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Polymer solar cells (PSCs) with power conversion efficiencies (PCEs) exceeding 

10% have been demonstrated in laboratories due to the development of novel materials, 

film processing techniques, and device architectures. However, some critical physical 

properties of the polymer:fullerene bulk heterojunction (BHJ), such as the charge 

transfer process, energy alignment, carrier recombination and transport still remain to 

be further studied.  

First, we studied the impact of charge transport on the solar cell performance. 

Space charge limited photocurrent, which is directly caused by imbalanced electron-

hole mobility, severely reduces the photocurrent extraction efficiency. This model 

explains the efficiency loss mechanism in certain polymer:fullerene BHJ cells, while the 

photocurrent loss in the systems with balanced charge transport needs to be studied 

using detailed recombination measurements. Next, by measuring the carrier lifetime, we 

concluded that bimolecular recombination significantly limits the fill factors and open 

circuit voltages of polymer solar cells, especially in the systems with large energetic 

disorder. 
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Following the studies of bulk recombination, we also investigated the 

recombination at the interface between absorber and electrode. The intrinsic point 

defects in the transition-metal-oxide interlayer can reduce the local carrier lifetime and 

thus the short circuit current of polymer solar cell. Upon the defects reduction using UV-

ozone treatment, we are able to improve the performance of our inverted cell, resulting 

in a record efficiency of 8.1%. 

In the final section, we first demonstrate a novel method to probe the energy 

alignment in the polymer:fullerene BHJ. Charge modulated electroabsoprtion 

spectroscopy (CMEAS) directly determines the effective bandgap in a solid state BHJ 

film, which outplays the previous electro-chemical methods that can only be applied to 

individual pristine materials. Combining the study of carrier recombination with the result 

of CMEAS, we successfully demonstrate that the loss of open circuit voltages in 

excitonic cells strongly depends on the dielectric constant of the BHJ system. 

  

 



 

19 

CHAPTER 1 
FUNDAMENTALS OF POLYMER SOLAR CELLS 

1.1 Photo-Induced Charge Transfer 

As an emerging thin film solar technology, the PCEs of OPV successfully 

surpassed the 10.0% milestone recently.1, 2 Such achievement is realized by the great 

development of photo-active materials, device architecture and the understanding of 

device physics. To understand the origin of the photovoltaic effect in organic solar cells 

and then a special case—polymer:fullerene BHJ solar cells, we need to first discuss the 

process of charge generation—photo-induced charge transfer.3 With this discussion, we 

can further understand the rationale of device architecture and other pieces in the 

framework of device physics. 

 

1.1.1 Marcus Theory 

The theory of bimolecular electron-transfer reaction in solution was studied since 

1950’s.4-6 A detailed review was presented by Marcus in 1984.7  

 

Figure 1-1. Many-dimensional potential profile of reactants (R) and products (P) with 
respectively with their surrounding miedia. A and C respectively marks the 
nuclear coordinates under equilibrium for R and P. B denotes the intersection 
of the two potential energy surfaces. The dotted line indicates the energy 
level splitting due to the energy states interaction in R. 
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A classic way to describe the electron-transfer rate is presented as following. The 

vibrations within the reactants were treated as harmonic oscillators. The fluctuation of 

nuclei position affects the potential energy of the outer-sphere, there’s certain possibility 

that the outer-sphere electron has the same energy as an outer-sphere unoccupied 

state owned by an adjacent reactant. Such possibility is referred as the probability of 

reaching the many-dimensional intersection region on the coordinate of potential energy. 

A term describing the possibility of crossing the intersection region should be included. 

Thus, the transition rate is given by: 

           
     (1-1) 

where   or      is the transmission coefficient for electron transfer through the 

intersection region,     has the dimension of collision frequency,   is the mean 

separation distance in the transition state of the reaction,     is the free energy of 

activation that is related to  —the reorganization parameter. 

With quantum consideration, under the approximation of weak electronic coupling 

(   )8-10, the first order transition rate is given by  

   
  

 
   

        (1-2) 

where     is the matrix elements describing the electronic coupling between a 

electronic state of reactant and that of a product.      is the ‘Franck-Condon’ term 

which is a sum of products of overlap integrals of the vibrational and solvational 

wavefunctions of the reactants with those of the products. When all the coordinates 

(solvent and inner-shell) are treated as oscillators in a quantum mechanical way, Eq.1-2 

is written as: 

   
  

 
   

                   (1-3) 
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where   and   label the quantum states of reactants and products,       is the ‘Franck-

Cordon’ term of the given quantum states.       is the Boltzman probability to find the 

system in state   . Such a treatment is proved to be inappropriate for the reaction 

experiences a significant change of entropy. However, if the quantum mechanics 

treatment is only applied to the inner-shell coordinates, while the solvent is treated 

classically, Eq. 1-3 is rewritten as Eq. 1-4 and its high temperature extreme as Eq. 1-5 

which is the version widely used in numerical analysis. 

   
  

 
   

  
 

      
       

         
 

                       (1-4) 

 

   
  

 
   

  

      
      

    
 

       (1-5) 

From Eq. 1-1 to Eq.1-5, we can evaluate what parameters can impact the charge-

transfer in a polymer:fullerene solar cell. First, the electronic coupling is affected by the 

molecular structure, the interface effective force, the BHJ morphology (the mean 

spacing between reactants and products), and the dielectric constants of the polymer 

and fullerene derivatives. Second, the energy of initial and final states of the transfer 

process may be related to the recombination process in the disordered systems.11, 12 

Third, the reorganization energy of different polymers is a topic that has not been well 

studied. 

1.1.2 From Excitons to Free Carriers 

 What does charge transfer specifically mean in polymer solar cells? Here, as 

illustrated in Figure 1-2, it is specified as an effective-interface-force-assisted process in 

which a photo-generated exciton in an electron donating molecule gets separated at the 

donor-acceptor interface, resulting in the electron donating molecule charged with a 

hole and the adjacent electron accepting molecule charged with an electron.3 Similarly, 
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such a process also applies to hole-transfer. Separated electrons and holes are 

generated across the donor-acceptor interface and transport under the assistance of 

internal electric field. This is the origin of photovoltaic effect in a polymer:fullerene BHJ 

excitonic cell. 

 

Figure 1-2. (color) The illustration of the evolution from an exciton A) photo-generated in 
the donor phase to the separated electron and hole D); D denotes the donor 
phase and A denotes the acceptor phase; B) stands for the CT state. The 
solid straight line denotes the donor-acceptor (polymer-fullerene) interface. 

During charge transfer, the status wherein an electron-hole pair is loosely bonded 

across the donor-acceptor interface is referred as “charge transfer (CT) states” or 

“charge transfer complexes (CTC)”.13 Such a process is ultrafast as transient absorption 

measurements repeatedly reveal a sub-picosecond dynamics.14, 15 During this short 

period of time, excitons experience all the following steps to finish transferring the 

charge. First, the photo-generated exciton first relaxes to the one of the many CT 

manifolds. The role of excess energy during such a process is still under debate.14, 16-18 

Many reports claim that, in efficient polymer:fullerene systems, the CT exciton in the 

higher manifolds (CTn), which is also called “hot” CT states, are easier to get further 
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separated due to their relatively delocalized wavefunctions.15 Those excitons cannot 

dissociate in such a ultrafast fashion will relax to the ground states—CT0 and then either 

decay to the ground state (S0) or get enough energy to hop to higher CT manifolds to 

complete the dissociation.19 The transition from CT0 to S0 belongs to geminate type of 

recombination, which is in contrast with the bimolecular recombination between free 

carriers. Geminate recombination is composed of a tiny fraction (EQE~10-6) of radiative 

recombination20 and the rest of non-radiative type. Organic photovoltaic systems are not 

good light emitters; the CT emission is extremely inefficient for polymer:fullerene 

systems, which is in agreement with the discrepancy between typical polymer solar cells 

performance and limit predicted by Shockley-Queisser detailed balance theory.21  

 

Figure 1-3. (color) The free energy diagram revealing the process from exciton 
generation to, charge transfer and charge separation states. The 
recombination events are marked as dashed blue arrow; the dashed red 
arrow denotes the CT relaxation. 

Figure 1-3 is the so-called free energy diagram showing all the above mentioned 

processed from exciton generation to charge transfer. All the excitation, CT, and 

recombination pathways are indicated using different arrows. It is worth to notice that, 
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even at the stage named “charge separation”, the coulombic interaction still plays a role 

in the energy coordinate due to the small dielectric constant and an electron-hole 

separation less than 10 nm. Thus free carriers may have lower energies than some CT 

manifolds.  

Charge transfer cannot happen without photo-generated excitons. In fact, photo-

excitation is also a charge transfer process that happens within a polymer repeating unit. 

Thus, the exciton binding energy highly depends on the charge distribution in the 

excited states. Some researchers also use internal dipole moment to describe different 

exciton binding energies.22 Usually, a larger dipole moment in the repeating block 

corresponds to a smaller exciton binding energy and thus a smaller driving force 

required for charge dissociation. Some earlier thiophene based polymers, such as 

P3HT,23 have an intramolecular charge transfer in the scale of a thiophene unit. 

Therefore, the center of electron and hole wavefunctions are almost overlapped, leaving 

a very large exciton binding energy of 0.3 eV~0.4 eV. To separate charges from such a 

large binding energy, a significant interface electric field (~106 V/cm) is required. That 

leads to a widely accepted but empirical value of 0.3 eV LUMO or HOMO band offset 

for a minimum requirement to finish the charge dissociation.24 However, some lately 

studied donor-acceptor polymers show very efficient charge dissociation even with a 

LUMO band offset less than 0.3 eV. To address the difference, we need to first show 

the basics of donor-acceptor polymers.25-27 Typically, in a repeating block of such a 

polymer, there’re two functional units bearing quite different electron affinities. This 

polymer construction strategy allows chemists to create polymers by trying different of 

donor-acceptor combinations, generating polymers with low bandgap and deep-lying 
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HOMO energies which are required for the harvesting of photocurrent and 

photovoltage.28-32 Due to the donor-acceptor structure, the exciton excitation is 

essentially a process of electron transferring from the donor unit to the acceptor unit. 

Since the two units are quite separated in the repeating block, the generation of an 

exciton causes a significant change of intramolecular dipole moment.22 The binding 

energy of the exciton is consequently lower than the traditional single-unit polymers. 

This small binding energy is also consistent with the ultrafast charge transfer that is 

mentioned in previous text. 

In sum, the purpose of this section is not only to show the origin of the photovoltaic 

effect, but more importantly, the difference between organic solar cells and traditional 

inorganic thin film cells such as amorphous silicon and chalcogenide cells. Organic 

solar cells generate charges in two different materials instead of one. As a result, 

polymer solar cells have to apply the hetrojunction architecture. The driving force of 

photocurrent is also more than just the equilibrium built-in voltage which is the case for 

inorganic cells. Due to the different direction of carrier concentration gradient, the profile 

of carrier concentration also contributes to the local fluctuation of quasi-Fermi energies, 

leading to local photocurrent flow.33 The organic cells with a two-layer structure24 is very 

typical in terms of the chemical potential driven photocurrent; while, in the so called BHJ 

structure, the carrier concentration is almost uniformly distributed in the light absorbing 

layer, leaving its gradient too small to generate an impact on the quasi-Fermi level 

splitting.  But, qualitatively, the photovoltaic effect of a BHJ polymer solar cell is still 

driven by both the equilibrium built-in electric field and the local fluctuation of chemical 

potential. 
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1.2 Carrier Transport and Recombination 

These two electric processes are actually very important topics in organic 

electronics. They are introduced in the same section because they are quite correlated 

to each other in the photovoltaic behavior. The carrier transport in the nano-scale 

network is no different from the hopping conduction that people proposed for typical 

disordered systems;34 the recombination is much lower than the prediction by Langevin 

type mechanism,35 whereas, the it scales perfectly with mobility values which can be 

tailored by measuring the mobility and recombination at different temperatures.36, 37 The 

impact of transport and recombination will be discussed in Chapter 2 and Chapter 3 in 

details respectively. 

1.2.1 Localization 

From the classic solid state physics, we know that the defects in crystal structure 

induce the localization of electron wavefunction and affect the band conduction.  The 

loss of potential periodicity in disordered organic solids determines a different energy 

level structure to those crystalline solids. Another consequence with the inclusion of 

disorder is the broadening of density of states (DOS) distribution.38 In either profile of 

DOS tail i.e. exponential or Gaussian, the tail states are more localized than those 

states with high population. Using Anderson’s model,39 a uniform probability distribution 

of disorder gives an exponential band-tail,38 which is commonly used to describe the 

band-tail energies in disordered solids. Amorphous silicon and some organic materials 

are good examples of using an exponential tail distribution.40 Another commonly used 

DOS distribution is the Gaussian distribution which is a result of totally randomized 

energy level occupation.41 These two DOS profiles are widely used in numerical or 

analytical models wherein the important factors like tail width usually become fitting 
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parameters. Despite of the difficulties, there are some very important models, such as 

Mott transition42 and Anderson transition39, derived for the description of metal-insulator 

transition.  

According to the concept of Anderson transition, the weak van der Waals bonding 

between organic molecules causes the narrowed electronic bandwidth which can be 

easily overwhelmed by the energy level variation due to energetic disorder. As a result, 

the transition from metal to insulator (Anderson transition) happens along with carrier 

localization. Structural (physical) disorder43 and polarization44 are two main factors that 

contribute to the energetic (diagonal) disorder and charge localization.  

1.2.2 Hopping Mechanism 

If the energetic disorder and charge localization is mainly determined by the 

polarization due to the intramolecular structure change, or in other words, if the hopping 

rate is limited by the molecular reorganization, polaron models are valid. Marcus theory 

is usually applied in this scenario since it is similar to the small polaron theory. The 

hopping activation energy is then in the form of Eq. 1-4 and Eq. 1-5. However, 

comparing with the hopping mechanism purely based on structural disorder, the polaron 

model is not very popular in the study of carrier transport. 

In the model of disorder, it is easy to understand the activation energy only 

appears in an endothermic process. Such a model was initiated in the topic of impurity 

conduction at low concentrations. The ‘Miller-Abrahams’ rate34 is a hopping model built 

for the impurity states in crystalline materials. Similarly, Ambergaokar reduced the 

hopping model to an equivalent random resistance network.45 Following the correlation 

of localization and mobility gap which was introduced by Anderson and developed by 

Mott46, the hopping between two random sites happens if the condition is fulfilled: 
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          , with    as the electronic energy difference between the two sites, U as 

the binding energy of the localized states (trap) in the mobility gap,    as a length 

describing the special decay of wavefunctions centered at a localized states. Further 

assuming                 makes Eq. 1-6 a good approximation of hopping 

mechanism:45 

      
   

                        

   
            

   (1-6) 

    denotes the transition rate from site i to site j.    is a constant depending on the 

electoron-phonon coupling strength.         is a result of considering the hopping as a 

tunneling process between two trap states.              is introduced due to the 

requirement to maintain symmetry of net charge flow between i and j. Such a model 

provides insight to explain the temperature dependence in amorphous silicon, and 

germanium.47, 48 

1.2.3 J-V Characteristics—Trap Limited and Bulk Limited Transport 

The correlation between the hopping mechanism and derivation of J-V 

characteristics is yet clearly demonstrated. Depending on the mechanism of disorder 

and localization, the transport law may vary a lot. Even in different organic materials, 

contrasting temperature, electric field dependence in J-V has been consistently reported. 

However, there’s still a bridge through which the significance of disorder and charge 

localization is connected by the classical transport parameters such as mobility. The 

effect of hopping can be further reflected by modifying mobility or carrier concentration 

in J(n,F). 

The trap-free space charge limited current (SCLC) is a simple model that makes 

the connection. Assuming all the carriers contribute to the current flow is provided from 
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injection, which means the material has a very low carrier concentration comparing with 

injection; current is not injection limited, we can combine        with         , (   

is the carrier charge,   is the carrier concentration,   is the local electric field,   is the 

carrier mobility,   is the dielectric constant of the sample) and get Mott-Gurney law:49 

  
 

 
  

  

 
. Due to the presence of traps and disorder, a decent trap-free SCLC 

characteristic can only be found in certain bias conditions. The J-V in this range is 

useful for the estimation carrier mobility. For the J-V characteristics other than     ,50 

the influence of disorder and localization has to be included. 

Modifying the SCLC model with a trap distribution, e.g. single level and 

exponential distribution, gives the so-called trapped charge limited current (TCLC).49, 51 

Specifically, an exponential trap distribution helps to explain the slops that are larger 

than 2 in the           plot.50 The presence of traps changes the carrier concentration 

n(E) since the DOS above trap states obeys a Boltzman distribution of       
  

  
      

with NT as the trap states density and ET as the width of trap band. 

Some other phenomenological approaches such as including temperature and 

electric field dependence factors are also widely used to describe the J-V characteristics. 

‘Poole-Frenkel’ theory52, 53 is a very useful model to study the electric field dependent 

mobility. Although the mechanism used to derive the       is a special case—the 

carrier dissociation from a coulombic potential under the assistance of applied field F, 

the     dependence is very common in reported results. To better describe the 

mechanism of field and temperature dependence, different disorder model was used. 

Assuming a Gaussian distribution of DOS on LUMO or HOMO band with a diagonal 
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disorder   and an off-diagonal disorder   to describe the variation of wavefunction 

overlap, the field and temperature dependent mobility is described as following:41 

              
  

   
 
 

    
 

  
 
 

         (1-7) 

wherein C is a fitting parameter. When      ,   is replaced with 1.5 in Eq. 1-7. In 

contrast to the Gaussian disorder model (GDM) which completely ignore the energetic 

interaction between different molecule sites, the 3D correlated disorder model (CDM)54 

assumes a random orientation of molecule dipoles and further calculated the energetic 

fluctuation due to the dipole-dipole interaction with the nearest neighboring dipoles. The 

following empirical expression was achieved: 

              
    

 
 
 

       
       

   

  
   (1-8) 

wherein     
  

  
,   is a fitting parameter to describe the geometry disorder similar in 

GDM, C0 is a constant equals 0.78, a is the lattice spacing. Eq. 1-8 is used to extract the 

energetic disorder values in Chapter 4. 

1.2.4 Bimolecular Recombination 

Bimolecular recombination is a very common topic in all semiconductor related 

devices. Since organic materials are intrinsic under equilibrium, low in carrier 

concentration with one sun illumination, there’s no need to distinguish majority and 

minority carriers. Some researchers pointed out OPV (under illumination) is majority-

carrier cell as they counted both hole and electron are majority carriers.33 

According to different excitation condition, we can distinguish the dynamics based 

on high or low level excitation. High level excitation means the number photo-generated 

carriers is much larger than that in the background (     ).  Using light source to 

excite a cell originally under equilibrium condition is a typical example of high-level 



 

31 

excitation. In Chapter 4, we will discuss a related experiment. In contrast, low level 

excitation is fulfilled when      . Usually, a low level-excitation can be realized by 

using an attenuated source to generate a little fraction of carriers in the sample which is 

simultaneously illuminated by an intensive source. The related recombination 

measurements using low level excitation will also be discussed in Chapter 4. 

The recombination dynamics due to high level excitation is described using 

‘stretched exponential’ decay. The decay rate is usually in the form of:55 

      
    

        
    (1.9) 

with      is the initial carrier concentration due to the high-level excitation,   is the time 

dependent carrier lifetime,       is a fitting parameter characterizing the dispersive 

behavior of the disordered material sample. In contrast, the dynamics of the low-level 

excitation is in the form of ‘single exponential’ decay: 

                   (1.10) 
Since the background carrier concentration is a very large constant, the only parameter 

that reflects the influence of background carrier is the lifetime constant. 

Reviewing the origin of photovoltaic effect in OPV, or polymer solar cells 

specifically, we can understand how significantly the bimolecular recombination process 

impacts the PCE.56-58 When a BHJ cell is free of any bimolecular recombination, the 

device performs as following: First, the quasi-Fermi level of electrons and holes will be 

infinitely close to the band edge of LUMO and HOMO, resulting in negligible loss of VOC. 

This is why the VOC measured under low temperature is very close to the effective 

bandgap of the BHJ. Such a topic will be discussed in Chapter 6. Second, the increase 

of carrier concentration at low internal field condition does not change the charge 

generation and extraction, which means a FF value close to 100% if there’s also no loss 
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due to space charge effect (see Chapter 3) and the charge collection at electrodes (see 

Chapter 5). Third, the short circuit current will be increased slightly because bimolecular 

recombination is limited by the very low concentration (    ,    is the concentration 

of polymer/fullerene domain in a typical BHJ structure) at the short circuit condition. 

1.3 Device Architectures 

1.3.1 Bulk-Heterojunction (BHJ) 

For the light absorbing layer, the idea of BHJ was created to provide more donor-

acceptor interface to result in more charge dissociation than the traditional two-layer 

structure.59 By blending the donor and acceptor materials in the solution phase, the 

resulting solid film is composed of two interpenetration networks of donor and acceptor 

phases whose domains have a dimension around 10 nm. The actual size of polymer 

and fullerene domain is very critical to the solar cell performance. An exciton generated 

in a polymer domain need to migrate to the heterojunction interface before decaying to 

S0. The charge generation will be greatly decreased when the domain size is too large. 

Also, the carrier transport in such a network significantly relies on the connection 

between each domain. Using the terminology of percolation theory, an over-mixed solid 

solution may have a domain size that is too small to provide the critical number of 

‘bonds’ to support the percolation network. Thus, the trade-off between charge 

generation and transport determines there’s an optimum morphology for each system. 

Many processing techniques have been reported to approach the optimum 

morphology. Distinguished by the evaporation speed of solvent, there are thermal 

annealing60, fast/slow-dried solvent processes61, 62. Using solvent additives is a novel 

approach to optimum morphology in most polymer:fullerene systems. The merit of 

solvent additives may rely in its high boiling point. However, the common additives such 
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as 1,8-diiodooctane along with the chlorinated solvents that are used for dissolving the 

polymer:fullerene blend are not compatible with environmental benignity. This will be a 

concern for the future development of solar cell printing technology. 

1.3.2 Electrode Contact 

As another part of the sandwich structure in polymer solar cells, the electrodes 

need to form Ohmic contacts with the active layer for the following reasons. First, it 

helps to reduce the series resistance as well as the solar cell FF; second, it increases 

the equilibrium built-in potential which is critical for VOC and JSC. The traditional 

approach to form Ohmic contacts is to use conducting materials (such as metals and 

transparent conducting oxides) with very large or small work function to provide a good 

Fermi level alignment with the active layer. However, due to the instability of these 

conducting materials as well as merits of solution processed transition metal oxides, the 

later has become an effective way to make efficient polymer solar cells. The topic of 

interface engineering will be discussed in Chapter 5. 
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CHAPTER 2 
CHARACTERIZING POLYMER SOLAR CELLS 

2.1 Standard Spectra 

The PCE of a solar cell is defined by the ratio of output electrical power and 

incident radiative power. While the electrical power can be easily calculated through J-V 

curves, the incident power from the solar simulator needs to be standardized. When the 

sun and earth is separated by a mean distance ~149,597,890 km, the irradiance of the 

sun that hits the outer atmosphere is about 136 mW/cm2. Such a constant is called the 

solar constant which is also the origin of the terminology of “one sun”. Its value can be 

varied due to the change of earth-sun distance and activity of the sun. From the outer 

atmosphere surface to the ground, the irradiation is further reduced depending on the 

air mass, zenith angle and path length. Air mass (AM) 1, 1.5 and 2 are used to 

characterize the different conditions of the atmosphere effect. The conditions for the AM 

1.5 spectra were widely chosen because they are representative of average conditions 

in region of United States. There’s also a difference between direct spectrum and global 

spectrum. The consideration here is to include the scattering and diffusion effect of 

atmosphere and their contribution to the irradiation. That is why a direct spectrum has a 

smaller radiative power than the global one since an additional portion is included.  

AM 1.5G is one of the most commonly used standard spectra for the J-V 

characterization of solar cells. It has the spectra showing in Figure 2-1 and an 

integrated radiative power of 100mW/cm2.Depending on the spectrum content, spatial 

uniformity and temporal stability, solar simulators are graded into different levels. Solar 

cells’ EQE can be written as                    ,       is the flux of electrons that 

are extracted with a monochromatic light at the wavelength of  ,        is the flux of 
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incident photons. Integrating the measured EQE spectrum with a standard solar 

spectrum generates a current density that equals to the JSC measured under the same 

standard spectrum. 

 

Figure 2-1. Standard solar spectra 

2.2 Transport Measurements 

2.2.1 Space Charge Limited Current 

Using the SCLC model to extract the zero field mobility is still the mostly used 

approach to determine the electron and hole transport in the BHJ film. Trap-free SCLC 

is usually fulfilled when the carrier injection increase to certain level so the quasi-Fermi 

level can surpass the energies of most deep traps. To correctly extract the mobility 

value, some details need to be considered. First, the injection contact needs to be 

Ohmic to avoid injection limited current. For hole injection, a top contact of MoO3/Ag has 

the highest injection efficiency comparing with other high work function electrodes that 
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are currently used. LiF/Al is a good choice for electron injection. Second, the injection of 

the other type of carrier should be avoided. For example, in the hole mobility 

measurement, the electron injection needs to be blocked at the counter electrode, MoO3 

is again a good candidate for the purpose. The structure of ITO/MoO3/BHJ/MoO3/Ag is 

typical for measuring hole SCLC mobility. Third, the built-in potential needs to be 

subtracted from the applied voltage before the data-fitting using the SCLC model. 

Fourth, the voltage drop due to the series resistance at the contacts needs to be 

subtracted. A TCO with a sheet resistance of 20    at least consumes 0.1V of voltage 

when the current is 5mA. Finally, a ‘Poole-Frenckel’ factor needs to be included to 

address the field dependence issue. A typical SCLC current is shown in Figure 2-2. 

 

Figure 2-2. The J-V curves of two polymer:fullerene systems. The black line indicates 
the SCLC region. Both devices have the structure of ITO/MoO3/BHJ/MoO3/Ag. 
The holes are injected from the silver side. 
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2.2.2 Carrier Extraction with Linearly Increasing Voltage (CELIV) 

As observed in many polymer:fullerene systems, the J-V characteristics cannot be 

fitted using trap-free SCLC model even with the fitting parameters such as the ‘Poole-

Frenkel’ factor. Sometimes the injection-limited current makes the mobility 

underestimated. 

 

Figure 2-3. A sketch showing the physical process of (Ph-)CELIV measurement.  

Alternatively, a carrier transient measurement was invented with its advantage of 

using a linearly increasing extraction field instead of a rectangular wave which is applied 

in the traditional dark injection transient measurement63. The on-edge of a rectangular 

wave V(t) has a first derivative closes to infinity, resulting in a huge RC response from 

the sample since the magnitude of a RC oscillation is proportional to 
 

  
    . If carriers 

are extracted using a linearly increasing voltage which has a constant 
 

  
     value, the 

RC response does not superimposed with the carrier transient signal, making it possible 
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to extract mobility values higher than 10-3cm2V-1s-1. This technique is called carrier 

extraction using linearly increasing voltage (CELIV).64 

A typical carrier transient signal is shown in Figure 2-3. Assuming a sample is 

under flat band condition, a transient peak due to carrier extraction can be seen on top 

of a rectangular signal which is a displacement current proportional to the increasing 

rate (A) of the applied reverse triangle wave:          . The triangle wave is applied 

starting from a flat band condition. Thus, if the carriers to be extracted are photo-

generated e.g. by a laser pulse, the triangle wave should start from a positive value 

which can compensate the photo-bias. The shape of the transient signal is highly 

related to the transport balance between hole and electron. A detailed numerical 

solution can be found in other references. The tmax in Figure 2-3 is called transient 

maximum time, it characterizes the average mobility of the extracted holes and 

electrons. Using tmax, the mobility can be calculated with either of the following:   
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.65, 66 Furthermore, by changing 

the delay time tdel between the laser pulse and the onset of triangle wave, CELIV is able 

to provide a relaxation-time-dependent CELIV mobility, which is a tool to probe the 

energetic disorder and dispersive transport55 in different polymer:fullerene systems. The 

experiment will be shown in Chapter 4. 

2.3. Biomolecular Recombination Measurements 

2.3.1 Photo-Carrier Extraction with Linearly Increasing Voltage (Ph-CELIV) 

As seen in the last section, the extracted carrier concentration can be calculated 

by integrating the transient signal. If the carriers are photo-generated using a short laser 

pulse prior to application the linearly increasing voltage (by a delay time—tdel), photo-
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carrier recombination can be monitored. By changing tdel, the plot of carrier 

concentrations vs. time is generated. Also, since Ph-CELIV will finally deplete the photo-

generated carriers, the recombination dynamics is the result of high-level excitation. The 

related experiments and discussions will be presented in Chapter 4. 

2.3.2 Transient Photo-Voltage (TPV) 

Different from the recombination measurements based on a high-level excitation, 

the so-called TPV technique measures the carrier decay due to a low level excitation i.e. 

     .58, 67    is background carrier concentration resulted from a solar simulator. The 

photo-bias under one sun condition is close to the VOC of the sample. 

 

Figure 2-4. The sketch of TPV setup and an example showing the TPV signals of a 
P3HT:PCBM solar cell. 

Figure 2-4 shows a setup of TPV measurement, under the dynamic equilibrium 

condition, e.g. at VOC, the bimolecular recombination rate is equal to the charge 

generation rate as a result of continuity equation. Simultaneously, an attenuated pulse 

laser is used to generate   .The photo-voltage signal and the decay of the perturbation 

are shown on an oscilloscope. As long as the excitation is kept at low level (      ), 

the    and    share the same lifetime. To derive this conclusion, we need to get the 
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differentials on both sides the photo-voltage expression:        
 

  
. The decay rate of 

photo-voltage can written as 
 

  
   

   

  

 

  
   

   

  
   

  

 
   

  

 
. Thus the lifetime of 

photo-voltage perturbation is the same as the carrier lifetime which is dominated by the 

bimolecular process at open circuit condition. The results of TPV measures are included 

in Chapter 4 and Chapter 6. 

2.4 Probing the Energy Alignment 

As will be discussed in Chapter 6, the topic of energy alignment is of unique 

importance for a better understanding of polymer:fullerene BHJs.   

2.4.1 Cyclic Voltammetry (CV) 

The purpose of this section is to highlight the drawback of this traditional electro-

chemical method. The cyclic redox process is realized by scanning cyclic electric 

potential of the working electrode. The actual potential value is further calibrated by a 

reference electrode. The HOMO and LUMO levels of pristine materials can be 

determined by the onset of charging and discharging currents. The measured results do 

not have good repeatability. Due to the potential variation of different reference 

electrodes, the error can be as large as 0.3 eV which is not acceptable for the study of 

energy alignment of BHJ.  

2.4.2 Electro-Absorption (EA) Spectroscopy 

As a traditional differential spectroscopy, EA is used to study the fine structure of 

energy bands in inorganic materials because those transitions cannot be detected by a 

linear absorption measurement. Due to the external electric field, certain transitions are 

altered due to the mixing of eigenstates. It was shown that the low-field-induced linear 

dielectric function change in germanium is in good agreement with the third derivative of 
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the linear dielectric function.68 Such a phenomenon is explained as a result of 

discontinuous change of a second order term, i.e. the acceleration of electrons, leads to 

a third order change in  —the third derivative spectrum. The lineshape of EA spectra is 

believed to be unchanged and scaled with   . The analytical derivation of this process 

is not included here. When the external field is larger than a perturbation, the band 

structure of the sample will be changed, leading to the modification of energy levels 

such as Stark shift.  

 
 

Figure 2-5. Energy levels contributing to the Stark effect in a two-level dominant system 

It has been shown that the model of Stark shift is in agreement with the EA 

response of many  -conjugated polymers.69, 70 This is probably due to their simpler 

energy level structure than inorganic semiconducting materials. As shown in Figure 2-5, 

the optical transition of many  -conjugated polymers can be illustrated. A dominant 

excitonic transition from 1Ag to 1Bu and their vibronic features compose the linear 

absorption spectra. The transition from 1Ag to nAg is forbidden due to the selection rule. 

With electric fields, due to the mixing effect between 1Bu and higher forbidden states, 
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the transition from 1Ag to 1Bu is less allowed and the transition from 1Ag to nAg 

becomes less forbidden. Again, using the time-independent perturbation theory here, 

the mixing effect is shown in Eq. 2-1.    is the result of non-vanishing matrix elements.  

      
                       

 

  
    

     
  

 
    (2-1) 

In the situation shown in Figure 2-5, Eq.2-1 can be reduced to the form of Eq. 2-2. 

Using the classical description, the oscillating strength is transferred from the allowed 

transition to the forbidden transition by a tiny fraction. Such a transfer of oscillating 

strength leads to the subtle change in the linear absorption spectrum. By applying an 

additional modulation field Fac, the subtle change in absorption spectra can be detected 

by locking-in the first or second harmonic portion of the EA signal. As shown in Eq.2-4, 

the DC field only exists in the term of first harmonic response while the second 

harmonic term is related to the amplitude of the modulating field. Thus, apart from 

detecting the position excitonic level, using Eq. 2-4, EA can also probe the equilibrium 

built-in potential of an organic diode.71-73 
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The above conclusions are based on a simplified two-level model and the 

approximation of perturbation, however, the experimental results of many  -conjugated 

polymers do show the same field dependence. When the transitions involve the higher 
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continuous levels, ‘Franz-Keldysh’ effect needs to be considered,74 the discussion will 

not be included here since they are not related to the experiments in Chapter 6. 

If the sample is composed of more than one material, the detection of charge-

transfer related energy levels becomes impossible for the traditional electro-chemical 

methods. However, EA is still able to provide clear signals due to its sensitivity to the 

charge transfer process. As will be seen in Chapter 6, EA is used to study the effective 

bandgap of polymer:fullerene BHJs. The origin of those subgap feature is totally 

different from the above mentioned quadratic Stark effect. The subgap-pumping-

induced charge transfer from the HOMO of donor to the LUMO of acceptor gives rise to 

the population of loosely bounded charge-pairs. These dipoles across the polymer-

fullerene interface can respond the external modulating field. With a higher energy than 

the CT0 energy and relaxed polaron, these carriers generated by sub-bandgap pumping 

induce additional features in the subgap region. The experimental instruction is detailed 

in Chapter 6. 
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CHAPTER 3 
SPACE CHARGE LIMITED PHOTOCURRENT 

3.1 Abstract 

The development of photovoltaic polymers has been pushed by the demand of 

high mobility, wide absorption band, low-lying highest occupied molecular orbital 

(HOMO), better film morphology when blended with an electron accepting fullerene 

derivative. In this chapter, in order to specify the impact of transport on the solar cell 

performance, we carried out detailed transport experiments on some typical systems to 

gain an insight into transport balance and its impact on the parameters such as fill 

factors and short-circuit currents.  The results show that, with severely unbalanced 

electron-hole mobilities, the solar cells made from a series of dioxythiophene–

benzothiadiazole (DOT–BTD) copolymers (PG1–PG3) and fullerene derivatives show a 

clear feature space-charge-limited photocurrent. In contrast, the systems based on 

dithienosilole-benzothiadiazole (DTS-BTD), with fairly balanced transport and an 

improved solar cell fill factor, exhibits no fingerprint of space-charge effect, leaving the 

loss mechanism to be discussed in Chapter 4.  

3.2 Introduction 

As the follow-up topic of Chapter 2, it is necessary to reemphasize the well-known 

operating mechanism of a BHJ solar cell: light absorption in polymer:fullerene absorber 

creates excited excitons that subsequently migrate to the donor-acceptor interface and 

dissociate via ultrafast charge transfer from the exited donor to the acceptor.3 Following 

the photoinduced charge transfer, geminate pairs are formed across the interface, 

which require further separation into free carriers (or polarons) by the internal electric 

field. Subsequently, the free holes and electrons need to transport through the 
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respective donor and acceptor phases, resulting in an external photocurrent. The 

process of carrier transport occurs in the interpenetrating network defined by the 

morphology of polymer and fullerene derivatives. Due to the nature of bulk-

heterojunection, electrons and holes still have great chance to meet each other at the 

polymer-fullerene interface to facilitate bimolecular recombination which is a topic will be 

covered in Chapter 4. The competition between the intensive recombination rate and 

carrier transport finally determines the quantity of collectable carriers. 

As a result of the weak van der waals force between the organic molecules, the 

carrier transport in typical polymer solar cells is based on hopping mechanism, resulting 

in the a carrier mobility of 10-5~10-3 cm2V-1s-1 which is significantly lower than that of 

inorganic thin film absorbers such as multicrystalline/ amorphous silicon, chalcogenide 

with an electron and hole mobility >10cm2 V-1s-1. It is important to notice that the mobility 

values of organic materials highly depend on the characterization method. A lot of 

organic molecules are reported showing hole mobilities over 1cm2 V-1s-1 when being 

operated as a thin film transistor (TFT)75 wherein the transport is greatly facilitated by 

interface-states-intermolecular-hopping. With large number of injected carriers filling the 

traps in mobility tails and lifting the Fermi energy over the mobility edge,42 the mobility is 

significantly increased and sensitive to carrier concentration.76, 77 In the contrasting 

scenario of a thin film solar cell, the driven field is applied in the vertical direction, 

allowing the limited amount of carriers to hop in a 3-dimension fashion or to be trapped. 

As a result, it is usually observed that hole mobility values measured by vertical-

direction transport can be much lower than those displayed in a lateral-transporting thin 

film transistor. 
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The issue of low carrier mobility, especially hole mobilities, in polymeric materials 

was once considered to be the overwhelming factor limiting the PCE of PSCs. Some 

attempts purely focusing on the enhancement of hole mobility didn’t boost PCEs to the 

level as expected.78, 79 Including the consideration of Langevin-related recombination, 

some later computational results revealed that very high mobility values do not 

necessarily benefit the solar cell performance.80, 81 Also, with very a high hole mobility in 

the BHJ device, electrons become the slow carriers that cause imbalanced transport 

which is to be discussed in the following. Consequentially, the question comes to—how 

is the Jsc, FF affected within the hole mobility of 10-5~10-3 cm2 V-1s-1? To answer this, 

the role of electron transporter, i.e. fullerene derivatives, has to be considered. First, we 

consider the situation wherein the mean velocity of carriers is too small to let carriers 

escape the recombination or trapping before reaching the electrode. This is common in 

low mobility systems or samples with very large thicknesses. Such phenomenon is 

called drift-length-limited photocurrent that the mean electron and hole drift lengths 

wh(e)=h(e)h(e)E is smaller than the active layer thickness L: with h(e) the hole (electron) 

mobility, h(e) the carrier lifetime and E the electric field, respectively. If the lifetime is 

mainly determined by the bimolecular recombination, the extraction of photocurrent is 

bimoledular recombination limited. Clearly, by tuning the thickness of solar cells, the 

negative effect of drift-length photocurrent can be decreased. This partially explains why 

most of the laboratory-made BHJ solar cells have an optimum device thickness ~ 

100nm. Second, the mobility of one type of carrier is significantly larger (>100 times) 

than the other. This is quite typical in the earlier stage of the PSC development because 

the fullerene phase keeps relatively constant electron mobility 10-4~10-3 cm2 V-1s-1, while 
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the hole mobility in the polymer phase stay at 10-6~10-5cm2 V-1s-1. A direct impact of 

such unbalanced transport is that holes tend to accumulate near the anode and change 

the distribution of internal electrical field. To meet the requirement of charge neutrality, 

most of the electric field will eventually drop on the space charge region to increase the 

extraction of the slow carriers—holes and, on the other side, decelerate the extraction of 

fast carriers –electrons by distributing less electrical field out of the space charge 

region. The band diagram in Figure 3-1 helps to clarify the physical picture: space 

charge accumulation induces the non-uniform field distribution which is manifested by 

the band-bending at the anode site. Since the internal field is redistributed to the level 

that just enabling slow carrier’s mean drift length reaches the length of the space charge 

region, we have L1=1 1E1=1 1V1/L1, wherein L1 is the thickness of the space charge 

region. Using the general expression of geminate pair extraction established by 

Goodman82, we have: 

                  
           (3-1) 

q is the carrier charge. This equation describes the hole transport in the space charge 

(hole) region wherein the population of electron is very limited. The amount of 

accumulated holes will reach a limit that the hole generation in this region is just able to 

provide the same carrier flux as the space charge limited current. Thus we have: 

      
 

 
        

   
                 (3-2) 

where JSCL is the space charge limited conduction expression derived by the 

combination of Poisson’s equation and the assumption that movable carriers only come 

from the external source such as carrier injection or photo-generation. or is the 

dielectric permittivity. By reducing L1 from the expression, we get the expression of 

space-charge-limited (SCL) photo-current (    ):83 
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            (3-3) 

 
 
Figure 3-1. The sketch of space charge accumulation in a system with imbalanced 

electron-hole mobility. 

We see that, SCL photocurrent extraction not only shows a      
    dependence 

which is the same as the drift-length limited condition, but displays a      
    behavior 

which is different from the Jph ~ G dependence shown in Eq. 3-1. Thus, by measuring 

bias photocurrent (Jph=Jillum-Jdark) under different incident power density, one can 

experimentally determine if the photocurrent space charge limited. Experimentally, the 

photocurrent dependence also relies on the device thickness, because the charge 

accumulation needs to be supported by the significant amount of charge generation in 

the sample.84 The first typical SCL photocurrent phenomenon was observed in a 

MDMO-PPV:PCBM sample with a thickness close to 300 nm.83 The model of SCL 

photocurrent is of significance for profiling the charge accumulation in BHJ layers. A 

direct measurement of internal field distribution and charge accumulation is challenging, 

while the measurement of bias/intensity dependent photocurrent enables a very 

effective tool for the purpose. When the BHJ is composed of a fullerene derivative and a 
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polymer with very low hole mobility, SCL photocurrent should be the dominant loss 

mechanism of Jsc and FF of the solar cell. For the system with balanced electron-hole 

mobility, the Jsc and FF loss should be related to either exciton dissociation, bimolecular 

recombination or poor interlayer engineering which will be mentioned in the next few 

chapters. In our experiments, some donor-acceptor polymers with different hole mobility 

values will be discussed from the viewpoints of unbalanced charge transport to address 

the loss mechanisms of FFs and Jscs in the resultant solar cells. 

To experimentally probe the impact of SCL photocurrent, we compare the 

performance of our model donor-acceptor copolymer (PG1-PG3): PCBM system with 

that of two other model polymer systems optimized for solar cells: a low bandgap donor-

acceptor polymer poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-

(2,1,3-benzothiadiazole)4,7-diyl], PDTS-BTD,85, 86 blended with PC71BM, with a broad-

band PV response over a range of 300 to 800 nm leading to PCEs exceeding 5%,85 and 

a commercially available poly-(3-hexyl)thiophene: PCBM (P3HT: PC71BM) blend PV 

ink system, Plexcore® PV1000, with a reported PCE higher than 4%.  Among these 

polymers:fullerene systems, the solar cells made by PG1-PG3 and PDTS-BTD all show 

low FFs below 56% despite their discrepancy in Jsc s. Also, we didn’t prepare very thick 

samples because very low FFs are observed even when we controlled the thickness 

down to 150 nm. Figure 3-2 shows the molecular structure of copolymers PG1, PG2, 

PG3 and the low bandgap polymer PDTS-BTD. We examine the photocarrier 

generation processes and the carrier transport properties in these model systems, and 

our analysis indicates that charge balance plays an important role in determining Jsc, FF 

and thus the solar cell PCE. 
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Figure 3-2. The structures of the polymers to be discussed. 

3.3 Experimental 

The series of low bandgap donor-acceptor copolymers named PG1, PG2 and PG3 

based on dioxythienylenes, unsubstituted thiophene and benzothiodiazole building 

blocks were synthesized as described elsewhere.87 PDTS-BTD was synthesized and 

purified via a method involving significant modifications to a protocol reported in the 

literature.85 The P3HT: PC71BM ink was provided by Plextronics Inc. Sputtered ITO on 

soda-lime glass substrates were used as transparent electrode. All the organic layers 

were spin-coated from solutions. Metallic electrodes were deposited in vacuum using 

thermal evaporation. Hole-only devices had the structure of ITO/ poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS/polymer or 

polymer:fullerene/Pd, while electron-only devices had the structure of ITO/active 

layer/LiF/Al. As a conducting polymer with a work function ~ 5.2 eV, PEDOT:PSS forms 

an Ohmic contact for hole injection, Pd suppresses electron injection into the organic 

layer due to a large electron injection barrier built up by its work function (~5.2 eV)88 and 

the lowest unoccupied molecular orbital (LUMO) energy of PCBM (~4.3 eV). To make 
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electron-only devices, the ITO substrates were cleaned in acetone and isopropanol 

without subsequent UV-ozone treatment to prevent hole injection. Solar cells had a 

stacking-structure similar to the hole-only devices with LiF/Al replacing Pd as the low 

work function cathode. Current density versus voltage measurements were carried out 

in ambient using a Keithley 4200 semiconductor characterization system. For 

photocurrent measurements, AM1.5G 100 mWcm-2 white light from a 150 W ozone free 

xenon arc lamp (Newport) was used. A set of neutral density filters were used to control 

the incident power density, from 35 mWcm-2 to 130 mWcm-2, for the study of charge 

generation dependence. A Newport 70260 power meter in conjunction with a Newport 

70268 detector was used to measure the power densities of the incident white-light. For 

photocurrent measurements under reverse bias, the applied voltage is scanned from 

+1V to -10V. 

3.4 Results and Discussions 

3.4.1 Carrier Mobility Measurements 

According to the physical model presented in the introduction section, the 

polymer:fullerene system with unbalanced hole-electron transport show SCL 

photocurrent extraction which jeopardizes the FFs and JSCs in the resultant solar cells. 

The first part of the experiment is to measure in the hole mobility of the actual BHJ layer 

with the optimum solar cell performance. To achieve the best PCEs in devices made by 

the three green DA polymers (PG1, PG2, and PG3), a very large proportion of the 

electron-accepting PC60BM is required in the BHJ layer.  Mixing a fullerene derivative 

into a photovoltaic polymer can significantly alter the hole mobility from that in the 

pristine materials.89, 90 Here, we use single-carrier devices to measure the charge carrier 

mobilities, which is done by modeling the current density-voltage (J-V) in the dark with 
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the space-charge limited current (SCLC) formalism assuming a field dependent 

mobility.89, 90 For unipolar transport in a trap-free semiconductor with an Ohmic injecting 

contact, the SCLC is given by the Mott-Gurney equation which is the first equation of 

the Eq. 3-2, where µ is the charge carrier mobility, V1 should be switched to V as the 

applied voltage across the whole active layer, and L1 is replaced by L as the thickness 

of the active layer.  

To determine the hole mobility, either in pristine polymers or in the polymer phase 

of a blend with PCBM, we fabricated and characterized hole-only devices (details of 

device fabrication and structures are provided in the Experimental section). From the J-

E measurements we determine a moderate hole mobility in PG1 of 5.4×10-8 cm2 V-1s-1. 

Similar analyses from the hole-only devices yield increasing mobility values of 6.9×10-7 

cm2 V-1s-1 and 3×10-6 cm2 V-1s-1 for PG2 and PG3 respectively. These results agree well 

with the expected increase in backbone planarity of the copolymers (going from P1 to 

P3) leading to improved hole transport.91 Next, charge transport in the hole-only devices 

was characterized for blends of the three copolymers with PC61BM, with compositions 

that yielded the best PV performance for each copolymer. Figure 3-3 displays the 

measured J-E characteristics in the hole-only devices of the different copolymer: PCBM 

blends. Interestingly, the hole mobilities in all of the blends of the copolymers PG1-PG3 

with the fullerenes of optimum composition are enhanced significantly (to 2×10-6 cm2 V-

1s-1, 5×10-6 cm2 V-1s-1 and 2×10-5 cm2 V-1s-1 respectively), by one to two orders of 

magnitude, compared to their corresponding values in the pristine copolymers. These 

results are in agreement with those observed for the MDMO-PPV89, 90 and poly[2-

methoxy-5-(30,70-dimethyloctyloxy)-p-phenylenevinylene] (OC1C10-PPV)88 blends, 
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where the hole mobilities in the polymer blends with PC61BM were significantly higher 

than the values in the corresponding pristine polymer. Such compositional dependent 

hole mobility is an interesting topic related with the formation of percolation network of 

the polymer phase. The detailed discussion can be found in our original publication.92 

Figure 3-3 also displays J-E characteristics of hole-only devices from PDTS-BTD: 

PC71BM and from the P3HT: PCBM PV ink system. It is interesting to note that the hole 

current-density in both these devices is significantly larger than in our PG: PC61BM 

devices, indicating higher values of hole mobility.   

 
 

Figure 3-3. Current densities as a function of effective electric field for different hole-only 
BHJ films with optimized donor-acceptor compositions for photovoltaic 
performance. 

Here, we also address the electron transport and the charge balance in the 

different polymer: PCBM blend systems. In order to determine the electron mobility in 

the PCBM phase in a blend with a polymer, we fabricated electron-only devices from 
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blends of PG3 and PDTS-BTD with PCBM of optimized composition (1:8 and 1:1.5, 

respectively), and from the P3HT: PCBM blend ink system. 

 

Figure 3-4. Current densities as a function of effective electric field for different electron-
only BHJ films with optimized donor-acceptor compositions for photovoltaic 
performance. 

The electron mobility in PG3: PC61BM (1:8) blend is determined to be 1.3×10-3 cm2 

V-1s-1. The results show that even at its optimum composition, the electron mobility of 

the PG3: PC61BM blend is about 2 orders of magnitude higher than the hole mobility 

(2×10-5 cm2 V-1s-1), indicating an imbalance in charge transport. This imbalance in 

carrier transport in the BHJ PV cells from PG3 is expected to lead to build-up of charges 

and increased recombination events in the blend, resulting in lower efficiencies. The 

electron mobilities of the PDTS-BTD: PC71BM (1:1.5) blend and the P3HT: PCBM ink 

system are 1.2×10-3 cm2 V-1s-1and 4×10-4 cm2 V-1s-1, respectively. When compared to 

the corresponding hole mobilities of 6.75×10-4 cm2 V-1s-1 and 5×10-4 cm2 V-1s-1 in the 

PDTS-BTD: PC71BM blend and the P3HT: PCBM ink system, respectively, it can be 
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concluded that carrier transport is significantly more balanced in these systems, 

preventing charge build-up and reducing recombination.  

3.4.2 Photocurrent Jph(V) Analysis 

As mentioned, BHJ solar cells fabricated from the PG: PC61BM blends exhibit poor 

performances. In particular, PG3: PC61BM shows a FF<45% and peak external 

quantum efficiencies<50%.87 In this section, we investigate the origin of the low FF and 

possible efficiency-loss mechanisms in the BHJ solar cells from PG3. Figure 3-5 shows 

the photocurrent density, Jph, under simulated solar white light intensity of 100 mWcm-2, 

as a function of the effective applied voltage Veff = V0−Vapp across the sample, for 

different polymer:PCBM blends used in this study. The photocurrent density Jph is 

defined as Jph = Jillumination−Jdark, where Jillumination and Jdark are the current densities under 

illumination and in the dark, respectively.82, 83, 90, 93, 94 V0 is the value of applied bias Vapp 

where the photocurrent in the device is minimum (Jillumination = Jdark), corresponding to a 

zero-driving-force condition. The Jph –Veff plots from the solar cells of all three green 

polymers (PG1, PG2, PG3) blended with PC61BM show three regimes. In the region 

where the effective field is low (Veff <0.1 V), the photocurrent increases linearly with 

voltage. This is followed by a region where a square root dependence of the 

photocurrent (as shown by the solid line) as a function of effective voltage is observed. 

Regarding the unbalanced transport, such intermediate region indicates that the 

photocurrent probably be limited by the build-up of holes close to the anode of BHJ 

solar cells, where Eq.3-3 holds.  At last, there is a saturation region of Jph at large Veff 

corresponding to high reverse biases, where all the dissociated electron-hole pairs are 

extracted and collected at the electrodes, without observable bimolecular recombination 

processes. In the saturation region, the photocurrent becomes a constant that is 
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proportional to Gmax which represents the maximum generation rate of free carriers at a 

given intensity of illumination. 

 
 

Figure 3-5. Experimental photocurrent plotted as a function of effective bias. 

It must be noted that at any given electric field and temperature, due to the strong 

excitonic characteristics, geminate loss of excitons, unbalanced transport and 

bimolecular recombination process, only a fraction of the photogenerated photo-

generated excitons will split into free carriers with dissociation efficiency  (E,T). This 

gives the generation rate at any given electric field and temperature as G(E,T) = 

Gmax(E,T), while Jph = qGmax(E,T)L. To compare the efficiency of charge dissociation 

at the donor-acceptor interface for the different copolymer: PC61BM solar cells, we 

normalize the photocurrent by the experimentally observed saturation current density 

(Jsat) in Figure 3-6. The short-circuit operation points are marked by the dashed lines in 

the figure. While             allows the determination of the maximum rate of 

photogeneration of electron-hole pairs, Figure 3-6 gives a direct measure of the charge 

dissociation efficiency at different applied biases. These parameters for the different 
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copolymer: PC61BM combinations are presented in Table 3-1. The highest value of 

Gmax, obtained for the solar cell fabricated from the copolymer PG3, is 4.7×1027 m-3s-1. 

This electron-hole pair generation rate is 17% and 34% higher than the values in the 

solar cells from PG1 and PG2, respectively. Under short-circuit conditions, i.e. at Veff = 

V0, Figure 3-6 shows that only 39% and 43% of the total photogenerated electron-hole 

pairs in the solar cells from PG1 and PG2 are successfully extracted and collected at 

electrodes. In the devices fabricated from PG3, the short-circuit charge extraction 

efficiency, sc, increases to 53%. However, at the maximum power point, where the 

PCE is defined, this value drops to ~41%. Clearly, the FFs and JSCs in these solar cells 

are limited due to the unbalanced transport and resultant  Jph ~V1/2 behavior. 

Table 3-1. Calculated maximum generation rate of electron-hole pairs and their 
separation efficiency under short circuit condition for blends of PG1, PG2, 
PG3 with PC61BM. 

Composition 
PG1:PC61BM 

(1:4) 
PG2:PC61BM 

(1:5) 
PG3:PC61BM 

(1:8) 

Gmax (max generation rate; m3s-1) 4.0×1027 3.5×1027 4.7×1027 

sc (at short circuit condition; %) 39 43 53 

 

 
 

Figure 3-6. Normalized photocurrent plotted as a function of effective bias. 
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3.4.3 Photocurrent Jph(G) Analysis 

As mentioned in the previous section, the imbalanced carrier mobilities and the Jph 

~V1/2 dependence is not sufficient to attribute low FFs and JSCs in the PG:PCBM 

systems to SCL photocurrent. In particular, if the mean electron or hole drift length 

becomes smaller than the active layer thickness, the main photocurrent loss is mainly 

due to bimolecular recombination. Such recombination limited photocurrent is given by 

Eq. 3-1. Experimentally, the two cases can be distinguished by performing light intensity 

dependent measurements. While the SCL photocurrent scales with a 3/4 power 

dependence on light intensity (Eq. 3-3), in the scenario of recombination limited 

photocurrent, Jph in the V1/2 dependence region is linear with light intensity. Additionally, 

the transition bias between the Jph ~V1/2 dependence and the saturation regime, 

denoted as Vsat, should scale with the square root of light intensity in the former case,82, 

83 while stay constant with different light intensity in the latter.57  

Figure 3-7 shows the results of the Jph (Veff) as a function of illumination intensity. 

Firstly, the photocurrent shows a regime with square root dependence on the applied 

bias for all light intensities, this regime shifts to higher effective voltages with increasing 

light intensity, and secondly, Vsat shifts with increasing light intensity. In Figure 3-8, we 

show the intensity dependence of Jph (Veff) at three different effective biases, 

corresponding to small, intermediate, and large internal field regimes. 

The slope S, determined from a linear fit to the measured Jph, yields values of 

0.75, 0.78 and 0.99 at 0.1V, 1.5V and 10V effective voltages, respectively. The Jph ~G3/4
 

dependence confirms the SCL photocurrent at small and intermediate internal fields. 
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Figure 3-7. Photocurrent in PG3: PC60BM solar cells as a function of effective applied 

voltage parametric in incident light intensity, measured at room temperature. 
Legends indicate different light intensities used. The arrow is a guide to the 
eye indicating the variation of the voltage at which the photocurrent enters the 
saturation regime. The short circuit operating point is marked. 

Moreover, the fact that Jph exhibits a linear dependence (S=0.99) on light intensity 

in the saturation region confirms that the photocurrent extraction neither limited by SCL 

or bimolecular recombination. In Figure 3-9, Vsat is plotted as a function of incident light 

intensity. A slope of 0.51 extracted from this plot confirms a Vsat~G1/2 dependence which 

is consistent with the prediction.83 In sum, the light intensity dependent results confirm 

that SCL photocurrent determines the significant FF and JSC loss in the PG3: PC61BM 

BHJ system. It is interesting to notice that these samples reach the SCL photocurrent 

limit at a thickness of ~150 nm (Figure 3-5) which is much smaller than the previous 

findings in MDMO-PPV:PCBM systems. We postulate the different might stem from the 

higher charge generation rate in a D-A polymer. The intensive dispersed mobility due to 

large energetic disorder may also play a role.  
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Figure 3-8. Photocurrent as a function of incident light intensity at three operating 
voltages, low, intermediate and saturation. Slopes determined from linear fits 
are shown and indicate space-charge limited behavior in the low and 
intermediate regime. 

 
 

Figure 3-9. Saturation voltage as a function of incident light power. 

3.4.4 Charge-Balanced Systems 

In the preceding section, we demonstrated that, due to severely unbalanced 

transport of electrons and holes, the BHJ of PG3:PC61BM leads to SCL photocurrents 
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even at the illumination intensity as low as 35 mWcm-2. For a charge balanced system 

where the photocurrent is not space charge limited, it can be expected to vary linearly 

with intensity. The loss of photocurrent at low extraction field is purely due to the 

recombination resulted from drifting length limitation.  

In section 3.3.1, we showed the another low bandgap donor-acceptor polymer, 

PDTS-BTD, exhibits an electron mobility larger than the hole mobility by a factor of 2 in 

the polymer: PC71BM (1:1.5) system. In the P3HT:PCBM (PV ink) system, the electron 

and hole transport are even more balanced. These two systems, along with the PG3: 

PC61BM blend that was just presented, are surely typical to demonstrate the impact of 

charge balance on the performance of polymer solar cells.  

 
 

Figure 3-10. Photocurrent as a function of effective applied voltage for different incident 
light intensities for PDTS-BTD: PC71BM. 

Figures 3-10 and -11 show the Jph (Veff) plotted as a function of illumination 

intensity in the PDTS-BTD:PC71BM and P3HT:PC61BM PV ink systems. In contrast to 

the PG3: PC61BM system, the Jph (Veff) curves in both PDTS-BTD and P3HT: PCBM ink 
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devices are much steeper than those in the PG3: PC61BM blends before they reach the 

saturation region. 

 

Figure 3-11. Photocurrent as a function of effective applied voltage for different incident 
light intensities for PV1000 ink solar cells. 

Moreover, the photocurrent for all incident light intensities become saturated at a 

effective bias as low as 0.4 V and stay almost constant at higher fields, indicating higher 

charge extraction efficiency at low biases. The trend of Jph ~V1/2 was not observed in 

any region of the curves, indicating no SCL effect. The impact of bimolecular 

recombination, a topic in Chapter 4, is hard to distinguish here because even no Jph 

~V1/2 dependence was observed, the severe recombination may happen at certain bias 

condition which directly determines the carrier concentration in the sample. Additionally, 

a Vsat that does not vary with incident light intensity also substantiates this. The data 

also points out another outperforming-factor in the PDTS-BTD: PC71BM and P3HT: 

PCBM PV ink systems, compared to PG3: PC61BM, that the short-circuit point locates in 

the regime where Jph is already saturated. This saturation of Jph results in much higher 
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short-circuit charge dissociation efficiencies, 70% for the PDTS-BTD:PC71BM and 83% 

for the P3HT: PC61BM. A combination of the absence of SCL photocurrent and the 

saturation of Jph at relatively low fields results in higher FFs in these two PV systems. 

Especially for P3HT, FF can reach >65%.  

 

Figure 3-12. Short-circuit photocurrent as a function of incident light intensity for the two 
photovoltaic systems shown in Figure 2-10 and 2-11. Slopes determined from 
linear fits are shown. 

3.5 Summary 

We have studied charge transport, photocurrent extraction in BHJ solar cells 

fabricated from three different polymer: fullerene model systems to understand the 

dependence of PV performance on transport balance. In the series of dioxythienylene-

benzothiodiazole donor-acceptor co-polymers blended with PC61BM that are targeted 

for color-tunable photovoltaics, hole transport in the polymer phase of the blend is found 

to be enhanced by one to two orders by loading PC61BM. However, even in the 

optimized composition, due to unbalanced mobilities between electrons and holes, 

space charges (holes) induce redistribution of internal electrical field and eventually 
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reach a steady state wherein the photocurrent output is limited by the slow carrier, 

leading to a reduction of FFs in these devices. In contrast, carrier transport in the PDTS-

BTD: PC71BM and the P3HT: PCBM PV ink systems is more balanced, resulting in 

significantly improved charge separation efficiency and fill factors. These findings 

reinforce the importance of attaining charge balance in these BHJ devices to avoid 

space charge effects in donor-acceptor blends for PV applications. The difference of 

recombination loss between PDTS-BTD:PCBM and P3HT:PCBM will be discussed in 

Chapter 4. 
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CHAPTER 4 
BIMOLECULAR RECOMBINATION LIMITED PHOTOCURRENT 

4.1 Abstract 

The model of transport balance is not sufficient to explain the loss of photocurrent 

in some bulk-heterojunction systems. With the development of advanced donor-

acceptor polymer, high hole mobility and low bandgap can be realized. However, many 

of these solar cells still suffer from low fill factors—poor photocurrent extraction at the 

low extraction field. We detailed the investigation by comparing the recombination 

dynamics in two model systems with fairly balanced transport. The results show 

bimolecular recombination can be the limiting factor of photocurrent extraction even 

without the existence of space charge effect. Further experiments also show that larger 

rate of bimolecular recombination is associated with the large energetic disorder in the 

blend system. 

4.2 Introduction 

As a bench-mark BHJ system, the blend of poly(3-hexylthiophene-2,5-diyl) (P3HT) 

and [6,6]-phenyl C61 (or C71) butyric acid methyl-ester (PC61BM or PC71BM) has been 

extensively studied to reach a PCE approaching 5 % and FF close to 70%.95 Optimized 

P3HT: fullerene solar cells demonstrate almost saturated photocurrent output even at 

low extraction fields,92, 96. However, the loss of low energy photons in the solar spectrum 

limits the further enhancement of P3HT system. To increase photon harvesting, 

tremendous effort has been taken to develop low bandgap donor-acceptor copolymers 

with absorption edges extended to the near IR range.85, 97-99 High short-circuit currents 

and high open circuit voltages have been achieved in some low-bandgap, deep-HOMO 

polymer:PCBM systems, resulting in PCE exceeding 7%.29 At the same time, many 
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potential polymer:PCBM systems show both balanced transport and low FFs, we 

therefore think it is necessary to figure out the physical processes that limit the 

performance in these low bandgap polymer:fullerene systems. 

In this chapter, we examine the low bandgap donor-acceptor copolymer poly ((4, 

4- dioctyldithieno (3,2-b:2',3'-d) silole) -2,6- diyl-alt- (2,1,3- benzothiadiazole) -4,7-diyl) 

(PDTS-BTD which has yielded a PCE over ~6% 100 when blended with [6,6]-phenyl-C71 

butyric acid methyl ester, PC71BM. However, the maximum FF attained in these devices 

is only 56%. In contrast, P3HT:PC71BM cells fabricated in many laboratories including 

ours regularly attain FFs of 65-70% (Figure 4-1). Higher FF characterizes more efficient 

photocurrent collection, especially in the low field condition. Therefore, understanding 

the loss mechanism may lead to the methods for better solar cell performance. 

 

Figure 4-1. (color) J-V characteristics of a P3HT:PC71BM cell and a PDTS-BTD:PC71BM 
cell measured under A.M. 1.5G illumination. 
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Considering the PDTS-BTD:PC71BM system, we find that the mobilites of electron 

and hole are well-balanced. Similar to what has been observed in P3HT:PC71BM 

system, the space charge effect cannot be the limiting factor of solar cell FFs. As 

mentioned in Chapter 3, both systems don’t show a Jph ~V1/2 dependence, suggesting 

no significant recombination-limited photocurrent under the medium or large bias 

condition. However, the carrier dynamics remain unclear at the zero-internal-field 

situation which corresponds to a very narrow window in the Veff axis. At such low 

extraction field, the device has a very high concentration of photo-generated carriers 

and therefore the trend of intensive recombination. Here, we examined the carrier 

recombination rate in both P3HT:PCBM and PDTS-BTD:PCBM systems through photo-

induced carrier extraction with linearly increasing voltage (photo-CELIV)65 and transient 

photo-voltage (TPV)67, 101, 102 experiments. Photo-CELIV allows one to adjust the 

internal field, such as the field corresponding to the maximum power point, of devices 

during the recombination measurement. In contrast, TPV is carried out by shinning 

continuous white light on the sample and generating high concentration of carriers. 

Since the sample is measured under the open-circuit condition, TPV provides carrier 

recombination results that are complementary to the photo-CELIV measurements. Our 

photo-CELIV data show that, the two polymer:fullerene systems both show sufficiently 

long carrier lifetime to avoid recombination limited photocurrent at the power maximum 

point. However, with the increase of carrier concentration at lower extraction field, 

PDTS-BTD:PC71BM exhibit much shorter carrier lifetime than P3HT:PC71BM, leading to 

significant photocurrent loss at the open circuit condition. Such intensive recombination 

can also lower the open circuit voltage in PDTS-BTD:PC71BM. 
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Further, we correlate the recombination rates of the two blend systems with the 

intrinsic property of the polymer donor. By considering carrier recombination as a 

process of charge transfer described by the small polaron model,4, 103 the short photo-

carrier lifetime in the PDTS-BTD:PC71BM system can be attributed to the higher degree 

of diagonal disorder in this polymer. 

4.3 Experimental 

PDTS-BTD was synthesized and purified via a method involving significant 

modifications to a protocol reported in the literature85. Details of the fabrication of single 

carrier devices and PV devices are also provided elsewhere87, 100, 104. Hole-only devices 

had the structure of ITO/ MoO3/ active layer/ Au, electron-only devices had the structure 

of ITO/ active layer/ LiF/Al. MoO3 was used as hole injection layer because it provides 

better hole injection than poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) 

PEDOT:PSS. ITO without UV ozone treatment matches the LUMO level of PCBM. 

Current density versus voltage measurements were carried out in ambient using a 

Keithley 4200 semiconductor characterization system. For temperature dependent 

measurements, a LakeShore 321 temperature controller and a Janis VPF-100 cryostat 

were employed. The photo-CELIV setup consists of a LASER-EXPORT DTL-319QT 

(527 nm, 8 ns time width, 60 μJ/pulse) laser source, an Agilent 33220 20MHz 

function/arbitrary waveform generator, a Tekxtronix TPS2024 oscilloscope and a SRS 

DG535 delay/pulse generator. The laser was used to generate photo-carriers for 

extraction. The delay generator was used as a triggering source as well as delay time 

controller of the function generator and the laser pulse. The photo-generated carriers 

are extracted by the triangle wave applied by the function generator. Detailed 

description of the experimental setup can be found in previous publications.64 For 
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transient photo-voltage experiment, the white light for photo-biasing the sample was 

obtained from a 150 W ozone free xenon arc lamp (Newport). Different intensities were 

achieved by using a set of neutral density filters, and were calibrated by a Newport 

70260 radiant power meter in conjunction with a Newport 70268 photodiode. Photo-

voltage decay was obtained using a Tekxtronix TPS2024 oscilloscope. The 

fundamentals of the optical perturbation as well as the calculation of charge density 

were reported elsewhere.105, 106 

4.4 Results and Discussions 

4.4.1 The Balance of Charge Extraction 

In the BHJ polymer: fullerene solar cells, the transport of holes and electrons 

happens through different percolation pathways. The nature of hole transport of the 

blend is thus quite different from that of the neat polymer. The hole mobility in this 

situation is not only determined by the donor polymer, but is also affected by the 

bicontinuous nanostructure formed together with PCBM. As a result, the transport of 

both electrons and holes is influenced by the composition and morphology of the 

polymer: fullerene system.89, 90, 107 Since mobility in these composite systems is highly 

sensitive to the material compositions and processing conditions, electrons and holes 

might have different transport properties. A strong imbalance in the mobility of the two 

types of carriers results in inefficient extraction of the faster carriers to maintain charge 

neutrality in the device. This leads to accumulation of space charges in the device and 

reduction of photocurrent extraction. Moreover, the accumulated space charges 

promote local increase of recombination which is an additional source of loss 

mechanism caused by unbalanced transport.90 
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Figure 4-2. (color) J-V characteristics of a hole-only and an electron-only device of 
PDTS-BTD:PC71BM. The SCLC fitting is shown. 

The balance of carrier transport in the PDTS-BTD:PC71BM blend was determined 

by measuring electron and hole mobility from single carrier devices. Figure 4-2 shows 

the electron and hole only current of PDTS-BTD:PC71BM blends. The current density-

voltage (J-V) data was fitted by assuming the SCLC formalism and a field dependent 

mobility. For unipolar transport in a trap-free semiconductor with an Ohmic injecting 

contact, the SCLC is given by the Mott-Gurney equation, 

   
 

 
  

  

  
,  (4-1) 

where µ is the charge carrier mobility, V is the applied voltage, and L is the thickness of 

the active layer. As summarized in Table 1, zero-field mobilities of 9.6×10-4 cm2Vs-1 and 

5.2×10-4 cm2Vs-1 are calculated by taking into the account of the device series 

resistance, respectively for electrons and holes. As revealed by the mobility values, the 

transport of electrons and holes in PDTS-BTD:PC71BM is well balanced. Compared to 
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the mobilities in P3HT: PC71BM, which are also included in Table 1, PDTS-BTD:PCBM 

has even higher mobility for both carriers. Since the balanced transport in P3HT:PCBM 

has been reported92 as the key reason for its high FF, this leads us to believe that a 

similar situation, if not a better one, prevails in the PDTS-BTD:PCBM system as well.  

Table 4-1. Hole and electron mobility in PDTS-BTD:PC71BM and P3HT:PC71BM. 

  h  e 

PDTS-BTD:PC71BM 5.2 × 10−4 cm2 V-1s-1 9.6 × 10−4 cm2 V-1s-1 

P3HT-BTD:PC71BM 2.9 × 10−4 cm2 V-1s-1 4.0 × 10−4 cm2 V-1s-1 

 
However, from Figure 4-3, showing the photocurrent as a function of extraction field, it is 

clear that despite the balanced transport properties of the two material systems, the loss 

of photocurrent behaves quite differently. For P3HT, the photocurrent gets nearly 

saturated even at low extraction field and reaches 82% of its maximum under short 

circuit condition, while the photo-current extraction in PDTS-BTD:PC71BM is far from 

saturation and only reaches 68% of its maximum under short circuit condition. The 

external quantum efficiency reported for the two systems 85, 95 supports this difference in 

extraction efficiency. At lower extraction field, P3HT:PC71BM maintains its photo-current 

before the sharp drop around 0.4 V. In contrast, PDTS-BTD:PC71BM has a much 

stronger field dependent photo-current over the entire range of cell operation which 

leads to lower FF in the solar cells. As shown by the carrier mobility values, the 

imbalance of carrier transport leading to build up of space charges is not the factor 

limiting photocurrent extraction. The difference in the extraction of photocurrents, 

therefore, must have its origin in a different limiting mechanism. The following sections 

will be dealing with another possible limiting factor—bimolecular recombination. 
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Figure 4-3. (color) Jph plotted as a function of effective voltage. 

4.4.2 Recombination at the Maximum Power Condition 

According to the J-V characteristics of the devices under illumination, the loss of 

photocurrent happens both at low extraction fields and under open circuit condition. In 

this study, we employ the technique of photo-CELIV65, 108 to study bimolecular 

recombination at power maximum condition, which starts with a low extraction field 

across the cell. The low extraction field is simulated by biasing the solar cell devices to 

voltages approaching the open circuit voltage (Voc) which is slightly lower than the 

photo-bias provided by a 527nm pulse laser with a maximum power of 60 μJ/pulse. This 

offset voltage is maintained just below the dark current turn-on voltage (power 

maximum point) to ensure that the number of injected carriers from the contacts is 

negligible compared to the population of photo-carriers generated by the laser pulse. 

Figure 3.3(a) shows the photo-CELIV transients from the PDTS-BTD samples. By 

introducing a variable delay between the exciting laser pulse and the onset of carrier 
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extraction, we can introduce different recombination times in the system under 

investigation.  

 
 

Figure 4-4. (color) Photo-CELIV curves of PDTS-BTD:PC71BM as a function of delay 
time 

Figure 4-5 plots the decay of photocarrier concentration as a function of time in the 

two systems, which is obtained by integrating the photo-CELIV transients. Here, the 

time scale is composed of the delay time and transient maximum time. The delay time, 

as mentioned earlier, is the time between the application of the laser pulse and the 

extraction voltage ramp, while the transient maximum is the time when the transient 

current reaches its peak value. In the photo-CELIV experiment, the samples are initially 

in the dark before photocarriers are generated by the laser. In this case the excitation 

cannot be considered as a “small signal”, and the subsequent carrier recombination 

happens after a strong excitation. According to Figure 4-5, the concentration of photo-

carriers, consequently, follows a “stretched” exponential decay55.  

           
    

        
   (4-2) 

         
         (4-3) 
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Figure 4-5. (color) The recombination dynamics extracted from the photo-CELIV results 

where n and p stands for electron and hole concentrations respectively, γ is 

temperature dependent dispersive parameter, k0, the recombination coefficient at time 

zero. To fit the data, γ was measured to be 0.98 and 0.90 respectively for 

P3HT:PC71BM and PDTS-BTD:PC71BM. The resultant lifetimes are 19±0.5μs for 

P3HT:PC71BM and 16±0.5μs for PDTS-BTD:PC71BM. Thus, according to the lifetime 

results, P3HT:PC71BM and PDTS-BTD:PC71BM show similar carriers decay rates at low 

extraction fields. The carrier lifetime data can further be used to calculate the 

bimolecular recombination rate by assuming a Langevin type recombination for low 

mobility materials where the recombination rate is 

  
  

  
      ,    

 

 
 , (kL –Langevin recombination coefficient)  (4-5) 

Calculated results show that the ratio of the recombination rates k/kL is about 10-3. 

The resultant recombination induced photo-current loss ~10-2mA/cm2, which is similar to 
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other results found under short circuit condition35. This negligible bimolecular 

recombination photocurrent at low extraction fields can be rationalized as follows. 

Before current injection turns on in the device, the drift current determines the 

“extraction current”. Due to the extraction field, the photo-generated carriers are 

depleted, resulting in lower carrier concentration comparing with the open circuit 

condition. Since the recombination coefficient and the recombination rate are both 

sensitive to carrier concentration, the photo-current at or close-to short circuit condition 

is not affected significantly by recombination. Even at a bias just below the dark current 

turn-on voltage, recombination is still limited as shown by the photo-CELIV results. The 

nano-morphology of the bicontinuous interpenetrating network in both systems 95, 100 

also explains why the recombination is reduced at extraction field. The bulk-

heterojunction enables the formation of electron and hole percolation pathways and 

improve the transport in both phases. At a carrier concentration (~1016 cm-3) lower than 

the domain concentration (~1017 cm-3), the probability of holes and electrons to meet 

and recombine is limited.35 In such a situation, mono-molecular 109, 110 (geminate 

recombination) may overwhelm the bimolecular process and become the dominant 

recombination mechanism. 

A few points regarding the technique of photo-CELIV and its relevance and 

shortcomings in probing recombination in these BHJ solar cells need to be pointed out. 

First, photo-CELIV does not provide true operating conditions necessary for inducing 

strong carrier recombination since it does not continuously flood the device with high 

carrier concentration. Second, while both the polymer:fullerene systems in our study 

show similar lifetimes, their results are extracted from different carrier concentration 
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levels. The carrier concentration is also relatively low compared to that under open 

circuit condition. The lower carrier concentration can be partially explained in Figure 4-4. 

Because solar cells do not have blocking layer in terms of extraction, the application of 

laser pulse can collect the carriers at contact region under low extraction field thus 

generates some instantaneous current signals which correspond to carrier 

concentration ~ 1016 cm-3. Finally, photo-CELIV does provide low extraction field but not 

true open circuit condition. Even through a bias can be tuned for the purpose, the photo-

bias is very sensitive to laser pulse and makes it hard to fulfill the true open circuit 

condition. Due to all these, it is necessary to resort to a different technique to probe 

further the recombination properties in these material systems. 

4.4.3 Recombination at the Open Circuit Condition 

The recombination in BHJ solar cells at open circuit condition is a topic that has 

has been a topic of discussion over recent years.101, 111, 112 Despite the existence of a 

diffusion current, there’s no net current flow in the device due to the absence of internal 

electric field. Since carrier recombination is a function of background charge density, the 

magnitude of extraction field is expected to play a more significant role in this case, and 

the results are anticipated to be different from those acquired through the photo-CELIV 

experiment which only measures the recombination under power maximum condition. 

Also, as recombination directly affects the carrier concentration in the sample, such a 

value can also be easily extracted using a lifetime measurement. The obtained charge 

carrier population can not only be used to analyze the photocurrent loss and FFs, but 

also the splitting of quasi-Fermi levels and VOCs of polymer:fullerene systems. 
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Figure 4-6. (color) The recombination dynamics extracted from transient photo-voltage 
measurements with different incident light intensity 

Transient photo-voltage (TPV) is a technique that, in contrast to photo-CELIV, 

provides continuous solar illumination and true open circuit condition. Under illumination 

with a solar simulator the device is under a light-bias, and subsequently, a weak laser 

pulse with a typical energy ~1 nJ/pulse impinges on the photo-biased device, creating a 

weak perturbation (Figure 2-4). Following this, the temporal decay of photo-carriers can 

be monitored by probing the decay of perturbation (<5mV) created by the laser pulse67, 

102. In this study, we applied TPV to study the recombination at open circuit condition. 

The P3HT:PC71BM and PDTS-BTD:PC71BM solar cell devices used for these 

measurements have PCEs of 4% and 5.5% respectively. The intensity of the solar 

simulator is varied to change the background charge density in the devices. As is 

evident from the photo-voltage transients in Figure 4-6, the photo-carrier lifetime varies 

inversely with the charge density in both systems. However, at the maximum charge 
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density (100 mW/cm2 in this experiment), photocarriers in the P3HT:PC71BM cell have a 

lifetime of ~ 8 μs which is more than one order of magnitude higher than that in PDTS-

BTD:PC71BM ~ 400 ns (Figure 4-7). Additionally, P3HT:PC71BM cells have a larger 

charge density than that of the PDTS-BTD:PC71BM cells when the dynamic equilibrium 

between the photo-carrier generation and recombination, given by the equation, 

       
 

 
   (4-6) 

is reached. Here, Gmax is the internal carrier pairs generation rate and P is the 

proportion of exciton dissociation. Since the effective generation rate of photo-carriers 

(PGmax) is roughly of the same order in the two polymer:fullerene systems, the longer 

carrier lifetime in P3HT:PC71BM results in a larger carrier density.  

 

Figure 4-7. (color) The carrier lifetimes of P3HT:PC71BM and PDTS-BTD:PC71BM 
systems. 

Additionally, PDTS-BTD:PC71BM cells show a stronger dependence of carrier lifetime 

on charge density (in the form of photo-bias in Figure 4-7). Hence, the difference of 

lifetime between the two systems becomes smaller when carrier concentration 
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decreases, allowing for both PDTS-BTD:PCBM (n~1015 cm-3) and P3HT:PCBM (n~1016 

cm-3) to show very similar lifetimes ~20 μs. This value is very close to the results from 

photo-CELIV experiments, as highlighted in Figure 4-7. In the two measurements, 

although recombination happens under different extraction fields, the lifetime is mainly 

determined by carrier concentrations. 

 

Figure 4-8. (color) The recombination coefficients of P3HT:PC71BM and PDTS-
BTD:PC71BM systems. 

Another important parameter determining photocurrent loss is the strength of the 

recombination rate compared to the Langevin mode rate which is shown in Figure 4-8. 

In PDTS-BTD cells ratio of k/kL ~10-1 is significantly high, with a stronger dependence 

on charge carrier density. In contrast, in P3HT:PC71BM, this ratio is ~10-3 has and 

shows a very weak dependence on charge density. As a consequence, at the extraction 

field lower than the maximum power point, the photo-current loss due to bimolecular 

recombination is as high as ~1mA/cm2 in PDTS-BTD:PC71BM devices while it is ~0.1 
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mA/cm2 in P3HT:PC71BM cells. Although the loss of photo-current reduces when the 

extraction field grows, it still explains why PDTS-BTD:PC71BM cells show low FF. At 

zero extraction fields, the dynamic equilibrium is estabilished. Thus recombination loss 

equals the charge generation rate. When the internal field emerges, the short (400ns) 

carrier lifetime leads to a photo-current loss >1 mA/cm2, thus lowering the extraction 

and pushing the maximum output power to a lower bias. At the power maximum point, 

recombination rate decreases with decreased carrier concentration. Finally, at even 

higher extraction fields (at and beyond short circuit condition), the dynamic equilibrium 

between generation and recombination is completely broken. The photo-generated 

charges almost contribute to the output current, while recombination loss is negligible. 

Moreover, since most of the generated carriers are pulled out of the device, the carrier 

lifetime in different material systems should be similar. Even at extraction fields lower 

than the short circuit condition, this similarity of lifetimes prevails until the charge 

injection turns on. This fact further stresses the difference between photo-CELIV and 

TPV techniques in probing carrier recombination. The experiments also show that 

although recombination is less likely to be a universal loss mechanism over the entire 

bias range, it can rationalize the FF difference between two efficient polymer: fullerene 

systems. 

4.4.4 Energetic Disorder 

Once we have established that carrier recombination plays a critical role in limiting 

the photo-current in the PDTS-BTD based cells, it is important to figure out the physical 

reason for the stronger recombination compared with the P3HT based cells. In 

disordered material systems, the electric and optical properties are often correlated with 

the degree of disorder.  
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In amorphous silicon solar cells with a strong energetic disorder, the main source 

of photo-current loss was identified as the recombination of photocarriers in band tail 

states. In disordered materials, tail states exist in the bandgap. Photogeneration of 

carrier pairs is followed by energetic relaxation to attain dynamic equilibrium state. The 

photogenerated carriers are likely to execute a random walk, basically spatial tunneling, 

between neighboring energy states before relaxing into tail states. The overall shift of 

mean energy caused by relaxation is determined by the energetic disorder and 

temperature. The expression for this energy shift is given as41, 113  

                    
                  
  
  

                 
  
  

  
  

  
          (4-7) 

where   is the energetic disorder and, k is Boltzman constant, T is temperature in Kelvin. 

As a result, the photo-carriers finally get distributed over these large number of tail 

states. Carrier transport is significantly slower through these tail states than the 

transport through mean states. Energy relaxation is further enhanced when the material 

is cooled to low temperatures, because spatial tunneling dominates over thermally 

activated transport. This is alternately described as the occurrence of a larger effective 

energetic disorder at lower temperature. Photo-CELIV can provide information about 

this energetic disorder. The delay time dependent measurement using photo-CELIV 

allows us to probe the energy relaxation in different polymer:fullerene systems.55, 108 In 

Figure 4-4, we calculate the CELIV mobilities from the expression 

    
   

      
        

  

    
 
  (4-8) 

where d is the device thickness, A is the voltage ramping rate in Vs-1, tmax is the 

transient maximum time, Δj and j(0) are respectively the magnitude of pure transient 

current and displacement current.114 The transport of PDTS-BTD:PCBM shows a strong 
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dependence on the variable delay time by demonstrating a longer transient time when 

delay time increases. In addition to this, PDTS-BTD:PCBM shows a clear reduction of 

mobility with the growth of delay time in Figure 4-9. As explained above, with longer 

delay times, more photo-carriers get a chance to relax into tail states with the transport 

getting slower when the electric field is applied. Thus, this type of mobility degradation is 

a proof of energetic disorder at a certain temperature. In contrast, the mobility of carriers 

in the P3HT:PC71BM system does not show any signs of reduction (Figure 4-9) at the 

same temperature (RT in this case). However, by taking advantage of the above 

mentioned relationship between temperature and effective energetic disorder, this 

decay of CELIV mobility should be detectable at low temperatures. This data depicting 

the decay of mobility at 100K in the P3HT:PC71BM system is also shown in Figure 4-9. 

From these results it can be concluded that the P3HT:PC71BM system has lower 

energetic disorder than the PDTS-BTD:PC71BM system at room temperature(RT). This 

disorder cannot be detected using photo-CELIV experiment at RT. But, by going to 

temperatures as low as 100K, thermally activated transport is greatly suppressed, and 

the large population of carriers in tail states then allows photo-CELIV to detect the 

disorder in the P3HT:PCBM system. 

Energetic disorder, which is the origin of delay time dependent mobilities, can be 

quantitatively estimated with the assumption of a specific DOS model. Upon photo-

excitations, the DOS of the polymer relax on the coordinate of energy. In other words, 

the carriers relax into tail states between which the hopping process is quite limited 

comparing with the states above the mobility edge. Several models have been 

formulated to describe the origin of disorder in materials. 
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Figure 4-9. (color) CELIV mobility as a function of delay time. 

 

Figure 4-10. (color) Zero field mobilities plotted as a function of temperature. 

In this study, we employ the 3D correlated disorder model54 to model the energetic 

disorder and its nature in these composite systems. This model assumes a random 3-

dimentional distribution of dipoles in the material. The disorder in molecular site energy 
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stems from the interaction between these dipoles. The carrier mobility is calculated and 

experimentally proven to have the following field and temperature dependence in the 

form of Eq. 1-8. Using this expression, the effective energetic disorder in the system can 

be extracted by plotting the zero-field mobility as a function of temperature. In Figure 4-

10, energetic disorder is extracted to be 84meV for the PDTS-BTD:PC71BM system 

compared to 61meV for the P3HT:PC71BM system. The increased disorder in the low 

bandgap polymer:fullerene system is consistent with the earlier findings from photo-

CELIV. PDTS-BTD:PCBM indeed has a broader tail band distribution of molecular 

energies than P3HT:PCBM, leading to the higher degree of disorder in the material. 

4.5 Summary 

In this study we investigated the physical processes limiting the FF in a low 

bandgap polymer:fullerene system. We studied the transport and recombination of 

photo-carriers in the PDTS-BTD:PC71BM BHJ system and compare the results with the 

highly optimized blend of P3HT:PC71BM. Mobility measurements shows well balanced 

transport of electrons and holes in PDTS-BTD:PC71BM cells; this rules out the 

possibility that photo-current loss is due to unbalanced transport. Two different 

techniques are used to study photo-carrier recombination under different extraction 

fields. Results from the photo-CELIV measurements show that the recombination of the 

two systems at Pmax condition does not limit the photo-current. In contrast, carrier pairs 

experience strong recombination when the PDTS-BTD solar cells are operated at open 

circuit condition, leading to a significant loss of photo-current. The differences in lifetime 

are found to be determined by the carrier concentration at corresponding extraction 

fields. Finally, we show a correlation between the strong recombination of photo-carriers 

in PDTS-BTD:PC71BM and the considerable energetic disorder present in the material. 
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This is established by the delay time dependent photo-CELIV mobility in DTS-

BTD:PC71BM and the larger value of the disorder parameter compared with 

P3HT:PC71BM. 
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CHAPTER 5 
INTERFACIAL ENGINEERING  

5.1 Abstract 

As a typical excitonic cell, bulk heterojunction polymer solar cells are able display 

photovoltaic effect even without built-in potential. The ultra-fast charge generation 

across the donor-acceptor interface enables the splitting of quasi-fermi level of electron 

and holes entirely upon chemical potential gradient. This unique photovoltaic 

mechanism is quite different from those in traditional inorganic cells wherein charge 

generation occurs in the same material phase. However, since the charge generation 

and recombination both happen at the polymer-fullerene interface, they become the 

determining factors to the performance in polymer solar cells. In addition, efficient 

charge extraction and collection rely on maximized built-in potential which is realized by 

making Ohmic contact with the polymer and fullerene phases. As a result, significant 

progress in power conversion efficiencies and stabilities of polymer solar cells has been 

achieved using semiconducting metal oxides as charge extraction interlayers. Both n- 

and p-type transition metal oxides with good transparency in the visible as well as 

infrared region make good Ohmic contacts to both donors and acceptors in polymer 

bulk heterojunction solar cells. Their compatibility with roll-to-roll processing makes 

them attractive for low cost manufacturing of polymer solar cells. In this chapter, we will 

present the recent results on some of these metal oxides along with the device 

performance of the solar cells using metal oxides as charge collection interlayers. 

5.2 Introduction  

The power conversion efficiency of PSCs has been driven by the development of 

photoactive materials28, 115 and device architectures59, 116-118. In particular, variant 
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polymers with donor-acceptor building block have been synthesized to control the 

highest molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

energy levels. Such bandgap engineering allows many low bandgap polymers to reach 

low-lying HOMO energies, resulting in enhancements in short circuit currents (Jsc) as 

well as open circuit voltages (Voc) which are the two key parameters for photovoltaic 

cells. Using these polymers, PCEs of 7~9% have already been demonstrated along with 

the interlayer materials,29, 31, 32, 119-122 among which transition metal oxides become 

attractive because of their capability of efficient charge extraction and their compatibility 

with roll-to-roll (R2R) processing.123, 124 While solution processed electron extraction 

materials such as zinc oxide have been successfully used in both small area devices or 

scaled-up modules, further development of solution processed high work function metal 

oxides is still needed.  

Most PSCs apply the bulk heterojunctions (BHJs) structure125 wherein an electron 

donating polymer and an electron accepting fullerene derivative form nano-scaled 

interpenetrating networks allowing efficient exciton dissociation and carrier transport. 

Although the photovoltaic effect of an excitonic cell does not entirely rely on the built-in 

potential established under thermal equilibrium, a good solar cell performance still 

requires the Ohmic contact between the absorber and electrodes. Unlike inorganic solar 

cells, where Ohmic contacts can be formed via surface doping, PCSs need alternative 

methods to reduce carrier injection/extraction barrier. In general, poor Ohmic contacts 

between the organic layer and electrodes are due to the mismatch of work function,126, 

127 the interfacial dipoles128-130 and a large number of trap states131, 132. Among the 

electrode interlayer materials used in high efficiency PSCs, transition metal oxides are 
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very successful owing to their better environmental stability, higher optical transparency 

and easier synthesis routes with compared with alkali metal compounds,133-136 aqueous 

conducting polymers137-140 and conjugated polyelectrolytes120, 141.  

The PCE of PSCs is a product of Jsc, Voc and fill factor (FF). Jsc is determined by 

the light absorption and the charge collection under large extraction fields, Voc is limited 

by intensive recombination as well as the energy band alignment between the 

photoactive polymer donor and the fullerene acceptor, FF is affected by the series/ 

shunt resistance and the charge recombination/ extraction rate under low internal fields. 

The n- and p-type semiconductivities in metal oxides are in general due to the intrinsic 

point defects such as atomic vacancies present in the oxides. Figure 5-1 shows the 

HOMO as well as LUMO energy levels of some of the state-of-the-art photovoltaic 

polymers, fullerene derivatives and the electron affinities and ionization potentials of 

high/low work function metal oxides.142 These metal oxides form Ohmic contacts to 

photovoltaic polymers and fullerenes through favorable vacuum level shift, energy level 

bending and Fermi level pinning at thhe polymer/electrode interfaces. In addition, the 

use of oxide interlayers circumvents the direct contact between photoactive polymer 

and electrodes where high densities of carrier traps or unfavorable interface dipoles 

hinder efficient charge collection. Making Ohmic contacts is equally important to Voc 

because the reduction of built-in potential by direct contact between the photoactive 

polymer and the electrodes leads to a decrease of quasi-fermi level splitting as well as 

an increase of carrier recombination.  
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Figure 5-1. (color) Energy diagrams of state-of-art photovoltaic polymers and transition 
metal oxides that are commonly used for interfacial engineering 

5.2.1 Zinc Oxide (ZnO) 

ZnO is superior as an electron transporting layer (ETL) materials in PSCs. The 

Fermi level at 3.7~4.3 eV119, 143 makes it a perfect match with TCO and the lowest 

unoccupied molecular orbital (LUMO) of [6,6]-phenyl-C61(/71) butyric acid methyl ester 

(PC61/71BM)—so far the most effective electron accepting materials when blended with 

photovoltaic polymers. The ionization potential of ZnO (~7 eV) is enough to serve as an 

excellent hole blocker to suppress hole transport across the cathode region and 

therefore to increase the shunt of the BHJ diode. Optically, the absorption band of 

fullerenes and photoactive polymers, usually ranging from blue to near infrared region, 

are just able to locate within the long-pass window defined by the band gap of ZnO and 

thus get protected from ultraviolet (UV) illumination. In contrast to the deposition 

techniques used in other thin film solar technologies, the ZnO used for PSCs is aimed to 
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solution process at low temperature and ambient condition. With such requirements, 

some earlier developed ZnO nanomateirals such as colloidal nanoparticles and sol-gel 

ZnO films were consequentially incorporated in PSC fabrication. 

For practical purpose, the most attractive feature of NPs is that it allows the 

material to be utilized in crystalline phase, although at nano-scale, without the 

requirements of vacuum, high temperature annealing or prolonged fabrication time. ZnO 

NPs have such advantages to fit roll-to-roll (R2R) technologies as it has already been 

demonstrated by modified slot die coating124 for large area BHJ cells fabrication. For the 

lab-scale device fabrication, ZnO NPs are usually deposited through spin-coating as a 

bottom or top interlayer depending on the device geometry. 

 

Figure 5-2. (color) Transmission electron microscopic images of ZnO colloidal 
nanoparticles with a scale of A) 5 nm and B) 50 nm. 

ZnO NPs are readily synthesized from zinc acetate dihydrate in alcoholic solvent 

with either of the following strong base—sodium hydroxide (NaOH)144, potassium 

hydroxide (KOH)145-147 or tetramethylammonium hydroxide (TMAH)119, 148. The synthetic 

wurtzite-type ZnO NPs have diameters of 3~6nm, band gap 3.3~3.6eV and form 
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transparent colloids in polar or non-polar solvent119, 144-148. Figure 5-2 (a) and (b) show 

the TEM images with the scale bar of 5nm and 50 nm repectively. The XRD features 

are also shown in Figure 5-3.   

 

Figure 5-3. (color) X-ray diffraction of ZnO nanoparticles. The pattern reveals the 
wurtzite structure. 

5.2.2 Molybdenum Oxide (MoO3) 

The application of MoO3 started with the exploration of efficient hole injecting 

materials for light emitting organic semiconductors with deep HOMO levels149. Owning 

to the low melting point temperature (795 oC), molybdenum oxide can be deposited 

through thermal evaporation which allows accurate thickness control at nanometer 

scale. Due to the well-known hole injecting capabilities, MoO3 was once misidentified as 

a p-type semiconductor until the n-type characteristics were directly proved by 

ultraviolet/ inverse photoelectron spectroscopy (UPS/IPES)150. Similar to TiOx, the d 

band of MoO3 remains unoccupied and contributes to the conduction band of the oxide. 
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Evident by XPS and UPS measurements, oxygen deficiency in e-MoO3 gives rise to the 

defect band which lifts the Fermi energy closer to the conduction band151, 152. Like other 

n-type oxides, e-MoO3 forms Ohmic contact with ITO through efficient electron transfer 

with the substrate. According to the UPS spectra, upon the deposition of MoO3 onto the 

ITO substrate, the interface experiences a significant vacuum level shift of 2 eV which 

aligns the Fermi level of MoO3 and ITO. Summarized from few independent in itu 

measurements carried out under ultra high vacuum (UHV, <10-10 Torr), the work 

function of evaporated MoO3 locates at 6.7±0.2 eV below the vacuum level, with a 

separation of 0.5±0.2 eV and 2.7±0.2 eV to its conduction band and valance band 

respectively150, 152-155. Some further study reveals that the work function of MoO3 

exhibits strong dependence on the stoichiometry and surface contamination. With 

oxygen or air exposure, the work function decreases dramatically to 5.3~5.7 eV154-156 

which is still enough to keep the hole injection capability uncompromised154. Further 

reduction of the suboxide contributes to the significant extension gap states towards the 

Fermi energy, eventually resulting in the metallic behavior of MoO2
157.  

The mechanism of Fermi level pinning between a high work function oxide, such 

as MoO3, and organics has been intensively studied using UPS. It was reported that the 

HOMO level of aluminum phthalocyanine chloride (AlPcCl) shifts by 1.6 eV within a 

thickness of few nanometers, leading to an energy level bending on the organic side of 

the interface. Similar HOMO level change is also directly confirmed by studying the 

N,N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (α-NPD)/ MoO3 

interface152, 158. Such energy level bending is caused by strong electron transfer from 

the HOMO levels of organic materials to the 4d band of Mo, which results in a Fermi 
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level pinning within a depletion region as thin as few nanometers. The guiding rule of 

forming Fermi level pinning and Ohmic contact can be well explained by 

thermodynamics that, regardless to n-type or p-type oxides, given their work functions 

are higher than HOMO levels of adsorbed organic materials, the HOMO offset, which is 

defined as the difference between the HOMO levels and Fermi energy after equilibrium, 

will approach to a fixed minimum value which indicates the formation of Fermi level 

pinning 159. 

5.2.3 The Inverted Device Geometry 

As mentioned earlier, in organic electronic devices, Ohmic contacts are made by 

matching the electrode Fermi level to the HOMO or LUMO levels of the organic layer. 

Such requirement does not affect the selection of anode materials since the HOMOs of 

most common organic electronic materials have a larger any than the “oxidization 

threshold” (5.2 eV) by the oxygen in ambient, which means anode materials are 

generally stable in the air. However, the cathode materials are prone to oxidization 

because of their low work function. In particular, alkali metals based top electrodes are 

known for very fast degradation in ambient. Even with a work function larger than 4.2 

eV, aluminum still cannot be used as a top electrode in the roll-to-roll printing process 

which cannot be conducted in vacuum. Silver paste is a good candidate for the top 

electrode materials, but its work function is too low to serve as a cathode. Those TCO 

with relatively low work functions cannot be directly sputtered organic materials due to 

the softness of the functional organic layer as well as the requirement of excluding 

vacuum deposition.  As a result, instead of using a top-cathode-bottom-anode structure 

which is referred as the standard or normal device structure, an inverted structure with a 

top anode and a bottom cathode has becomes prototypical for not only the small area 
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device demonstration but also the module production in industry. As shown in Figure 5-

4, the top electrode of an inverted cell can be deposited by printing silver paste. The 

bottom TCO, with a relatively low work function, will not affect the roll-to-roll process in 

ambient because it is sputtered or coated before the coating the whole organic stack. 

Some nanocrystalline, solution processed metal oxides can further more modify the 

bottom cathode work function, resulting in better solar cell performance. 

 

Figure 5-4. (color) The illustration of normal A) and inverted B) structure for polymer 
solar cells. 

The HOMO levels of high efficiency photovoltaic polymers generally resides 

between -5.2 eV and -5.6 eV by considering the trade-off relationship between Voc and 

optical absorption band160. According to the criteria of forming Ohmic contact between 

metal oxides and organic materials, as summarized in Table 5-1, MoO3 can be applied 

to almost all the advanced photovoltaic polymers that have shown promising PCE 

values. Furthermore, some injection studies revealed that using sequentially evaporated 

MoO3 and silver as a top electrode exhibits even better Ohmic contact than that directly 

deposited on the bottom transparent conducting substrate161. This makes the inverted 

device architecture, wherein MoO3 as a top anode interlayer, one of the prototypical 

structures for the lab-scale device demonstration. The P3HT:PC71BM cells fabricated 
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using such inverted structure are reported with PCEs 4.5~5%58, 162, consistently higher 

than the traditional structure using PEDOT:PSS and low function metals as electrodes. 

The results of higher efficiency cells will be presented in the section of result 

discussions. 

In this chapter, I will discuss the synthesis and characterization of some of the 

vacuum-deposited and solution processed metal oxides including zinc oxide, 

molybdenum oxide, for interlayers in PSCs. I will also describe how their intrinsic 

defects affect the performance of some of the state-of-the-art PSCs. 

5.3 Experimental 

ZnO NPs were synthesized using the zinc acetate dehydrate and 

tetramethylammonium hydroxide (TMAH) as precursors. They were used as received 

from Sigma-Aldrich. The details of synthesis and microscopic characterization were also 

included in earlier publications163, 164. Before devices fabrication, the ITO coated glass 

substrates were cleaned by acetone, isopropyl alcohol and DI water. ZnO NPs  were 

spin coated onto cleaned ITO substrates at 8000 rpm to reach a 25±3 nm film. The 

ZnO film was placed under UV lamp which emits at 254nm for 10 min. The PDTG-TPD: 

PC71BM (1:1.5) blend was dissolved in chlorobenzene (CB) with 5% 1,8-diiodoctane 

(DIO) in volume. The PDTG-TPD:PC71BM solution has a concentration of 20mg/ml and 

was spin coated onto ZnO film to reach an optimum thickness around 105 nm. Then the 

film was annealed at 80oC for 30 min. 5 nm thick Molybdenum Oxide (MoO3) and 

100nm silver was thermally evaporated under the vacuum of 1×10-6 Torr. PerkinElmer 

LS55 fluorescence spectrometer and Lambda 750 UV/VIS spectrometer was used for 

photoluminescence and absorption experiments. The transient photo-current setup was 
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composed of a Tekstronix TPS2024 oscilloscope, a DTL-319QT pulse laser source from 

LASER-EXPORT Co. Ltd (532nm, 8ns time width), a Stanford research system (SRS) 

DG535 delay generator and an ORIEL Xe DC arc lamp for light-biasing. Similar 

experiment has been published with detailed experiment process165. Devices were 

encapsulated before measurements. Photo-current-voltage (J-V) characterization was 

done with a Keithley 4200 semiconductor characterization system and a Newport 

Thermal Oriel 94021 1000W solar simulator (4 in. by 4 in. beam size). The light intensity 

was determined by an ORIEL 91150V monosilicon reference cell calibrated by Newport 

Corporation. EQE measurement was conducted using a Xe DC arc lamp as light 

source, an ORIEL 74125 monochromator, a Keithley 428 current amplifier, an SR 540 

chopper system and an SR830 DSP lock-in amplifier from SRS. The generated EQE 

spectrum was integrated with A.M. 1.5 G spectrum to compare with the measured short 

circuit current value. 

 

5.4 Results and Discussions 

5.4.1 Inverted Polymer Solar Cells 

With the demand of demonstrating PSCs with higher efficiencies as well as the 

competitive strength as a candidate for the next generation thin film solar cells, recently 

reported advanced photovoltaic polymers not only feature the extension of absorption 

band, but also maximization open circuit voltages by tuning the energy levels of HOMO. 

Here, we first introduce a novel donor-acceptor block copolymer containing 

dithienogermole (DTG) and 1,3-dibromo-N-octyl-thienoporrolodione (TPD). The polymer 

was synthesized and characterized by the SoRey joint group.  
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Figure 5-5. The monomer structure of PDTG-TPD and PDTS-TPD. 

As shown in Figure 5-5, the dithienogermole unit has a germanium atom in the 

bridging position as in contrast with the previously reported dithienosilole (DTS) unit 

which referred in the following part of the section. The thienoporrolodione unit was 

chosen to couple with DTG because several groups reported that this strong electron 

accepting unit can result in high open circuit voltages. The comonomers were 

polymerized using the Pd2dba3/P(o-tol)3 catalyst system, and resulted in number 

average (Mn) molecular weights of 31kDa (PDI 1.7) for PDTS-TPD and 48kDa (PDI 1.7) 

for PDTG-TPD. Figure 5-6 illustrate the UV-visible spectra of pristine polymers films 

coated on quartz substrates. PDTS-TPD shows an excitonic absorption peak at 670 nm, 

corresponding to an optical bandgap around 1.73eV, consistent with previous reports. 

Upon substitution of the silicon atom for germanium in PDTG-TPD, a red-shifted 

absorption spectrum was observed with respect to PDTS-TPD, with the excitonic peak 

at 679 nm and an optical bandgap of 1.69 eV. Electrical chemical measurements reveal 

the HOMO level at 5.60 eV for PDTG-TPD, 50 meV smaller than the silicone 

counterpart. 
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Figure 5-6. (color) The absorption of PDTG-TPD and PDTS-TPD measured in solution 
phase. 

Inverted solar cells were fabricated using PDTS-TPD: PC71BM and PDTG-

TPD:PC71BM as active layers in inverted device architectures: ITO/ZnO 

(NPs)/polymer:PC71BM/MoO3/Ag. Figure 5-7 shows J-V curves of both polymers under 

A.M. 1.5G illumination, with and without diiodooctane (DIO) as a processing additive. 

The short circuit currents and fill factors of both cells are greatly enhanced by adding 5 

vol% DIO into the polymer:PC71BM solution. Upon optimization, PDTS-TPD reached an 

average short-circuit current density of 11.5mA/cm2, an open circuit voltage of 0.89V, 

and a fill factor of 65%,  resulting in an average power conversion efficiency of 6.6%. 

The performance is slightly lower than the earlier reported devices made from a regular 

structure. The DTG-containing polymer PDTG-TPD displayed a higher short-circuit 

current density (12.6mA/cm2) and fill factor (68%) than PDTS-TPD, despite of a lower 
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Voc of 0.85V, for an average PCE of 7.3%. The lower Voc of 40mVfor PDTG-TPD is in 

good agreement with the above mentioned electrical chemical measurements.  

 

Figure 5-7. (color) The J-V characteristics measured under A.M. 1.5G condition. 

The external quantum efficiency (EQE) spectra of the devices are shown in Figure 

5-8, and it can be seen that without DIO both devices display fairly low quantum 

efficiency. With DIO as a solvent additive, the photo-response of both PSCs increases 

significantly. The EQE values of PDTG-TPD ranges from 55 to 65% within the 

absorption band of the polymer, while that of PDTS-TPD ranges from 50 to 56%, with 

PDTG-TPD showing an onset at a longer wavelength. This is consistent with the slightly 

red-shifted absorption spectrum of PDTG-TPD with respect to PDTS-TPD. The 7.3% 

PCE demonstrated here was the highest record value of the PCSs using any inverted 

device structure, and is still among the highest values for the single junction PSCs ever 

reported. Some better device performance due to further optimization of ZnO layer will 

be shown in the next section. 
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Figure 5-8. (color) The external quantum efficiency (EQE) for the same devices in 
Figure 5-7. 

5.4.2 Inverted Cells with Reduced Interface Recombination 

In inverted polymer solar cells, solution processed ZnO is widely used in the form 

of nanoparticles123, 146, 162, 166. ZnO NPs, usually have diameters less than 10nm, are 

known to have a large density of point defects. It has been shown that almost 30% of 

the atomic bonds in one ZnO nanoparticle are dangling bonds167.  When using ZnO to 

make solar cells, a common and easy way to address defects issue is to light soak168 

the device for a period of time after the device fabrication. During this process, incident 

photons excite photo-carriers to fill the mid-gap states of ZnO NPs and electrons in the 

conduction band will be able to transport through the ZnO NPs without getting 

recombined in the mid-gap states, which explains why Jsc, Voc and FF increase upon 

soaking. For inorganic thin film solar cells, it was also found that when ZnO serves as 

buffer layer, strong light soaking effect was observed169, 170. However, these defects are 

not eliminated during illumination because the photo-carriers that occupy the mid-gap 
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states will finally recombine or relax into valance band, leaving mid-gap states once 

again unoccupied.  

Knowing that light soaking cannot completely passivate the defect states, UV 

ozone treatment was done on the ZnO NPs films. ZnO NPs were spin coated on ITO 

substrates, subsequently annealed to remove the solvent from the films.  ZnO NPs films 

were then exposed to a UV lamp (254 nm emission, 50W) before the deposition of the 

polymer: PC71BM film. In order to confirm the passivation effect by UVO treatment, 

photoluminescence experiments were carried out to characterize the ZnO NPs films. As 

shown in Figure 5-9, the as-annealed film shows an emission band peaked at 372 nm 

which is indicative of band edge emission. Upon UVO treatment this band edge 

emission increases slightly. In addition to band edge emission, we observed a strong 

broadband emission with a maximum at 519 nm for untreated films. This broadband 

emission has been reported as an evidence of the presence of defect states due to 

oxygen vacancies171, 172, zinc vacancies172, 173 and interstitials. Estimated from the 

spectra integration, photo-excited electrons have more chance to fall into mid-gap 

states than a direct band-to-band transition. Upon a UVO treatment, the defects 

emission almost disappears while the band edge emission is enhanced. When the 

defect population decreases, the band-to-band transition becomes dominant. It should 

be noted that the UVO treatment is not just a surface treatment, it also passivates the 

defects in the bulk as PL emission is a bulk effect. Moreover, the PL data helps to 

distinguish the defects passivation effect from previously discussed light soaking. In the 

PL measurements, the excitation source actually soaks the ZnO films with UV during 

the 2 minutes scanning time which is much longer than the 1~2 seconds required for 
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midgap states filling. According to the resultant PL spectrum, however, these “as 

prepared” ZnO still show significant defects emission, indicating light soaking cannot 

completely fill the defect states. In contrast, the defect passivation by UVO treatment 

results in a change in material structure and energy band structures instead of a 

temporal defect states filling. Based on the PL study, we propose the defects 

passivation in ZnO NPs films will help to reduce interface recombination between the 

ZnO and photoactive layer which contributes to a photocurrent loss in the inverted PSC 

we shown in the last section. The correlation between interface recombination and 

defects is well known in the case of inorganic thin film photovoltaics.  For copper indium 

gallium (di)selenide (CIGS) solar cells, the recombination at the ZnO surface can be 

greatly reduced by inserting a CdS buffer layer between the CIGS and the ZnO 

layers174.  

 

Figure 5-9. (color) The photoluminescence of ZnO nanoparticles films with and without 
UVO treatment. 

To finish the fabrication of inverted solar cells, both PDTG-TPD and PDTS-TPD 

were mixed with PC71BM as the photoactive layer. Here, the optimal blending ratios—

for both polymer: PC71BM blends are 1:1.5 in weight. The optimum composition ratio 
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principally gives a balanced transport of electrons and holes92.  In addition, similar to the 

presentation in the last section, 5% (volume) solvent additive—1,8-diiodoctane (DIO) is 

required to fully dissolve the PC71BM in chlorobenzene (CB) in the presence of PDTG-

TPD or PDTS-TPD. Fully dispersed PC71BM is of great importance to the blend 

morphology since aggregates of PC71BM generates over-sized domains which inhibit 

exciton dissociation and carrier transport175. The current density-voltage (J-V) curves of 

PDTG-TPD: PC71BM and PDTS-TPD: PC71BM solar cells J-V curves are shown in 

Figure 5-10 and 5-11. Upon treating the ZnO layer with UVO, both solar cells 

demonstrate a 10% enhancement of Jsc. The device characteristics of these cells are 

shown in Table 5-1. As shown in the table, the controlled PDTG-TPD:PC71BM cells 

gives a short circuit current of 12.9 mA/cm2  while the devices with UVO-treated ZnO 

NPs film have an average value of 14.1 mA/cm2. The FFs are increased in both PDTG-

TPD and PDTS-TPD devices, indicating the passivation of ZnO NPs enhances charge 

collection even at very low extraction fields for both material systems. VOC was 

observed as unchanged, indicating that there is no change in interface energetics.  The 

EQE data in Figure 5-10 confirms the enhancement of photo-current. As shown the 

data, a maximum EQE of 72% percent is very high for inverted polymer solar cells. 

Integrating the EQE spectrum with A.M. 1.5G spectrum gives a current of 14.0 mA/cm2 

for the PDTG-TPD: PC71BM cell. The integrated photocurrent is within 2% of the direct 

measured value of Jsc. In addition, the PDTG-TPD is the first reported polymer giving a 

PCE over 8%. For PDTS-TPD:PC71BM cells, we obtained an average 7.8% PCE after 

UVO treatment of ZnO NPs films, this is even higher than previously reported best 

devices in conventional structure31.  
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Figure 5-10. (color) The J-V (A.M. 1.5G) and EQE spectrum of inverted PDTG-
TPD:PC71BM cells.  

 

Figure 5-11. (color) The J-V (A.M. 1.5G) and EQE spectrum of inverted PDTS-
TPD:PC71BM cells. 

As an important part of the work in this chapter, I made PDTG-TPD:PC71BM 

devices for the power conversion efficiency certification (Newport Calibration Cert. 

#0341) carried out in the TAC-PV lab of Newport Inc. Due to some encapsulation 

problems, the certification results averaged at 7.4%, which was lower than the 

laboratory measured values. When this chapter is being drafted, however, the 7.4% 

efficiency is still recognized as the highest value of inverted polymer solar cells ever 

reported on an academic journal.  



 

105 

Table 5-1. Summary of device performance 

Polymer Jsc (mA/cm2) Voc (V) FF (%) Average PCE (%) 

PDTG-TPD 12.8/14.1 0.86/0.86 66.8/67.3 7.4/8.1 
PDTS-TPD 11.4/13.1 0.90/0.90 64.8/66.5 6.6/7.8 

 

 

Figure 5-12. (color) The certification from Newport PV lab. The device was made by 
Song Chen. 

It can be seen from the EQE spectrum and J-V curves, without the defect 

passivation on ZnO, the devices exhibit a photo-current loss about 10% of the Jsc value 

~ 1.3mA/cm2.  Such a difference should be reflected in the photo-carrier lifetime 

measured under short circuit condition57.  In order to see the difference of 

recombination, transient photo-current measurements were done on devices with and 

without UVO treatment. To carry out these measurements, the active layer of the device 

is excited with a pulsed laser with an emission wavelength at 527 nm with an intensity of 

~1 nJ/pulse while the sample is also under light biased from a solar simulator. It should 

be noted that the 527 nm excitation does not excite the ZnO NPs and the 
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photoexcitation is primarily due to the polymer blends. The photocurrent transient was 

measured with a 30 Ω resistor connected in series with the solar cell, simulating the 

short circuit condition. The single exponential decay of the transient photo-current as 

shown in Figure 5-13 is the result of laser pulse generated carriers recombining either in 

the bulk or at the interfaces. According to the decay of photocurrent perturbation, the 

photo-carriers lifetime is around 130ns and 210ns for devices “as prepared” and “UVO 

treated” ZnO NPs films respectively, which is much shorter than the results measured 

with high level excitation by which the photocurrent decay mainly characterizes the 

carrier extraction processes and thus deviates from the single exponential dependence. 

Considering the difference of carrier lifetime, we noticed all the devices have the same 

photo-active layer and p-contact. Therefore, the difference in carrier lifetime can only be 

attributed to the interface recombination at the ZnO/photo-active layer. Although 

recombination also happens in the bulk materials, it is unlikely to overwhelm since the 

carriers concentration is much lower at short circuit condition than open circuit 

condition35. Thus, the carrier concentration decay due to bulk recombination is 

supposed to exhibit a much longer lifetime. The physical picture of defects induced loss 

mechanism can be explained as: one side, the electron-hole pairs dissociated at the 

polymer-fullerene interfaces experience bimolecular recombination when they are in 

contact with ZnO; the other side, the heterojunction formed between polymers and ZnO 

has poorer exciton dissociation with the existence of a high defect density. With the 

transient photocurrent measurement, we conclude that defects are passivated by UVO 

treatment resulting in an increase in carrier lifetime.  
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Figure 5-13. (color) The carrier recombination measured by transient photocurrent 
(small signal mode). 

In order to confirm the enhancement of photocurrent is not caused by the change 

in work function of the ZnO NPs layer after UVO treatment, we studied the change in 

build-in potential by electroabsorption (EA)73, 176 on ZnO NPs/ polymer/ Al devices with 

and without UVO treatment. The purpose of using this device structure instead of the 

actual PV devices for the EA measurements is to suppress carrier injection under flat 

band condition, thus maintaining a uniform field distribution across the polymer layer 

during the EA measurements. Figure 5-14 shows that the first harmonic EA signals vary 

linearly with the applied voltage bias until the internal field reaches zero.  The flat band 

condition is reached when the DC bias compensates the built-in potential (Vbi) which is 

determined by the work function difference between the ZnO NPs layer and the Al 

electrode. With UVO treatment on the ZnO NPs, as shown in Figure 5-14, the built-in 

potential of the ZnO NPs/ polymer/ Al device only changes from 0.55 eV to 0.51 eV, 

indicating a 0.04 eV increase of work function on the ZnO NPs. This small change of 
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work function is not favorable for electron extraction and thus cannot be the reason for 

the Jsc enhancement. 

 

Figure 5-14. (color) The DC dependent electroabsorption 1st harmonic signals. 

As already shown, the effect of UV treatment works on the two deep HOMO 

polymer—PDTG-TPD and PDTS-TPD. In order to better understand the physical 

processes due to the UV treatment, we applied the same UVO treatments to inverted 

P3HT:PC71BM cells and MDMO-PPV: PC71BM cells. Unlike the positive effect when 

using PDTG-TPD and PDTS-TPD, we see significant reduction in VOC and FF, 

suggesting significant surface properties change on polymers after UVO treatments177. 

For polymers with shallow HOMO energies like P3HT and MDMO-PPV, the excess 

oxygen present at the ZnO surface due to the UVO treatments not only helps to repair 

the surface defects but also tends to oxidize the polymers. But extra oxygen may also 

be adsorbed on the ZnO NPs surfaces, when they make the contact with polymer films, 
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surface oxidization is possible. Therefore, we see UVO treatment significantly reduces 

the VOC and FF. According to the HOMO levels of these polymers, the threshold of 

oxidization level should be between -5.4eV and 5.6eV. 

To sum up this section, we presented a simple processing method to enhance the 

PDTG-TPD:PC71BM cells from 7.4% to 8.1%. The defects passivation mechanism is 

confirmed by PL spectrum and transient photo-current decay. The same effect was 

seen on PDTS-TPD:PC71BM, but not on shallow HOMO polymer :PC71BM system such 

as P3HT and MDMO-PPV. The EQE for the optimum cell is as high as 72%, indicating 

the PDTG-TPD is a promising polymer for photovoltaic application and UVO treatment 

on ZnO NPs films can significantly enhance the device performance. 

5.4.3 Device Stability 

In the previous section, we discussed the mechanisms of PCE improvement in the 

inverted PDTG-TPD:PC71BM and PDTS-TPD:PC71BM cells. The efficiency values are 

very encouraging for such a device structure that is compatible with large scale printing 

process. However, the other side of the device performance—stability is yet 

characterized. It would be interesting to learn if the organic photo-active absorber, which 

is sandwiched between two metal oxide layers, can perform still perform well after a 

very long storage time. 

Figure 5-15 shows a J-V curve of a 15 months-aged PDTG-TPD cell which owned 

a PCE of 8.1% right after device fabrication. As it can be seen, with a simple 

encapsulation using cavity glass, getter and epoxy, the PCE maintains 89% of the 

original efficiency after more than one year. This is strong evidence showing the great 

device stability of our inverted polymer solar cells. 
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Figure 5-15. The J-V of a PDTG-TPD:PC71BM cell made in June 6th, 2011 and re-

measured in August 29th, 2012. The original PCE is 8.1%. 

5.5 Summary 

In this chapter, we first review the importance of interfacial engineering of polymer 

solar cells from the perspectives of device physics and materials science. These metal 

oxides have unique advantages when serving as charge extraction interlayers in PSCs. 

The combination of ZnO, MoO3 is a good example that both anode and cathode 

interface benefit from the efficient charge collection through these metal oxides. Using 

such a strategy, we fabricated inverted PSCs using PDTG-TPD—a novel 

dithienogermole-containing D-A polymer. Devices show a preliminary PCE of 7.3%. 

With further improvement of ZnO layer, we are able to reduce the recombination at the 

cathode interlayer region and thus enable an additional efficiency enhancement. The 

optimum performance is up to 8.1%, which is not only a record value for inverted 

polymer solar cells, but also remains a value of 7.2% after a storage time of 15 months. 
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CHAPTER 6 
OPEN CIRCUIT VOLTAGE LOSS 

6.1 Abstract 

In polymer bulk heterojunction (BHJ) photovoltaic (PV) cells, it is generally found 

that the open-circuit voltages (VOCs) are strongly dependent on the energetic alignment 

at the junction of the electron donors and electron acceptors. However, it has been a 

challenge to directly measure the energetic alignment at the bulk heterojunction of an 

actual device and that severely limits our understanding of the origin of the VOC loss. In 

this work, we demonstrate that the bulk heterojunction alignment can be directly 

measured using charge modulated electroabsorption spectroscopy (CMEAS) technique. 

Above a sub-bandgap optical pumping energy, organic molecules are excited to the 

higher levels of charge transfer (CT) states through which ultra-fast exciton dissociation 

occurs subsequently at the polymer-fullerene interface. These separated electron-hole 

pairs are also active enough to couple with the modulation electrical field and introduce 

subtle changes in the in the sub-bandgap region of the absorption spectrum. Using 

CMEAS, we directly measured the effective bandgaps of a series of high efficiency 

polymer:fullerene systems. We also sought to investigate the loss of open circuit 

voltages by combining the effective bandgap with recombination study. In contrast to 

the previous findings that the VOC varies linearly with the polymer effective bandgap, we 

found that the deviation from linearity is due to the coulombic nature of the Frenkel 

excitons in the bulk heterojunction system with lower dielectric constants. The 

coulombic loss is further confirmed by the temperature-dependent measurement of 

open circuit voltages. 
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6.2 Introduction 

6.2.1 Effective Bandgap 

Polymer solar cells with power conversion efficiencies (PCEs) over 8% have been 

demonstrated in laboratories with the advance of novel materials, film processes, and 

device architectures119, 120, 122, 178, however, many arguments regarding the 

polymer:fullerene bulk heterojunction (BHJ), such as the charge transfer process and 

the energy alignment, still remain to be further studied. Typically, a BHJ photoactive 

layer is formed by blending an electron-donating polymer and an electron-accepting 

fullerene derivative, the energy alignment between these two phases directly impacts 

the performance of polymer solar cells. For example, the open-circuit voltage (VOC) in 

organic PV cells is related to the energy level difference of the highest-occupied-

molecular-orbital (HOMO) of the donor and the lowest-unoccupied-molecular orbital 

(LUMO) of the acceptor160, 179. Therefore, making polymers with low-lying HOMO 

energies is a common strategy to reach large VOCs. In addition, the LUMO energy offset 

between polymer and fullerene is referred as the interfacial driving force to split the 

excitons generated in the polymer. A minimum value such offset is still under debate. 

Likewise, the HOMO offset helps to separate the excitons formed in the fullerene 

domains. Based on these half-empirical, half experimental conclusions, an optimum 

energy alignment was tentatively proposed for the ideal polymer to form the best 

matchup with fullerenes. As a result, controlling such energy level alignment has been 

the rule-of-thumb to manipulate the photovoltaic properties of a BHJ cell. Meanwhile, in 

contrast to its significance to the framework of device physics, the understanding the 

energy level alignment is limited by the lack of experimental techniques that can directly 

measure the energy levels of the donor and acceptor phases in a BHJ PV device.  
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Previous attempts to determine the energy level alignments in polymer BHJ 

systems preliminary relied on the measurements of the pristine materials. However, the 

HOMO or LUMO levels obtained by electrical chemistry methods were lack of accuracy 

and repeatability, resulting in a very rough and inconsistent estimation of Eeffs in the 

BHJ films. For a better study of energy alignments, the impact of polymer-fullerene 

interaction has to be considered. First, the effective bandgap should be determined by 

the sub-bandgap photo-excitation which includes the participation of those meta-stable 

charge transfer states. In addition, upon the formation of polymer:fullerene 

interpenetrating network, the electrostatic environment of either material is readily 

altered by the modification of dielectric properties. Also, due to the difference of electron 

affinities and intrinsic electron densities, the charge transfer between the polymer and 

fullerene derivatives forms interface dipoles and results in further energy level shifts. 

Last but not the least, a lot of polymers were reported with variant HOMO levels 

because different reference electrodes were used in the electrical chemistry 

measurements. Based on these electrical chemistry measurements, it has been shown 

that the origin of VOC loss in polymer BHJ systems has been attributed to excitonic 

effect179, 180, polaronic effect181 and the nonradiative recombination from charge-transfer 

(CT) states which can be further incorporated in the classical relationship between the 

VOC and reverse saturated dark current (J0) of a diode182. As an earlier attempt, 

Scharber et al. reported that the VOCs of a series of BHJ PV devices followed a linear 

relationship with the energy level difference of the polymer HOMO and fullerene LUMO 

levels160, i.e.: 

                               (6-1) 
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Here, |ED-HOMO – EA-LUMO| was referred as Eeff of the donor/acceptor blend material 

and 0.3 V is an arbitrary empirical constant value related to the VOC loss compensating 

the forward-biased dark current. Similarly, the interface driving force of exciton 

dissociation Edis is also estimated in such a way. Considering the success of the first 

organic hetrojunction solar cell, people predicted a significant LUMO offset e.g. 0.3 eV 

is required to counteract the exciton binding energy. While some later arguments 

pointed out some efficient advanced donor-acceptor polymers don’t need such a high 

effective force since the electron-hole wave functions are already fairly separated upon 

the exciton generation in a repeating block. To address such a problem, an accurate 

measurement of the energy alignment needs to be carried out. It is quite possible that 

the polymer-fullerene interaction changes the energy alignment, resulting in a larger or 

smaller effective force than what is predicted by the electrical chemistry methods. 

Meanwhile, some recent efforts aiming at better probing technologies worth being 

recognized. To date, the most direct way to measure the effective bandgap energy is 

ultra-violet and inverse photoelectron spectroscopy (UPS/IPES). For example, Guan et 

al. obtained an Eeff value of 1.4 eV for P3HT:PC61BM by UPS/IPES measurements183. 

Ratcliff et al. also reported the PCDTBT:PC71BM system has an Eeff of 1.5 eV184. 

UPS/IPES is an excellent tool to study small molecule systems where in-situ 

measurements can be performed during the evolution of the bulk heterojunction, 

however, it does not necessarily provide the accurate energetic information in the 

solution processed films. The fact that the above cited Eeff values are much larger than 

those estimated from electrical chemistry methods also raises questions whether the 

inverse electron technology is sensitive enough to the meta-stable charge-transfer (CT) 
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states and the tail states of LUMO levels. As can be seen, the physical process during a 

UPS/IPES measurement is different with the optical pumping from a polymer’s HOMO 

levels to PCBM’s LUMO band. In addition, as a typical surface-sensitive technique, 

UPS/IPES doesn’t probe the energy alignment in the bulk materials. In addition to 

UPS/IPES, several other techniques such as charge-transfer state 

photoluminescence180 and electroluminescence185, 186 have been attempted to 

determine the ground CT states (CT0). In these measurements, before the emission 

occurs, excitons generally experience significant energy loss during the relaxation from 

hot CT states to CT0. Thus, the sub-bandgap energies determined from CT0 emission 

are supposed to be lower than the excitation energy from the polymer to the fullerene, 

which is defined as Eeff. Here, we also point out that the low radiative signal from 

photovoltaic materials may limit the applicability of this technique to donor-acceptor 

systems. 

In this work, we demonstrate a simple method—charge modulated 

electroabsorption spectroscopy (CMEAS) technique to directly determine the actual 

energy alignment in a polymer:fullerene BHJ blend. By combining the electroabsorption 

(EA) technique and the charge-modulated (CM) optical absorption of polymers, we are 

able to observe a clear sub-bandgap signal through direct excitation of electrons from 

the HOMO level of the polymer donor to the LUMO level of the fullerene acceptor. 

Above a sub-bandgap optical pumping energy, organic molecules are excited to the 

higher levels of charge transfer states through which ultra-fast exciton dissociation 

subsequently occurs at the polymer-fullerene interface. These photo-generated charges 

are able to couple with the modulation electrical field and introduce subtle changes in 
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the sub-bandgap region of the absorption spectrum. Such a differential spectrum 

technique has a much higher detectivity than a direct absorption measurement, 

generating more accurate results. Using CMEAS, we are able to directly probe the 

actual effective bandgap and interface effective force of polymer:fullerene systems. 

6.2.2 Recombination and Excitonic Loss  

Most previous attempts to study the VOC loss simply attribute the             to 

recombination or polaron self-trapping without directly measuring the actual 

recombination or polaronic loss energy. Using the derivation from a typical diode’s J-V 

characteristics—    
  

 
   

   

  
    , the reverse saturation dark current becomes 

another parameter that can be experimentally determined. In that equation,     and    

are the photocurrent and dark current at the open circuit condition. Nevertheless, the 

direct measurement of this small current is highly affected by the leakage current and 

the ideality factor larger than unity. Fortunately, recombination and reverse saturation 

dark current can be connected using the Shockley-Queisser balance theory21 which 

demonstrated the radiative recombination limit. Some further modification was also 

presented.179, 187-189 As a progressive step, Vandewal et al. achieved more accurate 

estimations of J0 and VOC by directly measuring the quantum yield of radiative 

recombination from CT0 states.182 

From section 6.1.1, we know an accurate measurement of effective bandgap is 

important and challenging. With the CMEAS technique, it is possible to probe the 

effective bandgap of variant polymer:fullerene systems by taking care of the contribution 

of polymer-fullerene interaction and energetic disorder. The sub-bandgap signals in 

CMEAS probe the onset of hot CT states. Although the signal is induced by the sub-
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bandgap optical pumping, the energy value extracted from CMEAS spectra is actually 

electrical gap because the charges are separated through the higher manifolds of the 

CT states. In addition, since Eeff is defined at the onset edge of the spectra, it already 

includes the effect of energetic disorder. Thus we can tentatively express VOC in the 

following way: 

                               (6-2) 
 

wherein       is the hot CT energy without the consideration of energetic disorder which 

is marked as  .              , with a negative value, characterizes the loss of quasi-

Fermi level splitting due to intensive bimolecular recombination.     is the additional 

energy loss happens after the charge transfer and until the so-called fully separated 

state. Bimolecular recombination across the donor-acceptor interface determines the 

carrier lifetime and carrier concentration (see Eq. 4-6) at open circuit conditions.56 It is 

easy to estimate the voltage loss due to the recombination by assuming the carrier 

concentration ~ 1016cm-3, Nc=Nv ~ 1019cm-3 and 1018cm-3 (roughly corresponding to 1020 

cm-3eV-1 and 1019 cm-3eV-1) at the peak and tail position of the DOS respectively.77, 190 

Then we get the value of -0.36 eV and -0.24 eV which respectively shows how much 

quasi-Fermi level splitting decrease if we use the DOS peak or tail as the origin of the 

energy coordinate. Their difference of 0.12 eV is close to the value of energetic disorder 

in most photovoltaic polymers.58, 191 As we mentioned in Chapter 4, the carrier 

concentration has the maximum value under open circuit condition. Even this value is 

no more than the concentration of polymer domains, which means recombination is so 

intensive that there’s very little chance to see two carriers exist simultaneously in one 
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domain.56 The photo-voltage loss due to recombination contributes significantly to the 

right side Eq. 6-2. 

The voltage loss due to Ecs  is less mentioned in previous reports. According to the 

charge generation mechanism, the hole-electron across the donor-acceptor interface is 

still loosely bounded although they are considered to be “separated”. Therefore, their 

energy difference keeps decreasing due to the remained coulombic interaction until the 

geminate pair is fully separated.179 Thus, the BHJ systems with lower dielectric 

constants should show more pronounced excitonic/coulombic effect. Moreover, the 

charge transfer process may play a role to the possible energy loss in this process. For 

example, in a polymer:fullerene system wherein most charge transfer and separation 

happen through the higher CT manifolds, which is also called “hot” CT states, the 

separated charge has more chance to experience energy loss since their wavefunctions 

are too delocalized for hopping transport. For typical inorganic solar cells, such as 

amorphous silicon and chalcogenide cells, charge generation occurs without the 

formation of exciton or charge transfer states. Thus the loss of VOC can be fully 

explained by Shockley-Queisser limit plus surface recombination effect.33, 192 However, 

due to the different charge generation process in excitonic cells,3 the loss mechanism of 

VOC is expected to be different. 

The terms on right side of Eq. 6-2 can either be directly measured or calculated 

since VOC is measurable. Using CMEAS, Eeff can be accurately determined with the 

consideration of energetic disorder (      ). TPV helps to extract the carrier 

concentration under open circuit condition, which is used to further calculate the 

recombination loss. Thus, if the value of                               is 
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significantly larger than the measurement error, we can conclude the observation of 

photo-voltage loss due to coulombic interaction. We also expect to see the energy loss 

is dependent on the dielectric. Also, the magnitude of      can be confirmed by doing 

low temperature measurement of VOC, because recombination loss can be minimized at 

low temperature. Measuring VOC with different light intentisy helps to determine the 

saturation value of VOC on the VOC vs. temperature plot.  

6.3 Experimental  

Materials and device fabrication. PCDTBT and PC71BM were purchased from 1-

material and nano-c respectively. The PCDTBT:PC71BM solution has a concentration of 

8mg ml-1, with a polymer-fullerene weight ratio of 1:4. 1,8-diiodooctane was used as a 

processing additive into clorobenzene with a volume ratio of 3%. The sample has a 

structure of ITO/ PCDTBT:PC71BM/ Al. The ITO substrate was cleaned using actone 

and isoproponal followed by a 10 min UV-ozone treatement. The solution processed 

film has a thickness ~ 200nm. 200nm aluminum was deposited as a top electrode using 

thermal evaporation. The device has a size of 2 mm by 2.3 mm.  

Electroabsorption measurement. The samples were kept in a cryostat with a 

pressure of 10-3 Torr. The measurements were carried out at room temperature. A 

monochromatic parrallel beam probes the sample through the ITO side with an incident 

angle of 45o and gets reflected by the top electrode. Comparing with the absorption, the 

reflection on the substrate surface is too low to be concerned. The back-reflected signal 

got further absorbed by the organic layer before being collected by a calibrated silicone 

detector which is further connected to a current amplifier and lock-in amplifier. A 

calibrated germianium diode was also used to colllect the spectra from 1100 nm to 1500 

nm, the data was not shown becasue no signal emerged. A DC voltage was used to 
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bias the solar cell sample, a AC field was applied to modulate the lock-in amplifier to 

allow a low-noise measurement.The final signal - T/T was simply the ratio of the signals 

with and without AC field modulation.  

Carrier concentration and dielectric constant measurement. The carrier 

concentration is estimated using balance equation between carrier lifetime, generation 

rate and carrier concentration. The carrier liftetime is extracted by TPV measurement. 

The charge generation rate is obtained according to the photocurrent values obtained at 

a large reverse bias. The dielectric constant of the sample is determeind by the 

measurement of geometric capactance measrued under reverse bias.  

6.4 Results and Discussions  

6.4.1 Subgap Signals in EA Spectra 

To demonstrate the measurement of Eeff, we pick a typical donor-acceptor 

polymer—poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT). Phenyl-C71-butyric-acid-methyl 

ester (PC71BM) was used to form BHJs with PCDTBT. The details of device fabrication 

are shown in the Experimental. EA measurements aim to probe the subtle change of 

absorption coefficient with an electric field across the sample. A 1000 Hz AC modulation 

field is used trigger the lock-in amplifier. Figure 6-1 shows the normalized EA spectra of 

(a) pristine PCDTBT, (b) pristine PC71BM, and (c) the blend of PCDTBT:PC71BM. The 

devices were under reverse bias to prevent carrier injection during measurements. As 

shown in Fig. 1 (a), the EA spectrum of the pristine PCDTBT film is dominated by the 

features ranging from 1.8ev to 2.5 eV where the exciton responds to electric fields with 

a quadratic Stark effect due to the coupling between the excitonic level and higher 

forbidden states69, 193, 194. The resulting line-shape similar but not identical to the first 
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derivative of the unperturbed absorption spectrum as some structural ordering still 

remains in the pristine PCDTBT film70, 195. Similarly, as shown in Fig. 1 (b), the excitonic 

and vibronic signals of PC71BM are located between 1.7 eV and 2.4 eV. Nevertheless, 

the signal amplitude of the PC71BM sample is over 10 times smaller than that from the 

pristine PCDTBT sample when measured under the same field condition, which 

explains why the EA spectrum of a PCDTBT:PC71BM sample in Fig. 1 (c) shows a very 

similar excitonic feature to Fig. 1 (a) except a little blue shift and broadening of the main 

peak. The broadening is related to the increased disorder with the increase of PC71BM 

concentration195. In addition to the EA response from the pristine materials, we also 

observed a signal emerging at an energy significantly lower than the bandgap energies 

of both materials. The sub-bandgap signal in Fig. 1 (c) has an onset at 1.40 eV, while 

the EA spectra onset of pristine PCDTBT and PC71BM is respectively 1.78 eV and 1.68 

eV. Clearly, this is due to the interaction of the donor and acceptor materials. 

Comparing to sub-bandgap features of PCDTBT:PC71BM observed by photo-induced 

absorption (PIA)14, 196 and the CT electroluminescence186 measurements, the EA onset 

(~1.40 eV) is energetically higher than both polaron features and CT0. The polaron 

signals are broadly distributed from 0.8 eV to 1.5 eV with a maxima value continuously 

relaxing from 1.2 eV to lower energies after photo-excitation14. According to the 

electroluminescence spectra, the CT0 energy was determined at 1.15eV~1.20 eV186. 

Therefore, it is reasonable to assume the sub-bandgap onset of EA spectrum 

characterizes some higher energy levels due to the polymer-fullerene interaction—i.e. 

“hot” CT states (CTn) which is recently attributed to the gateway for ultra-fast exciton 

separation due to their relatively delocalized -electron wavefunctions19. 
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Figure 6-1. (color) The normalized electroabsorption spectra of A) pristine PCDTBT, B) 
pristine PC71BM and C) PCDTBT:PC71BM devices. The dashed lines show 
the corresponding absorption spectra of the films studied. 

 

We sought to investigate the origin of the sub-bandgap signals by comparing the 

characteristics to the excitonic-transition signals. Fig. 3 shows the (a) modulating 

frequency and (b) DC voltage bias dependences of the PCDTBT:PC71BM blend device 
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with light biases at the sub-bandgap regime at 750 nm (1.65 eV) and the excitonic 

regime at 620 nm (1.98 eV). Changing the modulation frequency, the excitonic-

transition signal at 620 nm remains the same level with a small fluctuation due to the 

measurement noise, which is consistent with fact that the Stark effect occurs is an 

instantaneous response to the modulation of internal electrical field. On the other hand, 

the signal at 750 nm decreases with increasing the modulation frequency and finally 

changes the phase at a frequency below 104 Hz, suggesting the sub-bandgap signal 

has much slower response than the excitonic-transition signal. Although the details of 

frequency response remain further studies, at this stage, we correlate it with the 

coupling between electrical field and CT states which can be physically described as a 

response of electric dipoles.  

 

Figure 6-2. (color) Electroabsorption signal of A) frequency B) DC voltage dependences 

of the PCDTBT:PC71BM  device with optical excitation ex at 750 nm and 620 
nm. The solid line in B) is a linear fit to the data. C) The AC voltage 
dependence of the EA signal with optical excitation at 750 nm. 



 

124 

 

 

 

Figure 6-3. (color) Illustration of CMEAS mechanism. A) The energy diagram and the 
illustration of the sub-bandgap excitation. B) The free energy diagram of 

CMEAS measurement.  From “cooled” CT states to “hot” CT states, the -
electron wavefunction gradually turns delocalized, allowing ultra-fast exciton 
dissociation to occur. Sub-bandgap CMEAS signal detects the carriers 
dissociated through “hot” CT states, the onset of CMEAS signal defines the 
transition from “cooled” to “hot” states, as well as the effective bandgap. 

Furthermore, by varying the DC voltage bias, the excitonic signal shows the typical 

first harmonic response of the Stark effect with the magnitude of the EA signal varies 

linearly with the DC applied electric field197, resulting in a built-in potential of 0.9 V. In 

contrast, the sub-bandgap signal is significantly less sensitive to the DC electric field, 

indicating its origin is not from the Stark effect. Based on the above results, we 
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postulate that the sub-bandgap EA signal comes from direct excitation of electrons from 

the HOMO level of PCDTBT to the LUMO level of PC71BM as illustrated in Fig. 6-3 (a). 

Using the free-energy state diagram of the BHJ system as shown in Fig. 6-3 (b), the 

excitation dynamic process in PCDTBT:PC71BM can be described as following: photons 

with sub-bandgap energy directly pump the molecules to the “hot” CT states through  

 

Figure 6-4. (color) CMEAS results of pristine PCDTBT. A) The current-voltage 
characteristics of the pristine PCDTBT device, the inset shows the data in 
logarithm scale. B) The voltage dependence of in phase and quadrature 

signals of the same devices with optical excitation at ex = 1 m. 

which excitons can dissociate into separated charges at sub-picosecond range before 

relaxing to the lowest-lying CT0
14, 198. These charged molecules form dipoles across the 

polymer-fullerene interfaces and modulate the absorption coefficient of the blend as a 
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response to the oscillating electric field. Such a phenomenon is similar to what has been 

observed in charge modulation spectroscopy (CMS) which is, however, an electrical 

pumping process by charge injection from external circuit. Burroughes et al. observed 

the injected charges from external circuit would distort the polymer chain with the 

addition charged soliton states which alter a wide absorption range of the polymer down 

to 0.5 eV199.  

 

Figure 6-5. (color) The normalized electroabsorption spectra of pristine PCDTBT under 
reverse (black) and positive (red) DC voltage biases VDC. 

Based on the above postulation, we expect injecting holes from external circuit into 

pristine PCDTBT should also give rise to some additional EA features in the sub-

bandgap region. As shown in Fig 4, we probed the EA signal of a pristine PCDTBT film 

with a sub-bandgap probing source fixed at 1000 nm (1.24 eV) and scanned the applied 

bias from -3 V to 5 V. Under reverse bias, with the absence of PC71BM, there is no EA 

signal in the sub-bandgap region due to either charge injection or optical transition. With 
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a bias larger than the built-in potential, however, the sub-bandgap signal emerges and 

scale with the injection current through the PCDTBT film, as the threshold voltage (1.1 

V) of the sub-bandgap EA signal is in good agreement with the turn-on voltage in the J-

V characteristics. Such a phenomenon was previously reported when voltage 

modulated transmission (VMT) and capacitance show very similar bias dependence199.  

We also notice that, the quadrature signal turns to negative at the same 1.1 V, which is 

consistent with the earlier conclusion that the sub-bandgap signal has a slow response 

to the modulation field. The EA spectra are shown in Fig. 5. Two different biases were 

used to illustrate the sub-bandgap feature under reverse and forward biases. Due to 

carrier injection at a bias of 3 V, there is an additional band of EA signal ranging from 

0.8 eV to 1.5 eV which is not found when the device reversely biased. Comparing the 

signal with the results in Fig. 1(c), the carrier-injection-induced signal has a much 

broadened distribution and extends to as low as 0.8 eV (Fig. 6-5 inset). Such a 

phenomenon is very close to the previously published PIA results because relaxed 

polarons should have a lower energy than those “hot” CT states. The positive or 

negative values of the signals are related to their different frequency response. In 

addition, we noticed that the signal between 1.5 eV and 1.7 eV, which was found in the 

charge-transfer-induced EA spectra (Fig. 5-1(c)), does not appear in Fig. 5. Because 

there’s no CT states in the pristine PCDTBT, electrical pumping can only charge the 

molecule to singlet, triplet and some trap states, the signal of CTn is expected to be 

missing. These results confirm that, both the carrier-injection in the pristine PCDTBT 

and the charge transfer in PCDTBT:PC71BM both give rise to subtle changes but 

occupies different region in the sub-bandgap region of the absorption spectrum. It is 
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worth to note, in our approach to measure the sub-bandgap response in the 

PCDTBT:PC71BM blend, the device was under reverse-biased to eliminate charge 

injection. Thus the sub-bandgap signal in Fig. 1(c) is only due to CTn modulation 

resulted from optical pumping. Since this minimum pumping energy marks the graduate 

transition from “cooled” CT states to “hot” CT states, we refer the CT induced EA onset 

as the effective bandgap of the polymer:fullerene BHJ cells. We propose the transition 

energy between “cooled” and “hot” CT states is more suitable for the definition of 

effective bandgap Eeff. Because in efficient polymer:fullerene systems, like 

PCDTBT:PC71BM, a larger portion of excitons dissociate through such band-states 

instead of localized “cooled” CT states15, 200. In contrast, the ground CT states, as 

usually observed in CT emission measurements, is not the destination of polymer-to-

fullerene charge transfer because additional energy-driven hopping or additional “IR 

push”19 is required to complete charge separation. We call the technique as charge-

modulated electroabsorption spectroscopy (CMEAS) to distinguish it from the traditional 

EA spectra.  The Eeff of 1.4 eV of the PCDTBT:PC71BM blend measured by CMEAS is 

in slightly lower than the recently reported value, 1.5 eV, measured by photoemission 

spectroscopy184. We attribute the difference to the inability to detect charge transfer 

process using IPES. 

The effective optical bandgap is not the only information we can extract from the 

CMEAS spectra. It also provides insight into the exciton dissociation dynamics. As we 

already known that the sub-bandgap feature determines the onset of “hot” CT states, 

while the excitonic feature characterizes the optical gap of the polymer phase in the 

blend. The difference of these two values is thus a good approximation of the interface 



 

129 

effective force for the exciton dissociation. As obtained from Fig. 6-1 (c), the difference 

is found to be 0.3~0.4 eV, a reasonable value to dissociate excitons24. However, such 

minimum driving force seems to be unnecessary for the exciton dissociation through 

higher-energy CT states. It can be seen, the sub-bandgap feature of PCDTBT:PC71BM 

is a continuous band ranging from 1.4 eV to the emergence of pristine PC71BM’s 

excitonic response at 1.7 eV. Therefore all the excitons generated with an optical 

pumping energy between 1.4 eV and 1.8 eV can dissociate into separated carriers, 

suggesting a carrier splitting process requiring negligible repulsing forces. Applying the 

same analysis, the excitons generated in the fullerene phase have a maximum interface 

effective force ~ 0.2 eV. The delocalized electron wavefunction in the fullerene structure 

allows efficient charge transfer from PC71BM to PCDTBT. The CMEAS result also 

provides a good profile of the broadly distributed CTn state energies, these charge 

dissociation gateways distribute at least 0.3 eV on the energy coordinate. 

6.4.2 Exploring the Excitonic Loss of Open Circuit Voltages 

To carry out a comprehensive study of VOC loss, we selected 7 photovoltaic 

polymers showing VOC values from 0.58 V to 0.90 V when blended with PC71BM. These 

VOC values are summarized from the best performance report since we want to exclude 

the VOC loss due to non-optimized charge extraction layers or electrodes. Also, we didn’t 

use some very high VOC values achieved with the assistance of an equilibrium built-in 

potential larger than the effective bandgap, because these large values are generated 

by compensating the extra built-in potential due to large interfacial dipoles at 

electrodes.120, 121 Three of the seven polymers (PCDTBT201, PDTG-TPD, and PDTS-

TPD119) have been reported with PCEs over 7% and VOC larger than 0.85 V. Both 

PDTG-BTD and P3HT show low VOC values around 0.6 V. P(il-DTS) is a Isoindigo-
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dithienosilole based  donor-acceptor polymer showing a medium VOC value (0.78 V) in 

the P(il-DTS):PC71BM structure.202 PTB7:PC71BM solar cell also has a medium VOC 

(0.75 V) if poly-electrolyte is not used to increase the built-in potential.99 

 

Figure 6-6. (color) Open circuit voltages plotted as a function of effective bandgap 
measured by CV, the data is from reference. The dashed line is an indicator 
of Eq. 6-1. 

Previous attempt to correlate the Eeff and VOC of polymer PV cells showed a linear 

relationship with a voltage loss of 0.3 V as depicted in Eq. 6-1 160. Here, we plot the VOC 

versus the Eeff obtained from cyclic voltammetry measurements (data summarized from 

references28, 32, 160, 202, 203) for a series of donor-acceptor systems and the results are 

shown in Fig. 6. While the VOC is generally higher for BHJ systems with a larger Eeff, 

there is a large discrepancy to Eq. 6-1. For example, P3HT, PTB7 and P(il-DTS) deviate 

from the empirical prediction by about 0.2 V on the VOC coordinate. The key issue is the 

energy levels measured in pristine materials ruling out the possible energy level shifting 

due to interface dipole in the BHJ systems. Also, the VOC loss does not seem to be a 

constant in different polymer:fullerene systems. 
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In the last section, we introduced a novel approach to determine the effective 

bandgap of polymer:fullerene heterojunctions. The sub-bandgap signal in CMEAS 

signifies the onset of “hot” CT band which is better definition of effective bandgap 

because it is an electrical gap characterizing the direct charge transfer. In addition to the 

CMEAS signals we showed in section 6.4.1, a series of spectra is also shown for 

pristine PDTG-TPD and PDTG-TPD:PC71BM blend. It can be seen in Figure 6-7,  

 

Figure 6-7. (color) CMEAS from a pristine PDTG-TPD sample, a PDTG-TPD:PC71BM 
blend and a linear combination of pristine PDTG-TPD and PC71BM signals. 
All the spectra are re-scaled using the same field condition 105Vcm-1. 

the excitonic feature is red shifted a little by mixing PC71BM into PDTG-TPD. Moreover, 

in the sub-bandgap region, we observed an additional feature from 1.1 eV to 1.6 eV. 

This feature does not belong to any pristine material. The linear combination of PDTG-

TPD and PC71BM spectra (blue dashed line) is almost the same as the spectrum of 

pristine PDTG-TPD. The sub-bandgap signal show different electric field dependence 

(DC amplitude and modulation frequency) from the excitonic signal 1.7 eV to 2.0 eV. 
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Therefore, the effective bandgap determined by the onset of “hot” CT band is 1.10 eV, 

0.24 eV higher than the reported VOC values. 

Using the same experimental approach that carried out for PDTG-TPD and 

PCDTBT, we continued the measurement on the other polymer:PC71BM BHJ systems. 

In order to reach the same VOC values in the references, the processing condition was 

optimized for each polymer:PC71BM system. The CMEAS measurements were then 

carried out in the same condition. The results in the sub-bandgap range are shown in 

Figure 6-8.  

 

Figure 6-8. (color) Sub-bandgap CMEAS signals of a series of photovoltaic polymers. 
The onset of the sub-bandgap feature is defined as the effective bandgap.  

In the sequence of onset energy of sub-bandgap signals, seven BHJ systems show 

effective bandgaps from 0.85 eV to 1.40 eV. We also notice that, the Eeff values 
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determined by CMEAS are quite different from those by electrochemical methods. 

PCDTBT:PC71BM shows a medium |ED-HOMO-EA-LUMO| value (1.15 eV) in Figure 6-6, but 

it actually has the largest Eeff (1.40 eV) and VOC (0.90 V) values among all the seven 

systems. P(il-DTS):PC71BM shows a |ED-HOMO-EA-LUMO| as large as 1.25 eV, its Eeff is in 

fact only 0.86 eV according to the spectrum. However, low VOC systems, such as 

PDTG-BTD and P3HT generally show lower Eeff values than the systems showing 

higher VOCs. These sub-bandgap signals all show very slow response to the external 

modulation field, the positive or negative sub-bangap signal values that are measured 

using the fixed modulation frequency (1K Hz) can be related to the different frequency 

response due to variant reorganization energies in these systems. 

Plotting the VOCs as a function of measured Eeffs, we get the trend in Figure 6-9. 

 

Figure 6-9. (color) VOCs plotted as a function of measured Eeffs measured by CMEAS 

It can be seen that, although we get a much better trend showing VOCs increases as a 

function of measured Eeffs, the voltage loss is definitely not a universal constant 

throughout the 7 samples. As a next step, we sought to figure out the mechanisms that 
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causes materials dependent VOC loss which is expressed as                .  

According to Eq. 6-1,       should be composed of a loss due to bimolecular 

recombination and a further energy loss during the charge separation process. 

Regarding both of these two mechanisms are highly related to the dielectric properties 

of the sample, we decided to probe       as a function of dielectric constant which ca 

be determined by a measurement of geometric capacitance. The results (Figure 6-10) 

show that these results are highly dependent on their dielectric constants. We can see 

that these samples show a decreased VOC loss with their increased dielectric constants,  

 

Figure 6-10. (color)                 plotted as a function of the inverse of dielectric 
constants. The dashed line is an indicator of eye. 

as shown by the dashed line. In particular, with the smallest dielectric constant among 

all the samples, PCDTBT:PC71BM shows a VOC larger than 0.5 V which is unreasonable 

if it is entirely due to bimolecular recombination. Since the carrier concentration at open 

circuit condition cannot drop to 1013cm-3, we suspect there’s a contribution from the term 

ECS in Eq. 6-2. For the samples with a VOC loss around 0.3 V, ECS may still be 
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measurable because the Eeffs obtained using CMEAS already consider the DOS 

disorder which makes               lower than 0.3 eV. For the samples with a VOC 

loss lower than 0.2 V, the ECS values are expected to be negligible due to their large 

dielectric constants. 

Here we used TPV to extract the carrier lifetime under open circuit conditions. The 

decay of the photo-voltage perturbation follows the single exponential decay as the 

recombination is a result of low-level excitation. The lifetime values can be further used 

to calculate the carrier concentration using      . All the measurements are carried 

out under one sun condition. We summarized the results in Table 6-1. During the  

Table 6-1. Summary of carrier concentrations and recombination induced VOC loss 

Polymers r   (s) n (1016 cm-3) kTln(np/NcNv) ECS (eV) 

PCDTBT 3.36±0.24 2.05 1.69 -0.16 0.34 
P3HT 4.20±0.20 8.11 4.74 -0.10 0.19 

PDTS-TPD 4.17±0.22 0.64 0.67 -0.20 0.10 
PDTG-TPD 4.27±0.21 0.98 1.20 -0.17 0.05 
PDTG-BTD 4.41±0.14 0.75 0.82 -0.19 0.08 

PTB7 4.46±0.23 0.71 0.89 -0.19 0.04 
P(il-DTS) 4.95±0.14 1.50 1.50 -0.16 <0.01 

 

calculation of              , the number of available states at the band tail is 

estimated as following:  Nc=5×1017cm-3, Nv=1×1019cm-3. Because the Eeff values 

already subtracted the degree of disorder, we didn’t use a DOS peak value (e.g. Nv=1×

1020 cm-3eV-1) in the calculation. The last two columns in Table 6-1 are plotted in 6-11. 

A clear trend of dielectric dependence can be seen as the energy loss during the charge 

separation process should be related to the weak but existing coulombic interaction of 

original geminate pairs. This result is the first experimental demonstration of excitonic 

induced VOC loss. In particular, such an effect is very pronounced in the systems with 
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lower dielectric constants. In the systems with higher dielectric constants close to 5, the 

VOC loss is almost entirely due to bimolecular recombination. 

 

Figure 6-11. (color) ECS (the VOC loss during the charge separation process) plotted as a 
function of the inverse of dielectric constants. 

6.5 Summary  

In summary, we demonstrated a general approach to directly measure the 

effective bandgap, Eeff, of a polymer bulk-heterojunction photovoltaic cell using charge-

modulated electroabsorption spectroscopy (CMEAS). Using CMEAS, we investigated 

the open-circuit voltages of high efficiency BHJ devices based on several photovoltaic 

polymers and found that the open-circuit voltage values of these devices have a non-

linear dependence on the effective bandgap energies. We have also shown that the 

deviation from the non-linearity can be explained by taking into account the coulombic 

interaction during the charge separation stage. This result is the first experimental 

demonstration of this VOC loss mechanism. Our experimental technique as well as the 

experimental results not only facilitate the detail study of energy level alignment at 
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organic heterojunctions, but also provide insight to further improving the PV device 

performance. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

In this dissertation, electronic processes of polymer:fullerene bulk heterojunction 

solar cells are discussed from the aspects of charge-generation, transport, 

recombination, interfacial engineering and their impact on solar cell performance. 

Different experimental techniques were used to probe the carrier mobility, lifetime and 

the energy alignment in the BHJ structure. 

The charge generation mechanism of polymer solar cells is in contrast with 

inorganic cells.  Electrons and holes are generated in different materials as almost an 

instantaneous response to the photo-induced exciton formation. Since the charge 

generation and recombination both happens at the donor-acceptor interface, carriers 

concentration is severely limited by the bimolecular recombination process. As shown in 

Chapter 6, we studied the carrier concentration in different polymer:fullerene systems 

under open circuit conditions. It is universal that bimolecular recombination directly 

causes a significant loss of quasi-Fermi level splitting and thus VOC of the solar cell. The 

charge generation process and the photovoltage output are also correlated by the 

following facts. The nature of excitonic cell determines that the carriers are affected by 

the coulombic interaction until the geminate pair is completely separated.  We first used 

CMEAS as an innovative tool to probe the effective bandgap of different 

polymer:fullerene BHJs. Then we extract the voltage loss due to recombination by 

carrying out TPV measurements. As another important result of Chapter 6, some BHJ 

systems with lowest dielectric constants show an extra VOC loss during the charge 

separation process. The CMEAS technique candidate for the definition of effective 
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bandgap for BHJ because it probes the onset of higher-energy CT manifolds (“hot” CT 

states). In the measurement, a sub-bandgap pumping can directly generate hot CT 

states across the donor-acceptor interfaces. These loosely bounded electrons and 

holes can respond to the external oscillating field and result in subtle changes in 

absorption spectra. 

Carrier transport in the donor-acceptor interpenetration network can be described 

by hopping mechanism. J-V characteristics follow the trend of space charge limited 

current and trap charge limited current behaviors under different internal fields. 

Correlated disorder model is a good approximation to explain the electric field and 

temperature dependent carrier mobility. Despite the low carrier mobility in organic 

materials, high FFs can still be achieved. From the perspective of transport, a balanced 

hole-electron conduction is more important than simply pursuing higher hole mobilities 

in polymers. In Chapter 3, through a detailed photocurrent analysis, we showed that a 

severely imbalanced transport can redistribute the internal field distribution and cause 

space charge accumulation. Thus the output photocurrent is space charge limited, with 

its value determined by the slow carrier mobility, charge generation rate and applied 

bias. Space charge limited photocurrent significantly reduces the FF of polymer solar 

cells. A balanced transport usually gives rise to a much higher FF as well as charge 

extraction efficiency. 

In Chapter 4, we discuss the role of bimolecular recombination with the absence of 

charge-imbalance issue. Our TPV measurements revealed that recombination is very 

intensive for polymer:fullerene solar cells, especially for the systems with larger 

energetic disorder. We use the small polaron model to correlate the larger disorder and 
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larger recombination rate. This model is applicable to explain the significant FF drop 

due to recombination limited photocurrent. In addition, as shown by Ph-CELIV results, 

the recombination rate is significantly reduced when the internal field increases to a 

corresponding bias of the maximum power point. Thus, by experimentally comparing 

recombination process in BHJ systems with different degree of energetic disorder, we 

conclude recombination limited photocurrent should occur in the systems with larger 

energetic disorder despite the balanced electron-hole transport.  

Charge collection and interfacial engineering is the topic we covered in Chapter 5. 

Transition metal oxide such as ZnO is good candidate to make Ohmic contact between 

fullerene and electrodes like TCO and aluminum. MoO3 is a high work function oxide to 

provide an optimum Fermi-level alignment with the HOMO level of most photovoltaic 

polymers. The inverted structure using both ZnO and MoO3 is a structure compatible 

with the future large-scale printing process and requirement for better device stability. 

Using a novel donor-acceptor polymer—PDTG-TPD, we demonstrate a preliminary 

inverted cell with an efficiency of 7.3%. As the second part of Chapter 5, we sought to 

reduce the defects concentration in the ZnO nanoparticle interlayer since these defects 

are proved to reduce the carrier lifetime at the ZnO/polymer interface. Through 

optimized UV-ozone treatment condition, we demonstrated the defects reduction in ZnO 

nanoparticle layer as well as the improvement of solar cell performance. The inverted 

reached a lab measured efficiency of 8.1% and a certified efficiency of 7.4%, which was 

the world record for the inverted structure until this September. The device with 

encapsulation still showed an efficiency of 7.2% after a storage time of 14 months. 

 



 

141 

7.2 Future Work 

7.2.1 The Reduction of Energetic Disorder 

The work in Chapter 3 and 4 both deal with the photocurrent loss at low extraction 

field condition. It is clear that a high mobility is not sufficient to generate efficient charge 

extraction. Recombination limited photocurrent occurs even without space charge 

accumulation. According to the small polaron model, the charge transfer process during 

bimolecular recombination is easier to happen when there is larger energetic disorder. 

However, a direct correlation between the polymer structure and disorder may be more 

helpful for chemists because better materials can be created by lowering the degree of 

disorder. 

The future work may first rely on the quantum chemistry calculation which can 

determine which structure generates smaller local potential fluctuation. The energetic 

disorder in newly synthesized materials can be characterized by mobility relaxation and 

temperature dependent zero-field mobility. Carrier lifetime can be proved by TPV. The 

dispersive transport and recombination characteristics eventually determine the field 

dependence of drift length of photo-carriers. 

7.2.2 Exciton Migration in Donor-Acceptor Polymers 

During the charge generation process of polymer:fullerene solar cells, photo-

generated exciton need to migrate to the donor-acceptor interface for charge transfer. 

However, the process of exciton migration is less studied when comparing with the 

charge transfer process. As a result, the motion of excitons are usually described as 

“diffusion” and assumed to be very similar across all the polymer materials. In fact, the 

migration process is not only different from a classical diffusion mechanism, but also 

directly affects the photovoltaic performance because the intermolecular exciton transfer 
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rate directly determines number of excitons that can hit the donor-acceptor interface in a 

unit time which is a upper limit of charge generation rate for a polymer:fullerene solar 

cell.204 

Since all the molecules in the polymer domains are bonded with Van de Waals 

force, the exciton transfer can be modeled in the approximation of the weak coupling 

limit and thus a Foster-like approach. In this model, the energy transfer rate between an 

excited donating molecule and a ground-state accepting molecule, kDA, can be derived 

from the time-dependent perturbation theory and the Fermi golden rule as:205 

     
  

 
     

         (7-1) 

wherein HDA is the matrix element characterizing electronic coupling between donor and 

acceptor molecules; FCWD stands for Franck-Condon weighted density-of-states factor, 

which is a product of the density of vibrational states (including 0th state) in the initial (D* 

and A) and final states (D and A*) and their spectral overlap. Under the Condon 

approximation—the electronic coupling is independent of nuclear arrangement, the 

energy transition rate can be derived as:206 

              
              

 

 
  (7-2) 

wherein       is the fluorescent emission spectrum of the donor and       is the 

absorption spectrum of the acceptor. From Eq. 7-2, it is clear that both electronic 

coupling and the spectral overlap factor are critical to the exciton transfer rate. The 

electronic interaction is mainly determined by the dipole moment and spatial separation 

of the molecules. The spectral overlap factor is actually can be experimentally 

determined. Some features in the emission and absorption spectra such as Stokes shift 

can be used to explain the different transition rate in different polymer systems. 
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In the assumed quadratic potential energy surface on one single normal mode of 

vibration, the lineshape of a vibration peak should follow the Poisson distribution:207, 208 

    
     

    
   

  

  
 where     

     is the Franck-Condon factor for normal mode n, S is 

the Huang-Rhys factor of the nth mode, defined as the ratio of nuclear reorganization 

energy and the vibrational energy. It is clear that a larger Huang-Rhys factor gives a 

larger transition rate of that vibration mode. Also, in the simplified quadratic potential 

model, Huang-Rhys factor is proportional to the Stokes shift of the polymer, which is 

defined the coordinate difference between the 0-0 transition in the emission and 

absorption spectra.209 Therefore, through the measurement of fluorescence emission 

and absorption of certain pristine polymers and the analysis of the lineshape, we can 

build a correlation between the exciton transition rate and charge generation rate. Some 

polymers with the same donor but different acceptor units could be a good group of 

systems for the studies. Here, we have three polymers: PDTG-TPD, PDTG-BTD and 

P(il-DTG), with all the three sharing the same DTG unit as the donor. Thus, their 

absorption lineshape are similar apart from the different weighted contribution from each 

vibrational peaks (Figure 7-1). As expected, the three polymers show very different 

Huang-Rhys factors according to the Gaussian fitting of their absorption spectra. On the 

other side, when these polymers are individually blended with fullerene derivatives in 

BHJ solar cells, the external quantum efficiencies show significant difference with 

PDTG-TPD over 70%, PDTG-BTD ~55% and P(il-DTG) ~40%. As shown in Figure 7-2, 

these three polymers also show Huang-Rhys factor values in the same trend.  

It is thus very interesting to correlate the charge-transfer rate with the exciton 

migration rate by continuing the study with emission measurements and quantum 
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mechanical modeling. If the model is correct, a low Huang-Rhys factor should be a 

thumb-up rule for the design of efficient photovoltaic polymers.  

 

Figure 7-1. (color) The absorption spectra of PDTG-TPD, PDTG-BTD and P(il-DTG). 
The measurements were carried out with solid state polymer films on quartz 
substrates. 

 
Figure 7-2. (color) The fitting of absorption spectra and Huang-Rhys factor extracted by 

Gaussian fitting. 
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APPENDIX A 
LIST OF MOLECULE STRUCTURES 

PC61BM 

 

PC71BM 

 

IC60BA 

 

IC70BA 

 

P3HT 

 

PG1 

 

PG2 

 

PG3 
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PCDTBT 

 

PDTG-BTD 

 

PDTG-TPD 

 

PDTS-BTD 

 

PDTS-TPD 

 

PTB7 

 

P(il-DTS) 

 

PEDOT:PSS 

 

.  
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