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The Influence of Photo-Induced Space Charge and Energetic
Disorder on the Indoor and Outdoor Performance of
Organic Solar Cells

Sebastian Beuel, Paula Hartnagel, and Thomas Kirchartz*

Apart from traditional large-scale outdoor application, organic solar cells are
also of interest for powering small, off-grid electronic devices indoors. For
operation under the low light intensities that are typical for indoor application,
a high shunt resistance is required calling for thick active layers in industrial
processing to ensure maximum coverage. However, the thickness of an
organic solar cell based on energetically disordered semiconductors is limited
by space-charge effects from charged shallow defects under nonuniform
generation. While other sources of space charge such as doping and
asymmetric transport have been extensively discussed in previous studies,
this work offers a theoretical analysis of this photo-induced space charge in
shallow defects and visualizes how the space charge builds up with increasing
light intensity with drift-diffusion simulations. It is shown that the effect
particularly deteriorates the performance of an organic solar cell with high
active-layer thickness and substantial energetic disorder. However, the
simulations reveal that solar cells are less sensitive to these parameters under
low light intensities due to a reduced density of photo-induced space charge.
Therefore, a wider range of material systems and absorber thicknesses can be
viable for indoor applications than one may initially expect from testing under
1 sun illumination.

1. Introduction

The development of solar cells based on semiconducting and
solution processable molecules has a huge appeal due to the
prospect of using low-cost and high-speed printing methods
for device fabrication. While efficiencies are still trailing behind
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those of classical inorganic solar cells,[1–3]

organic photovoltaics has made substan-
tial improvements in power-conversion
efficiency in recent years.[4–8] This develop-
ment was mostly fueled by the use of novel,
small-molecule acceptor materials that re-
placed the previously used fullerene-based
acceptors and led to improved absorption
and reduced nonradiative recombination
losses.[9–15] Despite the substantial amount
of structural and conformational disorder
present in these molecular semiconductor
blends,[16–18] efficiencies of organic solar
cells under standardized test conditions
have been improved to >18%,[7,8] that is,
substantially higher than that of highly dis-
ordered inorganic solar cells such as those
based on amorphous Si absorber layers.[3]

In addition, applications of organic photo-
voltaics beyond the traditional large-scale
power generation market have become
more important, both from a scientific and
economic point of view.[19] In particular,
organic solar cells are now frequently devel-
oped and optimized for indoor applications

such as powering small, off-grid electronic devices that consti-
tute the internet of things.[20–24] A substantial part of device op-
timization for indoor applications is dealing with the increased
influence of shunts at low light intensities and with the differ-
ent spectrum of light emitting diodes (LEDs) or halogen lamps
relative to the solar spectrum.[20,24] Industrial production of solar
modules via roll-to-roll printing imposes additional constraints
on device optimization both for indoor and outdoor applications.
Reducing shunt formation during roll-to-roll printing over larger
areas requires the use of substantially thicker active layers as
is common in scientific laboratory environments.[25–29] A typical
target thickness for industrial processing is around 300 nm and
more[25,30] with most scientific publications focusing on active-
layer thickness of ≈100 nm[7,8,31–33] while only few reports exist
of highly efficient organic solar cells with absorber thicknesses
> 300 nm.[28,34–38] A key challenge for achieving high efficiencies
at thicknesses around 300 nm is the efficient collection of photo-
generated charge carriers which can be hindered by recombina-
tion losses caused by fairly low mobilities and non-ideal electric
field distributions caused by space-charge effects.[39–42] Recently,
it has been shown that in particular the combination of charge
stored in band tails caused by energetic disorder with the depth
dependence of photogeneration leads to losses in short-circuit
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current and subsequently efficiency that impose a strict limit
on the maximum absorber layer thickness.[43] While the general
principle has been shown and explained in Ref. [43], there are still
several open questions: How does the amount of energetic disor-
der and the width of the band tail relate to device performance
and how does the impact of space-charge effects change with re-
duced light intensity. The latter question is particularly important
in the context of indoor photovoltaics, where substantially lower
light intensities are available that might cause less photo-induced
space-charge formation.
Here, we show the results of numerical drift-diffusion simula-

tions of organic solar cells with energetic disorder to provide in-
sights into the formation of photo-induced space charge. For this
purpose, we first present the parameters and models required
for the simulations. Then we study the impact of photo-induced
space charge for different active-layer thicknesses and explain the
observations on a microscopic scale. Afterwards, we examine the
extent to which the severity of the band tails provokes different
behavior with light intensity. In the scope of this work, we set a
special focus on parameters that are of interest for future com-
mercialization such as thick active layers and light intensities rel-
evant for indoor application. Thereby, we provide theoretical un-
derstanding of the change in performance of an organic solar cell
between 1 sun and low light condition and highlight how solar
cells that show mediocre results under standard test conditions
could still be viable candidates for indoor application.

2. Theoretical Background

The energetic disorder in organic semiconductors originates
from their amorphous nature. Therefore, even above the high-
est occupied molecular orbital (HOMO) level and below the low-
est unoccupied molecular orbital (LUMO) level, energetic defect
states can be found. In analogy to amorphous silicon, these shal-
low defects are often called tail states.[43–48] Experimental data
detecting tail states acquired from external quantum efficiency
measurements or photothermal deflection spectroscopy can usu-
ally be well reproduced with an exponential density of band tail
states.[15,49–54] Figure S1a, Supporting Information schematically
illustrates the density of defect states defined by its characteristic
slope EU, the Urbach energy.

[55] Typical values for the Urbach en-
ergy can be found between 30 and 80meV[37,43,45,46,56] with state of
the art material systems reaching Urbach energies close to ther-
mal energy.[6,15,53,54] When a defect state near the HOMO level is
occupied by a hole, its positive charge is localized at the position
of the trap. The same principle holds for electrons that occupy the
defect states near the LUMO level. The electrons add a negative
charge to the total charge. Together with the free electron den-
sity n and free hole density p, the density pt of trapped holes and
density nt of trapped electrons contribute to a total space-charge
density 𝜌(x) = −n(x) − nt(x) + p(x) + pt(x) at a certain position
x in the active layer.[48] Figure S1b, Supporting Information visu-
alizes the charging of the defects states. The total charge density
𝜌(x) is further linked to the electric field F and the electrostatic
potential 𝜑 in the solar cell via Poisson’s equation

Δ𝜑 = −∇ ⋅ F⃗ = − 𝜌
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Figure 1. Energy diagram of organic solar cells with an active-layer thick-
ness d = 300 nm and recombination via tail states with an Urbach energy
a,c) EU = 40 meV and b,d) EU = 80 meV. The illumination appears from
the left at an intensity of a,b) 1 sun (AM1.5g spectrum) and c,d) 200 lux
of a LED light source (see Figure S3, Supporting Information for the spec-
tra). The generation current for the 200 lux illumination corresponds to
1.6 × 10−3 suns for reference. Whereas the energy bands remain mostly
straight under low illumination, strong band bending occurs at the right
contact under 1 sun. This photo-induced effect is more pronounced for a
high Urbach energy.

with the dielectric constant 𝜖0 and the relative permittivity 𝜖r.
Therefore, a negative space charge causes a decrease in the
electric field and a positive space charge causes an increase.
That way, defect states do not only promote recombination in an
organic solar cell but also alter the electric field and electrostatic
potential by contributing to a local space charge.
Figure 1 displays such a space-charge induced change of the

electrostatic potential in the form of band diagrams of a thick
organic solar cell, which is illuminated from the cathode side.
Similar to the observation by Wu et al.,[43] the band diagram
in Figure 1a exhibits a shallow region at the illuminated con-
tact and a steep increase of the conduction and valence band
energy near the back contact. As the shallow defect states get
more pronounced at an Urbach energy EU = 80 meV in com-
parison to 40 meV, more charge carriers can be trapped in prox-
imity to the back contact causing an even further expansion of
the shallow band region into the bulk. Since this phenomenon
is evoked by illumination of the solar cell, it is interesting to
note that for typical indoor light conditions of 200 lux under a
light emitting diode (LED) in Figure 1c,d (corresponding to 1.6 ×
10−3 suns under solar illumination), the bands remain mostly
straight throughout the entire cell. This light-intensity depen-
dent effect differs from the influence of other sources of space
charge. Additional space charge due to doping, for instance, ap-
pears independent of the illumination condition.[43,57] Also, a
light-intensity dependent space-charge region has been observed
for asymmetric mobilities.[39,58–60] However, in the case of asym-
metric mobilities the space charge builds up at the contact where
the less mobile charge carriers are extracted.[39,58,59] In contrast,
Wu et al. noted that the space-charge region in the absence of
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asymmetric mobilities but presence of energetic disorder builds
up at the contact opposite to the illuminated surface.[43] This
unique behavior therefore requires further examination. Espe-
cially the light-intensity dependence of the space-charge effects
implied by Figure 1 illustrates the need for a detailed analysis of
the origin and the impact of space charge in tail states on the
performance of organic solar cells.
To study the influence of energetic disorder on organic solar

cells and to isolate the effect of space charge, numerical drift-
diffusion simulations are a powerful tool. In this work, we use
the Advanced Semiconductor Analysis (ASA) software, which
was originally developed for amorphous silicon.[61] Alongside
models for optical generation, ASA incorporates a solver of
Poisson’s equation, the continuity and transport equations with
the finite differences method, which is typical for semiconductor
simulation software.[47,62–64] In order to apply ASA to an organic
solar cell, the effective medium approximation is used. It treats
the bulk heterojunction as one semiconductor with the HOMO
of the donor as the valence band and the LUMOof the acceptor as
conduction band.[47,65] The usage of the effectivemedium approx-
imation in ASA has yielded results that were in good agreement
with experimental data in previous studies on organic solar
cells.[44,66–69] The energetic disorder of the organic materials is
implemented by including conduction and valence-band tails in
the model. Thereby, charge-carrier recombination can take place
between a free charge carrier in the energy bands and a trapped
charge carrier in the band tails. In order to exclusively investigate
the impact of the tail states, other recombination mechanisms
such as band-to-band recombination and surface recombination
are excluded in our model. These tail states are realized by a
number of discretized energy levels that are treated as donor-like
defects for the valence-band tails and acceptor-like defects for
conduction-band tails. The charge in the energy levels is also
accounted for in the process of solving Poisson’s equation.
In simulations, there is the opportunity to suppress the influ-

ence of these space charges by choosing an infinitely high value
for the relative permittivity. Thereby, one sets the variation of the
electric field to zero and forces straight bands. Figure S2, Sup-
porting Information illustrates how the case of no space-charge
effects can help understanding their impact for a realistic permit-
tivity with the example of a band diagram.
For the process of charge generation, we use a set of opti-

cal data to model a device consisting of an indium tin oxide
electrode on quartz glass, a zinc oxide electron transport
layer, poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-
b’]dithiophene-2,6-diyl-alt(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diy]:5,5’-[[4,4,9,9-tetrakis(2-
ethylhexyl)-4,9-dihydro-s-indaceno[1,2-b;5,6-b’]dithiophene-2,7-
diyl]bis(2,1,3-benzothiadiazole-7,4-diylmethylidyne)]bis[3-ethyl-
2-thioxo-4-thiazolidinone] (PTB7-Th:Eh-IDTBR) active layer,
a molybdenum trioxide hole transport layer and a silver an-
ode and to create a generation profile in ASA. The air mass
1.5global (AM1.5G) solar spectrum is used as the source of
illumination when not stated otherwise. To further investigate
the performance of organic solar cells under indoor conditions,
we also apply the spectrum of a LED with a color temperature
of 2700 K that fits the absorption of the active layer. Figure
S3, Supporting Information displays the spectra of both light
sources, whereas Figure S4, Supporting Information shows

Table 1. Parameters used for the simulation of organic solar cells in ASA
when not stated otherwise.

Parameter Symbol Default value

Active-layer thickness d 300 nm

Effective density of states conduction
band/valence band

NCB/VB 1019 cm−3

Effective bandgap energy Eg,eff 1.5 eV

Injection barrier front/back contact ϕbf/bb 0.1 eV

Electron/hole mobility 𝜇e/h 5 × 10−4 cm2V−1s−1

Relative dielectric permittivity 𝜖r 3.8

Total density of conduction-/valence-band
tail states

NCBT/NVBT 1018 cm−3

Urbach energy EU 40 meV

VBT hole/CBT electron capture coefficient 𝛽1 10−8 cm3s−1

VBT electron/CBT hole capture coefficient 𝛽2 10−12 cm3s−1

the resulting generation rate at 1 sun and 200 lux for different
active-layer thicknesses. For instance, in a 300 nm thick device,
the generation current for 200 lux illumination is equivalent to
1.6 × 10−3 suns. To provide further guidance for the units of
light intensity used in this work, Figure S5, Supporting Infor-
mation shows the illuminance in lux of the LED as a function of
irradiance in suns for equivalent generation-current densities.
In addition to the thickness and light intensity, we also vary the
Urbach energy of the tail states. All the other parameters are kept
constant throughout the simulations and are listed in Table 1.
Figure 2 shows some exemplary current-voltage characteris-

tics of organic solar cells simulated with the parameters given
in Table 1. The complete set of JV-characteristics under 1 sun il-
lumination can be found in Figure S6, Supporting Information.
Figure 2a illustrates the performance of solar cells with absorber
thicknesses of 100, 300, and 500 nm under a low light intensity
of 200 lux by a LED. Here, the open-circuit voltage Voc, the fill
factor FF and the short-circuit current density Jsc do not change
drastically. The short-circuit current density Jsc increases with in-
creasing thickness due to the gain in charge-carrier generation.
However, in the case of 1 sun illumination in Figure 2b, the short-
circuit current density Jsc increases from 100 to 300 nm but is sig-
nificantly reduced for 500 nm. Along with the losses in fill factor,
this behavior implies a reduced efficiency of charge-carrier col-
lection outweighing the gain in photogeneration with increasing
thickness. The different behavior in terms of active-layer thick-
ness under high and low illumination therefore visualizes the
presence of photo-induced effects in organic solar cells with in-
herent energetic disorder.

3. Results

3.1. Space-Charge Effects Depending on Illumination and
Absorber Thickness

Since organic solar cells with a thick active layer typically exhibit
stronger space-charge effects, we focus our analysis on the
light-intensity dependence of characteristic quantities of solar
cells with absorber thicknesses of 100 to 500 nm. For the purpose
of analyzing the efficiency of charge-carrier collection in these
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Figure 2. Current density J as a function of applied voltage V for active-layer thicknesses of 100, 300, and 500 nm a) at low light intensity of 200 lux
under a LED and b) at 1 sun illumination. The operating illumination condition greatly influences the overall shape of the JV-characteristics. Whereas
the short-circuit current density Jsc increases with increasing active-layer thickness at 200 lux, it decreases for 500 nm at 1 sun, implying that there are
charge collection problems for thick cells at 1 sun that do not exist at 200 lux.

Figure 3. a) Short-circuit current density Jsc divided by the generation-current density Jgen corresponding to the light intensity Φ, b) fill factor FF, c)
open-circuit voltage Voc, and d) power-conversion efficiency 𝜂 as a function of light intensity Φ for 100, 200, 300, 400, and 500 nm active-layer thickness
d. The characteristic energy EU of the exponential band tails is 40 meV. As d increases, the onset of the efficiency reduction shifts to lower light intensities
mainly caused by a decrease in fill factor FF. The ratio Jsc/Jgen resembles an extraction efficiency, which is reduced for high light intensities.

devices, we define the extraction efficiency Jsc/Jgen as the ratio of
the short-circuit current density Jsc and the generation-current
density Jgen, which is shown in Figure 3a as a function of light
intensity Φ. The characteristic parameters fill factor FF, open-
circuit voltage Voc and power-conversion efficiency 𝜂, obtained
from the JV-curves are shown in Figure 3b–d, respectively, as a
function of light intensityΦ. In Figure 3a the extraction efficiency
Jsc/Jgen remains almost constant and close to unity at light inten-
sities of 10−4 to 10−2 suns for all absorber thicknesses. As light

intensity is further increased, the extraction efficiency decreases,
for which the onset of the reduction is located at lower light
intensity for higher absorber thicknesses. A similar trend can
also be observed in the curves of the fill factor FF in Figure 3b,
where FF remains constant at first and decreases for higher light
intensities. The onset of the reduction also exhibits a similar
dependence on absorber thickness compared to the extraction
efficiency, however, occurring at slightly lower light intensities.
The difference between the onsets for strong light-intensity
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dependence of fill factor and extraction efficiency can be ex-
plained considering the voltage range of these parameters.
Whereas the ratio Jsc/Jgen resembles the charge-carrier extraction
at the applied voltage V = 0 V, the fill factor correlates to the
charge-carrier extraction at V > 0 V. Since the internal electric
field Fint = (Vbuilt-in − V)/d in the active layer is reduced by the
applied voltage V, a change in the overall charge-carrier collec-
tion could be identifiable in the fill factor even at relatively low
light intensities. In contrast, for the entire light-intensity range,
the open-circuit voltage Voc in Figure 3c increases exponentially
with light intensity Φ and is higher for smaller absorber-layer
thicknesses. The slope of this linear increase on a logarithmic
light-intensity scale reflects the ideality factor of the system
which is supposed to remain constant as long as the Urbach
energy is identical in all solar cells.[67] The increase of the
open-circuit voltage with light intensity predominantly causes
the initial rise of power-conversion efficiency in Figure 3d.
However, the dependence on the active-layer thickness at low
light intensities of 10−4 to 10−3 suns is reverse to the one of
the open-circuit voltage Voc and the fill factor FF. The reason
for the enhanced power-conversion efficiency for thicker cells
up to 400 nm is the charge-carrier collection decreasing not as
quickly as the generation current increases with thickness. As a
consequence, the short-circuit current density Jsc in Figure S7,
Supporting Information is higher for thicker solar cells causing
higher power-conversion efficiencies for increased absorber
thickness. For light intensities above 10−3 suns, the efficiency
decreases with light intensity while the onset of the decrease
successively shifts to lower light intensities with increasing
thickness. These observations could be interpreted as a charge-
carrier collection loss depending on the illumination condition,
which gains in severity when the absorber thickness d is in-
creased. Most notably, the decreasing trend of power-conversion
efficiency is reflected in the FF-light intensity relation. This shift
in maximum of the power-conversion with increasing absorber
thickness is of special interest for the application of organic
solar cells as a thick device, which is performing poorly under
standardized test conditions but could still exceed the power-
conversion efficiency of a 100 nm-device under low illumination.
In addition, the spectrum of light sources providing such low
illumination under indoor conditions can coincide with the
absorption range of the organic semiconductors. Therefore,
even higher power-conversion efficiencies can be observed when
operating an organic solar cell under LED illumination as shown
in Figure S8, Supporting Information.
Considering these efficiency gains for indoor applications, it

could be helpful for solar cell design to estimate how a solar cell
based on disordered materials performs under low light LED il-
lumination relative to its performance under one-sun conditions.
For this purpose, the ratio of power-conversion efficiency 𝜂LED at
the light intensity Φ of a LED and the efficiency 𝜂1 sun at 1 sun
is shown in Figure 4. The 100 nm cell generally performs bet-
ter under a LED than under solar illumination but shows no re-
duction of efficiency losses when operated under low light condi-
tion, since no significant power-conversion efficiency loss due to
a photo-induced collection-efficiency reduction occurs. However,
with increasing thickness, a gain in efficiency of up to 380% for a
cell thickness of 500 nm can be identified. Considering that large
scale processing for commercial application of organic solar cells

Figure 4. Ratio of power-conversion efficiency 𝜂LED under LED illumina-
tion and the power-conversion efficiency 𝜂1 sun at 1 sun from Figure 3 as
a function of light intensity Φ for 100, 200, 300, 400, and 500 nm active-
layer thickness. The reduction of efficiency losses when operated under
low light intensity increases for larger absorber-layer thicknesses.

Figure 5. Light-intensity dependent power-conversion efficiency 𝜂 and ex-
traction efficiency Jsc/Jgen for an absorber-layer thickness of 300 nm and a
relative permittivity of 𝜖r = 3.8 and 𝜖r = 105. The characteristic energy
EU of the exponential band tails is 40 meV. The solar cell with 𝜖r = 3.8
performs better at low light intensities up to 2 × 10−1 suns than the de-
vice with 𝜖r = 105. Under higher illumination, the device with suppressed
space-charge effects is superior.

demands thicknesses above 300 nm, the reduction of photocur-
rent collection losses under indoor-light condition implies that
high efficiencies in thick organic solar cells are easier to reach
under low light conditions than under one sun conditions.
In order to analyze the impact of space charge on these effi-

ciency gains, Figure 5 shows the power-conversion efficiency 𝜂

alongside the extraction efficiency Jsc/Jgen as a function of light
intensity Φ for a solar cell with realistic permittivity and a solar
cell with a relative permittivity that allows no field perturbation.
For simplicity, we will in the following focus on an organic so-
lar cell with an active-layer thickness d = 300 nm and an Ur-
bach energy EU = 40 meV. The understandings of the device
physics obtained by this analysis, however, can be applied to other
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Figure 6. Electric field distribution along the position x in the active layer
for different light intensities. A field reduction with increasing light inten-
sity occurs at the side of illumination at the cathode (x = 0 nm), where the
normalized generation rate profile G(x)/Gmax has a global maximum. The
deviation from the constant built-in field Fbuilt-in = Vbuilt-in/d indicated by
the dashed line increases with illumination.

layer thicknesses andmagnitude of tail states as well. In this case
study, the impact of space charge can be observed in the extrac-
tion efficiency Jsc/Jgen. The decrease at high light intensities for a
realistic permittivity is strong in comparison to the case of an ar-
bitrarily high permittivity indicating that the collection of charges
is hindered by an accumulation of space charge for a realistic per-
mittivity. Similarly, the onset of the decrease in power-conversion
efficiency 𝜂 is shifted towards higher illumination in the absence
of space-charge effects, once again indicating a space-charge lim-
ited performance. At low light intensities, however, the power-
conversion efficiency 𝜂 as well as the extraction efficiency Jsc/Jgen
are lower for 𝜖r = 105 than for 𝜖r = 3.8 whichmight seem coun-
terintuitive. To further understand this observation as well as the
general impact of space charge, a deeper understanding of the
microscopic effect of energetic disorder is required.
Therefore, we investigate the change of the electric field with

light intensity in Figure 6. Close to the cathode, the electric field
is high but suffers a steep decrease resulting in a low-field re-
gion. Towards the anode, the electric field increases again. With
decreasing light intensity, the low-field region extends less to-
wards the front contact and becomes less intense. Still, at very
low light intensities, it remains below the value of the built-in
field Fbuilt-in = Vbuilt-in/d, which corresponds to the electric field
in a solar cell with infinitely high relative permittivity. Also, the
electric field near the contacts exceeds the built-in field Fbuilt-in
and therefore enhances transport in these regions. Remarkably,
under illumination of 10−4 suns, this front region of enhanced
transport extends around 20 nm into the bulk and thereby co-
incides with the region with the highest generation rate in the

solar cell. Herein lies a possible explanation for the superior per-
formance at low light intensities of a solar cell with realistic per-
mittivity compared to one with no space-charge effects that was
observed in Figure 5. Since the electric field with space-charge
effects is higher than the built-in field for high permittivity in the
region, where most charge carriers are generated, more charge
carriers can be extracted. Therefore, a space charge disturbing
the electric field could also be beneficial for the solar cell per-
formance which highlights the importance of understanding the
formation of space charge.
To visualize these space charges, Figure 7 shows the spatial

density distribution of (a, b) free electrons n and holes p and (c,
d) trapped electrons nt and trapped holes pt for different light in-
tensities Φ and for 𝜖r = 105 and 𝜖r = 3.8, respectively. Here, the
dashed lines highlight the region, where n ≈ p or nt ≈ pt. Both,
free and trapped charge-carrier densities exhibit a similar shape,
but the trapped charge-carrier densities are higher for lower light
intensities. In the case of 𝜖r = 105, the charge-carrier density of
both, free electrons and free holes, increases in the bulk region
of the absorber layer with Φ, whereas the majority-charge carrier
density at the contacts at x = 0 nm and x = 300 nm stays con-
stant. In contrast, the minority-charge carrier density is higher
at the illuminated contact than at the anode. When considering
the difference of n + nt and p + pt around x = 0 nm, it is clear
that the net-space charge density 𝜌 is determined by the free and
trapped electron concentration as it is much higher than the hole
concentrations in this region. Whereas the electrons are readily
extracted, the holes that are still generated in large amounts
propagate to the anode. At the position marked by the dashed
line, the density of holes exceeds the electron density limiting
the negative space-charge region to the first 80 nm. Towards
the anode side of the solar cell, less and less charge carriers are
generated due to the nonuniform generation profile. Hence, the
holes that were generated at the illuminated contact pile up while
there are few electrons to compensate this positive space charge.
As a consequence of the high hole density, the trap states in the
valence band tails are also more occupied, further amplifying the
positive space charge. Whereas this space charge has no effect
at 𝜖r = 105, the accumulation of negative space charge at the
cathode and of positive holes near the anode screens the electric
field from the contacts for 𝜖r = 3.8. The integrated charge from
the front and back causing an electric field in the center of the
cell is therefore lower, resulting in a low electric field as observed
in Figure 6. This alteration of the electric field also affects the
electron and hole densities themselves for 𝜖r = 3.8. The in-
terplay of electric field redistribution and reallocation of charge
carriers determined by Poisson’s equation results in the steady
state charge-carrier densities displayed in Figure 7b,d. This
spatial resolution of the free and trapped charge-carrier densities
reveals a change in the space-charge effects with light intensity.
Evidently, the space-charge regions at the front and back contact
extend further into the bulk at low light intensities. The low
electric field in the front region between 25 and 150 nm causes
the charge carriers to pile up leading to no net-space charge in
this region. As indicated by the dashed lines, the volume, where
n ≈ p and nt ≈ pt, occupies more space of the absorber as light
intensity increases. Thus, a photo-induced positive space charge
that is increasingly localized at the back contact leads to more
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Figure 7. a,b) Spatial distribution of free electron density n and hole density p, c,d) spatial distribution of trapped electron density nt and trapped hole
density pt and c,d) total recombination rate U(x) in the case of 𝜖r = 105 and 𝜖r = 3.8, respectively, for light intensities Φ ranging from around 10−4 suns
to 10 suns at V = 0 V. The dashed lines in (a) and (b) highlight the region, where n ≈ p, and in (c) and (d) the region, where nt ≈ pt. The active-layer
thickness is 300 nm and the characteristic energy EU of the exponential band tails is 40 meV. Both, free and trapped charge-carrier densities exhibit
a similar shape but the trapped charge-carrier densities are higher for lower light intensities. In the bulk region coinciding with the observed low-field
region, an accumulation of both charge-carrier types occurs for 𝜖r = 3.8, drastically increasing U(x) above 10−1 suns.

and more screening of the electric field causing a region that
limits charge transport.
The observed redistribution of charge-carrier densities upon

illumination greatly influences the shape of the local recombina-
tion rate U(x) shown in Figure 7e for 𝜖r = 105 and Figure 7f for
𝜖r = 3.8. In both cases, the recombination rate is highest in the
proximity of the contacts for low light intensities. However, with
higher light intensity, the bulk region, where both charge-carrier
types scale with light intensity, gains in strength. This behavior
of the recombination rate coincides with what has been observed
for band-to-band recombination in previous studies.[70,71] As a
result, the recombination rate in the case of 𝜖r = 105 is almost
homogeneous at 10 suns. On the other hand, in the case of 𝜖r =
3.8, the recombination rate starts to scale superlinearly with
light intensity Φ in the low-field region quickly surpassing the

recombination rate at the contacts. These variations in scaling
of the recombination rate with illumination can possibly be
reflected in the total recombination-current density Jrec. For
further details on the relation of charge-carrier density, recombi-
nation rate and recombination-current density with illumination
intensity, we refer to the Figures S9,S10, Supporting Informa-
tion. Thereby, examining the spatially resolved recombination
rate can further aid understanding the light-intensity dependent
performance of an organic solar cell.
Herein, we have illustrated how space charge builds up

under increasing light intensity screening the electric field
from the contacts with the example of an organic solar cell with
an active-layer thickness of 300 nm and an Urbach energy of
40 meV. In previous studies, it was already observed that the
resulting low-field region in proximity of the illuminated contact
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Figure 8. Light-intensity dependent a) extraction efficiency Jsc/Jgen, b) fill factor FF, c) open-circuit voltage Voc and d) power-conversion efficiency 𝜂 for
different Urbach energies EU ranging from 30 to 100 meV in steps of 10 meV and an absorber thickness d = 300 nm. As the Urbach energy increases,
the onset of efficiency reduction shifts to lower light intensities.

is more pronounced for Urbach tails with higher characteristic
energy.[43,71] Hence, a thorough analysis of the photo-induced
space-charge effect on the performance of organic solar cells
with different Urbach energies under consideration of the
illumination condition is required.

3.2. The Role of the Urbach Energy

As observed in Figure 1, the effects of photo-induced space
charge that were discussed above are more prominent for tail
states with a high Urbach energy EU. As the defect states extend
further into the energy gap, more space charge will accumulate
altering the electric field. This effect is shown in the Figure S11,
Supporting Information for a variety of Urbach energies. As a re-
sult, the JV-characteristic of an organic solar cell also changes
with the shape of its Urbach tails. Figure 8 shows the extrac-
tion efficiency Jsc/Jgen in (a), the fill factor FF in (b), the open-
circuit voltage Voc in (c) and the power-conversion efficiency 𝜂 in
(d) as a function of light intensity Φ with an absorber thickness
d = 300 nm. The Urbach energy EU is varied from 30 meV to
100 meV. As the density of states of the shallow defects extends
further towards midgap for high Urbach energies EU, all param-
eters decrease with increasing tail slope. For high Urbach ener-
gies, the extraction efficiency Jsc/Jgen increases slightly with light
intensity, before decreasing for higher illumination. Whereas the
extraction efficiency Jsc/Jgen exhibits a steep reduction for EU =
30 meV and light intensities above 1 sun, the decrease progres-
sively flattens for higher Urbach energies as the recombination
current diminishing the generation current scales with the tail

slope. The fill factor in Figure 8b shows a similar behavior while
the onset of the decrease is shifted to lower light intensities. As
a result, the fill factor decreases for all light intensities which is
contrary to the experimental and theoretical results recently pre-
sented by Xiao et al.[72] They observed that solar cells with severe
band tails exhibit a positive relation between the fill factor and
light intensity.[72] As their discussion focusses on thin devices,
Figure S12, Supporting Information shows the characteristic so-
lar cell parameters for an active-layer thickness of 100 nm. In-
deed, the results of our drift-diffusion simulations also feature
an increase in fill factor with light intensities for high Urbach
energies. However, this effect of the shallow defects competes
with the influence of photo-induced space charge that is studied
in this work. Figure 8 therefore shows that for thicker devices,
space-charge effects due to energetic disorder outweigh the ef-
fect reported by Xiao et al. Besides the fill factor, the open-circuit
voltage Voc also exhibits a dependence on the Urbach energy.
The slope of the open-circuit voltage Voc determined by the ideal-
ity factor nid increases with higher Urbach energies according to
nid = 2/(1 + kT/EU).

[67,73,74] Evidently, the onset of the efficiency,
fill factor and extraction efficiency reduction shifts to lower light
intensities with higher Urbach energies EU caused by amore pro-
nounced photo-induced space charge sufficiently screening the
internal electric field in the proximity of the cathode even at lower
light intensities. By reducing the internal electric field, charge-
carrier collection is hence degraded for high Urbach energies.
Generally, the performance of solar cell material systems de-

grades with higher Urbach energy as seen in Figure 8, but also
the difference in performance between operating at high light in-
tensity and low light intensity is dependent on theUrbach energy.
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Figure 9. Power-conversion efficiency 𝜂LED under a LED light source of an organic solar cell with absorber-layer thickness of 300 nm normalized to the
power-conversion efficiency 𝜂1 sun at 1 sun a) as a function of light intensity Φ for Urbach energies EU from 30 to 100 meV in steps of 10 meV and b) as a
function of EU at 200 lux (corresponding to 1.6 × 10−3 suns under solar illumination). The power-conversion efficiency gain according to (b), increases
at first with EU and then reaches a maximum gain of around 178%. This observation suggests, that even material systems with high Urbach energies,
despite performing poorly at standard test conditions, could still be used at low light-intensity working condition.

Especially under a LED, high power-conversion efficiency gains
can be expected as visualized in Figure S13, Supporting Informa-
tion. Therefore, similar to the thickness dependence, a guideline
can be provided for estimating the possible gain in performance
of organic solar cell material systems with different Urbach en-
ergies EU characterized at 1 sun illumination but operated un-
der indoor condition, under which charge-collection losses can
be minimized. This guideline could help to evaluate, whether a
material systemwith highUrbach energy EU, despite performing
poorly under standard test conditions, could still be viable for in-
door applications considering the reduction of efficiency losses.
Figure 9a shows the power-conversion efficiency 𝜂LED of a solar

cell with an active-layer thickness of 300 nm illuminated by a LED
normalized to the power-conversion efficiency 𝜂1 sun at 1 sun as
a function of light intensity Φ. The maximum power-conversion
efficiency gain shifts to lower light intensities due to the onset of
significant collection losses observed in Figure 8 also shifting to
lower light intensities with increasing Urbach energy EU. For a
small Urbach energy of 30 meV, the power-conversion efficiency
gain amounts to around 140% at 200 lux. More significantly,
when a solar cell composed of a material system with a higher
Urbach energy of 65 meV is measured under standard test con-
ditions exhibiting poor performance, then the power-conversion
efficiency could potentially increase by 178% at 200 lux working
condition. The resulting power could be sufficient for certain ap-
plications. Organic solar cells with a high Urbach energy exhibit
a photo-induced space charge at 1 sun and therefore perform bet-
ter at low light intensities where there is no low-field region lim-
iting the transport. In comparison, devices with a low Urbach en-
ergy encounter almost no impairment due to space-charge effects
at any light intensity. However, the positive trend of the power-
conversion efficiency gain with EU at low light condition does not
proceed for Urbach energies above 65meV. As can be seen in Fig-
ure 9b, where the normalized efficiency 𝜂LED/𝜂1 sun is shown as a
function of Urbach energy EU at 200 lux of the LED spectrum,
the power-conversion efficiency gain decreases again to around

150% for EU > 65 meV. For Urbach energies EU > 65 meV, the
electric-field redistribution could already be significant at light
intensities around 200 lux. Therefore, material systems only per-
form significantly better under low light conditions when space-
charge effects occur at 1 sun but not 200 lux.
Still, this analysis has shown that a material system that

exhibits bad performance under standard test conditions due
to severe band tails, but has favorable properties for low light
application such as a high Voc, or absorbance that matches the
spectrum of the indoor-light source, should not be discarded
before testing under low illumination condition. Our results
imply, that a reduction of efficiency losses can be expected that
might be sufficient for certain indoor applications.

4. Conclusion

In recent years, organic solar cells with lowUrbach energies have
exhibited record power conversion efficiencies highlighting the
importance of energetic disorder on the performance of organic
solar cells.[6,15,53,54] One of the key loss mechanisms in the pres-
ence of such tail states is the accumulation of space charge in the
defect states, when charge-generation is nonuniform in the de-
vice. In this work, we use drift-diffusion simulations to visualize
how this space charge builds up with increasing light intensity
and how the electric field is altered in the process. The effect of
space charge increases with thick active layers, with the degree
of energetic disorder and with light intensity. However, our re-
sults imply that these devices that function poorly under high
illumination can still undergo drastic efficiency increases under
low light conditions. As the light induced space charge is less
pronounced at for instance 200 lux, devices with thick active lay-
ers and high energetic disorder can still be viable candidates for
indoor application.
In experimental work, these photo-induced space-charge

effects together with resistive effects will determine the per-
formance change of an organic solar cell under different
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illumination conditions. Therefore, the understanding of the
light-intensity dependent impact of energetic disorder presented
in this work is crucial to correctly interpret experimental data
and identify promising materials for indoor applications.
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