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Understanding the Light-Intensity Dependence of the
Short-Circuit Current of Organic Solar Cells

Paula Hartnagel and Thomas Kirchartz*

In organic solar cells, bimolecular recombination is a key factor limiting the
device performance and creating the need for characterization.
Light-intensity-dependent short-circuit current density measurements are a
frequently used tool to qualitatively analyze bimolecular recombination in a
device. When applying a 0D model, bimolecular recombination is expected to
reduce the otherwise linear correlation of the short-circuit current density Jsc
and the light intensity 𝜱 to a sublinear trend. It is shown by numerical
simulations that the slope of the Jsc–𝜱 curve is affected by the recombination
mechanism (direct or via traps), the spatial distribution of charge carriers
and—in thick solar cells—by space charge effects. Only the combination of
these effects allows proper explanation of the different cases, some of which
cannot be explained in a simple 0D device model.

1. Introduction

Recent progress in the design of novel donor and non-
fullerene acceptor materials has led to substantial progress in
organic solar cell efficiencies and stability in the last years.[1–11]

Most of the high efficiency solar cells reported recently fea-
ture higher short-circuit current densities[2] and open-circuit
voltages[12,13] than previously achieved with fullerene based de-
vices of similar bandgaps. At high absorber thicknesses of around
300 nm, however, the current generation of organic solar cells
still suffers from at most decent fill factors suggesting prob-
lems with charge collection.[6,14–16] Thus, characterization of
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recombination and transport as the two
key factors limiting charge collection
remains an important research topic.
Nonradiative recombination in organic

solar cells is often bimolecular, i.e., the re-
combination rate scales linearly with the
product of electron and hole concentra-
tions. This process is a peculiar feature of
organic solar cells that is due to the rather
large energies of vibrational modes in or-
ganic semiconductors that allow bimolec-
ular nonradiative recombination.[17–20] For
inorganic semiconductors with their lower
phonon energies, defects are necessary to
allow efficient multiphonon[21–26] recombi-
nation which is then however not bimolec-
ular but linear in the density ofminority car-
riers. Thus, recombination in organic solar

cells is mostly nonlinear in charge-carrier density[27,28] and
therefore—depending on the working point—also in light in-
tensity. Due probably to its simplicity, the linearity of the short-
circuit current density Jsc is among the most frequently used
assays of bimolecular recombination in the field of organic
photovoltaics.[29–37] The interpretation of the light-intensity de-
pendence of Jsc in terms of bimolecular recombination is based
on the idea that one photon creates one electron and one hole,
i.e., both concentrations n (for electrons) and p (for holes) should
scale linearly with light intensity. If there is a recombination term
that is proportional to the product np, recombination should scale
quadratically with light intensity. Thus, if recombination at short
circuit is negligible, the short-circuit current density should be
proportional to light intensity. If, however, bimolecular recom-
bination reduces the number of collected electrons and holes it
should be visible by a sublinear increase in Jsc. This rationale is
based on a strictly 0D model. All spatial dependences of n and p
or the recombination rate R ∼ np are ignored in the above line of
arguments. This neglect of spatial dependences is not a higher
order effect that might be important for a quantitative analysis of
the data but it is the reason that the rationale discussed above is
wrong in awide range of situations. One can both observe a linear
Jsc–𝛷 relation despite the presence of bimolecular recombination
but also a nonlinear Jsc–𝛷 relation for a cell that is dominated by
defect assisted recombination that is typically considered to be
monomolecular. While it has been discussed before[38] that sub-
stantial amounts of bimolecular recombination are compatible
with highly linear Jsc–𝛷 relations; a thorough theoretical discus-
sion of the different effects needed to interpret the light-intensity
dependence of Jsc is currently missing.
Here, we explain the impact of bimolecular and monomolec-

ular recombination on the Jsc in a thin device and in a solar cell
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with high active layer thickness with simulations studying the
spatial distribution of charge carriers and their recombination.
First, we define the recombination mechanisms implemented in
our simulations alongside the theory of how they are supposed to
be identified from light-intensity-dependent Jsc-measurements.
Second, we explain space charges and introduce their possible
impact on the photocurrent. Then we present our simulation
results on thin devices, where the generation rate is constant
throughout the active layer and space-charge effects are small.
We discuss that not only bimolecular recombination can cause
a nonlinear Jsc–𝛷 relation but also trap-assisted recombination
due to the changing of the density of trapped charge carriers with
light intensity. As organic solar cells with thick active layers are of
special interest for commercialization,[39–43] we also show simu-
lations of thick devices and highlight the origin and the impact of
space charges that evoke a sublinear Jsc–𝛷 relation.[29,44,45] This
detailed discussion on the light-intensity dependence of the Jsc al-
lows us to better understand the information on recombination
mechanisms in a solar cell that can be extracted from the corre-
sponding measurements.

2. Theory

The most frequently used analysis of light-intensity-dependent
short-circuit current density measurements is based on a 0D
model of the short-circuit current density Jsc. When there is no
recombination occurring inside a solar cell at short circuit, all
charge carriers generated are also extracted by the electric field.
Therefore, the maximum short-circuit current density Jsc,max can
be written as

Jsc,max = q∫
d

0
G (x) dx = qdḠ (1)

where q is the elementary charge and d is the thickness of the ab-
sorber. The average generation rate Ḡ is defined as arithmetic
mean of the generation rate G over the position x in the ac-
tive layer, creating a linear correlation between Jsc,max and the
generation rate and therefore the illumination. This maximum
short-circuit current density is reduced by recombination of free
charge carriers. Nongeminate, monomolecular recombination is
one possible recombinationmechanisms. It describes the recom-
bination of one free charge carrier with another charge carrier
that is trapped in a defect state within the energy gap. These deep
defects states have been found in various types of organic so-
lar cells originating from the energetic disorder of the materials
and depending on factors like thermal annealing and prolonged
illumination.[46–49] The recombination via these defects can be
quantified by Shockley–Read–Hall recombination statistics. For
trap states in the center of the bandgap, the recombination rate
RSRH is given by

RSRH (x,𝛷) =
n (x,𝛷) p (x,𝛷)

𝜏p n (x,𝛷) + 𝜏n p (x,𝛷)
(2)

Here, n is the electron concentration, p is the hole concentration
and 𝜏n/p is the charge-carrier lifetime. By assuming 𝜏n = 𝜏p and by
using the 0D approximation, the recombination-current density
Jrec,SRH can be written as

Jrec,SRH (𝛷) = q∫
d

0
RSRH (x,𝛷) dx ≈ qdR̄SRH (𝛷) ≈ qd

n̄ (𝛷)
2𝜏n

(3)

with the average recombination rate R̄SRH via deep traps and the
average charge-carrier density n̄. The charge-carrier density is
assumed to scale linearly with the generation rate. Hence, the
recombination-current density results in

Jrec,SRH
(
Ḡ
)
= f1Ḡ (4)

where f1 is a coefficient determining the intensity of the
monomolecular recombination.
Bimolecular recombination is often assumed to be the domi-

nant recombination mechanism in organic solar cells.[50–52] This
process occurs nonradiatively where a free electron and a free
hole recombine with each other. As both types of free charge car-
riers contribute to this direct recombination process, the direct
recombination rate Rdir is given by

Rdir (x,𝛷) = kdir n (x,𝛷) p (x,𝛷) (5)

with the direct recombination coefficient kdir. When neglecting
all spatial dependences, the recombination-current density Jrec,dir
by direct recombination can be approximated by

Jrec,dir (𝛷) = q∫
d

0
Rdir (x,𝛷) dx ≈ qdkdir n̄ (𝛷) p̄ (𝛷) (6)

In case of the average electron density n̄ and the average hole
density p̄ scaling linearly with the generation rate, Jrec,dir can be
written as

Jrec,dir
(
Ḡ
)
= f2Ḡ

2 (7)

where f2 is a coefficient indicating the amount of direct recombi-
nation.
In a solar cell with both mono- and bimolecular recombina-

tion, the recombination-current densities diminish the optimum
short-circuit current density to the actual short-circuit current
density

Jsc
(
Ḡ
)
= qdḠ − f1Ḡ − f2Ḡ

2 (8)

With this approach, an expression for Jsc is acquired linking it to
the average generation rate. Both themaximum short-circuit cur-
rent density and themonomolecular recombination-current den-
sity scale linearly with the generation rate whereas bimolecular
recombination scales in quadratic order. For better visualization,
we calculate the slope

𝛾 =
d ln(Jsc)

d ln
(
Ḡ
) = 1 +

d ln
(
1 − f1 − f2Ḡ

)
d ln

(
Ḡ
) (9)

of the double-logarithmic plot which represents the correlation
between Jsc and Ḡ. It appears that in case of no bimolecular, di-
rect recombination (f2 = 0), 𝛾 = 1 and Jsc scales linearly with the
generation rate. In the presence of direct recombination (f2 > 0);
however, a sublinear trend can be observed. Thereby, the mea-
surement of the short-circuit current density for different light
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intensities and therefore different generation rates promises an
easy way of identifying bimolecular recombination in an organic
solar cell from a sublinear relation. However, it requires neglect-
ing the spatial dependence of the generation and the recombi-
nation rate. Also, the method only considers recombination via
deep traps and direct recombination, but not recombination with
charge carriers trapped in energetic states close to the highest oc-
cupied molecular orbital (HOMO) or lowest unoccupied molecu-
lar orbital (LUMO) level. The density of states of these exponen-
tial band tails resulting from the energetic disorder of the organic
semiconductor is characterized by the Urbach energy EU. Typical
values for EU in organic solar cells can be found between 30 and
80 meV.[48,53–55] Recently, the development of materials with low
Urbach energies have enabled organic solar cells with efficien-
cies above 16%.[7,56] These findings have highlighted the impor-
tance of tail state recombination on the solar cell performance.
Therefore, it is essential to understand the impact of substantial
amounts of tail states on typically used characterization methods
such as the light-intensity dependence of the short-circuit current
density.
These defect states in the energy gap can be a source for space

charge.[55,57] When capturing an electron, an acceptor-like defect
is negatively charged. This density nT of trapped electrons is also
accounted in the total charge density 𝜌= q(p− n− nT). Vice versa,
a donor-like defect is a spatially localized positive charge when it
is occupied by a hole. Consequently, the trapped hole density pT
changes the total charge density 𝜌 = q(p − n + pT). According to
Poisson’s equation

Δ𝜑 = −∇ ⋅ E⃗ = − 𝜌

𝜖0𝜖r
(10)

where 𝜑 is the electrostatic potential, E⃗ the electric field, 𝜖0 the
dielectric constant, and 𝜖r the relative permittivity, this spatial in-
crease in carrier density causes a change in electric field. There-
fore, the presence of space charge is correlatedwith a high change
of the electric field in the space-charge region. To identify the
effect of space charge in simulations, one can set an infinitely
high relative permittivity causing a constant electric field. In a
sufficiently thin active layer, the width of this space-charge re-
gion is equal to the layer thickness and no effect can be observed.
However, when the layer thickness is exceeding the width of the
space-charge region, a nonconstant electric field occurs. Within
the space-charge region, the accumulated charge carriers, e.g.,
holes, have the drift length Ldrift = 𝜇h𝜏hE, where 𝜇h is the hole
mobility and 𝜏h the hole lifetime. The electric field E = Δ𝜑/wSCR
can be approximated by the drop Δ𝜑 of electrostatic potential
and the width wSCR of the space-charge region. When assuming
Ldrift = wSCR,

[44,45] the photocurrent in the space-charge region is
given by[44]

Jph = qGwSCR = qG
(
𝜇h𝜏h

)1∕2Δ𝜑1∕2 (11)

For a strong accumulation of charges, the space-charge limited
current density JSCL is described by

[58]

JSCL =
9
8
𝜖0𝜖r𝜇h

Δ𝜑2

w3
SCR

(12)

and was first derived for a unipolar device by Mott and Gurney,
but was later applied to diodes as well.[44,45] When Jph = JSCL, the
width of the space-charge region can be written as[45]

wSCR =
(
9𝜖0𝜖r𝜇h∕8qG

)1∕4Δ𝜑1∕2 (13)

Inserting this expression into Equation (11), we obtain the maxi-
mum photocurrent in a space-charge limited device[44]

Jph = q
(
9𝜖0𝜖r𝜇h
8q

)1∕4

G3∕4Δ𝜑1∕2 (14)

It is notable that in this case the photocurrent scales with G3/4.
This dependence has also been found by Wilken et al. who ad-
ditionally considered the spatial dependence of the electron and
hole current.[59] The correlation has already been used in previ-
ous studies to identify space-charge limited photocurrent in or-
ganic solar cells with asymmetric carrier mobilities.[30,45] How-
ever, Equation (12) is only valid in a defect free device with
sharp band edges.[60] For tail states in a unipolar device, the
Mark–Helfrich equation describes the space-charge limited cur-
rent density

JSCL,MH = q1−l𝜇hNV

(
𝜖0𝜖r l

Nt (l + 1)

)l(
2l + 1
l + 1

)l+1Δ𝜑l+1

w2l+1
SCR

(15)

with the density of states NV in the valence band, the trap den-
sity Nt and l = EU/kBT, where kBT is the thermal energy.[61] Since
Equation (15) neglects diffusion currents,[60,62] it is rather a qual-
itative description than a precise analytical expression for the
space-charge limited current. To the best of our knowledge, the
Mark–Helfrich equation has not yet been applied to a bipolar de-
vice (i.e., a solar cell), though. Therefore, in order to study the
light-intensity dependence of the photocurrent in a solar cell, we
follow the derivation for the defect-free case using Equation (15)
for a diode with tail states. Thereby, we get

Jph,MH ∝ G1−1∕(2l+2) (16)

with the slope

𝛾MH =
d ln(Jph,MH)

d ln (G)
= 1 − 1

2
(
EU∕kBT + 1

) (17)

indicating a sublinear increase of the photocurrent with illumina-
tion depending on the Urbach energy EU. When EU approaches
the thermal energy, Equation (17) yields the same light-intensity
dependence as the defect-free case in Equation (14). According to
Equation (17), wider Urbach tails should feature a light-intensity
dependence of the photocurrent closer to linearity than tails with
small values of EU; a result which appears counterintuitive at
first. Both this relation and the more commonly used approach
to calculate the space-charge limited photocurrent without trap
states demonstrate that a sublinear correlation of the short-circuit
current density Jsc and the illumination 𝛷 can be expected in
organic solar cells with and without defect states. These space-
charge effects that require a spatially resolved analysis of the pro-
cesses inside a solar cell are also not considered in the 0D model
from Equation (9).
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Figure 1. a) Current-density–voltage characteristics of the solar cells mod-
eled with an active layer thickness d = 100 nm and constant generation
throughout the solar cell under 1 sun illumination. Each simulation con-
tains only one recombination mechanism, namely direct recombination,
tail state recombination with three different Urbach energies EU or recom-
bination via deep traps. b) Characteristics for a higher absorber thickness
d = 300 nm with spatial dependence of the generation rate. The recombi-
nation parameters were chosen to create a decreasing power conversion
efficiency from direct recombination to trap-assisted recombination.

In this theoretical background section, we have shown several
points, where the 0D model has its limitations in the analysis
of light-intensity-dependent Jsc-measurements. The Jsc–𝛷 rela-
tion shown in Equation (9) is implicitly relying on a spatially
constant generation and recombination rate and charge-carrier
densities throughout the solar cell and neglects space-charge ef-
fects. In order to study these assumptions and their limitations,
we performed numerical drift-diffusion simulations of organic
solar cells using the advanced semiconductor analysis (ASA)
software.[63] Figure 1 shows the current–voltage characteristics
at 1 sun of the solar cells modeled for this work. To first identify
the impact of each recombination mechanism on the linearity of
the short-circuit current density with illumination, we modeled
a thin solar cell with an absorber thickness d = 100 nm and con-
stant generation rate within the active layer. In this case, space-
charge effects do not play an important role since the system
is symmetric and the width of the space-charge region exceeds
the active layer thickness. We implemented five types of recom-
bination mechanisms including direct recombination, recombi-
nation via exponential band tails with Urbach energies EU of 30,
55, and 80 meV and recombination via deep defect states. For de-

Figure 2. a) Light-intensity-dependent short-circuit current density Jsc of
a solar cell with an active layer thickness d = 100 nm for direct recombina-
tion and trap-assisted recombination via trap states in the middle of the
bandgap or tail states. b) Slope 𝛾 = d(ln(Jsc))/d(ln(𝛷)) for all three recom-
bination mechanisms. In each case, Jsc deviates from a linear correlation
with𝛷 at high light intensities with the strongest effect by exponential tail
states with an Urbach energy EU = 80 meV.

tailed simulation parameters we refer to Table 1. We chose the
simulation parameters in a way that the power conversion effi-
ciency under 1 sun illumination decreases from direct to deep-
trap recombination (see Figure 1a). Thereby, we associate the ef-
ficiency under the influence of each recombination mechanism
with the position of its trap states in the energy band. In a next
step, we modeled a solar cell with d = 300 nm incorporating op-
tical data for the contact layers (see Figure S1, Supporting Infor-
mation) and simulated these under air mass (AM)1.5G spectrum
to investigate the role of space charges on the light-intensity de-
pendence of the short-circuit current density Jsc with different re-
combination mechanisms. Figure 1b displays the corresponding
current–voltage characteristics under 1 sun.

3. Results

3.1. Thin Devices

In the following, we study an organic solar cell with constant gen-
eration throughout a thin active layer and discuss the different
limitations of the 0D approximation that occur for each recombi-
nation mechanism.
Figure 2a shows the short-circuit current density Jsc as a func-

tion of illumination 𝛷 for all recombination mechanisms. As
Jsc does not differ strongly between the cells on a logarithmic
scale, the curves nearly coincide and appear linear on this scale.
Only looking at the derivative 𝛾 = d(ln(Jsc))/d(ln(𝛷)) as shown
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Table 1. Simulation parameters for the solar cells modeled in ASA. The simulations for a thin device contain a variation of the generation rate that
is constant throughout the active layer. The parameters adapted for a thick device are listed in brackets. For these simulations the generation rate is
generated by ASA under AM1.5G spectrum and varied in intensity.

Parameter Simulation with
direct rec.

Simulation with rec.
via tail states

Simulation with rec.
via deep traps

Active layer thickness d [nm] 100 (300) 100 (300) 100 (300)

Effective density of states conduction
band/valence band NCB/VB [cm

−3]
1019 1019 1019

Energy gap Egap [eV] 1.5 1.5 1.5

Injection barrier front/back contact ϕbf/bb [eV] 0.1 0.1 0.1

Electron/hole mobility 𝜇e/h [cm
2 V−1 s−1] 10−4 (5 × 10−4) 10−4 (5 × 10−4) 10−4 (5 × 10−4)

Relative dielectric permittivity 𝜖r 3.8 3.8 3.8

Direct recombination coefficient kdir [cm
3 s−1] 10−12 – –

Density of conduction/valence band tail states
NCBT/NVBT [cm

−3]
– 7.5 × 1017(6 × 1017) –

Urbach energy EU [meV] – 30/55/80 –

VBT hole/CBT electron capture coefficient 𝛽1
[cm3 s−1]

– 10−10 –

VBT electron/CBT hole capture coefficient 𝛽2
[cm3 s−1]

– 10−12 –

Energy level deep traps Edt [eV] – – 0.75

Density of states deep traps Ndt [cm
−3] – – 7 × 1015 (5 × 1015)

Deep trap gaussian width ΔEdt [eV] – – 0.1

Capture coefficient deep traps 𝛽dt [cm
3 s−1] – – 10−10

in Figure 2b reveals the different trends with illumination be-
tween the recombination mechanisms. In case of recombination
via tail states, the slope differs from 1 at high light intensities.
With increasing Urbach energy EU, the degree of nonlinearity
increases. In addition, the nonlinearity appears at lower light in-
tensities in comparison to direct recombination. When treating
tail state recombination as monomolecular recombination, this
behavior contradicts the 0D model which supposes a linear cor-
relation between the recombination and generation rate. Accord-
ing to our simulations, a highly linear Jsc–𝛷 relation rather in-
dicates the absence of severe band tails. In contrast, Jsc mostly
scales linearly with illumination up to one sun, when all recom-
bination occurs via trap states in the middle of the bandgap as
predicted by the rationale in Equation (9). A sublinear trend at low
light intensities therefore suggests that recombination via deep
traps is not the dominant recombination mechanism in a device.
Yet, at light intensities above 1 sun, recombination via deep traps
also causes a slope below unity in the log(Jsc)–log(𝛷) plot. Hence,
any kind of trap-assisted recombination can result in a sublinear
trend, especially recombination via tail states, making it impos-
sible to uniquely identify bimolecular recombination from Jsc–𝛷
measurements. This observation is further supported by the fact
that Jsc of a solar cell with direct recombination does also not fol-
low the trend predicted by Equation (9) but scales linearly with
light intensity until high values, where it decreases.
Figure 3 explains this linear behavior of the Jsc for low light

intensities that has been previously noted by Würfel et al.[50] Fig-
ure 3a shows the electron densities n and the hole density p as a
function of the position x in the active layer for different light in-
tensities. In the center of the absorber layer, both charge-carrier
densities scale with illumination𝛷. At the contacts, however, only

theminority-charge carrier densities depend on𝛷. As the recom-
bination rate R scales with the product of both carrier concen-
trations, the correlation with light intensity changes within the
active layer in Figure 3b. Under low illumination, the recombi-
nation rate near the contact is orders of magnitude higher than
in the center. With increasing light intensity, the recombination
in the middle becomes increasingly significant. Figure 3c shows
the recombination rate R at the contact and in the middle of the
active layer as a function of 𝛷. It has a slope of 2 in the center
indicating a quadratic correlation since both electron density and
hole density scale with illumination. At the contacts, the slope
is 1 as only the minority-carrier concentration increases. The
total recombination-current density Jrec,dir(𝛷) = q ∫ d

0 Rdir(x,𝛷)dx
follows the trend of the recombination at the contacts for low
light intensities. As the recombination at the center of the active
layer becomes more significant at high light intensities, Jrec,dir
increases more rapidly causing a nonlinear trend of the short-
circuit current density Jsc with illumination 𝛷. With this ap-
proach, Würfel et al. demonstrated that a slope of 1 does not im-
ply the absence of direct recombination.[50] Yet, in their picture
a slope below 1 is still a unique indicator for the process. With
our simulations, we have shown that other recombination mech-
anisms can also exhibit sublinear behavior.
In the presence of Urbach tails in an organic solar cell, the

nonlinearity of the short-circuit current density originates from
a light-intensity dependence of the trapped charge-carrier densi-
ties. The density of states of exponential band tails is filled up to
the quasi-Fermi level. Since the quasi-Fermi energy approaches
the band edge with increasing light intensity, also an increasing
number of trap states is occupied as illustrated in Figure 4a.
The increase of the trapped charge-carrier density nT with

Adv. Theory Simul. 2020, 3, 2000116 © 2020 The Authors. Published by Wiley-VCH GmbH2000116 (5 of 11)



www.advancedsciencenews.com www.advtheorysimul.com

Figure 3. a) Charge-carrier density n(x) and p(x) of the electrons and holes, respectively, at different light intensities in a solar cell with direct recombi-
nation only. b) Recombination rate R(x) for an illumination 𝛷 of 0.01, 0.1, and 1 sun. c) Recombination rate R in the center (x = d/2) and at the contact
(x = d) of the active layer and the total recombination-current density Jrec,dir as a function of illumination 𝛷. For low light intensities, the recombination
at the edges dominates where only the minority-charge carrier densities scale with illumination.

Figure 4. a) Energetic distribution of the density of states in a solar cell with exponential band tails and the occupation of these states at light intensities
of 1 and 0.01 suns. The number of trapped charge carriers has its maximum at the quasi-Fermi level and therefore also changes with light intensity.
b) Trapped electron density nT as a function of illumination𝛷 for Urbach energies EU of 30, 55, and 80 meV and trap states in the middle of the bandgap.
Since the trapped carrier concentrations also increase with light intensity, the recombination with these charges is nonlinear.

illumination is also shown in Figure 4b for Urbach energies
EU of 30, 55, and 80 meV. As both free and trapped carrier
densities increase with light intensity, the recombination rate
scales superlinearly with 𝛷. In addition, we note that in Urbach
tails with high values of EU nT increases less rapidly than for
low EU. Consequently, for solar cells with similar efficiency but
different Urbach energies, the one with the lowest EU shows the
strongest sublinear trend in the Jsc–𝛷 relation (see Figure S2,
Supporting Information). However, since we chose to have the
highest power conversion efficiency under 1 sun illumination
at EU = 30 meV and the lowest at EU = 80 meV for the simu-

lations, the correlation with EU is opposite in Figure 2b due to
a higher total recombination rate. Figure 4b also contains the
trapped charge-carrier density of a solar cell with deep defects.
In contrast to Urbach tails, the concentration of charges in deep
traps remains unaffected by light intensity.
For deep defects, another limitation of the 0D model applies

concerning the volume of the region that dominates the recom-
bination rate. Figure 5a shows the carrier densities n and p for
different positions x in the active layer and light intensities from
1 to 100 suns. Whereas the free charge-carrier densities increase
with light intensity, the number of charges trapped in deep defect
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Figure 5. a,b) Electron density n(x) and hole density p(x) for light inten-
sities of 1, 10, and 100 suns in a solar cell with recombination via deep
traps for a realistic relative permittivity 𝜖r (a) and for a permittivity pre-
venting space-charge effects (b). The free charge-carrier densities (solid
lines) scale with illumination 𝛷 whereas the trapped charge-carrier den-
sities (dotted lines) remain mostly constant. c,d) Normalized recombi-
nation rate R∕Rmax for increasing light intensities with 𝜖r = 3.8 (c) and
high 𝜖r (d). The width of the recombination rate decreases in a realistic
cell causing nonlinearity the short-circuit current density Jsc due to space
charges.

states remains constant in the middle of the absorber (compare
Figure 4b). In addition, the total charge density 𝜌 is decreasing
with light intensity around the center as the free electron and
hole density approach each other. Simultaneously, space charge
near the contacts builds up. As a comparison, Figure 5b shows
the charge-carrier densities for an infinitely high relative permit-
tivity, guaranteeing a constant electric field throughout the solar
cell. Indeed, it features more evenly distributed carrier densities.
Also, it should be noted that the defect states implemented in
these simulations are donor-like defects. Hence, when being oc-
cupied by a hole, they are positively charged. Therefore, an ad-
ditional space charge occurs which is maximum at x = 0 nm.
However, it is small in contrast to the symmetric space charge
building up near both contacts. The effect of this space charge
on the recombination rate can be depicted from Figure 5c,d.
They show the normalized recombination rate R/Rmax for a so-
lar cell with realistic permittivity and extremely high permittiv-
ity. In the presence of space charge, the shape of the recom-
bination rate changes with light intensity whereas it remains
the same under a constant electric field. In Figure 5c, the nor-
malized recombination rate R/Rmax is maximum in the center
but its width decreases with illumination. The normalized re-
combination rates for light intensities below 1 sun mostly coin-
cide with the one at 1 sun and are therefore not shown in Fig-
ure 5c. The resulting recombination-current density Jrec,SRH(𝛷) =
q ∫ d

0 RSRH(x,𝛷)dx ≈ qdeff (𝛷)R̄SRH(𝛷) thereby is not linear with il-
lumination since the effective thickness deff, where themajor part
of the recombination occurs, changes with light intensity. This
nonlinear recombination-current density translates to the short-
circuit current density showing the influence of space charge
even in thin devices.

Thereby, we have demonstrated that nonlinear recombination
losses can occur for all recombination mechanisms caused by
either a changing light-intensity dependence of charge-carrier
densities at different positions in the active layer or by increasing
numbers of carriers trapped in tail states. These effects violate
the 0D approximation for thin active layers and constant gener-
ation. Even when the recombination mechanism itself is mostly
linear, weak space-charge effects may even occur in thin devices.
However, organic solar cell research aims at achieving higher
active layer thicknesses for commercialization.[14,64–66] In these
layers, the generation rate can no longer be approximated as
constant throughout the absorber and space-charge effects are
increasingly significant. Therefore, we performed simulations
implementing spatially dependent generation in solar cells with
an absorber thickness d = 300 nm.

3.2. Thick Devices—The Role of Space Charge

In devices with a high absorber thickness, space-charge effects
become increasingly significant as the layer thickness exceeds
the width of the space-charge region. To illustrate the impact of
different energetic distributions of defect states on the solar cell,
Figure 6 shows the band diagrams under 1 sun illumination
and the corresponding generation and recombination rates as
a function of the position x. For direct recombination only, the
field within the active layer in Figure 6a is mostly constant with
only little band bending at the contacts. In the case of tail states,
with increasing Urbach energies from Figure 6b–d, a low-field
zone appears in the region, where generation and recombination
are high in Figure 6g–i. As reported by Wu et al.,[55] electrons are
extracted at the illuminated contact whereas holes diffuse to the
opposite contact. At the anode however, electrons are neither cre-
ated in large amounts due to the position dependent generation
rate nor can they diffuse from the cathode to the anode because
of the opposing electric field. Therefore, a positive space charge
builds up opposite to the illuminated contact causing a high-field
and a low-field region.[55,67] The diffusion-dominated low-field
regime limits the short-circuit current density as most charge
carriers recombine here (see Figure 6g–i). The band diagram in
Figure 6e for a solar cell with recombination via deep traps also
shows band bending similar to the case of EU = 30 meV and
thereby indicates that space-charge formation also matters for
deep defects at light intensities around 1 sun.
Whereas the light-intensity dependence of space charge

caused by asymmetric mobilities has already been analyzed by
Wilken et al.,[59] the influence on the Jsc–𝛷 relation of the space-
charge region due to defect states as observed in Figure 6 still
has to be investigated. For this purpose, Figure 7 shows the slope
𝛾 = d(ln(Jsc))/d(ln(𝛷)) as a function of illumination𝛷 For a realis-
tic device in Figure 7a, there is substantial nonlinearity occurring
at lower light intensities than in Figure 7b for a device with high
relative permittivity and therefore constant electric field. This ob-
servation indicates that space-charge effects are significant for
each recombination mechanism investigated. A device with di-
rect recombination also appears to be impacted by space-charge
effects. At high light intensities, 𝛾 saturates to values close to ¾
as predicted by Equation (14) for the absence of defect states. For
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Figure 6. a–e) Band diagrams of solar cells with an active layer thickness d = 300 nm that are illuminated from the right with 1 sun illumination.
f–j) Normalized generation rate G∕Ḡ and recombination rate R∕R̄ as a function of position x in the active layer. Each simulation contains only one
recombination mechanism, namely: a,f) direct recombination, a–d,g–i) recombination via tail states with increasing Urbach energy EU, and e,j) recom-
bination via deep traps. For more severe band tails, a low-field region forms where generation and recombination rates peak.

Figure 7. a,b) Slope 𝛾 = d(ln(Jsc))/d(ln(𝛷)) of the light-intensity-dependent short-circuit current density in a solar cell with an active layer thickness
d = 300 nm and spatially dependent generation for different dominant charge-carrier recombination mechanisms. For a realistic relative permittivity
𝜖r = 3.8 (a), nonlinear effects are more dominant than for a high permittivity (b) where the electric field is constant.

defect states in the form of exponential band tails, a strong non-
linearity of Jsc can be observed at low light intensities already.
The strongest impact can be seen for high Urbach energies EU
as these exhibit the most space charge. Thus, a highly linear Jsc–
𝛷 relation indicates the absence of strong tail states as already
observed for thin devices. However, the trend with EU reverses
under high illumination which is in line with Equation (17). The
trend with EU from our simulation coincides with the analyti-
cal solution for space-charge limited currents with tail states and
contradicts the behavior that one might intuitively predict. When
comparing Figure 7a,b, it occurs that next to direct and tail state
recombination, a device with recombination via deep traps also
exhibits strong space-charge effects. After showing a slope even

above 1 for low values of 𝛷, 𝛾 then falls below direct recombi-
nation around 1 sun and saturates to a relatively high value. The
positive charge from holes in the donor-like defects further in-
tensifies these space-charge effects since it is highest close to the
anode. Acceptor-like defects would decrease the positive space
charge. For the influence of the trap type on the Jsc– 𝛷 relation,
see Figure S3 in the Supporting Information. The same effect ap-
pears for actual doping. Unintentional doping has been observed
in organic solar cells[68–70] and is an additional source of space
charge limiting the photocurrent and the performance.[67,71,72]

Deledalle et al. have previously demonstrated that p-type doping
reduces the nonlinearity when the hole contact is illuminated.[73]

Here, n-type doping increases the space charge caused by the
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Figure 8. a) Free charge-carrier densities nfree and pfree of electrons and holes, respectively, and the trapped carrier densities nT and pT in defect states
in the middle of the bandgap as a function of illumination 𝛷. A linear trend with 𝛷 is indicated by the dashed line. b) Light-intensity dependence of the
carrier densities in a solar cell with a high relative dielectric permittivity 𝜖r and therefore constant electric field. c) Recombination rate R at the position
x = 250 nm in the active layer and d) slope 𝛾 = d(ln(Jsc))/d(ln(𝛷)) as a function of 𝛷 for realistic and infinitely high 𝜖r. The nonlinearity of free charges
and therefore R and 𝛾 under strong illumination only occurs for a realistic permittivity which highlights the role of space charge for solar cells with
recombination via deep traps.

asymmetric illuminationwhereas p-type doping decreases it. The
effect of doping on the light-intensity dependence of Jsc is illus-
trated in Figure S4 in the Supporting Information and coincides
with the findings by Deledalle et al.
When comparing the recombination mechanisms, most strik-

ingly, direct recombination features the least sublinearity up to
light intensities above 1 sun out of all recombination parameters
chosen. This observation opposes the conventional approaches to
the relation between the short-circuit current density and the il-
lumination displayed in Figure 7a. For the correct interpretation,
neither the 0Dmodel nor the consideration of space charges with
a Jsc ∼ G3/4 relation is sufficient. Instead, our application of the
Mark–Helfrich equation to a diode is required to explain the tail
states’ impact. The space-charge effects in the presence of deep
defects require even further examination.
For this purpose, Figure 8 shows the charge-carrier densities

around themaximum of the recombination rate R at x= 250 nm.
In Figure 8a, the free hole density pfree increases linearly with
light intensity first and then more rapidly under higher illumi-
nation. The free electron density nfree only increases slowly with
light intensity for low values of𝛷 and follows pfree for high values.
Also, the trapped carrier densities are not constant but the elec-
tron concentration nT decrease and consequently, the holes den-
sity pT increase with 𝛷. To identify nonlinearity caused by space-
charge effects, Figure 8b shows the charge-carrier densities for a
high relative permittivity 𝜖r and therefore for a constant electric
field. Indeed, in the illumination range around 1 sun, the trapped
charge-carrier densities remain constant and both nfree and pfree
increase linearly with light intensity causing a linear trend in the
recombination rate R in Figure 8c. The superlinear behavior of R
evoked by space charges yields a slope 𝛾 = d(ln(Jsc))/d(ln(𝛷)) in

Figure 8d that drops below 1 for a realistic relative permittivity 𝜖r
around 1 sun already.
Another effect can be observed at low illumination. Here, the

charges that recombine with each other have to be examined
in pairs since the recombination rate scales with the product of
nfree and pT as well as pfree and nT. The trapped electron density
nT decreases while pfree increases linearly causing the product
pfree × nT to have a slope below 1. The product nfree × pT fea-
tures the same trend resulting in the recombination rate R to
increase only slowly in Figure 8c. This sublinear recombination
rate yields values higher than 1 for 𝛾 = d(ln(Jsc))/d(ln(𝛷)) in Fig-
ure 8d. Therefore, the light-intensity dependence of the short-
circuit current density in the presence of deep trapping states can
be explained by a sublinear recombination rate under low illumi-
nation and space charges at high light intensities.
In the results presented above on solar cells with thick active

layers, we have shown that space charges can build up for each
recombination mechanism under high illumination, causing an
even more drastic nonlinearity of the Jsc–𝛷 relation than the ef-
fects discussed for thin devices. These sublinear trends cannot be
explained by the model previously used for space-charge limited
photocurrent but require the consideration of trap states.

4. Conclusion

In this work, we presented a detailed discussion on the light-
intensity dependence of the short-circuit current density Jsc
which is a method widely used to identify bimolecular recombi-
nation in organic solar cells.[29–37] The simplicity of themethod is
based on a number of assumptions including the neglect of any
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spatial dependence of the generation and recombination rate and
of space charges. Picking up on the findings by Würfel et al.,[50]

that bimolecular recombination scales linearly with illumination
𝛷, when recombination at the contacts dominates, we exam-
ined other recombination mechanisms. With our simulations,
we have shown that devices with trap-assisted recombination ex-
hibit a sublinear Jsc–𝛷 relation that might be falsely identified as
bimolecular recombination by this method. Recombination via
tail states features a sublinear trend due to the light-intensity de-
pendence of the trapped carrier concentrations. In the presence
of trap states in the middle of the energy gap, the spatial resolu-
tion of the recombination rate R gains importance as the volume
with significant recombination changes with illumination𝛷. The
effect is evoked by space charges but remains small for thin de-
vices.We have further discussed the increasing impact of charged
trap states on the Jsc–𝛷 relation under nonuniform generation
in thick devices which cannot be explained by the conventional
model for space-charge limited photocurrent in diodes.
Thereby, our simulations deliver a better understanding of the

influence of different recombination mechanisms on the Jsc–𝛷
relation that allows analyzing experimental data accordingly. A
sublinear trend measured in thin devices at low light intensities
rules out recombination via deep traps as dominant recombina-
tion mechanisms. In contrast, a highly linear correlation might
still include direct and deep trap recombination but not major
losses via tail states independent of the absorber thickness. In-
stead, strong band tails are indicated by sublinear behavior at
low light intensities in thick devices. Therefore, our work offers
a new approach to interpreting Jsc–𝛷measurements considering
several recombination mechanisms and active layer thicknesses.
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