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Supporting Information

1. Model derivation and details

1.1. Rate constants for different processes

Fig. S1. Schematic of the hot kinetic model. Ci are the concentrations of charge pairs occupying 
these states. C3 is the total concentration of charge pairs in all the CT states.

Fig. S1 depicts the block-scheme of the model with the considered states, electron-hole 

pairs’ concentrations at them, and rate constants. The explicit expressions for rate constants are 

given below, all the rates are given per unit area.
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 The photon absorption rate  per unit area is proportional to the photon flux Φ  gabs Ek 

(assumed 1021 m-2s-1), the cell area S and the probability for photon absorption by the active layer

, where f(E) is the spectral density of the solar spectrum, and ε(E) is the 
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absorption probability for a photon with energy E (related to the absorption spectrum of the donor). 

 The photoluminescence rate is , where  is the inversed PL lifetime (τ0).1PL PLR k C 01/PLk 

 is the total transfer rate from the exciton state to all the CT states, where1M MR k C

, (S1)
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In (S1), ν0 is the attempt-to-jump frequency (assumed 1012 s-1), λ is the reorganization energy, k is 

the Boltzmann constant, and T is the absolute temperature.

 Back-transfer to the exciton state is neglected. 

 The geminate recombination rate is . 3rec recR k C

 The CT state-to-charges dissociation rate is . The corresponding rate constant is3d dR k C

, where φ is the probability of the CT state dissociation described by the 1d reck k





Onsager-Braun model:

, (S2)
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In Eq. (S2), D is the charges diffusion coefficient, R is the electron-hole distance at which their 

recombination can take place (3.5 Å in the model), r0 is the initial separation of the electron and 

hole,  is the so-called Onsager radius (distance at which the electron-hole attraction 
2
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energy equals kT), ε is the dielectric permittivity, and ε0 is the electric constant. J(x) is a Bessel 

function of order one, and is the normalized external electric field. The 
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diffusion coefficient D is related to the charge carrier mobility, µ: . In the last expression, kTD
e




the total charge mobility is the sum of the electron and hole mobilities: .e h   

Fig. S2.  Illustration of the difference in mobility of cold and hot charges. The blue parabolas 
depict potential curves for the states of the charged molecules. The green and red arrows depict 
transitions between these states. Ebar stands for the energy barrier that cold carriers need to 
overcome.

In our model, we take into account the excess energy of a hot CT state, W, by replacing the 

equilibrium diffusion coefficient for charge carriers by the non-equilibrium one Dhot: 

 (see Eq. (2) in the main text). The reasoning behind this assumption is that excess  hotD E W
e




energy provides more pathways for transitions from this state and suppresses the role of thermal 

fluctuations in charge transfer. This is illustrated in Fig. S2 within the Marcus model. Enhanced 

mobility of the photogenerated (“hot”) charges and its subsequent decrease were observed 

experimentally in Refs. [1-3]. Therefore, we suggest that the concept of the enhanced diffusion of 

hot charges is justified.

Assuming enhanced diffusion coefficients for hot charges results in changes of rc and b as 

well:

(S3)
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In Eqs. (S5-S6), , where E is the energy of the given CT state, and ECT0 is the energy 0CTW E E 

of the lowest-energy CT state. The dissociation probability for the hot CT state is
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(S5).

 For non-geminate recombination, we use the Langevin bimolecular recombination model. The 

recombination rate (per unit area) reads , where. . dCkR nonnon
2
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eknon 

 The charge extraction rate is , and the corresponding rate constant kext is 4ext extR k C

determined by the electric field within the active layer, , and charge   dUeEF HL // 

mobility µ: 
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 The photocurrent J is proportional to the charge extraction rate: , where S is SReJ ext 

the cell area

1.2. Charge thermalization: distance distribution for thermalized charges

To calculate the charge distribution after thermalization, we fix the hole at the origin and 

treat the “hot” electron movement as free diffusion with an non-equilibrium diffusion coefficient, 

Dhot, neglecting the electron-hole attraction. Although free electron diffusion instead of diffusion 

in the hole field leads to some overestimation of the charge separation probability, we consider 

such approximation as appropriate since the kinetic energy of the hot charge is much larger than 

the energy of its attraction to the hole at the initial distance. If the initial distance between the two 

particles was r0, the probability density to find them at the separation distance r after thermalization 

time τ is assumed to be
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where N is the normalization constant of the distribution. The total probability for the CT state 

dissociation to free charges is 

, (S7)      2
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In Eq. (S7), φ(r) is the probability for dissociation of a cold electron-hole pair with initial 

separation distance r.  The φ(r) is described by the standard Onsager-Braun model, Eq. (S2). The 

photocurrent is then calculated by substitution of Eq. (S7) into Eq. (4) of the main text.

2. Impacts

2.1 Optimal driving force

Fig. S3a shows power conversion efficiency as a function of the driving force ΔE for 

various reorganization energies λ. The curve is bell shaped with a maximum at an optimal driving 

force, and the value of the latter depends on λ. Specifically, the larger the reorganization energy, 

the lower the driving force required for efficient dissociation of the CT state. Approximately, the 

optimal driving force is ca. 0.2 eV larger than λ for the parameters in Fig. S3a; however, the 

difference between λ and the optimal ΔE may vary with variation of other parameters (mobility, 

optical bandgap, etc.). Accordingly, the optimal LUMO energy of the acceptor also depends on 

material parameters. The optimal acceptor LUMO ELUMO as a function of Eg is shown in Fig. S3b 

for two λ values (the donor LUMO energy equals to Eg). For lower λ, the optimal ELUMO is closer 

to Eg, i.e., to the donor LUMO energy, and therefore the energy loss is lower.
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Fig. S3.(a) Power conversion efficiency as a function of the driving force for various reorganization 

energies. Eg=2 eV, krec=1010s-1. (b) Optimal acceptor LUMO energy as a function of Eg.

2.2. Impact of the recombination rate and electron-hole distance in CT state on the 

efficiency plot

The recombination rate is related to the lifetime of an isolated CT state τrec, i.e., that in 

absence of charge extraction:  krec = 1/τrec, and is determined by the electronic coupling between 

the CT state and the ground state (coupling between donor HOMO and acceptor LUMO in one-



electron picture) and the reorganization energy. In some blends, where the donor HOMO and 

acceptor LUMO wavefunctions strongly overlap, the isolated CT state lifetime is quite low and 

amounts ca. 5 ps4. In other blends (e.g. MEH-PPV:C60 4), τrec=300 ps. In state-of-the-art donor-

acceptor polymer:fullerene blends, the CT state lifetime can be as long as 1200 ps5. It depends on 

the relative orientation of the molecules6 and can be calculated using, e.g., DFT, for a given system.

Fig. S4 presents efficiency plots for different krec. The larger the krec, the stronger its 

influence on η, and accordingly the impact of recombination on η is diminished for low krec. 

Importantly, the higher the recombination rate, the larger the optimal bandgap: if recombination is 

fast, the charges should be more mobile, i.e. have larger excess energies to escape their parent CT 

states. This finding is in accordance with the results of the thermodynamic model suggested by 

Green in Ref. 7. 
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Fig. S4. Efficiency plots for different recombination rates 

The model yields that the impact of r0 on η significantly depends on the values of the other 

parameters. To illustrate this, we analyze two blends: “poor” one with γ =µ/kf =10-14 V/cm2 (low 

mobility, e.g. 10-3 cm2/(V∙s), and/or high recombination, e. g. krec =1011 s-1) and “good” one with 

γ=10-11 V/cm2 (relatively high mobility, 0.1 cm2/(V∙s), and relatively low recombination, τrec =1010 

s-1). Fig. S4 shows efficiency plots for the “poor” (a) and “good” (b) blends, correspondingly. For 

the “poor” blend, an increase in r0 significantly improves the performance, while for the “good” 

blend, the efficiency is nearly not sensitive to the increase in r0. 

a)     b) 



Some OSC materials have low charge carrier mobility (10-6–10-4 cm2/(V∙s)) and high 

recombination rate of the order of 1010-12 s-1 4, 8, and hence increasing the electron-hole distance in 

the CT state could significantly increase η. The electron-hole distance, r0, in the CT state is 

determined by the distance between the centers of the electron and hole wavefunctions in the CT 

state and their delocalization, and can be tuned via material choice. For instance, r0 is relatively 

low for polymer:polymer or homopolymer:planar acceptor (e.g. perylene diimide derivative) 

blends, larger for homopolymer:fullerene blends, and even larger for the blends of donor-acceptor 

polymers with fullerene derivatives. Therefore, the model explains the success of the OSCs based 

on the donor-acceptor polymers that can provide internal quantum efficiency (IQE) approaching 

100% 9 and η > 10% (single junction)10. Donor-acceptor polymers with so-called spacers between 

donor and acceptor units provide a more extended CT state and show a higher charge yield11. 

When the distance between the polymer and acceptor conjugated skeletons is further increased due 

to bulky side chains, the charges separate more efficiently12. Nevertheless, the model suggests that 

large r0 is unnecessary for OSC materials with high μ and low krec (“good” blends), and can hardly 

help to overcome the current 13% barrier in OSC efficiency.
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Fig. S5. Efficiency plots for various initial electron-hole separation in “poor” blend (panel a, γ=10-

14 V/cm2) and in  “good” blend (panel b, γ=10-11 V/cm2). 



2.3. Reduced Langevin recombination
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Fig. S6. Efficiency plots for different µ with Langevin recombination (a) and with 1000-fold reduced 

Langevin recombination (b).

The bimolecular recombination with rates up to three orders of magnitude lower than that 

predicted by the Langevin expression (see Section 1.1) was reported for bulk-heterojunction OSCs 
13. Reduced bimolecular recombination can increase the probability of charge separation. Fig. S6 

collates the efficiency plots for different µ for Langevin recombination (a) and recombination 

reduced by 1000 times as compared to the Langevin one (b). For the low-efficiency blends, the 

reduced bimolecular recombination significantly increases the cell efficiency. However, for 

efficient OSCs, reducing bimolecular recombination has low impact on the cell performance.



2.4. Phase separation and other factors improving charge separation

Fig. S7. CT state dissociation in homogeneous medium (a), at planar heterojunction (b) and in bulk 
heterojunction (c).

Fig. S7 illustrates the impact of phase separation on CT state dissociation. In homogeneous 

medium (a), the electron and hole motion is not restricted, in the case of planar (b) or bulk (c) 

heterojunction, the electron and hole motion is limited within the acceptor and donor phases, 

respectively. While rigorous consideration of the phase separation requires numerical modeling 

and is far beyond the current study, the impact of phase separation can be evaluated indirectly from 

the following reasoning. When one of the charges (e.g., electron) is at the interface, it can not move 

into the other phase, towards the opposing charge (hole), but can instead be “reflected” away from 

the interface, and the dissociation rate increases twice (the thicker green arrow in Fig. S7b, c). At 

the same time, the recombination can be provided only by the motion of the opposite charge 

towards the interface, and its rate decreases twice if µ1=µ2 (the thinner red arrow in Fig. S7b, c. 

Thus the dissociation-to-recombination rates ratio increases by four times:
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According to the derivation of the Tachiya-Onsager-Braun model14, this means that the probability 

of charge separation becomes
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(S9)

Several reports suggested that favorable energy landscape can further increase the CT state 

dissociation probability.15 This effect also cannot be rigorously accounted in the model, but its role 

can be estimated. To do this, we introduce additional parameter ξ<1

 

   
  
  

     

   
  
  

 

1/23
, , ,

1/2
, 0

1/23
,

1/2
,

2
1 exp exp exp

4 2 2

2
1 exp 1

4 2 2

hot c hot c hot c hotrec

hot c hot hot

hot c hotrec

hot c hot hot

E

b E r E r E r Ek R
D E r E R r RJ b E

b E r Ek R
D E r E RJ b E









       
                   

   
         

(S10)

The role of phase separation and other abovementioned mechanisms promoting charge 

separation is illustrated in Fig. S8 for several blends with different material properties. Fig. S8a 

shows that in OSCs with low efficiency, these factors play important roles resulting in about 1.5-

fold improvement of the efficiency. However, for “good” OSCs (Fig. S8b), the impact of these 

factors is less pronounced. The optimal Eg is not also significantly altered when they are taken into 

account. We therefore suggest that neglect of phase separation does not call in question our 

conclusions, although it underestimates the efficiencies of “poor” blends.
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Fig. S8. Еffect of phase separation on the OSC efficiency for “poor”(a) and “good”(b) blends. 
The parameters are: (a) μ=10-4 cm2/Vs, krec=1011 s-1, λ=0.5 eV; (b) μ=1 cm2/Vs, krec=1010 s-1, 
λ=0.1 eV. 
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