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Chapter 1: General Introduction 

1.1 Background of Organic Solar Cells 

1.1.1 History   

Organic solar cells (OSCs) are the type of photovoltaic device that uses organic 

semiconductor materials. The first photovoltaic effect using organic semiconductor 

molecule was reported by Calvin in 1958 [1]. The active layer of the organic photovoltaic 

device was deposited using vacuum evaporation with single organic material of p-

phenylenediamine and sandwiched electrode. The device showed low power conversion 

efficiency (PCE) as ~0.1% because of high internal cell resistance. Furthermore, quantum 

efficiency of the device with single organic material is low. Therefore, the maximum 

power output was 3×10-12 W, and the maximum photocurrent was only 1.5×10-8 mA. The 

breakthrough in photocurrent was suggested by Tang in 1986 [2]. Tang demonstrated 

two-layer organic photovoltaic cells using copper phthalocyanin and perylene 

tetracarboxylic derivative which the performance each short-circuit current density (JSC): 

2.3 mA cm-2, open-circuit voltage (VOC): 0.45 V, fill factor (FF): 0.65 V and PCE: 1% 

was reported. Furthermore, Hiramoto reported a tandem structure in 1990[3], and a 

blended junction cells of small-molecule was proposed in 1991 [4,5]. In 1992, Sariciftci 

reported a heterojunction cell using polymer (MEH-PPV) as a donor and C60 as an 

acceptor [6]. Furthermore, Yu proposed bulk polymer heterojunction cells by blending 

the semiconducting polymer with C60 in 1995 [7].  

The development of organic semiconductor materials has improved the performance of 

OSCs. The low bandgap polymer was devised to harvest a wide range of absorption of 
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photons and increase the efficiency of the device [8–10]. Moreover, non-fullerene 

acceptors were provided for near-infrared absorption [11–13]. 

1.1.2 Device structure  

The first OSCs had a single-layer structure in which a single organic substance 

was placed between two metal electrodes (Figure 1.1.1 (a)). Nowadays, the OSCs 

comprise an active layer, transparent electrode, metal electrode, and buffer layer. In 

general, indium tin oxide (ITO) is used as the transparent electrode. The most typical 

structure of OSCs is ITO/hole transporting layer/electron transporting layer/metal 

electrode. On the other hand, the structure of inverted OSCs is ITO/electron transporting 

layer/hole transporting layer/metal electrode. Because the work function is high, either 

Au or Ag are used for the metal electrode in the inverted structure.  

Planar heterojunction (PHJ) OSCs that include donor and acceptor were reported 

by Tang [2]. Efficient exciton dissociation occurred by the D/A interface. Donor materials 

that were deposited on transparent electrodes act as a hole transporting layer, and acceptor 

materials that were deposited on the donor layer act as the electron transporting layer 

(Figure 1.1.1 (b)).  

Except for the active layer, the composition of bulk heterojunction (BHJ) OSCs 

is similar to that of PHJ (Figure 1.1.1 (c)). In general, the active layer of BHJ is fabricated 

by the spin-coating of a mixed solution of donor and acceptor. The morphology of the 

active layer is strongly affected by the following conditions such as mixing ratio, 

concentration, organic solvent, additive, spin speed, and thermal annealing.  
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Figure 1.1.1 Schematic of organic solar cells (a) single layer, (b) planar 

heterojunction and (c) bulk heterojunction. 
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1.1.3 Fabrication method  

The blended active layer in OSCs is prepared by the co-deposition technique or 

spin-coating. The thermal evaporation technique under high vacuum conditions is useful 

to fabricate the bilayer structure. The thickness of the layer can be controlled at the 10−10 

m level precision using high vacuum deposition. The co-deposition technique is a method 

for simultaneously depositing two or more different substances. By simultaneously 

depositing a dopant and a host molecule, a p-type or n-type organic semiconductor thin 

film and organic pn-homojunction can be obtained [14–17]. Note that it is easy to control 

the concentration of the dopant and obtain the doped crystal because the deposition rate 

of each source can be separately controlled [18–20]. 

Spin-coating is a fabrication technique for a thin film on a flat substrate. The spin-

coating technique is used in wet processes, and is particularly advantageous for 

fabricating blended structures [21]. The thickness of the film layer depends on spin speed, 

the solvent, and the concentration of the solution. In general, volatile solvents are applied.  
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1.2 Photoconversion mechanism 

1.2.1 Excition generation and dissociation  

Figure 1.2.1 shows a schematic of the photoconversion mechanism in bilayer 

organic solar cell contracted by a hole transporting layer (donor) and an electron 

transporting layer (acceptor). An exciton that is a photogenerated hole–electron pair is 

described as a simple hydrogen atom model, and the attractive force is determined by 

Coulomb’s law [22]:  

𝐹 = (
1

4𝜋𝜀𝜀0
) (

𝑞1𝑞2

𝑟2
)      equation 1.2.1 

where q1 and q2 are the elementary charges of the hole and electron, respectively, r is the 

distance between both, ε0 is the vacuum permittivity, and ε is the relative permittivity of 

the solid. Each organic semiconductors has a small ε and a short exciton radius, therefore 

the hole and electron pair strongly attract. Note that the thermal energy at room 

temperature is insufficient to dissociate the exciton to free holes and electrons. Therefore, 

monolayer OSCs generate few photocurrents. After Tang’s study, the D/A interface 

accelerated the exciton dissociation into free holes and electrons [2]. Thus, using donor 

and acceptor materials became the most useful and basic method in recent studies.  

1.2.2 Charge transfer state formation 

Charge transfer (CT) states are formed after Frankel-type exciton dissociating at 

the D/A interface. When excitons reach to D/A interface before decaying, the electrons 

transfer from the lowest unoccupied molecular orbital (LUMO) of the donor molecule to 

the LUMO of the acceptor molecule or the hole transfer to the highest occupied molecular 
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orbital of the donor molecule. Separated holes and electrons are localized at the D / A 

interface and stabilized by coulombic attraction[23,24].  

1.2.3 Charge transfer state dissociation into free charge 

The hole and electron charge pair of CT state is separated into free carriers. Both 

holes and electrons that have become free carriers are transported from one molecule to 

another molecule, and this transport is described as a hopping conduction. Certain holes 

and electrons attract and reform to the CT state at the D/A interface. This bypass process, 

primarily charge recombination, causes a photocurrent loss in OSCs. 

1.2.4 Charge transport and collection 

 After dissociation, both hole and electron are transported to the electrode via the 

donor and acceptor using the potential difference termed as drift current or by the charge 

concentration difference as the diffusion current. Charge transport in OSCs is described 

by the hopping conduction model in which the charge is transported from one molecule 

to the adjacent molecule. At the electrode, free hole and electron are collected to anode 

and cathode, respectively. The ohmic contact without energy barrier at the organic 

semiconductor/electrode interface is important to collect charge carriers. For ohmic 

contact, sufficient amounts of high or low work function material is inserted between the 

organic semiconductor layer and electrode as the buffer layer. 
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Figure 1.2.1 Schematic of photoconversion process in OSCs. 
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1.3 Charge recombination  

1.3.1 Geminate and non-geminate recombination  

Geminate recombination is one of the recombination processes that decay from 

the CT state to the ground state. In OSCs, the process of going from exciton to free carriers 

is strongly related to coulombic binding energy between photo-excited geminate hole-

electron pairs. The coulombic binding energy must be overcome for the geminate pair to 

dissociate. Otherwise, the geminate recombination occurred. Using the energy difference 

between the optical bandgap and the CT state, free carriers are efficiently generated. In 

particular, the combination of polymer donor and fullerene acceptor shows efficient 

charge dissociation [25–28].  

After dissociating the CT state, certain free electrons encounter holes at the D/A 

interface and recombine to the ground state. This non-geminate recombination is called 

“bimolecular recombination,” which includes radiative recombination and non-radiative 

recombination. Bimolecular recombination is explained by Langevin recombination [29], 

which is the dominant recombination mechanism in a low-mobility material and a band-

to-band recombination process. Furthermore, temperature is an important factor in 

bimolecular recombination. CT binding energy in organic materials is stronger than that 

in inorganic materials; therefore, CT state recombination is strongly affected by 

temperature[30]. Thus, bimolecular recombination increases with temperature. In 

addition, trap-assisted recombination is attributed to a trapped charge in the trap state 

within the bandgap[31,32]. In OSCs, CT state recombination is the primary problem of 

VOC loss.  
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Figure 1.3.1 Schematic of recombination process in OSCs. 
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1.3.2 Radiative recombination and non-radiative recombination  

Bimolecular recombination occurs because of light emission or thermal relaxation. 

The former is called radiative recombination, whereas the latter is called non-radiative 

recombination. Figure 1.3.2 shows the schematic of radiative (blue) and non-radiative 

(brown) recombination. j and i are the vibration modes of the ground state and CT state, 

respectively. The vibrational coupling between both states easily induces non-radiative 

recombination. In the radiative recombination process, carriers directly transfer from the 

CT state to the ground state. Thus, light is emitted from the energy lost in the process.  

 

Figure 1.3.2 Schematic of the mechanism of the (a) radiative and (b) non-

radiative recombination from the CT states to ground states.  
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1.4 Device performance  

OSCs are evaluated by external quantum efficiency (EQE) and power conversion 

efficiency (PCE).  

1.4.1 Quantum efficiency    

EQE of OSCs is the ratio of the number of charge carriers collected to the number 

of photons irradiated from outside and estimated under monochromatic light irradiation; 

the equation is given by: 

EQE =
𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑛𝑝ℎ𝑜𝑡𝑜𝑛
=

(𝐽SC) (ℎ𝑐)

(𝑃𝑖𝑛) (𝜆𝑒)
  equation 1.4.1 

where JSC is short-circuit current density, Pin is incidenct power density, nelectron and nphoton 

are the number of electrons extracted from the OSC and irradiating photon to the OSC, 

respectively; h is Planck’s constant; c is the speed of light; λ is the wavelength of 

irradiated light; and e is the elementary charge.  

Internal quantum efficiency (IQE) is the ratio of the number of charge carriers collected 

to the number of photons absorbed by OSCs and the equation is given by  

IQE =
𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝑛𝑎𝑏𝑠𝑜𝑟𝑏
=

EQE

1−Reflection−transmission
  equation 1.4.2 

where nabsrob is the number of absorbed photons. The IQE is obtained by correcting EQE 

curve and measuring transmittance and reflectance of a device. 
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1.4.2 PCE evaluation of OSCs 

Power conversion efficiency (PCE) is calculated from the J–V characteristic under 

simulated light irradiation. PCE of solar cells is sensitive to the wavelength and intensity 

of irradiated light, so it is measured under unified conditions. The standard condition for 

estimating current density-voltage (J–V) characteristic is air mass (A.M.) 1.5, and the 

spectrum of the light source is tuned to sunlight on the surface of the Earth by sunlight at 

an incident angle of 48.2°. In general, the light intensity is adjusted to 100 mW cm-2. 

Figure 1.4.1 shows a typical J–V curve. The dash line is measured under dark. This curve 

shows the characteristics of the diode. The equation of curve is explained by equivalent 

circuit model (section 1.4.5). The solid line is the J-V curve that is measured under 

standard light irradiation. The PCE is produced using three parameters: short-circuit 

current density (JSC), open-circuit voltage (VOC), and fill factor (FF). The equation is given 

by: 

PCE =
𝐽SC×𝑉OC×FF

𝑃in
× 100 =

𝐽MAX×𝑉MAX

𝑃in
× 100  equation 1.4.3 

where Pin is the incident power density. Thus, FF is determined by the following equation: 

FF =
𝐽MAX×𝑉MAX

𝐽SC×𝑉OC
 equation 1.4.4 

Where JMax and VMax are the current density and voltage at maximum output power 

density, respectively.  
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Figure 1.4.1 Typical J-V curve of OSCs. 
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1.4.3 Short-circuit current  

Short-circuit current (ISC) is the photocurrent from OSC when the applied voltage 

is 0 V. The short-circuit current density (JSC) is the ISC divided by the cell area.  

𝐽SC = 𝐼SC/𝐴 equation 1.4.5 

Under short-circuit condition that is under a large internal electric field, the energy loss 

process occurs during the charge separation and transport process. This indicates that the 

JSC includes the information charge recombination. In particular, geminate recombination 

is a major loss process under short-circuit conditions [33]. 

1.4.4 Open-circuit voltage 

Open-circuit voltage (VOC) is the maximum voltage available from OSCs and can 

be reported at zero photocurrents. Experimentally, VOC shows a linear dependence on the 

energy difference between the HOMO of the donor and the LUMO of an acceptor. Even 

with the same D/A combination, the VOC shows different values because of structure or 

electrical interaction at the D/A interface. In general, the VOC value is determined by the 

CT state energy and the voltage loss.  

Furthermore, the temperature-related equation of VOC is determined by the 

following: 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑒
ln (

𝐽𝑝ℎ

𝐽0
− 1) 

≈
𝑛𝑘𝑇

𝑒
ln (

𝐽𝑝ℎ

𝐽0
)  equation 1.4.6 
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where J0 is the dark saturation current density, Jph is the photocurrent density, n is the 

ideality factor, k is Boltzmann’s constant, T is temperature and e is the elementary charge. 

The equation indicates that the VOC linearly increases with temperature. However, 

because of temperature changes in carrier concentration, J0 rapidly increases with 

temperature and is expressed using the Arrhenius equation,  

𝐽0 = 𝐽00exp (−
𝜑

𝑛𝑘𝑇
)  equation 1.4.7 

where the pre-exponential term J00 is an electronic interaction term and φ is the activation 

energy. φ can be considered as CT state energy (ECT) under open-circuit condition; 

therefore, the relational expression between ECT and VOC is reported as follows: 

𝑒𝑉𝑂𝐶 = 𝐸𝐶𝑇 − 𝑛𝑘𝑇𝑙𝑛(
𝐽00

𝐽𝑝ℎ
)  equation 1.4.8 

This equation represents VOC in one energetic term and the other recombination loss term. 

Thus, the most efficient methods to enhance VOC are increasing ECT and decreasing the 

recombination loss.  

1.4.5 Equivalent circuit 

The J-V curve of OSCs under light irradiated is given by equivalent circuit 

equation:  

𝐽 =
𝐽0

1+
𝑅𝑠

𝑅𝑝⁄
{exp (

𝑞(𝑉−𝑅𝑠𝐴𝐽)

𝑛𝑘𝐵𝑇
) − 1} +

𝑉−𝑅𝑠𝐴𝐽

𝑅𝑝𝐴
− 𝐽ph equation 1.4.9 

where J is the current density, V is the applied voltage, J0 is the dark saturation current 

density, n is the ideality factor of the diode, RS is series resistivity, RP is shunt resistivity, 

A is cell area, kB is Boltzmann’s constant, T is temperature and Jph is photocurrent 
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density[34]. Jph is the photocurrent generation part that depends on the light intensity and 

applied voltage. Noted that Jph is 0 under dark conditions. The first and second terms are 

represented using a diode. In particular, both J0 and n are related to recombination. When 

0 V is applied under dark conditions, the thermal activation and recombination current 

are balanced. Thus, J0 reflects the recombination current density under zero bias 

conditions. As J0 increases, the J–V curve shifts to the lower voltage side, resulting in 

lower VOC. Thus, a small J0 is desirable; the ideality factor n is dominated by band-to-

band recombination. In OSCs, n increases because of trap-assisted recombination. The 

value of n is 1 under ideal conditions without trap-assisted recombination. In general, the 

value of n is between 1 and 2 in OSCs [35]. Both JSC and FF are related to RS; if RS is 

large, JSC and FF decrease. RP is directly related to the leak current of the device. If RP is 

small, VOC and FF decrease; thus, small RS and large RP are desirable. 

 

 

Figure 1.4.2 Equivalent circuit model for solar cells 
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1.4.6 Fill factor 

The fill factor (FF) is an indicator of OSC quality and represented by the J–V 

curve, where it is the ratio of both rectangle areas of Figure 1.4.1; it is shown in Equation 

1.4.4. In general, the FF of OSCs is in the range of 50%–70%, and even for the inorganic 

solar cells, the maximum FF is reported at 90%[34]. FF includes information on charge 

recombination, which shows the internal electric field dependence. In particular, 

bimolecular recombination is dominated in VOC conditions. Moreover, both RS and RP of 

OSC are directly affected by FF, as explained in the Section 1.4.5. 
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1.5 Organic semiconductor materials 

 Organic semiconductor materials can influence OSC performance. For example, 

the HOMO–LUMO gap between donor and acceptor molecules is related to VOC, and the 

carrier mobility affects the charge carrier transport and collection efficiency. Recently, 

for enhancing the PCE of OSCs, electron–donor and electron–acceptor organic 

semiconductors have been developed. In particular, organic semiconductors for BHJ 

require charge transport and tunable light absorption[36]. 

1.5.1 Donor 

 In OSCs, electron-donor materials donate electrons to another compound. Thus, 

a hole is produced from the lack of electron. First, phthalocyanine or merocyanine was 

used as small molecule organic semiconductors for the active layer (Figure 1.5.1) [37,38]. 

However, for efficient light absorption, polymers have been noticed and developed. 

Moreover, high hole mobility with wide absorption band molecules were reported. Thus, 

as an efficient low hand gap donor material, poly[(4,4-bis(2-ethylhexyl)-cyclopenta-[2,1-

b;3,4-b`]dithiophene)-2,6-diyl-alt-2,1,3-benzothiadiazole-4,7-diyl] (PCPDTBT) has 

been proposed [39,40]. poly[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b`]dithiophene-

2,6-diyl][3-fluoro-2-[(2-ethylhexyl) carbonyl]thieno[3,4-b]thiophenediyl (PTB7) [41,42] 

and poly(3-hexylthiophene) P3HT[43,44] are well-studied materials. 
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Figure 1.5.1 Chemical structure of the donors 
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1.5.2 Acceptor 

 Electron acceptor materials accept electrons transferred from other materials. 

PCBM ([6,6]-phenyl-C61-butyric acid methyl) and its derivatives combine with polymer 

donors to form BHJ because electron transport is efficient; however, PCBM has poor light 

absorption. Therefore, non-fullerene acceptors are focused on their light absorption 

efficiency, e.g., OSCs using Y6 as an acceptor show high-efficiency PCE of >15%[45,46].  

 

Figure 1.5.2 Chemical structure of the acceptors 
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1.5.3 Ambipolar molecule 

 An ambipolar molecule shows high hole and electron mobility in a single material. 

Diindenoperylene (DIP) has been reported as an ambipolar molecule [47]. Using a doping 

technique, p- and n- type organic semiconductors were realized using the ambipolar 

molecule as a host material [17]. 

 

Figure 1.5.3 Chemical structure of the ambipolar molecules 
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1.6 Current issue in organic solar cells 

 The power conversion efficiency of organic solar cells is introduced with three 

important factors, short-circuit current density, open-circuit voltage, and fill factor. In 

recent years, the development of non-fullerene acceptors has led to the fact that the 

photocurrent density of OSCs increased over 20 mA cm-2 and EQE reached 80%; note 

that the photocurrent density of OSCs is close to the performance of inorganic solar 

cells[48,49]. Recently, researchers focused on enhancing VOC to increase the efficiency 

of OSCs. VOC is determined by the HOMO–LUMO energy gap between the donor and 

acceptor, and the energy loss. CT state is the idea to examine the recombination process, 

and charge recombination energy loss affects voltage loss of OSCs. The development of 

organic solar cells requires the elucidation of the mechanism of charge recombination.  
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1.7 Motivation of this thesis  

In this study, the author focused on the charge recombination process at the 

interface in OSCs.  

First, typical D/A type OSCs are fabricated by different organic semiconductors 

that cause charge separation using the energy offset between both molecules; however, 

the offset is highlighted as a reason for voltage loss. Therefore, the author fabricated 

organic pn-homojunction solar cells by using single organic materials, such as inorganic 

solar cell structures, to induce charge separation without a typical energy offset. The 

Fermi level of the organic semiconductor is shifted by doping the organic semiconductor; 

therefore, the organic semiconductors can be changed to p- or n-type. Clarifying the 

correlation between the doping effect of organic pn-homojunction and the 

photoconversion mechanism suggests a new approach for improving the efficiency of 

solar cells. 

Next, the author presents an advanced approach to examine the recombination 

mechanism in typical D/A type OSCs. The J–V curve of OSCs contains the information 

of OSCs, including charge recombination. Therefore, the author focused on observing the 

recombination mechanism directly from OSCs in operation. However, the method 

simultaneously measures the voltage dependence of photocurrent and CT state emission. 

The result of voltage dependence of CT state emission contains information on radiative 

recombination. Thus, it can consider charge separation and recombination at the D/A 

interface and predict the ideal J–V curve. 
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1.8 Overview of this thesis 

 This thesis comprises four chapters.  

  

 In chapter 1, the fundamental knowledge of OSCs and the motivation of this study 

are introduced. Thus, the photoconversion process, the device performance of OSCs, and 

recombination issues are described. 

 In chapter 2, organic pn-homojunction solar cells are described. The author 

fabricated organic pn-homojunction solar cells using a single material. It was able to 

adjust that the Fermi level of organic semiconductors using the doping effect. It was able 

to adjust that the Fermi level of organic semiconductors using the doping effect. Organic 

pn-homojunction was produced by Fermi-level alignment when p and n-type doped layers 

were contacted. Ambipolar molecule: diindinoperylene (DIP) was used as a host material 

for pn-homojunction devices. The doping concentration was controlled between 1% and 

5% by volume rate, and the same concentrations of dopants (both MoO3 and Cs2CO3) 

were introduced in the p and n layers, respectively. As a result, the JSC of the DIP device 

with 5% doping increased eight times from the undoped one; however, VOC decreased 

from 1.13 to 0.83 V. 

 The temperature dependence of J–V characteristics was measured to investigate 

the charge generation and recombination process. The activation energy during charge 

separation of 1% and 5% doped devices was calculated to be 110 and 74.4 meV, 

respectively. Moreover, the effective bandgap energy of 1% and 5% doped devices were 

calculated to be 1.95 and 1.75 eV, respectively. The result of the temperature dependence 
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of VOC shows that the decrease in VOC due to increasing doping concentration can be 

caused by the reduction in the effective energy gap (Eg
eff) at the interface.  

 The concentration dependence of energy diagrams suggests that the offset in 

adjacent molecules increases with increase in doping concentration. The larger energy 

offset both accelerated exciton dissociation and suppressed geminate recombination from 

the charge transfer (CT) state. Furthermore, the temperature dependence of VOC revealed 

that the VOC difference in the doping concentration was attributed to the Eg
eff difference, 

and not to the recombination loss difference. Eg
eff, which is the primary difference 

between inorganic and organic semiconductors, reflects the energy of the charge 

recombination center. However, this study shows that the charge recombination in the 

organic pn-homojunction SCs occurs from localized holes and electrons at the two 

adjacent molecules. 

In chapter 3, the radiative recombination emission from the CT state under 

different applied voltages was measured at the same time as the photocurrent density 

flowing over the OSC device. The author introduced the concept “PL–V plot” in which 

the intensities of the recombination emission are plotted at a different applied voltage. 

The plot includes information from the radiative recombination, excluding the non-

radiative recombination, and is complementary to the “J–V plot.” The bulk heterojunction 

(BHJ) devices were fabricated by a well-studied combination of PTB7 as an electron 

donor and PCBM as an acceptor material.  

 Under the open-circuit to short-circuit, the radiative recombination from the CT 

state was estimated. The CT state emission spectra gradually decreased and disappeared 
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with an applied voltage of <0.5 V. The CT state emission was quenched by the internal 

electric field.  

The FF of the two plots was calculated as 49.81% and 71.73% in J–V and PL–V, 

respectively. Thus, the result indicated that additional recombination that the PL-V plot 

cannot detect occurs when the OSC device was operated. 

 The FF of both plots shows different behavior when the irradiated light intensity 

was controlled from 100% to 10%. The FF of the J–V plots monotonically decreased from 

66.7% to 49.8% when the light intensity was increased from 10% to 100%, whereas the 

FF of the PL–V plots remained constant at >70% regardless of light intensity. The result 

shows that the recombination that causes FF difference between the J–V and the PL–V 

plots was sensitive to the light intensity and promoted at a high carrier concentration 

condition and the J–V plot has a large influence at a high carrier concentration and smaller 

internal electric field close to the VOC. Furthermore, the PL–V plot is a method that 

directly observes the CT state recombination only at the D/A interface. Therefore, the 

PL–V plot could predict the ideal FF, which considers only the characteristics of charge 

separation and recombination at the D/A interface and it is higher than that of J–V plots.  

 The temperature dependence of the CT state emission intensity has expressed the 

thermal quenching formula because non-radiative recombination rates are thermally 

activated, and the calculated activation energy from the Arrhenius plot is 64.9 meV. This 

result shows the vibration modes of the CT state existed between intermolecular and intra-

molecular vibration. 

In Chapter 4, a summary of this thesis, the conclusion, and prospects drawn from 

it are presented.  
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Chapter 2: Photoconversion mechanism at the pn-

homojunction interface in single organic semiconductor 

“Photoconversion mechanism at the pn-homojunction interface in single organic 

semiconductor” Ji-Hyun Lee, Armand Perrot, Masahiro Hiramoto, Seiichiro Izawa, 

Materials. 13, 1-8 (2020). 

2.1 Abstract 

 Clarifying critical differences in free charge generation and recombination 

processes between inorganic and organic semiconductors is important for developing 

efficient organic photoconversion devices such as solar cells (SCs) and photodetector. In 

this study, the author analyzed the dependence of doping concentration on the 

photoconversion process at the organic pn-homojunction interface in a single organic 

semiconductor by using temperature dependence of J-V characteristics and energy 

structure measurements. Even though the organic pn-homojunction SC devices were 

fabricated by using a single host material and the doping technique resembling an 

inorganic pn-homojunction, the charge generation and recombination mechanisms are 

similar to that of conventional Donor/Acceptor (D/A) type organic SCs: the charge 

separation happens from localized exciton and charge transfer (CT) state being separated 

by the energy offset between adjacent molecules, and the recombination happens from 

localized charge carrier at two adjacent molecules. The determining factor for 

photoconversion processes is the localized nature of charges in organic semiconductors. 

The results demonstrated that controlling the delocalization of the charges is important to 

realize efficient organic photoconversion devices. 
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2.2 Introduction 

Free charge generation processes by light absorption in inorganic and organic 

semiconductors are completely different. Inorganic semiconductors have a large 

dielectric constant; thus, free charges are directly formed after the light absorption in a 

single semiconductor material [1]. In contrast, a strongly bounded Frenkel type exciton 

forms after light absorption in organic semiconductors because they generally have a 

smaller dielectric constant when compared to that of inorganic semiconductors [2]. The 

exciton can be separated by using the energy offset between the two organic 

semiconductor materials called donor and acceptor in organic solar cells (OSCs) [2,3]. 

The question is whether free charge formation is possible in single organic semiconductor 

material by light absorption, similar to that in inorganic semiconductors. 

Recently, S.Izawa, et.al. have reported that pn-homojunction interfaces in a single 

organic semiconductor films formed by doping can achieve efficient charge separation 

[4]. The organic pn-homojunction solar cell SC device showed a high internal quantum 

efficiency of 30%. Further investigation for clarifying the mechanism of the 

photoconversion at the pn-homojunction interface can help to answer the basic question 

how free charges form beyond the strong coulomb binding and recombine in a single 

organic semiconductor film, and what is the critical difference in these processes between 

organic and inorganic semiconductors. 

In this study, the author analyzed the doping concentration dependence on the 

photoconversion process in organic pn-homojunction SC devices mainly by a temperature 

dependence measurement. The measurement gives information about thermal activation 

for the charge generation and recombination pathways [5,6]. Upon combining an energy 
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structure measurement near the pn-homojunction, the author revealed the detailed 

mechanism of photoconversion at the single organic semiconductor interface. 

2.3 Experimental  

Device fabrication 

The OSC devices were fabricated on ITO-coated glass substrates (ITO thickness: 

150 nm; sheet resistance: 10.3 Ω sq−1; Techno Print). MoO3 (Alfa Aesar), DIP (Lumtec), 

Cs2CO3 (Sigma-Aldrich), BCP (Tokyo Chemical Industry) were used without further 

purification. 

 The MoO3 hole-transporting layer (10 nm, 0.1 nm s−1), doped DIP layer (100 nm, 

0.1 nm s−1), BCP electron-transport layer (15 nm, 0.1 nm s−1), and Al electrodes (60 nm, 

0.4 nm s−1) were deposited via thermal evaporation under high vacuum (~10−5 Pa) in a 

vacuum evaporation system (VTS-350M, ULVAC) housed in a glove box (UNICO). The 

MoO3 and Cs2CO3 as the dopants were introduced by co-deposition with DIP. 

Device characteristics 

The devices were characterized in a vacuum container for optical measurements 

(Epitech) without exposure to air. The J–V characteristics of the devices were measured 

under simulated solar illumination (AM 1.5, 100 mW cm−2) from a solar simulator based 

on a 300-W Xe lamp (HAL-320, Asahi Spectra) using a source meter (R6243, Advantest). 

The light intensity was calibrated with a standard silicon solar cell (CS-20, Asahi Spectra) 

and controlled by neutral density filter (SIGMAKOKI). The active area of the devices 

was defined using a 0.04 cm2 photomask. The EQE values of the devices were measured 

using a monochromator (SPG-100 ST, Shimadzu), a 500W Xe lamp (UI-502Q, Ushio 

Lighting), and a silicon photodiode (Hamamatsu Photonics). The J–V characteristics of 
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the devices at various temperatures were measured in a cryostat (Janis) without exposure 

to air. 

The UV-vis absorption spectra were measured on a spectrometer (V-570, JASCO). 

The PYS spectra were measured using an (AC-2, RIKEN KEIKI). The WF was 

determined using a Kelvin probe (FAC-1, Riken-Keiki) without exposure to air.  The 

Kelvin probe was housed in a glove box with N2 gas (H2O < 1 ppm, O2 < 1 ppm). 

 The X-ray diffraction patterns were measured on a powder X-ray diffractometer 

(RINT-UltimaIII, Rigaku). The X-ray wavelength of Cukα is 1.5406Å.  

2.4 Result and discussion 

2.4.1 Device fabrication and characteristics 

The pn-homojunction SC devices were fabricated in the same manner as 

previously reported [4]. the author used diindenoperylene (DIP) which is an ambipolar 

organic semi-conductor molecule as the host, and MoO3 and Cs2CO3 as p- and n-dopants, 

respectively. The device was fabricated by thermal evaporation under high vacuum, and 

the structure was indium tin oxide (ITO)/MoO3: 10 nm/ MoO3-doped DIP: 50 nm/ 

Cs2CO3-doped DIP: 50 nm/bathocuproine (BCP): 10 nm/Al: 60 nm (Figure. 2.4.1). 

Dopants were introduced into the semiconductor layer via co-deposition techniques and 

the concentration of the dopants relative to the semiconductor volume were controlled by 

varying the ratio between the deposition rates of the two species [4]. Figure 2.4.2 shows 

the typical J-V characteristics of pn-homojunction devices. As previously reported, JSC 

drastically increased and VOC decreased with an increase in doping concentration. The 

degrees of JSC increase were 8 times from undoped to 5% doping in the DIP devices. In 

previous study, S. Izawa, et.al have reported that the device with 10% doping showed 
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lower JSC [4]. That reason might be attributed to the deteriorative effect of high doping 

concentration. It explained that the DIP active layer with high doping concentration 

showed the quenching of excitons after photoexciation.  In contrast, VOC decreased from 

1.13 V to 0.83 V. The FF values increased marginally in the device with high doping 

concentration. The increase of external quantum efficiency (EQE) spectra without the 

change in spectral shape (Figure 2.4.3) indicated that charge separation from the 

absorption of the ground state of DIP was accelerated by doping.  

The previous study also confirmed the effect of pn-homojunction interface on 

photoconversion by combination of the doped and undoped layer in the device [4]. JSC 

with p-doped/undoped and undoped/n-doped layer was measured. The result showed 

similar JSC result as for whole undoped device. Only the device with pn-homojunction 

interface demonstrated a significant increase in JSC. The result indicated pn-homojunction 

interface should be necessary for efficient photogeneration when using single organic 

semiconductor. Figure 2.4.4 shows the X-ray diffraction (XRD) of undoped (black), 

MoO3 5% doped (green) and Cs2CO3 5% doped (purple) DIP thin films. The thin films 

were fabricated at 50 nm on silicon substrate. It has already been reported that the DIP 

molecules form edge-on orientation and lattice constant is estimated about 16.5 Å [20]. 

The result of XRD spectra also show high crystallinity. (001) peak shows the highest 

intensity and other (00n) peaks are ovserved clearly. The c-axis length of undoped DIP 

thin film is 16.6 Å, which is the same as other doped thin films. This result indicates that 

each DIP molecule is arranged at equal intervals in the vertical direction regardless of 

doping, and sugessts that the energy shift at the pn-interface can be described by the 

energy gap between adjacent molecules.   
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Figure 2.4.1 (a) Chemical structure of DIP. (b) Schematic of the pn-

homojunction device. (c) Energy levels of DIP, MoO3 and Cs2CO3. The 

dashed lines indicate the position of EF of the 50 nm undoped (black), 5% 

MoO3 doped (green) and 5% Cs2CO3 doped (purple) films on ITO substrates.  
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Figure 2.4.2. J–V curves of homojunction devices with 100 nm undoped 

layer (black) and pn doped DIP layers having same MoO3 and Cs2CO3 

concentrations of 0.1% (green), 1% (red) and 5% (blue) using DIP as a host 

molecule under AM 1.5 irradiation (100mW cm−2, solid lines) or in the dark 

(dashed lines). The same concentrations of p- and n-dopants were introduced 

in the active layers.  
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Figure 2.4.3. (a) EQE spectra of homojunction devices with undoped DIP 

layer (black), and pn doped DIP layers with same MoO3 and Cs2CO3 

concentrations of 0.1% (green), 1% (red) and 5% (blue). (b) Absorption 

spectra of undoped (dark blue), 5% MoO3 doped (green) and 5% Cs2CO3 

doped (purple) DIP films on quartz. The amount of DIP on quartz is 

equivalent to 50 nm in all the films.  
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Figure 2.4.4 (a) XRD spectra of out of plane of undoped (black), MoO3 

doped (green) and Cs2CO3 doped (purple) DIP thin film. (b) Zoom of first 

specular of DIP Bragg reflection. 
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2.4.2 Temperature dependence of JSC and VOC of pn-homojunction OSC 

To investigate the charge generation and recombination processes, the author 

measured the J-V characteristics of the devices at temperatures from 30 to −60 °C as 

shown in Figure 2.4.5. Typically, JSC decreases while VOC increases with a decrease in 

temperature in the OSCs [6]. The pn-homojunction devices followed the same tendency. 

Firstly, the temperature dependence of JSC is expressed by the following Arrhenius 

equation: 

𝐽SC = 𝐽0(𝑃light) exp(−𝐸𝑎 𝑘𝑇⁄ ) equation 2.4.1 

where J0(Plight) is the pre-exponential factor, Ea is the activation energy, k is Boltzmann 

constant and T is temperature [7]. The origin of Ea was attributed to the activation process 

during charge separation [5,8]. The calculated Ea of the devices with 5% and 1% doped 

DIP from the Arrhenius plots in Figure 2.4.6 (a) are 74.4 and 110 meV, respectively. The 

5% doped device showed a lesser Ea than 1% doped, indicating that the charge separation 

was accelerated in the device with high doping concentration. 

Next, the temperature dependence of VOC is expressed by the following equation: 

𝑞𝑉𝑂𝐶 = 𝐸g
eff − 𝑛𝑘𝑇𝑙𝑛(

𝐽00

𝐽𝑝ℎ
)  equation 2.4.2 

where q is elementary charge, Eg
eff is effective bandgap energy at the interface, n is 

ideality factor, Jph is the photogenerated current density, and J00 is the pre-exponential 

factor of the reverse saturation current density [ref. 9]. Eg
eff is the bandgap of inorganic 

semiconductor in the case of inorganic solar cell and the CT state energy in the case of 

organic solar cell. Equation 2.4.2 represents the VOC, which is determined by temperature 
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dependent two parts: the former energetic term and the latter recombination loss term [6]. 

The VOC plots as a function of temperature are shown Figure 2.4.6 (b). Eg
eff of the devices 

with 5% and 1% doped DIP calculated from the intercept of the plots are 1.75 and 1.95 

eV, respectively. On the other hand, the VOC loss values induced by the recombination: 

Eg
eff /q − VOC of the both devices showed similar values of 0.95 and 0.92 V, respectively. 

The results indicate that the decrease in VOC due to an increase in doping concentration is 

due to the reduction in the effective energy gap at the interface, not due to the difference 

in the recombination processes. 

 

Figure 2.4.5. J-V curves for the 5% doped pn-homojunction device at 

various temperatures under AM 1.5 irradiation (100 mW cm−2). 
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Figure 2.4.6. Temperature dependence of (a) JSC and (b) VOC for the 1% 

doped (red) and 5% doped (blue) pn-homojunction devices. 

ln
(J

s
c
) 

(l
n

(m
A

 m
c

-2
))

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.003 0.0035 0.004 0.0045 0.005

1/T (K-1)

■ 5% : Ea=74.4 meV

♦ 1% : Ea=110 meV

T (K)

V
O

C
(V

)

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 50 100 150 200 250 300

▲ 1% : Eg
eff=1.95 eV, Eg

eff-eVOC=0.95

■ 5% : Eg
eff=1.75 eV, Eg

eff-eVOC=0.92

(a)

(b)



46 
 

2.4.3 The energetic structure in pn-interface  

The energetic structure of the doped DIP films was estimated by energy-level 

mapping using the Kelvin probe (KP) method to measure the work function (WF) [10–

12]. Figure 2.4.7 shows schematic image of the KP measurement. A metal prove is 

brought close to the surface of the sample to be measured, and the contact potential gap 

due to the difference in work function between the sample and the probe is measured. The 

work function of the sample surface can be obtained by using a probe with a known work 

function. In this study, Author used the ITO substrate as a standard sample and the work 

function of ITO substrate is 4.7 eV. Figure 2.4.8 is the result of energy shift at the pn-

interface of the 5% doped DIP film. And the results of the 1% doped DIP film are shown 

in Figure 2.4.9. The WF of the p-doped layer was measured on an Al/BCP/n-doped layer 

substrate and that of n-doped layer was measured on an ITO/MoO3/p-doped layer 

substrate, because to calculate doping concentration dependence of the energy shift at the 

pn-interface. The steep change in the WF near the pn-interface was observed in all the 

films. The ionization potentials (IP) of the undoped and doped DIP films were evaluated 

by photoelectron yield spectroscopy (PYS) in Figure 2.4.10. The IPs of the undoped and 

doped films did not change significantly, indicating that doping does not affect the IP of 

the films. Small changes in the absorption spectra (ABS) shown in Figure 2.4.3 (b) also 

indicate that the bandgap and electron affinity (EA) of the film were not affected by 

doping. Therefore, the energetic structure of doped DIP films was determined only by the 

WF difference [10].  

The energy diagrams of the active layer in the pn-homojunction devices were 

estimated based on the result of the KP measurement [13]. The drawback of the KP 
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measurement is that it can only measure the WF at the surface of the films. the author 

cannot observe the WF change of the underlying layer after the deposition of the over 

layer. To estimate the energetic structure of whole films, the author calculated the electric 

potential distribution derived from Poisson’s equation [13]. The total depletion layer 

width (W) of pn-junction for uniformly doped semiconductor is given by the following 

equation: 

𝑊 = √
2𝜀𝜀0𝑉𝑏𝑖(𝑁𝑝

−+𝑁𝑛
+)

𝑞𝑁𝑝
−𝑁𝑛

+   equation 2.4.3 

qNn-xp = qNn+xn  equation 2.4.4 

W=xp+xn  equation 2.4.5 

where ε, ε0, Vbi, Nn
−, Np

+, xp, and xn denote the relative dielectric constant of the semi-

conductor, the dielectric permittivity in a vacuum, the built-in-potential, ionized dopant 

concentration of p and n layer, and the depletion layer width in the p- and n-type regions, 

respectively. The Np
+ and Nn

− values can be calculated by the measured xp, xn and Vbi 

values in Figure 2.4.8 and 2.4.9. The ionized charge concentration Np
+ and Nn

- of 5% 

doped device are 2.80×1018 and 2.49×1018 cm-3, respectively, and the doping efficiency 

of both p and n dopants are 0.75% and 0.67%. In the same way, Np
+ and Nn

- of 1% doped 

device are 2.20×1017 and 1.51×1017 cm-3, respectively, and the doping efficiency of p and 

n dopants are 1.18% and 0.81%. For 5% doped devices, the amount of charge that can be 

doped have already saturated. The electric potential distribution V(x) at the pn-junction 

can be found by integrating Poisson’s equation as follows. 

𝑉(𝑥) = −
𝑞𝑁𝑛

+

2𝜀𝑟𝜀0
(𝑥 + 𝑥𝑛)

2 + 𝑉𝑏𝑖 (−𝑥𝑛 ≦ 𝓍 ≦ 0)  equation 2.4.6 
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𝑉(𝑥) =
𝑞𝑁𝑝

−

2𝜀𝑟𝜀0
(𝑥𝑝 − 𝑥)

2
 (0 ≦ 𝓍 ≦ 𝓍𝑝)  equation 2.4.7 

Figure 2.4.11 shows the calculated energy diagram of the active layer in the pn-homo-

junction devices. The W and Vbi values of the 5% and 1% doped DIP devices are 20 nm, 

1.40 eV and 60 nm, 0.99 eV, respectively. This shows that the higher doping 

concentration decreased the W value and increased the Vbi value.  
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Figure 2.4.7. Schematic of Kelvin probe method 
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Figure 2.4.8. WF of (a) 5% MoO3 doped and (b) 5% Cs2CO3 doped DIP 

films on the Cs2CO3 doped film and the MoO3 doped film, respectively, as a 

function of the thickness. 
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Figure 2.4.9. WF of (a) 1% MoO3 doped and (b) 1% Cs2CO3 doped DIP films 

on the Cs2CO3 doped film and the MoO3 doped film, respectively, as a 

function of the thickness.  
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Figure 2.4.10. Photoelectron yield spectra of undoped DIP (dark blue), 

Cs2CO3 5% doped DIP (purple) and MoO3 5% doped DIP (green) thin film. 

Ionic potential is estimated by approximate line of plot. 
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Figure 2.4.11. Vacuum level, HOMO, and LUMO energy levels relative to 

the Fermi level in the 1% doped DIP (red) and 5% doped DIP (blue) devices 

as a function of film thickness. These results are based on the KP 

measurement shown in Figure 2.4.8 and 2.4.9 and the calculation by 

equation 2.4.6 and 2.4.7.  
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2.4.4 Charge dissociation and recombination mechanisms in organic pn-

interface 

The charge generation and recombination processes in the pn-homojunction 

devices are discussed based on the results of the temperature dependence of J-V 

characteristics and the energy structure measurements. Firstly, JSC increased 8 times due 

to doping and Ea for charge separation decreased from 110 meV in the 1% doped pn-

homojunction devices to 74.4 meV in the 5% doped pn-homojunction devices. In this 

study, the author used the same host material, and only the interfacial energetics were 

modified by the doping. The light intensity dependence of JSC in the 1% and 5% doped 

devices in Figure 2.4.12 showed that the slopes of both the devices were close to unity, 

indicating that the bimolecular recombination is negligible under a short circuit condition 

[14]. Thus, the origin of the difference in the Ea induced by doping is attributed to the 

charge separation process and not to the exciton diffusion nor the bimolecular 

recombination process. The charge separation processes are mainly separated into the two 

processes: exciton to CT state, which is defined as a bounded charge pair by the coulomb 

attraction at the interface, and the CT state to the charge separated state [2]. The energy 

structure measurement revealed that the energy offset between adjacent molecules at the 

pn-interface was 0.07 and 0.26 eV for 1% and 5% doped devices, respectively. The offset 

at one molecular layer apart from the pn-interface was 0.06 and 0.22 eV in the 1% and 

5% doped devices, respectively (Figure 2.4.13). The conventional donor/acceptor (D/A) 

type OSCs have an energy offset only at the D/A interface, and an offset larger than 0.3 

eV not only accelerates the exciton dissociation but also suppresses geminate 

recombination from the CT state [15]. By the analogy with the D/A type OSCs, the energy 
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offset between adjacent molecules at the pn-interface is crucial for charge separation in 

the pn-homojunction devices. The reason for smaller Ea in the 5% doped device, 

compared to that in the 1% device, was that larger energy offset close to 0.3 eV in the 5% 

doped device not only accelerated exciton dissociation but also suppressed geminate 

recombination from the CT state. 

In contrast to JSC, VOC decreased from 0.98 V in the 1% to 0.83 V in the 5% doped 

devices. Temperature dependence of VOC revealed that the VOC difference in the doping 

concentration was attributed to the Eg
eff difference, not to the recombination loss 

difference. Eg
eff reflects the energy of charge recombination center [16]. In the case of 

inorganic SCs, Eg
eff corresponds to the energy of the bandgap of the semiconductor 

material because the charge recombination happens from delocalized charges on the 

conduction and valence bands [16]. In contrast, Eg
eff in the conventional D/A type OSCs 

corresponds to the CT state energy because localized electrons on the LUMO of acceptor 

and holes on the HOMO of donor recombine [17]. In the case of the organic pn-

homojunction SCs in this study, Eg
eff decreased with an increase of Vbi. Eg

eff difference 

between 1% and 5% is 0.20 eV that is almost same value with the energy offset difference 

between 1% and 5% at the adjacent molecules at the pn-interface (Figure 2.4.13). The 

result indicates that the charge recombination in the organic pn-homojunction SCs 

happens from localized holes and electrons at the two adjacent molecules. The mechanism 

is similar to that of the CT state recombination in the conventional D/A type OSCs, even 

though the devices in this study were fabricated by using a single host material and a 

doping technique resembling the inorganic pn-homojunction SCs. 
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Figure 2.4.12 Light intensity dependence of JSC of the devices with the 1% 

(red) and 5% (blue) doped DIP. The value of α shows the slope of 

approximate line. 
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Figure 2.4.13 Schematic energy diagram and charge dissociation and 

recombination mechanisms in organic pn-homojunction SCs. The inset 

shows energy gap between adjacent molecules at pn-interface with 1% (red) 

and 5% (blue) doping. 
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2.5 Conclusion 

Temperature dependence of J-V characteristics and energy structure measurement 

revealed that the increase in JSC and decrease in VOC with an increase in doping 

concentration in the organic pn-homojunction SC devices was due to the acceleration of 

charge separation and the change in energy of the recombination center. The charge 

separation mechanism in the device is that localized exciton and CT state are separated 

by the energy offset between adjacent molecules, and the recombination happens from 

the localized charge carrier at two adjacent molecules. These mechanisms are similar to 

those of conventional D/A type OSCs not to those of the inorganic SCs. In the case of 

inorganic pn-homojunction, larger Vbi formed by higher doping concentration lead to both 

higher JSC and VOC [1]. Same tendency is favorable to obtain high efficiency in organic 

pn-homojunction SCs. The primordial difference in photoconversion process between 

inorganic and organic pn-homojunction SCs comes from the delocalized and localized 

nature of charges in inorganic and organic semiconductors, respectively. Recently, some 

organic semiconductor materials showed band-like nature of charges [18,19]. Utilizing 

these kinds of materials as hosts in organic pn-homojunction SCs could realize direct free 

charge formation and band-to-band recombination. 
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Chapter 3: Simultaneous measurement of photocurrent and 

recombination emission in organic solar cell 

“Simultaneous measurement of photocurrent and recombination emission in organic solar 

cell” Ji-Hyun Lee, Masahiro Hiramoto, Seiichiro Izawa, submitted (2021). 

3.1 Abstract 

 The charge transfer (CT) state is a key intermediate to understand the 

recombination processes that induce a reduction of power conversion efficiency in 

organic solar cells (OSCs). In this study, the author measured the recombination emission 

from the CT state under different applied voltages in the OSC device and a photocurrent 

density flowing on the circuit simultaneously. Experimentally, the author extracted only 

the information of CT state emission at the interface and proposed a “PL–V plot” that is 

the voltage dependence of PL intensity of the CT state. The PL–V plot includes 

information from the radiative recombination at the donor/acceptor interface and is 

complementary to the “J–V plot” that is the most important information for evaluating 

OSCs. The results demonstrated that the fill factor of the PL–V plot is higher than that of 

the J-V plot because the PL–V plot reports the CT state recombination at the D/A interface, 

predicting the ideal FF of the device. Furthermore, the value of the activation energy for 

the non-radiative recombination is estimated by the temperature dependence of the CT 

state emission intensity. Our result demonstrated that the simultaneous measurement of 

photocurrent and recombination emission proposed in this study could be a strong tool 

for evaluating photoconversion characteristics at the D/A interface in OSCs. 
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3.2 Introduction 

 Organic solar cells (OSCs) have attracted attention as a renewable energy 

source because of their low cost and flexibility. However, to put OSCs to practical use, 

the power conversion efficiency (PCE) of OSCs that have exceeded over 18% should get 

close to crystalline silicon SCs [1,2]. In a typical donor/acceptor (D/A) type OSCs, an 

exciton that is generated by light absorption is dissociated into an electron-hole pair by 

using an energy difference between the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) of the D/A materials, and charge transfer 

(CT) state that is defined as a bounded charge pair by Coulomb attraction at the D/A 

interface forms. Thus, free charges eventually form from the CT states after overcoming 

the Coulomb attraction [3]. However, a recombination process that is a deactivation, from 

a generated free charge to a ground state occurs through the CT state. The recombination 

processes are classified as radiative and non-radiative recombination. Especially, the non-

radiative recombination that is induced by thermal vibration is the main problem that 

causes large energy loss in open-circuit voltage (VOC) in OSCs [4,5]. Therefore, clarifying 

the mechanism that induces recombination loss is important for further improving the 

PCE of OSCs. In general, the CT state that is a key intermediate for recombination 

processes is investigated by electroluminescence (EL) measurement [6]. However, the 

number of charges are injected into the device by applying a relatively large forward 

voltage to measure EL of CT state emission due to the CT state has low emission quantum 

yield as low as from 10-3 to 10-5% and small overlaps of molecular orbital between D/A 

materials [6]. The character of the CT state should be investigated under similar 
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conditions with standard SC operations, such as light irradiation and moderate applied 

voltages.  

In this study, the author observed the radiative recombination emission from the 

CT state by simultaneously measuring the photocurrent density flowing on the OSC 

device under different applied voltages. Relationships between the amount of radiative 

recombination and extracted photocurrent density to the electrode under different applied 

voltages is as follows: in the open-circuit condition of the OSC devices, the 

photogenerated current density (Jph), and recombination current density (Jrec) balances, 

all the generated charges are recombined via CT state [7]. Thus, photoluminescence (PL) 

intensity of recombination emission from the CT state was maximized, and no net current 

flows on the circuit. When the applied voltage goes below the VOC, some free charges 

begin to accumulate on the electrodes, but others recombined due to insufficient electric 

field in the device. Therefore, the recombination emission decreases, and the photocurrent 

flowing in the circuit increases compared to the OC condition. In a short circuit condition, 

most of all CT states are separated and free charges are accumulated on the electrodes 

due to the large electric field. Thus, almost all of the recombination emission from the CT 

state is quenched. By subtracting PL spectra at short-circuiting from open-circuit, the 

author can extract only the information of CT state emission at the D/A interface by 

canceling out a background signal that is independent of the bias voltage. In addition, the 

author can introduce the concept `PL-V plot` where the intensities of the recombination 

emission are plotted at a different applied voltage from this observation. The plot includes 

the information only from the radiative recombination, excluding the non-radiative 

recombination, and is complementary to the `J-V plot` that is the most important 

information for evaluating OSCs but includes all the recombination events. 
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3.3 Experimental 

Device fabrication 

The ITO substrate was pre-cleaned in UV ozone cleaner for 20 min. A thin layer 

of polyethylenimine ethoxylated (PEIE) was prepared by spin-coating at 5000 rpm for 60 

s on the ITO substrate. Then, PEIE film was annealed at 200 °C for 10 min in the 

atmosphere. The PTB7:PCBM (5:7.5 g/L) was dissolved in chloroform (CF) with the 

solvent additive of  1.8-diiodooctane (DIO) (3%, v/v). The solution was spin-coated at 

1000 rpm for 120 s onto the PEIE layer and the thickness of the active layer was about 

120 nm. The MoO3 hole transporting layer (10 nm, 0.1 nm/s), and Ag electrode (100 nm, 

0.3 nm/s) were deposited via thermal evaporation under high vacuum (~10-5 Pa) in a 

vacuum evaporation system (VTS-350M, ULVAC) housed in a glove box (UNICO). The 

devices were encapsulated in the glove box by a glass substrate and epoxy resin and 

characterized without exposure to air. The devices were placed in a cryostat for 

temperature dependence measurement. 

Evaluation for the device performance 

 The J-V characteristics of the devices were measured under simulated solar light 

illumination (AM 1.5, 100 mW/cm2) from a solar simulator based on a 300 W Xe lamp 

(Hal-320, Asahi Spectra) using a source meter (R6243, Adventist). The light intensity 

was calibrated with a standard silicon solar cell (CS-20, Asahi Spectra). The active area 

of the devices was defined using a 0.126 cm2 photomask. The light intensity was 

controlled by a neutral density filter (AND-50S, SIGMAKOKI) in the measurement of 

the light intensity dependence. The highly sensitive EQE of the devices was measured on 

a Hypermonolight SM 250F system with an NF LI5640 lock-in amplifier (Bunkoh Keiki). 
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Optical measurements 

The UV-vis absorption spectra were measured on a spectrometer (V-570, JASCO). 

The near-IR PL spectra were measured by SPEX Fluorolog 3–21 (HORIBA) with an 

InGaAs detector. The excitation light source was a 470 nm monochromatic LED light 

(LED470L, THORLABS). The bandwidth of monochromatic LED light was 22 nm. The 

active area of the devices was defined using a 0.126 cm2 photomask. The J-V 

characteristics of the devices during PL experiments were measured using a source meter 

(Model 2450, KEITHLEY).  

 

  



66 
 

3.4 Result and discussion 

3.4.1. Device Characteristics 

The device of bulk heterojunction (BHJ) OSCs was fabricated in the configuration of the inverted 

structure with a well-studied combination of PTB7 as electron donor and PCBM as acceptor 

materials (Figure 3.4.1 (a)): ITO/polyethylenimine ethoxylated (PEIE)/PTB7:PCBM/MoO3/Ag. 

The BHJ layer was spin-coated from the mixed solution of PTB7:PCBM by using chloroform as 

a solvent and 3% of 1.8-diiodooctane (DIO) as an additive [8-10]. The J-V characteristics of the 

PTB7/PCBM device under simulated solar light were presented in Figure 3.4.1 (b). The value of 

VOC, short circuit current density (JSC), fill factor (FF) and PCE were obtained as 0.74 V, 13.54 

mA/cm2, 67.10%, and 6.76%, respectively. Those performances are comparable to the previous 

report [11]. CT state absorption and emission spectra were measured by highly sensitive EQE and 

EL measurements as presented in Figure 3.4.1 (c). The CT state absorption and the emission 

peaks could be fitted by a Gaussian function based on Marcus's theory [6].  The peak centers of 

the CT state absorption and the emission were determined as 1.46 eV and 1.18 eV, respectively. 

Thus, CT state energy (ECT) was determined as 1.32 eV by the intersection of the two Gaussian 

curves (Figure 3.4.1 (c)) [6].   

At VOC, the recombination current balances with photocurrent Jph and VOC is given by  

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑒
ln (

𝐽𝑝ℎ

𝐽0
− 1) 

≈
𝑛𝑘𝑇

𝑒
ln (

𝐽𝑝ℎ

𝐽0
)  (equation 1.4.6) 

where J0 is the dark saturation current density, Jph is the photocurrent density, n is the 

ideality factor, k is Boltzmann’s constant, T is temperature and e is the elementary charge. 
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Reciprocity relation between photovoltaic quantum efficiency and electroluminescent 

emission have been reported by Rau [6]. J0 is related to the electro-optical properties by  

𝐽0 =
𝑞

𝐸𝑄𝐸𝐸𝐿
∫𝐸𝑄𝐸𝑃𝑉(𝐸)𝜙𝐵𝐵

𝑇 𝑑𝐸  equation 3.4.1 

where EQEEL is the electroluminescence external quantum efficiency and ϕT
BB is the 

black body spectrum at temperature T. EQEPV was obtained in the spectral region of CT 

absorption (Figure 3.4.1 (c)), and the equation is given by 

𝐸𝑄𝐸𝑃𝑉(𝐸) =
𝑓

𝐸√4𝜋𝜆𝑘𝑇
exp (

−(𝐸CT+𝜆−𝐸)
2

4𝜋𝜆𝑘
) equation 3.4.2 

Using equation 3.4.2 in equation 3.4.1 gives 

𝐽0 ≈
𝑞

𝐸𝑄𝐸𝐸𝐿
𝑓

2𝜋

ℎ3𝑐2
(𝐸CT − 𝜆)exp (−

𝐸CT

𝑘𝑇
) equation 3.4.3 

EQEPV is evaluated at short-circuit, therefore the equation 1.4.6 should be evaluated with 

a short circuit using Jph=JSC. Using equation 3.4.3 in equation 1.4.6, The equation for VOC 

as a function of EQEEL and, energy losses due to radiative recombination (qΔVrad) and 

non-radiative recombination (qΔVnon) is given by:  

𝑉OC =
𝐸CT

𝑞
+

𝑘𝑇

𝑞
ln (

𝐽SCℎ
3𝑐2

𝑓𝑞2𝜋(𝐸CT−𝜆)
) +

𝑘𝑇

𝑞
ln(EQEEL)  equation 3.4.4 

In analogy to Ref. 7, the energetic losses due to radiative recombination (qΔVrad) and non-

radiative recombination (qΔVnon) also estimated by the following equations:  

𝑞∆𝑉𝑟𝑎𝑑 = −𝑘𝑇ln(
𝐽SCℎ

3𝑐2

𝑓𝑞2𝜋(𝐸CT−𝜆)
)  equation 3.4.5 

𝑞∆𝑉non = −𝑘𝑇ln(EQEEL)  equation 3.4.6 

𝑞𝑉OC = 𝐸𝐶𝑇 + 𝑞∆𝑉𝑟𝑎𝑑 +  𝑞∆𝑉non equation 3.4.7 

where λ is reorganization energy that was determined by the CT absorption 

measurement (Figure 3.4.1 (c)), f is the reduced absorption of CT state, h is Planck 

constant and c is the speed of light. The calculated energy loss of ΔVrad and ΔVnon at room 
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temperature are 0.23 V and 0.34 V, respectively. And EQEEL value is 1.3×10-6. EQEEL 

can be approximated to ΔJrad/ΔJnon. This result indicated that non-radiative recombination 

occurs one million times more than radiative recombination. 

  



69 
 

 

Figure 3.4.1. (a) Chemical structure of the donor (PTB7) and acceptor 

(PCBM) materials. (b) J-V curves of the PTB7/PCBM device under A. M. 

1.5, 100 mW cm-2 irradiation and dark. (c) EQE (red) and reduced EL (blue) 

spectra of the PTB7/PCBM. (d) Absorption spectra of PTB7 (black), PCBM 

(blue) pristine film and PL spectra of PTB7 (red). 
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3.4.2 In-situ measurement of radiative recombination  

To investigate the radiative recombination from the CT state under different 

applied voltages, PL spectra of PTB7/PCBM device at near-infrared region irradiated by 

470 nm monochromatic LED light was measured under the open-circuit (0.75 V) to short-

circuit (0 V) conditions in 0.01 V steps (Figure 3.4.2 (a)). The reason for choosing 

excitation wavelength at 470 nm was that PTB7 had small absorbance at the wavelength 

to reduce a fluorescence signal, and the wavelength was enough far to the NIR region 

where the CT state emission appears. The light intensity was set as 468 mW/cm2 at which 

the device shows four times larger JSC than 1 sun condition of a solar simulator.  The VOC 

of the device in this excitation condition was 0.75 V. In the PL spectrum when the VOC 

(0.75 V) was applied, small peaks at 1.18 eV were observed in the emission tail of the 

fluorescence from PTB7. The peaks gradually decreased and disappeared with a smaller 

applied voltage than 0.5 V. The PL emission was quenched by the internal electric field, 

and the EL spectrum of the device in Figure 3.4.1 (c) revealed that the peak center of the 

CT state was 1.18 eV. Therefore, the author concluded the PL emission at 1.18 eV was 

from radiative recombination from the CT state. To separate the emission tail of the 

fluorescence from PTB7 and the CT state emission, the PL spectra were subtracted by the 

spectrum at 0 V where almost all of the CT state was quenched and only the PTB7 

fluorescence that is bias independent remains. The subtracted PL spectra as Figure 3.4.2 

(b) exhibited the peak center of CT state emission was 1.18 eV, and the emission was 

quenched under a smaller voltage than 0.5 V.  
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Figure 3.4.2. (a) PL spectra of the PTB7/PCBM device irradiated by 470 nm 

monochromatic LED under different applied voltages. (b) CT emission of 

PTB7/PCBM device under monochromatic light (470 nm) irradiation.   

 

3.4.3 PL-V characteristics 

The intensity of the CT state emission irradiated by 470 nm LED under applied 

voltage, was plotted with the photocurrent density flowing on the device during the PL 

measurement in Figure 3.4.3. Author got the two plots: voltage dependence of 

photocurrent density (J-V plot), and the voltage dependence of the PL intensity from the 

CT state recombination, call as PL-V plot. The J-V plot was the most important 

information for evaluating OSC performance but includes all the recombination events 

such as radiative and non-radiative recombination. Free charges become photocurrent or 

recombine. When the bias voltage is applied and photocurrent density (J) decreases, 

recombination current density (Jrec) increases accordingly. Jrec includes both radiative 

recombination current density (Jrad) and non-radiative recombination current density 

(Jnon). PL-V plot corresponds to the normalized Jrad curve, because the PL-V plot includes 

the information only from the radiative recombination of the CT state.  
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The two plots present the opposite voltage dependence, namely: the photocurrent 

density increases from zero as the applied voltage decreases from VOC, whereas The PL 

intensity decrease from VOC. When the zero intensity of PL-V plot at 0 V is adjusted to 

JSC of J-V plot, and the maximum intensity of PL at VOC is adjusted to zero, the author 

can compare the voltage dependence of the photocurrent and the intensity of the 

recombination emission, i.e., FF of these two plots. Figure 3.4.3 exhibited that there was 

a clear difference in the voltage dependence of the two plots: J gradually increased with 

the voltage decrease from VOC to 0 V, whereas PL suddenly quenched from VOC to 0.6 V. 

The J-V and PL-V plots are fitted by an equivalent circuit model of the diode [12], and 

the FF of the two plots were calculated as 49.81% and 71.73% in J-V and PL-V, 

respectively. FFs of Jnon and photocurrent are the same, because the non-radiative 

recombination dominates the recombination process. However, in order to know the ideal 

J-V characteristics of the device, the voltage dependence of Jrec with completely 

eliminated Jnon have to be measured. Because, non-radiative recombination path can be 

avoided in principle and radiative recombination is a thermodynamically inevitable loss 

process [6]. Thus, to measure the voltage dependence of CT state emission that is 

normalized Jrad-V characteristics can predict the ideal FF of the device, and provide new 

insights into the relationship between recombination mechanism and FF. The result 

indicated that additional recombination that the PL-V plot cannot detect take place when 

the OSC device was operated.  
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Figure 3.4.3. J-V and PL-V plots with the approximate curves of the 

PTB7/PCBM device under 470 nm monochromatic LED light irradiation. 
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3.4.4 Light intensity dependence of PL-V plot 

To understand the origin of the FF difference between the J-V and the PL-V plots, 

the author investigated the light intensity dependence of those plots. The light intensity 

of 470 nm LED monochromatic light was fixed as 468 mW/cm2 that was the same 

condition as Figure 3.4.2 and 3.4.3, the irradiated light intensity to the device was 

controlled by neutral density filters from 100% to 10%. The photocurrent density and the 

PL intensity were measured at the different applied voltages and plotted in Figure 3.4.4 

(a) and (b). The maximum PL intensity was normalized to the JSC at each light intensity 

to compare the difference between the two plots. The FF of all the fitting curves was 

calculated and plotted in Figure 3.4.4 (c). The FF of the J-V plots monotonically 

decreased from 66.73% to 49.81%, when the light intensity was increased from 10% to 

100%, whereas FF of the PL-V plots kept constant over 70% regardless of the light 

intensity. The result indicated that the recombination that causes FF difference between 

the J-V and the PL-V plots were sensitive to the light intensity and promoted at high 

carrier concentration condition. Thus, to evaluate the FF difference of the two plots, the 

photocurrent density and the PL intensity values at the different applied voltages are 

plotted as a function of the light intensity. The plots were fitted by power functions and 

the slope values (αJV, αPL) were summarized in Table 3.4.1. The slope is 1; when the 

photocurrent and the PL intensity have a linear relationship with light intensity, but it 

decreases less than 1 when the recombination is promoted as a high carrier concentration 

condition. αPLs kept the value close to 1 regardless of the applied voltage, whereas αJV 

monotonically decreased as the applied voltage approaching the VOC [13]. Thus, this 

indicates that the recombination that can be observed in the J-V plot has a large influence 

at high carrier concentration and smaller internal electric field close to the VOC. 
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Figure 3.4.4. Light intensity dependence of (a) J-V and (b) PL-V plots with 

an approximate curve of the PTB7/PCBM device. (c) Fill Factor of the 

approximate curve of J-V (black) and PL-V (red) plots. The photocurrent 

density and the normalized PL intensity at the different applied voltage as a 

function of the light intensity. Light intensity dependence of JSC (d) and 
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normalized PL (e) with the bias voltage. The α is the slope of  approximate 

line. 

 

Table 3.4.1. summary of the slope of J-V curve (αJV) and PL-V plot (αPL) 

with the injection voltage. 

 

 

 

  

Injection voltage /V αJV αPL

0.1 0.9626 0.9627

0.2 0.9612 0.9585

0.3 0.9444 0.9565

0.4 0.9229 0.9548

0.5 0.8732 0.9565

0.6 0.7774 0.9675

0.65 0.7249 1.0345
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Figure 3.4.5 (a) and (b) are schematics of the different information detected by 

the J-V and PL-V plots, respectively. In the BHJ device, some photogenerated charges 

recombine such as radiative and non-radiative recombination before they reach the 

electrodes, and only extracted charges are reflected in the J-V plots. Non-radiative 

recombination includes not only recombination from CT state at D/A interface but also 

trap-assisted process, and occurs about a million times more often. In addition, the result 

of the light intensity dependence revealed that the recombination observed in the J-V plots 

is dominant at high carrier concentration and smaller in internal electric field conditions, 

indicating it occurs during charge transport [14]. In contrast, the PL-V plot is a method 

that directly observes the CT state recombination only at the D/A interface. Therefore, 

the main reason for bimolecular recombination during charge transport to electrode is 

non-radiative recombination process, and it is the essence that makes FF difference 

between J-V and PL-V. Thus, the PL-V plot predicts the ideal FF, which considers only 

the characteristics of charge separation and recombination near the D / A interface, is 

higher than that of the J-V plots. 
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Figure 3.4.5. A simplified schematic of (a) the photoconversion process 

from CT state formation to charge extraction and (b) radiative 

recombination at D/A interface in as OSCs. 
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3.4.5 Activation energy of non-radiative recombination 

The simultaneous measurement of photocurrent and recombination emission is a 

method for extracting the information of CT state emission at the interface. To investigate 

the origin of non-radiative recombination in OSCs, the CT state emission spectra 

extracted by subtracting PL spectra at short-circuiting from open-circuit excited by 470 

nm LED in the PTB7/PCBM device, were observed under different temperature from 30 

to -50°C in 5°C steps as shown in Figure 3.4.6 (a). The intensity of CT state emission 

increases with decreasing device temperature. Thus, due to the non-radiative 

recombination induced by thermal vibration of the organic semiconductor molecules in 

the active layer was suppressed by cooling of the device temperature. The peak intensities 

of the CT state emission at various temperatures were plotted in Figure 3.4.6 (b). The PL 

intensity from CT state is dominated by absorption, charge separation and emission 

efficiency. Figure 3.4.7 shows the temperature dependence of J-V curves that were 

measured under simulated solar illumination (AM 1.5, 100 mW cm−2) from a solar 

simulator. The result presents that JSC is constant and indicates charge separation 

efficiency is temperature independence. The absorbance is also regarded as temperature 

independent. Therefore, it can be assumed that the CT state generation efficiency was 

constant under low temperature. 

The temperature dependence of the PL intensity is expressed as the following 

thermal quenching formula because non-radiative recombination rates are thermally 

activated [15,16]: 

𝐼 = 𝐼0/[1 + 𝑎 exp (−
𝐸𝑎

𝑘𝑇
)]      equation 3.4.8 



80 
 

where I is PL intensity, I0 is the PL intensity at T = 0 K, a is the pre-exponential factor, k 

is Boltzmann constant, T is temperature and Ea is the thermal activation energy for 

inducing non-radiative recombination. The calculated Ea from the Arrhenius plot in 

Figure 3.4.6 (b) is 64.9 meV. The intramolecular vibration energy of rubrene that is 

typical donor molecules in an organic semiconductor has been reported as ~140 meV [17]. 

However, the energy of several intermolecular vibrational modes in a DNTT crystal that 

is a famous hole transporting material with high mobility has been reported as ranging 

from 2 and 12 meV [18]. Our result of the excitation energy for thermal activation of non-

radiative recombination from the CT state was between the energy values of inter-and 

intra-molecular vibrations of organic semiconductors in the previous reports. This is 

possible because the molecular vibration of both donor and acceptor materials contributed 

to the intermolecular vibration of the CT state.  

 

Figure 3.4.6.    Temperature dependence of (a) CT emission spectra and 

(b) CT emission intensity of PTB7/PCBM device.  
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Figure 3.4.7.    J-V curves for PTB7:PCBM BHJ device at various 

temperatures under AM 1.5 irradiation (100 mW cm−2). 
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3.5 Conclusion 

 The author demonstrated the concept `PL-V plot` that includes the information 

only from the radiative recombination in the PTB7/PCBM device is one of the most 

famous D/A combinations in OSCs. The PL-V plots are different from I-V plots in voltage 

dependence, resulting in the FFs of J-V and PL-V plots were calculated as 49.81% and 

71.73%, respectively. The light intensity dependence measurement revealed that the 

difference of FFs was due to the recombination during charge transport, and the PL-V 

plot predicts the ideal FF, which considers only the characteristics of charge separation 

and recombination near the D/A interface. Furthermore, the value of the activation energy 

for the non-radiative recombination is estimated by the temperature dependence of the 

CT state emission intensity. Our result demonstrated that the simultaneous measurement 

of photocurrent and recombination emission proposed in this study could be a strong tool 

for evaluating photoconversion characteristics at the D/A interface in OSCs. 
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Chapter 4: General conclusion 

4.1 Summary of this thesis 

 This thesis can be summarized as follows. 

 

1) Using an ambipolar molecule, an organic pn-homojunction solar cell was realized. As 

the doping concentration of p- and n-layer increased, the energy offset of pn-interface 

increased, and the current–voltage characteristics changed. First, a large energy offset 

between adjacent molecules accelerated the charge separation; therefore, the 

photocurrent was promoted. However, the HOMO–LUMO gap between adjacent 

molecules decreased and it affected voltage drop. This result indicates that the charge 

recombination in organic pn-homojunction solar cells occurs from localized charge 

carriers at the adjacent molecules. The mechanism is compared with the CT state 

recombination in conventional D/A type OSCs, although the devices in this study 

were fabricated using a single host material and a doping technique resembling the 

inorganic pn-homojunction SCs.  

 

2) As a method for directly measuring the recombination of the CT state, the author 

simultaneously measured the photocurrent and radiative recombination of the CT 

state under an electric field. CT state emission represents the maximum intensity in 

the open-circuit condition of the device. However, it quenches in the short-circuit 

conditions. The new concept, PL–V plot, contains only information about the radiative 

recombination and the FF is high from I-V characteristics. The result shows that 
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additional recombination that the PL-V plot cannot occur when the OSC device was 

operated. The light intensity dependence measurement revealed that the difference in 

FFs was attributed to recombination during charge transport. Moreover, the activation 

energy for the non-radiative recombination is estimated from the temperature 

dependence of the CT state emission intensity. For evaluating photoconversion 

characteristics, the simultaneous measurement of photocurrent and recombination 

emission could be a useful method.  
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4.2 Future prospects  

 To improve the efficiency of OSCs, the author proposes the following prospects 

above this study: 

1) Although the organic pn-homojunction solar cell forms the idea of inorganic solar 

cells. As the result, its behavior is similar to that of a typical D/A type OSCs, 

because the charge carriers are localized to the molecules. However, organic pn-

homojunction device do not affect the characteristics and is formed only by 

modifying the work function of host material. Therefore, if a band conductive 

organic semiconductor is used as the host molecule for fabricating the organic pn-

homojunction solar cells, it will be possible to obtain the high VOC and 

photoconversion efficiency. Recently, some organic semiconductors that show 

the band-like nature of charges are proposed. Thus, using these materials as hosts 

in organic pn-homojunction SCs could realize direct free charge formation and 

band-to-band recombination. The open-circuit voltage of the device will be 

determined by the bandgap of the materials. Finally, it will be possible to achieve 

a higher efficiency of organic pn-homojunction SCs, with enhanced photocurrent 

through doping. 

2) Suppressing non-radiative recombination leads to voltage enhancement of the 

device. If the molecular vibration (or specific vibration mode) that directly affects 

the non-radiative recombination of the CT state can be suppressed, the voltage 

loss due to the non-radiative recombination can be reduced, and the photoelectric 

conversion efficiency can be improved. The thermal vibration of the CT state can 

be explored by measuring the temperature dependence of the PL-V. 
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