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Abstract

We report on theoretical analysis of excitons annihilation on charge carriers in or-

ganic solar cells. Numerical calculations based on transient one–dimensional drift–

diffusion model have been carried out. An impact of three quantities (an annihila-

tion rate constant, an exciton mobility and a recombination reduction factor) on

current density and concentrations of charge carriers and excitons is investigated.

Finally, we discuss the influence of excitons interaction with electrons and holes on

four photovoltaic parameters (a short–circuit current, an open–circuit voltage, a fill

factor and a power conversion efficiency). The conclusion is that the annihilation
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process visibly decreases the efficiency of organic photocells, if the annihilation rate

constant is greater than 10−15 m3 s−1.
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1 Introduction

Currently, a great progress in the areas of molecular electronics and organic

photovoltaics is observed. Nevertheless, devices based on inorganic materials

are still more popular due to their better stability and efficiency. In order to

obtain more efficient organic solar cells, it is important to solve a problem

which physical processes significantly influence photovoltaic parameters, such

as a short–circuit current (Jsc), an open–circuit voltage (Voc), a fill factor (FF)

and a power conversion efficiency (PCE). In contrast to inorganic photocells,

the role of excitons is greater for organic structures [1,2]. For example, a pho-

togeneration of charge carriers occurs as a consequence of excitons dissociation

into separated electrons and holes. It seems that also other excitonic processes

should give a visible contribution to photoelectric properties of such systems.

Therefore, systematical studies of all excitonic effects are of great importance

to obtain organic solar cells with higher efficiency.

One of the processes which can occur in molecular systems is the annihilation

of excitons on charge carriers [3,4]. Considering a simple scheme of this phe-

nomenon, an electron (a hole), which is a part of an exciton, interacts with
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a separated hole (electron). As a consequence, both interacting opposite sign

charge carriers annihilate and a hole (an electron) from the interacting exci-

ton becomes a free carrier. An alternative interpretation of this process takes

into account a total energy transfer from an exciton to a separated charge

carrier. As a result, the exciton is fully quenched. For both scenarios of this

effect, a concentration of excitons decreases but concentrations of free elec-

trons and holes are still the same. Recently, the annihilation of excitons on

charge carriers has been intensively studied in organic light–emitting diodes

[5–11], organic solar cells [12–20] and organic light–emitting transistors [21].

It is believed that this process should give a significant contribution to the

loss of efficiency of these organic optoelectronic devices, especially for high

excitation densities [15,22].

The aim of this paper is to investigate an influence of the excitons annihilation

on photovoltaic parameters (Jsc, Voc, FF and PCE) of organic solar cells under

AM 1.5G irradiation which simulates a Sun light in laboratories. In order to

achieve this goal, we decided to implement the annihilation process into the

one–dimensional transient drift–diffusion model. As to our knowledge [23], the

terms concerning the excitons annihilation on charge carriers have not been

incorporated to time–dependent drift–diffusion equations by other researchers.

2 Model

First, it should be mentioned about several assumptions used in the presented

model. Similarly to earlier numerical studies [24–30], we treat the recombi-

nation of charge carriers as a bimolecular process. For simplicity, thermionic

and excitonic injection currents from electrodes are not taken into account. In
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general, the intensity of light decreases exponentially due to absorption. This

effect causes that most of light is absorbed near illuminated surface. Thus, it

is convenient to assume that an illumination is uniform in the whole volume

of a very thin sample what leads to a constant value of an exciton generation

rate. In addition, we have decided to neglect the exciton–exciton interaction.

Excitons can interact with trapped and free (predominantly slow) charge car-

riers. Both these mechanisms are characterized by different rate constants.

It has been experimentally demonstrated that an annihilation rate constant

for the exciton–trapped charge carrier interaction can be even three orders

of magnitudes lower than an annihilation rate constant which describes the

exciton–free carrier interaction in the same material (anthracene) [31]. There-

fore we decided to ignore trapping and detrapping effects in our calculations.

Continuity equations for excitons, electrons and holes are given by relations

∂S

∂t
= G +

1

4
RB − S

τs
− kdiss (E)S − γnsnS − γpspS − 1

q

∂Js

∂x
, (1)

∂n

∂t
= kdiss (E)S − RB +

1

q

∂Jn

∂x
(2)

and

∂p

∂t
= kdiss (E)S −RB − 1

q

∂Jp

∂x
, (3)

respectively, where S is a concentration of excitons, n and p are concentrations

of electrons and holes, respectively, q is an elementary charge, G represents

an exciton generation rate, τs is a lifetime of excitons, kdiss (E) is an electric

field dependent exciton dissociation rate, γns and γps are the second order rate

constants for the annihilation of excitons on electrons and holes, respectively,
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and RB is a bimolecular recombination rate for electrons and holes. A term

with a factor 1/4 in Eq. (1) is a consequence of an assumption that 25% of

recombining electrons and holes form excitons [26]. It should be noted that

terms with the rate constants γns and γps are not included in Eqs. (2) and (3)

because the concentrations of free charge carriers do not change in the process

of excitons annihilation.

Current densities of excitons (Js), electrons (Jn) and holes (Jp) are given by

Js = −µskBT
∂S

∂x
, (4)

Jn = −qnµn

∂φ

∂x
+ µnkBT

∂n

∂x
(5)

and

Jp = −qpµp

∂φ

∂x
− µpkBT

∂p

∂x
, (6)

respectively, where µs is a mobility of excitons, µn and µp represent mobil-

ities of electrons and holes, respectively, kB is a Boltzmann constant and T

is a temperature. Here, we have assumed a validity of the Einstein relation

(Dn,p,s/µn,p,s = kBT/q, where Dj , with j ∈ {n, p, s}, is a diffusion coeffi-

cient for electrons, holes and excitons, respectively). Similarly to other au-

thors [26,30,32,33], we have decided to use the exciton mobility instead of the

exciton diffusion coefficient.

A local electric potential φ can be found from the Poisson equation

∂2φ

∂x2
= − q

ε0εr
(p− n) , (7)

where ε0 is a vacuum permittivity and εr represents a dielectric constant
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of material. Thus, an electric field can be calculated from the relation E =

−∂φ/∂x.

The bimolecular recombination rate RB can be expressed as

RB = ξγL
(

np− n2

int

)

, (8)

where ξ is a recombination reduction factor (ξ ≤ 1), nint represents the intrin-

sic carrier density in the bulk of material, and γL is a Langevin recombination

coefficient, which is defined as

γL =
q

ε0εr
(µn + µp) . (9)

In order to determine the rate kdiss(E), we assume that the dissociation of

excitons into separated electrons and holes is described by the Onsager–Braun

formalism [34,35]. Thus, the overall exciton dissociation probability can be

expressed as [24,36]

D (E) =

∞
∫

0

P (E, a)F (a) da, (10)

where the probability of dissociation P for an exciton separation distance a is

given by

P (E, a) =
kdiss (E)

kdiss (E) + kf
(11)

and F represents a normalized distribution function which is defined as [24,36]

F (a) =
4√
π a30

a2 exp

(

−a2

a20

)

. (12)

In the above equations kf is a decay rate of excitons (kf = 1/τs) and a0 is an

initial exciton separation distance.
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The exciton dissociation rate can be expressed as

kdiss (E) =
3q

4πε0εra3
(µn + µp) exp

(

−r

a

) J1

(

2
√
−2b

)

√
−2b

, (13)

where J1 is the first–order Bessel function, r is the Coulombic radius defined

as

r =
q2

4πε0εrkBT
(14)

and b is the electric field parameter given by

b =
q3E

8πε0εrk2

BT
2
. (15)

Boundary conditions for electric potential are taken as

φ(0) = Vbuilt − Va, φ(L) = 0, (16)

where Vbuilt is a built–in voltage and Va represents an applied voltage.

We assume that both electrodes form Schottky contacts. Therefore, the con-

centrations of electrons at both electrodes can be expressed as

n(0) = Nc exp

(

−φn

kBT

)

, (17)

n(L) = Nc exp

(

φp − Eg

kBT

)

(18)

and boundary concentrations of holes are

p(0) = Nv exp

(

φn −Eg

kBT

)

, (19)

p(L) = Nv exp

(

−φp

kBT

)

, (20)
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where L is a thickness of photoactive material, Nc and Nv are the effective

densities of states in conduction and valence bands, respectively, φn and φp

represent Schottky barrier heights for both electrodes and Eg is an energy

band–gap.

If injection currents are neglected, then boundary conditions for the electron

and hole current densities are

Jn(0) = 0, Jn(L) = 0, Jp(0) = 0, Jp(L) = 0. (21)

In the absence of excitonic injection from contacts, it is convenient to assume

that concentrations of excitons at both electrodes are

S(0) = 0, S(L) = 0. (22)

Initial conditions (for t = 0) are assumed zero for all parameters.

The set of partial differential equations has been numerically solved with the

Scharfetter–Gummel method. A detailed discretization procedure is presented

in supplementary material. Our own numerical code was written in C++.

A validity of the model has been proved by fitting of an experimental J–

V characteristics (AM 1.5G illumination, room temperature) extracted from

literature [37]. This fit is presented in Fig. 1. It should be noted that the exciton

annihilation on charge carriers has not been considered here (γns = γps = 0)

because such a process was not taken into account in the interpretation of these

experimental results [37]. However, we were also able to achieve a satisfactory

fit when these annihilation parameters were not equal to zero (not shown here).

All parameters obtained from the fitting are listed in Table 1. If a reference is

given in Table 1, it means that the parameter is fixed. The Schottky barrier
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heights, an energy band–gap and a built–in voltage have been taken from an

energy level diagram which is presented in supplementary material (Fig. S1).

The mobilities of charge carriers were treated as free parameters in the fitting

procedure. However, their final values are close to the magnitudes reported in

literature [24,30,37,38].

We should also mention about an additional estimation used in our calcula-

tions. The electric field dependent exciton dissociation rate kdiss (E) given by

Eq. (13) has been chosen from the Onsager–Brown model [35] which is usually

applied to simulate organic bulk heterojunction solar cells. However, it seems

that this well–known model is only approximately valid. A more accurately

formulated theory based on better physical conditions has been recently pro-

posed by Hilczer and Tachiya [39]. They derived new analytical expressions

for the exciton dissociation probability and the dissociation rate.

3 Results and discussion

This paragraph is organized as follows. First, we consider an influence of the

annihilation rate constants on current densities and photovoltaic parameters.

The next step is to analyze the impact of the exciton mobility µs on these

quantities. Finally, the role of recombination reduction factor ξ is investigated.

For all calculations, we decided to choose the same values of parameters which

are listed in Table 1.
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3.1 Influence of annihilation rate constant

The magnitudes of the rates γns and γps are in very wide ranges, usually be-

tween 10−18–10−15 m3 s−1. Recently, it has been reported that the parameter

γps can achieve a value of 3 × 10−14 m3 s−1 for the material which is often used

in organic photovoltaics (P3HT) [12]. Therefore, a similar maximal values of

the γcs, with c ∈ {n, p}, are used in our simulations. In this paper, the results

obtained for γns = γps will be presented. Thus, we shall often use a symbol

γcs in notation. Fig. 2 shows an influence of the annihilation rate constant

at short–circuit (SC) conditions. Part (a) illustrates the total current density

versus voltage calculated for different γcs. For clarity, we have decided not to

plot the results obtained for the annihilation rate constants lower than 10−15

m3 s−1 because these J–V characteristics lie very close to the curve calculated

for γcs = 10−15 m3 s−1 (see supplementary material, Fig. S2). It should be

also mentioned that when the exciton annihilation is not taken into account

(γcs = 0), then the J–V curve is identical to other J–V characteristics ob-

tained for γcs ≈ 10−18–10−17 m3 s−1. In Fig. 2(a), we observe that the current

density reaches larger values of short–circuit current Jsc for lower magnitudes

of the rate constants (Jsc is equal to an absolute value of a negative current

density). It is clearly seen that the shapes of J–V characteristics significantly

change. Obviously, this effect influences other photovoltaic parameters what

will be demonstrated in further part of this paper. Fig. 2(b) presents spatial

distributions of current components for electrons (Jn) and holes (Jp). Both

distributions exhibit linear dependencies in the bulk of organic material. This

result has been explained as a consequence of a large internal electric field at

SC conditions [24,30]. Our simulations indicate that higher values of γcs cause
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a monotonic decreasing of |Jn| and |Jp|. Parts (c) and (d) of Fig. 2 demon-

strate spatial distributions of charge carriers and excitons, respectively. Due

to differences between the mobilities of electrons and holes, we observe that

the hole density is around one order of magnitude larger than the density of

electrons. The increasing of annihilation rate constant leads to a slight drop

of the concentrations n and p. The density of excitons S also decreases for

larger γcs due to higher probability of the annihilation process. It causes that

less excitons can dissociate into separated charge carriers. Consequently, lower

concentrations of electrons and holes are observed. We can see that different

charge carrier mobilities lead to an asymmetrical shape of S(x) curve. In our

calculations µn > µp, therefore the probability of the excitons annihilation on

charge carriers increases for slower holes. We should note that other calcula-

tions carried out for µn = µp led to symmetrical tendency of the S(x) function

(not shown here).

Fig. 3 shows an influence of the parameter γcs on an open–circuit (OC) and

is organized in the same manner as Fig. 2 with the same annihilation rate

constants. A total current density is equal to zero for an open–circuit voltage

Voc. Therefore, the currents Jn and Jp presented in part (b) have opposite signs

and they are symmetrical about the zero axis. Fig. 3(c) illustrates the electron

and hole densities as a function of a distance from electrodes. In contrast to

the case of SC, we observe symmetrical curves with respect to the middle of

a sample. Such a behavior has been reported in previous steady–state drift–

diffusion studies [24]. The increasing of annihilation rate causes a visible drop

of both concentrations in the bulk of sample. Part (d) of Fig. 3 demonstrates

a distribution of excitons in space. We observe a symmetrical distribution

of the S(x) curve which is a consequence of symmetrical behavior of charge
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carriers concentrations. Our calculations clearly illustrate that the density S

decreases for higher values of γcs due to more efficient interaction of excitons

with electrons and holes in the bulk of sample.

Fig. 4 shows a short–circuit current, an open–circuit voltage, a fill factor and a

power conversion efficiency plotted as a function of γcs. We can see that these

parameters are constant for γcs < 10−16 m3 s−1. If γcs reaches the range 10−16–

10−15 m3 s−1, then all photovoltaic parameters start to decrease monotonically.

For an open–circuit voltage Voc, an almost linear decreasing (in semi–log plot)

is observed. Fig. 4(d) presents that a magnitude of PCE has dropped about a

several percent. When we take into account that γcs = 3 × 10−14 m3 s−1 for

P3HT (which is usually used in polymer photovoltaics), then the conclusion is

that the process of excitons annihilation on charge carriers is not a beneficial

phenomenon for polymer solar cells.

3.2 Influence of exciton mobility

It is known that photovoltaic parameters, in particular a fill factor, can signifi-

cantly depend on values of charge carrier mobilities for organic solar cells [23].

Therefore, we decided to investigate a possible impact of the exciton mobility

on Jsc, Voc, FF and PCE in the presence of the annihilation process.

Fig. 5 shows numerical results drawn for different exciton mobilities in the case

of short–circuit current Jsc. Part (a) presents results of the current density

plotted as a function of voltage. We can see that increasing of µs leads to

lower values of Jsc. Spatial distributions of the components Jn and Jp are

depicted in part (b), while parts (c) and (d) demonstrate spatial distributions
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of charge carriers and excitons, respectively. The increasing of exciton mobility

causes a slight drop of electrons and holes concentrations observed mainly near

electrodes. It correlates with a behavior of S(x) curve. We observe a plateau–

like behaviour for lower magnitudes of µs and this plateau becomes shorter

when the mobility µs increases. Obviously, excitons with higher mobility reach

electrodes faster than slower excitons where they are quenched (see boundary

condition given by Eq. (22)). Therefore, excitons at the electrical contacts

cannot participate to the process of dissociation into separated electrons and

holes. It leads to lower concentrations of charge carriers near electrodes and

also to decreasing of a total electrical current. A slight asymmetrical shape

of S(x) curve is a consequence of different mobilities of electrons and holes,

similarly to results presented in Fig. 2(d). For the case of Voc, the changes of

the densities n, p and S are smaller than for SC conditions (see supplementary

material, Fig. S3).

Fig. 6 presents Jsc, Voc, FF and PCE plotted as a function of the exciton

mobility calculated for different annihilation rate constants. We can clearly

see that values of all photovoltaic parameters decrease with higher magnitudes

of the rate constants γcs. The role of the exciton mobility looks as follows.

The fill factor is the only parameter which increases with µs. However, this

tendency is slight and noticeable for higher values of γcs. It has been recently

reported that higher magnitudes of charge carrier mobilities lead to greater

values of FF [23,41]. Therefore, we can conclude that mobilities of all particles,

including quasi–particles (excitons), cause an increasing of the fill factor. Other

photovoltaic parameters decrease monotonically with the mobility µs. We can

see that when the probability of annihilation process is greater, then this

decreasing becomes slight.
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3.3 Influence of recombination reduction parameter

The next step is to investigate the contribution of the recombination to the

annihilation process. In organic materials, a bimolecular recombination is usu-

ally described by the Langevin model [4]. Recently, systematical studies of

donor–acceptor bulk heterojunction structures have demonstrated that an ex-

perimental recombination coefficient γR is lower than the Langevin coefficient

γL [42–44]. The ratio γR/γL is called the recombination reduction factor ξ

and its magnitude is in the range 10−4–10−1. In this work, we treat ξ as a

numerical parameter which lowers the bimolecular recombination.

Fig. 7 shows computational results of current density versus voltage (a), spatial

distributions of current density components Jn and Jp (b), concentrations

of electrons and holes as a function of a distance from electrodes (c) and a

distribution of excitons in space (d). All parts of Fig. 7 are plotted for different

recombination reduction factors ξ in the case of an open–circuit voltage Voc. We

can see that a decreasing of the parameter ξ leads to higher concentrations of

electrons and holes. This is an obvious consequence of a reduced recombination

of charge carriers. The concentration of excitons decreases for lower values of

ξ. The conclusion is that more electrons and holes can interact with excitons

leading to their annihilation. The results obtained for short–circuit current are

presented in supplementary material (Fig. S4). In this case, we do not observe

visible changes of concentrations n, p and S with the decreasing of parameter

ξ.

Fig. 8 shows all photovoltaic parameters presented versus the recombination

reduction factor. Calculations were done for different annihilation rate con-
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stants. We can see that the short–circuit current, the open–circuit voltage

and the power conversion efficiency decrease monotonically with ξ. The ob-

served changes of the Jsc are very slight and noticeable when the factor ξ

approaches unity. The fill factor behaves differently than other parameters. It

starts to increase for small values of ξ and reaches a maximum. The annihi-

lation process lowers the magnitude of FF and shifts the maximum towards

larger ξ.

4 Summary

In summary, we have analyzed the process of excitons annihilation on charge

carriers. The calculations based on the one–dimensional transient drift–diffusion

model have been done. We have studied an influence of the excitons interac-

tion with charge carriers on photovoltaic parameters (the short–circuit current,

the open–circuit voltage, the fill factor and the power conversion efficiency).

A visible decreasing of the organic photocells efficiency with the annihilation

process has been observed for γcs > 10−15 m3 s−1.

5 Acknowledgment
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in Gdańsk.
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6 Appendix A. Supplementary data

Supplementary data (for discretized equations used in Scharfetter–Gummel

method, an energy level diagram for fitting procedure, the J–V characteristics

calculated for wide range of annihilation rate constants, results for open–

circuit with different exciton mobilities and results for short–circuit with dif-

ferent recombination reduction factors) associated with this article can be

found, in the online version, at ...

7 Appendix B. Numerical program

Program Title: drift-diffusion_pv_organic

Program Files doi: http://dx.doi.org/10.17632/ssyj7gfrx7.1

Licensing provisions: MIT

Programming language: C++
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Appl. 15 (2007) 677–696.

[43] G. Lakhwani, A. Rao, R.H. Friend, Annu. Rev. Phys. Chem. 65 (2014) 557–81.

[44] A. Wagenpfahl, J. Phys.: Condens. Matter 29 (2017) 373001.

19

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


-0,2 0,0 0,2 0,4 0,6 0,8
-180

-130

-80

-30

20

 Simulation results
 Experimental results

C
ur

re
nt

 d
en

si
ty

 [A
 m

-2
]

Voltage [V]

Fig. 1. Numerical (solid line) and experimental (squares) results of current density

as a function of voltage for PTB7–Th:PC71BM. The experimental points for J–V

characteristics are extracted from literature [37]. The parameters used in calcula-

tions: ξ = 5 × 10−2, µs = 1.2 × 10−8 m2 V−1 s−1. The process of annihilation is

not considered in this fit.
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Table 1

The parameters used in simulations and in fitting procedure.

Parameter Symbol Numerical value

Length of a photoactive material [37] L 100 nm

Ion–pair separation distance [30] a0 3.5 nm

Effective density of states in conduction band [24,30] Nc 2.5 × 1025 m−3

Effective density of states in valence band [24,30] Nv 2.5 × 1025 m−3

Mobility of electrons µn 2.8 × 10−7 m2 V−1 s−1

Mobility of holes µp 5.2 × 10−8 m2 V−1 s−1

Exciton decay rate [40] kf 1 × 105 s−1

Schottky barrier height for cathode φn 0.15 eV

Schottky barrier height for anode φp 0.15 eV

Energy band–gap Eg 1.22 eV

Relative permittivity [30] εr 3.9

Temperature T 293 K

Exciton generation rate [37] G 9.79 × 1027 m−3 s−1

Built–in voltage Vbuilt 0.8 V

Spatial grid ∆x 2 nm

Temporal grid ∆t 0.5 ns
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Fig. 2. Numerical results calculated for short–circuit current Jsc with different an-

nihilation rate constants. (a) Current density as a function of voltage, (b) current

densities for electrons and holes versus distance from cathode, (c) spatial distri-

butions of electrons and holes, (d) a spatial distribution of excitons. Results of

simulations are plotted as lines with symbols. Circles, triangles and squares denote

the annihilation rate constants (γns = γps) equal to 10−15, 10−14 and 5 × 10−14

m3 s−1, respectively. Closed and open symbols in parts (b) and (c) are used for

electrons and holes, respectively. Parameters used in calculations: ξ = 10−2, µs =

10−7 m2 V−1 s−1.
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Fig. 3. Numerical results calculated for open–circuit voltage Voc with different an-

nihilation rate constants. (a) Current density as a function of voltage, (b) current

densities for electrons and holes versus distance from cathode, (c) spatial distri-

butions of electrons and holes, (d) a spatial distribution of excitons. Results of

simulations are plotted as lines with symbols. Circles, triangles and squares denote

the annihilation rate constants (γns = γps) equal to 10−15, 10−14 and 5 × 10−14

m3 s−1, respectively. Closed and open symbols in parts (b) and (c) are used for

electrons and holes, respectively. Parameters used in calculations: ξ = 10−2, µs =

10−7 m2 V−1 s−1.
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Fig. 4. Short–circuit current (a), open–circuit voltage (b), fill factor (c), and power

conversion efficiency (d) as a function of annihilation rate constant (γns = γps).

Symbols present numerical results. Dotted lines are plotted as guides for the eye.

Parameters used in calculations: ξ = 10−2, µs = 10−7 m2 V−1 s−1.
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Fig. 5. Numerical results calculated for short–circuit current Jsc with different ex-

citon mobilities. (a) Current density as a function of voltage, (b) current densities

for electrons and holes versus distance from cathode, (c) spatial distributions of

electrons and holes, (d) a spatial distribution of excitons. Results of simulations

are plotted as lines with symbols. Circles, triangles and squares denote the exciton

mobilities equal to 10−7, 5 × 10−7 and 10−6 m2 V−1 s−1, respectively. Closed and

open symbols in parts (b) and (c) are used for electrons and holes, respectively.

Parameters used in calculations: ξ = 10−2, γns = γps = 10−14 m3 s−1.
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Fig. 6. Short–circuit current (a), open–circuit voltage (b), fill factor (c), and power

conversion efficiency (d) as a function of exciton mobility. Symbols present numerical

results. Down triangles, circles, triangles and squares denote the annihilation rate

constants (γns = γps) equal to 0, 10−15, 10−14 and 5 × 10−14 m3 s−1, respectively.

The recombination reduction factor ξ = 10−2. Dotted lines are plotted as guides for

the eye.
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Fig. 7. Numerical results calculated for open–circuit voltage Voc with different re-

combination reduction factors. (a) Current density as a function of voltage, (b)

current densities for electrons and holes versus distance from cathode, (c) spatial

distributions of electrons and holes, (d) a spatial distribution of excitons. Results of

simulations are plotted as lines with symbols. Circles, triangles and squares denote

the recombination reduction factors equal to 10−2, 10−1 and 1, respectively. Closed

and open symbols in parts (b) and (c) are used for electrons and holes, respectively.

Parameters used in calculations: γns = γps = 10−14 m3 s−1, µs = 10−7 m2 V−1 s−1.
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Fig. 8. Short–circuit current (a), open–circuit voltage (b), fill factor (c), and power

conversion efficiency (d) as a function of recombination reduction factor. Symbols

present numerical results. Down triangles, circles, triangles and squares denote the

annihilation rate constants (γns = γps) equal to 0, 10−15, 10−14 and 5 × 10−14 m3

s−1, respectively. The exciton mobility µs = 10−7 m2 V−1 s−1. Dotted lines are

plotted as guides for the eye.

28

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

