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a b s t r a c t
In this article, we demonstrate a route to solve one of the big challenges in the large scale
printing process of organic solar cells, which is the reliable deposition of very thin layers.
Especially materials for electron (EIL) and hole injection layers (HIL) (except poly(3,4ethylene dioxythiophene):(polystyrene sulfonic acid) (PEDOT:PSS)) have a low conductivity and therefore require thin ﬁlms with only a few tens of nanometers thickness to keep
the serial resistance under control. To overcome this limitation, we investigated inverted
polymer solar cells with an active layer comprising a blend of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) with solution processed aluminum-doped zinc oxide (AZO) EIL. Devices with AZO and intrinsic zinc oxide (i-ZnO) EIL
show comparable efﬁciency at low layer thicknesses of around 30 nm. The conductivity of
the doped zinc oxide is found to be three orders of magnitude higher than for the i-ZnO
reference. Therefore the buffer layer thickness can be enhanced signiﬁcantly to more than
100 nm without hampering the solar cell performance, while devices with 100 nm i-ZnO
ﬁlms already suffer from increased series resistance and reduced efﬁciency.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Polymer solar cells (PSCs) based on blends of conjugated polymers and fullerenes offer a promising alternative for the development of a low-cost and ﬂexible
photovoltaic technology [1,2]. Signiﬁcant progress has
been made in the performance of organic solar cells. For
commercialization, large area production issues need to
be solved and device reliability and lifetime need to be
improved.
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The polymer solar cells investigated in this work were
fabricated according to the layer stack shown in Fig. 1,
which is the so-called inverted architecture. This layer sequence offers advantages in stability compared to the normal device layout [3,4]. The necessity to use highly reactive
and unstable low work function metals (e.g. Ca, Ba) to form
an efﬁcient contact for electron extraction is avoided in the
inverted architecture [5] and stable high work function
metals (e.g. Ag), which are also compatible to printing processes, can be employed to form a non-transparent top
contact [6]. Additionally, the frequently used, but chemically unstable interface between poly(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid) (PEDOT:PSS) and
the indium-tin-oxide (ITO) anode is avoided [7].
ITO itself (WF: 4.75 eV) is a rather bad choice for the
cathode material. It forms a non-selective interface to
PCBM (4.3 eV), which results in surface recombination.
The selectivity of the cathode is typically improved by
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cant performance loss in case of the i-ZnO, while cells with
an AZO layer maintained their performance.
2. Materials and methods

Fig. 1. Layer stack of the investigated solar cells.

using a metal oxide buffer layer between ITO and the semiconductor. One of the most intensely studied materials for
this function is solution processed zinc oxide [3,8,9]. The
energy levels of ZnO ﬁt very well to the requirements for
an electron injection layer. The work function is well
matched to the PCBM lowest unoccupied molecular orbital
(LUMO) and the valence band is deep below the highest
occupied molecular orbital (HOMO) of most conjugated
p-systems [10]. The wide bandgap of ZnO ensures high
transmittance in the relevant spectral regime [11].
One of the few disadvantages of intrinsic ZnO (i-ZnO) is
the restriction to a rather low ﬁlm thickness of a few tens
of nanometers due to the very low conductivity. Such a
thin ﬁlm imposes a major challenge for the manufacturing
of polymer solar cells by high volume printing processes.
On the one hand, complete coverage and a low density of
pin-holes are challenging to achieve with thin ﬁlm coatings. On the other hand, thin ﬁlms may be less robust
against mechanical stress being incurred during the subsequent printing processes. Such a robust electron injection
layer is speciﬁcally important for the new generation of
high performing semiconductors, which typically show
the best efﬁciency with an active layer thickness of around
or below 100 nm [12–17]. This concept is further applicable to multi-junction solar cells, where a reliable interface
layer is essential to protect the lower half-cell [18].
In conclusion, we propose that thick interface layers are
beneﬁcial for enhanced device stability and increased production yield. The most straightforward way to enable
thicker ZnO buffer layers is a conductivity increase via doping [11]. We are investigating aluminum (Al) as a dopant,
because it is very cheap, non-toxic and resources are not
limited. Vacuum processed aluminum-doped ZnO electrodes are used for various solar cell technologies like
a-Si [19] or CIGS [20], and recently were also reported for
organic solar cells [21].
In this work, we compare i-ZnO versus AZO, both processed from solution, as electron injection layers for organic
solar cells. A dispersion of i-ZnO nanoparticles and an AZO
precursor solution were prepared in organic solvents. The
thin ﬁlm properties of the two interface materials were
characterized and the impact of their EIL thickness on the
performance of the solar cells was compared. Overall, we
found comparable device performance for thin i-ZnO and
AZO layers. Increasing the EIL to 100 nm results in signiﬁ-

The i-ZnO nanoparticles were prepared in methanol via
hydroxylation of zinc acetate dihydrate (ZnAc2H2O) by
potassium hydroxide (KOH) adopting a method described
by Harnack et al. [22] and afterwards dissolved in acetone
at a concentration of 2 wt.%. The AZO solution was synthesized adopting a route described by Alam and Cameron
[23] starting with a mixture of zinc acetate (ZnAc2H2O)
and aluminum hydroxide acetate (HOAl(C2H3O2)2) at a ratio of 1 at.%. Monoethanolamine (MEA) was added to the
suspension to stabilize the Al doped ZnO complex.
The inverted photovoltaic devices were processed and
characterized in ambient atmosphere. Pre-structured ITO
coated glass substrates (as obtained from Osram) were
subsequently cleaned in acetone and isopropyl alcohol
for 10 min each. After drying, the substrates were coated
with the organic precursor for AZO, respectively the
i-ZnO solution, via doctor blading. Conversion of the precursor to AZO via hydrolysis was achieved by heating the
samples to 260 °C for 10 min, while the i-ZnO ﬁlm was
dried at 150 °C for 10 min. Higher layer thicknesses were
achieved via subsequent deposition steps. In case of AZO
a calcination step was applied after each deposition.
P3HT purchased from Merck and technical grade PCBM
from Solenne were separately dissolved in chlorobenzene
at a concentration of 2 wt.% and stirred for at least 1 h at
60 °C before being blended in a volume ratio of 1:1. The
blended solution was stirred for at least another hour at
60 °C before use. The ca. 100 nm thick active layer was
deposited via doctor blading. PEDOT:PSS (Clevios PH) from
H.C. Starck was diluted in isopropyl alcohol (1:3 volume
ratio) before deposition via doctor blading. The whole
stack was annealed at 140 °C for 10 min on a hot plate before evaporation of a 100 nm thick Ag layer to form the top
electrode. The active area of the investigated devices was
10.4 mm2. Current density–voltage (j–V) characteristics
were measured with a source measurement unit from
BoTest. Illumination was provided by an Oriel Sol 1A solar
simulator with AM1.5G spectra at 0.1 W/cm2.
A UV–VIS-NIR spectrometer (Perkin Elmer – Lambda
950) was used for optical characterization of the thin ﬁlms.
The electrical conductivity was measured by a potentiostat
(Autolab, Metrohm). Thickness of the thin ﬁlms was
measured by an interferometer (NanoFocus). X-ray diffraction (XRD) with CuKa radiation was done at an angle ranging from 20° to 80° by step-scanning with a step size of 0.02°.
3. Results and discussion
Table 1 compares the optical, electrical and crystalline
properties of i-ZnO versus AZO. XRD spectra of AZO layers
reveal a lattice stress in the 0 0 2 plane when aluminum is
introduced, indicating that higher concentrations of aluminum are interstitially built into the lattice. i-ZnO particles
are wurtzite type crystallites with an average crystal size
of 4.2 nm while we ﬁnd an average crystal size of 4.0 nm
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for the converted AZO layers [24]. The optical band gap is
determined by plotting (ahm)2 against hm from UV/VIS
absorption data. The optical bandgap can be found by
Table 1
Comparison between the thin ﬁlm properties of i-ZnO and AZO. The
difference in the optical bandgap cannot be discussed in terms of the MossBurstein model due to the different synthesis, processing and conversion
conditions of the i-ZnO versus the AZO ﬁlm.
EIL

Crystallite
size (nm)

Work
function (eV)

Optical
bandgap (eV)

Conductivity
(S/cm)

i-ZnO
AZO

4.2
4.0

4.3
4.2

3.45
3.34

2.22  10
2.35  10

6
3

Fig. 2. j–V characteristics of solar cells without EIL, thin i-ZnO and AZO
ﬁlms.

Fig. 3. j–V characteristics of solar cells with thick i-ZnO and AZO ﬁlms.
The inset shows the injection behavior in detail.

extrapolating the linear portion of the curve to zero
absorption [24]. The transmittance of the two materials
is comparable. The most important difference is the increase in conductivity by about three orders of magnitude
for AZO. A more detailed study of the ZnO layers will be
published elsewhere [24].
The layer stack of the investigated devices is shown in
Fig. 1. The j–V characteristics of typical solar cells with thin
i-ZnO and AZO layers (around 30 nm) are depicted in Fig. 2
and devices with thick EIL layers (above 100 nm) are
shown in Fig. 3. The solar cell data for all conﬁgurations
is summarized in Table 2.
A device without EIL is shown as reference in Fig. 2 as
well. The j–V characteristics of the devices are dominated
by a large, so-called photoshunt [25] and are further injection limited, which results in a nominal very high serial
resistance of 23.6 O cm2 (calculated from the slope around
1.25 V). Both loss mechanisms result from the nonselective ITO–PCBM interface. The photoshunt can be
identiﬁed by the difference in slope of the illuminated
versus the dark j–V curve at negative applied voltages. It
originates from the several orders of magnitude higher
charge carrier density of the active layer under illumination. The same mechanism is responsible for photoconductivity as well seen under forward bias as an increased
injection current density. In case of the poorly charge
selective ITO–PCBM interface, holes are more easily
injected into the active layer at the nominal cathode.
Therefore the shunt resistance scales with the conductivity
of the active layer. Together with the ITO–PCBM contact
resistance, this results in a decrease in the open circuit
voltage (VOC, 426 mV), short circuit current density (jSC,
6.86 mA/cm2), ﬁll factor (FF, 29.2%) and consequently in
a poor power conversion efﬁciency (PCE) of only 0.85%.
Thin layers (30 nm) of i-ZnO and AZO provide a much
better electron selective interface and ohmic cathode
contact. Losses at the cathode interface are minimized,
because the electrons are extracted to i-ZnO or AZO, both
at a higher work function than bare ITO. This results in
increased FF, VOC and jSC and a signiﬁcantly higher PCE of
around 2.5% for both EILs. The series resistance of both
device conﬁgurations is around 1.1 O cm2 and well within
expectations.
Increasing the layer thickness of the i-ZnO from around
30 to over 100 nm results in a severely reduced device performance from 2.5% to 1.5%. The main losses are a reduction of the FF from 53.9% to 37.7% and a reduction of the
VOC from 565 to 486 mV. These losses originate dominantly
from three different mechanisms, which can be observed
in the j–V-characteristics. First, an increase of the series
resistance from 1.1 to 3.2 O cm2 (see inset of Fig. 3), is

Table 2
Key parameters of the solar cells.
VOC (mV)
w/o EIL
i-ZnO (32 nm)
i-ZnO (126 nm)
AZO (25 nm)
AZO (119 nm)

426
565
486
569
558

jSC (mA/cm2)
6.86
8.41
8.40
8.36
8.69

PCE (%)

FF (%)

RS (O cm2)

RShunt (kO cm2)

RShunt/light (kO cm2)

0.85
2.56
1.54
2.42
2.40

29.2
53.9
37.7
50.8
49.4

23.6
1.1
3.2
1.1
1.2

3.0
6.2
3.1
4.9
3.9

0.29
0.59
0.33
0.44
0.50
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caused by the thick i-ZnO layer. The higher RS results dominantly in a FF loss. The VOC loss is more subtle. The increased series resistance due to the i-ZnO layer is not
expected to inﬂuence VOC unless signiﬁcant carrier recombination occurs in this region. Given the good charge selectivity of the ZnO layer, we exclude this loss mechanism. A
contribution to the FF and VOC loss originates from the already introduced photoshunt, which is much more
strongly expressed in the case of thick i-ZnO layer. Photoshunts are a result of an interface-shunt, i.e. a defect shunting the electrode and the semiconductor. The photoshunt
resistance is strongly dependent on the minority carrier
blocking properties of the interface, the so called contact
permeability of the buffer layers. This translates in our
architecture to a defect, where holes become injected via
the ZnO directly into the active layer [25]. We note that
the photoshunt seems to emerge with increased i-ZnO
layer thickness, as the shunt resistance under illumination
is reduced from 0.59 kO cm2 for the thin i-ZnO EIL down to
0.33 kO cm2 for the thicker i-ZnO EIL (see Table 2). The
dark shunt resistance also decreases from 6.0 to
3.1 kO cm2. This is an indication for a reduced layer quality
of the thick ﬁlms. In summary, the photoshunt contributes
to the losses in VOC and FF. The third loss mechanism is
associated with the photoconductivity of the EIL, which is
much more signiﬁcant for the i-ZnO based devices as compared to the AZO based devices. Illuminated i-ZnO is significantly more conductive, which leads to enhanced carrier
injection under forward bias. Overall, this effect causes
an increased current density under illumination (see inset
of Fig. 3). This increased injected current does already compensate the photovoltaic current at lower bias, and in summary, the VOC becomes reduced. This photoconductivity
effect is responsible for the biggest part of the VOC loss.
Solar cells with a thicker AZO EIL do not suffer from
these defects. The series resistance of a device with a
120 nm AZO layer is still as low as 1.2 O cm2, which
shows, that the contribution of the AZO EIL is negligible.
For thicker AZO EIL the photoshunt is maintained at values
larger than 0.45 kO cm2, so the VOC and the FF are not affected that much as for the thick i-ZnO EILs. All key parameters like FF, VOC, jSC and PCE remain constant for AZO layer
thicknesses between 30 and 120 nm. In summary, doped
ZnO opens the possibility to incorporate thick interface
layers into the device architecture without sacriﬁcing
efﬁciency.

4. Conclusion
In this work we discussed the interface layer speciﬁcations as required from a reliable, large volume printing
process for polymer solar cells. A thick electron injection
layer using a solution processed aluminum-doped ZnO
with high conductivity was suggested for this purpose.
An increase of the intrinsic ZnO layer from 30 to
120 nm reduced the device performance from initially
2.5% to 1.5%. The main losses are a reduction of the FF
and VOC, which are caused by the photoconductivity of
the i-ZnO layer, the photoshunt behavior of the devices
as well as its higher serial resistance. Aluminum doped

ZnO could be processed as thick as 120 nm without causing losses. In the next step, the annealing temperature of
the AZO ﬁlms has to be reduced to around 150 °C, before
these ﬁlms can be processed on plastic substrates. Thick
pin-hole free layers with good coverage are a prerequisite
for the reliable large scale printing of organic solar cells
with low shunts and high yield. In the presented concept,
we incorporated thick electron injection layers into the devices. We propose that mechanically robust, thick EIL and
hole injection layers (HIL) will be beneﬁcial for the processing of thin active layers. This concept appears as an
interesting strategy to optimize the lifetime and performance of single junction as well as tandem junction solar
cells.
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