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Chapter 1. General Introduction 

 

1.1 Background of this study 

  In 21
th
 century, the use of highly developed technology and scientific innovation 

make our life the highest level ever in human being's history. Nevertheless, a critical 

problem I are facing now is the energy crisis. Petroleum, the most common energy 

source and also the most imperative source, is especially limited in storage on earth 

and nonrenewable. Scientists therefore started to seek for other renewable and clean 

energy sources like solar energy, wind energy, geothermal energy and so forth. Among 

these options, solar energy looks quite promising due to its easy access and cleanness. 

From the last century, commercial available solar cells are fabricated based on silicon 

materials, which is the most important semiconductor material in electronic industry. 

Remarkable power conversion efficiency (PCE) has been achieved by silicon solar 

cells and wide spread of its application offered substantial electricity supply for our 

everyday life. However, silicon solar cell relied on high cost to achieve high PCE and 

its heavy weight make it hard to combine these cells with other system like buildings 

or even mobile cars. On the other hand, a new type of solar cells based on organic 

materials has been attracting much attention due to its potential to achieve lightweight, 

flexible and low-cost products. The very first example was reported in 1980s by Tang, 

combing p-type and n-type materials, free charges can be generated and collected to 
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form photo-current.
1
 Including organic solar cells (OSCs), organic light emitting 

diodes (OLEDs) or other organic electronics like organic thin film transistors (OFETs) 

are also studied and proved their potential for real applications. 

  In organic devices, especially OSCs, interface of materials is of vital importance. A 

critical process for electricity generation in OSCs is the free charges formation. 

However, unlike silicon solar cell in which the free charges could be thermally 

activated after the irradiation due to its high dielectric constant (ε ~ 12), organic 

semiconductors often have low dielectric constants (ε ~ 3), giving rise to large binding 

energy of electron hole pairs generated by light. Instead of being separated, these 

strongly bound pairs (excitons) diffuse to the p-type (donor (D)) and n-type (acceptor 

(A)) interface and separated by the energy offset of the highest occupied molecular 

orbital (HOMO) and offset of the lowest unoccupied molecular orbital (LUMO)) of 

these two materials (Figure 1.1.1). This process is critical to achieve current 

generation in OSCs and therefore makes D/A interface indispensable in the device. 

On the other hand, the major energy loss of OSCs also takes place at D/A interface 

through charge recombination. From these points above, investigating how D/A 

interfacial property affect OSCs performance could give important guideline to 

improve the PCE of devices. 

  One more important factor which could also significantly affect the OSC 

performance is the crystallization of materials. The crystallization of the materials 

usually affect the charge separation at interface and charge transport in the bulk. 

These processes have large influence on the device performance like photo-current 
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and fill factor. Investigating how to utilize crystallization of material to control the 

key process like charge separation in device could be another strategy to improve 

efficiency of device. 

  In this thesis, the interface and the crystallization of the materials in organic solar 

cells were studied. Aiming at improving the efficiency, the photo-physical process at 

D/A interface was studied and controlled. 

 

  The thesis begins with Chapter 1 giving a detailed introduction of OSCs for its 

working principle, the importance of D/A interface is highlighted. In Chapter 2, the 

manipulation of D/A interfacial energy level and its effect on device performance was 

investigated. Chapter 3 focus on how D/A distance and interfacial charge separation 

center affect charge separation and recombination by using a spacer layer between D 
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Figure 1.1.1 Schematic image of charge separation and recombination happening at D/A interface. 
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and A, and doping effect of spacer layer with dye molecules. An equivalent circuit 

model was also utilized to investigate the device performance. In Chapter 4, the effect 

of thermal annealing on PCBM was analyzed in terms of its electronic property and 

OSCs performance. In Chapter 5, a summary and perspectives of this study will be 

made.  

1.2 Introduction of organic solar cells 

1.2.1 The working principles of organic solar cells 

  Organic solar cells relies on several steps to generate photocurrent, namely exciton 

formation, exciton diffusion, charge transfer, charge separation (recombination), 

charge transportation and charge collection. These processes are critical for achieving 

high PCE of the devices. The detailed photo-physical mechanism are discussed in 

below: 

Exciton formation 

  In conjugated polymers a bonding orbital (π) and an antibonding orbital (π*) are 

constituted by the delocalized pz orbital. π-orbital is occupied by the electrons and 

forms HOMO, and π
*
-orbital is unoccupied and forms LUMO. The energy difference 

between HOMO and LUMO usually lies within the range of visible light. When these 

materials absorbed light, an electron at HOMO is excited into LUMO band, whereas a 

hole is generated in the HOMO band. This electron-hole pair is called exciton which 

could be regarded as a strongly bounded radical pair by Coulomb interaction. 

  Generally, the organic semiconductor materials have very low dielectric constant (ε 
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~ 3), giving rise to very large binding energy of the exciton (0.1 to 1.0 eV) according 

to the expression of binding energy V: 

𝑉 =
𝑒2

4𝜋𝜀0𝜀𝑟𝑟
                            

where e is the charge of an electron, 𝜀r  is the dielectric constant of the surrounding 

medium, 𝜀0 is the permittivity of vacuum, and r is the electron-hole separation 

distance. Table 1.2.1 listed the binding energy of several commonly used OSC 

materials.
2
 On the other hand, inorganic materials have a very high dielectric constant 

(~12 for silicon), leading to a binding energy below 0.1 eV, in which exciton could be 

separated even by thermal energy. The difference of binding energy compare to those 

inorganic semiconductor makes organic semiconductor unable to generate free 

charges directly and other charge separation mechanism would be needed (will be 

discussed below). 

Table 1.2.1 Exciton binding energy for several organic semiconductors (reproduced from ref. 2). 

Organic semiconductors Binding energy (eV) 

CuPc 0.6 

Alq3 1.4 

PTCDA 0.8 

PPPV 0.4 

C60 1.4 

C70 1.0 

Exciton diffusion 

  After excitation, a generated exciton would take a random walk, namely exciton 
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diffusion. Since the exciton relies on D/A interface for separation, an important 

parameter here is the exciton diffusion length, the distance an exciton can migrate 

before relaxing back to the ground state. Exciton diffusion length is given by: 

𝐿D =  𝐷𝜏0 

where D is the diffusion coefficient and 𝜏0 is the average life time of excition. 

Obviously, 𝐿D  would give a limitation for collecting excitons at D/A interface, a 

certain size of donor and acceptor domains would be desirable to get high carrier 

generation (will be discussed later). Usually, photoluminescence quenching 

experiment of D/A bilayer device as a function of layer thickness is used to estimate 

the 𝐿D  of materials. For typical polymers like PPV or P3HT, the 𝐿D  was proved to 

be less than 10 nm.
3, 4

  

  The exciton diffusion is usually explained by energy transfer. Possible mechanism 

like Förster resonance energy transfer (FRET) and Dexter energy transfer are 

purposed. In the former case, long range dipole-dipole coupling is utilized to transfer 

the excitation of donor to acceptor.
5
 This type of energy transfer require the overlap of 

emission of the donor and absorption of the acceptor. In the latter case, a 

wavefunction overlap between the donor and the acceptor is necessary.  

 

Charge transfer, separation and recombination 

  Within its life time, the exciton would diffusion to the D/A interface where it can be 

dissociated by an interfacial electron transfer reaction. Right after the electron transfer 

from the donor to the acceptor, the electron and hole are still bound by their Coulomb 
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attraction, resulting in a charge transfer state (CT state). This CT state need to conquer 

its Coulomb interaction to give free and fully separated electron and holes. However, 

if these bound pair cannot be fully dissociated within the life time of CT state, 

geminate recombination would happen, making these charges fall to the ground state. 

This process is known as one of the major losses in OSCs. 

  Geminate recombination (often referred to recombination of electron and hole from 

same exciton, or called mono-molecular recombination) was first described by 

Onsager in 1938.
6
 He calculated the probability of a electron-hole pair which is bound 

by their Coulomb interaction in a electrolyte will be through Brownian random walk 

and eventually escape from this Coulomb interaction and form free carriers. 

Furthermore, if the system undergoes photon excitation, a hot electron and localized 

hole would be generated. Due to the excess thermal energy of the electron, the 

electron would eventually stabilize with a certain distance (a) from the localized hole. 

These process are summarized and depicted by Durrant et al. (see Figure 1.2.1).
7
 The 

distance at which the energy of Coulomb interaction equals to the thermal energy is 

defined as Onsager radius (rC) : 

𝑟C =
𝑒2

4π𝜀0𝜀r𝑘𝑇
 

where 𝜀r  is the dielectric constant of the surrounding medium, 𝜀0 is the permittivity 

of vacuum, e is the charge of an electron, k is Boltzmann’s constant, and T is 

temperature in Kelvin. From the above equation, if the initial electron hole separation 

distance a is larger than rC, the radical pair would escape from the Coulomb 

interaction and free charges would be generated. Otherwise, fully separation of 
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electron and hole would take place with a probability of P(E) (E is the electric field), 

while probability for geminate recombination refers as 1−P(E). As suggested by the 

expression of rC, dielectric constant has a large impact on whether free charges could 

be generated or not. Generally, organic semiconductors have a very low dielectric 

constant (~3) compared to their inorganic counterpart (~10), the dissociation rate of 

excitons undergo CT state would be relatively low in organic semiconductors. 
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  As for P(E), it mainly depends on initial separation distance, applied electric field 

and temperature which is given by below: 

𝑃 𝐸 = 𝑒𝑥𝑝  
−𝑟𝐶
𝑎

 (1 +
𝑒𝑟𝐶
2𝑘𝑇

𝐸) 

where E is the electric field, e the electron charge, rC is the Onsager radius, k is 

 

Figure 1.2.1 Potential energy diagram summarizing Onsager theory for autoionization. The red 

curve illustrates the potential energy resulting from Coulomb attraction as a function of 

electron-hole (e-h) separation. Photoexcitation results in generation of a hot, mobile electron. This 

electron subsequently thermalizes at a particular distance from the hole (the thermalization length, 

a). If a is less than the Coulomb capture radius, rc (as is typical for single component organic 

systems), then the electron-hole pair (which I refer to herein as a charge-transfer state) can either 

undergo geminate recombination or dissociate into free charges. Figure is reproduced from ref. 7 

with permission. Copyright 2010 American Chemical Society. 
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Boltzmann’s constant and T is temperature in Kelvin. As suggested by the above 

equation, the presence of electric field could help to dissociate charges. So far, 

Onsager theory has been successfully applied for several systems.
8-12

  

  In 1984, Onsager theory was improved by Braun.
13

 In Onsager theory, if the 

charges does not dissociate, they will fall to the ground state directly. However, Braun 

pointed out that free carriers could be generated through CT state, and furthermore, 

those separated charges could be again back to the bounded CT state. Other 

modification of Onsager theory has also been made. Tachiya et al. reported that in 

systems with very high electron mobility, Onsager theory was not applicable.
8
 The 

further incorporating the effect of electron mobility could explain other experiment 

results beyond Onsager theory. 

  Besides the process in Onsager theory for charge dissociation, other factors like 

lattice relaxation, energy disorder in organic semiconductors and polarization energy 

also need to be considered since the rC in Onsager theory would be calculated to be 16 

nm assuming T = 297 K. However, by including the above factors, Onsager radius 

was estimated to be around 4 nm. Finally, the electric field in the real OSC device 

would also be presented and effect charge dissociation such as electric field generated 

by the charges or surface dipoles. By combining these factors with Onsager theory, 

the photo-physical process could be screened and lead to the further understanding of 

how OSCs work. 
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Charge transportation and collection 

  After separation of exciton at D/A interface, free electrons and holes are generated. 

These free carriers would diffuse to the corresponding electrode. Driving force for 

such diffusion are usually explained as the carrier concentration difference at D/A 

interface and places away from D/A interface, and another driving force would the 

build-in potential from the electrodes sweeping out these free charges. During 

transportation, trap states originated from impurities or structure defects might capture 

free charges. In terms of energy level, these trap states lies within material band gap, 

therefore unfavorable for charge transportation. However, as depicted in Figure 1.2.2, 

there are two types of traps, namely shallow and deep traps. The free charges captured 

by the shallow trap could still be activated even by the thermal energy and join 

transportation again to form photo-current (black arrow). However, if the free carriers 

are captured by the deep trap (red arrow), which lies near the middle of band gap, they 

cannot be de-trap and eventually recombine and fall to ground state. This is one of the 

loss mechanisms in OSCs. 

  Several factors could limit charge transportation such as morphology of active layer 

and mobility of carriers. Usually the morphology of the active layer affect the charge 

transportation in terms of charge collection pathways. As indicated by Figure 1.2.3, 

the polymer donor forms hole transport pathways and fullerene acceptor forms 

electron transport pathways, such bicontinuous pathway lead free electron and hole to 

the corresponding electrodes as shown by the black arrow. On the other hand, if the 

morphology is not optimized, there would be dead end for these carriers to travel, as 
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indicated by the blue arrow. If these free carriers cannot go to the electrode, they will 

recombine with an opposite charge which is one of the loss mechanism in OSCs. 

These cases suggest certain phase separation of donor and acceptor is necessary to 

give a clear path way for charge transport. 

 

 

 

 

 

 

 

e ee

e
Deep trap

shallow trap

 

Figure 1.2.2 Schematic image of deep trap and shallow trap. Red arrow indicated carriers 

captured by deep trap and eventually recombined. Black arrow indicated carriers de-trap from 

shallow trap. 
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 When the free carriers are collected by the electrode, photo-current could be 

observed. However, it is proposed that efficient carrier collection at electrodes 

requires ohmic contact between the active layer and metal electrode. In the ideal case 

for ohmic contact, the acceptor LUMO level matches the Fermi level of electrode 

with small work function, and the donor HOMO matches the Fermi level of the 

electrode with large work function.
14

 Nevertheless, the material used so far cannot 

meet such requirement. The energy level mismatch at the organic/inorganic interface 

might give energy barrier for charge collection and lead to loss of current in OSCs 

(red arrow in Figure 1.2.4). In order to minimize the current loss at organic/inorganic 

interface, various buffer layer between the active layer and electrode are used to 

achieve ohmic contact.
15

 These buffer layers such as metal oxides can reduce the 

e h

ITO

Al

Polymer donor Fullerene acceptor

e h

 

Figure 1.2.3 Schematic image of bi-continuous path ways for transporting electrons and holes 

to the electrode (black arrow), and un-optimized morphology hamper charge transportation 

(blue arrow). 
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injection barrier and contact resistance which would minimize the current loss at the 

electrode interfaces. Furthermore, the buffer layer can also reduce charge 

recombination at this interface due to their higher lying energy level for the opposite 

charge to transport to the electrode (Figure 1.2.5). 

  Furthermore, due to the low mobility in organic semiconductors, the thickness of 

active layer is usually kept at 100 nm. Note that this is a compromise between charge 

collection and light absorption. If the thickness of active layer is to large, time for 

charge transport would increase, number of trap caused by defects or morphology 

would dominant, and space charge effect might also play a role.
16

 

 

e
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Figure 1.2.4 Schematic image of charge collection at the electrode, the current loss from the 

mismatch of the energy levels are indicated by the red arrow. 
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1.2.2 Characterization of OSCs 

  OSCs performances are usually measured by current density-voltage (J-V) 

characteristics in dark or under irradiation. As shown in Figure 1.2.6, J-V curves give 

several parameters to characterize the performance of OSCs. Open circuit voltage 

(VOC) is the maximum photovoltage that can be obtained in the device. On the other 

hand, under short circuit condition, the maximum current density can be obtained 

without any bias voltage is called short circuit current density (JSC). The maximum of 

output power Pmax is in the fourth quadrant where the product of current density and 

voltage reached their maximum (Jmax×Vmax). The ratio between Pmax and the product 

of JSC and VOC is called fill factor (FF): 

e

e

h

Donor

Acceptor
Electrode Counter 

Electrode

e

h

HTL

ETL

 

Figure 1.2.5 Schematic image of charge collection at the electrode, the current loss could be 

minimized by introducing buffer layer (electron transporting layer (ETL) and hole transporting 

layer (HTL)), charge recombination could also be suppressed. 
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FF =
𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥

𝐽𝑆𝐶 × 𝑉𝑂𝐶
 

The PCE (η) of OSCs is the ratio between the maximum output power and the power 

of the incident light: 

PCE =
𝑃𝑚𝑎𝑥

𝑃𝑙𝑖𝑔ℎ𝑡
=

𝐽𝑆𝐶 × 𝑉𝑂𝐶 × FF

𝑃𝑙𝑖𝑔ℎ𝑡
 

PCE of OSCs should be measured under standard conditions. The standard spectrum 

for solar cell calibration is air mass 1.5 (AM 1.5), the spectrum of AM 1.5 is shown in 

Figure 1.2.7. 
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Figure 1.2.6 Typical J-V curve of OSCs in dark and under irradiation. 
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  As can be easily see from above discussion, the PCE is decided by JSC and VOC and 

FF. The origin of each parameter and their physical meaning will be discussed below. 

 

Short circuit current density (JSC) 

 JSC is the maximum current attainable in OSC under zero bias. It involves multiple 

process such as light absorption, charge separation, recombination and charge 

collection. For organic semiconductors, their band gaps usually go within the visible 

range and therefore absorb visible light. However, most organic semiconductors have 

a sub-optimize band gap which has a mismatch with solar spectrum, giving rise to 

insufficient light absorption, especially in the near infrared region. Furthermore, in 

order to have enough photon absorption, a thicker organic layer would be desirable, 

but the charge transport problems would be caused as discussed in the former section. 
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Figure 1.2.7 The spectrum of AM 1.5. 
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  Under negative bias, as I can see from Figure 1.2.6, the current obtained is usually 

larger than JSC. This is because the negative bias offer extra electric field helping 

charge separation and charge collection. Under such condition, geminate 

recombination caused from strongly bound exciton or bimolecular recombination 

originated by traps could be prevented and a bias large enough could give a constant 

current. However, at short circuit condition, there is zero bias, the free charges are 

separated at D/A interface due to energy offset of D and A and sweep out by build-in 

potential. During these process, current loss may occur through the aforementioned 

recombination mechanism. 

 

Fill factor (FF) 

 FF is determined by the charge carriers reaching the electrodes, when the internal 

field is reduced when voltage approaching open circuit condition. FF is also affected 

by a number of factors. Recombination often reduce FF, and also the mobility of 

material and balance of mobility of D and A can also affect FF. In addition, there is 

report using equivalent circuit mode to analyze J-V curves of OSCs and found that 

series resistance (RS) and shunt resistance (RSH) play a role to determine FF.
17

 RS 

comes from resistance of materials like ITO or organic materials, and also from the 

contact resistance at the interface. When RS increases, both FF and JSC would lowered. 

On the other hand, RSH is related to the intrinsic resistance of the active layer. For 

example, a pin hole exist in the active layer could decrease RSH. When RSH increases, 

both FF and VOC would be increased. The equivalent circuit mode is given by Figure 
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1.2.8, and detailed analysis of OSC performance by using this mode will be discussed 

in the following chapter. 

 

Open circuit voltage (VOC) 

  Open circuit voltage of a metal-insulator-metal device is determined by the 

difference of the work functions of the two electrodes (Figure 1.2.9a). The search for 

the origin of VOC in OSCs therefore begins with the relationship between VOC and 

work function difference of electrodes. Although change of electrodes sometimes did 

affect VOC, this is mainly due to the energy level mismatch at organic/inorganic 

interface, causing substantial charge recombination and therefore loss of VOC. This 

situation can be solved by introducing ETL and HTL as I introduced in the former 

section. On the other hand, the voltage for a p-n junction would be confined by the 

n-type and p-type energy levels, namely the quasi Fermi levels of the electron and 

hole. As for organic solar cells, the VOC was found to be linearly scaled with the 

V

J

J0, n

Jph (V)

RS

RP

+

-

 

Figure 1.2.8 Equivalent circuit model used for analyzing OSCs. 
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different between HOMO of donor and LUMO of acceptor (EDA) (Figure 1.2.9b). 

There are several report showing relationship between maximum VOC can be obtained 

and D/A interface energy difference. They find for a number of systems, VOC had a 

linear relationship with interfacial energy difference (Figure 1.2.10).
18, 19

 These results 

suggested the EDA plays an essential role in determining VOC of OSCs. 
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Figure 1.2.9 Schematic images of VOC of metal/insulator/metal device. 
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Figure 1.2.10 Dependence of VOC on D/A interfacial energy difference. The closed triangles 

correspond to heterojunction devices for which the maximum open circuit voltage, VOCmax, was 

measured at 300 K, whereas open circles are VOCmax collected at T 300 K. The solid line shows a 

linear best fit to the data slope = 0.92 and intercept = 0.02. Figure is reproduced from ref. 18 with 

permission. Copyright 2007, American Physics Society.  

 

External Quantum efficiency (EQE) 

  Quantum efficiency is one of the key indicator for performance of OSCs. It shows 

the current generated by the device at a given incident light wavelength. In EQE 

measurement, the quantum efficiency is calculated from current obtained divided by 

incoming photons. Therefore, the EQE is dependent on absorption of the photons and 

collection of the free charges. Expression of EQE is given as below: 

EQE =
𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑛𝑝ℎ𝑜𝑡𝑜𝑛
=

𝐼𝑆𝐶 × ℎ𝑐

𝑃𝑙𝑖𝑔ℎ𝑡 × 𝜆𝑒
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where 𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛  is the electrons generated by the OSCs after irradiation, 𝑛𝑝ℎ𝑜𝑡𝑜𝑛  is 

the number of photons from the incident light, h is the Plank constant, c is the velocity 

of light and e the electron charge. Furthermore, EQE spectrum of OSCs could also be 

used to calculate the short circuit current under the irradiation of AM1.5 (zero bias 

EQE). 

 

1.2.3 Typical materials in OSCs 

  Active layer of OSCs comprises of a p-type materials as donor and an n-type 

materials as acceptor. Usually donor materials used in OSCs are semiconducting 

polymers which could absorb a portion of visible light. On the other hand, acceptor 

materials are often fullerene-based materials. Buffer layer materials in OSCs are 

usually metal oxides, and ITO and Al or Ag are used for electrodes. In the following 

paragraphs, a number of typical materials used in OSCs will be introduced. 

 

Donor materials 

  PPV and its derivatives are well studied in the early stage of OSCs, and their 

efficiency exceed 2%.
20, 21

 The chemical structure of PPV and one of its derivative 

MEH-PPV are shown in Figure 1.2.11. PPV is insoluble in commonly used organic 

solvent, therefore derivative like MEH-PPV is developed which is soluble in solvent 

like chlorobenzene and chloroform. These materials were well studied in the past 

decade, limited light absorption however, prevented its further application in OSCs. 
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  Polythiophene, on the other hand, has a better application in OSCs. P3HT, one of 

the derivative of polythiophene, has absorption up to 650 nm, which almost cover the 

visible band, shown an improved PCE up to 4%. The key factor not only lies in the 

broaden absorption, but also high mobility of hole due to higher degree of 

crystallization of the polymer. Yang et al. reported PCE of P3HT based OSCs over 4% 

via self-assembly of P3HT, demonstrating the importance of crystallization of 

material in OSCs.
22

 

  PTB7 is another high efficient donor material recently reported, showing PCE 

higher than 7%.
23

 Absorption of PTB7 extends to 750 nm, give rise to higher 

photo-current compared to P3HT. Furthermore, PTB7 showed face-on orientation 

which is beneficial for charge transport, these factors make PTB7 the most promising 

donor material so far and the highest PCE achieved by PTB7 based solar cell is over 

9%.
24

 

 

 

 

 

 



24 
 

 

Acceptor materials 

  Acceptor materials in OSCs should have an electron affinity larger than that of the 

photoexcited donor. The fullerene molecule and its derivatives so far have been 
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Figure 1.2.11 Chemical structures of PPV, MEH-PPV, P3HT and PTB7. 
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proven the most efficient acceptor materials. The commonly used fullerene materials 

are given in Figure 1.2.12. These materials are soluble in common organic solvent and 

have high electron mobility (~0.1 cm
2
/Vs). The key factor makes fullerene the most 

successful acceptor material might lies in the aggregation of this molecule. Durrant et 

al. reported pure PCBM showed a higher LUMO energy which may act as driver for 

charge separation in OSCs.
25

 However, fullerene molecule often has weak absorption 

of the light, alternative acceptor materials are needed to further increase the PCE of 

OSCs. 
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Buffer layer materials 

 As introduced in the former section, two kinds of buffer layer materials, namely ETL 

and HTL are often used in OSCs. Typical HTL is PEDOT:PSS, which is highly 

PCBM

PC70BM

 

Bis-PCBM

ICBA

 

Figure 1.2.12 Chemical structures of PCBM, PC70BM, bis-PCBM and ICBA. 
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conductive and has a good match of the energy levels with most donor polymers. 

However, due to its acid nature, the stability of OSCs using PEDOT:PSS is not high, 

therefore alternative materials like graphene oxide is used to replace it. Figure 1.2.13 

showed a typical example of using graphene oxide and PEDOT:PSS for           

comparison.
26

 OSCs with graphene oxide interlayer showed similar PCE compared 

with PEDOT:PSS modified OSCs. However, when these devices were exposed to air, 

PEDOT:PSS modified OSCs showed a substantial loss of PCE after just several hours. 

On the contrary, OSCs with graphene oxide interlayer showed a relatively high 

stability, even after 20000 minutes, PCE is still above 2%. There are other type of 

HTLs, metal oxides such as V2O5 and MoO3 are usually used. The HTL used in OSCs 

not only give a better match of energy level at organic/inorganic interface for efficient 

charge collection, but also reduce charge recombination near electrode (mainly 

bimolecular recombination). 

 On the other hand, ETL is used for better electron collection. Typical materials like 

ZnO and TiO2 are used in OSCs in the ITO side for inverted structure design. 

Furthermore, these ETL could also be made as nano-array to enhance charge transport, 

the increase of FF could be often observed in such cases. One typical example was 

reported by Takanezawa et al., who inserted ZnO nano-array to enhance electron 

transport, resulting the increase of device performance (see Figure 1.2.14).
27
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Figure 1.2.13 (a) a conventional PEDOT:PSS-based OSC and (b) an OSC with the graphene 

oxide anode interfacial layer. (c) Changes in PCE of a conventional PEDOT:PSS-based OSC 

and an OSC with the graphene oxide anode interfacial layer during exposure to air. The inset 

shows the normalized PCE. Figure is reproduced from ref. 26 with permission. Copyright 

2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Electrode materials 

  Electrode materials used in OSCs are often ITO for the anode and metals like Ag, 

Al and Au for cathode. The work function of these materials are given in Table 1.2.2. 

The work function difference between these two electrodes serves as the build in 

potential, sweeping out charges after their separation at D/A interface. Furthermore, 

the use of electrode material with deeper work function like gold can also increase 

stability of device in terms of oxidation of electrode material. 

 

 

(a)

(b) (c)

 

Figure 1.2.13 (a) energy diagram of the device using ZnO nano-array, (b) SEM image of ZnO 

nano-array, (c) enhanced device performance of OSCs with ZnO nano-array (open circle). 

Figure is reproduced from ref. 27 with permission. Copyright 2007. American Chemical 

Society. 
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Table 1.2.2 Work function for different metal materials 

Material Work function (eV) 

ITO 4.7  

Al 4.3 

Ag 4.3 

Au 5.1 

 

1.2.4 Device structures of OSCs 

  The device structure of OSCs has a large influence on its performance. In this 

section, the structures used in OSCs will be introduced and their effect on device 

performance will be discussed, 

 

Single layer OSCs 

  The early stage study of OSCs used a simple structure of a light absorber polymer 

sandwiched by two metal electrodes. After the light absorption, the electron goes to 

one electrode and hole goes to the other to form photo-current, as indicated by Figure 

1.2.14. This type of device rely on the difference of work function from the two 

electrodes to separate charges, therefore the choice of metal electrode could affect the 

device performance very much. Furthermore, since the electron and hole transport in 

the same layer, substantial recombination of these carriers could happen, and different 

mobility of electron and hole could also further reduce the performance. In addition, 
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the exciton diffusion length of the polymer is usually limited, therefore the thickness 

of polymer must be kept thin, resulting insufficient light absorption. The performance 

of this type of OSCs is limited to less than 1%.
28

 

 

 

Bilayer OSCs 

  In 1986, Tang reported by using of an electron donor of copper phthalocyanine and 

an acceptor o perylene tetracarboxylic derivative in a bilayer structure OSCs, the PCE 

could be higher than 1%.
1
 The high charge separation efficiency in this type of cell 

was explained by the field at the interface between two organic materials .This result 

gave a new concept for increasing PCE of OSC by introducing electron acceptor 

materials (Figure 1.2.15). This concept has been utilized up to now to push the PCE of 

OSCs. 

  After Tang' work, the importance of concept of D/A was realized by people who 

Polymer

Electrode

Counter 
Electrode

HOMO

LUMO

e

h

 

Figure 1.2.14 Schematic image of metal/polymer/metal devices. 
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work in OSC field. Sariciftci et al. reported use of polymer (MEH-PPV) as donor and 

C60 as acceptor.
29

 MEH-PPV could donate electrons to fullerene and transport holes to 

the ITO. On the other hand, fullerene receive electrons and transport them to the 

electrode. PCE over 1% was achieved. 

  Compare to single layer device, bilayer device utilized D/A interface to increase 

charge separation efficiency, and electron and hole are transported by corresponding 

n-type and p-type materials. However, bilayer device also has its limitation. The 

OSCs relies on sufficient light absorption from the materials to generate current. The 

typical thickness required by the polymer for light absorption is around 100 nm. On 

the other hand, the exciton diffusion length in these materials is often limited (~10 

nm). Only a portion of excitons could diffuse to D/A interface for charge separation, 

therefore causing loss of energy in the device. 

 

Donor

Acceptor

Electrode

Counter 
Electrode

h

e

e

 

Figure 1.2.14 Schematic image of metal/donor/acceptor/metal bilayer devices. 



33 
 

Bulk heterojunction (BHJ) OSCs 

  Although charge separation was significantly enhanced in bilayer OSCs, the PCE 

was still limited by collection of excitons. As to solvent this problem, another device 

structure called bulk heterojuction OSCs was designed. In such type of OSCs, donor 

material and acceptor material are blended together and nano-scale phase separation 

could be formed (Figure 1.2.15). In such condition, a large D/A interfacial area could 

be obtained and the typical domain size of D and A are around several tens of 

nanometers, which is beneficial for exciton diffusion. In 1990s, Hiramoto and Yu et al. 

independently showed that by using BHJ structure the PCE could be improved 

compared to bilayer case.
14, 30

  

  In BHJ OSCs, nano-morphology control is the key factor for achieving high PCE. 

Certain aggregation of each material might provide charge collection path ways. On 

the other hand, the ideal size of domain of each material should be equivalent to its 

exciton diffusion length in order to maximize exciton harvesting. Usually such 

demand is achieved by using high boiling solvent or solvent additive to optimize 

morphology. Furthermore, crystallization of the polymer also plays a very important 

role because hole mobility of the polymer is usually lower than electron mobility of 

fullerene in the blend films. 
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Other structure OSCs 

  Besides commonly used BHJ OSCs, there are a number of other structure OSCs 

such as PIN and tandem OSCs. The former one consist of BHJ layer sandwiched by a 

p-type layer and n-type layer, which could help charge transport near the electrode 

(Figure 1.2.16).
31

 Latter one consist of two sub BHJ cells, each cell utilized different 

materials to maximize light absorption and voltage of the cell could be the sum of 

these two cell under optimized condition (Figure 1.2.17).
32

 Although these structures 

OSCs do show an enhanced PCE but their complicated processing condition limited 

their further application. 
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Figure 1.2.15 Schematic image of BHJ device. 
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Figure 1.2.16 Schematic image of tandem device. 
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Figure 1.2.16 Schematic image of PIN device. 
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1.2.5 Importance of interfaces in OSCs and charge transfer 

state 

Interfaces in OSCs 

  As introduced in the former sections, D/A interface has a primary importance in 

OSCs. The relative large binding energy of excitons in organic semiconductor relies 

on the energy offset at D/A interface for dissociation. Furthermore, the major loss 

mechanism of charge recombination also happens at this interface. The above two 

processes compete with each other, and significantly affect performance of OSCs. In 

addition, open circuit voltage of OSCs is largely related to the difference of 

HOMO-LUMO difference (EDA) at this interface (Figure 1.2.17). 
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Figure 1.2.17 Schematic image of photo-physical process at D/A interface. 
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  However, although the use of BHJ structure offer a substantial enhancement of 

PCE, it barely gives information on photo-physical process at D/A interface. This is 

largely due to the mixing manner of D and A materials, giving rise to hard access to 

purposely control the D/A interface. So far, the study of interface modification in 

OSCs mainly concentrated on organic/inorganic interface. As I induced in the former 

section, the energy level mismatch at organic/inorganic interface is one of the main 

loss mechanisms in OSCs, a substantial work has been done to solve this issue. 

  There are lots of examples which improve PCE of OSCs by modifying 

organic/inorganic interface. Some of the examples will be selectively shown here to 

demonstrate the effectiveness of this methodology. 

  Metal oxide is usually used in modifying the electrode. For the inverted structure 

OSCs, metal oxide like V2O5 and MoO3 are often used buffer layer for modifying 

cathode. However, there also report by using metal oxide in the anode side in normal 

BHJ OSCs. As reported by Li et al., a solution-processed rhenium oxide was 

synthesized and applied in OSCs, resulting an increase in PCE.
33

 The energy diagram 

is shown in Figure 1.2.17, a number of materials combination was tested by using 

s-ReOx as the anode buffer layer. An increase of photo-current and FF was observed 

for all these four materials combination (Figure 1.2.18). The improved PCE of the 

PSCs with s-ReOx anode buffer layer could be attributed to the suitable work function 

of s-ReOx layer and the enhanced absorption of the active layer in the devices with 

s-ReOx anode buffer. 
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Figure 1.2.17 Energy diagram for devices with anode modification. Figure is reproduced from ref. 

33 with permission. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

Figure 1.2.18 J-V curves for devices with anode modification. Figure is reproduced from ref. 33 

with permission. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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  Besides metal oxides, organic materials could also be used to modify 

organic/inorganic interface for better collection of charges. Li et al. reported by using 

one of the fullerene derivative to modifying cathode could enhance the current and FF 

of OSCs. The synthesis of this novel fullerene molecule and J-V curves of the device 

using it for cathode modification are shown in Figure 1.2.19 and Figure 1.2.20, 

respectively. The enhanced performance of the cell resulted from the dipole formation 

of fullerene interlayer shifting the energy level at organic/inorganic interface. 

Furthermore, comparing with the conventional cathode modifier Ca, the stability of 

device utilizing fullerene interlayer was significantly enhanced in the air atmosphere. 

 

 

Figure 1.2.19 Synthesis of fullerene derivative used for cathode modification. Figure is 

reproduced from ref. 34 with permission. Copyright 2013, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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  The above two examples showed PCE enhancement using interlayer at 

organic/inorganic interface. However, there is also example of modifying this 

interface just by polar solvent treatment. Heeger et al. reported by spin-coating polar 

solvent like methanol on the surface of active layer, the photo-current and FF could be 

increased (Figure 1.2.21).
34

 The enhancement of performance was explained by the 

passivation of surface traps and decreased series resistance, accelerated charge 

extraction and reduced charge recombination (Figure 1.2.22). 

 

Figure 1.2.20 J-V curves for devices with cathode modification. Figure is reproduced from ref. 

34 with permission. Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 1.2.20 J-V curves for devices with solvent treatment. a) Under irradiation, b) in dark. 

Figure is reproduced from ref. 34 with permission. Copyright 2013, WILEY-VCH. 
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 The modification of organic/inorganic interface showed substantial improvement of 

PCE of OSCs. Nevertheless, the increased performance mainly resulted from 

photo-current and FF factor, since the organic/inorganic interface mostly affect charge 

collection. In all these examples, open circuit voltage was barely changed since it is 

 

Figure 1.2.20 Impedance spectra analysis for the effect of methanol treatment on PTB7:PC70 

BM solar cell. a,b) (C/A)−2 versus applied bias voltage with (a) and without (b) methanol 

treatment. The solid lines correspond to Mott–Schottky plot. c,d) Niquist plots for PTB7:PC 70 

BM solar cells with (c) and without (d) methanol treatment. The data are fitted by equivalent 

circuit models I and II separately. Figure is reproduced from ref. 34 with permission. Copyright 

2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
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decided by another interface-D/A interface. So far, PCE of OSCs has already been 

pushed to around 10% by developing new materials and buffer layers. However, 

methodology like adding buffer layer cannot solve the intrinsic limitation. As 

indicated in Figure 1.2.21, VOC of OSCs is closely related to EDA at D/A interface, in 

order to have higher voltage, a deeper lying HOMO of donor and a shallower lying 

LUMO of acceptor is desirable. Simultaneously, the band gap of material decide the 

absorption, the smaller band gap and larger EDA require a deeper lying LUMO and 

HOMO level of the donor. However, this demand might shrink the LUMO offset 

between D and A, which might weaken the driving force for charge separation in the 

device. Therefore, compromise between VOC and JSC in OSCs has to be made and 

eventually limited the highest PCE attainable. As I discussed above, by modifying 

organic/inorganic interface was no more than improving charge collection, which 

obviously cannot break this trade-off relationship in OSCs. 

  The key factor to solve this problem in OSCs lies in understanding the 

photo-physical processes at D/A interface. How do the charge separation and the 

recombination affect device performance? How to increase one parameter in OSCs 

without losing the others? The clue should be obtained by purposely modifying D/A 

interface. However, there is limited reports about D/A interfacial modification. The 

effect of D/A interfacial property on device performance remained obscure. This is 

mainly due to the BHJ structure used in OSCs. The mixture of D and A material and 

automatic phase separation already provide an efficient device. In addition, optimized 

active layer usually has nano-scale phase separation, making D/A interfacial 
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modification difficult even in terms of material design since it require highly 

self-assemble for the materials. 

 

 

  A notable example of modifying D/A interface in BHJ OSCs is reported by Honda 

et al. who put dye molecules in P3HT:PCBM system to promote energy transfer, 

resulting in the enhancement of photo-current.
35-38

 In the beginning of his research, 

two type of dye molecule, namely SiPc and ZnPc were blended with P3HT:PCBM, 

expecting energy transfer from P3HT to the dye molecules. The location of the dye 

molecules was also discussed according to the device performance (Figure 1.2.23). As 

shown in Figure 1.2.24, in case of ZnPc, there is degradation of device performance. 
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Figure 1.2.22 Schematic image of trade-off relationship between JSC and VOC in OSCs 
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This is explained by the aggregation of ZnPc due to its planar structure preventing 

segregation into D/A interface. On the other hand, by blending SiPc into P3HT:PCBM, 

there is increase of photo-current. From EQE spectrum, the enhancement mainly 

comes from P3HT and dye absorption region. This suggests the increase of 

photo-current comprise of two parts. One is from the direct absorption of dye 

molecule, the other is from energy transfer from P3HT to dye. As one can see from 

the energy diagram in Figure 1.2.23, the hole and electron would be trapped unless 

the dye molecule is located at D/A interface. The location of dye therefore is expected 

at D/A interface. The increase of EQE response of P3HT is resulted from long range 

Förster resonance energy transfer. Such energy transfer requires overlap of emission 

of energy donor spectrum and absorption of energy acceptor spectrum. After 

excitation of energy donor, the exciton could be transfer to energy acceptor over a 

long range. In case of OSCs, this could efficiently collect those excitons which cannot 

reach the D/A interface for dissociation. 

http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
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Figure 1.2.23 Energy transfer process in P3HT/SiPc/PCBM OSCs. Figure is reproduced from 

ref. 38 with permission. Copyright 2009, American Chemical Society. 
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  Honda et al. later on reported study of P3HT/Dye/PCBM ternary blend solar cells 

with transient absorption spectroscopy (TAS).
38

 Their results suggested upon polymer 

excitation, P3HT excitons decayed much faster in ternary blends than in binary blends 

with an identically rapid formation of SiPc photobleaching, indicating efficient energy 

transfer from P3HT to SiPc (Figure 1.2.24). They also quantified the time scale for the 

processes happened at D/A interface for thermal annealing and solvent annealing case 

(Figure 1.2.25). The driving force of location of dye molecules at D/A interface is also 

discussed as surface energy difference and crystallization of D and A which repel dye 

molecules from their domain and therefore into D/A interface. 

 

Figure 1.2.24 J-V curves and EQE spectrum of P3HT/SiPc/PCBM OSCs. P3HT/PCBM blend 

films with (solid lines) and without dye (broken lines) before (thin lines) and after annealing 

(thick lines): (a) P3HT/PCBM/ZnPc; (b) P3HT/PCBM/SiPc. Figure is reproduced from ref. 35 

with permission. Copyright 2009, American Chemical Society.  
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Figure 1.2.25 Schematic image of energy transfer from P3HT to dye and charge separation in 

P3HT/SiPc/PCBM device. Figure is reproduced from ref. 38 with permission. Copyright 2011, 

American Chemical Society.  
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  The examples shown above indicate by purposely modifying D/A interface, PCE 

could be increase, more importantly, photo-physical process revealed here might 

potentially provide a new route to push PCE further. However, the above cases were 

achieved with limitations. To make third component located at D/A interface in BHJ 

device is really challenging, the strict requirement for the materials in term of the 

surface energies and system might limit the further application and research for D/A 

interface modification in BHJ OSCs. 

 On the other hand, the bilayer structure OSCs I introduced before may be a perfect 

model system to utilize for analyzing D/A interface. Since bilayer structure comprise 

 

Figure 1.2.25 The scheme of light-harvesting and charge generation mechanisms in 

thermal-annealed (upper) and solvent-annealed P3HT:PCBM:SiPc blend films. Figure is 

reproduced from ref. 38 with permission. Copyright 2011, American Chemical Society. 
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of layer by layer configuration, PCE of the device might be limited the small D/A 

interfacial area, but a clear and well-defined D/A interface could be expected and 

much easier modification of D/A interface could be accessed. The bilayer device was 

therefore used more frequently to analyze how D/A interfacial property affect 

performance of OSCs.  

   There are several reports to date showing the D/A interface property could 

significantly alter device performance. McGehee et al. reported modification of 

TiO2/P3HT interface with organic molecules.
39

 Their results suggested that the energy 

offset at this interface could be tuned by interfacial dipoles, correspondingly open 

circuit voltage of the device is changed. The photo-current generation is also 

increased by modification this interface with dye molecules. A two fold increase of 

saturated photocurrent was achieved by modifying the TiO2/P3HT interface. Their 

results suggesting that the charge separation interface has a primary importance on 

device performance.  

  Lee et al. reported by adding a ultra-thin MoO3 layer (0.5 nm) in between CuPc/C60 

layer, the open circuit voltage of the cell was increased from0.45 to 0.85 V.
40

 The 

results were rationalized by the energy level change at D/A interface, their UPS and 

XPS results showed that EDA at D/A interface was increased from 0.66 to 1.16 eV. 

This indicated EDA has a direct impact on open circuit voltage in OSCs. 

  Yu et al. reported by insertion of CuPc at pentacene/C60 interface could enhance the 

open circuit voltage without obviously decrease the EQE.
41

 The HOMO of CuPc is 

higher than pentacene, therefore open circuit voltage is increased. Furthermore, with 
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the CuPc absorbing extra sun light, photocurrent is slightly increased. Their results 

suggested that constructing multiple charge separation interfaces could increase PCE 

of OSCs. The interlayer should have suitable energy level, and high carrier mobility. 

Another similar interface modification is reported by Shih et al. that potassium was 

used to dope CuPc/C60 interface, the results showed that PCE was enhanced mainly 

by increase of short current density.
42

 Changes in binding energies, depletion 

capacitance, and electron and hole mobility confirmed the existence of interfacial 

dipoles. The electron structures like energy levels and charge transfer process was 

changed by K doping, combining balanced electron and hole mobility, the short 

circuit current was increased. 

  Huang et al. reported by inserting a ferroelectric dipole layer at P3H:PCBM 

interface showed drastic change of OSC performance.
43

 Figure 1.2.26 showed the 

ferroelectric material and device structure they used. A very thin dipole layer was 

inserted between donor and acceptor materials, since the dipole layer material 

exhibited ferroelectric properties, the electric poling could induce the alignment of 

dipole moment according to the direction of electric field. The dipole layer at this 

interface could also give rise to a local electric field which could help charge 

dissociation. Various measurements were used to characterize this interlayer, and 

device performance was also analyzed. In Figure 1.2.27, J-V curve under irradiation 

and dark were shown. Before electric poling, device exhibited lower VOC, JSC and FF. 

This is due to the random orientation of dipoles and the insulating property of 

ferroelectric layer. However, after reverse bias poling, the device performance was 
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drastically increased. This could be explained by the alignment of dipole under 

electric field. The local electric field created by the dipole layer help to dissociate 

charges, resulting enhancement of device performance. Dark J-V curves after poling 

also showed a reduced reverse current which can also explained the change of device 

performance. 

  However, if current hypothesis is true, the reverse bias aligning dipole could help 

charge separation, the forward bias should aligning dipole the opposite way and 

increase charge recombination. But the device performance after forward bias still 

showed increase of device performance compared to the case without poling. Further 

investigation might be needed to explain the phenomenon here.   
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Figure 1.2.26 a) The molecular structure of a ferroelectric P(VDF-TrFE) dipole layer, b) the 

device structure with a dipole layer inserted between the acceptor and the donor layers, c) and d): 

the energy level diagram of the semiconductor heterostructure without and with a dipole layer 

inserted between the acceptor and the donor layers. Figure is reproduced from ref. 43 with 

permission. Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 1.2.27 Device performance variation with the insertion of 1 ML P(VDF-TrFE) dipole 

layer between P3HT and PCBM layers: a) J–V curves under the simulated Air Mass 1.5 Global 

Irradiation (100 mW cm−2) for the as made trilayer device (black balls), after poling the 

P(VDF-TrFE) layer with reverse bias (red triangles) and forward bias pulses (blue squares), 

respectively; b) J–V curves in dark of the device under the three poling conditions. Figure is 

reproduced from ref. 43 with permission. Copyright 2012, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 
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  The examples showed above clearly indicated that the D/A interfacial property 

could affect device performance of OSCs drastically. More importantly, the process 

involved are key process like charge separation and recombination. By tuning this 

process could potentially minimize the energy loss in OSCs and find a new route to 

optimize the device performance.  

 

Charge transfer state 

  As mentioned in the previous section, charge transfer state (CT state) is an 

intermediate state refers to the state right after electron transfer from donor to acceptor. 

After the formation of CT state, the bonded electron-hole pair might either get 

separated or recombine to the ground state, therefore this process has a primary 

importance for generating free charges in OSCs.  

  However, the above statement is just a simple scenario. Friend et al. reported by 

pump push measurement, a multiple state was detected at D/A interface after 

excitation.
44

 As indicated by Figure 1.2.28, after excitation, the S1 state will go to CT 

state, however, initially CTn state is a hot state which is a higher lying energy state. 

Within a short time, CTn state relaxed to CT0 state, which is a lower lying energy state. 

By push probe, the lower lying CT state could be push to CS state. For higher lying 

CT state, charge separation could proceed due to the downhill process in energy. For 

the lower lying state, on the other hand, charges could recombine because the energy 

of CT state (ECT) is lower than CS state. As shown in Figure 1.2.29, for lower lying 

CT state, the charge separation distance is shorter, indicating more localized CT state. 
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In this case, charges are more likely to recombine due to the large coulomb interaction. 

However, for higher lying CT state, charges are more spatially separated, indicating 

more localized CT state, resulting efficient charge separation.  

 

 

 

Figure 1.2.28 (A and B) Band diagrams for (A) a typical OPV and (B) a cationic state on the 

polymer donor. (C) Free energy state diagram of the same OPV system. Singlet, charge-transfer 

(CT; lowest-lying, CT0; band states, CTn) and separated-charges (SC) states are shown; 

positive charge density distribution in (B) is indicated by pink contour. Solid arrows show 

optical transitions, and dashed arrows indicate energy- and charge-transfer pathways involved 

in photoconversion. Layouts of (D) pump-push photocurrent and (E) three-pulse 

transient-anisotropy experiment. Figure is reproduced from ref. 44 with permission. Copyright 

2012. American Association for the Advancement of Science. 
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 In the above report, the energy offset at D/A interface seemed less important since 

the CT state could be initially hot. This phenomenon has also been discussed by other 

groups. Durrant et al. reported that for the systems that exhibit the smallest LUMO 

offset, the photocurrent quantum yield decreases as the photon excitation energy is 

reduced toward the band gap, but the yield of bound, interfacial charge transfer states 

rises.
45

 The initial energy of excitons could lead to a hot state in which the energy 

could be used for charge separation.(Figure 1.2.29) This scenario is quite similar as 

reported by Friend et al. 

 

Figure 1.2.28 (A and B) Microelectrostatic simulations of the charge distribution at the P3HT/ 

PCBM (A and B) and P3HT/F8TBT (C and D) heterojunction, with electron and hole densities 

shown in blue and red, respectively. (A and C) Charge distribution in the lowest CT-state 

configuration, and (B and D) in the excited CTstate configuration created upon absorption of 

an IR-push photon. R, average electron-hole separation. Figure is reproduced from ref. 44 with 

permission. Copyright 2012. American Association for the Advancement of Science. 
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  Besides these reports, there are other groups using spectroscopy analysis to reveal 

CT state in terms of time scale. Zhu et al. reported that for initial excitation on 

phthalocyanine, hot CT excitons are formed in 10
-13

 s, followed by relaxation to lower 

energies and shorter electron–hole distances on a 10
-12

 s timescale.
46

 The relaxation of 

hot CT state might limit the time for competitive charge separation channels that can 

give rise to higher current generation. (Figure 1.2.30)  

 

 

Figure 1.2.29 Energy level diagram depicting two charge separation processes initiated by 

light excitations using photons with high energy (red arrows) and low energy (blue arrows). 

Figure is reproduced from ref. 45 with permission. Copyright 2012. American Chemical 

Society.  
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Figure 1.2.30 TR-2PPE spectra of D/A interfaces showing hot CT excitons. a, Pseudo-colour 

plot of TR-2PPE spectra of monolayer CuPc on C60 .b, Pseudo-colour plot of TR-2PPE 

spectra of monolayer C60 on CuPc. The electron energy in the intermediate state is referenced 

to the highest occupied molecular orbital of CuPc, as determined in ultraviolet photoemission 

(see Supplementary Fig. S1). Note the different energetic cutoff in signal between a and b due 

to the difference in workfunction. c, 2PPE spectra (dots, vertical cuts of b) at the indicated 

pump–probe delay times (±20 fs). The red and blue curves are components in double-Gaussian 

fits (black) to the data. d, The position of the CT state (circles) as a function of pump–probe 

delay. Figure is reproduced from ref. 46 with permission. Copyright 2013. Nature materials. 
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Figure 1.2.31 Current density and relative number of photogenerated charge carriers as a 

function of applied voltage. a,b, J–V curves in the dark and under solar illumination for a 

solution-processed MEH-PPVVPC61BM device (a) and for a PBDTTPDVPC61BM device 

(b). The relative number of generated charge carriers, extracted in the TDCF experiment as a 

function of applied bias, is shown on the right axis, for dominant excitations of D_, A_ and 

those directly into the CT band (at 1.38 eV for MEH-PPVVPC61BM and 1.5 eV for 

PBDTTPDVPC61BM). Figure is reproduced from ref. 47 with permission. Copyright 2014. 

Nature Materials. 
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  Salleo et al. reported although the hot CT states will fall into lower lying CT state, 

but it does not necessarily hamper charge separation.
47

 Their results suggested that 

even with lower lying CT state, the charge separation efficiency could still be high. 

The point here lies in whether such lower lying CT state is delocalized enough for 

further charge separation or not. In Figure 1.2.31, they measurement two systems 

which showed lower lying CT state. However one of them showed efficient charge 

separation, the other showed field dependent charge separation. The results were 

rationalized by the energetic location of cold CT state. Their results indicated it's 

important to have delocalized state for CT state which is the key factor for charge 

separation.  

  The CT state plays an important role in OSCs since it decides charge separation 

efficiency. How to make CT state more delocalized is a challenging and key process 

in OSCs for further enhancement of PCE.  

 

1.3 Research objectives 

  From the former sections, I can see lots of factors affecting device performance 

simultaneously. Common strategies to improve efficiency of device like developing 

low band gap polymer or new buffer layer have already been well established, and 

device performance was indeed improved. However, there were certain limits for 

these strategies. From Figure 1.2.22, I can easily imagine the trade-off relationship 

between VOC and JSC, and the common strategies cannot solve this issue since they are 
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basically playing with energy levels of materials. How to avoid such trade-off 

relationship, or in other words, how to increase one parameter without losing the other 

is the problem I need to face right now. 

  In this thesis, I delicate to solve the above trade-off relationship and improve device 

performance. In order to do that, I purposed two strategies, namely D/A interfacial 

modification and crystallization of materials. The key here to solve trade-off 

relationship lies in controlling photo-physical process happening at D/A interface. 

Since ECT, charge separation and recombination have critical influence on VOC and JSC 

of device, purposely using D/A interfacial modification and crystallization of 

materials as tools to control these process might give us a chance to avoid trade-off 

relationship and ultimately improve device performance.  

  In following chapters, I will first give an example how to introduce D/A interfacial 

modifications in bilayer device, and correlate interfacial property with device 

performance. In the next step, I propose the concept of "ideal interface" which helps 

to avoid trade-off relationship and improve device performance. In the last chapter, 

crystallization of fullerene was utilized as a new strategy to improve performance of 

both bilayer and BHJ device. 
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Chapter 2. Electric Field-Induced Dipole 

Switching at the Donor/Acceptor Interface 

in Organic Solar Cells 

 

2.1 Introduction 

  D/A interface has played a very important role in device performance of OSCs. 

Open circuit voltage of the device is affected by many factors. Among them, energy 

levels at D/A interface is of vital importance. It is generally believed that the energy 

level difference between HOMO of D and LUMO of A (EDA) defines the maximum 

VOC attainable in OSCs. Usually, VOC of OSCs could be changed by alternation of 

materials combination, therefore design of new material with suitable energy levels is 

favorable. 

  On the other hand, for the same combination of materials, the VOC is usually stable 

under well optimized condition, since it is mainly determined by the energy levels of 

materials. Although sometimes factors like crystallization of the materials might 

change the band gap via different degree of intermolecular coupling after annealing, 

for the device under a given condition, VOC should be constant. However, how to 

modify energy level of a given system and therefore VOC remains challenging due to 

the difficulty in accessing to D/A interface in OSCs.  

  Well-defined bilayer structures could be suitable for the fundamental investigation 

of D/A interfaces in OSCs. However, the intermixing of D and A molecules at the 
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interface must be avoided. The preparation of bilayer devices usually involves 

vacuum deposition or successive spin-coating of the organic materials. These methods 

often induce diffusion and intermixing of the D and A molecules at the interface.
1-3

  

Recently, I have demonstrated that the insertion of aligned molecular dipole 

moments at the D/A interface of OSCs with a well-defined bilayer structure changed 

the energy level difference between the LUMO of acceptor and the HOMO of donor 

(EDA), resulting in a large change in VOC even for the same combination of the 

materials in the bulk films (Figure 2.1.1).
4 
This clearly shows that the performance of 

OSCs could be strongly affected by the D/A interfacial properties. Furthermore, it is 

possible that these interfacial properties could be changed by external stimuli after the 

fabrication of the devices. This could clarify the relationship between the interfacial 

properties and the device performance, and also produce a new type of optoelectronic 

device that responds to various external stimuli. 

In this chapter, I will present the manipulation of the molecular dipole moments in 

bilayer OSCs by electric fields. The structures of the materials in this work are shown 

in Figure 1.1.2. The same combination of materials as in our previous work was 

adopted: [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the acceptor; 

poly(3-hexylthiophene) (P3HT) as the donor; and  surface-segregated monolayers 

(SSMs) of fluoroalkylated organic semiconductors, [6,6]-phenyl-C61-butyric acid 

1H,1H-perfluoro-1-nonyl ester (FC8) or 

poly(4’-dodecyl-3-[1H,1H,2H,2H-perfluorooctyl]-2,2’-bithiophene)s (P3DDFT), as 

the dipole layer at the D/A interface. As previously reported, the aligned dipole 
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moment of FC8 reduced EDA and thus VOC of the OSC compared to the pristine 

P3HT/PCBM interface. When a negative bias was applied to the devices, the dipole 

moment of FC8 became disordered or was reversed by to the electric field (Figure 

2.1.2). This change in the dipole moment could induce a change in the energy 

alignment at the D/A interface, which should be reflected in the diode and OSC 

properties. More interestingly, these process could be totally reversible by using a 

positive bias, giving a new property of the device that VOC could be controlled by 

electric field even after device fabrication.  

 

 

Figure 2.1.1 Schematic representation and energy diagrams of the P3HT/PCBM bilayer 

devices. a) Without interfacial dipole moments. b) With interfacial dipole moments of FC8. c) 

With interfacial dipole moments of P3DDFT. d) After thermal annealing. Figure is reproduced 

from ref. 4 with permission. Copyright 2011. Nature materials.  
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2.2 Experiments 

 

Materials. [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the acceptor; 

poly(3-hexylthiophene) (P3HT) as the donor; and  surface-segregated monolayers 

(SSMs) of fluoroalkylated organic semiconductors, [6,6]-phenyl-C61-butyric acid 

1H,1H-perfluoro-1-nonyl ester (FC8) or 

poly(4’-dodecyl-3-[1H,1H,2H,2H-perfluorooctyl]-2,2’-bithiophene)s (P3DDFT), as 

the dipole layer at the D/A interface. Chemical structures of the above materials are 
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Figure 2.1.1 Schematic representations of the dipole moment reorientation induced by bias 

voltages in PCBM/FC8//P3HT bilayer devices. 
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shown in Figure 2.2.1 . 

  

 

Preparation of electron transporting layer TiO2 films. ITO-coated glass substrates 

(sheet resistance 10Ω
-1

, Geomatech) were cleaned by ultrasonication in detergent, 

water, acetone, 2-propanol and water again for 30 min, and were exposed to 

ultraviolet-ozone for 20 min. TiO2 precursor solution (NDH-510C, Nippon Soda) 

diluted by ethanol was spin-coated on the ITO substrates at a spinning rate of 3,000 

r.p.m. for 30 s followed by drying at 140 °C for 40 min and calcination at 500 °C for 

30 min to form an electron-transporting layer. Then, the substrates were again cleaned 

by ultrasonication in acetone and 2-propanol. 

 

 

PCBM P3HT

FC8 P3DDFT
 

Figure 2.2.1 Chemical structures of PCBM, P3HT, FC8, and P3DDFT. 
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Preparation of donor layer and acceptor layer. Chlorobenzene solution containing 

10 mg/mL of PCBM was spin-coated onto the ITO/TiO2 substrates at a spinning rate 

of 600 r.p.m. for 60 s. The substrates were thermally annealed at 150 °C for 5 min 

inside a N2-filled glove box. The substrates with the structure glass/PSS 

(Aldrich)/P3HT were prepared by successive spin-coatings. PSS was a sacrificial 

layer and was prepared by spin-coating of aqueous solution containing 10 mg/mL of 

PSS at a spinning rate of 4,000 r.p.m. for 30 s on the glass substrates, which were 

precleaned and exposed to ultraviolet_ozone in the same way as were the ITO 

substrates. Chlorobenzene solution containing 10 mg/mL of P3HT was spin-coated on 

the glass/PSS substrates at a spinning rate of 1,000 r.p.m. for 60 s. 

ITO/TiO2/PCBM/FC8 film was fabricated from spin-coating chlorobenzene solution 

containing 10 mg/mL of PCBM and FC8 (ratio 1:0.1). glass/PSS/P3HT/P3DDFT was 

fabricated from spin-coating chlorobenzene solution containing 10 mg/mL of P3HT 

and P3DDFT (ratio 1:0.1) at 120 °C. 

 

Device fabrication by contact film transfer (CFT). Contact film transfer method is 

previously reported by Wei et al.
5
 The schematic image of CFT process is shown in 

Figure 2.2.2. Acceptor (PCBM) and SSM (FC8) film was spin-coated on TiO2 coated 

ITO. During spin-coating, FC8 will flow to the surface due to its lower surface energy 

compared to PCBM, serving as dipole moment at the surface of film.(Figure 2.2.3) 

Donor (P3HT) film was spin-coated on PSS coated glass. Then the donor coated 

substrate was placed upside down onto acceptor coated substrate. One drop of water 
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was placed on the edge of these two substrate. The water drop will selectively 

dissolve PSS layer because it's water soluble. After PSS layer was dissolved by water, 

donor film will be transferred onto the acceptor film . After evaporation of hole 

transporting layer V2O5 and electrode Al, the fabrication of bilayer OSCs were 

completed. Since in CFT method, no pressure or heat was involved, a clear laminated 

D/A interface could be expected. One more merit is that each layer could be modified 

purposely before film transfer, and these modification could remain at D/A interface 

after transfer, allowing us to investigate how D/A interfacial property affects device 

performance. 

 

Device characterization. The bias was applied to the device as follows: the devices 

were placed on a hot plate at 55 °C in the dark, and the negative or positive bias 

voltage was applied for 50 min. After each bias was applied to the same device, the 

J-V characteristics of the OSCs were measured using a J-V measurement system 

(Model 2400, Keithley) either in the dark or under AM1.5 simulated solar light 

irradiation (PEC-L11, Peccell Technologies) at room temperature. This procedure was 

repeated with different bias voltages. A photomask was used to define an active area 

of 0.12 cm
2
 for the devices. The light intensity was adjusted to 100 mW/cm

2
 with a 

standard silicon solar cell (BS520, Bunkou Keiki, Japan). 

 



74 
 

 

 

O

O

F F

F F

F F

F F

FF

F F

F F
F

F
F

FC8

Fluoroalkyl Chain

FC8 Spontaneously Forms Surface Monolayer on PCBM Film

Dipole Moment

PCBM:FC8 Mixed Solution

Spin-coating

Surface Segregation

Low Surface Energy

PCBM

O

O

Drying

 

Figure 2.2.2 Modifying film surface with SSM. 
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Figure 2.2.2 Schematic image of CFT method. 
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2.3 Results and Discussions 

 

Dipole switching by FC8 

  In this research, dipole flipping at D/A interface was achieved by adding electric 

field. In order to enhance the response of molecules, the substrate was heated up to 

increase molecular dynamics. However, it is confirmed that interfacial mixing didn't 

happen under such conditions. 

 

  The J-V characteristics for the PCBM//P3HT and PCBM/FC8//P3HT OSCs are 

shown in Figure 2.3.1. The PCBM//P3HT device had a VOC of 0.49 V, JSC of 1.46 mA 

cm
-2

, and fill factor (FF) of 0.57. The PCBM/FC8//P3HT device had a comparable JSC 

of 1.40 mA cm
-2

, and FF of 0.51, although the VOC value of 0.34 V was lower. These 

results were consistent with our previous study.
4 

The lower VOC in the 

PCBM/FC8//P3HT device can be attributed to the formation of dipole moment 

induced by the alignment of the fluoroalkyl chains of the FC8 molecules during 

spin-coating the blended solution of PCBM and FC8, and the relative energy levels 

were shifted between the P3HT and PCBM layer, resulting in a smaller EDA (Figure 

2.3.2). 
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Figure 2.3.2 Schematic representations of the change in the energy diagrams and the dipole 

moment orientation induced by bias voltages in PCBM/FC8//P3HT bilayer devices. 

  Figure 2.3.3 shows the dark J-V characteristics of the PCBM/FC8//P3HT devices 

and the J-V characteristics under light irradiation after the application of a negative 

bias voltage of −5 to −8.5 V at 55 °C for 50 min. We confirmed that at temperatures 
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Figure 2.3.1. J-V characteristics of the PCBM//P3HT and PCBM/FC8//P3HT devices under 

irradiation. 
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below 60 °C with no applied bias there was no change in VOC or JSC, indicating that 

there was no intermixing of the materials at the interfaces (Figure 2.3.4). We also 

confirmed that the device temperature was always below 59 °C for all the bias 

application conditions (Figure 2.3.4). Therefore, I can exclude the possibility that the 

changes were caused by the mixing of the interfacial molecules; applying the bias at 

lower temperatures induced similar changes, although the response was slower 

(Figure 2.3.5). The dark J-V curves show that as the applied bias became more 

negative, the reverse saturation current density decreased and the turn-on voltage for 

the diode increased (indicated by the arrows in Figure 2.3.3a). Under irradiation, VOC 

increased from 0.34 to 0.51 V as the negative bias voltage increased, whereas JSC 

decreased from 1.40 to 1.15 mA cm
-2

. When a larger negative bias voltage (−15 to 

−20 V) was applied to the device, VOC of 0.63 V was observed (Figure 2.3.5). This 

value was higher than that of the PCBM//P3HT device (0.49 V), although it was 

smaller than the value I have previously reported with the opposite dipole moment (up 

to 0.95 V).
4
 However, JSC decreased sharply under higher negative biases and the 

devices broke down when the bias voltage was increased to −20 V. 
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Figure 2.3.4. a) VOC and JSC versus temperature in PCBM/FC8//P3HT devices. No change was 

observed up to 60 °C, indicating that there was little intermixing of the materials at the 

interfaces below this temperature. b) Change in the surface temperatures of PCBM/FC8//P3HT 

devices during the application of the bias voltage. Changes in VOC after the bias voltage was 

applied are also shown. Temperatures did not exceed 60 °C for bias voltages in the range of 

−8.5 to +5.5 V. 
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Figure 2.3.3. J-V characteristics of PCBM/FC8//P3HT devices (a) in the dark, and (b) under 

irradiation after applying the designated negative bias voltages. 
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The performance of the PCBM//P3HT device after the bias voltages were applied 

was investigated as a control experiment. Figure 2.3.6 shows that the turn-on voltage 

of the diode in the positive voltage region (0 to +0.5 V) remained the same, and the 

reverse saturation current density remained largely unchanged after the negative bias 

voltages up to −8.5 V were applied. Under light irradiation, VOC of the PCBM//P3HT 

devices did not change (0.49 to 0.52 V). JSC decreased from 1.46 to 1.24 mA cm
-2

 

after applying the bias voltages, which was similar to the decrease observed in the 

PCBM/FC8//P3HT devices (1.40 to 1.15 mA cm
-2

). 
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Figure 2.3.5. a) The J-V characteristics of PCBM/FC8//P3HT devices under irradiation after 

applying the negative bias voltages (−5 to −8.5 V) at room temperature for 50 min. VOC 

changed from 0.34 to 0.40 V, which was smaller than that at 55 °C, which was from 0.34 to 

0.51 V. b) The J-V characteristics of PCBM/FC8//P3HT devices under irradiation after 

applying the negative bias voltages (−15 to −19 V) at 55 °C for 50 min. VOC of 0.63 V was 

observed for high negative biases, although JSC was dramatically reduced.  
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The changes in VOC and diode behavior of PCBM/FC8//P3HT device can be 

explained by the electric field causing changes in the orientation of the fluoroalkyl 

chains in FC8. VOC of the OSCs should represent the average properties of the D/A 

interface. VOC of the PCBM/FC8//P3HT device reached a similar value to that of the 

PCBM//P3HT device (0.51 V) after applying a negative bias (−8.5 V), which suggests 

that the fluoroalkyl chains lost their orientation. The EDA shift disappeared because 

the direction of the dipole moment no longer pointed from the P3HT to PCBM layer, 

which was caused by the change in the alignment of the fluoroalkyl chains. When a 

larger negative bias of −19 V was applied, VOC increased further to 0.63 V, indicating 

that the dipole moments of the fluoroalkyl chains began to be oriented in the opposite 

direction, from the PCBM to the P3HT layer. 

The changes in the reverse saturation current and the turn-on voltage of the diodes 

could also be attributed to the change in EDA. At thermal equilibrium, the reverse 

current should be proportional to the thermally generated charges at the D/A interface. 

Therefore, it should depend exponentially on EDA, which represents the energy 
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Figure 2.3.6. J-V characteristics of the PCBM//P3HT devices (a) in the dark, and (b) under 

irradiation after applying the negative bias voltages. 
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difference between the ground state and charge separated state, ECT, assuming there is 

no charge injection from the electrodes. The dark J-V curves can be fitted with the 

standard Shockley equation by using one diode model in the range of −0.2 to +0.8 

V.
6-7

 The change in the turn-on voltage in the diodes can be reproduced by changing 

the reverse saturation current density (J0), whereas the other parameters, such as Rp, 

Rs, or n, remained similar (Figure 2.2.7 and Table 2.3.1). This also suggests the 

observed changes were caused by the change in the energy levels at the D/A interface. 
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Figure 2.3.7 Plots of J0 obtained by fitting the Shockley equation and VOC measured after the 

bias voltage was applied to the PCBM/FC8//P3HT device with a) negative, and b) positive 

biases. When the bias voltage became more negative, VOC increased and J0 decreased. The 

positive bias was then applied to the same device. When the bias voltage was positive, VOC 

decreased and J0 increased. c) Equivalent circuit model used for the J-V curve fitting. 
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Table 2.3.1. Summary of PCBM/FC8//P3HT device performance and the parameters extracted by 

analyzing the dark J-V characteristics using the Shockley equation 

( ). The optimum ideality factor n was 1.75 

for all fittings. 

 

Bias voltage VOC /V Bias /V J0 /mA cm
−2

 RS /kΩ  RP /kΩ  

Negative bias 

0.34 0 1.517 × 10
−4

 1.5 × 10
−1

 1.0 × 10
4
 

0.39 −5 8.586 × 10
−5

 1.8 × 10
−1

 2.1 × 10
4
 

0.41 −5.5 4.634 × 10
−5

 1.7 × 10
−1

 4.9 × 10
4
 

0.43 −6 4.256 ×10
−5

 4.6 × 10
−1

 7.0 × 10
4
 

0.44 −6.5 2.064 ×10
−5

 1.7 × 10
−1

 1.3 × 10
5
 

0.46 −7 1.677 ×10
−5

 2.0 × 10
−1

 1.8 × 10
5
 

0.48 −7.5 1.625 ×10
−5

 2.3 × 10
−1

 1.3 × 10
5
 

0.49 −8 1.122 ×10
−5

 2.7 × 10
−1

 1.0 × 10
5
 

0.51 −8.5 6.529 ×10
−6

 2.8 × 10
−1

 7.8 × 10
4
 

Positive bias 

0.46 +3 2.047 ×10
−5

 4.7 × 10
−1

 2.0 × 10
5
 

0.43 +3.5 2.694 ×10
−5

 4.5 × 10
−1

 9.7 × 10
4
 

0.42 +4 3.115 ×10
−5

 6.0 × 10
−1

 8.1 × 10
4
 

0.41 +4.5 4.117 ×10
−5

 5.6 × 10
−1

 9.3 × 10
4
 

0.39 +5 6.917 ×10
−5

 6.7 × 10
−1

 7.3 × 10
4
 

0.36 +5.5 9.382 ×10
−5

 6.9 × 10
−1

 5.9 × 10
4
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JSC decreased under the negative bias voltage. Because a similar decrease was 

observed in the PCBM//P3HT device control group, this may not be related only to 

the dipole change at the D/A interface, but also to the deteriorations of the electrodes 

or the charge transfer path in the active layer. We conducted the same experiments in 

vacuum, but the decrease of JSC was still observed, which excluded the possibility that 

the degradation was due to the exposure to the air. 

 The PCBM/FC8//P3HT device performance after applying the positive bias 

voltages was measured to determine whether the change of in VOC is reversible. After 

VOC of the PCBM/FC8//P3HT device was increased from 0.34 to 0.51 V by applying a 

negative bias (−8.5 V), the positive bias voltages from +3 to +5.5 V were applied to 

the same device. The dark J-V characteristics shown in Figure 2.3.8 were the reverse 

of those caused by the negative bias: the reverse saturation current density was 

increased in the negative voltage region and the turn-on voltage was decreased 

(indicated by the arrows in Figure 2.2.7a). Under the light irradiation, VOC gradually 

decreased when the positive bias voltages were applied and a VOC of 0.36 V was 

obtained after a bias of +5.5 V was applied. This VOC value was close to that of the 

original device before the biases were applied (0.34 V). A slight increase in JSC from 

1.06 to 1.13 mA cm
-2

 was observed when a positive bias of +5.5 V was applied. The 

current flow was larger for positive biases, because of the diode behavior of the 

bilayer OSCs; therefore the temperature approached 60 °C as the bias voltage 

increased in the positive direction. We suspect that the PCBM/P3HT interface began 

to mix at this stage, which resulted in a small increase in JSC. 
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A negative (−7.5 V) and then a positive (+6 V) bias voltage were applied to the 

device for 50 min at 55 °C repeatedly, in order to demonstrate the reversible control 

of VOC in the PCBM/FC8//P3HT device  Figure 2.3.9 shows VOC of the 

PCBM/FC8//P3HT device (black filled squares) switched reversibly between 0.32 and 

0.44 V. In contrast, VOC of the PCBM//P3HT device (red filled squares) remained 

nearly unchanged around 0.5 V. These results show that the change in VOC was caused 

by the FC8 layer at the D/A interface and was reversibly controlled by the bias 

directions. 

-1.0 -0.5 0.0 0.5

0.00

0.04

0.08

0.12

 

 

 bias= -8.5 V   Voc= 0.52 V

 bias= +3 V     Voc= 0.46 V

 bias= +3.5 V  Voc= 0.43 V

 bias= +4 V     Voc= 0.42 V

 bias= +4.5 V  Voc= 0.41 V

 bias= +5 V     Voc= 0.39 V

 bias= +5.5 V  Voc= 0.36 V

C
u

rr
e

n
t 
d

e
n

s
it
y
  
/m

A
 c

m
-2

Voltage /V

a b

0.00 0.25 0.50

-0.8

-0.4

0.0

 bias= -8.5 V   Voc= 0.52 V

 bias= +3 V     Voc= 0.46 V

 bias= +3.5 V  Voc= 0.43 V

 bias= +4 V     Voc= 0.42 V

 bias= +4.5 V  Voc= 0.41 V

 bias= +5 V     Voc= 0.39 V

 bias= +5.5 V  Voc= 0.36 V

 Voltage /V

 

 

C
u

rr
e

n
t 
d

e
n

s
it
y
 /
m

A
 c

m
-2

 

Figure 2.3.8. J-V characteristics of the PCBM/FC8//P3HT devices (a) in the dark, and (b) 

under irradiation after the positive bias voltages were applied. 
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Dipole switching by P3DDFT 

Similar changes of VOC and the diode behaviors were also observed for 

PCBM//P3DDFT/P3HT devices: VOC started from higher value of 0.88V as 

previously reported, because the original dipole direction in PCBM//P3DDFT/P3HT 

devices is opposite to that in PCBM/FC8//P3HT devices.
4
 After applying the 

designated positive bias voltages from +4 to +7 V at 55 °C for 20 min in the dark, the 

reverse saturation current density increased and the turn-on voltage for the diode 

decreased (indicated by the arrows in Figure 2.3.10a) as the applied bias became more 

positive. Under irradiation, VOC decreased from 0.88 to 0.59 V and the decrease of JSC 

was observed from 0.74 to 0.57 mA cm
-2

. After these treatments, the designated 

negative bias voltages from −6 to −9 V were applied on the same device at 55 °C for 

20 min in the dark. The reverse saturation current density decreased and the turn-on 

voltage for the diode increased (indicated by the arrows in Figure 2.2.10a) as the 

applied bias became more negative. Under irradiation, the VOC increased from 0.59 to 
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Figure 2.3.9 Changes in VOC (filled squares) and JSC (open circles) in the PCBM/FC8//P3HT 

(black) and PCBM//P3HT devices (red) when alternating bias voltages of −7.5 and +6 V were 

applied at 55 °C for 50 min.  
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0.84 V that is close to the original value, but further decrease of JSC was observed 

from 0.57 to 0.42 mA cm
-2

. In addition, similar switching experiments were 

conducted on PCBM//P3DDFT/P3HT devices with the alternating bias voltages of +7 

and −10 V (Figure 2.3.11). Similar to PCBM/FC8//P3HT device, VOC switched 

reversibly between 0.66 and 0.82 V. In contrast, VOC of the PCBM//P3HT device 

remained nearly unchanged around 0.5 V with the same treatments. These results 

indicate that the order of the dipole moments of the semifluoroalkyl side chains in 

P3DDFT also changed at the D/A interfaces by applying bias voltages.
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Figure 2.3.10 J-V characteristics of PCBM//P3DDFT/P3HT devices (a) in the dark, and (b) 

under irradiation after applying the designated positive bias voltages (from +4 to +7 V) at 

55 °C for 20 min in the dark. The reverse saturation current density increased and the turn-on 

voltage for the diode decreased (indicated by the arrows in Figure 2.3.10a) as the applied bias 

became more positive (note that the original dipole direction of PCBM//P3DDFT/P3HT device 

is in the opposite direction compared to that of PCBM/FC8//P3HT device). Under irradiation, 

the VOC decreased from 0.88 V to 0.59 V; decrease of JSC was also observed (from 0.74 to 0.57 

mA cm
-2

).  
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The change in the dipole moment was similar to the ferroelectric properties of 

fluoroalkyl compounds, such as poly(VDF-co-TrFE).
8
 However, the change in the 

dipole moment was very slow in this study (50 min) compared with that of 

poly(VDF-co-TrFE). This could be because the dipole moment change in 

poly(VDF-co-TrFE) is caused by the twisting motion of the polymer main chain, 

whereas the changes in FC8 and P3DDFT are caused by the movement of the entire 

fluoroalkyl chain. Therefore, the activation energy of the molecular reorientation 

should be much higher for FC8 than poly(VDF-co-TrFE). At this stage, it is not clear 

whether the orientation was changed by just the fluoroalkyl chain or the entire 

molecules of FC8 or P3DDFT. It is worth mentioning that after the changes of VOC 

were induced, they were stable at least for three days. We speculate that the activation 
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Figure 2.3.11. Changes in VOC (filled squares) and JSC (open circles) in the PCBM 

//P3DDFT/P3HT (black) and PCBM//P3HT devices (red) when alternating bias voltages of +7 

and −10 V were applied at 55 °C for 20 min in the dark. The VOC of PCBM //P3DDFT/P3HT 

device is (black filled squares) switched reversibly between 0.66 and 0.82 V. In contrast, VOC 

of the PCBM//P3HT device (red filled squares) remained nearly unchanged around 0.5 V. 
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energies for the dipole moment change are relatively high because it is related to the 

change of the orientation of the molecules or the fluoroalkyl chains at the interfaces. 

 

2.4 Conclusion 

In conclusion, I have demonstrated that EDA of donor and acceptor materials can be 

reversibly changed by D/A interfacial dipole reorientation, which changed the diode 

behaviors and VOC of device. This methodology could be used in BHJ structures if 

well-defined large molecular interfaces and distinctly separated charge-transport paths 

could be formed in the films. The results obtained in this research may provide an 

experimental approach for investigating the correlation between OSC performance 

(VOC) and D/A interfacial energy levels, and also produce a new type of 

optoelectronic device that responds to various external stimuli. Moreover, it 

demonstrate the availability of the methodology I used to construct clear 

donor/acceptor interface and introduce interfacial modification, correlating interfacial 

property with device performance. This method could be used as a prototype to 

investigate how interfacial property affect device performance in OSCs. 

The text and the figures in this section contained the pre-peer reviewed version of 

the following article: Zhong Y.F.; Ma J.S.; Hashimoto K.; Tajima K.; Electric 

Field-Induced Dipole Switching at the Donor/Acceptor Interface in Organic Solar 

Cells, Adv. Mater. 2013, 25, 1071-1075, which has been published in final form at 

[http://onlinelibrary.wiley.com/doi/10.1002/adma.201203605/abstract]. 

http://onlinelibrary.wiley.com/doi/10.1002/adma.201203605/abstract
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Chapter 3. Enhancement of VOC without 

Loss of JSC in Organic Solar Cells by 

Modification of Donor/Acceptor Interfaces 

 

3.1 Introduction 

  Organic solar cells (OSCs) are promising candidates for generating cheap, clean 

electricity. However, their moderate power conversion efficiency (PCE) of up to 10% 

has limited their practical use.
1
 Extensive research has been conducted to design low 

band gap polymers with suitable energy levels.
2-4

 The short circuit current (JSC) and 

the open circuit voltage (VOC) of OSCs have been maximized by optimizing the 

energy level alignment and light absorption of the donor and acceptor materials. The 

band gap of the polymers should be related to the light absorption and thus to the 

maximum JSC that can be achieved by the cells. The VOC depends on the energy 

difference between the highest occupied molecular orbital (HOMO) of the donor and 

the lowest unoccupied molecular orbital (LUMO) of the acceptor (EDA).
5, 6

 Recently, 

this has been refined in accordance with the state picture by replacing EDA with the 

energy of the charge transfer (CT) state, ECT, which contains information on the 

structures at the donor/acceptor (D/A) interfaces and the relaxation of the charged 

molecular structures.
7, 8

 The energy difference between the LUMOs of the donor and 

the acceptor serves as the main driving force for CT, and a LUMO offset is necessary 

to keep this process efficient. This can also be described using the state picture, by 
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replacing the LUMO offsets with the energy difference between the photoexcited 

donor state (D*/A) and the CT state (D
+
/A

-
) (S1-ECT). Therefore, when the energy 

levels of the materials are manipulated, the compromise between EDA and the LUMO 

offset leads to the trade-off between VOC and JSC in OSCs, which ultimately limits 

device performance.
9, 10 

In our previous work (chapter 2), I have developed experimental methods for 

fabricating bilayer OSCs with well-defined D/A interfaces. Introducing interfacial 

dipole moments at the D/A interface allows the relative energy levels of the materials 

to be tuned.
11, 12

 The increase in EDA resulting from the interfacial dipole moment 

improved VOC from 0.5 to 0.9 V even for the same combination of materials. However, 

JSC decreased, which may have been caused by the decreased LUMO offset. As a 

result, the increase in VOC caused by the dipole moment did not increase the power 

conversion efficiency (PCE), which may indicate the limitations of energy level 

optimization. 

The energy levels of the materials are one of several factors that determine the VOC. 

ECT is a more important parameter than EDA and VOC is the pseudo chemical potential 

difference between the electrodes in the steady state under photoirradiation. Therefore, 

when charge recombination competes with charge generation, the relative kinetics of 

these processes can change the charge density in the steady state and thus the 

chemical potentials. Consequently, the structure of the D/A interfaces, such as the 

distance and the molecular orientation of the donor and the acceptor, should 

substantially affect the VOC even with the same EDA. Thompson et al. investigated this 
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aspect based on the electronic coupling at D/A interface by using a bilayer OSC and 

very recently the same system was revisited to correlate VOC with ECT.
13, 14

 Although 

there have been several studies of the interfacial modification of OSCs with LiF, 

MoO3, or a semiconducting polymer electrolyte,
15-17

 no quantitative analysis of the 

effect of the interlayer on device performance has been published. The main challenge 

is to modify the interfaces to suppress charge recombination and simultaneously 

maintain efficient charge generation so as to increase the efficiency of device. 

In this work, I purpose the concept of "ideal interface" in organic solar cells which 

has efficient charge separation, suppressed recombination and higher lying CT state 

(higher ECT). As indicated in Figure 3.1.1, normal interface has charge separation and 

recombination happening at the same time. By taking D/A apart, the coupling 

between D and A became weakened, both charge separation and recombination were 

suppressed. Moreover, ECT become larger due to weakened Coulomb interaction. The 

charge separation could be recovered while remaining suppressed charge 

recombination by introducing small amount of charge separation center. By using  

ideal interface, higher efficiency of device could be expected. Experimentally, the 

effect of D/A distance on device performance is investigated. A thin insulating 

transparent spacer layer was placed between the donor and acceptor layers in bilayer 

OSCs to change the D/A distance. Changes in VOC, JSC, and thermally generated 

current induced by the insulating layers in the dark were analyzed with an equivalent 

circuit model to reveal the physical processes at the interface. The changes may be 

related to ECT and the electronic coupling between the excited and CT states, and 
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between the CT and the ground state. The effect of doping the insulating layer with 

dye was also investigated to demonstrate that introducing efficient CT centers at the 

interfaces could recover the photocurrent and improve PCE. 

 

 

 

3.2 Experiments 

Materials. The structures of the materials and their energy diagrams are shown in 

Figure 3.2.1. We chose [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the 

acceptor, poly(3-hexylthiophene) (P3HT) as the donor, and a fluorinated polymer 
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Figure 3.1.1 Schematic image of a) interface without modification, b) interface 

with enlarged D/A distance, c) interface with dye doping at D/A interface (ideal 

interface). 
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(CYTOP, Asahi Glass Co., Ltd.) as the insulating spacer. Because CYTOP is soluble 

in fluorinated solvents that are completely orthogonal to solvents suitable for the 

PCBM film, a thin CYTOP layer was spin-coated on the ITO/TiO2/PCBM film 

without damaging the PCBM layer. We designed a silicon phthalocyanine dye 

molecule with axial semifluoroalkyl chains (F-SiPc), based on the SiPc dye 

synthesized by Ohkita et al.
18-20

 SiPc has an intermediate HOMO-LUMO structure 

(Figure 1e) that enables the energy transfer from P3HT to SiPc. Ohkita et al. showed 

that the dye in the bulk heterojuction (BHJ) of P3HT:PCBM enhanced the 

photocurrent because of the absorption of SiPc and the energy transfer to the D/A 

interface. The fluoroalkyl chains make F-SiPc soluble in a fluorinated solvent, thus it 

is possible to dope the insulating layers with the dye at the PCMB/P3HT interface. 

Four devices, PCBM//P3HT, PCBM/CYTOP//P3HT, PCBM/CYTOP:F-SiPc//P3HT, 

and PCBM/F-SiPc//P3HT, were prepared, where // denotes an interface formed by the 

contact film transfer (CFT) method.
21, 22
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Device fabrication. The inverted bilayer device with a structure of ITO/TiO2/PCBM 

(Frontier Carbon Corp., Japan)/CYTOP or CYTOP:F-SiPc/P3HT (Rieke Metals, 

USA)/V2O5/Al was fabricated as follows. ITO-coated glass substrates (sheet 

resistance: 10 Ω/□, Geomatech, Japan) were cleaned by successive ultrasonication in 

detergent, water, acetone, 2-propanol, and water for 30 min, and then were exposed to 

UV-ozone for 20 min. The ITO substrates were spin coated with an ethanol solution 

of the TiO2 precursor (NDH-510C, Nippon Soda, Japan) at 3000 rpm for 30 s, dried at 

140 °C for 40 min, and calcined at 500 °C for 30 min to form the 

electron-transporting layer (TiO2 thickness: 25 nm). The substrates were cleaned by 

ultrasonication in acetone and 2-propanol. The ITO/TiO2 substrate was spin coated 

with a 10 g L−1 chlorobenzene solution of PCBM at 600 rpm for 60 s. The substrates 
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Figure 3.2.1 Chemical structures of the materials. a) PCBM, b) P3HT, c) CYTOP, and d) 

F-SiPc. e) Schematic energy diagram of the bilayer OSCs. 
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were thermally annealed at 150 °C for 5 min in a N2-filled glove box. The 

ITO/TiO2/PCBM substrates were spin coated with a CT-SOLV 180 (Asahi Glass Co., 

Ltd., Japan) solution of the spacer (CYTOP; CTL-809M, Asahi Glass Co., Ltd., 

Japan) at 3000 rpm for 60 s. The concentration of CYTOP was from 0.02 to 0.18% 

(v/v). The substrates were thermally annealed at 185 °C for 5 min on a hot plate in a 

N2-filled glove box, in order to remove the CT-SOLV 180. The dye-doped CYTOP 

layer was prepared in the same manner. The F-SiPc dye was dissolved in the CYTOP 

solution at concentrations from 0.40 to 1.00 mg mL−1. The CYTOP and F-SiPc 

solutions were heated at higher temperature (80 °C for 0.40 mg mL−1, 100 °C for 0.75 

mg mL−1, and 120 °C for 1.00 mg mL−1) to completely dissolve the F-SiPc. The 

dye-doped CYTOP solutions were spin coated onto the PCBM layer at 3000 rpm for 

60 s. The substrates were also annealed at 185 °C for 5 min on a hot plate in a 

N2-filled glove box to remove the solvent. Substrates with a structure of 

glass/poly(p-styrene sulfonate) (PSS; Aldrich)/P3HT were prepared by successive 

spin coating. The glass substrates for the sacrificial PSS layer were pre-cleaned and 

exposed to UV-ozone using the same method as for the ITO substrates, and then spin 

coated with a 10 g L−1 aqueous solution of PSS at 4000 rpm for 30 s. The glass/PSS 

substrates were spin coated with a 10 g L−1 chlorobenzene solution of P3HT at 1000 

rpm for 60 s. The glass/PSS/P3HT substrate was gently placed upside down on the 

ITO/TiO2/PCBM substrate (ITO/TiO2/PCBM/CYTOP or 

ITO/TiO2/PCBM/CYTOP:SiPc), and one drop of water was placed on the edge of two 

substrates. The water selectively penetrated and dissolved the PSS layer, resulting in 
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the transfer of the P3HT layer onto the PCBM layer (PCBM/CYTOP or 

PCBM/CYTOP:SiPc). A V2O5 hole transport layer (4 nm) and Al electrodes (50 nm) 

were deposited by thermal evaporation under high vacuum (~10
-4

 Pa) in a vacuum 

evaporation system (H-2807, E-100 load lock, ALS Technology, Japan). 

 

Device characterization. The J-V characteristics of the OSC devices were measured 

using a J-V measurement system (2400, Keithley. U.S) under AM1.5 simulated solar 

light irradiation (PEC-L11, Peccell Technologies, Inc., Japan). The active area of the 

devices was defined by a photomask as 0.12 cm
2
. The light intensity was adjusted to 

100 mW cm
-2

 by a standard silicon solar cell (BS520, Bunkou Keiki, Japan). The 

EQE of the devices was measured with a Hypermonolight System (SM-250 F, 

Bunkou-Keiki). The temperature dependence of the dark J-V characteristics was 

measured under high vacuum (<10
-4

 Pa) using a J-V measurement system (6430, 

Keithley). The temperature was controlled using a temperature controller (MJ-250, 

Measure Jig). XPS and UPS were performed on an AXIS Ultra DLD spectrometer 

(Kratos Analytical Ltd.). XPS spectra were obtained by using Al Kα radiation. UPS 

spectra were obtained with a He (I) excitation of 21.2 eV and a pass energy of 5 eV. 

UV-vis spectra were recorded on a JASCO V-650 spectrophotometer (Shimadzu, 

Japan). 
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3.3 Results and Discussions 

Enhancement of VOC without loss of JSC  

Figure 3.3.1 shows the structures of the devices. Figure 3.3.2 shows the results for 

the bilayer devices evaluated under AM1.5 simulated solar light (100 mW cm−2
). The 

PCBM//P3HT device had a VOC of 0.49 V, a JSC of 1.50 mA cm−2
, and a fill factor (FF) 

of 0.54, resulting in a PCE of 0.397%. These parameters were consistent with our 

previous results.
[11]

 When a 0.95-nm-thick CYTOP layer was present in the 

PCBM/CYTOP//P3HT device, the VOC increased to 0.60 V although the JSC decreased 

to 0.81 mA cm
−2

, which reduced the PCE to 0.309%. When I inserted the 

0.95-nm-thick dye-doped CYTOP layer into the PCBM/CYTOP:F-SiPc//P3HT 

device, the VOC increased to 0.60 V, which was similar to that of the 

PCBM/CYTOP//P3HT device. However, a JSC of 1.40 mA cm−2
 was obtained, which 

was comparable to that of the PCBM//P3HT device. This resulted in a PCE of 0.531% 

for the PCBM/CYTOP:F-SiPc//P3HT device, which was higher than that of the 

devices without the interfacial modification. A PCBM/F-SiPc//P3HT device was 

fabricated as a control, where only F-SiPc was spin-coated on the PCBM layer. The 

JSC increased to 1.86 mA cm−2
, although the VOC remained at 0.51 V, which is 

consistent with the results reported by Ohkita et al. for bulk heterojunction OSCs 

doped with SiPc. Our results clearly demonstrate that modifying the interface between 

the donor and the acceptor with a thin insulating layer doped with dye can achieve a 

high VOC without reducing JSC.  
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Figure 3.3.2.J-V curves of the four OSCs. PCBM//P3HT (■), PCBM/CYTOP//P3HT (●), 

PCBM/CYTOP:F-SiPc//P3HT (▲), and PCBM/F-SiPc//P3HT (▼). 

  

Figure 3.3.1 Schematic representation of bilayer OSCs. a) Without the spacer layer 

(PCBM//P3HT), b) with the spacer layer (PCBM/CYTOP//P3HT), c) with the spacer layer 

doped with the fluoroalkylated dye (PCBM/CYTOP:F-SiPc//P3HT), and d) with the 

fluoroalkylated dye (PCBM/ F-SiPc//P3HT). 
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Effect of the insulating layer thickness 

The thickness of the CYTOP layer was changed to examine its effect on the OSC 

performance. Angle-dependent X-ray photoelectron spectroscopy (ADXPS) was used 

to determine the thickness of the CYTOP layers, which was varied in the range of 

0.69-2.78 nm by changing the concentration of the solution. The data obtained by 

ADXPS can be well fitted with a simple bilayer mode to calculate the thickness of 

CYTOP, suggesting there is little intermixing of CYTOP and PCBM (see Figure 

3.3.3). Furthermore, the contact film transfer method involves no heat, pressure or 

organic solvent, and the previous study showed that the surface structures are well 

preserved in the interface;
[21, 22]

  therefore, this technique is well suited to correlate 

the interfacial structure and the device properties. The surface roughness of the 

PCBM/CYTOP film was also analyzed by AFM measurements (see Figure 3.3.4). 

The arithmetic mean roughness (Ra) was in the range of 0.31-0.78 nm, indicating that 

the presence of the CYTOP layer did not change the surface and interfacial roughness 

(Ra of the pristine PCBM film was 0.43 nm). 
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Figure 3.3.3 XPS measurement. a) ADXPS measurements for the ITO/PCBM/CYTOP film 

prepared from a 0.04% CYTOP solution. b) Plots of ln(2.76 IFC/IC+1) as a function of secθ at 

different concentrations of CYTOP. Linear fittings and the calculated thickness are also 

presented.  
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Figure 3.3.4 AFM images of PCBM/CYTOP films with different CYTOP layer thicknesses. The 

arithmetic mean roughness (Ra) is also shown. 

 

To exclude the possibility that an interfacial dipole moment affected the OSC 

performance, I measured the ionization energy (IE) for PCBM and PCBM/CYTOP 

films by UV photoelectron spectroscopy (UPS). The PCBM/CYTOP films exhibited 

ionization energy (IE) of 5.63-5.72 eV that was similar to that of PCBM film (5.65 eV) 

and there was no clear relationship between the IE and the thickness (see Figure 3.3.5, 

Table 3.3.1). This result suggests the absence of an aligned dipole moment in the 

CYTOP layers. Because the CYTOP layer is introduced at the organic/organic 

interface in the bilayer device and the magnitude of the energy level shifts at the 

organic interface will be reduced from those in vacuum due to the dielectric constant 

of the materials (about 3-4), the effect of this energy level shift on the VOC should be 

reduced by 1/3 to 1/4. In contrast, in fluoroalkyl self-segregated monolayers, IE shifts 

of up to +1.8 eV have been observed, depending on the density of the fluoroalkyl 

chains.
11, 23

 This difference may be because CYTOP is an amorphous polymer and has 

no functional group with a lower surface energy that could segregate to the surface. 

2.57 nm 2.78 nm 

Ra = 0.56 nm Ra = 0.51 nm 
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Even if there were a preferred molecular orientation on the surface, the molecular 

dipole moments from the main-chain fluorinated structure would be small. 

 

Table 3.3.1 Ionization energies calculated from UPS measurements. 

CYTOP Thickness  

(nm) 

 Dye concentration  

(mg mL-1) 

Ionization energy 

(eV) 

0 - 5.65 

0.69 - 5.71 

0.95 

0.95 

0.95 

0.95 

- 

0.40 

0.75 

1.00 

5.67 

5.72 

5.70 

5.61 

1.40 - 5.66 

1.79 - 5.62 

2.17 - 5.72 

2.57 - 5.68 

2.78 - 5.72 
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The CYTOP layer is transparent in the visible region and thin enough (< 3 nm) to 

disregard the interference effect. The transmittance absorption spectra of the 

PCBM/CYTOP//P3HT films did not change when the CYTOP layers of various 

thicknesses were inserted (see Figure 3.3.6), which excludes the possibility of a 

change in the light absorption. Furthermore, the bilayer devices of PCBM/CYTOP or 

CYTOP/P3HT exhibited no photovoltaic behavior, indicating that the charge 

separation occurs exclusively at the PCBM/P3HT interface. 
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Figure 3.3.5 UPS measurement. a) Cutoff and b) Fermi-edge regions, and c) the whole range 

of the UPS spectra of the ITO/PCBM/CYTOP films with different CYTOP layer thicknesses.  
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  The photovoltaic performance of PCBM/CYTOP//P3HT devices with CYTOP 

layers of various thicknesses are summarized in Figure 3.3.7. The VOC increased from 

0.49 V for the device with no CYTOP layer to 0.60 V for the 0.95-nm-thick layer, it 

remained constant until the thickness reached 2.17 nm, and then began to decrease. In 

contrast, JSC monotonically decreased as the thickness of the spacer layer increased. 

The external quantum efficiency (EQE) spectra exhibited a monotonic decrease in the 

efficiency of the PCBM (300-400 nm) and P3HT (400-650 nm) response as the spacer 

thickness increased (see Figure 3.3.7c). This change corresponded well with the 

change in JSC. The FF increased initially and decreased for CYTOP layers thicker 

than 1 nm. In summary, although the VOC was increased by the insertion of the 

CYTOP layer, the substantial decrease in JSC decreased the efficiency of the devices. 
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Figure 3.3.6. Absorption spectra of the TiO2/PCBM/CYTOP//P3HT films. 
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The dark J–V characteristics show that as the spacer became thicker, the reverse 

saturation current density decreased, and the turn-on voltage for the diode increased 

(see Figure 3.3.8). To analyze the change in the VOC quantitatively, an equivalent 

circuit model was used to fit the dark J-V curves, according to a previously reported 

method.
6, 24

 VOC can be expressed by the Shockley equation, assuming the ideal case 

(see Supplementary Information for details) 
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Figure 3.3.7 Dependence of the PCBM/CYTOP//P3HT device parameters on the thickness of 

the CYTOP layer. a) VOC and JSC and b) FF and PCE, c) EQE spectra of the 

PCBM/CYTOP//P3HT devices with different CYTOP layer thicknesses. 
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where n is the ideality factor, k is the Boltzmann constant, T is the temperature, e is 

the elementary charge, Jph(VOC) is the photogeneration rate of the charge density 

under open circuit conditions, and J0 is the reverse saturation current density. J0 

displays an empirical dependence on the temperature 











kT
JJ


exp000

                     (2) 

where J00 is the pre-exponential factor, and  is the energetic term for the thermal 

excitation generation of the charge carrier under dark conditions. The combination of 

the two equations produces the following expression, 
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ph OC
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Jn nkT
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e e J V

  
    

 

                      (3) 

Vandewal et al. described the relationship between VOC and ECT obtained by 

spectroscopic methods and showed experimentally that VOC converges to ECT/e at 0 

K.
25

 When this relationship was compared with equation (3) for T, the expression n 

= ECT was obtained. This relationship is plausible if under the assumption that J0 is 

proportional to the number of the charges thermally generated from the D/A interface 

in the steady state under negative bias. n can be interpreted as the average number of 

charges, which is between 2 (no charge trapping) and 1 (one of the charges trapped at 

the interface).
26

 J00 may represent the density of the charge generation sites and the 

probability of charge generation, which would be directly related to the distance 

between the donor and acceptor.
27
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Temperature-dependent measurements of the J-V curve were obtained and the 

dependence of the parameters J00, Jph (VOC), −nkTln(J00/Jph(VOC), and n extracted 

from the fitting of the thickness of the CYTOP layers are shown in Figure 3.3.9. Both 

J00 and Jph monotonically decreased as the thickness of the spacer layer increased. The 

insulating spacer layer affected several processes at the D/A interface; the enlarged 

D/A distance may weaken the electron coupling between the excited (D
*
/A or D/A

*
) 

and CT states (D
+
/A

-
). It could also weaken the coupling between the CT and ground 

states; therefore, both the charge recombination and the charge separation were 

suppressed by the spacer layer at the D/A interface, resulting in the decrease of J00 

and Jph. The dependence on the thickness was larger for Jph than in J00, leading to the 

increase of -nkTln(J00/Jph(VOC) (Figure 3.3.9c). However, n initially increased with 

the spacer thickness and then remained constant for thicknesses greater than 1 nm 

(Figure 3.3.9d). Because n = ECT and n was not affected by the thickness of the 
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Figure 3.3.8 Dark J–V characteristics of PCBM/CYTOP//P3HT devices for different CYTOP 

layer thicknesses. The thickness of the spacer increased, the reverse saturation current density 

decreased, and the turn-on voltage for the diode increased, as indicated by the arrows. 
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CYTOP layer in the curve fitting (n ~ 1.60), ECT was increased by adding the spacer 

layer. ECT can be expressed approximately by 

2

04
CT DA

r

e
E E

d 
                    (4) 

where 0  is the vacuum dielectric constant, r  is the relative dielectric constant, 

and d is the D/A distance. The increase in ECT was attributed to the increase in d, 

although the lower dielectric constant of CYTOP (2.0-2.1) could also reduce ECT. ECT 

converged to 1.1 eV, which is comparable to EDA calculated from the HOMO of 

P3HT and the LUMO of PCBM measured by CV (1.0-1.1 eV).
[28-30]
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Figure 3.3.9 Parameters obtained from variable temperature dark J-V curve measurements on 

PCBM/CYTOP//P3HT devices. The dependence of a) J00, b) Jph (VOC), c) −nkTln(J00/Jph(VOC), 

and d) n on the thickness of the CYTOP layers. 
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These results show that two factors affect VOC. The first is the larger dependence of 

Jph on the spacer thickness compared with J00, leading to an increase in the loss term, 

−nkTln(J00/Jph(VOC). The second is the increase in ECT caused by the reduced 

Coulomb interaction of the charges in the CT state. These two factors compete with 

each other, resulting in the VOC dependence on the spacer thickness, indicated by the 

peak observed in Figure 3.3.8a. 

 

Effects of dye doping concentration 

The thickness of the CYTOP layer was fixed at 0.95 nm, and it was doped with 

different concentrations of F-SiPc dye. To dissolve the dye completely, the CYTOP 

solution was heated. The surface roughness of the films was not substantially altered 

by the addition of the dye and the aggregation of the dye was not observed (Ra = 

0.39–0.47 nm, see Figure 3.3.10). The absorption spectra of 

ITO/TiO2/PCBM/CYTOP:F-SiPc//P3HT films show that the absorption at 680 nm 

increased with the doping concentration (Figure 3.3.11a). The UPS spectra showed 

that the IE of the ITO/TiO2/PCBM/CYTOP:F-SiPc films did not change with the 

doping concentration (see Figure 3.3.12, Table 3.3.1), indicating the effect of the 

molecular dipole moments was negligible. 

 

 

 



112 
 

   

Figure 3.3.10. AFM images of PCBM/CYTOP:F-SiPc. The thickness of the CYTOP layer was 

0.95 nm. 
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Figure 3.3.11 Absorption and EQE spectra for PCBM/CYTOP:F-SiPc//P3HT devices. a) 

Absorption spectra of TiO2/PCBM/CYTOP:F-SiPc//P3HT films (inset: a magnified view of 

the range 650-700 nm) and b) EQE spectra of PCBM/CYTOP:F-SiPc//P3HT devices different 

dye concentrations.  
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The device performance with different dye concentrations under AM1.5 irradiation 

are summarized in Figure 3.3.13. When the CYTOP layer was doped with a low 

concentration of F-SiPc (0.40 mg mL−1), the JSC of the device recovered from 0.81 to 

1.40 mA cm−2
, whereas the VOC remained at 0.60 V. As the amount of dye increased 

to 1.00 mg mL−1, the VOC decreased from 0.60 to 0.54 V, and JSC increased from 1.40 

to 2.20 mA cm−2
. 
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Figure 3.3.12 UPS measurement. a) Cutoff and b) Fermi-edge regions, and c) the whole range 

of the UPS spectra of ITO/PCBM/CYTOP:F-SiPc films with different F-SiPc concentrations in 

the CYTOP solution. 
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The EQE plots in Figure 3.3.11 show that the increase in JSC for a dye concentration 

of 0.40 mg mL−1 can be attributed to the increase in the photoresponse of P3HT and 

PCBM, and the response from the dye at 680 nm was negligible. This result indicates 

that the dye served as an energy acceptor from P3HT and as an efficient charge 

separation center at the interface. Photoluminescence of P3HT film was quenched by 

the presence of CYTOP:F-SiPc layer beneath, supporting the presence of the energy 

transfer process (see Figure 3.3.14). The average distance between the dye molecules 

in the 2D CYTOP layer at this concentration was calculated from the absorbance and 

absorption coefficient of SiPc. The distance was estimated as 6.1-12.2 nm, depending 

on the adapted absorption coefficient of SiPc.
[31, 32]

 The distance is in the same range 

as the exciton diffusion length in P3HT, suggesting that excitons can be collected 

through the energy transfer process, even though the density is not high enough for 

light absorption. When the dye concentration reached 0.75 mg mL−1, the EQE plot 

indicated the dye absorption at around 680 nm also began contributing to the 
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Figure 3.3.13 Dependence of device parameters of PCBM/CYTOP:F-SiPc//P3HT devices on 

the thickness of the CYTOP layer. Dependence of a) VOC and JSC, and b) FF and PCE.  
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photocurrent. Therefore, at high concentrations the dye acted as an energy acceptor 

and a light absorber.  

 

 

  The effect of the dye concentration was analyzed based on the equivalent circuit for 

the PCBM/CYTOP:F-SiPc//P3HT devices. The parameters were extracted and plotted 

as the function of the dye concentration (Figure 3.3.15). When the dye concentration 

was low (0.40 mg mL
−1

), both J00 and Jph increased, although the increase in J00 was 

not as large as that of Jph. As a result, the VOC loss term, −nkTln(J00/Jph(VOC)), 

decreased slightly. At low concentrations, the dyes in the CYTOP layer may not 

function as charge recombination sites, whereas they may work more efficiently as 

energy acceptors, because of the exciton diffusion and the long range interaction of 

Förster-type energy transfer. In contrast, the n term did not change upon the doping, 

indicating the D/A distance was independent of the dye concentration. However, at 

higher dye concentrations, J00 increased more rapidly than Jph as the concentration 
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Figure 3.3.14 Photoluminescence (PL) spectra for a) glass/P3HT(7 nm) and 

glass/CYTOP:F-SiPc(1 mg mL
-1

)//P3HT(7 nm), excited at 550 nm and b) absorption spectra of 

P3HT and F-SiPc and PL of P3HT. 
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increased, resulting in the increase of the loss term, −nkTln(J00/Jph(VOC)). In this 

regime, the dye molecules could function as recombination sites. A slight decrease in 

the n term was also observed. This could be caused by the contribution of new CT 

states related to the P3HT/dye or dye/PCBM interfaces. Both the factors contributed 

to the decrease in VOC from 0.60 to 0.54 V when the dye concentration was 1.0 mg 

mL
−1

. Therefore, it may be important to optimize the low dye concentrations to 

achieve a high VOC, because the dye can also act as a recombination site. 

  In the devices with only the F-SiPc dye layer (PCBM/F-SiPc//P3HT), JSC 

monotonically increased as the concentration of F-SiPc increased due to the energy 

transfer and photocurrent from the F-SiPc absorption, although VOC did not change 

substantially (see Figure 3.3.16). This indicates that the presence of the CYTOP layer 

is crucial for increasing VOC. The equivalent circuit and temperature dependent 

measurements revealed that ln(J00) and n did not change for the 

PCBM/F-SiPc//P3HT devices as the dye concentration increased (see Figure 3.3.17). 

This suggests that the dye at the interface did not affect ECT and changed only the 

ln(Jph(VOC)) term. This could produce the very small change in VOC through the 

−nkTln(J00/Jph(VOC)) term. 

 

 



117 
 

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0
9.0

9.5

10.0

10.5

11.0

 

 

 
ln

(J
0

0
) 

(m
A

 c
m

-2
)

Dye concentration (mg mL
-1
)

a

 

b

0.0 0.2 0.4 0.6 0.8 1.0

-2.5

-2.0

-1.5

Dye concentration (mg mL
-1
)

ln
(J

p
h
) 

(m
A

 c
m

-2
)

 

 

 

c

0.0 0.2 0.4 0.6 0.8 1.0

-0.45

-0.50

-0.55

 

 

-n
k
T

ln
(J

0
0
/J

p
h
) 

(e
V

)

Dye concentration (mg ml
-1
)  

d

0.0 0.2 0.4 0.6 0.8 1.0
0.9

1.0

1.1

1.2

 

 

n


e

V
)

Dye concentration (mg mL
-1
)  

Figure 3.3.15 Parameters obtained from the variable temperature dark J-V curve 

measurements for the PCBM/CYTOP (0.95 nm):F-SiPc//P3HT devices. The dependence of a) 

ln(J00), b) ln(Jph(VOC)), c) −nkTln(J00/Jph(VOC)), and d) n on the concentration of F-SiPc in the 

CYTOP solution for the PCBM/CYTOP:F-SiPc//P3HT devices. 
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Figure 3.3.16 J–V characteristics and EQE measurement for PCBM/F-SiPc//P3HT. J–V 

characteristics (a) under AM1.5 irradiation and (b) under dark conditions. (c) EQE spectra of 

PCBM/F-SiPc//P3HT devices with different dye concentrations in the solution.  
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3.4 Conclusion 

  In this chapter, the concept of ideal interface is proposed. It is demonstrated that 

placing a spacer layer between the donor and acceptor in bilayer OSCs can increase 

ECT and suppress charge recombination, resulting in a higher VOC. Although previous 

studies have focused on suppressing the charge recombination with spacers
16, 17

, I 

found that the increase in ECT was a more important factor for the VOC. Doping the 
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Figure 3.3.18 Parameters obtained from equivalent circuit analysis. Dependence of (a) ln(J00), 

(b) ln(Jph(VOC)), (c) -nkTln(J00/Jph(VOC)), and (d) n on the concentration of F-SiPc in solution 

for PCBM/F-SiPc//P3HT devices. The values were extracted from the variable-temperature 

dark J-V curve measurements.  
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spacer layer with a dye increased the JSC by the energy transfer and avoiding a 

reduction in VOC. Ultimately, by using such ideal interface, the efficiency of device 

increased by 30%. But more importantly, the trade-off relationship was avoided in 

which I increased VOC without losing JSC. Our results offer a new route toward 

enhancing the efficiency of OSCs, which may also be applicable to BHJ structures if 

the well-defined donor and acceptor nanostructure interfaces can be modified in a 

similar way. 

 

This is the pre-peer reviewed version of the following article: Zhong Y.F.; Tada A.; 
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Chapter 4. Crystallization-induced Energy 

Level Change of [6,6]-Phenyl-C61-butyric 

Acid Methyl Ester (PCBM) Film and Its 

Effect on Performance of Organic Solar 

Cells 

 

4.1 Introduction 

  In high-performance organic solar cells (OSCs), [6,6]-phenyl-C61-butyric acid 

methyl ester (PCBM) is often used as the electron acceptor in combination with 

semiconducting polymers and oligomers as donors. The crystallization of materials in 

OSCs could largely affect device performance by changing mixing morphologies and 

improve the efficiencies of charge separation, recombination, and collection in 

organic thin films.
1, 2

 The crystallization of donor polymers has generally been 

considered as the key factor for improving OSC performance owing to improved 

charge separation or transport.
1, 3

 Recently, however, the aggregation of PCBM in the 

films has also been regarded as an important phenomenon for achieving high 

performance in OSCs. The effect has been discussed in terms of charge delocalization 

in crystalline domains and the energy level cascade due to the difference in 

aggregation state.
4, 5

 

It is widely accepted that the ionization potential (IP) of the donor and the electron 

affinity (EA) of the acceptor are key factors to determine the upper limit of 
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open-circuit voltage (VOC) and the efficiency of charge separation. The electronic 

structures of PCBM films have been investigated by several groups.
6, 7

 Yet, how the 

crystallization of PCBM affects the energy levels has not been clarified, although they 

have primary importance for photovoltaic processes. Verploegen et al. reported the 

cold crystallization of PCBM films by thermal annealing at a temperature below the 

melting point and monitored the effect of blending PCBM with polymers on the 

crystallization of each component.
8
 However, no study on the change in the electronic 

structure has been reported.  

The energy levels of organic films are affected by many factors such as electronic 

polarization energy, intermolecular interaction, molecular orientation, surface dipole 

moment, and doping level.
10-12

 It is generally difficult to distinguish between the 

effects of these factors as they simultaneously affect both IP and EA in different ways. 

Namely, the polarization energy affects the stabilization of charge carriers by the 

electronic polarization of the surrounding molecules. The magnitude of polarization 

energy is about 1 eV, which works to decrease IP and increase EA compared to those 

of singe molecule in vacuum. The enhancement of the intermolecular interaction 

widens the bandwidth of the energy level, resulting in the narrowing of the band gap, 

which is the difference between IP and EA. The other factors such as molecular 

orientation, surface dipole, and doping primarily affect both IP and EA at the same 

magnitude; they do not change the band gap. 

Thus far, the above-mentioned effects on the energy level have been discussed only 

for the valence and core levels, determined using ultraviolet photoemission 
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spectroscopy (UPS) and X-ray photoemission spectroscopy (XPS). No reliable 

information about unoccupied states or EA has been available owing to the lack of 

suitable experimental techniques. Inverse photoemission spectroscopy can be 

regarded as an inverse process of photoemission and an ideal method of examining 

unoccupied states. However, the obtained data is not precise enough to discuss 

changes on the order of 0.1 eV because of the low energy resolution
9
 and damage to 

organic samples
10

 due to electron bombardment. If EA can be determined as precisely 

as IP, it is possible to determine the factors that affect the energy level. 

Recently, I have developed a new experimental method, low-energy inverse 

photoemission spectroscopy (LEIPS)
11,12

. Electrons with kinetic energy below the 

damage threshold of organic materials are introduced into the sample film and 

photons emitted owing to radiative transition to unoccupied states are detected. Since 

the electron energy is lower than the damage threshold
13

, damage to organic samples 

is negligible. The energy of emitted photons falls in the range between 2 and 5 eV (i.e., 

the near-ultraviolet or visible range). These photons can be analyzed using band-pass 

filters with a high resolution and a high transmittance followed by the use of a highly 

sensitive photomultiplier. Thus far, this new technique has been applied to 

small-molecule organic semiconductors
14-16

 and polymers
17

 to determine EA at a 

precision higher than 0.1 eV. 

  In this research, I focus on the change in the energy level of PCBM films induced 

by thermal annealing. We find that spin-cast PCBM films thermally annealed above 

150 °C crystallize and that their thickness decreases, in association with the change of 
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the energy levels. By determining both IP and EA precisely, I can clearly distinguish 

the effects of polarization energy and intermolecular interaction from those of other 

factors. 

  Furthermore, in order to apply such change of interfacial energy level in BHJ 

device, the crystallization behavior of pristine PCBM film and PTB7:PCBM blended 

film (BHJ film) were investigated. A novel "epitaxy growth" method was used to 

introduce the crystallization into BHJ film and correspondingly increased VOC of BHJ 

device. 

 

4.2 Experiment 

Sample Preparation. PCBM films are prepared by spin-coating, typically from 

CHCl3 solution (10 mg/mL) at 1200 rpm for 60 second, resulting in the film thickness 

of ca. 73 nm. Thinner films (ca. 4 nm) were prepared by spin-coating from 

chlorobenzene solution (3 mg/mL) at 3000 rpm for 60 second and used for 2D 

GIXRD, UPS, XPS, LEIPS and LEET measurements. The substrates are ITO/glass 

for 2D GIXRD, UPS, XPS, LEIPS and LEET measurements, SiO2 (500 nm)/Si for 

XRR and TiO2/ITO/glass for GIXRD. Thermal annealing was conducted on a hot 

plate in a N2 filled glove box at the designated temperatures for 5 min. 

Measurements. UPS and XPS were performed on a PHI5000 VersaProbe II 

(ULVAC-PHI Inc.). UPS spectra were obtained with a He (I) excitation of 21.2 eV 

and a pass energy of 5 eV. Bias voltage of −5 V was applied to the samples in order to 
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detect the cut-off region of secondary electrons. XPS spectra were obtained by using 

Al Kα radiation with the take-off angle of 90°. XRR and GIXRD measurements were 

carried out on X-ray diffractometer (SmartLab, Rigaku, Japan) using 

monochromatized CuKα radiation (λ = 0.154 nm) generated at 45 kV and 200 mA. 

GIXRD was measured with the in-plane geometry at an incident angle of 0.21°. 

2D-GIXRD patterns were measured at an incident angle of 0.12° using synchrotron 

radiation at the beamline BL19B2 of SPring-8 with the approval of the Japan 

Synchrotron Radiation Research Institute. 

Details about the low-energy inverse photoemission spectroscopy (LEIPS) setup are 

described elsewhere.
29

 The sample specimen was introduced into the vacuum chamber 

evacuated below 1 x 10
-7

 Pa and incident to an electron beam. In order to avoid the 

sample damage, the kinetic energy of incident electrons was restricted to less than 4 

eV and the electron current densities ranged between 10
-6

 and 10
-5

 A cm
-2

. Under 

these experimental conditions, the same IPES spectra were obtained after several 

scans confirming the sample damage was negligible. The emitted photons were 

collected and focused into a photon detector consisting of an optical bandpass filter 

and a photomultiplier tube. The center wavelengths of the bandpass filters were 254 

nm, 280 nm and 285 nm. The overall energy resolution was estimated to be 0.3 eV. 

The low energy electron transmission (LEET) spectroscopy was carried out on the 

same apparatus and sample films as the LEIPS. The electron current I(Ek) was 

measured as a function of electron kinetic energy Ek and the LEET spectrum was 

obtained as the first derivative dI(Ek)/dEk. The peak corresponds to the vacuum level 
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of the sample. 

4.3 Results and Discussions 

 

  Figure 4.3.1a shows the in-plane grazing incidence X-ray diffraction (GIXRD) 

patterns of the PCBM films on the TiO2/ITO substrate before and after annealing. The 

film before annealing showed a broad peak at 2θ of 19.7° (d = 0.472 nm calculated 
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Figure 4.3.1.a) In-plane GIXRD and b) XRR patterns of PCBM/TiO2/ITO sample before and 

after the annealing at 150 °C for 5 min. c) Experimental, calculated (also expanded 7 ) and 

difference powder diffraction profiles (Cu-Ka radiation) for the n-PCBM crystal structure. 

Figure is reproduced from ref. 18 with permission. Copyright 2014, RSC. 

Acknowledgements for reproduction of RSC material in RSC publications. 
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from the top of the peak), indicating a disordered structure of PCBM in the film. After 

annealing the film at 150 °C for 5 min, the broad peak at approximately 19.7° became 

smaller, a sharp peak at 17.6° (d = 0.539 nm) emerged, and relatively broad peaks 

appeared at 10.2° and 20.7°. This change suggests the crystallization of PCBM films 

upon thermal annealing. The annealing temperature was changed from 50 °C to 

150 °C, and it was confirmed that the crystallization started occurring above 140 °C 

(see Figure 4.3.2a). This crystallization behavior is consistent with the previous report 

by Verploegen et al.
8
 The 2D GIXRD patterns of the films were also measured by 

using synchrotron radiation. Although only a broad ring was observed in the film 

before the annealing, clear diffractions are observed as spots after the annealing (see 

Figure 4.3.2). This result indicates not only that the film is crystalline after the 

thermal annealing but also that the domain is preferentially oriented in the film. 

Although there are several reports on the structural analysis of single-crystal PCBM, I 

could not identify the structure of the film using known phases.
18, 19

 Considering 

distance between PCBM molecules (~1 nm, center to center of C60 cage, 110), peak 

appear around 10° is reasonable (d spacing ~0.902 nm). On the other hand, d spacing 

(d = 0.539 nm) of sharp peak around 17.6° is typically smaller than the above value. 

By comparing with reported powder X-ray, there is similar peak appeared in the same 

region (Figure 4.3.1c), suggesting this peak should come from crystalline PCBM. In 

addition, by calculating d spacing from 2DXRD data (Figure 4.3.2b), d= 

1.046/0.697/0.502/0.546 nm were obtained, in which similar d value (0.546 nm) could 

be found compared to that from GIXRD (0.539 nm), further proving emerged peak 
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around 17.6° coming from crystalline PCBM. However, there is no report signing 

such peak to any crystal structure of PCBM, identifying origin of this peak is 

currently difficult, further detailed study of the crystal structure in PCBM films is 

needed. 

The changes in the film thickness and the density before and after the annealing were 

examined using X-ray reflectivity (XRR) for the PCBM/SiO2/Si samples. As shown 

in Figure 1b, both samples showed clear fringes due to the interference of X-rays 

corresponding to the thickness of the PCBM layers. Before the annealing, the fitting 

of the data with the bilayer model gave a thickness of 75.24±0.26 nm and a density 

of 1.644±0.021 g cm
−3

. After the annealing, the fringes shifted to a lower angle and 

the reflectivity decreased. The fitting of the XRR data gave a thickness of 73.33±

0.35 nm and a density of 1.686±0.011 g cm
−3

. These changes indicate a decrease in 

PCBM film thickness and an increase in the density upon the crystallization. The 

thickness is found to be reduced by 2.54±0.60% and the density to be increased by 

2.58±1.5%. The change of the density agrees well with that of the thickness, 

suggesting that the film shrinks along the direction perpendicular to the substrate. 

Note that XPS measurements of the films confirm the absence of solvent (CHCl3 or 

chlorobenzene) residue in the films (see Figure 4.3.2), indicating that the film consists 

of pure PCBM and is not a co-crystal with the solvent, as in previous report on 

single-crystal PCBM.
20

 This result suggests the increase in film density upon 

crystallization. 
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Figure 4.3.2 a) In-plane GIXRD patterns for PCBM/TiO2/ITO at the different annealing 

temperatures. The crystallization starts happening at 140 °C and the peak around 17.6° 

gradually increase at higher annealing temperature up to 150 °C. 2D GIXRD patterns of 

PCBM/ITO film b) after and c) before the annealing at 150 °C for 5 min. Only a broad ring 

was observed in the film before the annealing, while clear diffractions are observed as spots 

after the annealing. 
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  Ultraviolet photoelectron spectroscopy (UPS) was performed on the samples to 

monitor the change in the valence energy and vacuum level (VL) of the PCBM films 

induced by the annealing at 150 °C. As shown in Figure 4.3.4, a small difference in 

the cutoff energy of secondary electrons was found after the annealing (4.29 and 4.31 

eV before and after the annealing, respectively). This indicates little change in VL 
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Figure 4.3.3 XPS measurements of PCBM/ITO in the regions of a) Cl2p for PCBM 

spin-coated from chlorobenzene [binding energy of Cl in C6H5Cl (200.5 eV) is indicated by a 

dashed line], b) Cl2p for PCBM spin-coated from CHCl3 [binding energy of Cl in CHCl3 

(206.8 eV) is indicated by a dashed line] and c) C1s peaks before and after annealing. No Cl2p 

peak was observed, indicating the absence of solvent residue in the PCBM film. The shift of 

the C1s peak was clearly observed after annealing. Peak maxima were obtained by Gaussian 

fitting for five different points from the same sample, which gives 284.97±0.04 eV and 

284.79±0.04 eV for the PCBM film before and after annealing, respectively. 



134 
 

relative to the Fermi level (EF) after the annealing. In Figure 2a, the onset of the 

spectrum in the highest occupied molecular orbital (HOMO) edge region shifted from 

1.71 to 1.50 eV after the annealing, indicating that the peak consisting of the HOMO 

of PCBM shifted upward by 0.21 eV relative to EF. The maximum of the peak also 

shifted from 2.32 to 2.07 eV indicating a shift by +0.25 eV. IP was determined as the 

onset energy of the HOMO peak with respect to the VLs. The IPs were 5.95 and 5.74 

eV before and after the annealing, respectively. For the peak width, the full width at 

half-maximum (FWHM) of the HOMO peak was broadened by only 0.03 eV after 

annealing which was judged from the peak fitted with a Gaussian function. This result 

suggests a subtle enhancement of the intermolecular coupling of PCBM after the 

annealing, that is, due to the crystallization. 

 

 

  XPS was conducted on the films to investigate the energy level change in the core 
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Figure 4.3.4 UPS profiles of PCBM films before and after the annealing at 150 °C for 5 min in 

the a) HOMO edge and b) cutoff regions. The energies are with reference to the Fermi levels. 

Arrows indicate the onset energies. 
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level. The core levels are highly localized and not affected by the change of the 

bandwidth due to the intermolecular interaction. The C1s energies before and the after 

the annealing were 284.97±0.04 eV and 284.79±0.04 eV, respectively, resulting in the 

upward shift of the core level by 0.18 eV with respect to EF (see Figure 4.3.3).  The 

decrease of the binding energy is in a good agreement with that of IP within the 

experimental uncertainties. 

  To investigate the change in the EA of PCBM, LEIPS measurements were 

performed on the films.
11

 Figure 3a shows that the onset of the LUMO peak shifts by 

about 0.1 eV before and after the annealing. Low-energy electron transmission (LEET) 

measurements of the same films showed that the VLs are 4.80 and 4.76 eV above EF, 

respectively (Figure 4.3.5b). The difference in VL between before and after the 

annealing was −0.04 eV. The magnitude of the VL shifts is in good agreement with 

those determined by the cutoff energy of secondary electrons in the UPS measurement, 

as shown before. This confirms that UPS and LEIPS showed consistent results despite 

the fact that they were performed using different apparatuses. The absolute VLs 

determined by secondary electrons of UPS and the peak of LEET differ by a few 

tenths of eV. Although VL with respect to EF may sensitively change, for example, 

with exposure to air, the HOMO and LUMO levels are expected to remain unchanged 

with respect to VL 
21, 22

. 
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Figure 4.3.6. Schematic energy diagram of PCBM films before and after the crystallization. y-axis 

is relative to the Fermi level but not in scale. 

 

The polarization energy is the stabilization energy for an ionized species (P+ and P− 

for a cation and an anion, respectively) due to the electronic polarization of the 

surrounding molecules 
23

. An increase in the density of the surrounding media around 

an ionized molecule should lead to an increase in the polarization energy. In the 

present study, the XRR result shows that the crystallization increases the density of 
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Figure 4.3.5 a) LEIPS and b) LEET measurements of PCBM film before and after the 

annealing at 150 °C for 5 min. 
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the film; therefore, I expect a larger polarization energy after the annealing. Here, I 

estimate the difference in P+ and P− due to the increase in the density of thin films 

using a simple model.
24

 The electrostatic interaction between an ionized molecule and 

the surrounding molecules is approximated by that between the point charge and the 

induced dipole. In this case, P is given by 

4

2 38.25( )P e N , 

where e is the charge of an electron,  is the average molecular polarizability, and N 

is the number density of molecules. According to this equation, the decrease in the 

film volume by 3% could induce a 4% increase in P. For PCBM, the reported P+ and 

P− are 1.21 eV and 1.20 eV, respectively. 
6, 25

 The result shows that the increase in the 

film density gives rise to a 0.05 eV increase in the polarization energy for both P+ and 

P
−
, resulting in a reduction in the band gap by 0.1 eV. Therefore, the P change caused 

by the densification of the film could quantitatively explain the band gap narrowing. 

Another possible cause of band gap narrowing is the enhancement of intermolecular 

interaction. This should be associated with the broadening of the HOMO and LUMO 

peaks. However, the observed HOMO peak is broadened only by 0.03 eV (FWHM), 

which is much smaller than the change in the band gap (0.09 eV). These results 

suggest that the contribution of changes in intermolecular interaction is negligible. 

This conclusion is further supported by the following experimental findings. First, 

there is virtually no change in the optical gap observed in the photoabsorption spectra 

of the films (see Figure 4.3.6). Second, the change in the C1s peak position (0.18 eV) 

occurs close to that of the HOMO peak (0.21 eV) suggesting that the effect is 
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predominantly electrostatic rather than the broadening is induced by intermolecular 

interaction. 

 

  In addition to the band gap narrowing, the energy levels shifted upward relative to 

both VL and EF after the annealing, as shown in Figure 4. Although the reasons for the 

observed changes are not clear at this moment, I speculated that both molecular 

orientation and doping level could contribute to the changes. Since the crystallized 

film shows preferential orientation in the films as shown by the 2D GIXRD patterns, 

it is possible that the film surface has a particular molecular orientation after the 

annealing, resulting in the formation of a molecular dipole layer.
26

 On the other hand, 

a small amount of impurities in PCBM could serve as unintentional dopants and be 

removed, associated with the crystallization by the thermal annealing in N2. Possible 

dopants could be oxygen or oxygenated compounds. Bao et al. observed a decrease in 

the work function of PCBM films by 0.15 eV with exposure to O2 gas, which was 
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Figure 4.3.6 Transmittance absorption spectrum for PCBM film before and after the annealing on 

quartz substrate. 
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attributed to n-doping.
27

 The magnitude of the upward shift of 0.1-0.2 eV in IP and 

EA observed in the present work is comparable to the reported shift due to oxygen 

exposure. In our case, the small amount of oxygen included in the PCBM film during 

the exposure to air might be released upon the annealing. If such de-doping of an 

n-type dopant is assumed, EF should shift downward and both HOMO and LUMO 

bands should shift upward relative to the VL. 
28-30

 The change in EF after the 

crystallization could compensate for the shifts in the VL, resulting in no apparent 

change in the VL. According to this picture, the estimated VL shift induced by the 

crystallization is −0.15 eV.  

 

Device performance 

  To directly correlate between the change of EA in PCBM films by the thermal 

annealing and the behavior as the electron acceptor in OSCs, I fabricated bilayer 

OSCs devices by using contact film transfer (CFT) method. This method allowed 

constructing well-defined bilayer structure by using the same polymer films, so the 

changes in the transport and the absorption properties in the donor phase could be 

excluded and the changes of the properties in PCBM films could be directly 

correlated to the device performances. Poly[[4,8-bis[(2-  

ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)ca

rbonyl]-thieno[3,4-b]thiophenediyl]] (PTB7) was used as the donor material. The 

chemical structures of PTB7 and PCBM, and current density-voltage (J-V) curves of 

devices without or with PCBM layer annealed at 150 °C are shown in Figure 4.3.7a 
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and Figure 4.3.7b. The energy diagram was listed in Figure 4.3.7c, the IP of PTB7 

was measured by UPS and EA was taken by optical band gap. The open circuit 

voltage (VOC) of the device was 0.71 V and 0.84 V for device without and with 

annealing PCBM layer at 150 °C before transferring PTB7 film. Since VOC is closely 

related to the difference of HOMO of the donor and LUMO of acceptor (EDA), the 

change of VOC (0.13 V) is in good agreement of that of EDA (0.12 eV). The detailed 

analysis of device performance was provided in Figure 4.3.8. On the other hand, there 

is a notable decrease in JSC, as shown in the J-V curves in Figure 4.3.7a. Although 

crystallization is usually believed to increase the device performance, the situation of 

PCBM observed here is in completely different manner. Possible reason could be 

smaller LUMO offset (decrease from 0.45 to 0.33 eV) which is the driving force for 

charge separation. Further investigation is needed to reveal the origin of JSC change 

here. 
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Figure 4.3.7. a) Chemical structures of PTB7 and PCBM, b)J-V curves for the devices without 

or with PCBM layer annealed at 150 °C. c) Energy diagrams for bilayer devices of 

PCBM//PTB7 without or with PCBM layer annealed at 150 °C before transfer of PTB7 layer.  
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  By using the above bilayer devices, I clearly see that VOC of device can be 

increased due to the change of energy level induced by crystallization of PCBM. In 

order to further utilize such change of interfacial energy levels in BHJ OSCs. The 

crystallization behavior of pristine PCBM film and PTB7:PCBM blended (BHJ film) 

were studied. As shown in Figure 4.3.9, use of ITO or TiO2 as substrate does not 
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Figure 4.3.8 Detailed device performance change after annealing PCBM layer under different 

temperature. a) J-V curves, b) EQE spectrum, and c) change of VOC and JSC. 



143 
 

affect the crystallization of PCBM which is confirmed by the sharp peak around 17.5°. 

This result suggested the crystallization of PCBM might not be affected by the 

substrate (ITO of TiO2). (Note that the peak around 26° came from TiO2)  

 

 

     

  However, the crystallization of PCBM was stopped if another PTB7 film was 

transfer onto PCBM film, as indicated in Figure 4.3.10a, only a broad peak around 20° 

was observed after annealing, suggesting PCBM beneath PTB7 is still amorphous. 

This result suggested PCBM/air interface might play an important role in 

crystallization of PCBM film. In order to certify the above assumption, SSM was 

utilized. As shown in Figure 4.3.10b, FC8 molecule was blended with PCBM, and 

flow to the top of film, forming SSM. After annealing however, the crystallization 

was still prevented even with just a monolayer FC8 at PCBM/air interface. This result 

indicated that crystallization of PCBM might be a top down process which started 

from PCBM/air interface. 
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Figure 4.3.9 XRD pattern for ITO/TiO2/PCBM film and ITO/PCBM film after annealing. 
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  As next step, donor polymer PTB7 was blended with PCBM to form BHJ film. 

After annealing, broad peak around 20° was still observed, suggesting crystallization 

of PCBM was prevented when blending with PTB7. This results indicated that in 

conventional BHJ OSCs, PCBM was amorphous or crystalline domain is very small 

due to the existence of donor polymer. 

 

   

  In order to introduce the crystalline PCBM into BHJ film, a novel "epitaxy growth" 

was purposed. As indicated Figure 4.3.12, a PCBM layer was annealed to be a 

crystalline PCBM layer. This layer works as seed layer. After that, a BHJ layer 
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Figure 4.3.11 XRD pattern for PCBM:PTB7 (BHJ) film before and after annealing. 
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Figure 4.3.10 XRD pattern for a) PCBM//PTB7 before and after annealing (after transfer 

PTB7), b) PCBM(FC8) film before and after annealing. 
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comprise of PCBM and PTB7 was transferred onto the seed layer. Then post 

annealing was carried out to introduce the crystallization bottom up. This is certified 

by the XRD measurement. The black line is the seed layer, after annealing seed layer 

PCBM stated to crystallize and have a sharp peak around 17.5°. After transfer of BHJ 

film onto this crystallized seed layer (red), a broad peak appeared due to the 

amorphous PCBM in BHJ film on top. However, this broad peak vanished and sharp 

peak around 17.5° increased after post annealing, suggesting the amorphous PCBM in 

BHJ film stated to crystallize. These results indicated the "expitaxy growth" 

introduced the crystallization of PCBM into BHJ film through a bottom up approach. 

     

  By using the above strategy, a BHJ device was fabricated, utilizing crystallized 

PCBM. The structure was shown in Figure 4.3.13. A seed layer PCBM was added 

beneath BHJ layer PCBM:PTB7. The device performance was summarized in Table 
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Figure 4.3.12 XRD pattern schematic images for "epitaxy growth" of crystalline PCBM. 
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4.3.1. The results showed that by directly annealing BHJ device without seed layer, 

the VOC of device does not change. This is due to the prevention of PCBM 

crystallization in presence of PTB7. After insertion of seed layer PCBM beneath BHJ 

layer, VOC of device still remained around 0.76 V after post-annealing, this is because 

the seed layer is not pre-annealed to introduce the crystallization into BHJ film. 

However, once the seed layer is crystallized, the post annealing can help to introduce 

the crystallization in the seed layer into BHJ layer. The VOC of device increased to 

0.83 V which is similar as in bilayer device case. 

 

Table 4.3.1 Device performance of BHJ cells. 

Sample Pre- 

anneal 

Post- 

anneal 

VOC  

(V) 

JSC 

(mA/cm
2
) 

FF PCE  

(%) 

BHJ / / 0.74 6.34 0.22 1.03% 

BHJ / 150 0.77 10.73 0.37 3.05% 

PCBM//BHJ / 150 0.76 10.20 0.35 2.71% 

PCBM//BHJ 150 150 0.83 4.25 0.33 1.16% 

   

  On the other hand, the current density of device decreased from 10.20 to 4.25 

mA/cm
2
 after crystallization of PCBM. This could be attributed to the same reason as 

PCBM

PCBM:PTB7

Electrode

Electrode

 

Figure 4.3.13 Device structure of BHJ cell utilizing "epitaxy growth". 
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I explained in bilayer device. Furthermore, the un-optimized morphology could also 

reduce the current density. Further investigation or optimization of the device is 

needed to clarify the change of JSC. 

  The above results of device performance suggested that the change of VOC of device 

is due to the crystallization of PCBM in BHJ layer, causing the change of energy 

levels. These results suggested that crystallization of PCBM can be used as a tool to 

introduce the change of interfacial property like energy levels into BHJ device.  

 

4.4 Conclusion 

  We observed a significant change in the energy level of PCBM films upon thermal 

annealing accompanied by the crystallization of the films. From a precise analysis of 

IP, EA and the core level, I conclude that the band gap narrowing is most likely 

attributed to the polarization energy due to the increase in film density. The effect of 

the enhancement of intermolecular interaction upon crystallization could be neglected. 

Other factors such as a change in molecular orientation and de-doping may also affect 

the rigid shift in the HOMO and LUMO levels; in other words, IP and EA change by 

the same magnitude. 

 For the calculation of the polarization energy, positive and negative charges are 

assumed to be point charges. Despite its simplicity, this model could explain the 

change in the band gap reasonably well, suggesting that charge carriers in PCBM 

films localized on a single PCBM molecule in the ground state. This picture is 
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consistent with the low mobility of charge carriers in PCBM films.
16

 

It is noteworthy that the change in the energy level should occur upon densification 

even without a change of intermolecular interactions. This fact seems to have been 

overlooked in the discussion of possible cascading energy diagrams in bulk 

heterojunction structures. The current finding obtained by LEIPS suggests that 

crystallized, high-density PCBM in OSCs could have significantly different energy 

levels from noncrystallized domains through polarization energy changes. This could 

potentially help to understand the factors that make PCBM the most successful 

electron acceptor in OSCs. 

  Moreover, bilayer OSCs was utilized to investigate how crystalline PCBM affects 

device performance. The results showed that due to higher lying LUMO of crystalline 

PCBM, VOC of device using crystalline PCBM was 0.13 V higher than that of 

amorphous PCBM. This result agreed well with the change of energy levels. In order 

to utilized crystalline PCBM in BHJ device to have higher VOC, "epitaxy growth" was 

purposed to introduce crystallization of PCBM into BHJ layer. The results were 

certified by XRD measurement and device performance. These results suggested 

crystallization of PCBM could be used as a tool to introduce change of interfacial 

property like energy levels into BHJ device to increase VOC of device.  
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Chapter 5. Conclusion and Perspectives 

 

  An in-depth study of effect of interface and crystallization of materials on device 

performance of organic solar cells has been conducted and presented in this thesis. 

The goal is to control the photo-physical process in OSCs as to avoid trade-off 

relationship between VOC and JSC, and find a new route for optimizing device 

performance. Two strategy were purposed in this study: 

 

Interfacial modification: 

1. Control of VOC of OSCs after fabrication of device via tuning D/A interfacial 

energy levels by switching the orientation of dipole moment. 

2. Constructing ideal interface for OSCs via higher ECT, suppressing charge 

recombination by enlarging D/A distance and introducing charge separation center in 

OSCs as to increase photocurrent generation. 

Crystallization of PCBM: 

Analyzing effect of crystallization of PCBM on its energy levels and device 

performance of OSCs. 
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  The key factors in OSCs like interfacial energy levels, charge separation and 

recombination, CT state and crystallization of materials were analyzed in this thesis. 

By using the above two strategies, these factors could be controlled, and therefore 

improving device performance.  

  The study of insertion of dipole moment monolayer at D/A interface allowed us to 

clarify the relationship between device performance (VOC) of OSC and D/A interfacial 

property (energy levels) (chapter 2), demonstrating the availability of the 

methodology I purposed about introducing D/A interfacial modification in bilayer 

OSCs. More importantly, the VOC could be reversibly controlled via tuning the 

direction of dipole moment by electric field. This is the first report of manipulating 

VOC of OSCs after fabrication of device. This not only showed the relationship 

between interfacial energy levels and VOC , but also presented a new type of device 

which could response to external stimuli.  

  Back to the energy levels at D/A interface, I notice that increasing VOC of OSCs by 

changing the energy levels is not enough. One can immediately see the trade-off 

relationship between maximizing EDA and least requirement for LUMO offset for 

charge separation, these two factors contribute to VOC and JSC in OSCs, respectively. 

Therefore, I developed a new route to increasing PCE of OSCs by constructing ideal 

D/A interface (chapter 3, Figure 5.1.1c). Ideal interface comprise of efficient charge 

separation, suppressed charge recombination and high lying CT state (ECT). Moreover, 

by using such ideal interface, the trade-off relationship should be avoided and 
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ultimately improve the efficiency of device. 

  The above results suggested that same enhancement of device performance could 

be expected if these modification of interface could be introduced in BHJ device. That 

means even for efficient device with materials having optimized energy levels and 

interfacial buffer layer, the efficiency could still be pushed further by utilizing "ideal 

interface". This not only gives us a clue how I understand and also construct D/A 

interface, but also offer some guidelines for the materials design. For instance, design 

polymer with long and insulating side chain might block acceptor materials away 

from its backbone, achieving larger D/A distance as to increase ECT and suppress 

recombination. Also, selectively introducing some segment on polymer backbone as 

charge separation center for efficient photocurrent generation while remains 

recombination suppressed. These points could be the future target of material design 

which could improve device performance further without confronting trade-off 

relationship. 
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  The second strategy I purposed to improve device performance is crystallization of 

materials. We conducted detailed analysis for crystallization of PCBM (chapter 4) 

since it is the most widely used acceptor materials in organic solar cells. Usually, 

crystallization of polymer is known to enhance the performance of OSCs, but I found 

that the crystallization of PCBM could also largely affect its electronic property 

(energy levels) and therefore OSC performance. This is the first report on the 

electronic property change induced by crystallization of PCBM, and the impact of 

polarization energy was highlighted. Furthermore, by using bilayer OSCs, the change 

of PCBM energy levels was successfully correlated to the change of device parameter 

PCBM

P3HT

r

P3HT PCBM
Spacer

r

a

b

LUMO

HOMO

e

e

h

PCBM

P3HT

r

Dye moleculesP3HT PCBM
Spacer

LUMO

HOMO

e

h

r Exciton generated 
in P3HT

Energy transfer
c

P3HT PCBM

PCBM

P3HT

LUMO

HOMO

a
e

e

h

 

Figure 5.1.1 a) P3HT//PCBM interface at which charge separation and recombination 

happened. b) with spacer at P3HT//PCBM interface, CT state become delocalized due to 

enlarged charge transfer distance, and charge separation and recombination were also 

suppressed. c) introducing small amount of charge separation center to promote energy transfer 

for charge separation. 



156 
 

(VOC). The detailed study of crystallization behavior of PCBM was also carried out 

and an novel "epitaxy growth" method was utilized to introduce crystallization of 

PCBM into BHJ device, leading to a enhancement in VOC. This result could offer a 

new route to consider improving the efficiency of OSCs in terms of PCBM 

crystallization. 

  Since the study of crystalline PCBM so far mostly concentrated on its crystal 

structure, our research offered clear information about the electronic property of 

crystalline PCBM. Although there is discussion about crystalline PCBM having lower 

lying LUMO as to extract charges and help charge separation. Our results suggested 

that upward shift of energy levels (related to doping/de-doping) played an more 

important role in determining device performance although there is the shrinking of 

the band gap. However, crystalline PCBM in current study might be different from 

those in mixed phase (polymer:PCBM). Whether crystalline PCBM help charge 

separation is still not clear. Nevertheless, crystallization of PCBM could be 

considered as a new strategy to improve VOC of device and could be the first step for 

screening on how crystallization of PCBM affects device performance. Further study 

for clarifying impact of crystallization of PCBM on photocurrent generation might 

help to increase device performance eventually. 

  In summary, two strategies, namely interfacial modification and crystallization of 

materials, were purposed in this study to improve the efficiency of device. The 

photo-physical processes at D/A interface was systematically analyzed, the results 

showed that device performance of OSCs could be largely affected by D/A interfacial 
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property and crystallization of materials. It was demonstrated that by purposely 

modifying the interface in OSCs, a clearer picture of photo-physical process at 

interface could be revealed. Furthermore, by using crystallization as a useful tool, 

change of interfacial property like energy levels could be introduced even in BHJ 

device, enhancing parameters like VOC. Through the above two strategies, I could 

understand more about the fundamental process in OSCs, a new route could be 

provided to push the efficiency of device and even pave the way for breaking its upper 

limit. The results obtained in this study could not only shed light on optimization of 

device structure, but also give guideline to the material design for more efficient 

OSCs.  
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