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The role of the annihilation of excitons on charge carriers has been theoretically investigated in organic
semiconductors. We have developed the numerical drift–diffusion model by incorporation terms which describe the
annihilation process. The transient photocurrent has been calculated for different injection barrier heights, exciton
mobilities, and annihilation rate constants. We have demonstrated that the annihilation has a great influence on
the range and the rising time of the photocurrent.
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1. Introduction

Organic semiconductors are materials that possess a
few features which make them suitable to construct elec-
tronic devices, like solar cells, light-emitting diodes, and
transistors. Most importantly, their cost of production is
relatively low. In illuminated organic semiconductors, a
photocurrent is a flow of charge carriers which are gener-
ated in the dissociation of excitons. However, a diffusion
length of the excitons is much shorter than a thickness
of material. Therefore any process, which influences a
concentration of excitons, is relevant for final photocur-
rent and efficiency of the device [1, 2]. A study of tran-
sient photocurrent allows to understand the dynamics of
charge carriers generation mechanisms.

In this paper, we investigate the influence of excitons
annihilation with charge carriers on transient photocur-
rent in organic semiconductors. In the simple explana-
tion of this mechanism, an electron (hole) from an exci-
ton interacts with a free hole (electron). It causes that
the interacting charges annihilate and one hole (electron)
is left from the exciton. Therefore, the concentration of
free charge carriers does not change but the excitons con-
centration decreases. Considering a quantum mechanical
description of this process, an energy of the quenched ex-
citon is fully transferred to the interacting carrier via the
Förster resonance energy transfer and, as a consequence,
the exciton is lost. Recently, it has been proved that the
effect of excitons annihilation visibly influences on pho-
tophysical and photoelectric processes in systems used
in organic photovoltaics [3–6]. This fact is associated
with a high probability of the annihilation which is de-
scribed by high values of the annihilation rate constants
(10−15−5× 10−14 m3s−1) [3, 6].

∗corresponding author; e-mail: dglowienka@mif.pg.gda.pl

2. Model

In order to model the photocurrent, the drift–diffusion
set of equations has been considered [7, 8]. It should be
mentioned that for the first time we incorporate the an-
nihilation process in transient drift–diffusion model. To
determine the electron (n), hole (p) and exciton (X) con-
centrations, the following equations are used:
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Equation (1) is the Poisson equation used to calculate
the local electric potential φ and the electric field E
in space (x) and time (t). The parameter q is the ele-
mentary charge, ε0 denotes the vacuum permittivity and
εr is the permittivity of the material. Equations (2)–
(4) represent the time dependent continuous equations
which implement gradients of concentration fluxes (den-
sity currents) of charge carriers or excitons. The sym-
bol kB denotes the Boltzmann constant, T represents
the absolute temperature and µX is the excitons mo-
bility. Other terms in the continuous equations describe
the generation (with a plus sign) or the decay (with a
minus sign) processes for n, p and X. The parameter
G is excitons generation rate, τX represents the lifetime
of excitons, and γpX and γnX are the rate constants,
which are associated with the excitons annihilation with
holes and electrons, respectively. The electric field de-
pendent rate kdiss describes a dissociation of excitons
into separated electrons and holes, which is explained by
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the Onsager–Braun model [9]. The bimolecular recombi-
nation term can be given by RL (n, p) = γL

(
np− n2int

)
,

where γL = q (µn + µp) /ε0εr is a Langevin recombina-
tion coefficient and nint represents the intrinsic concen-
tration of charge carriers in the material. The parameters
µn and µp are the mobilities of electrons and holes, re-
spectively. The factor 1/4 in Eq. (4) is due to creation of
excitons from bimolecular recombination of charge carri-
ers with 25% probability.

The total photocurrent is a sum of electrons (Jn), holes
(Jp) and displacement (Jdisp) currents

Jn = −qnµn
∂φ

∂x
+ µnkBT

∂n

∂x
, (5)

Jp = −qpµp
∂φ

∂x
− µpkBT

∂p

∂x
(6)

and

Jdisp = εrε0
∂E

∂t
. (7)

In order to solve the equations numerically, they were
discretized with the Sharfetter–Gummel method [10].
To define the dynamics of photocurrent (a rise
time), an establishment of equilibrium state is used.
Here, the steady-state condition has been chosen as∣∣(J t+1

total − J ttotal
)
/J ttotal

∣∣ ≤ 10−4. In the paper, the short-
circuit photocurrent is calculated.

The lifetime of excitons τX is assumed as 1 µs. The ini-
tial separation distance between charge carriers is equal
to 1.3 nm. The device thickness L = 120 nm, the tem-
perature T = 293 K and εr = 3.4. The values of built-in
voltage Vbuilt across the device and energy band-gap Eg
are equal to 1.34 V and 0.8 eV, respectively.

For boundary conditions, we assume n(0) =

Nc exp(−φn/kBT ) and n(L) = Nc exp
(
φp−Eg

kBT

)
for elec-

trons. In the case of holes, the boundary concentra-
tions are given by p(0) = Nv exp

(
φn−Eg

kBT

)
and p(L) =

Nv exp(−φp/kBT ). The effective density of states in
conduction (Nc) and valence (Nv) bands are equal to
2.5×1025 m−3. For simplicity, we consider the same val-
ues of the Schottky barrier heights for electrons (φn) and
holes (φp). Also, the same mobilities (10−7 m2V−1s−1)
and equal magnitudes of annihilation rate constants are
chosen for both types of charge carriers. It causes that
the transient concentration profiles are similar for both
electrons and holes. Thus, it is convenient to use nota-
tion γcX and φc, with c ∈ {n, p}, in further discussion.
Depending on the injection barrier height, the Schottky
(φc 6= 0) and the ohmic (φc = 0) contacts are defined.

The model is solved forward in time with turn-on
method [11]. First, the dark currents (G = 0) are sim-
ulated for 0.5 µs and then sample is illuminated with
G = 2.7× 1027 m−3s−1 for 4 µs. Finally, the dark condi-
tions are simulated up to 9 µs.

3. Results and discussion

The terms, which describe the annihilation process in
Eq. (4), depend on three parameters: charge carriers con-

centration, excitons concentration and annihilation rate
constants. Therefore, we will analyze how these param-
eters influence on transient photocurrents. The results
are presented in the middle of material, because the dy-
namics of photocurrent is independent of the position. In
addition, we decided to illustrate obtained results using
both absolute and normalized scales in all figures.

Fig. 1. Transient photocurrent (a) and concentration
of electrons versus time (b) both calculated with dif-
ferent injection barrier heights in the absence of an-
nihilation process. Excitons mobility is equal to
10−7 m2V−1s−1 for both cases. The vertical axes in
insets show values of normalized photocurrent (a) and
normalized concentration (b).

Figure 1a shows transient photocurrents calculated for
different injection barrier heights. We can see that a low-
ering of injection barrier leads to an increase of photocur-
rent magnitude. The rise time is the shortest (0.2 µs) for
ohmic contact and increases for the Schottky contacts (up
to 0.64 µs for 0.1 eV). The explanation is that φc impacts
directly on the concentration of charge carriers, as shown
in Fig. 1b. The annihilation of excitons gives no visi-
ble influence on the dynamics of photocurrent for ohmic
contacts due to short rise times (not shown). Thus, next
simulations have been carried out only for the Schottky
contacts.

Figure 2a demonstrates the impact of excitons mobility
on transient photocurrents. We can see that the magni-
tude of photocurrent is lower for higher µX . This result
may be explained by the effect of charge carriers photo-
generation due to the excitons dissociation. If the mo-
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Fig. 2. Transient photocurrent without annihilation
process for different mobilities of excitons (a) and con-
centration of excitons as a function of time for varied
annihilation rates with µX = 10−7 m2V−1s−1 (b). Re-
sults of simulation are plotted for injection barrier equal
to 0.1 eV. The vertical axes in insets show values of
normalized photocurrent (a) and normalized concentra-
tion (b).

bility is higher, the concentration of excitons decreases
and, as a consequence, the photocurrent is getting lower.
Apart from the photocurrent magnitude, the influence
of exciton mobility on photocurrent’s dynamics is visi-
ble (inset in Fig. 2a). When the mobility of excitons is
higher, then the dynamics is much faster. The rise time is
equal to 0.23 µs for µX = 10−6 m2V−1s−1 and increases
up to 0.84 µs for µX = 10−8 m2V−1s−1. The concen-
tration of excitons as a function of time is presented in
Fig. 2b for different values of annihilation rate constants.
We can see that the annihilation process causes a de-
crease of the X magnitude. The lowering concentration
of excitons should lead to faster response of photocurrent,
because less number of excitons dissociates into seperated
charge carriers and the steady-state condition is achieved
faster.

Figure 3 shows the influence of annihilation process on
the dynamics of photocurrent calculated for different ex-
citon mobilities. For each mobility, the annihilation rate
is given for three values: low (10−15 m3s−1), moderate
(10−14 m3s−1) and high (5× 10−14 m3s−1). We can see
that the impact of excitons annihilation is the most evi-
dent for the lowest mobility (µX = 10−8 m2V−1s−1). In

Fig. 3. Transient photocurrent for different mobilities
of excitons calculated for three annihilation rate con-
stants. Excitons mobility equals to 10−8 m2V−1s−1 (a),
10−7 m2 V−1s−1 (b), and 10−6 m2V−1s−1 (c). The
height of injection barrier for the Schottky contacts is
equal to 0.1 eV. The vertical axes in insets show nor-
malized photocurrent.

this case, the rising time is 0.83 µs for the lowest value
of γcX and decreases to 0.53 µs when the probability of
annihilation increases (inset in Fig. 3a). If the mobility
of excitons is µX = 10−7 m2V−1s−1, we observe lower
response of the annihilation to photocurrent dynamics.
Here, the rising time is equal to 0.62 µs for very low an-
nihilation rate constant, and reaches a value of 0.45 µs
when γcX increases (Fig. 3b). For the mobility of exci-
tons equal to 10−6 m2V−1s−1, the variation of annihila-
tion rate changes the rise time of photocurrent negligibly
(inset in Fig. 3c).

4. Conclusions

We have studied the influence of excitons annihilation
with charge carriers on transient photocurrent generated
in organic semiconductor. It has been found out that
an increase of the injection barrier height lowers the dy-
namics of photocurrent which is directly associated with
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charge carrier concentration. In contrary, higher values
of the exciton mobility and the annihilation rate con-
stant lead to decrease of photocurrent rise time due to
changes of excitons concentration. The obtained results
demonstrate that the annihilation process has the high-
est impact for structures with lower exciton mobility and
higher (the Schottky-type) injection barrier. It has been
shown that an increase of the annihilation rate constant
up to 5×10−14 m3s−1 (a similar value to an experimental
result for P3HT [3], which is frequently used in organic
photovoltaics) leads to lower magnitudes of photocurrent.
This fact confirms that the exciton annihilation mecha-
nism should play a significant role in structures applied
in organic solar cells.
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