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Simple experimental test to distinguish extraction and injection barriers at the
electrodes of (organic) solar cells with S-shaped current-voltage characteristics
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aBiomolecular and Organic Electronics, IFM, Linköping University, 58183 Linköping, Sweden
bInstitut für Angewandte Photophysik, Technische Universität Dresden, George-Bähr-Str. 1, 01069 Dresden, Germany

Abstract

Adjusting the work function of the two electrodes to the energy levels of the intrinsic active materials of an organic
solar cell is crucial for a good device performance. Often, injection barriers (in combination with selective contacts
blocking one charge carrier species) caused by a misaligned metal work function or extraction barriers resulting from
insulating intentional or unintentional interlayers between metal and active layers, result in a decrease in fill factor seen
in the extreme case in S-shaped current-voltage (J-V ) characteristics. To avoid this S-kink, it is essential to identify its
origin, desirably applying a simple experimental method. We propose an approach based on analyses of current-voltage
data as a function of illumination intensity. A normalization of the J-V curves at the saturated photocurrent reveals
distinctive features for each type of barrier. We apply the method to planar heterojunction small-molecule and bulk
heterojunction polymer solar cells with oxidized metal electrode or plasma-treated active layer and explain the theory
with a drift-diffusion model.

Keywords: organic solar cell; S-shape; barrier; electrode; drift-diffusion model; plasma-treatment

The development in organic photovoltaics is mainly
driven by new materials [1, 2]. These materials require
tailored interfaces to the electrodes. Furthermore, at the
crossover from laboratory to large-scale fabrication, or-
ganic photovoltaics are increasingly affected by process-
ing, stability, economic and environmental constraints re-
garding the employment of electrode materials and the
sequence of layer deposition [3, 4]. Therefore, new archi-
tectures arise which show the need of a better control of
interface properties to achieve a similar performance as de-
vices in the standard architecture [5]. However, often a de-
crease of solar cell performance is observed when employ-
ing alternative electrodes. Mostly the open-circuit voltage
(Voc) or the fill factor (FF) are negatively affected. The
low FF often comes along with distorted current-voltage
(J-V ) curves in the extreme case showing inflection points
close to Voc (so-called S-kink) [6, 7, 8, 9].

In our previous work we explained the factors giving
rise to S-kinks [10, 11, 12]. There, we identified energy
barriers at the electrodes as the main reason. Other stud-
ies investigated the role of energy barriers due to mis-
aligned electrode work functions as well[13, 14, 15, 16].
Using tailored experiments and accompanying simulations
we demonstrated a correlation of the barrier height and
the strength of the S-kink. Combining materials with dif-
ferent energy levels, we realized injection and extraction
barriers for charge carriers, both giving rise to S-kinks in
the J-V curves of planar heterojunction solar cells [10].

Email address: woltr@ifm.liu.se (Wolfgang Tress)

These S-kinks look similar independent of the type of bar-
rier. However, this strategy of intentionally incorporating
energy barriers is neither a common nor a desired approach
when designing and fabricating solar cells. Commonly, an
unwanted S-kink is observed during the characterization
of a novel device. Therefore, the reasons for the S-kink
are initially unknown and it would be highly desired to
extract them directly from the current-voltage character-
istics. This knowledge would allow a fast and system-
atic improvement of the device performance, as the correct
measure will depend on the kind of problem, i.e. type of
barrier, present: An extraction barrier implies that charges
cannot leave the device because the interface (layer) is not
well-conducting or shows a huge energy barrier for charges
when being extracted. This issue requires making this ma-
terial more conducting and thinner, or completely replace
it. Injection barriers, however, mean that the work func-
tion of a selective electrode is not sufficiently high (low)
to match the HOMO (LUMO) of the donor (acceptor). In
this case, a modification of its work function by introduc-
ing a dipole layer will increase the fill factor. Thus, the
correct measure to take depends on the knowledge of the
factor causing the S-kink.

Here, we propose a simple experimental approach to
identify the correct type of barrier. This method only
requires J-V measurements in an illumination intensity
range of about 0.001 to 1 sun. We will show that a nor-
malization of the intensity dependent current-voltage data
at a reverse bias point directly discloses the reason for the
S-kink. We elaborate this method on small-molecule so-
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lar cells where the barriers are intentionally introduced
and known in type and magnitude. A generalization and
explanation is done using drift-diffusion simulations. Fur-
thermore, we show the power of this approach by applying
it to inverted polymer-fullerene solar cells with interface
modifications.

We first discuss the case of an extraction barrier.
Charge carriers, in our case, holes experience an energy
barrier for extraction, which might result from an insu-
lating layer between metal electrode and active layer. In
the device whose data is shown in Fig. 1(a), the extrac-
tion barrier is intentionally created by a deeper lying high-
est molecular orbital (HOMO) of the hole-transport layer
(HTL) compared to the donor [see inset of Fig. 1(a)]. As
discussed in Ref. [10] this energy barrier can lead to S-
shaped J-V curves. This S-kink is present for illumina-
tion intensities down to 0.005 suns, as shown in Fig. 1(a)
where the J-V data recorded under varied illumination in-
tensities is normalized at reverse bias. The voltage (here
−0.5 V) should be chosen in a way that the normalized
J-V curves coincide below this value. Ideally from this
point on the photocurrent should be saturated and the
choice of the exact voltage value is insignificant. In real
devices a trade-off has to be found to decrease effects of
the dark curve (e.g. break-through) which governs the cur-
rent of the lowest intensity curve in Fig. 1(a). To reduce
the effects of the dark current, one might plot normalized
photocurrent data as difference between the J-V curves
under illumination and in dark. The normalization allows
for a comparison of the strength of the S-kink which is pro-
nounced for the highest intensities and decreases gradually
until it vanishes for low intensities. This behavior leads to
points of intersection of the normalized J-V curves as Voc

increases with light intensity. These points of intersection
are characteristic for the presence of an extraction barrier,
as visualized with simulation data in Fig. 2(a).

This trend in the strength of the S-kink can be ex-
plained when looking at the reason for the S-kink visu-
alized in Fig. 3(a). There, spatial profiles of charge den-
sity and electric field are plotted showing that photogen-
erated holes pile up in front of the barrier at the interface
donor/HTL. This charge partly screens the field in the de-
vice which originates from the built-in potential (Vbi) at
0 V applied bias. For applied bias voltages, the field in the
device is given by a superposition of both potentials. Due
to the screening effect, most of the potential drops over
the intrinsic HTL which behaves like the dielectrics of a
capacitor. The enhanced field in the HTL gives rise to a
reduced field in donor and acceptor and in particular at
the D/A interface. This lower field leads to a higher prob-
ability of recombination at the D/A interface. Therefore,
the photocurrent at a fixed applied bias is reduced com-
pared to a solar cell without barrier at the same applied
bias. That is why the J-V curve shows an S-kink. The
increased strength of the S-kink with illumination inten-
sity is already included in this explanation. The higher the
intensity, the more charges are photogenerated which can

pile-up at the barrier [Fig. 3(a)]. Therefore, at a fixed volt-
age point (shown here 0 V) the field increases in the HTL
and decreases at the D/A interface with enhanced light
intensity. Thus, a higher share of the generated charges
will recombine. Normalizing the J-V curve to the satu-
rated reverse photocurrent gives rise to plots like those in
Figs. 1(a) and 2(a).

Now we turn focus to devices with an injection bar-
rier, which arises from a work function of the electrode
within the energy gap of a semiconductor or in our case a
HOMO of the HTL lying higher than the HOMO of the
donor. We again plot normalized J-V data [Fig. 1(b)]. At
first glance the data looks similar to the case of an ex-
traction barrier. However, there is a distinct difference: a
point of intersection of the normalized J-V curves cannot
be observed. Several curves for intensities larger than 0.1
suns coincide until a point close to Voc. This effect is repro-
duced in simulation data shown in Fig. 2(b). The reason is
related to the origin of the S-kink in the presence of an in-
jection barrier. An injection barrier implies a low built-in
potential Vbi compared to the HOMOdonor-LUMOacceptor

difference. This means that in case of a selective device ar-
chitecture (selective contacts or a planar heterojunction),
a Voc higher than Vbi is possible. In such a case the cur-
rent close to Voc is completely diffusion-driven against the
field. This competition of diffusion and drift current is
seen in an S-shape. As Voc decreases with reduced light
intensity, a threshold intensity will be reached where Voc

becomes smaller than Vbi. Then, the S-kink vanishes. In
the data of Fig. 1(b), this is the case for intensities lower
than 0.005 suns. For higher intensities the S-kink is clearly
visible. However, charge carrier density and electric field
profiles [Fig. 3(b)] do not change significantly with inten-
sity. The simulations show a high concentration of holes
in the intrinsic HTL resulting from a diffusion of holes
from the p-doped HTL where a negative space charge re-
mains. Due to the injection barrier at the HTL/donor
interface, the holes are inhibited from diffusing into the
donor. This space charge gives rise to a high electric field
at the junction p-doped HTL/intrinsic-HTL comparable
to a conventional p-n junction. Note that the field at the
D/A interface is negative due to the applied bias of 0.8 V
and the low Vbi. As the field distribution results from
dark carriers and does not significantly change with light
intensity, the shape of the J-V curve remains mostly un-
affected. That is why all J-V curves in Figs. 2(b) and 1(b)
coincide as soon as the intensity is large enough to provide
a Voc larger than Vbi. They deviate only close to Voc to ac-
count for the diffusion current and the increased Voc with
intensity. The J-V curve at very high intensity in Fig. 2 is
an exception. The reason is that at very high intensities,
bimolecular recombination at the interface dominates the
J-V curve besides the barrier and leads to a decrease in
fill factor.

Before applying the presented findings to poly-
mer:fullerene bulk heterojunction systems, we want to
mention that other slightly more sophisticated experimen-
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Figure 1: Experimental data: Normalized J-V curves for a series of illumination intensities, here given in quantities of 1 sun, which was set
to 150 mW/cm2 monitored by a calibrated silicon reference diode. The differences in forward direction (current > 0) are mainly an artifact
resulting from the normalization. The insets show the energy levels (in eV) of the materials employed, where the energy of the highest
occupied molecular orbital (HOMO) is defined via the ionization potential (IP) measured by photoelectron spectroscopy at thin films. The
LUMO indicates the energy of the lowest unoccupied molecular orbital. HTL means hole-transport layer, D donor, and A acceptor. (a) Device
with extraction barrier for holes: ITO/ p-doped α-NPB (20 nm)/ α-NPB (8 nm, HOMOIP ≈ −5.5 eV) /ZnPc (8 nm, HOMOIP ≈ −5.0 eV) /
C60 (40 nm)/ BPhen(6 nm)/ Al (100 nm). (b) Device with injection barrier for holes: ITO/ p-doped MeO-TPD (20 nm)/ MeO-TPD (8 nm,
HOMOIP ≈ −5.1 eV) /BPAPF (8 nm, HOMOIP ≈ −5.6 eV) / C60 (40 nm)/ BPhen(6 nm)/ Al (100 nm). Details on the devices and materials
can be found in Refs. [10, 17].
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Figure 2: Simulation data: Normalized J-V curves obtained from a drift-diffusion simulation of the stacks mentioned in Fig. 1, assuming
thermally activated jumps over the interface barriers including a field-dependent lowering term with a jump distance of 1 nm[10, 17]. (a)
extraction barrier of 0.3 eV, (b) injection barrier of 0.3 eV.
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Figure 3: Simulated spatial distribution of space charge divided by elementary charge e and electric field within the device stack at an applied
bias voltage in the S-kink regime. The space charge mainly results from localized anions in the p-doped HTL, holes in the intrinsic HTL
and donor, and electrons in the acceptor. A field larger than 0 indicates the desired direction for charge extraction, i.e. a field driving
electrons to the cathode and holes to the anode. (a) Extraction barrier device at 0 V. The higher the illumination intensity the more charges
pile up at the HTL/donor interface which leads to a reduction of the field at the D/A interface. (b) Injection barrier device at 0.8 V. As
photogenerated charges do not pile up, the field is almost independent of illumination intensity. As the field is negative at the D/A interface,
charge extraction is driven by diffusion against the field. The inset shows that the charge carrier density at the D/A interface and therefore
the diffusion gradient and in turn Voc increase with light intensity.
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Figure 4: Experimental data: Normalized J-V data of bulk heterojunction solar cells based on poly[2,3-bis-(3-octyloxyphenyl)qui-noxaline-
5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) : [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM). (a) Al (80 nm) / TQ1:PCBM (80 nm)/ PE-
DOT:PSS PH1000. The data show characteristics of an extraction barrier probably caused by an oxidation of the Al electrode as sketched
in the inset (energy levels in eV). (b) Al (80 nm) / Ti (2 nm) / PFPA-1 / TQ1:PCBM (80 nm, plasma-treated)/ PEDOT:PSS PH1000. The
data indicate that the (air) plasma treatment of the surface of the active material gives rise to a dipole resulting in an injection barrier as
sketched in the inset, where EV denotes the vacuum level and WF the work function of the electrode.

tal approaches can be applied to distinguish between in-
jection and extraction barrier: A variation of layer thick-

nesses can directly reveal the kind of barrier as well [17].
If the donor layer thickness is increased, the shape of the
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J-V curve will be affected for injection barriers only. In
contrary, an increased HTL thickness enhances the effect
of the extraction barrier and thus the strength of the S-
kink. The reason is that it is always the layer behind (in
direction of current flow) the interface with the barrier
that influences the probability of charge carriers crossing
the barrier. As discussed, charge carriers pile up in front
of a barrier and lead to a space charge that makes the
layer in front of the barrier relatively field-free. The volt-
age drops mainly over the layer behind the barrier and the
electric field at the barrier, which defines the charge trans-
port over a given barrier, is higher the thinner this layer.
Also transient photocurrent measurements are capable of
giving insights into the driving forces for charge-carrier
extraction [18].

In the following, we use the solar cell stack, ma-
terials, and preparation procedures detailedly de-
scribed in Refs. [19, 20]. In Ref. [20] an inverted
geometry[21] is presented with the layer sequence
glass substrate/metal cathode (80 nm)/TQ1:PCBM
(80 nm)/PEDOT anode. Whereas the reference solar cell
with Ti/Al(80 nm)/Ti(2 nm) cathode shows good perfor-
mance (fill factor of 0.53) [20], the device without the
titanium interlayer exhibits a huge S-kink despite similar
work functions[22] of Al and Ti [Fig. 4(a)]. Although
prepared in a glove box (oxygen content lower than
5 ppm), the Al surface is suspected to be oxidized[21].
Normalized J-V data for varied illumination intensities
are shown in Fig. 4(a) and visualize that the S-kink gets
more pronounced for higher intensities. This implies a
point of intersection of the curves which can also be seen.
Comparing with Fig. 2 we identify this behavior as caused
by an extraction barrier. This means that indeed an
insulating layer (most probably AlOx) is formed. This
material is insulating due to its high bandgap and energy
barriers for charge injection into AlOx [23]. Only for very
high negative bias voltages, charges can pass (probably
via tunneling) through this thin insulating layer. The
formation of an aluminum oxide layer upon exposure to
oxygen or water vapor was reported in literature [24, 25].
The oxidation of the Al electrode and organic molecules
at the interface was also reported in a detailed study
in Ref. [26], showing that Ti gives an ohmic contact.
We observe that 2 nm of Ti avoid the oxidation of Al
completely. A possibly formed TiOx layer shows favorable
states for electron transport[27].

As second example we select the same stack on a Ti/Al
(80 nm)/Ti (2 nm)/ PFPA-1[20] electrode and perform an
air plasma treatment on the active layer before depositing
PEDOT. The motivation for the plasma treatment is to
make the layer more hydrophilic such that the adhesion
of the polar (aqueous) PEDOT:PSS can be increased, as
delamination of this layer is a serious problem. We could
show via a scotch test that adhesion is significantly en-
hanced and the device performance hardly changed upon
plasma treatment[28]. However, as seen in Fig. 4(b) a too
strong plasma treatment induces an S-kink. This might

either be caused by a damage of the topmost molecules
making them insulating (extraction barrier) or by a dipole
introduced (injection barrier). Examining the normal-
ized data reveals the characteristics of an injection bar-
rier (cf. Fig. 2). Thus, the plasma treatment, making
the surface more polar by attaching oxygen, also intro-
duces a dipole, effectively decreasing the work function
of PEDOT and thus causing a stronger misalignment of
the work function of PEDOT:PSS to the HOMO of TQ1.
A detailed photoelectron-spectroscopy study indeed iden-
tified a dipole at the active layer surface after plasma
treatment[28]. Furthermore, the plasma-treated interface
seems to be quite selective, which means polymer-rich
and/or electron-blocking. Otherwise, an S-kink cannot be
observed in case of an injection barrier.

In conclusion we have proposed a simple experimen-
tal test to distinguish between injection and extraction
barriers at the electrodes. It is based on an analysis of
normalized J-V data recorded at varied illumination in-
tensities. We elaborated this method for small-molecule
solar cells with misaligned hole transport layers, explained
it with drift-diffusion simulations, and successfully applied
it to inverted polymer:PCBM solar cells. Quickly identify-
ing the reason for S-kinks by this method will allow for a
faster and tailored optimization of organic and other types
of multilayer thin-film solar cells.
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[24] M. Schaer, F. Nüesch, D. Berner, W. Leo, L. Zuppiroli, Water
Vapor and Oxygen Degradation Mechanisms in Organic Light
Emitting Diodes, Advanced Functional Materials 11 (2001)
116–121.

[25] K. Norrman, S. A. Gevorgyan, F. C. Krebs, Water-induced
degradation of polymer solar cells studied by H2(18)O labeling.,
ACS applied materials & interfaces 1 (2009) 102–12.

[26] Y. Hirose, A. Kahn, V. Aristov, P. Soukiassian, V. Bulovic,
S. R. Forrest, Chemistry and electronic properties of metal-
organic semiconductor interfaces: Al, Ti, In, Sn, Ag, and Au on
PTCDA., Physical Review B 54 (1996) 13748–13758.

[27] J. Y. Kim, S. H. Kim, H.-H. Lee, K. Lee, W. Ma, X. Gong,

A. J. Heeger, New Architecture for High-Efficiency Polymer
Photovoltaic Cells Using Solution-Based Titanium Oxide as an
Optical Spacer, Advanced Materials 18 (2006) 572–576.

[28] W. Tress, Z. Tang, K. Tvingstedt, O. Inganäs, Plasma treat-
ment of active layer to increase adhesion, in preparation (????).

6


