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ABSTRACT 

 

A bulk-heterojunction structure is often employed to develop high-performance organic 

photocells, in which the donor and acceptor regions are complexly intertwined. In such 

situations, the mesoscopic-scale islands and peninsulas that compose the donor 

materials may be formed in the acceptor region. Alternatively, the donor region may 

extend deeply into the acceptor region. This yields mesoscopic-size impurities in the 

charge separation (exciton dissociation) process of organic photocells and prevents the 

dissociation of excitons (electron–hole pairs). We previously reported on the effect of 

the cooperative behavior between the hot charge transfer (CT) state and the dimensional 

(entropy) effect on the charge separation process. In this paper, we discuss the 

mesoscopic-scale impurity effect on the charge separation process in PCBM acceptor 

models by considering the hot CT state and dimensional effects. In addition, we discuss 

atomic-scale effects such as molecular distortions and conformation changes using 

molecular dynamics (MD) simulations. 
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1. Introduction 

 Organic photocells can possess various features that differ from those of silicon-based 

solar cell devices. For example, it is expected to develop flexible and lightweight solar 

cells with high power conversion efficiencies by utilizing the characteristics of organic 

materials. To create such devices, we need to comprehensively understand the 

photocurrent generation mechanism in organic solar cells. Photocurrent generation can 

be divided into four processes: photon absorption (exciton generation), exciton diffusion, 

charge transfer, and charge separation. In this paper, we focus on the charge separation 

(exciton dissociation) process, where the strongly bound electron–hole pair (exciton) is 

completely dissociated to form free carriers.1 This phenomenon occurs around the 

donor–acceptor interface of organic photocells. Several mechanisms have been 

proposed to explain the exciton dissociations related to the strong interactions between 

electrons and holes.2-10 For example, in the hot mechanism, a hot electron with excess 

energy is injected into the acceptor region at the beginning of the charge separation 

process.1, 11-20 The lowest unoccupied molecular orbital (LUMO) energies of donor and 

accepter molecules are usually different; therefore, the band offset in the conduction 

band exists at the donor–acceptor interface. The band offset provides excess energy to 

the electron transferred from the donor to the acceptor region. This energetically high 

state is termed the hot charge transfer (CT) state. The excess energy is rapidly dissipated, 

and the hot CT state eventually becomes an energetically stable (relaxed) state. 

However, in the hot mechanism, the excess energy of the hot CT state is considered 

necessary to undo the strong interactions between the electron and the hole. Shen et al. 

estimated exciton dissociation and charge recombination rates by using density 

functional theory (DFT), to investigate the hot CT state effect in the charge separation 
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process.21 Gautam et al. described behaviors of high-energy states in polymer/fullerene 

blends by using a population dynamic simulation.22 Fazzi studied excited state 

evolutions at the P3HT/PCBM interface through a bottom-up approach with 

first-principle calculations.23 Sosorev et al. employed an analytical kinetic model to 

handle two-step charge generation through hot CT states.24 On the other hand, we 

previously discussed a theoretical methodology for the hot exciton dissociation process 

and noted the importance of the cooperative behavior between the hot CT state and the 

dimensional (entropy) effect.25-28 However, other factors can also have a strong 

influence on exciton dissociations in organic photocells. In particular, mesoscopic-scale 

impurities strongly disturb electron diffusion in the acceptor region of an organic 

photocell. This paper discusses the mesoscopic-scale impurity effect by considering the 

hot CT state and the dimensional effect. 

 Various types of polymer material are used for the donor region in organic photocells. 

Conversely, fullerene derivatives such as PCBM are frequently adopted for use as the 

acceptor region. Recently, many organic photocell devices with high power conversion 

efficiencies have incorporated a bulk-heterojunction (BHJ) structure, in which the donor 

and acceptor materials are intertwined to overcome the short lifetime of the exciton.29-32 

Therefore, the donor–acceptor interface usually has a complex structure. In some 

circumstances, donor polymer materials may extend significantly into the PCBM 

acceptor region. In other cases, islands and peninsulas, which are composed of polymers, 

may be created in the acceptor region. Indeed, recent theoretical and experimental 

studies have observed such complex BHJ structures and morphologies.33-35 These 

complex BHJ structures may behave like impurities and obstacles in the exciton 

dissociation process. In particular, if the size of such impurities becomes mesoscopic in 
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scale, the impurities cannot be ignored. Therefore, this paper focuses on 

mesoscopic-scale effects on the exciton dissociation process. To quantitatively 

investigate the impurity effect, we calculate the exciton dissociation probability 

(efficiency). In the next section, we briefly explain our calculation methods. Results and 

discussion are presented in Section 3, and concluding remarks are given in Section 4. 

 

 

2. Methods 

2.1. Exciton dissociation probability 

This section briefly explains the exciton dissociation process based on the 1D 

acceptor model.25 The 2D and 3D cases can be readily obtained on the basis of the 1D 

approach.26, 28 To consider the charge separation process with the hot CT state effect, we 

employ an n -hopping sites model with relaxed and hot states.25 A hot electron with 

excess energy corresponding to the band offset offsetE  is injected into the hot state of 

the first site. However, the population of the hot electron decreases at a rate of 1
ht
-  via 

energy dissipation processes. As such, the injected electron randomly moves between 

the sites, losing the excess energy. Electron–hole recombination occurs only at the first 

site. We set a sink site next to the n -th site, where the binding energy between an 

electron and a hole is equivalent to the thermal energy. An electron that can reach the 

sink site is regarded as a free carrier. For electron transition between sites, we assume 

the following Miller–Abrahams transition rate25, 26, 36-39: 

exp( )
2

j i j ir

i j c
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E E E E
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where r

i ja ®  and h

i ja ®  are the transition rates from site i  to site j  for the relaxed 

and hot states, respectively. Bk  is the Boltzmann constant, and T  is temperature. The 

constant ca  is related to the coherent transition (tunneling) rate. In our calculations, the 

ca  parameter strongly depends on the site positions, which are sampled from molecular 

dynamics (MD) simulations; these details will be discussed later. ( )i jE  is the energy of 

site ( )i j . This paper does not assume the external electric field but instead focuses on 

the hot CT effect; as such, the following Coulomb interaction, with the dielectric 

constant sε , is employed to describe the energy level: 
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where 0ε  is the vacuum permittivity, iR  denotes the distance between site i  and a 

hole, and e  is the elementary charge. Then, we can obtain the exciton dissociation 

probability h  as follows: 
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where 1
0t
-  is the rate for electron–hole recombination and hh  represents the 

contribution of the hot states to the efficiency. The hB  matrix can be determined from 
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the rate equations; its explicit expression is discussed in our previous studies.25, 26 Here, 

we should emphasize that Eq. (3-1) reduces to the Onsager and Frenkel models in some 

limiting cases.25, 26, 40-45 

 

2.2. Molecular dynamics simulations 

MD simulations have been performed to estimate the structure of the PCBM layer. 

The OPLS all-atom force field parameters,46 along with additional parameters,47 were 

used to evaluate forces and energies. The initial structures of the columnar 1D, 

plate-shaped 2D, and bulk 3D PCBM accepter models were constructed based on an 

experimental crystal structure.48 The 1D model contains 320 PCBM molecules 

extending 35,270, and 30 Å in the x-, y-, and z-directions, respectively. The 2D model 

contains 5,120 PCBM molecules extending 505,270, and 30 Å in the x-, y-, and 

z-directions, respectively. The bulk 3D model contains 16,200 PCBM molecules in a 

box with dimensions of 250, 300, and 250 Å in the x-, y-, and z-directions, respectively. 

After construction of the initial structure, the system was equilibrated for 0.5 ns at a 

constant temperature of 298 K and pressure of 1 atm under periodic boundary 

conditions. To obtain an amorphous-like structure, the system was heated to 800 K for 

0.5 ns and then annealed down to 298 K in 0.5 ns. In order to sample atomic-scale 

conformation changes of the PCBM molecules in the bulk 3D model, the MD 

simulation was performed for 5 ns, with snapshots of the structure taken every 2 ps. The 

velocity-Verlet method, with a time step of 1 fs, was used for time integration. All MD 

simulations were performed with the Lammps program package.49, 50 We employed the 

PCBM models described above for calculations of the exciton dissociation probability 

in the charge separation process. Additionally, we periodically extended the above 
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model in the x- and z-directions for the 3D cases. In this paper, each PCBM molecule 

functions as a site for electron-hopping models. 

 

3. Results and discussions 

3.1. Exciton dissociations for PCBM acceptor models 

 This section presents the exciton dissociation probability for columnar- and 

plate-shaped acceptor models composed of PCBM molecules, as shown in Figures 1a 

and 1b, where, respectively, an injected electron is shown to move randomly in (quasi) 

1D and 2D ways. The bulk acceptor model is also used to study 3D random motion. In 

the BHJ structure of an organic photocell, exciton diffusion may be restricted by 

protruding donor regions or large impurities. The columnar- and plate-shaped acceptor 

models are useful for investigating fundamental behaviors when random electron 

motion is restricted. We calculated the exciton dissociation probabilities for these 

models by changing the band offset at the donor–acceptor interface. We summarize 

these calculation results in Figure 1c. Here we set an initial separation distance of 8.5 Å 

for the electron–hole pair. We use a cutoff distance (Onsager radius) of 200 Å to set the 

sink sites, which is sufficient to thermally separate electron–hole pairs in organic 

semiconductors with a dielectric constant of 4.0sε =  at room temperature ( 300T =  

K). We obtain the ca  parameter in Eq. (1) from the following equation. 

0 0exp( ( ) )c i ja a R s= - - -R R ,                  (4) 

where iR  and jR  represent the positions of i -th and j -th PCBM molecular sites, 

respectively. We use 0 10R =  Å, which is the typical distance between the nearest sites 
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in the crystal structures of fullerene derivatives.51 We also use 1
0 10a- =  fs and 

2.0s =  Å, which are typically used to express PCBM models.26, 51 In this paper, we 

extract the positions of PCBM molecules from MD trajectories, and therefore various 

distances between site locations are included in our calculation models. The ca  

parameter strongly depends on those distances as seen in equation (4), and therefore 

transition rates have strong dependency on the site positions. For example, the transition 

rate exponentially decreases when the distance between sites becomes large. 

Exciton recombination times of about 50 ps to 1 ns are observed experimentally; 

therefore, we set 0 100τ =  ps.1, 52 The lifetime of hot CT states ranges from 1.0 to 3.0 

ps19, 53-55; therefore, we employ 2.0ht =  ps in this paper. These parameter values are 

used for the calculations in the following sections.  

From Figure 1c, we observe that the columnar-shaped PCBM acceptor model gives 

the lowest exciton dissociation probabilities in all band offsets. Conversely, the bulk 

PCBM model presents the highest probabilities, and the plate-shaped model yields the 

second highest probabilities. Compared with other models, the exciton dissociation 

probability of the bulk PCBM model is quickly saturated, even in the lowest band offset 

region. In other words, the bulk 3D acceptor model can more easily maintain the 

performance of organic photocell devices, even in the relatively low band offset cases. 

The low band offset is required to realize large open-circuit voltages in organic 

photocell devices and is an essential factor for the development of efficient devices.28, 56 

In the columnar- and plate-shaped models, electron movement is restricted to quasi 1D 

and 2D spaces; therefore, the exciton dissociations are suppressed even in high band 

offset cases. Conversely, the bulk 3D PCBM acceptor model shows superior 
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performance for low band offsets. Thus, the dimensional (entropy) effect yields a strong 

impact on the exciton dissociation process. On the other hand, in small band offset cases, 

the exciton dissociation probability became low, even in the bulk 3D model. The 

cooperative behavior between the hot CT state and the dimensional effect is essential in 

realizing efficient exciton dissociations.26, 28 

 

3.2. Mesoscopic-scale impurities in plate-shaped PCBM acceptor models 

 Next, we discuss the effects of mesoscopic-scale impurities, which disturb the 

diffusion of electrons injected into the 2D plate-shaped acceptor model. The 3D bulk 

case will be discussed later. The BHJ structures of organic photocells are complex, and 

various types of impurity can exist in the acceptor region. Therefore, it is clearly beyond 

the scope of the present work to consider all types of impurity. Instead, this paper 

focuses on simplified impurity models and investigates their fundamental behavior in 

relation to the charge separation process. For this purpose, we adopted the 

rectangular-shape impurities depicted in Figure 2a. We assume that a rectangular-shape 

impurity extends infinitely in the direction perpendicular to the page (z-axis) and that 

the electron cannot pass through the impurity. To move to the other side of the impurity, 

the electron must bypass the impurity along the x-axis. In this paper, we examine 

several mesoscopic-scale impurities of differing widths. In addition, we alter the 

distance between the mesoscopic-scale impurities and the hole. Figures 2b and 2c show 

the exciton dissociation probabilities of models having rectangular-shape impurities 

with widths of 100 and 300 Å, respectively. In each figure, dash, dash–dot, and dash–

dot–dot lines indicate models with an impurity located 50, 100, and 150 Å, respectively, 

away from the hole position. For comparison, we also present calculation results for 
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cases without impurities (black solid lines). From these calculations, we can confirm 

that the mesoscopic-scale impurities can have a strong impact on the charge separation 

process, and in some cases, they markedly reduce the exciton dissociation probability, 

as shown in Figure 2c. For example, when the model with a width of 300 Å is located at 

a distance of 50 Å from the donor–acceptor interface, an exciton dissociation 

probability of 0.38 is obtained for the 0.3 eV band offset case. In the absence of the 

impurity, a probability of 0.67 is calculated. When a mesoscopic-scale impurity is 

located 100 or 150 Å away from the interface, the exciton dissociation probabilities 

become 0.47 and 0.52, respectively. Conversely, Figure 2b shows that small impurities 

do not strongly affect the exciton dissociation process. For example, even if an impurity 

with a width of 100 Å is located 100 Å from the hole position, a high exciton 

dissociation probability of 0.64 is obtained at the band offset of 0.3 eV. Thus, closer and 

larger mesoscopic-scale impurities more strongly disturb the exciton dissociations. 

However, note that the impurity effect becomes very small when the impurity is smaller 

than about 100 Å. 

 

3.3. Mesoscopic-scale impurities in 3D acceptor models 

 In this section, we discuss the exciton dissociation process for 3D acceptor models. We 

show calculation results focusing on the mesoscopic-scale impurity effect in Figure 3. 

Here, the same parameters used in the previous section are employed to obtain the 

calculation results. In the 3D models, we employ rectangular-shape impurity models 

similar to those used in the previous section. The rectangular-shape impurities extend 

infinitely in the z-axis direction. Electrons injected into the acceptor region must bypass 

the rectangular-shape impurity. In the bulk model case, electrons can move randomly in 
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three dimensions if no impurities exist. Conversely, electron diffusion is limited to 

(quasi) 2D random movements when a mesoscopic-scale impurity extending infinitely 

in the z-axis direction needs to be bypassed. In the 2D acceptor model case, the electron 

diffusion is (quasi) 1D when avoiding a mesoscopic-scale impurity. We examined 

mesoscopic-scale impurities of 100 and 300 Å widths, and we summarize the exciton 

dissociation probabilities relating to these impurities in Figures 3a and 3b, respectively. 

We also change the position of the impurity models, with distances of 50, 100, and 150 

Å used; these calculation results are represented by the dash, dash–dot, and dash–dot–

dot lines, respectively. In addition, for comparison, we depict the dissociation 

probabilities in the absence of impurities (solid line). These calculation results show that 

the exciton dissociation probability decreases when the width of the rectangular-shape 

impurity becomes large. For example, in the 100 Å width case, a dissociation 

probability of 0.82 is calculated at the band offset of 0.3 eV when the mesoscopic-scale 

impurity is located at a distance of 50 Å from the donor–acceptor interface. In the 300 Å 

case, an exciton dissociation probability of 0.68 is obtained. The position of the 

mesoscopic-scale impurity also has a strong influence on the exciton dissociation 

process. When an impurity with a width of 300 Å is located at a distance of 50 Å from 

the hole position, an exciton dissociation probability of 0.66 is calculated at the band 

offset of 0.2 eV. In the 100 and 150 Å distance cases, probability values of 0.74 and 

0.80 are obtained, respectively. Thus, when a larger mesoscopic-scale impurity is 

located closer to the donor–acceptor interface, it more strongly disturbs the exciton 

dissociations. In addition, Figure 3a suggests that impurities with sizes smaller than 100 

Å have only a low impact on the exciton dissociation process. This tendency can also be 

observed in the plate-shaped 2D cases. The impurity effect becomes milder in the 3D 
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acceptor model, as confirmed by comparisons of Figure 2c and Figure 3b. In the 

plate-shaped acceptor model, an electron must bypass the impurity in a (quasi) 1D 

manner. Conversely, in the bulk model, an electron can avoid the impurity in a (quasi) 

2D manner. In other words, there are more routes via which to bypass the impurity in 

the 3D model. This means that organic photocells having a higher dimensionality in the 

acceptor region may possess a stronger tolerance against mesoscopic-scale impurities, 

which helps in maintaining device performance. 

 

3.4. Atomic- and mesoscopic-scale effects 

 In this section, we discuss the effects of atomic-scale conformation changes to PCBM 

sites. To consider these atomic-scale effects, we employ MD simulation, the 

computational details of which are described in Section 2.2. Each 2.0 ps MD snapshot is 

used to determine the structures of PCBM molecules in the 3D acceptor model. Then, 

the exciton dissociation probabilities are calculated based on these snapshots. In Figure 

4, we summarize the calculation results, where the horizontal and vertical axes represent 

the snapshots and probabilities, respectively. Figures 4a and 4b show the exciton 

dissociation probabilities when band offsets of 0.1 and 0.3 eV are used, respectively. We 

calculated the averages and standard deviations (SD) of the fluctuating dissociation 

probabilities in the MD simulations. When a band offset of 0.1 eV is employed, average 

and SD values of 0.80 and 0.0015 are obtained, respectively. These values become 0.85 

and 0.0010, respectively, in the 0.3 eV band offset case. These data show that the charge 

separation process is not a static phenomenon and that exciton dissociation probabilities 

vary according to the atomic-scale coordinates of the PCBM molecules. 

 Next, we discuss both atomic- and mesoscopic-scale effects. For this purpose, we 
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calculate exciton dissociation probabilities using the snapshot PCBM structures together 

with the mesoscopic-scale impurities. Figure 5 presents fluctuations in the exciton 

dissociation probabilities for these models. Band offset values of 0.1 and 0.3 eV are 

used to obtain Figures 5a and 5b, respectively. In these calculations, rectangular-shape 

impurities are set 50 Å away from the hole position. We examined impurities with 

widths of 100, 200, and 300 Å, which are depicted using green, blue, and red lines in 

Figure 5, respectively. For comparison, we also depict the calculation results for the 

case without mesoscopic-scale impurities (black solid lines). The highest dissociation 

probabilities are obtained for the case without impurities. Conversely, the 

mesoscopic-scale impurities yield strong reductions in the exciton dissociation 

probability. The atomic-scale effects are represented as fluctuations in the exciton 

dissociation probability. From Figure 5, we can clearly compare atomic-scale and 

mesoscopic-scale influences on the charge separation process. The reductions in the 

exciton dissociation probability due to mesoscopic-size impurities are much larger than 

the fluctuations induced by the atomic-scale distortions. These results suggest that 

mesoscopic-scale structures are essential to improving the performance of organic 

photocells. 

In order to understand the effect of the acceptor and impurity arrangement on the 

charge separation process, we employed simplified geometries for the PCBM acceptor 

regions and the intervening impurities. In realistic BHJ organic solar cells, the acceptor 

region may have various dimensionalities and length scales depending on how they are 

manufactured, e.g., use of different solvents, processing additives, and annealing 

conditions.57, 58 Such realistic BHJ morphologies can be generated by the Ising model,59 

numerical equations like the Cahn–Hilliard model,60 or coarse-grained MD 
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simulations.34, 61, 62 In many cases, these methodologies can take into account the effect 

of different processing conditions (different solvents, annealing conditions, etc).34, 60-62 

On the basis of these BHJ geometries, drift-diffusion, master-equation, or kinetic Monte 

Carlo studies have been performed to estimate device properties.33, 63 It would be 

interesting to extend our model to realistic BHJ conditions, where the effect of complex 

morphologies could be examined.  

 

3.5 discussions and comparisons with previous studies 

Recent experimental and theoretical studies clearly showed that the BHJ structure can 

have complicated shapes of a few tens of nanometers in size.33-35 Some of those can 

play as mesoscopic-size impurities. On the other hand, we examined impurities of 10-30 

nm size in this work, and thus our simulation will be useful to understand the charge 

separation process in realistic BHJ conditions. Conversely, we showed that the influence 

of impurities 10 nm or less in size is small. This suggests that small differences on the 

BHJ structure are not so important on exciton dissociations. 

In our calculation models, we assumed that the dielectric constants of donor and 

acceptor materials are the same for simplicity, because donor materials used in organic 

photocell have close dielectric constants to that of the PCBM acceptor region. The 

difference on the dielectric constants may affect site energies and transition rates. 

Conversely, in this study, we considered the influence of changes of transition rates 

induced by atomic-scale site distortions. The atomic-scale distortions exponentially 

affect transition rates. However, the atomic-scale effect on the exciton dissociation 

probability is much smaller compared with the mesoscopic-scale impurity effect.  

  Here, we discuss the exciton dissociation time. The main topic of this paper is to 
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investigate the influence of mesoscopic-size impurities together with the hot CT state 

and dimensional effects on the charge separation process. Therefore, we employed a 

time-independent and deterministic approach to calculate exciton dissociation 

probabilities, and thus it is difficult to directly discuss the exciton dissociation time. 

However, our researches suggest that exciton dissociations can quickly occur. We 

previously showed that the hot CT state is essential to separate geminate electron–hole 

pairs.25, 26, 28 This also means that exciton dissociations hardly occur if the hot state falls 

into the relaxed state through the dissipation of the excess energy. In our calculations, 

the lifetime of several picoseconds have been also employed for the hot CT state.25, 26, 28 

Jailaubekov et al. experimentally reported the fast hot CT state cooling process and 

efficient charge separation.19 These results indicate that the charge separation can occur 

within at least a few picoseconds, if hot CT states are involved in exciton dissociations. 

On the other hand, this paper assumes that only one electron-hole pair is involved in the 

exciton dissociation process for simplicity. In actual organic photocell, the charge 

separation process may proceed among multiple electrons and holes. To consider 

multiple electrons and holes, we may need to employ time-dependent simulation 

techniques. These time-dependent features will become important to understand the 

complex exciton dissociation process. 

  Finally, we comment on the cool and hot mechanisms for the charge separation 

process. At present, there have been several studies discussing cool mechanisms. In this 

paper, we took into account the hot CT state effect. On the other hand, the dimensional 

(entropy) and mesoscopic-size impurity effects discussed in this paper may be 

categorized into the cool mechanism. Thus, this paper shows the importance of 

cooperative behaviors between hot and cool mechanisms. However, we did not cover all 
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cool mechanisms. For example, Burke et al. discussed the role of the mixed region 

based on the Kinetic Monte Carlo simulation technique.64 Wu showed that the inherent 

driving force formed by a stack of curved oligothiophene chains can assist to separate 

electron–hole pairs by using first-principles calculations.65 Baranovskii et al. estimated 

exciton dissociation probabilities with dark-dipole, external electric fields, 

delocalization of hole, and dark-dipole.10, 66 Some of these may be integrated into our 

simulation technique. Such studies will be useful to uncover complex behaviors on the 

charge separation process.   

 

4. Concluding remarks 

 In this paper, we have discussed the charge separation process in the PCBM acceptor 

model of organic photocells, for which the exciton dissociation probabilities for 

columnar-, plate-, and bulk-shaped acceptor models were calculated. In particular, this 

paper focused on the mesoscopic-scale impurity effect. From these calculations, we can 

confirm that mesoscopic-scale impurities have a strong influence on the exciton 

dissociation process. When a larger mesoscopic-scale impurity is located close to the 

donor–acceptor interface, the exciton dissociation probability markedly decreases. 

However, in both plate- and bulk-shaped PCBM models, the impurity effect becomes 

very small when the width of a rectangular-shape impurity is 100 Å. This suggests that, 

when the size of an impurity is less than 100 Å, the impurity effect is negligible in 

relation to the charge separation process. We also found that these influences are 

stronger in the 2D acceptor model than they are in the 3D acceptor model. In the 2D 

case, an electron injected into the acceptor region needs to bypass an impurity in a 

(quasi) 1D manner. Conversely, in the 3D case, an electron can avoid an impurity in a 
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(quasi) 2D manner. Therefore, the dimensionality of the acceptor region plays an 

important role in determining tolerances relating to mesoscopic-scale impurities. We 

also discussed the atomic-scale effect on the charge separation process and showed the 

exciton dissociation probabilities using snapshots of MD simulations. These 

calculations showed that the probabilities fluctuate according to atomic-scale 

conformation changes of the PCBM molecules. However, the influences from these 

atomic-scale fluctuations are not strong compared with the mesoscopic-scale impurity 

effect. 

The 3D bulk model showed a stronger tolerance to mesoscopic-scale impurities; as 

such, the control of the dimensionality of the acceptor region becomes important in 

developing efficient organic photocell devices. In addition, several studies have reported 

the importance of the mesoscopic-scale structures, conformations, and morphologies of 

donor and acceptor materials, each of which can strongly impact the performance of 

organic photocells.1, 7, 55, 67-70 Therefore, the control of mesoscopic-scale conformations 

and morphologies is one of the key factors for fabricating high-efficiency organic 

photocells. Multilayer structures may be suitable in controlling these aspects71; however, 

we should also pay further attention to the various mesoscopic-scale effects. This paper 

focused on the fundamental effects of mesoscopic-scale impurities on the charge 

separation process; we therefore employed rectangular-shape impurities. However, our 

methodology can also handle more realistic conformations and structures around the 

donor–acceptor interface. Such simulations will be conducted to better understand the 

photocurrent generation mechanism in organic photocell devices. 

 

 

Page 17 of 37 Physical Chemistry Chemical Physics



18 
 

 

 

Acknowledgments 

 This work was partially supported by the JSPS KAKENHI(15K05403, 16H00939), 

and the research project using K computer (hp160235), competitive funding for 

team-based basic researches of “Creation of Innovative Functions of Intelligent 

Materials on the Basis of the Element Strategy” from CREST, and FOCUS Establishing 

Supercomputing Center of Excellence. The computations were partially performed 

using Research Center for Computational Science, Okazaki, Japan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 18 of 37Physical Chemistry Chemical Physics



19 
 

 

 

Figure Captions. 

 

Figure 1. Schematic figures of a) quasi-1D columnar-shaped and b) quasi-2D 

plate-shaped models, which are composed of PCBM molecules. c) Exciton dissociation 

probabilities in accordance with the band offset at the donor–acceptor interface. We also 

show calculation results from the 3D bulk-shaped PCBM acceptor model. Here, the 

horizontal axis is used for the band offset [eV] at the donor–acceptor interface, and the 

vertical axis indicates the exciton dissociation probability. 

 

Figure 2. a) Schematic of the mesoscopic-scale impurity model. The rectangular-shape 

impurity disturbs the diffusion of electrons in the acceptor region. Electrons must 

bypass the impurity to escape from the hole. We calculate the exciton dissociation 

probability by changing the width of rectangular-shape impurities in the plate-shaped 

(2D) acceptor model: b) 100 and c) 300 Å. In addition, we modify the location of the 

mesoscopic-scale impurity. The dash, dash–dot, and dash–dot–dot lines indicate 

impurities located at 50, 100, and 150 Å from the hole position. For comparison, we 

also show calculation results for the case without an impurity, which are depicted by a 

black solid line in each figure. 

 

Figure 3. Changes in exciton dissociation probability according to the width of the 

rectangular-shape impurities in the 3D acceptor model. We calculated exciton 

dissociation probabilities when the width of the rectangular-shape impurity was altered. 
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This paper examined a) 100 and b) 300 Å widths. We also changed the distance between 

the impurity and the hole; the dash, dash–dot, and dash–dot–dot lines indicate distances 

of 50, 100, and 150 Å. For comparison, we also show the calculation results for the case 

without an impurity, which are depicted by a black solid line in each figure. 

 

Figure 4. Changes in exciton dissociation probability according to the trajectories of 

MD simulations in the bulk PCBM model. The probabilities are calculated for every 

2-ps snapshot of the MD trajectory. Figures a) and b) show calculation results for band 

offsets of 0.1 and 0.3 eV, respectively. These calculations show that exciton 

dissociations vary in accordance with atomic-scale confirmation changes of the PCBM 

molecules. 

 

Figure 5. Changes in exciton dissociation probability according to the trajectories of 

MD simulations. Here, we also consider the mesoscopic-scale impurity effect. Figures 

a) and b) present the calculation results for band offsets of 0.1 and 0.3 eV, respectively. 

To obtain these calculations, rectangular-shape impurities were located 50 Å away from 

the hole position. The green, blue, and red lines indicate impurity widths of 100, 200, 

and 300 Å. For comparison, we also depict calculation results for the case without an 

impurity, which are shown as a black solid line in each figure. When any impurity is not 

present, the highest exciton dissociation probabilities are obtained at each time step. The 

atomic-scale effect appears in the small fluctuations of the exciton dissociation 

probabilities. Conversely, mesoscopic-scale impurities greatly reduce the exciton 

dissociation probabilities. These calculations suggest that the mesoscopic-scale effects 

have a much larger impact on the charge separation process. 
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Figure 1a. T. Shimazaki et al. 
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Figure 1b. T. Shimazaki et al. 

 

 

 

 

 

Page 22 of 37Physical Chemistry Chemical Physics



23 
 

 

 

Figure 1c. T. Shimazaki et al. 

 

 

 

Page 23 of 37 Physical Chemistry Chemical Physics



24 
 

 

 

 

Figure 2a. T. Shimazaki et al. 
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Figure 2b. T. Shimazaki et al. 
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Figure 2c. T. Shimazaki et al. 
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Figure 3a. T. Shimazaki et al. 
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Figure 3b. T. Shimazaki et al. 
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Figure 4a. T. Shimazaki et al. 
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Figure 4b. T. Shimazaki et al. 

 

 

 

 

 

 

 

 

 

 

Page 30 of 37Physical Chemistry Chemical Physics



31 
 

 

 

Figure 5a. T. Shimazaki et al. 
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Figure 5b. T. Shimazaki et al. 
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