
 

 

저작자표시-비영리-변경금지 2.0 대한민국 

이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게 

l 이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.  

다음과 같은 조건을 따라야 합니다: 

l 귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.  

l 저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.  

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다. 

이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.  

Disclaimer  

  

  

저작자표시. 귀하는 원저작자를 표시하여야 합니다. 

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다. 

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


Thesis for the Degree of Doctor of Philosophy 

Characterization of charge transport in 
bulk heterojunction organic solar cells 

By 

Hyun-Seock Yang 

Department of Physics 

The Graduate School 

Pukyong National University 

February 2023 



Characterization of charge transport in 
bulk heterojunction organic solar cells 
(이종접합 유기 태양전지에서의 전하 수송 분석 연구) 

Advisor: Prof. Sung Heum Park 

by 

Hyun-Seock Yang 

A thesis submitted in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

in Department of Physics, The Graduate School, 

Pukyong National University 

February 2023 



2023.2.17. 



i 

Content 
CHAPTER 1     INTRODUCTION-------------------------------------------------------------------1 

1.1     Conjugated Organic materials-----------------------------------------------------------------1 

1.2     Optoelectrical Properties of Conjugated Organic materials------------------------------ 4 

1.3     Application of Organic materials to Solar cell---------------------------------------------10       

CHAPTER 2     THEORY-----------------------------------------------------------------------------13 

2.1     Charge Transport at Interfaces between Donor and Acceptor---------------------------13 

2.1.1     Delocalization of Excited Electrons in Organic molecular-------------------------13 

2.1.2     Hot-State Charge Transport in Bulk heterojunction Organic Film----------------15 

2.2     Voltage loss in Organic Blend System------------------------------------------------------20 

2.2.1     Origin of Voltage Loss in Organic Blend System-----------------------------------20 

2.2.2     Strategy for Reducing Voltage Loss---------------------------------------------------26 

2.3     Device Physics for Bulk heterojunction Organic Solar Cell-----------------------------29 

CHAPTER 3     EXPERIMETAL -------------------------------------------------------------------32 

3.1     Material Preparation---------------------------------------------------------------------------32 

3.2     Device Preparation-----------------------------------------------------------------------------34 

3.3     Analysis-----------------------------------------------------------------------------------------35 



ii 

CHAPTER 4     STUDY ON CHARGE TRANSPORT BETWEEN DONOR AND ACCEPTOR--------37 

4.1     Introduction-------------------------------------------------------------------------------------37 

4.2     Result and Discussion-------------------------------------------------------------------------39 

4.2.1     Hot-state matching formations at the two organic materials system--------------39 

4.2.2     Quantification of the hot-state matching in organic blend system-----------------42 

4.2.3     Correlation between hot-state matching and PICT----------------------------------50 

4.3     Conclusion-------------------------------------------------------------------------------------56 

CHAPTER 5     APPLYING EFFICIENT CHARGE TRANSPORT ON ORGANIC SOLAR CELL-----57 

5.1      Introduction------------------------------------------------------------------------------------57 

5.2     Result and Discussion-------------------------------------------------------------------------60 

5.2.1     Mismatching Factor from Modified Optical Density--------------------------------60 

5.2.2     Design of Conjugated Organic materials----------------------------------------------80 

5.3     Conclusion--------------------------------------------------------------------------------------89 

CHAPTER 6     CONCLUSION---------------------------------------------------------------------90 

REFERENCES------------------------------------------------------------------------------------------92 

ACKNOWLEDGEMENT---------------------------------------------------------------------------100 



iii 

LIST OF TABLES 

Table 1. Integrated MF of PBDB-T:ITIC:PC71BM blend system ----------------76 

Table 2. Photovoltaic parameter with ratio of PBDB-T:ITIC:PC71BM ---------78 

Table 3. Optoelectrical properties of polymers -------------------------------------------83 

Table 4. Photovoltaic properties of the polymer solar cell ----------------------------85 



iv 

LIST OF FIGURES 

Figure 1. Schematic diagram of sigma and π orbital--------------------------------------2 

Figure 2. Schematic diagram for band structure of conjugated organic 

materials---------------------------------------------------------------------------------------------------3 

Figure 3. Process of Photoinduced Charge Transfer--------------------------------------5 

Figure 4. Light induced electron spin resonance (LESR) setting and data-------6 

Figure 5. Transient absorption spectra (TAS) setting and data-----------------------7 

Figure 6. Sensitive EQE and EL data for organic based blend system-------------9 

Figure 7. Mechanism of AFM and GIWAX measurement----------------------------12 

Figure 8. Charge transfer mechanism in the blend system of organic materials-

---------------------------------------------------------------------------------------------------------------16 

Figure 9. Scheme for cases of the molecule distance and resonance distance--19 

Figure 10. Scheme for photon energy loss analysis in solar cells-------------------22 

Figure 11. Scheme for process of Auger recombination-------------------------------24 



v 

Figure 12. Charge transfer mechanism on mismatched and well-matched states-

---------------------------------------------------------------------------------------------------------------28 

Figure 13. J-V characteristics of solar cell--------------------------------------------------29 

Figure 14. Mechanism of PICT at mismatched state and well-matched state--40 

Figure 15. Energetics of the formation of hot-state matching for PICT----------41 

Figure 16. Scheme for mismatching factor from photon energy spectra and 

electron energy spectra -----------------------------------------------------------------------------43 

Figure 17. UPS measurement for P1, P2, D18, PCBM, PC71BM and Y6------44 

Figure 18. Material and optical properties of P1 and PC71BM---------------------46 

Figure 19. Energy level diagram with OD of the unoccupied molecular orbitals-

---------------------------------------------------------------------------------------------------------------48 

Figure 20. Material and optical properties of P1 and PC71BM---------------------49 

Figure 21. Energy level diagram with population of OD for various organic 

materials-------------------------------------------------------------------------------------------------51 



vi 

Figure 22. MF of the each blend systems (PTB7-Th:PC71BM, PTB7-Th:ITIC 

and PTB7-Th:IEICO-4F) --------------------------------------------------------------------------52 

Figure 23. Optical and energetic properties of components for PTB7-Th based 

two organic materials system---------------------------------------------------------------------54 

Figure 24. Optical and energetic properties of components for PBDB-T based 

two organic materials system---------------------------------------------------------------------54 

Figure 25. Electron dynamic in the blend system-----------------------------------------55 

Figure 26. Variation of Voc under irradiation of different monochromatic light 

for P1:PC71BM---------------------------------------------------------------------------------------61 

Figure 27. Saturated Voc under the condition of particular wavelengths--------63 

Figure 28. Light intensity dependent Voc at each state matching formations--65 

Figure 29. Wavelength dependent Voc of binary blend system---------------------66 

Figure 30. Variation of quasi-Fermi levels under light irradiation-----------------68 

Figure 31. Photovoltaic properties for applying MODO to organic based solar 

cell. --------------------------------------------------------------------------------------------------------71 



vii 

Figure 32. MF of PBDB-T based blend systems-----------------------------------------71 

Figure 33. Device and molecular structure of D18, Y6 and PCBM with role of 

third component. --------------------------------------------------------------------------------------72 

Figure 34. Photovoltaic properties for applying MODO-------------------------------74 

Figure 35. Photovoltaic properties with Integrated Mismatching dependent---75 

Figure 36. Complementary absorption spectra with the various ratio of PBDB-

T:ITIC:PC71BM blend-----------------------------------------------------------------------------75 

Figure 37. Mismatching factor of PBDB-T:ITIC:PC71BM blend system-------76 

Figure 38. Photovoltaic properties of PBDB-T:ITIC:PC71BM solar cell-------77 

Figure 39. Diverse tendency between photovoltaic parameter and DOS 

matching-------------------------------------------------------------------------------------------------78 

Figure 40. Charge transfer mechanism on mismatched and well-matched states-

---------------------------------------------------------------------------------------------------------------79 

Figure 41. Molecular structures and energy levels of electron donor and 

PC71BM and schematic diagram of the PSC device architecture-------------------81 



viii 

Figure 42. UV–visible absorption spectra of polymers in dichlorobenzene 

solution---------------------------------------------------------------------------------------------------82 

Figure 43. Electrochemical properties of polymers-------------------------------------83 

Figure 44. Theoretical calculation of the monomers by density functional 

theory (DFT) at the B3LYP/6–31 G level---------------------------------------------------84 

Figure 45. Current density-voltage characteristics of the polymer solar cells 

under the illumination of AM 1.5, 100 mW/cm2------------------------------------------86 

Figure 46. IPCE curves of the corresponding polymer solar cells------------------87 

Figure 48. AFM images of films spin coated from PBDT-FPz:PC70BM, 

PBDT-TFPz:PC70BM and PBDT-DTFPz:PC70BM with DIO--------------------88 



ix 

Abstract 

   Charge transport between conjugated organic materials called as photoinduced inter-

molecular charge transfer (PICT) plays an important role in determining the power 

conversion efficiency (PCE) of bulk heterojunction (BHJ) organic photovoltaics (OPVs) 

especially open circuit voltage. Since the PICT originates from the both geometric and 

energetic accessible delocalized state matching, energetic characterization of PICT 

between conjugated organic materials should be understood. In this study, the energetic 

characterizations as hot-state matching and HOMO level tuning were studied for 

efficient PICT between donor and acceptor. Firstly, an effective method to quantify the 

hot-state matching of OPVs is developed. By calculating the mismatching factor (MF) 

from the modified optical density overlapping (MODO) in the BHJ, the degree of 

energy-state matching between the electron donor and acceptor at the BHJ interface is 

quantified. Furthermore, the correlation between MF and PICT is also studied. 

Secondly, the correlation between the Voc loss of the OPV device and the energy-state 

matching at the BHJ interface is investigated via applying MF. OPVs with smaller MFs 

exhibit higher Voc values. Because the MF indicates the degree of energy-state 

matching, which is a critical factor for suppressing energy loss, it can be used to 

estimate the Voc loss in OPVs. Thirdly, HOMO level of organic materials is tuned by 

controlling numbers of thiophene unit. Thereby indicating that increased numbers of 

thiophene units in the backbone resulted in high HOMO energy levels, resulting in 

enhancement of Voc. These result clearly indicates that the energy-state matching 

between the donor and acceptor is crucial for achieving high Voc in OPVs. 
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이종접합 유기 태양전지에서의 전하 수송 분석 연구

양  현  석

부 경 대 학 교  대 학 원  물 리 학 과

요 약 

  공액 유기물질계면에서 일어나는 빛에 의해 유발된 전하이동(Photoinduced charge 

transfer, PICT)은 이종접합 유기태양전지에서 개로 전압 등의 광-전 효율을 결정짓는 

중요한 역할을 하는 요소이다. PICT는 두 종류의 다른 상을 가지는 유기물질간의 비편

재화된 상태 결맞음에서 비롯되기 때문에 공액 유기물질 사이의 에너지 특성에 대한 

이해가 반드시 필요하다. 본 연구에서는 유기물질 계면상 발생하는 전하이동에 대한 

연구를 다각적으로 진행했다. Chapter 1에서는 유기물질 간의 들뜸 에너지 준위 매칭

을 효율적으로 정량화는 방법을 연구했다. 본 연구에서는 두 유기물질의 광밀도 겹침

을 이용하여 불균형 상수를 계산함으로써 전자 주개 물질과 받개 물질간의 에너지 준

위 균형을 정량화했으며, 이를 바탕으로 불균형 상수와 전하이동간의 상관관계를 규

명했다. Chapter 2에서는 유기태양전지의 개로 전압과 불균형 상수간의 상관관계를 

연구함으로써, 본 연구에서 새롭게 제시된 불균형 상수 개념을 실제 소자에 적용했다. 

그 결과 불균형 상수가 적은 혼합계 일수록 낮은 개로 전압손실로 인해 높은 개로 전

압을 얻을 수 있었다. Chapter 3에서는 유기물질의 사이오펜의 개수를 조절함으로써 

HOMO 준위를 조절하는 연구를 진행했다. 위의 세 가지 연구 결과는 전자 주개와 받

개의 에너지 준위 균형이 PICT를 향상시키는데 매우 중요한 역할을 하는 것을 보여준

다. 결과적으로 위와 같이 세가지 방법을 통해 유기 물질 계면상 발생하는 전하이동 특

성을 분석하고 이를 통해 더욱 효율적인 전하이동을 유도하는데 성공했다.
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Chapter 1     Introduction 

1.1 Conjugated Organic Materials 

   Conjugated organic materials are one of the widely used semiconducting materials in 

recent decades.1–3 Because the conjugated organic materials have various 

semiconducting properties which can be tunable by molecular, these organic materials 

have been applied numerous kinds of electronic devices.4,5 Organic photovoltaics, 

organic light emitted diode (OLED) and field effect transistors (FETs) would be 

example of applying conjugated organic materials. As similar as general organic 

materials, the conjugated organic materials are also composed with the basis on carbon 

(C) chains with oxygen (O) and hydrogen (H).6 Among the various types of organic 

materials, the origin of semiconducting or metallic property which is electrical 

conductive is “conjugation” structure of bonding within the organic materials.6,7 The 

conjugation structure is alternating structure that of two or more double bonding exist 

with a single bond between them. By establishing this origin of conjugated organic 

materials Hideki Shirakawa, Alan MacDiarmid and Alan Heeger reports the first 

example of conductivity values in the metallic regime, for which the 2000 Nobel Prize 

in Chemistry was awarded.8 

   The carbon atom of organic chains has 6 electrons outside of the nucleus, among 

them 4 are valence electrons (2s and 2p) which takes part in chemical bonding.6,7 From 

the point view of total energy and the chemical bonds in carbon bonding, there are two 

formation of hybridization structure for bonding orbitals with tetrahedral symmetry 

(saturated organic materials) and hexagonal symmetry (conjugated organic 
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materials).6,7 Because the tetrahedral symmetry as sp2pz hybridization is available to 

form a π-bond, planar backbone with sp2 δ-bonding with the perpendicular pz formation 

can be constructed.  The s orbital is spherically symmetric while px, py and pz are 

directly along the each axis. Therefore the conjugated organic materials have the three 

in-plane δ-orbitals which constructs backbone of molecular and one π orbital which is 

orthogonal to the plane, and the electron of pz orbital called as π-electron (Figure 1).9–

11 Because the π-electron has attracting force from the nuclei of the neighboring carbon 

atoms, the π-electrons delocalize along the chain of molecular. And this π-electron 

being decoupled from the backbone causes the unique electrical properties to 

conjugated organic materials.3,6,12 

   The electrons in organic materials are bounded by a nuclei, and the nuclei is forming 

a chain in organic materials.3,6,12 In this circumstance, the electrons would be affected 

by the neighboring nuclei, and the affection from nuclei changes kinetic energy of 

electrons.1,8,13 The change of kinetic energy originate the electron forbidden energy 

level called band gap. In organic material system, it is simply considered that the carbon 

chain is same as linearly combined lattice. Therefore, in order to understand the energy 

structure of conjugated organic materials, linear combination of molecular orbitals 

(LCMO) is required.  

Figure 1. Schematic diagram of sigma and π orbital a) Planar backbone of conjugated 

benzene, b) Perpendicular pz orbitals of π electrons, c) Delocalization of π electrons 
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In organic materials, the energy band consists of both bonding and anti-bonding 

energy levels.8,13 The both the bonding and anti-bonding energy levels associated with 

sp2 wave functions of δ bond while the π energy levels which is located between the 

bonding and anti-bonding energy levels associated with pz wave function of π bond 

(Figure 2).14 The π energy levels which constructed by the linear combination of pz 

orbitals of repeated unit have the higher conductivity from the delocalization of π-

electrons within the organic materials. In the molecule, the π-electron excitation to anti-

bonding of π-levels can generate current without the breaking of molecular structure.6,15 

Therefore, because the targeting electrons in conjugated polymer for electronic devices 

would be the electrons in π energy levels, understanding of injected electron into π 

energy levels by photon excitation or charge injection by external voltage must be 

required for using of conjugated organic materials.16 

Figure 2. Schematic diagram for band structure of conjugated organic materials 
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1.2 Optoelectrical Properties of Conjugated Organic Materials and 

Analysis Method 

   Although the semiconducting or metallic property of conjugated organic materials is 

originated by delocalization of π electrons within molecular structures, there are no 

electrons in anti-bonding energy level (π*) of π-band at neutral stable state in nature.17,18 

The π energy levels (valance band) are all occupied states by π electrons at neutral 

stable state while all π* energy levels (conduction band) are empty in this condition. It 

can be a main reason that the general conjugated organic materials does not have free 

carriers as metals and charge creation in π* energy levels as doping and photon 

excitation is required for conjugated organic materials. Among them, this study focuses 

on the charge generation by photon excitation.19,20 

   The electrons in fully occupied valance state can be excited π* energy levels by 

absorption of photon energy.12 However, the excited electron are strongly bounded with 

hole as form as exciton. The exciton is a quasi-particle which is bounded by 

electrostatic attractive Coulomb force between electron and hole.21 In case of organic 

materials the relatively low dielectric constant of organic materials causes the strong 

binding energy of exciton with the range from 0.1 to 1 eV which called as “Frenkel 

exciton”.22,23 Even though the electrons are located within π* energy levels by 

excitation, electrical neutral state of exciton by geometrically coupled excited electron 

and hole as formation as exciton is hard to generate free carriers. Therefore, electron 

accepting materials are required to generate free carriers.23,24 The electron acceptor is a 

role to separate exciton for free carrier generation by using electron affinity difference 
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of each organic materials, and the excited electron on donor transfers to the lowest 

energy unoccupied molecular orbital (LUMO) of the acceptor. This electron transfer is 

called as “photoinduced electron (charge) transfer”.25–28 It means that the blend system 

of two organic materials (one is electron donor, another is electron acceptor) can 

generate free carriers under the photon irradiation condition.  

   The blend system for the photoinduced charge transfer (PICT) must generate 

additional interfaces between donor and acceptor, and this additional interfaces results 

in several intermediate states before generation of free carriers.29,30 The intermediate 

states can be separated as three parts as exciplex formation, charge transfer formation 

and radical pair formation.10,31,32 The exciplex formation is delocalized state in 

formation of exciton on donor and acceptor complex. In this state, each electron and 

hole does not have partial charge because of geometrical coupling.3,33 When the 

coupling is broken by the difference of electron affinity, the electron and hole have 

partial charge in charge transfer state. Finally, the transferred electrons on acceptor 

domain and remained hole on donor domain have radical pair formation which can 

perfectly separate by potential energy.3,10,24 

Figure 3. Process of Photoinduced Charge Transfer 
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The important point of intermediate states is that the excited electron energy 

continuously relax toward LUMO level by thermal relaxation and the relaxed exciton 

or electrons in charge transfer state causes either radiative or non-radiative 

recombination of electron and hole pair.14,34 The radiative and non-radiative 

recombination reduce the final number of collected free carriers at both cathode and 

anode of device.35,36 Therefore, in the blend system of conjugated organic materials, 

suppression of recombination is required. 

The origin of PICT at interfaces between donor and acceptor is a result of the 

uncertainty principle of the fundamental quantum uncertainty. Therefore, the PICT is 

the ultrafast charge transfer that requires the delocalized coherent superposition 

between donor and acceptor materials.17,37,38 Each donor and acceptor have their 

initially delocalized coherent state, and nanostructured organic blend system can be 

described by Eigen functions of Schrodinger equation from initially delocalized 

coherent state. Because these quantum phenomena of PICT has the time scale under 

100 fs, electron dynamics under the photon irradiation condition have been studied by 

using several advanced measurement such as light induced electron spin resonance 

(LESR), transient absorption and sensitive external quantum efficiency. 

Figure 4. Light induced electron spin resonance (LESR) setting and data26 
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The LESR is a measurement for detecting both radical formation and complete 

charge separation in the blend system of donor and acceptor.26 Independent precession 

signal of the spins on donor and acceptor at irradiation condition which can be observed 

from LESR means complete charge separation in the blend system.8 Moreover, the 

deference of relaxation time for each independent precession signal provide the 

information about the carrier relaxation time of separated electrons and hole on 

acceptor and donor.27 However, because relatively similar g-values of conjugated 

organic materials are hard to sort the each independent precession, generally LESR is 

used in case of fullerene based blend system.30   

Figure 5. Transient absorption spectra (TAS) setting and data 

   One of the most widely used analysis method for PICT is transient absorption spectra 

(TAS) which has fundamental as pump-probe measurement.39 Electrons on valence 

band edge (HOMO level) excite to hot-state energy level which corresponding the 

upper energy level of LUMO by pump photon. Before the time scale of thermal 

relaxation (~50 fs) secondary probe photon is irradiate to the excited system.34 The 

spectra of probe light provides three parts of signals divided with the range of 
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wavelength as ground state bleach (GSB), stimulated emission (SE) and photo-induced 

absorption (PIA).40,41 The GSB has negative value of “ΔA/A” where A is absorption of 

organic materials and ΔA are the changed absorption of excited state. 

The GSB covers the range of shorter wavelength which is similar with intrinsic 

absorption range of organic materials. The negative GSB means photo-bleaching of the 

ground states by strong pump excitation. The degraded GSB around absorption edge 

means stimulated emission.42,43 In order to analysis the PICT, PIA part are usually 

considered, because the dynamics of the excited electrons on hot-state can be 

determined by PIA.44 

Generally, the wavelength around initial part of positive ΔA/A shows the 

information of charge transfer state (CT).34,45,46 Otherwise, longer wavelength of PIA 

part shows the information of polaron state of the blend system. The relaxation time of 

each part also analyzed by time resolved PIA.40–42 However, even though the PIA has 

information about CT and polaron state of organic materials, quantitative analysis of 

dynamics of CT and polaron state is hard to understand. The reason is that the 

information of PIA is mixed complex feature of both CT and polaron states. Therefore, 

analysis of independent CT of polaron state also required to understand the dynamics 

of PICT. 

   The CT state which occurs non-radiative recombination usually locates at the sub-

band gap of organic materials, and the CT state called as lowest lying charge transfer 

state.47,48 In this point view, optical transition from the formation of PICT to CT states 

is one of the important factor for determining the efficiency of PICT. This means that 
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the dynamics of electrons which are fall into the lowest lying CT states are important 

to understand efficient PICT. In order to detect this information, analysis of sensitive 

external quantum efficiency (EQE) measurement with electroluminescence (EL) 

spectra is used.1,13 The sensitive EQE spectrum can be calculated via Fourier-transform 

photocurrent spectroscopy. The sensitive EQE measurement is a combined results of 

EL and EQE of the blend system.14,49,50 The EL is a process for charge recombination, 

while EQE is a process for charge generation. From the maximum points of both EL 

and EQE spectrum, because these process are vice versa, the reduced section of each 

EL and EQE should be overlapped in the dimension of energy level as shown Figure 

6. In the sensitive EQE spectrum, CT band covers low energy part which the value of

EQE enhances dramatically range. Based on the fitted EL and EQE spectrum, the 

energy level of CT states for organic materials also can be calculated.35,51,52  

Figure 6. Sensitive EQE and EL data for organic based blend system35
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1.3 Application of Organic Materials to Solar cell 

   The main application of PICT on electric device is the conjugated organic material 

based bulk heterojunction solar cell.1,8,17,43,46 The solar cell is a device which converts 

solar energy to electrical energy by creating electrons and holes, and bulk 

heterojunction means the heterojunction between donor and acceptor within the thin 

bulk film fabricated from mixture of donor and acceptor materials. Because the 

conjugated organic materials is soluble to organic solvent such as chlorobenzene, 

solution process as spin coating and ink-jet method are widely used for stacking layers 

for organic based solar cell.4,16,53 Each layers including functional layer and photo 

active layer have interfaces between the layers, and it becomes the trap site on solar 

cell. The trap sites reduced the number of collected charge at electrode. Therefore, 

suppressing the trap sites is effective method to enhance the performance of organic 

solar cell.  

The simplest main mechanism of solar cell can be divided by three parts as 

absorption, PICT and charge collection at the opposite electrode.14,54 The electrons on 

HOMO levels excites to hot-state energy levels as form as the exciton by absorbing 

photon energy. Although the quasi-Fermi level differences between cathode and anode 

constructs built-in potential in active layer, the electrical neutral property of exciton 

never be influenced by built-in potential.2,3,35,55,56 However, in the blend system of 

donor and acceptor, the relatively strong electron affinity of acceptor causes electron 

transfer to acceptor domain. If the transferred electrons are sufficiently separated from 

binding energy of positive radical by remained hole on acceptor domain.10,57 The 
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electrons are collected within electrode by built-in potential. This process is same with 

diode, but in case of organic based solar cell requires the photon energy for PICT. 

    Although each layer of organic based solar cell should be developed for enhancement 

of performance, this research is focusing on the only active layer. The active layer is a 

role to photon energy absorption and generating free carriers. Because the exciton 

diffusion length which is the length scale of exciton before carrier recombination is 

around 10 nm, the phase separated bulk heterojunction would have the several nano-

scales.46,58–61 These interpenetration network of donor and acceptor have advantage to 

enhance the probability of exciton separation. Therefore, morphological optimization 

of active layer is one of the important factor for performance of organic solar cell.46,51,62 

This morphological property of the blend system usually controlled by post-treatment 

method, additive materials and tuning of molecular structures. These control have 

effects on solubility and miscibility, results in phase separation of donor and 

acceptor.4,14,63 These morphological properties can be measured by several kinds of 

method such as Atomic force microscope (AFM), Transmission electron microscope 

(TEM) and Grazing-incidence wide-angle X-ray Scattering (GIWAX). The AFM is a 

general tool to detect the nanostructure of surface. It also shows the partial difference 

of work function for each point of film.63–65 The crystallinity of organic thin film can 

be measured by GIWAX.10,60,64 The stacking state organic materials such as pi-pi 

stacking can be determined by GIWAX. At last, The TEM is a tool for detection about 

length scale of phase separation and connectivity of network for the blend system.66–69 

The one more controllable factor in active layer is about energetic favorable structure 

of donor and acceptor. The conjugated organic materials have their intrinsic energetic 
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structure. The energetic structure can be considered as the HOMO, LUMO level, band 

gap and hot-state energy level. Under the fundamental of LCMO, the energy difference 

between HOMO and LUMO level are band gap of each materials. Because the LUMO 

level means electron affinity, LUMO level of acceptor must be deeper than LUMO of 

donor. Otherwise, in the point view of hole, HOMO of acceptor also must be deeper 

than HOMO of donor. In the past decades, the charge transfer at interface between 

donor and acceptor considered as energy-gradient drive molecular hopping. Therefore, 

empirical rules of Voc which requires extra energy with the range of 0.3 eV for exciton 

separation have to be fulfilled to fabricate solar cell.70 However, advanced technology 

of photo-physical measurement demonstrated that the energy-gradient driven 

molecular hopping is a phenomenon of several particular organic materials, and the 

PICT is determined by the ultra-fast charge transfer in hot-state energy level and the 

influences from charge transfer state. From this numerous of effort to develop the 

organic based solar cell, over than 18.5 % of power conversion efficiency (PCE) has 

been achieved. However, the mechanism or the effect of PICT and CT states still debate, 

because the development of higher resolution of advanced photo-physical measurement 

such as TA and sensitive EQE have observed the unique and new property of the blend 

system of conjugated organic materials. 

Figure 7. Mechanism of AFM and GIWAX measurement60 



13 

Chapter 2     Theory 

2.1      Charge Transport at Interfaces between Donor and Acceptor 

2.1.1     Delocalization of Excited Electrons in Organic molecular 

   Optoelectronic properties of conjugated organic materials is well explain by LCMO 

as previously mentioned.6,71 In conjugated organic materials, the number of pz orbital 

originates the number of electron states which is determined by the number of 

nodes.27,55,72,73 The number of node has same value with the number of states for anti-

bonding of π* orbital. This means that the states where has lower energy level that the 

state which has the half of whole number of pz orbital would be valence states, and the 

highest energy state of valence state for group of node is HOMO level.14,17,70 Because 

the electrons are occupied in these states in neutral condition, there are no energy 

degradation. However, if the electrons are located on the energy level above HOMO 

level which is unoccupied energy level, energy release occurs within the energy scale 

of vibronic energy. In order to excite the electrons on HOMO level to upper level, 

fortunately the external energy is required with the scale of optical energy (several eV). 

In the point view of bond length alternation (BLA), the 1D chain of conjugated organic 

materials has nearly similar energy levels between HOMO and LUMO. It means that 

even though there is an energy barrier between alternation conditions of conjugation, 

therefore there are no difference of energy between the alternations. However, in case 

of aromatic ring such as benzene, the energy of aromatic and quinoidal is relatively 

difference (Earomatic < Equinoidal).10,74 And the calculated energy of each Earomatic, Equinoidal 

usually matched with HOMO and LUMO level of materials. It can be a main reason 
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that general conjugated organic materials are based on the aromatic ring. Based on BLA, 

the delocalization property of conjugated organic materials can be tuned by doping of 

sulfur or nitrogen on aromatic ring.72,75 These approach stables the electrons on LUMO 

level resulting in the enhanced optical property of materials including band gap open. 

   The delocalization along the chain of conjugated organic materials can be described 

by Su-Schrieffer-Heeger (SSH) Hamiltonian. The SSH Hamiltonian has three parts as 

written below.6,8,71 

𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆 = ∑ [−𝑡𝑡0 + 𝛼𝛼(𝑢𝑢𝑛𝑛+1 − 𝑢𝑢𝑛𝑛)]�𝑐𝑐𝑛𝑛+1,𝜎𝜎
+ 𝑐𝑐𝑛𝑛,𝜎𝜎 + 𝑐𝑐𝑛𝑛,𝜎𝜎

+ 𝑐𝑐𝑛𝑛+1,𝜎𝜎� +∑ 𝑝𝑝𝑛𝑛2

2𝑚𝑚𝑛𝑛 + 1
2
𝐾𝐾 ∑(𝑢𝑢𝑛𝑛+1 − 𝑢𝑢𝑛𝑛)2𝑛𝑛,𝜎𝜎 --------------Equation 1. 

   Where the c+ is fermion creation operator and c is fermion annihilation operator, p is 

the nuclear momenta for site n, u is displacement from equilibrium, m is carbon mass, 

and K is effective spring constant of the δ-bond. There are three parts on the SSH 

Hamiltonian. The second and third part are showing nuclei vibrational with considering 

of their displacement from equilibrium positions. The electronic structure of conjugated 

organic materials is described in the first part with the tight-binding approximation of 

the π-band structure. The electron transfer of hopping from i to i±1 is described with –

t0. Because the transfer energy increase by the attractive interaction between electrons 

at i site to i±1, the magnitude of –t0 is roughly proportional to the ionization potential 

of the atom. Therefore the overlapping of the wave function for charge transfer by 

delocalization would be described to 𝑡𝑡0 ≈ 2𝐼𝐼𝑝𝑝⟨𝑖𝑖|𝑖𝑖 ± 1⟩. Where Ip is ionization potential. 

The factor of 2 comes from the existence of the kinetic and potential energy on the 

electron. In generally the electron energy loss measurement of the band dispersion have 

showing that the t0 of the conjugated organic materials is nearly 3 eV, while the 
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ionization potential is 5 eV. These values mean that the overlapping of the wave 

function is relatively huge (⟨𝑖𝑖|𝑖𝑖 ± 1⟩  ≈ 0.3) and results in the strong tendency toward 

delocalization of the electrons along the chain of conjugated organic materials. 

2.1.2     Hot-State Charge Transport in Bulk heterojunction Organic Film 

   In the blend system of two conjugated organic materials as bulk heterojunction 

structure, the charge transfer process have been demonstrated as ultra-fast charge 

transfer.14,58 The ultra-fast charge transfer is resulted in the electron delocalization in 

the blend system, and it has a time scale under 50 fs.14,65 Even the time scale is relatively 

longer than the charge transport at the metal to metal interface (several hundreds of 

atto-seconds), the time scale of charge transport at organic materials fulfills the time 

scale for photoinduced charge generation. Because the fundamental of PICT is based 

on delocalization of electrons, the PICT also originate by quantum uncertainty. It can 

be a main reason that the extended excited states of wave function should be considered 

to the blend system. The uncertainty of position and momentum of excited electron also 

obeyed by the Heisenberg's uncertainty equation. Therefore, the PICT generates in the 

condition of the delocalized coherent superposition of the Eigen functions for each 

donor and acceptor including with blend system, and the charge have to transfer before 

the collapse of the delocalized coherent superposition.27,76–78 However, each conjugated 

organic materials have different time scale for the collapse of the delocalization state, 

resulting in the different rate of generated mobile carriers and the influences of CT 

states.55,61,74 Although the hot-state charge transfer is an ultimately high efficient charge 

transfer at the interface of donor and acceptor, the rate of generated final mobile carriers 

are different with it, because of trapped or recombined charge carriers. And the 
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dominant sites of these trap and recombination are CT state especially the lower lying 

CT states under LUMO of acceptor.21,54 Therefore the understanding of the sub-

bandgap have been required for dynamics of PICT. Although it is well known that the 

excess energy or driving energy for electrons does not effect to enhancement of the 

number of generated mobile carrier by overcoming CT state, the directly generate 

mobile carrier on hot-state which has less influence from CT state can suppress the 

recombination rate at interfaces.79 Therefore, the relation between the process of PICT 

and thermal relaxation in particular blend system must be understood. Because the time 

scale between the frequent events shows the information of probability for each events, 

the optical process such as PICT or thermal relaxation can be determined by the 

comparison of time scale for each events. 

Figure 8. Charge transfer mechanism in the blend system of organic materials 

The time scales for the light absorption with the generation of delocalization states 

is 0-5 fs (under 20 fs), in this time scale the generation of direct CT states also occur at 

interfaces from attractive force with delocalization, while indirect CT states (after 

relaxation) are generated in relatively slow time scale from 100 to 200 fs, and the 
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collapse of CT states occurs after 600 ps. Otherwise the time scale of PICT is nearly 50 

fs which is a reason that direct charge transfer at hot-state is called as ultra-fast charge 

transfer.14,41,80 This means that the influence from CT states to PICT continuously exists 

during whole of PICT process, and trapped electron in CT states is hard to overcome 

the barrier of CT states. However, fortunately, the relaxation time scale from hot-state 

to LUMO or CT states relatively longer than the time scale of PICT with the range of 

50 fs–10ps.52,55,60 Therefore, in order to boost the efficient PICT with suppressed 

recombination at CT states, the directly transferred PICT process is required. These 

properties also can be explained by the spin system of excited electrons. Although the 

life time of singlet state for excited electrons are known as nearly 1.2 ps, the time scales 

that the only singlet exciton exists is under 80 fs.15,46,81 This means that both of the 

singlet and triplet states are co-existed within the range from 80 fs to 1.2 ps. Therefore, 

it can be considered such like that the co-existed states of both singlet and triplet exciton 

indicates the intermediate CT states. Otherwise, the only triplet states are observed after 

1.2 ps which means the process of PICT already finish and there are only relaxation 

process is existed in this time scale.2,8,28,43,82 These optoelectronic properties of 

conjugated organic blend system shows that the directly generated charge carriers on 

hot-state by PICT is one of the important factor. 

Because it is well known that the geometrical distance for PICT covers under 20 

nm, the structure of blend system also be a crucial factor for PICT.4,14,17,80 The 

conjugated organic materials aggregate in thin film condition, and the aggregation 

causes the deformation of absorption and emission band.10,54 The reason of deformation 

is the pi-pi stacking which is orbital overlapping of pi electron in phase separated 
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molecular. Because the π-π stacking has two interaction between organic molecule as 

charge transfer interaction (short range) and coulomb interaction (long range), the type 

of aggregation for organic molecule must be considered.83,84 The type of aggregation is 

determined from the angle (α) between transition moment of molecular and the center 

of line joining. In case of H-aggregation, the range of α should be “54.7< α <90”, 

otherwise J-aggregation is “0< α <54.7”.55,72 Generally H-aggregation has aligned π-π 

stacking of organic molecule resulting in blue-shift of optical density, and J-

aggregation with weak π-π stacking has red-shifted optical density.59 The reason of this 

changes can be understood as the symmetry breaking of orbitals, and this symmetry 

breaking also causes the CT states at the interface between donor and donor. These 

changes of optical density affects to the optoelectrical property of photovoltaics. 

Therefore, control of the aggregation type by treatment or morphology control is 

required to enhance the performance of photovoltaics. The H and J-aggregation are the 

aggregation types in one materials.59,60,68,85 Although this CT states are the sites which 

have the high probability of recombination, the nonpolar dielectric system on the only 

one material system has less influence to the recombination on CT states between same 

organic materials. However, geometrical location of the combination of donor and 

acceptor is much different. However the blend system of donor and acceptor is clearly 

phase separated structure. In this case the location type can be divided as “face on” and 

“edge on”.84 The face on has similar structure with H-aggregation which has high π-π 

stacking while edge on has J-aggregation structure which has relatively low π-π 

stacking. Because the PICT is originated by delocalized coherent superposition, the 

resonance between the wave function of donor and acceptor is necessary. This means 

that the resonance distance between donor and acceptor would be a key factor of the 
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distance between donor and acceptor molecule.46 If the molecule distance (D) is longer 

than resonance distance (R) as “D>R”, the PICT is suppressed because of absent charge 

accepting state. Otherwise if “D<R”, electrons in donor would relax toward the energy 

level which fulfill the delocalized coherent superposition. Therefore the best condition 

for PICT is “D=R” condition as shown in Figure 9. This theory well explain the 

importance of the resonance of the hot-state. The theory also well matched with some 

experimental results that the rate of PICT is different with the energy level of hot-state, 

and the difference is depend on the type of organic materials. Moreover, it is also 

discovered that the density of state at particular hot-state also give effect for the rate of 

PICT. Therefore, both of the energy level of well resonance and density of states would 

be require to get efficient PICT. 

 

Figure 9. Scheme for cases of the molecule distance and resonance distance 
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2.2     Voltage loss in Organic Blend System 

2.2.1     Origin of Voltage Loss in Organic Blend System 

   The bulk heterojunction structure of organic blend system has the interpenetrating 

donor and acceptor network in the film, and the interpenetrating network shows the 

nearly unity quantum efficiency. That is because both of the exciton and charge carriers 

diffuse randomly, after then they are eventually recombine. However, if the built-in 

potential are constructed in the blend system, the dynamics of exciton and charge 

carriers are different.86–90 The origin of built-in potential is the difference of work 

function between cathode and anode. The difference of work functions causes the 

symmetry breaking through the device resulting in construction of built-in potential. In 

this built-in potential, the draft of charge carriers overcome the diffusion of charge 

carriers resulting in the collection of carriers at both electrode.4,60,75,91 While the 

dynamics of exciton still be under the diffusion, because the charge of exciton is zero 

(the exciton exists without the separation in geometrical spaces). Therefore, the 

symmetry breaking via built-in potential must be required for charge collection in the 

organic blend system. Historically, although the origin of Voc is said to be the energy 

gap between the both quasi-Fermi levels of donor and acceptor materials, numerous 

researcher regards the trend of practical Voc values would proportional to the maximum 

of Voc which can be calculated from HOMOdonor-LUMOacceptor. This empirical result are 

explained as below.70  

𝑽𝑽𝒐𝒐𝒐𝒐 = 𝟏𝟏
𝒆𝒆
��𝑬𝑬𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯� − �𝑬𝑬𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 �� − 𝟎𝟎.𝟑𝟑    ------------------------------------------Equation 2. 
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The 0.3 is and empirical factor from experimental results. However, sometimes the 

relative HOMO-LUMO energy gap corresponding to Voc is not always the case under 

practical conditions especially non-fullerene acceptor (NFA), since sometimes the 

energy transfer mechanism became more significant than the HOMO-LUMO value. 

   The recent research trend of the bulk heterojunction organic structure focuses on the 

Voc.59,91,92 Since the PCE of organic solar cells (OSCs) still lag behind comparing with 

inorganic of perovskite based solar cell because of relatively low Voc. The reason of the 

relatively loss Voc relates with the high loss of photon energy resulting in low Voc.18,86,93 

In general, the photon energy loss in solar cell can be explained by the equation as 

below. 

∆𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐸𝐸𝑔𝑔 − 𝑞𝑞𝑞𝑞𝑜𝑜𝑜𝑜  ----------------------------------------------------------------------------------Equation 3. 

   Where q is elementary charge and Eg is the optical band gap of the absorber. Because 

the Voc is determined by the difference of quasi-Fermi level between both electrodes, 

the subtraction from energy gap which is the excited electron energy level to the 

converted energy from Voc would be the photon energy loss. From this equation, 

reducing photon energy loss can be a direct pathway to enhance Voc resulting in 

enhancement of PCE. The rate of photon energy losses are different with the materials 

types as crystalline semiconductor, hybrid semiconductor and organic semiconductor. 

For example, the rate of photon energy loss for gallium arsenide, crystalline silicon and 

perovskite are 0.32, 0.38 and 0.4-0.5 eV respectively.18,94–96 Comparing with these 

materials, conjugated organic materials shows much larger energy loss with the scale 

of 0.6-0.11 eV, and these scales is also much higher than the Shockley–Queisser (SQ) 
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theory (0.25-0.3 eV).50 The reason of relatively high energy loss of organic solar cell is 

high recombination rate of both radiative and non-radiative. The dominant origin of the 

radiative recombination is due to absorption edge broadening effect by uncoordinated 

structure of organic materials, while the non-radiative recombination is due to the 

additional interface between donor and acceptor which do not exist in inorganic or 

perovskite bases solar cell.97–100 The photon energy loss can be divided as three parts 

(E1, E2 and E3) as shown in Figure 10. The E1 is the energy loss about the Shockley–

Queisser (SQ) theory which originates the higher energy absorption above the band 

gap, and the scale of E1 is known as 0.3 eV. Because the phenomena of E1 is common 

including inorganic and perovskite materials, it seems that there are no extra potential 

to reducing E1. The radiative recombination under band gap results on the energy loss 

as E2.98,101,102 In case of inorganic or perovskite solar cell, the E2 is negligible, but the 

E2 of OSCs is not. However, although the fullerene based solar cell shows much higher 

E2 with the range around 0.7 eV, recent developed non-fullerene acceptor based OSCs 

also has the negligible E2 (0.07 V).50  It can be a reason that the non-radiative 

recombination is the dominant factor for relatively higher energy loss in OSCs. 

Figure 10. Scheme for photon energy loss analysis in solar cells 
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The non-radiative recombination is the process which do not radiate the light during 

recombination, while radiative recombination radiates photon when the electron and 

hole recombine.68,103 There are three types of non-radiative recombination in organic 

based solar cell as Auger recombination, trap site recombination and bimolecular 

recombination.104,105 The Auger recombination involves three particle system, and the 

three particles are two electrons and a hole. By the excitation of electron, electron hole 

pair is generated.32,106 The excited electron would recombine with hole, and the 

recombination radiates energy to out of the electron hole pair system. If there is third 

particle which is another electron (second electron) nearby the site of recombination, 

the radiative energy from recombination transfer to the second electron as foster energy 

transfer which only transfer the energy by energy level overlapping. If the second 

electron locates on the HOMO level, the second electron excites to LUMO. It is a 

process which is called as photon recycling. Because the transferred energy is recycled 

by Auger effect, the photon recycling phenomena is not non-radiative recombination.107 

However, because the quantum yield of photon recycling exponentially degrade with 

the number of cycle, it can cause the degradation of final quantum yield of OSCs. 

Otherwise, if the second electron already excites from the light irradiation, the 

transferred energy just enhance the kinetic energy of second electron to above the 

LUMO level. The kinetic energy will reduce to LUMO of molecule by the thermal 

relaxation process. In this process, the photon energy loss occurs as showing like 

Figure 11.  

The second type of non-radiative recombination on organic solar cell is trap site 

recombination.4,17,63,80 Although there are no states in the electron forbidden energy 
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level as band gap of organic materials, defects or trap site can be located in the 

forbidden energy levels, resulting in trap assisted recombination.81,108–111 These trap site 

are unintentionally introduced on OSC. The trap site recombination is known as the 

Shockley-Read-Hall (SRH or RHS) recombination.112–114 The excited electron of 

generated hole by light absorption is trapped on the trap site. Because these trap sites 

are generally the discrete energy states, the trapped charges involve the restricted 

charge transport. The restricted charge transport means the increase of probability for 

recombination. In this case, if the hole also move in the trap site, the trapped electron 

and hole recombine without the radiation of photon, because the relatively lower energy 

gap between trapped electron and hole.  Even though there are many method to 

eliminate trap site such as several treatment or morphology control, it is still hard to 

perfectly eliminate the trap site. Moreover, randomly oriented structure of organic 

materials also be a dominant reason that there are much more trap site in OSC 

comparing with other crystalline semiconductor.  

Figure 11. Scheme for process of Auger recombination 

   The last type of non-radiative recombination on OSC is bimolecular recombination, 

this recombination is a unique property of the blend system of organic materials, 

because this the site of the bimolecular recombination is the interface between donor 

and acceptor.14,70 The excited electron on exciton formation has a singlet spin system. 



25 
 

After the exciton separation the changed spin momentum of electron results in the 

change of spin system to triplet state.10,83,84 Because the electron transfers to acceptor 

and the hole remains in donor, bimolecular condition is constructed at the interfaces. If 

the separated electrons are still located in donor domain, this recombination would be 

radiative recombination which is usually observed in direct band gap.1,115–117 Because 

the different phase of electron and hole in the blend system results in the indirect band 

structure, the bimolecular recombination becomes non-radiative recombination. 

   These three types of non-radiative recombination are easily observed in numerous 

type of semiconductor including organic materials.118–120 However, the effects of these 

recombination is much different with the types of semiconductor. Unfortunately the 

organic based solar cell undergo the huge harmful influences from the phenomena of 

non-radiative recombination comparing with inorganic semiconductor.50,121,122 The 

non-radiative recombination in OSC means the loss of both energy and the number of 

collected electron. Although this loss causes the degradation of all parameter for solar 

cell such as Jsc, Voc and FF, the most critical parameter which is damaged should be Voc, 

and the reason con be understand from origin of Voc. As already mentioned, the Voc 

originates from the difference of Fermi energy level terminal of devices.33 In general 

cases, both of the Fermi energy levels well matches with the work function of cathode 

and anode. However, in solar cell devices, there are quite different Fermi levels because 

of the influence by irradiation condition.123 Therefore it is required to consider the 

quasi-Fermi levels which is under the equilibrium state of irradiation.124,125 Under the 

equilibrium state, the continuous creation and excitation of excitons and separated 

electrons are balanced with the annihilation and relaxation. The creation and excitation 
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are considered as photo-generation, while the annihilation and relaxation are 

considered as recombination.126,127 Therefore, the Voc is demonstrated from the balance 

between the photo-generation and recombination. The separated electrons locates on 

the acceptor domain, and holes locates on the donor domain. This steady state results 

in the difference of the Fermi energy level for both donor and acceptor. In this situation, 

the Fermi level has dependency from several factors as the light intensity, the number 

of generated electrons and hole and so on. The Fermi level which considered the several 

factors called as quasi-Fermi level in OSCs. 

2.2.2     Strategy for Reducing Voltage Loss 

   Based on the theory of voltage loss in OSCs, it is clear that the reducing of voltage 

loss by suppressing non-radiative recombination must be required to enhance the power 

conversion efficiency in OSCs. Generally the strategy for suppressing Auger 

recombination and bimolecular recombination is the boosting efficient PICT which is 

directly transferred charge carriers on hot-state. Otherwise, the trap site recombination 

can be suppressed by elimination of essential trap site by morphology control. 

Therefore, both energetic approach for suppression of Auger recombination and 

bimolecular recombination and geometrical approach for elimination of trap site would 

be accompanied within the blend system of organic materials. 

   In case of the energetic approach for reducing non-radiative recombination, 

fundamental strategy is generally focused on reducing the influence of CT states. 

Because these CT states are dominant site of the Auger recombination and bimolecular 

recombination, substantial voltage loss originates from the CT states. However, the 
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targeting of electron states are different between Auger recombination and bimolecular 

recombination.55,128 In case of Auger recombination, because the second electron which 

are located on HOMO level can undergo photo recycling process, the only excited 

second electron which radiate energy as thermal relaxation process is considered.50,85 

Therefore, the targeting electrons for reducing Auger recombination would be an 

excited electrons on hot-states before thermal relaxation. In this process, the hot-state 

charge transfer can suppress the voltage loss.15 This means that the efficient PICT on 

hot-state can be one of the strategy for enhancement voltage loss. These efficient PICT 

reduce the probability of trapping in CT states, because the charge transfer process 

occur on the hot-state which has the higher kinetic energy of electron.3,129,130 Otherwise, 

in case of bimolecular recombination, the bimolecular formation of electrons and holes 

pair which are located at sub-band gap is only considered. Because even though there 

is an attractive force between electron and hole pair, the charge carriers which are on 

upper energy level than sub-band gap have enough kinetic energy to overcome the 

binding of electron and hole pair.131–133 However, it is well known that the electrons 

which are on the bounded CT states is weekly dependent on the external bias or excess 

energy for electrons. Therefore, the strategies as energy favorable material property or 

morphology control must be required. 

One of the most effective strategy of energetic approach for reducing Auger and 

bimolecular recombination is enhancing the amount of hot-state matching between 

donor and acceptor. The key point of this strategy is enhancing the rate of hot-state 

charge transfer before relaxation, resulting in the suppression of the charge transfer on 

CT states under LUMO level, and it requires the enough hot state matching for 
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delocalization of electrons on hot-state. This means that if the density of states for 

excited electron of donor considered as the charge generation states, the corresponded 

density of states (DOS) for acceptor must be required for delocalization overall the 

blend system. The corresponded density includes both of the intensity and energy of 

DOS.70,134 

   Otherwise, the effective strategy of geometrical approach would be a post treatment 

for the film of blend system. Because the general conjugated organic materials easily 

diffuse from the non-polar solvent such as chlorobenzene, solution process for the film 

fabrication such as spin coating and inkjet method is applied.4,16,53,135,136 Since the 

diffused state of organic materials in solution has randomly blended state, the post 

treatment can control the quality of film such as percolation network, morphology and 

stacking type.  

Figure 12. Charge transfer mechanism on mismatched and well-matched states 
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2.3     Device Physics for Bulk heterojunction Organic Solar Cell 

   The final purpose of solar cell is converting the photon energy to electric energy. 

Therefore the efficient for light to electrical power conversion would be the most 

important factor of performance for solar cell.14,55,137 The most widely used method to 

determine the power conversion efficiency (PCE) is the current density-voltage (J-V) 

characteristics.3,35,138 The J-V characteristics is a measurement for photo diode property 

under irradiation condition. In this analysis, current densities at each external voltage 

are measured. Because the organic solar cell is diode, saturated current would be 

observed around “0” external bias. While the current density increase unlimitedly at 

the driving voltage as shown in blue line in dark condition. In case of irradiation 

condition, current density shows negative value as red line because of self-generated 

charge carriers in solar cell. In J-V characteristics, PCE can be simply calculated by 

using the short circuit current density (Jsc), open circuit voltage (Voc) and fill factor (FF) 

by using the PCE equation below.46,55,70,87,119,139 

𝐏𝐏𝐏𝐏𝐏𝐏 =  𝑷𝑷𝒐𝒐𝒐𝒐𝒐𝒐
𝑷𝑷𝒊𝒊𝒊𝒊

 = 𝑽𝑽𝑶𝑶𝑶𝑶 × 𝑱𝑱𝑺𝑺𝑺𝑺 ×𝑭𝑭𝑭𝑭
𝑷𝑷𝒊𝒊𝒊𝒊

 ----------------------------------------------------------------------Equation 4. 

Figure 13. J-V characteristics of solar cell 
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   The general Shockley equation which is modified for solar cells are shown as follow. 

𝐽𝐽(𝑉𝑉) = 𝐽𝐽0  �exp �𝑞𝑞 (𝑉𝑉−𝐽𝐽𝑅𝑅𝑠𝑠)
𝑛𝑛𝑙𝑙 𝑘𝑘𝐵𝐵 𝑇𝑇

� − 1� + �(𝑉𝑉−𝐽𝐽𝑅𝑅𝑠𝑠)
𝑅𝑅𝑠𝑠ℎ

� − 𝐽𝐽𝑝𝑝ℎ --------------------------------------Equation 5. 

   Where, J0 is the reverse saturation current density, V is the applied bias, kB is 

Boltzmann constant, nl is the effective light ideality factor, RS is series resistance, RSH 

is shunt resistance,  T is temperature and Jph is self-generated current density from light. 

The first term of Shockley equation shows the Shockley equation for ideal diode, and 

the second term is for effect of resistance. Because the Shockley equation is for current 

density from external bias, the third term of Jph should be negative. 

   In J-V characteristics, Jsc means the current density of device at “0” external bias. 

This means that the Jsc is the maximized current density which generated by the solar 

cell. This Jsc can be explained by Shockley equation as “𝐽𝐽𝑆𝑆𝑆𝑆 = −𝐽𝐽𝑝𝑝ℎ = −𝑒𝑒𝑒𝑒𝑒𝑒𝑃𝑃𝑐𝑐(𝐼𝐼,𝑉𝑉)”. 

Where G is the rate of generated free charge carriers per unit volume, d is the distance 

between each electrode, and Pc (I, V) is the probability of charge collection. The short 

circuit is a condition for actual performing state of solar cell. Therefore, the Jsc shows 

the rate of charge generation, and the Jsc usually depends on the photon absorption. As 

shown in Jsc explanation of Shockley equation Jsc has linear dependency on the light 

intensity. However, in actual devices, the current density which is generated by photon 

do not show the linear dependency because of charge collection part as like “𝐽𝐽𝑝𝑝ℎ =∝

𝑃𝑃𝑖𝑖𝑖𝑖𝛼𝛼”. When α is “1”, the most of the generated charges collects on electrode without 

the recombination. While α under “1” as the general devices means that the generated 

charge carriers loss from the difference of the carrier mobility for electrons and holes, 

bimolecular recombination and the variations in the distribution of density of states. 
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   The Voc indicates the voltage when the external bias make current density “0”. In the 

irradiation conditions the active layer of solar cell has built-in potential, the built-in 

potential is constructed from the quasi-Fermi energy level difference between cathode 

and anode. If the external bias which is reverse direction with built-in potential, the 

built-in potential offsets by the external bias. Therefore the Voc is same with the built-

in potential including quasi-Fermi energy level condition. From the general Shockley 

equation for photovoltaics, Voc can be represented as “𝑉𝑉𝑂𝑂𝑂𝑂 = 𝑛𝑛𝑙𝑙𝑘𝑘𝐵𝐵𝑇𝑇
𝑞𝑞

𝑙𝑙𝑙𝑙 �𝐽𝐽𝑝𝑝ℎ
𝐽𝐽0

+ 1�”. The 

equation shows that Voc has the inversely proportional relation with J0 while directly 

proportional relation with Jph and nl. Because the closed relation between Voc and Jsc, 

the light intensity dependent Voc is used for the analysis of the recombination 

mechanism within devices. According to the Shockley equation, the slope of the Voc 

versus ln (I) plot is corresponding to 𝒏𝒏𝒍𝒍𝒌𝒌𝑩𝑩𝑻𝑻
𝒒𝒒

. Hence, the ideality factor (nl) of 1 indicates 

that the bimolecular (Langevin) recombination is dominant, while the nl of 2 indicates 

the SRH (trap-assisted) recombination is dominant at open circuit condition. In general, 

the nl ranges from 1 to 2, suggesting that recombination at open circuit is a combination 

of SRH and bimolecular process.  Fill factor (FF) is calculated from the ratio between 

the maximum power of the solar cell and the product value of Jsc and Voc. In the ideal 

solar cell, the maximum power would be the product of Jsc and Voc. However, when the 

carrier extraction is not a unity, the maximum power should be lower than it. Because 

the carrier extraction depends on carrier mobility, resistance and recombination, FF 

shows these all informations as final formation. It is a main reason that the quality of 

solar cell are generally decided by the FF. The FF can be calculated by the equation as 

“𝐹𝐹𝐹𝐹 =  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉𝑂𝑂𝑂𝑂 × 𝐼𝐼𝑆𝑆𝑆𝑆

 ”.   
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CHAPTER 3     EXPERIMENTAL 

3.1     Material Preparation 

<P1 and P2 Synthesis> 

To the ice cold solution of 5 (1.20 g, 1.76 mmol) in anhydrous toluene (40 mL) was 

added 2-octyldodecan-1-amine (0.57 g, 1.90 mmol) drop by drop via syringe under an 

argon atmosphere. The solution was stirred for 1 h and then slowly heated to reflux for 

10 h. Toluene was completely removed and the residue was dissolved in dry methylene 

chloride (50 mL) and cooling. To the stirred solution, 5.0 mL of thionyl chloride was 

added in one portion and then heated. After 30 min, the solution was completely 

removed by rotary evaporation. The pasty mass was dissolved in methylene chloride 

(50 mL) and washed with brine. The organic layer was dried over anhydrous Na2SO4. 

The solvent was concentrated and then the residue was purified by column 

chromatography (silica gel, hexane:ethyl acetate, 90/10, v/v) to afford pure product 

ttPPD as a yellow solid. A solution of BDTT (0.27 g, 0.30 mmol) and ttPPD (0.29 g, 

0.30 mmol) were dissolved in chlorobenzene (20 mL). The solution was purged well 

with argon for 45 min and then Pd2(dba)3 (7 mg) and P(o-tol)3 (15 mg) were added in 

one portion. The entire mixture was stirred and refluxed for 16 h under argon 

atmosphere. Subsequently, the reaction mixture was cooled to RT and then added drop 

by drop into a vigorously stirred methanol (200 mL). The precipitates were recovered 

by filtration, and the crude polymer was extracted with methanol and acetone for 24 h 

each in a Soxhlet apparatus to afforded pure polymer P(BDTTettPPD) as a dark brown 

solid. Yield (0.39 g, 94%). 
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<Polimerization> 

Polymerization of poly[2,6-(4,8-bis(2-ethylhexyloxy)benzo [1,2- b:4,5-b’]dithiophene) 

-alt-1,4-(7,8-bis((2-ethylhexyl)oxy)- 2-fluorophenazine)] (PBDT-FPz). The 1,4-

dibromo-7,8-bis((2-ethylhexyl)oxy)- 2-fluorophenazine (3) (0.238 g, 0.492 mmol) was 

added to chlorobenzene (20 ml), then 2,6-bis(trimethyltin)- 4,8-bis(2-

ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene (0.3 g, 0.388 mmol) and Pd catalyst that 

tris(o-tolyl)phosphine (0.080 g, 0.0246 mmol) and Pd2(dba)3 (0.0226 g, 0.0246 mmol) 

put into flask. This solution was stirred 48 h at 100 ◦C condition. After cooled to room 

temperature, this solution was put into stirred methyl alcohol at 0 ◦C one by one. The 

polymer was filtered and washed with methanol. The collected polymer was soxhlet-

extracted with methanol, acetone, chloroform and chlorobenze. Then, chloroform and 

chlorobenzene solutions were put into stirred methanol to reprecipitation. The purified 

polymer was collected by filtration to give 240 mg.  

<Others> 

Reagents and solvents were purchased from Sigma-Aldrich. PCE10 (PTB7-Th), 

PCE11 (PffBT4T-2OD), PBDB-T, PBDB-T-2Cl, PCDTBT, Si-PCPDTBT, series of 

IEICO were purchased from one-Material. F-N2200, PC71BM, PCBM, C60, Y6 were 

purchased from nanocleanTec.
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3.2     Device Preparation 

ITO-coated glass substrates were sequentially cleaned in an ultrasonic bath with 

deionized water, acetone, ethanol and isopropanol for 10 minutes and then dried in the 

oven at 100 oC for overnight. The surface of the substrates were then treated with 

UV/Ozone treatment for 1800 s, thereafter poly(3,4-ethylenedioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS, Paytron PH) was spin-coated onto the substrate 

at the 4500 rpm for 50 s and annealed at 140 oC for 10 min. A polymer blend of electron 

donor (P1, P2, PTB7-Th and PBDB-T) and electron acceptor (PC71BM, ITIC and 

IEICO-4F) at various ratios was dissolved in chlorobenzene (CB): 1,8-Diiodooctane 

(DIO) (97:3 vol%) and thereafter spin-coated on top of  the PEDOT/PSS layer. 

Specifically, the D18:Y6:PCBM blend was dissolved in chloroform (CF): 1-

chloronaphthalene (CN) (99:1 vol%). After coating the active layer, it was washed by 

0.2 ml methanol via spin-coating at 3000 rpm for 30 s. Lastly, 100 nm of Al electrode 

was deposited by thermal evaporation in vacuum of approximately 3 × 10‒6 Torr. 
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3.3     Analysis    

<Optoelectrical analysis> 

The UV-Vis absorption spectra of conjugated polymer and small molecule 

materials was measured by a T70+ UV/vis spectrometer. The saturated Voc and light 

intensity- dependent Voc were measured under monochromatic light by using Xenon 

lamp (Dongwoo optron). The irradiated current density–voltage (J–V) curves were 

tested using Keithley 2400 under air mass 1.5 global (AM 1.5G) irradiation (100 mW 

cm-2). The light intensity was calibrated using the NREL-Si solar cell. 

In order to calculate the MF, the two assumptions are applied to our study. 1) 

The information of the full-range density of state (DOS) of unoccupied molecular 

orbital replaces to the optical density of organic materials; although electrical DOS is 

not exactly the same as optical DOS, the optical density in quantum theory results from 

a mixing of suitable excited state wave functions with the ground state wave function. 

2) Every electrons at ground states locates at the highest occupied molecular orbital

(HOMO) level of organic materials. Based on the two assumption the MF can be simply 

calculate. The energy of excited electrons can be express by summation of HOMO level 

and photon energy (hυ) as shown equation (1). If the number of optical state at i energy 

level are Ni, the optical density at i energy level should be express as form as equation 

(4). Then we defined MF at i energy level from subtracting from optical density of 

donor to optical density acceptor as shown as equation (5). The integrated MF are 

calculated from LUMO of donor to vacuum energy level as equation (6). 

𝑬𝑬𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 + 𝒉𝒉𝒉𝒉   (1) 
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𝑵𝑵𝒊𝒊𝑬𝑬𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 = 𝑵𝑵𝒊𝒊(𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 + 𝒉𝒉𝝊𝝊𝒊𝒊)    (2) 

𝑵𝑵𝒊𝒊𝑬𝑬𝒊𝒊 = 𝑫𝑫(𝑬𝑬𝒊𝒊)
𝒅𝒅𝒅𝒅𝒊𝒊

𝑬𝑬𝒊𝒊 = 𝑵𝑵𝒊𝒊(𝑬𝑬𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 + 𝒉𝒉𝝊𝝊𝒊𝒊)   (3) 

𝑫𝑫(𝜺𝜺)𝒊𝒊 = ∫ 𝑵𝑵𝒊𝒊𝒅𝒅𝑬𝑬𝒊𝒊
 
𝒊𝒊     (4) 

𝑴𝑴𝑴𝑴𝒊𝒊 ≡ 𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝜺𝜺)𝒊𝒊 − 𝑫𝑫𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨(𝜺𝜺)𝒊𝒊   (5) 

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 𝑴𝑴𝑴𝑴 = ∫ |𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝜺𝜺)𝒊𝒊−𝑫𝑫𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨(𝜺𝜺)𝒊𝒊�
𝟎𝟎
𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 𝒐𝒐𝒐𝒐 𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 𝒅𝒅𝒅𝒅   (6) 

<Transient absorption spectrometer> 

    Steady-state absorption and photoluminescence (PL) spectra were obtained using a 

Hitachi UH5300 UV–vis absorption spectrometer and Ocean Optics QEPro spectral 

analyzer, respectively. Atomic force microscopy (AFM) images were obtained using a 

tapping-mode AFM spectrometer (XE-100, Park Systems Corp). Femtosecond 

transient absorption (TA) and transient absorption anisotropy (TAA) spectra were 

recorded using a home-made TA measurement system, comprising a 1-kHz 

repetitionrate femtosecond Ti:sapphire regenerative amplifier system (Hurricane, 

Spectra Physics), an infrared optical parametric amplifier (OPA-800CF, Spectra 

Physics), and multichannel spectrometers (Ocean FX, QEPro, and NIRQUEST; Ocean 

Optics). More details regarding this system have been provided elsewhere. 2 For the 

TAA decay (r(t)) measurements, the white-light continuum probe pulse was 

horizontally polarized using a sheet polarizer. The pump pulse was subsequently 

changed to yield parallel or perpendicular polarization using a liquid crystal 

polarization rotator (LCR1-633, Thorlabs) with respect to the polarization of the probe 

pulse. Finally, TAA decay was evaluated using the equation, r(t) = (ΔAHH (t) −ΔAHV 

(t)) / (ΔAHH (t) + 2ΔAHV (t)), where the variable represents the TA amplitude.
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CHAPTER 4 

STUDY ON CHARGE TRANSPORT BETWEEN 
DONOR AND ACCEPTOR 

4.1     Introduction 

In a two organic materials system such as organic photovoltaics (OPVs), photon 

absorption of the conjugated organic materials generates Frenkel excitons which are 

strongly bounded at room temperature.61,140 In order to generate mobile carriers by 

dissociation of Frenkel excitons, the photo-induced inter-molecular charge transfer 

(PICT) requires, by its nature, the ionization potential of excited states of donor, 

electron affinity of the acceptor and the Coulomb energy of separated radicals including 

polarization effects.8,28,89 Fundamentally, PICT is an ultrafast charge transfer which 

results in the delocalized coherent superposition of Eigen functions between donor and 

acceptor materials.14,17 In order to accomplish the efficient PICT, many researchers 

have studied the carrier dynamic at interface between two or more organic materials 

system. Richard H. Friend et al. demonstrated that the efficient organic photo-

conversion occurs through hot-state charge delocalization.24 They also demonstrate that 

both geometrical and energetic accessible delocalized state matching around the lowest 

unoccupied molecular orbital (LUMO) level are key factors to generate mobile carriers. 

Furthermore, Alan J. Heeger et al determined that there are two kinds of process for 

PICT, 1) the directly generated mobile carriers by ultra-fast charge transfer and 2) two 

steps process which includes intermediate charge transferred state by Coulomb energy 

of positive and negative carriers.3 Consequently, delocalized “hot-state matching” is 

crucial for directly generated mobile carriers. However, most of studies have been 
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focused on only near LUMO levels of both donor and acceptor, hence the electron 

dynamics coexists with complicated relaxation dynamics at the higher level than 

LUMO level of donor. In this fundamental, what happens at the higher energy levels 

than LUMO for PICT could be a crucial question, but it is still hard to understand at 

the two organic material system. 

In this study, we focused not only on the vicinity of the LUMO level but also the 

full range of unoccupied molecular orbitals to achieve the efficient PICT. We assume 

that the directly generated mobile carriers which is one of the charge transfer process 

occurs efficiently at the well matched state. In order to demonstrate the correlation 

between hot-state matching and efficient PICT, the three assumptions are applied to 

our study. 1) Voc manifests an equilibrium states including both carrier dynamics and 

relaxation dynamics; the timescale of Voc measurement is order of magnitude slower 

than both carrier transfer and relaxation timescale (i.e. the continuous irradiation of 

photons, not one electron dynamics, maintains the filled states as the equilibrium states). 

2) The information of the full-range DOS of unoccupied molecular orbital replaces to

the optical density of organic materials; although electrical DOS is not exactly the same 

as optical DOS, the optical density in quantum theory results from a mixing of suitable 

excited state wave functions with the ground state wave function. 3) Every electrons at 

ground states locates at the highest occupied molecular orbital (HOMO) level of 

organic materials. From these assumptions, the definition of hot-state matching is 

established as the overlapped areas of the optical density for the each organic materials. 

And absolute energy level of excited electrons is represented by the sum of HOMO 

level and energy of photons which have particular wavelength. 
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4.2     Result and Discussion 

4.2.1 Hot-state matching formations at the two organic materials system 

For the PICT at the two organic materials system, electrons should be on the 

delocalized states of Eigen functions between donor and acceptor materials. This 

fundamental theory indicates that the poor states of the acceptor domains restricts the 

delocalization to only donor sites, hence the existence of states on the acceptor at 

corresponding energy levels is essential for the delocalized electrons transfer under the 

fundamental of the uncertainty principle. Here, we assume that the delocalization under 

the equilibrium states may rely on the hot-state matching formation between the donor 

and the acceptor.  

Hot-state matching between the donor and acceptor in the BHJ is one of the 

important factors to increase the rate of efficient PICT. Because generated electrons 

should move from the electron donor to the electron acceptor at the interface via PICT, 

well-matched energy state at the interface leads to efficient electron transfer. In this 

case, the amount of overlapping of the energy states between the donor and acceptor 

significantly affects the PICT efficiency of the BHJ. Figures 14(a) and (b) illustrate 

two possible PICT processes in BHJ systems with mismatched and well-matched states 

of the donor and acceptor at their interfaces. In both cases, electrons in the donor are 

directly excited to the hot-state level from the HOMO level via the absorption of photon 

energy (vertical yellow arrows) and then delocalized on the hot states. If there are no 

states with the same energy level as the hot state in the acceptor (Figure 1(a)), the 

excited electron spontaneously relaxes toward the thermally stable LUMO level of the 
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donor and is subsequently transferred to the LUMO level of the acceptor via CT states. 

In this case, owing to the existence of substantial CT states at levels lower than the 

LUMO level of the acceptor, large numbers of electrons are trapped at the lowest-lying 

CT states during the transfer process. Because the probability of non-radiative 

recombination increases at the lowest-lying CT states, the trapped electrons are rarely 

transferred to the mobile carrier state. 

Figure 14. Mechanism of PICT at mismatched state and well-matched state. 

By contrast, the exited electrons at the hot state can be transferred to the energy 

state in the acceptor directly before the relaxation if there are states with the same 

energy level as the hot state in the acceptor, as shown in Figure 1(b). In this case, a 

significantly larger number of mobile carriers are generated via the efficient PICT 

process without trapping at the CT states. Considering this aspect, ensuring energy-

state matching at the BHJ interface is a critical factor for affecting the PICT efficiency. 

Developing effective methods for identifying the degree of state matching in the BHJ 

is crucial. Although the importance of hot-state matching has been verified by 

numerous studies, no method for the quantification and visualization of state matching 
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has been reported. Thus, we developed a simple and effective method to quantify and 

visualize the hot-state matching for ensuring efficient PICT. 

Figure 15 illustrates an energetic scheme of the formation of the hot-state matching 

for PICT. The yellow arrows represent the electron transfer, and yellow dash lines 

means the delocalization area of electrons. Figure 15 presents three possible hot-state 

matching formations under the equilibrium states. Area I is the only acceptor rich states; 

although the DOS population of hot-state to accept the delocalized electrons is 

sufficient, the low absorption by the poor donor states generates less excited electrons 

at the corresponded energy level. Otherwise, at the only donor rich states marked as 

Area III; although excitations occur sufficiently at donor states, the delocalization for 

the directly generated mobile carriers is restricted within donor sites represented as the 

dash line because of poor acceptor states. Since the excited electrons locate on the 

restricted delocalized states, the electrons in Area III should be relaxed toward the 

thermally stable state as LUMO level of donor, and the electrons have to transfer near 

LUMO level which has the strong influences on charge transfer state (CT). Given that 

the CT states are the intermediate states which are bound states by electrical attraction 

force of electrons and holes which causes the non-radiative recombination. 

Figure 15. Energetics of the formation of hot-state matching for PICT. 
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From our expectation, the best condition for the directly generated mobile carriers 

is Area II which has the both rich states at the donor and acceptor; the number of excited 

electrons are sufficient, and the delocalized states is matching well along all over the 

donor and acceptor sites. By the directly generated mobile carrier transfer, the number 

of degenerated mobile carriers which are on the each donor and acceptor determines 

the quasi-Fermi energy levels. Moreover, this directly generated mobile carriers have 

less influence from CT states comparing with Area III, hence long-range dissociation 

occurs at higher level from the higher kinetic energy of carriers. Consequently, the well 

matched hot-state formation as Area II results to the efficient PICT for the directly 

generated mobile carriers. 

4.2.2 Quantification of the hot-state matching in organic blend system 

In order to apply the hot-state matching on the blend system, quantification of the 

hot-state matching involving not only LUMO level but also broad range of electron 

energy level must be calculated for balanced density of states between donor and 

acceptor, and the balance of state density could be simply calculated from ODO 

between donor and acceptor. Figure 16 shows a novel and reasonable methods to 

quantify and visualize the hot-state matching for broad range of electron energy level 

by using ODO and mismatching factor (M.F).   

Figure 16 shows the developed method to quantify and visualize hot-state matching. 

According to the optical density overlapping (ODO) and energy-level matching at the 

interface of the donor and acceptor, we calculate the MF to quantify the degree of 

energy-state matching. Figure 16 shows ① the pristine ODO between the donor and 
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acceptor; the OD spectra of the donor and acceptor were easily obtained by measuring 

the ultraviolet–visible absorption. The red and blue lines indicate the ODs of the 

acceptor and donor, respectively. The yellow area is an area of the ODO between the 

donor and acceptor. In this case, we can easily obtain information regarding the 

intensity of the OD and the energy bandgap between the valence-band maximum (or 

HOMO) and conduction-band minimum (or LUMO). 

Figure 16. Scheme for mismatching factor from photon energy spectra and electron 

energy spectra. 

 However, because the ODO does not include information of the corresponding 

electron energy level, it is difficult to understand hot-state matching using only ODO 

information. Therefore, we need additional information regarding the corresponding 
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energy level of the valence-band maximum (or HOMO) to calculate the energy state of 

ODO for investigating the charge transfer from the donor to the acceptor. Therefore, in 

this study, we suggest the MODO calculated via the summation of the OD and HOMO 

level of each material. For the reliability of HOMO values, HOMO values of each 

materials are calculated by using UPS measurement as shown Figure 17. Because the 

targeting of calculation of MODO are thin film, UPS measurement are proper to show 

exact HOMO level of thin film. 

Figure 17. UPS measurement for P1, P2, D18, PCBM, PC71BM and Y6 

The sum of the absorbed photon energy and HOMO level for each material is 

depicted in ② MODO of Figure 16. The yellow area in ① indicates the pristine ODO 

between the donor and acceptor, whereas the yellow area in ② indicates their MODO. 

As expected, the overlapping areas of ① ODO and ② MODO differ significantly. 

Although the shape of each modified optical density (MOD) is identical to that of the 

OD, the degree of overlapping differs significantly between the ODO and MODO, 

which originates from the difference between their HOMO levels. Because the MODO 
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implies energy-level matching between the donor and acceptor, the area of the MODO 

indicates the degree of hot-state matching. 

To visualize and quantify the hot-state matching effectively, we define the MF. The 

MF is calculated by subtracting the MOD for the acceptor from the MOD for the donor 

(MF ≡ MODDonor – MODAcceptor) at each electron energy level, as shown in ③ of Figure 

16. A positive MF value indicates that MODDonor > MODAcceptor at the corresponding

energy level, whereas a negative MF value indicates that MODDonor < MODAcceptor at 

the corresponding energy level. An MF value of zero indicates that MODDonor = 

MODAcceptor, suggesting well-matched energy levels of hot-state matching. Because the 

electron should be transferred from the donor state to the acceptor state, we calculated 

the MF values in only the range of the MOD of the donor, which is depicted in ③ of 

Figure 16. The area of the MF is divided into three parts: areas I, II, and III. Area I is 

the MODAcceptor-rich area (negative MF), and area III is the MODDonor-rich area (positive 

MF). Area II corresponds to the balanced state matching area with a small MF value, 

and the MF value changes significantly in this area as shown yellow box in ③ of Figure 

16. The area II is selected by consideration of two conditions. The first condition is the

including the point of ‘MF=0’. Based on definition of MF, zero point of MF means the 

energy level which have same optical density of donor and acceptor. However, the 

energy level which has any optical density of donor and acceptor also has “zero” value 

of MF as zero point at area III or electron forbidden zone of donor as shown Figure 16. 

Therefore, the additional condition as ‘dMF/dE>>0’ should be required to select area 

II. Both areas I and III imply mismatched states, and efficient PICT is difficult to

achieve in these areas. However, electrons in the donor can be transferred efficiently to 
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existing energy states in the acceptor via efficient PICT in area II. Therefore, using the 

MF value, we can easily estimate the degree of energy-state matching at the interface 

between the donor and acceptor. 

In order to calculate the MODO and MF, the donor materials are selected as 

P(BDTT-ttDPPDtt) (P1) and P(BDTT-BTBDPPD) (P2), equivalent LUMO levels with 

the different shape of optical density of the unoccupied molecular orbitals, to 

demonstrate the hot-state matching of the blend system with PC71BM. The molecular 

structures are shown as Figure 18(a). Both donor materials are based on 4,8-bis(5-(2-

ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’] dithiophene (BDTT) and pyrrolo-[3,4-

c]pyrrole-1,3-dione (DPPD) with adjustments of the thiophene numbers and frequency,

these adjustments lead to a OD distinction of donor materials. The energy levels of P1, 

P2 show a nearly equivalent optical bandgap (P1=2.04 eV, P2=2.08 eV), and LUMO 

levels of two donor materials are -3.37 eV and -3.36 eV respectively.  

Figure 18. Material and optical properties of P1 and PC71BM. (a) Molecular structures of 

P1, P2 and PC71BM. (b) Energy-level diagram with optical density of P1, P2 and PC71BM. (c) 

Absorption spectrua of P1, P2 and PC71BM 

The distinction of optical density are shown in absorption spectra (Figure 18(c)). 

The most populated absorption peak of P1 has the red shift comparing with P2, and P1 

spectra has the more narrow absorption peak. In order to match the optical density 
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between the donor and acceptor, the sum of optical density and energy of HOMO level 

is represented as the energy spectra. Since a relativity of the configuration at absolute 

energy levels is adjusted by HOMO levels of each donor and acceptor materials, both 

absorption spectra and energy spectra should have a distinction. At the absorption 

spectra, a main peak of P1 which is in the region from 400 to 600 nm overlaps the 480 

nm peaks of PC71BM, but the 480 nm peak is out of the main peak of P1 at the energy 

spectra. As shown in the absorption spectra and energy spectra, the normalized DOS 

intensity of the 480 nm peak of PC71BM is nearly 0.5, and the 375 nm peak is nearly 

0.6. Because the DOS values are different at the absolute energy levels, the DOS 

matching which are calculated from overlapped area should have a dependency by 

material configurations. 

The configuration of energy level diagram and the optical density distribution is 

represented at Figure 19. As shown in Figure 19, optical density is divided with three 

parts by the normalized intensity; Dark blue areas, light blue areas and light blue lines 

show the normalized optical density as 0.6~1, 0.3~0.6 and 0.1~0.3 respectively. And 

the red lines indicate the energy level which has the most populated optical density. At 

Figure 19, the hot-state matching formations also be shown as the energy levels, and 

the area which are overlapped with both dark blue should be Area II (well-matched 

states). The Area II of P1: PC71BM blend covers from -2.8 to -3.2 eV, and P2: 

PC71BM blend covers from -2.5 to -3.14 eV. The result shows that the Area III of P2: 

PC71BM (0.64 eV) blend is wider than the P1: PC71BM (0.4 eV). From our research 

concept, the energy level diagram with hot-state matching imply that P2: PC71BM 

blend is much more suitable condition to generate the directly generated mobile carriers. 
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Figure 19. Energy level diagram with OD of the unoccupied molecular orbitals. Bright 

blue squares are band gaps / Dark blue area, light blue area, light blue line shows normalized 

optical density 0.6~1, 0.3~0.6 and 0.1~0.3 respectively. 

The converted ODs of P1 and PC71BM on the incident-photon energy scale are 

shown in Figure 20(a). P1 exhibits the highest OD at 2.4 eV (black line), and PC71BM 

exhibits the peak of OD at 2.5 eV (blue line). The OD of P1 is overlapped in the range 

of 2.0–4.0 eV with the OD of PC71BM, and the highest overlapped photon energy is 

nearly 2.5 eV (marked by a star symbol). Vertical arrows in Figure 20(a) indicate the 

corresponding OD intensities of both materials when a photon having energy of 2.5 eV 

irradiates the materials. The OD values are 0.8 and 0.5 for P1 and PC71BM, 

respectively. 

Figure 20(b) shows the MODs of P1 and PC71BM calculated via the summation 

of the HOMO level and bandgap for each material. The HOMO levels of P1 and 

PC71BM are –5.41 and –5.90 eV, respectively. When the materials absorb incident 

photons with an energy of 2.5 eV, electrons in P1 can be excited to hot states with an 

energy of –2.91 eV from its HOMO levels of –5.41 eV, whereas electrons in PC71BM 
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are excited to an energy state of –3.4 eV from its HOMO of –5.9 eV. The yellow area 

in Figure 20(b) indicates the area of MODO between P1 and PC71BM, which differs 

significantly from the ODO of Figure 20(a). The MOD of P1 is higher than that of 

PC71BM in the range between –2.75 and –3.4 eV, whereas the MOD of PC71BM is 

higher above –2.75 eV and below –3.4 eV; the MODs are identical at –2.75 eV (marked 

by a triangle symbol). 

Figure 20. Material and optical properties of P1 and PC71BM. (a) OD of P1 and 

PC71BM. (b) MOD of P1 and PC71BM. (c) Mismatching factor at each electron energy level 

for P1:PC71BM. 

To visualize the quantity of the MODO, we calculated the MF for the BHJ of 

P1:PC71BM. Figure 20(c) shows the calculated MF for P1:PC71BM (black line) at 

each energy level. The MF is simply calculated by subtracting the MOD for the 

PC71BM acceptor from the MOD for P1. The MF is zero at –2.75 eV for P1:PC71BM. 

As explained previously, the MF of zero indicates that the two MODs are equal and 

that the energy states at their interface are ideally matched. According to the degree of 
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the MODO, we defined three matching formations, i.e., areas I, II, and III (red = area 

I, blue = area II, and green = area III), in the P1:PC71BM blend system. In area I, 

considerably more states exist in the PC71BM acceptor than in P1. Although the 

electrons in the P1 donor can be directly transferred to the state in PC71BM before 

lattice relaxation via the matched state in PC71BM in this case, the relatively low MOD 

of the P1 donor results in insufficient excitation of P1 and consequently limits the 

number of generated charge carriers. By contrast, the smaller number of states in 

PC71BM compared with P1 restricts the charge delocalization of electrons in P1 in area 

III, causing inefficient PICT. Well-matched energy levels of P1:PC71BM with a small 

MF value between –0.2 and +0.2 are obtained in area II, where the intensities of the 

two MODs are similar. 

4.2.3 Correlation between Hot-state matching and PICT 

Here, two donor materials and three acceptor materials are selected to calculate the 

MODO and MF. The candidates of donors are PTB7-Th and series of PBDB-T, and 

IEICO-4F, PC71BM and ITIC for acceptors. Numerous researchers are focused on the 

sum of optical density to improve the photocurrent (Jsc) via broad range of 

complementary absorption even near infrared ray (IR). Here we suggest the novel 

method by using the subtractions of intensity of hot-state at corresponded energy level 

with the consideration of both HOMO levels. As already shown at P1 and P2, the 

population of OD at corresponding energy level for each materials can be represented 

as the energy level diagram shown in Figure 21. The NFA materials have a similar 

property on the OD shape as that the highest populated OD peaks are located near 

HOMO level within the energy differential from 0.2 to 0.4 eV, and the widths of Area 
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II are nearly 0.3 ~ 0.6 eV. Otherwise in cases of PCBM series, the highest populated 

OD peak (-2 eV) is located at far away from HOMO level (-3.7 ~ -3.9 eV), and the 

width of Area II covers wide range of donors. Because of this distribution of OD, the 

Area II of NFA acceptors such as series of ITIC and IEICO-4F are narrower than the 

series of fullerene. And the main peaks of acceptors are located at deeper levels than 

HOMO of donors (under -3.6 eV).  

Figure 21. Energy level diagram with population of OD for various organic materials 

Bright blue squares are band gaps / Dark blue area, light blue area, light blue line shows 

normalized optical density 0.6~1, 0.3~0.6 and 0.1~0.3 respectively. 

From these population of OD properties, the candidates of the organic materials can 

be divided; the series of fullerene which covers over all OD of donors, the series of 

ITIC which is overlapped with the only main peaks of donor materials and IEICO-4F 

which has less overlapped area because of the deepest energy levels of a main peak (-

4 eV). By using the selected materials, the MF of the each blend systems (PTB7-

Th:PC71BM, PTB7-Th:ITIC and PTB7-Th:IEICO-4F) are calculated (see Figure 22). 
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Figure 22. MF of the each blend systems (PTB7-Th:PC71BM, PTB7-Th:ITIC and 

PTB7-Th:IEICO-4F) 

The shapes of each MF show symmetry forms with HOMO level of PTB7-Th (-

3.66 eV) as an axis of symmetry. From the definition of MF, symmetry breaking means 

that MOD of the donor and acceptor are overlapped at the perspective of energy level, 

hence the intensity MOD is controlled from the weight ratio of donor and acceptor as 

the normalization form. Since the highest populated MODO peaks of NFA are located 

near band edge in case of NFA, the symmetry breaking reduce the MF at the section 
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from -3.66 to -3.0 eV comparing with the peak under HOMO level (from -4.25 to -3.66 

eV). Among the blend systems, MF of PTB7-Th:IEICO-4F blends are further from the 

‘0’ line, and the highest symmetry is observed between -3.45 eV and -4.0 eV. The 

highest MF at -3.45 eV has the value of 0.82 which is reduced compared with MF peak 

at -4.0 eV by MODO. 

The results based on the absorption spectra and the energy spectra of the each 

materials which are presented at Figure 23 and Figure 24 imply that the OD of each 

PTB7-Th and IEICO-4F are separated (i.e. mismatched hot-state formation). And 

because of high symmetry, MODO which is calculated by inverse of integrated MF 

should be low. From our expectation, this MF have disadvantage for the directly 

generated mobile carriers. Comparing with PTB7-Th:IEICO-4F blends, PTB7-Th:ITIC 

blend shows more reduced MF at -3.25 eV (nearly 0.65) by the symmetry breaking. 

This MF shape implies that MOD of each materials are well-overlapped (i.e. high 

MODO) as shown from energy level. This formation may have advantage to the 

directly generated mobile carriers. Otherwise, as shown in Figure 22, the MF of PTB7-

Th:PC71BM blend is quite different comparing with NFA. PTB7-Th:PC71BM data 

shows much low MF  (under 0.5) near the HOMO level (-3.66 eV) of donor and distant 

MF from ‘0’ line in the section from -3.0 eV to -2.0 eV, hence the highest populated 

MOD peak of PC71BM is far away from band edge. Because of the negative MF 

sections from -3.0 eV to -2.0 eV the absolute integration should be applied when MF 

is calculated. The absolute integration section is represented as the yellow box of 

Figure 22. 
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Figure 23. Optical and energetic properties of components for PTB7-Th based two 

organic materials system. (a) Absorption spectra without normalization. (b) Energy spectra 

without normalization. (c) Absorption spectra with normalization. (d) Energy spectra with 

normalization. 

Figure 24. Optical and energetic properties of components for PBDB-T based two 

organic materials system. (a) Absorption spectra without normalization. (b) Energy spectra 

without normalization. (c) Absorption spectra with normalization. (d) Energy spectra with 

normalization. 
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   In order to demonstrate the correlation between MF and PICT, we measured the 

transient absorption spectra (TAS) of P1:PC71BM blend film as shown in Figure 25. 

As mentioned in Section 1.2, because PIA around band edge indicates the information 

about the CT states where the non-radiative recombination usually occur, the TAS is 

suitable to show the correlation between MF and PICT. Wavelength of irradiated 

photon are selected as 400, 550 and 600 nm which are the exciting energy for electrons 

to area I, area II and area III, respectively. Because the intensity of ΔOD means the 

amount of generated CT states with the influence of CT states for PICT, the difference 

of ΔOD for each excitation is one of the most important result to demonstrate the 

correlation between MF and PICT. As shown in Figure 25(a), the CT states are 

observed in the range from 600 nm to 650 nm. The results show that the generation of 

CT states are relatively significant at the mismatched states where the MF are high as 

400, 600 nm comparing with well- matched states as 550 nm. The generation of CT 

states of 550 nm shows around half of the case for 400 and 600 nm. The results means 

that there are less generation of CT states to the electrons excited on area II. 

Figure 25. Electron dynamic in the blend system. (a) Transient absorption spectra 

of excited electron in each area. (b) Life time of polaron state and co-existed state. 

 The saturated ΔOD on the long wavelength around over 750 nm is PIA of polaron, 

because the life time of the saturated ΔOD is more than 10 ps as shown in Figure 25(b). 
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Otherwise, the co-existed state of CT states and polaron is the continuously decrease 

part of ΔOD. In mismatched cases, the co-existed state covers relatively larger range 

from 650 to 750 nm. However, the co-existed state of 550 nm excitation just cover 

around 650 nm. The result means that the area II is much better condition to generate 

polaron with less influence of CT states. In consequently, we can observed that the 

electron excitation on well-matched states enhance the rate of efficient PICT by using 

TAS. 

4.3     Conclusion 

We developed an effective method to quantify the degree of hot-state matching 

between the donor and acceptor in the blend system. By calculating the MF of BHJ thin 

film from the MODO between the donor and acceptor, we quantify the degree of 

energy-state mismatching between the electron donor and acceptor at their interface. A 

smaller MF value indicates a higher degree of energy-level matching, whereas a larger 

MF value indicates a lower degree of state overlapping at the BHJ interface. In order 

to demonstrate the effect of hot-state matching via calculation of MF, we measured 

TAS for targeting electrons which excited on corresponded hot-state energy levels. 

From the TAS result, we can observe the relation between MF and the generation rate 

of CT states in the blend system. The energy level with low MF which is well-matched 

energy level has the relatively low generation rate of CT states, while the energy level 

with the higher MF has huge CT states. The result means that the hot-state matching 

between donor and acceptor is strongly related with the PICT in the organic blend 

system.
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CHAPTER 5 

APPLYING EFFICIENT CHARGE TRANSPORT ON 

ORGANIC SOLAR CELL 

5.1      Introduction 

The open-circuit voltage (Voc) in organic photovoltaics (OPVs) based on bulk 

heterojunction (BHJ) of electron-donating conjugated polymers and electron-accepting 

materials is one of the important parameters for determining the power-conversion 

efficiency (PCE).32,98,141 Historically, although the Voc is originated on the energy gap 

between the both quasi-Fermi levels of donor and acceptor materials, numerous 

researcher regards the trend of practical Voc values would proportional to the maximum 

of Voc which can be calculated from HOMOdonor-LUMOacceptor.142,143 This empirical 

result is the simple and intuitional approach. However, sometimes the relative HOMO-

LUMO energy gap corresponding to Voc is not always the case under practical 

conditions, since sometimes the energy transfer mechanism became more significant 

than the HOMO-LUMO value. Although researchers have attempted to increase Voc 

through various reasonable approaches, including the use of electron donors with 

deeper highest occupied molecular orbital (HOMO) levels and electron acceptors with 

shallower lowest unoccupied molecular orbital (LUMO) level and inserting a 

functional layer between the active layer and electrodes, OPVs exhibit relatively low 

Voc values, as compared with inorganic semiconductors and perovskite-based 

photovoltaics.47,104,144,145 
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The relatively low Voc in OPVs is mainly ascribed to the high voltage loss resulting 

from the significant photon energy loss at the lowest-lying charge transfer (CT) states 

located at levels deeper than the LUMO of the electron acceptor.68,104,105 Because 

substantial electrons and holes separated at the interface undergo non-radiative 

recombination at the lowest-lying CT states, inefficient photoinduced charge transfer 

(PICT) occurs unexpectedly in the vicinity of the LUMO level of electron acceptor, 

resulting in loss of Voc.32,50,98 It was previously reported by Heeger group that efficient 

PICT for directly generated mobile carriers without trapping in CT states could be 

achieved via a hot-state charge transfer process between the electron donors and 

acceptors. Friend group reported that efficient PICT occurs through hot-state charge 

delocalization between the donor and acceptor. They also demonstrated that both 

geometric and energetic accessible delocalized state matching are key factors for 

suppressing Voc loss. According to these observations, it is expected that hot-state 

matching between the electron donor and acceptor is a critical factor for achieving 

efficient PICT and that ensuring well-matched hot states between the electron donor 

and acceptor is essential for achieving a high Voc. These facts have motivated research 

toward gaining an understanding of the hot-state matching between the electron donor 

and acceptor. Although simulations and experimental studies have been performed to 

investigate the hot-state matching between the electron donor and acceptor for efficient 

PICT. Systematic studies on the correlation between the hot-state matching and Voc 

loss in actual devices have not been conducted. Moreover, because useful methods to 

quantify the hot-state matching involving not only the LUMO level but also a broad 

range of electron energy levels between the electron donor and acceptor materials have 
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not been developed, applying hot-state matching to increase the Voc in actual devices 

remains a challenge.  

Thus, in this study, we investigated correlation between the Voc loss and hot-state 

matching in OPVs and developed an effective method to quantify the degree of hot-

state matching by calculated MF between the donor and acceptor. It was found that a 

larger MF causes a larger Voc loss for binary and ternary OPVs. By using this novel 

approach, we demonstrate that the well-matched optical DOS of donor and acceptor 

configuration exhibits higher Voc (0.03 ~ 0.13 V) than the mismatched states. Donor 

materials are selected as P(BDTT-ttDPPDtt) (P1) and P(BDTT-BTBDPPD) (P2), 

equivalent LUMO level with the different DOS of the full-range, to show the hot-state 

matching dependent Voc. And by using various organic materials such as PTB7-Th, 

series of PBDB-T, IEICO-4F, series of PCBM and ITIC, the tendency of the correlation 

also observed. Interestingly we found that the fullerene based acceptors and the non-

fullerene acceptor (NFA) blends exhibit a different tendency for hot-state matching 

under 1 sun spectrum (100mW/cm2). However, under low light intensity (10mW/cm2), 

Voc dependency by hot-state matching for NFA blends also be observed clearly. Finally, 

we apply the hot-state matching to ternary solar cells which exhibit the highest Voc with 

well-matched states. By changing the donor/acceptor ratio, we are able to control the 

integrated MF of the three organic systems which occur the higher Voc. The 

improvement of Voc is nearly 3~9% which has dependency with the type of organic 

materials. Finally, we achieved a high-efficiency ternary OPV device with a PCE of 16.15% 

by controlling the MF between the donor and acceptor. 
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5.2     Result and Discussion 

5.2.1     Mismatching Factor from Modified Optical Density 

< Correlation between MF and Voc > 

Based on quantification of hot-state matching, correlation between MF and Voc on 

actual device is investigated, the correlation was studied at both the comprehensive 

ODO dependent Voc by using the integrated M.F and the each state matching formation 

dependent Voc. 

In order to obtain the quantitative results of the correlation between hot-state 

matching and Voc, we also apply the ‘MF’ which is defined at previous section. Figure 

26(a) shows the MF of both P1:PC71BM and P2:PC71BM blend systems as energy 

levels. A black horizontal line represents that the MF is ‘0’ which have the perfectly 

same optical intensity of donor and acceptor. In order to visualize the hot-state 

matching formation, three kinds of formations are represented by colored zones. The 

red, blue and green boxes indicate the Area I, II and III respectively, and the empty box 

is the electron forbidden zone of the donor. Therefore, although the MF approach to the 

‘0’ point near the energy level -4.5 eV, this area is meaningless for our research concept. 

From the MF, we can select the candidate of the wavelength. As shown in Figure 26(a), 

we irradiate 450, 488, 500, and 587 nm light to P1:PC71BM blends. The irradiated 

photons should excite the electrons on the donor domains, and these excited electrons 

are located at the particular energy levels. Each black quadrangle at Figure 26(a) 

indicates the absolute energy levels where excited electrons are located by absorption 

of the 450, 488, and 587 nm light respectively. The 488 nm photons excite the electrons 
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to the most well matched level states (-2.75 eV and -2.93 eV respectively) where the 

Hot-state matching formation is Area II. Otherwise, in case of 450 nm irradiation, the 

excited electrons of donor domains are excited to -2.66 eV which is Area I as shown in 

Figure 26(a). The last formations of Area III is 587 nm as -3.3 eV. 

Figure 26. Variation of Voc under irradiation of different monochromatic light for 

P1:PC71BM. (a) Mismatching factors for P1:PC71BM and P2:PC71BM blend system. (b) 

Wavelength dependent Voc for P1:PC71BM. 

 Because areas I, II, and III have different degrees of MODO between P1 and 

PC71BM, the use of monochromatic light with different wavelengths (different photon 

energies) can selectively excite electrons to each state of the areas. Therefore, by 

measuring the Voc variation for incident monochromatic light with different energy 

levels, the correlation between the MODO and Voc in the OPV device can be 
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investigated. Figure 26(b) shows the variation in Voc for the OPV device under 

irradiation with different monochromatic light. The OPV device structure is shown in 

the inset of Figure 26(b). 

Interestingly, the device exhibits noticeable differences in the Voc value for 

irradiation with monochromatic light under different energy levels. When 

monochromatic light with wavelengths of <480 nm is applied to the device, the 

electrons are selectively excited to area I by absorbing the incident energy. Under 

irradiation with wavelengths of 400, 450, 460, and 470 nm, the device exhibits a nearly 

constant Voc of ~0.64 V. However, the Voc suddenly increases from 0.64 to 0.72 V when 

monochromatic light with a wavelength of 480 nm is applied to the device. The 

enhanced Voc is maintained under irradiation with wavelengths of 490, 500, 520, and 

530 nm, and the Voc decreases again when the wavelength of the incident light exceeds 

550 nm. Because irradiation with wavelengths of 480–530 nm can excite electrons to 

area II and irradiation with wavelengths of >550 nm can excite electrons to area III, it 

is concluded that excitation of electrons to area II increases the Voc of the device.  

The result is well matched with our expectation that the hot-state matching of Area 

II have advantage to directly generated mobile electrons because of the well-matched 

hot-state, and Voc of the highest value is 0.7 V at 488 nm. And in case of P1:PC71BM 

blend, the gap of Voc between well-matched states and poor-matched states is nearly 

0.06 V. Moreover, from Figure 26(b), the two organic materials system seems to have 

a capacity for generate mobile carriers at each energy levels, and this capacity of carrier 

generation is determined by both the state matching and the light intensity. In order to 

demonstrate the capacity to generate mobile carriers at each energy levels, we measured 
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the saturated Voc under the separated light with various light intensity. Figure 27 shows 

the saturated Voc at a particular wavelength with light intensity. Electrons at HOMO 

levels are excited by the absorption of the light energy which have particular 

wavelengths (355/488/633 nm), then excited electrons are located in the Area I, Area 

II and LUMO level (Area III) respectively. 

Figure 27. Saturated Voc under the condition of particular wavelengths. (a) 355 nm. (b) 

488 nm. (c) 633 nm. 

 As we expected, the saturated Voc also has dependence on the MF. At the Area II 

where the MF is -0.016, the highest non-saturated Voc (0.736 eV) is observed as the 

light intensity is increased to 13.5 mW/cm2. This results indicates that the capacity to 

generate mobile carriers is higher than AM 1.5 G condition (i.e. this blend system can 

generate more mobile carriers under the higher light intensity than AM 1.5 G). The 

interesting results are observed at both Area I and Area III. The saturated Voc (nearly 

0.60 V) are observed at both the Area I and Area III which have low MF as -0.166 and 

-0.043 respectively. These results demonstrate that, at the poor matched states, the extra 

photons are out of roles to generate free charge carrier, which means that the capacity 

of carrier generation are rely on MF. But when we irradiate the particular wavelength 

under light conditions which is white light with weak intensity, the differences between 

Area I and III are observed. Both Voc values are shown as black lines comparing with 
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dark condition (red line), the value of saturated Voc are different. The saturated Voc of 

Area I boost to 0.63 V, whereas the non-saturated Voc is observed at Area II and Area 

III. We assume that in case of Area III the ratio of non-radiative recombination is

reduced by enhanced number of carriers, hence the white light may covers the 

influences of CT states. Consequently, we demonstrated that the well-matched state has 

the higher ΔVoc (0.03~0.13 V) than mismatched states, hence correlation between MF 

and these results demonstrate that Voc is involved in the directly generated mobile 

carriers in two organic systems. Moreover, we observed that low MF also has more 

capacity for the directly generated mobile carriers from the saturated Voc. Thus, the MF 

for the full range of unoccupied molecular orbitals is associated with the directly 

generated mobile carriers, and one of the most crucial aspect of designing two organic 

materials system should be the MF to achieve the efficient directly generated mobile 

carriers under equilibrium states. 

This tendency is also observed in the variation of Voc with an increase in the 

intensity of monochromatic light, as shown in Figure 28. We selected three 

monochromatic lights of 450, 488, and 587 nm, corresponding to the energy for 

exciting electrons to areas I, II, and III, respectively, and monitored the evolution of 

Voc with an increase in the light intensity. As shown in Figure 28, Voc of 450 and 587 

nm increased slightly with the increase in the light intensity and becomes saturated 

approximately 0.6 V. However, Voc under irradiation with monochromatic light of 488 

nm differ significantly. The Voc of 488 nm continuously increase with the increase of 

light intensity from 0.6 to 14.5 mA/cm2, and there are no saturated Voc under irradiation 

condition. Moreover, even the irradiated light intensity is equal, a considerably higher 
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Voc is obtained under light irradiation of 488 nm. Because irradiation with 

monochromatic light of 488 nm excites electrons to area II with a well-matched energy 

state, these results clearly indicate that the energy-level matching at the interface 

between the electron donor and acceptor is the critical factor for achieving a high Voc.  

Figure 28. Light intensity dependent Voc at each state matching formations. 

In order to confirm our hypothesis that the number of directly generated mobile 

carriers are influenced by MF, we measured the wavelength dependent Voc under AM 

1.5 G. Figure 29(a) and 29(b) shows the light intensity and wavelength dependent Voc. 

At the PTB7-Th:PC71BM blend, the highest Voc also be observed on Area II, hence 

mobile carriers by ultra-fast charge transfer are directly generated under the well-

matched hot-state matching formation. And the lowest Voc is observed at Area I, and 

the gap of Voc between well matched and mismatched cases is nearly 0.9 V. The 

wavelength dependent Voc of PTB7-Th:PC71BM also show the less correlation with 

light intensity, which indicates that Voc is influenced by MF even light intensity. 
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However, the strong correlation with both MF and light intensity at PTB7-Th:ITIC 

blend are observed at the as Figure 29(a), hence the location of DOS matching 

formation is reversed comparing with PTB7-Th:PC71BM blend. Here, we assume that 

the difference of the optical density shape between PC71BM and NFA is a key factor. 

And it is hard to distinguish, a major factor that determine the Voc. In order to 

demonstrate a major factor to determine Voc in NFA, energy level dependent Voc under 

the low intensity of light are measured as Figure 29(c) and 29(d). The low intensity of 

light is irradiated by using optical filter (10 % of AM 1.5 G). Each green and yellow 

area implies MOD of PTB7-Th and PC71BM respectively, and red square point is Voc 

at particular energy levels. 

Figure 29. Wavelength dependent Voc of binary blend system. (a) PTB7-Th:PC71BM. 

(b) PTB7-Th:ITIC. (c) Correlation between MODO and Voc for PTB7-Th:PC71BM (d) 

Correlation between MODO and Voc for PTB7-Th:ITIC 



67 

 As shown in Figure 29(c) and 29(d), Voc has only correlate with overlapping line 

but not each MOD of donor and acceptor. The important point is that the light intensity 

to excite the electrons on both -3.4 (600 nm) and -2.6 eV (450 nm) is nearly equal but 

MF is different. The gap of Voc is nearly 0.04 V at these energy levels. This result 

demonstrate that the major factor to determine Voc should be MF as we expected. 

Otherwise, the value of Voc for ITIC blend (0.46 ~ 0.52 V) is higher than PC71BM 

blend (0.20 ~ 0.29 V). We assume that these variable Voc as material types may be 

related with other factors as carrier mobility or morphology. Furthermore, we also 

investigate the scale of Voc variation from MF. From our previous results, the variation 

of Voc is measured as the scale as 0.03 ~ 0.1 V. If MF and PICT have meaningful 

relation, the variation of both Voc and quasi-Fermi levels also should be related as 

similar scale, because quasi-Fermi levels are determined by PICT. Therefore, the 

variation of quasi-Fermi levels under the various light intensity should be similar with 

the variation of Voc by MF. 

 Figure 30(a) and 30(b) shows the light intensity dependent variation of quasi-

Fermi levels. The light intensities are selected as dark, low, middle and high, which are 

0 %, 30 %, 60 % and 100 % intensity of AM 1.5 G. And ΔE indicates the variation of 

quasi-Fermi level by irradiation. And quasi-Fermi levels of both two acceptor materials 

are measured by using bilayer devices. The variation of quasi-Fermi levels are observed 

at the range 0.03 ~ 0.13 V, and this range is equal to our previous results. The 

differences between PC71BM and ITIC are the value of ΔE and time to reach stable 

states. We assume that both differences may be concerning with carrier mobility of 

each materials. The results also be observed at KPFM data as Figure 30(d). These 
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results are crucial evidence to demonstrate that the origin of Voc variation by DOS 

matching are related with PICT. Consequently, our results demonstrate that MF is a 

major factor to determine Voc, and correlation between MF and Voc is regardless of 

material type. However, the variation in range for Voc can be different for each material 

type due to other factors as carrier mobility. Moreover we found that the maximized 

improvement of Voc by MF are nearly 0.1 V, this means that the improvement of Voc 

as 3~9 % can be achieved from MF. 

Figure 30. Variation of quasi-Fermi levels under light irradiation. (a) PC71BM. 

(b) ITIC. (c) light intensity dependent variation of quasi-Fermi levels at stable state. (d) 

KPFM. 
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<Estimation of Voc loss in binary and ternary OPVs using integration of MF> 

Because the Voc of OPVs is highly sensitive to the MF value indicating the degree 

of energy-level matching between the electron donor and acceptor at each energy state, 

the MF can be calculated to estimate the Voc loss at the interface during PICT. A smaller 

MF value indicates a higher degree of energy-level matching, along with a higher Voc 

and smaller Voc loss, whereas a larger MF value corresponds to a larger Voc loss, as 

described before. However, because a donor material in an actual OPV device is excited 

by irradiation of AM 1.5 solar light with a wide spectral range, the electrons in the 

donor can be excited to areas I, II, and III simultaneously by absorbing solar light with 

a wide spectral range and then be transferred to the acceptor via PICT. Therefore, the 

MF indicating the degree of energy matching at a specific energy state is insufficient 

for estimating the energy loss in an actual device under the irradiation condition of AM 

1.5 solar light. 

Integrating each MF value for each energy state over the entire range of the MOD 

for the donor would be more useful in the case of an actual OPV device irradiated by 

solar light. As integration of the MF over the entire range of the MOD for the donor 

indicates the degree of MODO under solar light irradiation, it is more meaningful than 

each MF at a specific energy state. Fig. 31(a) shows the correlation between Voc and 

the integrated MF for P1:PC71BM and P2:PC71BM. The molecular structure and 

energy level of P2 are shown in the inset of Fig. 31(a). Because P1 and P2 have similar 

properties, with similar optical bandgaps (P1 = 2.04 eV, P2 = 2.08 eV) and HOMO 

levels (P1 = –5.41 eV, P2 = –5.44 eV) but different MOD shapes and MF values, a 

comparative analysis of these materials provides information for investigating the 
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validity of the integration of the MF. The integrated MF values are 0.452 for 

P1:PC71BM and 0.440 for P2:PC71BM. As expected, P1:PC71BM exhibits a higher 

Voc than P2:PC71BM. This result is reproduced for the devices of PTB7-Th:PC71BM, 

PTB7-Th:ITIC, and PTB7-Th:IEICO-4F, which are widely used as active materials for 

OPVs. Fig. 31(b) shows the Voc variations for the integrated MF values of these 

materials. All the device structures and fabrication processes are identical, except for 

the active materials. The integrated MF values of PTB7-Th:PC71BM, PTB7-Th:ITIC, 

and PTB7-Th:IEICO-4F are 0.36, 0.39, and 0.45, respectively, and the resulting Voc 

values are 0.81, 0.78, and 0.71 V, respectively. These results indicate that integrating 

the MF value across the entire MOD range of the donor is a reasonable approach for 

estimating the Voc loss in OPVs. 

As we expected, the results of Voc has a strong dependency with MF. And the MF 

of each blend systems for PTB7-Th:PC71BM, PTB7-Th:ITIC and PTB7-Th:IEICO-4F 

are 0.36, 0.39, and 0.45, while Voc are 0.79, 0.81 and 0.71 V respectively. Since the 

symmetry breaking is within the axis of HOMO level, the highest Voc is observed at 

PTB7-Th:ITIC blend. On the other hand, the lowest Voc is observed for PTB7-

Th:IEICO-4F blend which has the highest MF with 0.45. The gap of Voc is observed as 

0.1 eV by the difference of MF. Although the MF of PTB7-Th:PC71BM at the section 

from -3.0 to -2.0 eV may seem to have disadvantage for hot-state matching, the 

excluded energy level (over than -2.0 eV) because of the glass absorption determines 

the higher MF value compared to the case of PTB7-Th:IEICO-4F blend. Consequently, 

Figure 31(a) and 31(b) clearly demonstrated the correlation between MF and Voc as 

we expected. Moreover, PBDB-T based two organic material systems was also be 
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investigated in Figure 32(a) and 32(b). As shown in these results, MF dependent Voc 

is observed from various blend systems regardless of material types. And we assume 

that the correlation between MF and Voc is due to the number of directly generated 

mobile carriers. 

Figure 31. Photovoltaic properties for applying MODO to organic based solar cell. (a) 

Integrated mismatching factor dependent Voc of P1:PC71BM and P2:PC71BM. (b) Integrated 

mismatching factor dependent Voc of PTB7-Th based photovoltaics. 

Figure 32. MF of PBDB-T based blend systems. (a) Mismatching factors at the absolute 

energy levels. (b) Voc dependency with MF. 
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To confirm this concept of integrating the MF for an actual device, we fabricated a 

ternary OPV device with three active materials. As the absorbance of the active 

materials could be changed by altering the ratio of the mixture in the ternary system, 

we could intentionally control the MF value by controlling the mixture ratio of the three 

materials. In case of one donor with two acceptor should be shown as below. 

𝑀𝑀𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷 ≡ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝜀𝜀)𝑖𝑖 − 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1(𝜀𝜀)𝑖𝑖 − 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2(𝜀𝜀)𝑖𝑖-----------------------Equation 6. 

𝑀𝑀𝑀𝑀𝐷𝐷𝐷𝐷𝐷𝐷 ≡ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷1(𝜀𝜀)𝑖𝑖 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷2(𝜀𝜀)𝑖𝑖 − 𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝜀𝜀)𝑖𝑖  -------------------------Equation 7. 

Where the MFDDA is mismatching factor of double donors system, while MFDAA is 

double acceptors system.  

For the ternary OPV device, D18 was selected as the donor material, and Y6 and 

PCBM were selected as acceptors. Figure 33 shows the device structure, along with 

the molecular structures of D18, Y6, and PCBM, and the device is ITO/PEDOT:PSS/ 

D18:Y6:PCBM /Al. 

Figure 33. Device and molecular structure of D18, Y6 and PCBM with role of third 

component. 
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 The inset of Figure 33 shows the concept of third component on ternary OPVs. 

The third component is selected as PCBM. Intention for adding PCBM are that the 

optical density of third component covers optical density of separated donor and 

acceptor. Since low absorption coefficient of PCBM than PC71BM can concentrate 

absorption to donor materials, PCBM is suitable for control of MODO for D18:Y6 

blend system. 

Although the MOD of D18 is considerably separated from that of Y6, the MOD of 

PCBM covers the ranges of those of D18 and Y6 (see Figure 34(a)). Therefore, 

controlling the amount of PCBM was expected to enable control over the MF for the 

ternary system. Figure 34(b) shows the MF at each electron energy level of 

D18:Y6:PCBM. The mass ratio of D18:Y6:PCBM was 1:1.6:x (where x represents the 

amount of PCBM and was set as 0, 0.2, 0.4, and 0.6). The yellow box indicates the 

absorption area of the D18 donor, which was the integrated section for the integrated 

MF. As shown in Figure 34(b), the MF of the ternary system was changed by altering 

the amount of PCBM. The arrows around 2.5 eV indicate the MF variation caused by 

adding PCBM. The ternary system with x = 0.4 exhibited an MF value of zero at 2.5 

eV, indicating a high degree of MODO between the D18 donor and Y6 and PCBM 

acceptors at 2.5 eV. The integrated MFs of the ternary system with PCBM component 

ratios of x = 0.6, 0.4, 0.2, and 0 were calculated as 0.232, 0.252, 0.275, and 0.299, 

respectively.  

Figure 35(a) presents the variation in Voc for different values of the integrated MF. 

As expected, larger values of the integrated MF corresponded to lower Voc values. The 

highest Voc was observed at x = 0.6, corresponding to the smallest integrated MF of 
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0.232. Figure 35(b) shows the current–voltage (J-V) curves of ternary devices with 

different mixture ratios. The OPV devices exhibited high performance with regard to 

the short-circuit current density (Jsc), Voc, and fill factor (FF). Jsc and Voc were altered 

by changing the mixture ratio of the ternary system. The highest PCE of 16.15% was 

achieved for the device with a D18:Y6:PCBM ratio of 1:1:0.2, whereas the highest Voc 

was observed for the device with a D18:Y6:PCBM ratio of 1:1:0.6. Because the PCE 

was determined by the Jsc, FF, and Voc, the optimal mixing ratio for maximizing the Voc 

differed slightly from that for maximizing the PCE, which can be overcome by 

optimizing the nanoscale morphology of the active layer. 

Figure 34. Photovoltaic properties for applying MODO to organic based solar cell. (a) 

MODO of D18, Y6 and PCBM. (b) Mismatching factor at each energy level of D18:Y6:PCBM 

blend system. 
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Figure 35. Photovoltaic properties with Integrated Mismatching dependent (a) 

Integrated mismatching factor dependent Voc with the ratio of third component. (b) J−V 

characteristics for optimized for the ratio of third component.  

To verify the correlation between Voc and MF, we also fabricated ternary OPVs 

using PBDB-T, ITIC, and PC71BM materials and conducted the same experiments. 

Since electron transfer layer (ETL) have a pinning effect which reduced the effect of 

the variable Voc, the ETL is excluded in this structure. In order to apply MF, we 

measured the complementary absorption with the various ratio as shown Figure 36. 

We measured the complementary absorption and MF of the various ratio. 

Figure 36. Complementary absorption spectra with the various ratio of PBDB-

T:ITIC:PC71BM blend 
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The MF is calculated without the normalization of MOD intensity. Because in order 

to confirm the ratio dependent Voc, the MOD intensity of each organic materials is 

crucial factors. Figure 37 shows the MF as energy levels. The integration section for 

MF is also selected from LUMO level of PBDB-T which is a yellow area, and the 

integrated MF of each blend ratio is calculated in Table 1.  

Figure 37. Mismatching factor of PBDB-T:ITIC:PC71BM blend system. 

Table 1. Integrated MF of PBDB-T:ITIC:PC71BM blend system. 
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As shown in Table 1, the highest integrated MF is calculated at 1:0.7:0.3, but both 

two organic materials system as 1:1.2:0 and 1:0:1.2 have low integrated MF. Therefore, 

if the Voc relies on the value of integrated MF, PBDB-T:ITIC:PC71BM blend system 

may have the ratio dependent variable Voc and the highest Voc would be observed at the 

ratio 1:0.7:0.3. Although the standard of ratio for donor and acceptor is 1:1.2, the ratio 

of 1:0.7:0.3 is also included. Because, from our calculation, 1:0.7:0.3 has the lowest 

MF. 

As we expected at Figure 37 and Table 1, two organic materials system shows the 

low Voc with the higher integrated MF as 0.29 and 0.34. Otherwise, the lowest MF is 

observed at 1:0.7:0.3 with the value as 0.892. Figure 38(a) and Table 2 show the 

integrated MF dependent Voc of each blend ratio. The tendency of variable Voc and 

integrated MF is observed as a linear shape, and the variation of Voc is measured as 

nearly 0.08 V in ternary blend system. As we expected in Table 1, the binary blend 

system of PBDB-T:PC71BM and PBDB-T ITIC which have higher MF show lower 

MF comparing with ternary system. Otherwise, the highest Voc is observed in case of 

1:0.7:0.3 with the value of 0.89 V. 

Figure 38. Photovoltaic properties of PBDB-T:ITIC:PC71BM solar cell (a) Integrated 

mismatching factor dependent Voc of PBDB-T: ITIC: PC71BM based OPVs. (b) J−V 

characteristics for each material ratio. 
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Table 2. Photovoltaic parameter with ratio of the PBDB-T:ITIC:PC71BM 

These results also indicate that MF is a crucial factor to determine Voc on ternary 

OPVs. Moreover, the variation of Voc is measured as nearly 0.08 V in ternary blend 

system. This result indicates that the improvement of Voc is nearly 3~9 % by hot-state 

matching (MODO). And the scale of Voc improvement also similar with our previous 

result. Consequently, we demonstrated that DOS matching is the novel and efficient 

ratio adjustment of ternary blend system. We also investigate the tendency of Voc with 

other parameters (see Figure 39), however the only Voc shows the tendency with MF. 

Figure 39. Diverse tendency between photovoltaic parameter and DOS matching 
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Based on our results, we illustrates the mechanism of PICT as shown in Figure 40. 

First, the electrons on donor are excited to particular energy levels which rely on the 

energy of irradiated photon. In the equilibrium states, if the hot-state maching are low 

(mismatched state), the electrons should be relaxed toward the thermally stable state. 

Then, because of the relaxation, electrons are bound at the CT states. Since the 

probability of non-radiative recombination is increased at CT states, the number of 

mobile carriers are reduced. Therefore, this mismatched states process results in the 

low Voc by deeper quasi-Fermi level. Otherwise, at the well-matched states, the 

electrons transfer to acceptor domains occurs as the process of directly generated 

mobile carriers. Therefore, the number of much more mobile carriers enhanced Voc by 

quasi-Fermi level shift toward LUMO level of acceptor. Our results are consistent with 

the importance of full range MODO and charge transfer. These results demonstrate that 

MF is crucial factor to determine the PICT. Therefore, we suggest that applying MF 

for configuration of organic materials can be a new and advanced strategy for efficient 

charge transfer and improvement of Voc.  

Figure 40. Charge transfer mechanism on mismatched and well-matched states 
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5.2.2      Design of Conjugated Organic materials 

The performances of solar cell devices have improved in recent years with the 

syntheses of novel materials that feature a donor-acceptor (D-A) structure. In this 

context, the phenazine moiety is an attractive electron-withdrawing moiety due to its 

coplanar structure by resulting from the fusing of multiple aromatic rings. As a result, 

phenazine can take part in π–π interactions and exhibit close packing properties. It has 

also been found that polymers containing phenazine units show expanded absorption 

areas in their UV–vis spectra, which give enhanced short circuit current densities (JSC) 

values. Indeed, polymers containing phenazine as the acceptor unit have been reported 

to exhibit low band gap and lead to efficient OSCs. In addition, the introduction of 

fluorine atoms into the conjugated backbone leads to a relatively deep highest occupied 

molecular orbital (HOMO) energy level, thereby increasing the open circuit voltages 

(VOC) of OSCs. Thiophene moieties have also been incorporated into polymer building 

blocks of various conjugation lengths, wherein increased numbers of thiophene result 

in a decreased electrochemical bandgap between the HOMO and LUMO energy levels. 

   The strategy for design of conjugated organic materials in this research is the 

synthesis of push-pull conjugated polymers containing mono-fluorinated phenazine as 

the electron deficient unit and benzo[1,2-b:4,5-b’]dithiophene as the electron donor. 

The introduction of thiophene units into the conjugated packing is expected to lower 

the HOMO energy levels of the synthesized polymers due to the increased conjugation 

length. To control the HOMO energy level and bandgap, conjugated polymers 

containing mono-fluorophenazine, thiophene, and benzodithiophene synthesized (i.e., 

of the PBDT-FPz, PBDT-TFPz, and PBDT-DTFPz). These push-pull type polymers 
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are synthesized via a Stille coupling reaction of 6-bis(trimethyltin) 4,8-bis (2-

ethylhexyloxy)benzo[1,2-b:4,5-b’]dithiophene as the electron donor, 2-

fluorophenazine as the electron acceptor, and thiophene unit of various lengths as the 

bridge. The optical, electrochemical, and photovoltaic properties of the synthesized 

polymers are also investigated. 

Figure 41. Molecular structures and energy levels of electron donor and PC71BM and 

schematic diagram of the PSC device architecture. 

<Optical properties of the synthesized organic material> 

The absorption spectra of thin film are shown in Figure 42 (a). The solutions for 

analysis were prepared using DCB as the solvent, while the thin films were obtained 

by pin-coating on a quartz plate from the DCB solution at room temperature. In the 

solution form, PBDT-FPz, PBDT-TFPz, and PBDT-DTFPz, exhibited similar 

absorption spectra, with absorption maxima at 580,578 and 591 nm, respectively, while 

in the thin films, the maximum the number of thiophene in repeating unit increases, the 
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configuration length increases. PBDT-TFPz, with only one thiphene introduced, was 

blue-shifted with an increase in asymmetry. The absorption edges of the PBDT-FPz, 

PBDT-TFPz, and PBDT-DTFPz films were detected at 738, 747, and 756 nm, 

corresponding to optical bandgaps of 1.68, 1.66 and 1.64 eV, respectively. These results 

indicated a red shift in the absorption maxima in the thin film form. In addition, the 

broader peaks observed in the spectra of the thin film samples indicate the presence of 

stronger aggregation or more ordered π-π stacking in the solid form. 

Figure 42. UV–visible absorption spectra of polymers in dichlorobenzene solution (a) and 

the solid state (b). 

<Electrochemical and theoretical calculations> 

The electrochemical properties of the polymers were determined from the band gap, 

which in turn was estimated from the absorption onset wavelength and the HOMO 

energy level obtained by cyclic voltammetry (CV) measurements in an acetonitrile 

solution of tetrabutylammonium tetrafluoroborate (Bu4NBF4, 0.10 M) at a scan rate of 

100 mV/s and at room temperature under argon. A platinum electrode (~0.05 cm2) 

coated with a thin polymer film was used as the working electrode, and a Pt wire and a 
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Ag/AgNO3 electrode were used as the counter and reference electrodes, respectively. 

The energy level of the Ag/AgNO3 reference electrode (calibrated by the Fc/Fc+ redox 

system) was 4.8 eV below the vacuum level. Figure 43 shows the CV spectra of the 

polymers, and the optoelectrical properties are summarized in Table 3. The HOMO 

and lowest unoccupied molecular orbital (LUMO) levels were calculated according to 

the empirical formulas (EHOMO = -([Eonset]ox + 4.8) eV) and (ELUMO = -([Eonset]red + 4.8) 

eV), respectively. The oxidation potential onsets of PBDT-FPz, PBDT-TFPz, and 

PBDT-DTFPz were determined to be 0.80, 0.96 and 1.06 V, respectively, which 

correspond to HOMO energy levels of - 5.86, - 5.76 and - 5.60 eV, respectively. The 

PBDT-FPz, PBDT-TFPz, and PBDT-DTFPz have lower HOMO energy levels due to 

mono-fluoro atom in phenazine moiety. 

Figure 43. Electrochemical properties of polymers 

Table 3. Optoelectrical properties of Polymers 
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 These results therefore indicate that upon increasing the number of thiophene units, 

the HOMO energy level increases. In addition, the LUMO energy levels of PBDT-FPz, 

PBDT-TFPz, and PBDT-DTFPz were determined to be - 4.46, - 4.41, and - 4.26 eV, 

respectively, and so the electrochemical band gap, calculated from the CV data, were 

1.60, 1.35, and 1.14 eV, respectively. It was therefore apparent that the polymers based 

on phenazine units as the acceptor unit exhibited a low band gap. Moreover, in the case 

of the polymers containing greater numbers of thiophene units, the HOMO energy 

levels were elevated and the LUMO energy levels were lowered, thereby reducing the 

electrochemical bandgaps. 

Figure 44. Theoretical calculation of the monomers by density functional theory (DFT) at 

the B3LYP/6–31 G level. 
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 The optimized geometry for each polymer was then calculated using the B3LYP/6–

31 G level of theory in the Gaussian 03 package to gain insight regarding their 

electronic structures. The HOMO and LUMO surfaces were plotted using GaussView 

version 4.1. To simplify the computations, the alkyl chains were replaced with methyl 

groups, and only two repeating units were used for the polymer backbone. We studied 

the tunability of the HOMO and LUMO energy levels of synthesized compounds using 

a computational methods. The optimized structures of PBDT-FPz, PBDT-TFPz, and 

PBDT-DTFPz are shown in Figure 44, and the HOMO/LUMO levels were determined 

computationally to be - 4.99/- 2.82, - 4.84/- 2.92 and - 4.80/- 2.95 eV for PBDT-FPz, 

PBDT-TFPz, and PBDT-DTFPz, respectively. These results therefore confirm that the 

HOMO energy levels increased upon the incorporation of greater numbers of thiophene 

units. 

<Photovoltaic properties> 

The hole and electron mobilities of the polymer:PC71BM blend films were measured 

using the space charge limited current (SCLC) method with the device structure 

ITO/PEDOT:PSS /polymer: PC71BM/Au for holes and ITO/ZnO/ polymer:PC71BM/ 

ZnO nanoparticales/ Al for electrons. The thin films were fabricated under the same 

condition as OPV devices. J–V characteristics showed a quadratic dependence on 

voltage over a range of several volts, which was consistent with the Mott–Gurney 

equation as below. 

JSCL = 9ε0εrμV2/8L3 --------------------------------------------------------------------------Equation 8. 



86 

Where ε0 is the free-space permittivity, εr is the dielectric constant of the 

polymer:PC71BM blend films, μ is the mobility, V is the applied voltage and L is the 

thickness of the photoactive films. The hole mobilities of the PBDT-FPz, PBDT-TFPz, 

and PBDT-DTFPz devices were 3.30 × 10-5 cm2/Vs, 2.61 × 10-4 cm2/Vs and 4.85 × 10-

4 cm2/Vs, respectively. The electron mobilities were calculated to be 1.1 × 10-6 cm2/Vs 

for PBDTFPz, 4.8 × 10-3 cm2/Vs for PBDT-TFPz and 3.34 × 10-3 cm2/Vs for PBDT-

DTFPz. The hole mobility of PBDT-DTFPz shows an increase, which could lead to a 

relatively higher FF value in PSCs resulted from the more planar polymer backbone 

and increased intermolecular interactions. To demonstrate the potential application of 

the synthesized polymers in PSCs, we employed our polymers as the electron donor 

and PC71BM as the electron acceptor to fabricate BHJ PSCs with a configuration of 

ITO/ PEDOT:PSS/polymer:PC71BM/Al under AM 1.5 G irradiation (100 mW/cm2). 

Figure 45 shows the current density-voltage plots of the prepared OSCs, while Table 

4 lists the open circuit voltages (VOC), short circuit current densities (JSC), fill factors 

(FF), and PCEs of the devices. The active layers were prepared by spin-coating the 

blend solutions of PBDTFPz, 

Figure 45. Current density-voltage characteristics of the polymer solar cells under the 

illumination of AM 1.5, 100 mW/cm2. 
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Table 4. Photovoltaic Properties of the Polymer solar cell 

PBDT-TFPz, and PBDT-DTFPz as electron donor materials and PC71BM as the 

electron acceptor materials in DCB. The devices based on PBDT-TFPz:PC71BM and 

PBDT-DTFPz:PC71BM showed VOC values of 0.67 and 0.59 V, JSC values of 3.64 

and 5.12 mA/cm2, and FF values of 0.41 and 0.55, and PCEs of 1.00% and 1.66%, 

respectively. There results suggest that the high molecular weight of PBDT-DTFPz 

improves the device efficiency due to its superior morphology. The incident-photon-

to-current efficiency (IPCE) spectra of the photovoltaic devices constructed using the 

polymer:PCBM blends are presented in Figure 46.  The spectra have maxima of 21.9% 

at 410 nm, 27.1% at 450 nm and 35.3% at 450 nm, for PBDT-FPz, PBDT-TFPz, and 

PBDT-DTFPz, respectively. 

Figure 46. IPCE curves of the corresponding polymer solar cells 
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 Figure 47 shows atomic force microscopy (AFM) images depicting the surface 

morphologies (surface area of 5 × 5 μm2) of the polymer blend thin films with DIO. 

The blended films of PBDTTFPz: PC71BM has increased roughness due to increased 

asymmetry from introduction of one thiophene in repeating units. 

Figure 48. AFM images of films spin coated from PBDT-FPz:PC70BM, PBDT-

TFPz:PC70BM and PBDT-DTFPz:PC70BM with DIO. 
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5.3     Conclusion 

Using the MF value, we investigated the correlation between the Voc loss of OPVs 

and the energy-state matching at the BHJ interface. In binary systems, OPVs with 

smaller MFs have higher Voc values, and this tendency was confirmed for a ternary 

OPV device with three active materials. Based on the results, we conclude that energy-

state matching between the donor and acceptor is one of the critical factors for 

suppressing energy loss and maximizing Voc. Finally, we achieved a high-efficiency 

ternary OPV device with a PCE of 16.15% by controlling the MF value. We believe 

that the MF developed in this study enables estimations of the Voc loss in OPVs and the 

design of optimized mixtures of donors and acceptors for high-performance OPV 

devices with the maximum Voc. 

Moreover, the HOMO energy levels difference of PBDT-FPz, PBDTTFPz and 

PBDT-DTFPz which were determined to be - 5.86, - 5.76, and - 5.60 eV, respectively, 

was determined for enhancement of Voc. Thereby indicating that increased numbers of 

thiophene units in the backbone resulted in high HOMO energy levels. In addition, the 

electrochemical band gaps for PBDT-FPz, PBDT-TFPz, and PBDT-DTFPz were 

determined to be 1.60, 1.35 and 1.14 eV, respectively, indicating that these polymers 

based on phenazine as the acceptor unit exhibited low band gaps. Finally, the potential 

applicability of these polymers in perovskite solar cells was examined, and the device 

based on PBDT-DTFPz:PC71BM with DIO (3 vol%) exhibited the best photovoltaic 

performance, showing a VOC of 0.59 V, a JSC of 5.12 mA/cm2, a FF of 55%, and a 

PCE of 1.69%. 
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CHAPTER 6     CONCLUSION 

We developed an effective method to quantify the degree of hot-state matching 

between the donor and acceptor in the blend system. By calculating the MF of BHJ thin 

film from the MODO between the donor and acceptor, we quantify the degree of 

energy-state mismatching between the electron donor and acceptor at their interface. A 

smaller MF value indicates a higher degree of energy-level matching, whereas a larger 

MF value indicates a lower degree of state overlapping at the BHJ interface. In order 

to demonstrate the effect of hot-state matching via calculation of MF, we measured 

TAS for targeting electrons which excited on corresponded hot-state energy levels. 

From the TAS result, we can observe the relation between MF and the generation rate 

of CT states in the blend system. The energy level with low MF which is well-matched 

energy level has the relatively low generation rate of CT states, while the energy level 

with the higher MF has huge CT states. The result means that the hot-state matching 

between donor and acceptor is strongly related with the PICT in the organic blend 

system. 

Using the MF value, we investigated the correlation between the Voc loss of OPVs 

and the energy-state matching at the BHJ interface. In binary systems, OPVs with 

smaller MFs have higher Voc values, and this tendency was confirmed for a ternary 

OPV device with three active materials. Based on the results, we conclude that energy-

state matching between the donor and acceptor is one of the critical factors for 

suppressing energy loss and maximizing Voc. Finally, we achieved a high-efficiency 

ternary OPV device with a PCE of 16.15% by controlling the MF value. We believe 
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that the MF developed in this study enables estimations of the Voc loss in OPVs and the 

design of optimized mixtures of donors and acceptors for high-performance OPV 

devices with the maximum Voc. 

Moreover, the HOMO energy levels difference of PBDT-FPz, PBDTTFPz and 

PBDT-DTFPz which were determined to be - 5.86, - 5.76, and - 5.60 eV, respectively, 

was determined for enhancement of Voc. Thereby indicating that increased numbers of 

thiophene units in the backbone resulted in high HOMO energy levels. In addition, the 

electrochemical band gaps for PBDT-FPz, PBDT-TFPz, and PBDT-DTFPz were 

determined to be 1.60, 1.35 and 1.14 eV, respectively, indicating that these polymers 

based on phenazine as the acceptor unit exhibited low band gaps. Finally, the potential 

applicability of these polymers in perovskite solar cells was examined, and the device 

based on PBDT-DTFPz:PC71BM with DIO (3 vol%) exhibited the best photovoltaic 

performance, showing a VOC of 0.59 V, a JSC of 5.12 mA/cm2, a FF of 55%, and a PCE 

of 1.69%. 
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