap donor is larger than 

the lower bandgap donor, there will be a potential barrier for the hole transport which 

will decrease the fill factor and induce S-shape effect in the J-V curves. On the other 

hand, if the HOMO level of higher bandgap donor is smaller than the low, the Voc of 

the solar cell will be dropped and thus lowering the efficiency of the device as our 

pentacene involved multijunction device76.  
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5.5 Conclusion 

In this chapter, the multijunction organic solar cells were exhibited for improving 

the photon response to the solar spectrum. The power conversion efficiency of the 

devices increases from 1.5% to 2.2% while the open circuit voltage remains constant 

by introducing the TTPA layer into the active region as an extra donor material. We 

provide a detailed discussion about the physics origin of the performance 

enhancement. Different from the previous findings related to the Förster resonant 

energy transfer, the enhancement is correlated to extra free charges transfer in our 

devices. This finding demonstrates an alternative method to employ broader solar 

spectra by the complement of the optical absorption of the active region layers and 

careful design of the band alignment for efficiency charge transport throughout 

device.   
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Chapter 6 

Novel growth method for the crystallized 
boron subphthalocyanine chloride thin film 
with a long range exciton diffusion length 

6.1 Introduction 

The unique feature of organic semiconductors comparing with inorganic 

counterparts is the exciton diffusion length, LED, which defines the effective domain 

size or thickness of active layer in organic solar cells. Outside of this range, exciton 

will have little chance to contribute the photovoltaic effect by dissociating at the 

interface of donor and acceptor. Generally, the exciton diffusion lengths of the most 

extensively researched organic semiconductors are ranged around 8~20nm12,63, which 

are relatively smaller in comparing with their optical absorption depth in the visible 

spectrum (α-1). A long range exciton diffusion length was reported in highly ordered 

rubrene small molecule organic semiconductor,34 and improvement of charge carrier 

mobility has also been reported in the ordered small molecule and organized 

conjugated polymers thin films84. It is expected that the preferred molecule stacking 

will be beneficial for achieving high performance organic solar cells and similar 

concept has been shown in organic solar cells.24  

Boron Subphthalocyanine Chloride (SubPc) is a 14 π-electron umbrella-shaped 

molecule with a strong dipole moment (µ~4.5D) oriented along the Cl-B direction85. 
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Recently, SubPc shows very promising photophysical properties and applies in the 

applications in nonlinear optics, OLEDs, photovoltaic devices that present over 3% 

efficiency9,86. The low sublimating point small molecule organic thin film is 

conventionally deposited by thermal evaporation under vacuum, which tends to be 

amorphous state9. Such a disorder microstructure will lower the transportation ability 

of exciton in the thin film, because this kind of excited energy transfer between 

molecules is strongly sensitive to the dipole orientation and spatial distance according 

to the Förster’s theory.35 The exciton diffusion length is expected to be enhanced by 

aligning the molecule packing through increasing the Förster radius. The methods like 

in situ or post-annealing31,36, templating37,38, and molecule structure design38,87 have 

been applied to produce a well-ordered molecule stacking behavior and generate a 

positive effect on the performance of organic photovoltaic. In this chapter, I will 

discuss the use of a novel method to grow a preferred stacking SubPc crystallized thin 

film, which is similar to the electric-field assistance method of growing 

perpendicularly orientied nanorod CdS (30nm*5nm, ~220D dipole moment) 

superlattices88, growing protein crystalline89, and altering the water freezing point90. 

All the above samples have taken used of the molecule dipole interaction with electric 

field or charges to produce a well-ordered structure. In this chapter, I have combined a 

DC electric field for producing surface charges on electrodes and a SubPc toluene 

saturated solution with a slow evaporation of solvent to generate a crystallized thin 

film on heavily doped silicon substrate.  
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6.2 SubPc thin film growth process 

Figure 6.1 (a) shows the sketch of the experimental setup. The two electrodes 

were emerged in the SubPc toluene solution, which was applied by a 1×104 V/cm 

electric field. The slow evaporation of toluene solvent will generate a steady 

supersaturation condition. The heavily doped Si substrates were applied to generate 

electric field between the electrode gap and surface charges on electrodes.  
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Figure 6.1 The sketch of experimental setup for crystallized SubPc thin film growth. 

(a) 3D drawing. Two pieces of Si electrodes were separated by Teflon at a distance of 

2mm, which were immersed in saturated SubPc toluene solution. A high voltage 2kV 

was applied with a 30sccm nitrogen flow supplied at room temperature (~20±2℃). (b) 

The schematic of thin film growth process: SubPc molecules were deposited onto the 

substrate. 
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6.2 Electric field effect and surface charge effect on the 

thin film growth 

	   	   	   	     Since the electric field has been used to promote the water freezing which is 

called as electrofreezing.91 The charges were also attributed to this dipole molecule 

cluster formation. It should be necessary to distinguish electric field effect or surface 

charge effect that dominates the SubPc crystallized thin film growth, because both of 

them are presented in my experiments. 

6.2.1 SubPc dipole molecules under an electric field  

                     —Statistic thermodynamic calculation 

To provide an insight into the interaction of molecule dipole with electric field 

in our case, a theoretical calculation based on statistical thermodynamics was 

performed. Since SubPc molecules have a limited solubility (~10-4mol/L) in toluene at 

room temperature and the intermolecular interaction can be neglected. It can be 

considered as an ideal dilute gas case in a DC electric field. Therefore, each SubPc 

molecule of the dilute solution experiences the same electric field ε! , which is 

assumed that the external electric field is along z-axis as shown in Figure 6.2. 
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Figure 6.2 The dipole molecule in an electric field εz . The length of dipole is l and the 

end of charge is denoted as q, the electric dipole moment is denoted as µ.  

	  

    Due to the classical statistics serving as an excellent approximation for this case, 

herein we just need to discuss only the classical energy of molecule in an electric field. 

The partition function of the dilute gas system as shown in Eq.6.1 is  

! !,!,!, !! =
! !,!, !! !

!!  

                   (6.1) 

Where, ! !,!, !!  is the partition function of a single molecule in the electric field 

!! expressed as Eq.6.2, which depends the geometry of the molecule. Here it is 

assumed to be as a linear dipole for simplified calculation. And the vibration freedom 

was ignored as well. 
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! !,!, !! = !!"# ! ∙
1
ℎ! ⋯ !!! !"!!! !!!!!!!"!#!$!!!!!!!"!# 

 (6.2) 

Where the Hamiltonian ! = !
!!

!!! + !!! + !!! + !!
!

!!
+ !!

!

!!!"#$!
− !!!!"#$ −

!
!
!!!!. 

Here, k is Boltzmann’s constant; h is taken to be Planck’s constant for the sake of 

dimensionless; M denotes the molecule weight; p is molecule momenta;  ! is the 

polarizability; V is the system volume; T is absolute temperature; I is the moment of 

inertia of the molecule. After integrations, the result can be directly obtained as Eq.6.3. 

(Eq.6.1-6.3, refer to Statistical Thermodynamics by Donald A. McQuarrie, p.243-255, 

1985) The total partition function can be expressed as following which neglected the 

polarization case for SubPc due to the larger dipole moment. 

! !,!, !! =
!
!! (

8!!!"
ℎ! )

!!!! !!

1− !!!! !

!"#ℎ(!!!!" )   
!!!
!"

 

           (6.3) 

Where Λ = (h
!
2πMkT)

! !; Θ! is the characteristic vibrational temperature. 

We can write the first law of thermodynamics as  

!" = !"# − !!" −!!!!! 

                  (6.4) 

where the !!  is the average dipole moment of the macroscopic system. By 

subtracting the d(TS) from both sides, we obtain the Helmholtz free energy: 

!" = −!"#$%(!,!,!) = −!"# − !!" −!!!!! 

                 (6.5) 

Therefore we can write  
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!! = −(
!"
!!!

)!,!,! = !"(
!"#  (!)
!!!

)!,!,! 

              (6.6) 

The average moment of the system is  

!! = !!! = !"ℒ(!) 

                         (6.7) 

Where ℒ(y) in the langevin equation, which is shown in Figure 6.3.  

ℒ ! = !"#ℎ ! −
1
! 

                        (6.8) 

 

 

 

Figure 6.3 The curve of Langevin equation versus y. 
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Physically, !ℒ  (!!!
!"
) is the average z-componant of µ since 

!! = !!"#$ = !
!!!!!"#$ !"!"#$#%&$'$!

!

!!!!!"#$ !"!"#$%$!
!

= !ℒ(
!!!
!" ) 

       (6.9) 

Indeed, the above Eq.6.9 describes the tendency of the dipolar molecule aligned by 

the external electric field. The opposite of such a process is the heat agitation of 

molecules. However, according to the Langevin equation, the molecules will be 

aligned up completely as the electric field intensity increase enough. 

In our practice case that the SubPc molecule with 4.5 debye dipole moment in the 

dilute toluene solution at room temperature, when the applied electric field was 104 

V/cm, the value of   

!!!
!" =

10!!"×(10
!
300)

1.38×10!!"×300 = 3.6×10!! 

 

Actually, the value of !!!
!"

 is too small to make an alignment effect on the SubPc 

molecule under a 104 V/cm electric field. 
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6.2.2 Insulating the surface charge in experiments 

 In the experimental part, to further provide a distinction between the electric 

field and surface charges effect, we applied a Si substrate covered a 150nm oxide 

layer electrodes to insulate the surface charge while maintaining the electric field 

between the two electrodes. The results reveal that the SubPc thin film was only 

formed on the charged electrode. According to the Zhu et al.92 and He et al.’s93 work, 

the interaction between the surface charges and partial charged end of molecule 

dipoles was considered as a main factor for lowering the free energy barrier for 

nucleation. Therefore, the surface charges of electrode were expected to be attributed 

to facilitation of the nucleation for the SubPc crystallized thin film. As a result, the 

SubPc crystallized thin film growth process can be described as follows. At first, the 

supersaturation solution induced by the evaporation of solvent will supply the driving 

force for the thin film growth. Then, the nucleation tends to form on the charged 

surface of electrodes, and then the film will be deposited continually. The inserted in 

Figure 6.1 indicates the schematic of this growth process. The aromatic macrocycles 

of SubPc molecules were expected to form a pseudo-two-dimension plane, which can 

be verified by TEM diffraction. However, it is an asymmetric behavior for SubPc thin 

film forming on the positive and negative charged electrode, and this agrees with the 

Ehre’s work90, where the positive surface charges promoted the nucleation of water 

more significantly than the negative charges. SubPc molecules oriented their B atoms 

with positive signal side towards the negatively charged surface, and more kindly 

tended to nucleate on the negatively charged electrode. The electron distribution and 
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geometry of the SubPc molecule are very different from the two sides of the dipole. 

One could anticipate that the SubPc molecules nucleated and interacted differently 

with the negative and positive charges. It is important to point out that it is still an 

open question that the exact nucleation mechanism due to the negative charges and 

why it would not happen on the positive electrode. 
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6.3 The effect of electric field variation on the thin film 

growth 

According to the statistic thermodynamic calculation and experimental results, it 

can be noticed that it is the surface charge rather than electric field makes the key role 

in the thin film growth. In this section, I will investigate the relationship between 

nucleation density and surface charge density effect. 

Since the surface charge density is proportional to the electric field intensity 

between two electrodes (σ = εE), the surface charge density can be tuned by 

modifying the electric field intensity from 1×103 to 1×104V/cm, where this variation 

cannot make change to the electric effect on molecule alignment according to the 

previous calculation. As seen in Figure 6.4, the surface charge density determines to a 

large extent the nucleation density, and the grain density was increased with the 

surface charge density increase. It can be interpreted that SubPc molecules will find 

more chance to interact with surface charges, and then the interaction will promote 

SubPc molecules nucleated on the substrate. 
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Figure 6.4 The effect of surface charge density variation on the thin film morphology. 

The other growth conditions were maintained, (a) 1×103V/cm, (b) 0.5×104V/cm and 

(c) 1×104V/cm. 
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6.4 Thin film characterization: morphology and 

crystalline structure 

From the AFM image in Figure 6.5(a), the thin film is composed of triangle 

shape domains, which show significant geometry morphology that provides us with a 

hint that they might have a well-organized crystalline state. Similar nanocrystallized 

triangle SubPc island was once mentioned in Marta et al.’s work85, in which the 

triangle SubPc islands formed on Cu(111) substrate. They took the scanning tunneling 

microscope technique and found that the triangle shape molecules could assemble 

these islands. It should be also noted that there is difference in the morphology 

between Figure 6.5(a) and Figure 6.4 (c) under the same electric field. It is because 

that the morphology of the solution growth thin film is also dependent on the 

temperature variation and solvent evaporation rate besides of the electric field 

intensity control, which cannot be controlled very stable and repeatable in our 

experiments currently.  
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Figure 6.5 The AFM images for the crystallized SubPc thin film on the heavily doped 

silicon substrate. (a) The topography image, (b) the phase image. Both of the presents 

the lamellar structure as shown in the rectangle dash area. 

	  



124	  
	  

The crystalline structure needs to be further verified by using of grazing 

incidence X-ray diffraction technology (GIXRD, performed by Rigaku 9KW smartlab) 

and transmission electron microscopy (TEM, performed by JEOL 2100F) with 

selected area electron diffraction image (SAED). The results shown in Figure 6.6 and 

Figure 6.7 reveal that the thin film is in crystalline state. The major diffraction peak of 

GIXRD (17.01°) suggests the (001) plane is parallel to the substrate surface according 

to Mattheus and Kietaibl et.al.’s work36,94. Combining with the elliptical diffraction 

pattern shown in Figure 6.7, which was observed by Cowley et al.95 And Yukie 

Saito’s work96 in turbostratic graphite. In their researches, the oriented hexagonal 

carbon sheets with rotational and translational disorder could produce this elliptical 

SAED diffraction patterns under conditions: there is a tilt angle between the direction 

of electron irradiation and c﹡axis (known as the sheet stacking direction). As a result, 

the distribution of scattering power in the reciprocal space forms concentric cylinders 

rather than spheres as conventional polycrystalline. Thus, the section of these 

cylinders with the Ewald sphere, meeting the Laue rule, generates the elliptical 

diffraction patterns. Combing with the Trelka’s work85, which exhibits a hexagonal 

stacked SubPc sheet behavior, and a clear lamellar structure according to the AFM 

topography and phase images in Figure 6.5(b). We speculate that this SubPc 

crystalline grain is composed of the preferred orientation stacking sheets with a 

common c-axis, a turbostratic-graphite-like structure. This can be interpreted that the 

aromatic macrocycle of SubPc molecules assemble a pseudo-two-dimension sheet.  
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Figure 6.6 Grazing incidence X-ray diffraction pattern 

 

Figure 6.7 The transition electron microscopy with selected area electron diffraction 

information. 
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6.5 Exciton diffusion length measurement by Spectrally 

resolution photoluminescence quenching (SR-PLQ) 

method 

Spectrally resolution photoluminescence quenching (SR-PLQ) method63 was 

commonly taken to measure the exciton diffusion length in organic semiconductors, 

which assumed the excitons obeyed one dimensional steady state diffusion equation.  

Through the quenching ratio between with exciton blocking layer (EBL) and exciton 

quenching layer, the exciton diffusion length, LEX, was deduced from the slope of the 

fitted line to be around 8~22nm63,97 in the thermal evaporated amorphous SubPc thin 

film. In our research, we take the same method to measure the LEX, in the crystallized 

thin film. Figure 6.8(a) shows the quenching ratio with exciton blocking layer and 

exciton quenching layers. Combining with the absorption coefficiency, the quenching 

ratio is plotted versus α′ as shown in the figure 6.8(b). 
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Figure 6.8 PL excitation spectra for amporphous SubPc 622nm was taken, for 

crystallized SubPc at an emission wavelength of 648 nm and. (black line) with and 

(gray Line) without a 10nm quenching layer C60, BCP is used as an exciton blocking 

layer. Transmission losses and reflectance variations with the quenching and blocking 

layers were neglected when calculating the quenching ratio due to small overlap 

between the absorption of EBL (EQL) with the emission of SubPc layer (ref.63). 
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    Combining with the absorption coefficiency in Figure 6.9, the quenching ratio is 

plotted versus α′ as shown in Figure 6.10. Comparing with the fitted line of 

amorphous film, the crystallized thin film exhibits a much sharper slope. As a result, 

the exciton diffusion length of crystallized thin film can be enhanced up to around 95

±2nm, a near 6.5 times as long as that in the thermal evaporated amorphous thin 

film. 

 

 

 

Figure 6.9 The absorption coefficiency of the thermal evaporated SubPc thin film and 

the solution growth SubPc thin film. 



129	  
	  

 

 

Figure 6.10 Quenching ratio versus effective absorption coefficient ( !` ! =

! ! !"# !!). 

  



130	  
	  

6.6 Conclusion 

A solution-based method was employed to grow crystallized SubPc thin film 

with ordered stacking. During the growth, the supersaturation attributed to the slow 

evaporation of toluene solvent supplies the driving force, while the negative surface 

charges on the electrode tends to promote the nucleation of SubPc thin film. Through 

the SR-PLQ methods, the exciton diffusion length in crystallized thin film can be 

extracted for 95±2nm around 6.5 times as long as that in amorphous SubPc thin film. 

The application of such a crystallized SubPc thin film will have very application 

potentials in the organic solar cells. 
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Chapter 7 

Conclusions and future work 

7.1 Conclusions 

The objective of the thesis is to improve the performance of organic solar cells 

by employing new structure design and modifying materials. The power conversion 

efficiency improvement was done by overcoming the primary challenges faced by 

organic photovoltaics: narrow absorption band and short exciton diffusion length in 

organic semiconductors.  

In addition, the mechanism of causing S-shape effect in current density-voltage 

curves (J-V) was also investigated by increasing exciton blocking layer thickness. The 

kink will largely reduce the output power efficiency of the solar cell as the fill factor 

(FF) tending to be lower than 25% when the exponential shape J-V curve was 

modulated into S-shape curve. The S-shape effect was intentionally induced by 

suppressing the charge extraction process at the cathode contact of photovoltaic 

devices and in both experiments and numerical simulations. The results indicate that 

the excess recombination under charge accumulation condition can modulate the 

exponential characteristic J-V curve into S-shape curve. The findings also reveal the 

importance of controlling charge accumulation for high performance OPVs especially 

the tandem device 

After solving the intrinsic structure issue of the conventional solar cell, I further 

explore the optical absorption enhancement in OPV. In order to defeat the problems 
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caused by narrow absorption band, the multijunction structure was designed for 

broadening the absorption of the solar radiation spectrum, similar to the 

photosynthesis effect in natural green leaves. A secondary complementary light 

absorber was added into the active layers, in which Marcus charge transfer was 

suggested to dominate this working multijunction device. Our finding shows almost 

50% increase of the power conversion efficiency by complementing optical 

absorption of the active region layers and carefully designing band alignment for 

efficient charge transport throughout device. The higher energy photons arranged 

from 340nm 440nm were exploited in the multijunction device. 

In the last technical part of the thesis, I discussed the growth of the crystallized 

SubPc film for increasing the exciton diffusion length in the organic semiconductor. 

The crystallized SubPc thin film was successfully grown on the negatively charged 

electrode plate under an electric field of 1×104V/cm. During the growth, the 

supersaturation attributed to the slow evaporation of toluene solvent supplies the 

driving force, while the negative surface charges on the electrode tends to promote the 

nucleation of SubPc thin film. Consequently, an over five-fold increase of exciton 

diffusion length was obtained in this crystallized thin film with 

turbostratic-graphite-like structure comparing with conventional thermal evaporated 

amorphous thin film. 
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7.2 Future work 

    The ultimate goal of my project is to improve the efficiency and understand 

fundamental light energy conversion mechanisms in organic solar cells. Based on the 

experimental results and findings, the following future work would be meaningful for 

solar cell efficiency enhancement and physical mechanism understanding. 

(i) Electronic dynamics between semiconducting molecules and transition metal 

oxides 

For the high efficiency solar cells, an ohmic contact is required for effective 

photogenerated charge collection in the device. The transition metal oxides are very 

specific owing to their abilities of wide range of work-function and chemical stability, 

which can be used to exchange charges with condensed molecules for promoting the 

charge carrier transfer49. Taking the anode contact for example, due to the preferred 

valance band level and amounts of energy states in transition metal oxides, the 

HOMO level of organic semiconductors can be pinned and the energy difference 

between the valance band of metal oxide and HOMO of organic semiconductor can be 

maintained at a small constant value to form an ohmic or quasi-ohmic contact. 

Although the electron-chemical-potential properties between condensed molecules on 

metal oxides are intensively researched, it is still a static state characterization and 

inconclusive. The electronic dynamics is, therefore, required to be characterized 

which is also dependent on the energy alignment between the condensed molecule 

and substrate according to Marcus theory stating that the charge transfer rate is mainly 

determined by the effective free energy difference. Other than the energy alignment, 
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the surface properties of substrate are also important for the charge injection from the 

excited molecules into substrate. A variety of possible microscopic defects such as 

steps, cracks, dislocations and corners as well as point defects such as vacancies, 

interstitial atoms, will form different adsorption centers which will present different 

electron injection processes. Meanwhile, using the Photo-STM (scanning tunneling 

microscopy coupled with pump-probe system), we obtain the power and flexibility to 

give insight into the charge injection dynamics at the molecular scale while 

illuminating with over bandgap energy light source. Through this kind of research, in 

addition to checking up the rule governing energy alignment between molecules and 

transition metal oxide, the more important charge injection dynamics properties at the 

molecular scale can be deeply researched and the key factor that dominates the charge 

injection dynamics can be investigated as well, which will allow us to further enhance 

the quantum yield that may be beneficial for solar energy conversion. At last, two 

specific issues will be highlighted in this research proposal: (1) Other than the energy 

alignment can be tuned by changing the difference between the workfunction of 

substrate and HOMO level of molecules, if the charge injection dynamics holds the 

same rule with energy alignment? It is a more actual problem faced in organic solar 

cells. (2) Besides the workfunction of transition metal oxides, if other factors on 

microscopic scale such as surface defect states and the organization of molecule 

condensed on the oxide can make a significant role in the electronic dynamics? 
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Figure 7.1 The schematic of electron transfer dynamics  
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(ii) Single molecular organic solar cells 

The charge generation and transfer on molecules induced by light can be seen 

as the core in the photogeneration of organic solar cells. It is believed that in order to 

understand the most fundamental mechanisms in organic solar cells, we must give 

insight into them at the molecular scale system. One molecular scale organic solar cell 

is required to be fabricated and the interaction of the organic molecule with light as 

well as the related electronic dynamics including charge generation, separation and 

injection into electrode can be characterized by the Photo-STM system where the 

STM is coupled with a femtosecond pump-probe system in the ultrahigh vacuum. 

Furthermore, the interaction of the molecule system with the plasmon can be 

throughout investigated at the molecular level. For instance, the plasmon 

enhancement to photogeneration in organic photovoltaics can be tested in the most 

well characterized, organized and smallest system by molecular scale control of 

processes in the photovoltaic process in organic solar cells. 

For the experimental, one Graphene/C60/CuPc/Pt solar cell at molecular scale 

will be fabricated and characterized by Photo-STM system, including the dark, light 

current-voltage characterization and the related electronic dynamics. There are two 

issues needed to be concerned in this research proposal. The first one is the molecular 

orientation effect on the performance of organic solar cells; namely, it is going to 

identify the difference between the edge or plane contact of CuPc molecule on C60. 

Secondly, due to the resonance wavelength of metal nanoparticle plasmon is usual 

hundreds of nanometers which can cover the whole molecular size solar cell, it is 
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possible to detect the highest enhanced effect of plasmon on the performance of 

organic solar cells and identify the effective zone of metal nanoparticle plasmon on 

the photogeneration in organic solar cells.  

 

 

 

 

Figure 7.2 The schematic of the single molecular solar cell 
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(iii) Exciton fission in organic semiconductors 

Multiexciton generation (MET, multiple excitons were generated by a single 

photon) has been discovered in a variety of semiconductor quantum dots (QDs) and 

organic molecules,98,99 in order to break the detailed balance limit known as 

Shockley–Queisser limit in solar cells that limits the power conversion efficiency 

enhancement. In organics, one singlet exciton fission into two triplet excitons has 

been observed not only in pentacene and tetracene, etc conversional semiconducting 

molecules99,100, but also in the bioactive carotenoids of photosystem30,101. However, 

the transition efficiency is too low, around 1%, to make significant role in solar cells 

and the microscopic physical mechanism underlying the exciton fission in molecules 

or multiexciton generation in QDs is still under debate.102 Since this phenomenon can 

be occurred within a single molecule and between two molecules, furthermore, it is 

strongly dependent on the surroundings due to other competing dynamics processes 

such as fluorescence and nonradiative decay channels, until now it still triggers great 

efforts to identify the microscopic mechanism for rational control of key factors in 

order to improve the overall transition efficiency in organic photovoltaics.  

In experimental, ultrafast photoconversion dynamics in tetracene or pentacene 

single molecule and clusters using ultrafast laser spectroscopy can be adopted to 

detect the singlet-triplet exciton fission process, assisted with the external fields 

(temperature, electric, magnetic, and etc.). In addition, by controlling the molecules 

separation distance, it can be used to identify the mechanism between impact 

ionization effect or coherence process and further detect the occurrence of proposed 
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the intermediate state in ref.30,102, which is proposed playing an important role in the 

exciton fission process. 

	  
	  
	  
	  

	  
	  

Figure 7.3 The schematic of setup for exciton fission research 
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