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Inverted bulk-heterojunction solar cells have recently captured high interest due to their environmental stability as well as compatibility to mass production. This has been enabled by the development
of solution processable n-type semiconductors, mainly TiO2 and ZnO. However, the device performance
is strongly correlated to the electronic properties of the interfacial materials, and here speciﬁcally to
their work function, surface states as well as conductivity and mobility. It is noteworthy to say that
these properties are massively determined by the crystallinity and stoichiometry of the metal oxides. In
this study, we investigated aluminum-doped zinc oxide (AZO) as charge selective extraction layer for
inverted BHJ solar cells. Thin AZO ﬁlms were characterized with respect to their structural, optical and
electrical properties. The performance of organic solar cells with an AZO electron extraction layer (EEL)
is compared to the performance of intrinsic ZnO or TiOx EELs. We determined the transmittance,
absorbance, conductivity and optical band gap of all these different metal oxides. Furthermore, we also
built the correlations between doping level of AZO and device performance, and between annealing
temperature of AZO and device performance.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Bulk-heterojunction (BHJ) organic solar cells have attracted considerable attention in the past few years owing to their potential of
providing environmentally safe, ﬂexible, lightweight and inexpensive
solar cells. However, their longevity and a relatively low power
conversion efﬁciency compared to inorganic solar cells have been
the major limitations for faster commercialization.
Normal geometry BHJ organic solar cells can suffer from degradation of the top electrode, which is normally made of a low-workfunction metal that is reactive and oxidized easily in air [1]. The
inverted device geometry is an attractive concept to improve the
longevity, because it only uses electrode and interface materials with
a higher work function and signiﬁcantly improved air stability.
For efﬁcient inverted BHJ solar cells, transparent and conductive
interfacial materials, which are inserted between transparent conductive electrode and photoactive layer, are required. The role of this
electron extraction layers is not only to form an electron selective
layer but also to form an electrical contact to a less air sensitive high
work function metal, e.g. Ag or Au.
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Recently a thin layer (10–20 nm) of solution-processed sol–gel
titanium oxide [2–4] or zinc oxide [5–8] has been successfully
applied as an interfacial layer in the normal and inverted
geometry [6,9–13]. These materials are transparent in the visible
light spectrum but absorb ultraviolet (UV) light. The layer
thicknesses are also tunable without absorption loss in the visible
light spectrum [14]. In order to improve the power conversion
efﬁciency (PCE) the thickness of the interfacial layer was frequently decreased to reduce serial resistance losses. In mass
production based on printing technologies, however, very thin
interfacial layers are critical due to low mechanical robustness.
Further, very thin interfacial layers may have reduced protective
properties against chemical or physical reaction between the
active layer and the electrode.
One way to overcome these limitations is the use of doped
materials, e.g. aluminum-doped zinc oxide, and to process thick
layers. By that, an increase in the layer thickness would not result
in a serial resistance increase. Numerous ways of doping ZnO were
suggested in the literature [15–21]. Recently, Krebs et al. introduced
the aluminum-doped zinc oxide (AZO) as an interfacial layer in
organic solar cells produced by a sol–gel method [22,23]. However,
they did not describe any of AZO ﬁlm effects and device performance
on organic solar cells. In order to obtain an optimal AZO interfacial
layer for organic solar cell, characterization and performance of AZO
ﬁlm in organic solar cells have to be investigated, but this has not
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been published yet. The lack of interest in this matter was probably
due to the requirement for a high temperature post treatment, which
is unsuitable for ﬂexible substrates. Also, the difﬁculties in doping Al
into nano-sized ZnO crystalline produced by sol–gel method, the
so-called ‘self-puriﬁcation’, makes this approach less attractive [24].
In this study, we investigated solution-processed aluminumdoped zinc oxide (AZO) as charge selective extraction layer for
inverted BHJ solar cells. Thin AZO ﬁlms were characterized with
respect to their structural, optical and electrical properties. The
performance of solar cells with an AZO electron extraction layer is
compared with that consisting of an intrinsic ZnO or TiOx layer.
We determined the transmittance, absorbance, conductivity and
optical band gap of all these different metal oxides. Furthermore
ZnO nanoparticles with various aluminum doping concentrations
were processed under relatively low annealing temperatures.
Sufﬁcient conductivity for use as EEL in organic solar cells was
already found for annealing temperatures as low as 260 1C.

2. Experimental methods
2.1. Materials synthesis
ZnO synthesis: The wet chemical synthesis of ZnO nanoparticles was performed using the method outlined by Harranck et al.
[25]. Namely, it was done in methanol via hydroxylation of zinc
acetate dihydrate (ZnAc  2H2O) by potassium hydroxide (KOH).
The solution of 1.48 g of potassium hydroxide (KOH) in 65 ml of
methanol was prepared by stirring it with a magnetic bar for
about 30 min. Then, 2.95 g of zinc acetate dihydrate (ZnAc  2H2O)
were dissolved in 125 ml of methanol at 65 1C for 10 min with a
stirring speed of 400 rpm. After that potassium hydroxide (KOH)
solution was added to the zinc acetate dihydrate (ZnAc  2H2O)
solution while continuously being stirred. After 150 min of reaction at 65 1C the solution was cooled down over night to
precipitate the solute. The samples were then washed for 20
and twice for 10 min at 23 1C via centrifugation at 4000 rpm.
Finally, the ZnO nanoparticles in white powder form were
suspended in various solvents such as acetone, ethanol and
isopropanol while being stirred at a speed of 300 rpm for a week,
leading to a transparent suspension.
TiOx synthesis: TiOx nanoparticles were synthesized by modifying the method used by Wang et al. [26]. 0.5 ml of titanium
chloride (TiCl4) was added slowly to 2 ml of ethanol and then
mixed in 10 ml of anhydrous benzyl alcohol (C6H5CH2OH), which
forms a yellow solution. After 9 h of reaction at 80 1C, the solution
was cooled down over night to precipitate the solute. 1 ml of the
resulting suspension was precipitated in 12 ml of diethyl ether
and centrifuged for 20 and twice for 10 min at 23 1C at 5000 rpm
to isolate the nanoparticles from the solvent and the unreacted
precursor. The TiOx nanoparticle precipitate was suspended in
acetone and ethanol, resulting in a transparent sol of nanocrystals.
Al doped ZnO (AZO) synthesis: Al doped ZnO using ethanol
solvent was synthesized by modifying a technique outlined by
Alam and Cameron. [27]. 2.2 g of Zinc acetate (ZnAc  2H2O) and
0.016 g (1 at%) of aluminum hydroxide acetate (HOAl(C2H3O2)2)
were mixed together and dissolved in 100 ml of ethanol. The
solution was reﬂuxed at 80 1C for 3 h at a stirring speed of
450 rpm to get a transparent solution. In order to stabilize the
Al doped ZnO complex, 0.61 ml of monoethanolamine (MEA) was
added to AZO suspension. The molar ratio of MEA to zinc acetate
(ZnAc  2H2O) was maintained at 1.0 and the concentration of zinc
acetate was 0.10 mole. The coated substrates were heated at
260 1C for 10 min in air.
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Fig. 1. Scheme of Inverted Organic Solar Cells.

2.2. Characterization of materials and device fabrication
Characterization: The crystal structure of ZnO, TiOx and AZO
ﬁlms was identiﬁed by X-ray diffractometer (XRD) using CuKa
radiation. The optical properties such as transmittance and
absorbance spectra were evaluated using an UV–vis–NIR spectrometer (Perkin–Lambda 950). The electrical conductivity was
measured by a 4 point layout with a potentiostat (Autolab,
Metrohm). The thicknesses of the thin ﬁlms were measured by
an interferometer (NanoFocus).
Device Fabrication: Fig. 1 shows inverted geometry organic
solar cells. The inverted organic solar cell comprises of an active
layer of P3HT:PCBM blend sandwiched between a transparent
conductive oxide (TCO) coated glass as a cathode and a top metal
layer as an anode. ITO glasses with and without ZnO, TiOx and Al
doped ZnO (AZO) electron extraction layers were used for the
fabrication of the inverted organic solar cells under identical
processing conditions. P3HT:PCBM (ratio 1:1) active layer were
doctor-bladed in air from blend solution in chlorobenzene at a
speed of 20 mm/s and a temperature of 60 1C on the surface of the
various n-type metal oxide coated substrates. The resulting active
layer thickness was about 160 nm. A thin layer of PEDOT:PSS was
doctor-bladed at a speed of 60 mm/s and a temperature of 60 1C,
which resulted in a 100 nm thick layer. Then the device was
annealed in inert atmosphere on a hotplate at 140 1C for 10 min.
Next, an Ag layer (  100 nm) was thermally evaporated on the
PEDOT:PSS surface at  1*10  6 mbar through a shadow mask to
deﬁne an active area of 10.4 mm2. The current density–voltage
(J–V) characteristics were measured with a source measurement
unit from BoTest. For illumination, an Oriel Sol 1A solar simulator
calibrated with a silicon-based reference cell was used providing
an AM 1.5 G spectra at 100 mW/cm2 without any further corrections.

3. Results and discussion
3.1. Characterization of ZnO, TiOx and AZO
The structure of ZnO, TiOx and AZO nanoparticles was measured
using X-Ray diffraction (XRD) by a CuKa source at an angle ranging
from 201 to 801 by step-scanning with a step size of 0.021. The ascoated ﬁlms on glass were amorphous, but after drying in air,
wurtzite and ZnO anatase TiOx was found (Fig. 2(a) and (b)).
Fig. 2(c) shows a comparison of the X-ray diffraction pattern of a
1 at% doped AZO with that of an intrinsic ZnO layer. It is well-known
that AZO thin ﬁlms are highly textured with the c-axis perpendicular
to the substrate surface, especially in the (0 0 2) orientation. This
(0 0 2) preferred orientation is due to the minimal surface energy,
which the hexagonal structure (c-plane to the ZnO crystallites)
corresponds to the densest packed plane [28–30]. If Al3 þ ions only
substitute Zn2 þ ions, the lattice parameter of AZO crystals decreases
and the (0 0 2) peak shifts to higher 2y value due to the smaller
radius of Al3 þ ions (0.53 Å) compared to Zn2 þ ions (0.75 Å) [28].
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Fig. 2. X-ray diffraction pattern of (a) ZnO, (b) TiOx and (c) XRD comparison between AZO and ZnO ﬁlms. The base-line at low angles of the XRD pattern is not ﬂat since a
glass substrate was used.

Table 1
Comparison of (0 0 2) diffraction peak position.

Table 2
Conductivity measurement of all electron extraction layers.

Plane

ZnO

AZO

Difference

Samples

Conductivity (S/cm)

100
002
101

31.87
34.79
36.25

31.85
34.20
36.15

 0.02
 0.59
0.10

ZnO in acetone
ZnO in EtOH
ZnO in IPA
TiOx in EtOH
0.5 at% AZO_EtOH
1.0 at% AZO_EtOH
2.0 at% AZO_EtOH
1.0 at% AZO_EtOH
1.0 at% AZO_EtOH

2.22E  06
1.63E  06
5.34E  06
4.50E  04
2.12E  03
2.35E  03
2.06E  03
2.43E  05
8.86E  07

However, since our ZnO particles are of nanometer dimension, i.e. in
the order of the Bohr radius or even smaller, direct substitution
Zn2 þ ions by Al3 þ ions is unlikely [24]. Thus our results indicate
that Al3 þ ions are found at interstitional sites, resulting in an
increased lattice parameter of AZO crystals. The peak position of
AZO diffraction pattern of (0 0 2) plane is shifted towards a lower 2y
value as listed in Table 1. Broadening of each XRD peak reveals the
nanocrystalline nature of the ZnO nanoparticles. Crystalline sizes (D)
of the ZnO, TiOx and AZO nanoparticles were calculated using the
Scherrer formula [31]
D ¼ 0:9l=ðb cos yÞ

ð3:1Þ

where l is the wavelength of the X-rays (l ¼0.154 nm), b is the full
width in radians at half-maximum of the diffraction peaks (FWHM)
and y is the Bragg angle of the X-ray pattern. The calculated mean
crystalline size D of ZnO, AZO and TiOx was 4.2, 4.0 and 12.5 nm,
respectively.
Thin layers from the three MeOx were characterized by
conductivity and absorption measurements. The conductivity
data is listed in Table 2. Interestingly, we observe a fairly high
conductivity of the TiOx ﬁlms and a fairly low conductivity of the
ZnO ﬁlms. The low conductivity of the ZnO ﬁlms may be
explained by the presence of oxygen molecules near the ZnO
surface. These oxygen molecules can capture free electrons from
the ZnO, which were otherwise created by stoichiometric oxygen
defects. As a consequence, the conductivity of the ZnO is
decreased [32]. Alternatively, a good 1:1 stoichiometry would
also result in low conductive ZnO. Given the small size of our

at
at
at
at
at

260 1C
260 1C
260 1C
200 1C
150 1C

nanoparticles, we speculate that the ﬁrst mechanism is more
relevant for our ZnO. The highest conductivity was found for AZO,
as a function of the doping rate and annealing temperature
(Table 2). The dependence of the conductivity on the doping ratio
is rather weak. Conductivity increases from 2.12  10  3 to
2.35  10  3 S/cm with an increase in the Al concentration from
0.5 to 1.0 at%, and then drops to 2.06  10  3 S/cm at 2.0 at%. Such
trends are not unusual and are frequently interpreted as a
neutralization of the dopant atom [17,27–30,33]. The annealing
temperature has a much stronger inﬂuence on the conductivity
due to recrystallization of the ﬁlms. Therefore, the poor crystallinity of the ﬁlms annealed at a low temperature (150 1C) results
in relatively poor conductivity.
The optical transmittance spectra of the TiOx, ZnO and AZO ﬁlms
are presented in Fig. 3. In all cases the ﬁlms were found to be
transparent (over 95%) in the visible range with a sharp absorption
edge at wavelengths of around 385 nm for AZO, 375 nm for ZnO and
350 nm for TiOx. The optical absorption coefﬁcient of a direct band
gap semiconductor near the band edge is given by [34]
ahv ¼ AðhvEgÞ1=2

ð3:2Þ

where A is the proportionality constant. By plotting (ahv) against hv,
Eg can be found by extrapolating the linear portion of the curve to
2
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zero absorption. The calculated mean optical band gap was 3.34 eV
for AZO, 3.44 eV for ZnO and 3.85 eV for TiOx, as shown in Fig. 4.
The relevant data for the three metal oxides are summarized in
Table 3. Table 3 presents the details of the individual synthesis
reactions, the used solvents, the ﬁlm thickness, crystalline size,
surface roughness and optical band gap for TiOx, ZnO and Al
doped ZnO thin layers. All listed ﬁlm thicknesses are in the range
25–40 nm.

100
ZnO in Aceton, t : 32 nm,
ZnO in EtOH, t : 26 nm
ZnO in Isopropanol, t : 31 nm
TiOx in EtOH, t : 38 nm
AZO in EtOH, t : 25 nm

3.2. Fabrication of inverted organic solar cell
The J–V curves of the devices are shown in Fig. 5 and the
extracted device parameters are summarized in Table 4. Overall,
we noticed that all devices suffer from a rather strong photoshunt, independent of the interface layer material, which limits
the FF to values of less than 60%.
First, we investigated to determine the preferable solvent for
the i-ZnO and TiOx interfacial layer, shown as inset in Fig. 5. None
of these interfacial layers is fully optimized with respect to layer
thickness, surface roughness and semiconductor thickness. The
variations in non-optimized device performance are not signiﬁcant in terms of open-circuit voltage (Voc) as shown in Table 4.
However, on the average it was found that that ZnO in acetone
and TiOx in EtOH have slightly better device performance than
2
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Fig. 3. Transmittance comparison of ZnO, TiOx and AZO ﬁlms.
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suitable solvent for ZnO and TiOx.
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Table 4
Inverted Organic Solar Cells: J–V characteristics of devices with various interfacial
layers.

3.8
3.7
3.6
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~3.44eV
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Voc (mV)
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0.52
0.52
0.56
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0.57
0.54

6.63
8.02
7.11
8.33
7.02
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Fig. 4. Plot of (ahn)2 vs. photon energy hn for ZnO, TiOx and AZO ﬁlms.

ZnO in EtOH (non-optimized)
ZnO in Acetone (non-optimized)
ZnO in IPA (non-optimized)
ZnO in Acetone (Optimized)
TiOx in EtOH (non-optimized)
TiOx in EtOH (Optimized)
1 at% AZO-EtOH at 260 1C

Table 3
Summary of all electron extraction layer properties produced by sol–gel method.
ZnO in acetone

ZnO in EtOH

ZnO in IPA

1 at% AZO with EtOH

TiOx in EtOH

ZnAc þAlAc þ EtOH

TiCl4 þEtOHþ Anhydrous benzyl alcohol

Reaction

ZnAc þ KOHþ MeOH

Dispersion Solvent

Acetone

EtOH

IPA

–

EtOH

Concentration (mg/ml)
Stabilizer
Thickness (nm)
Crystalline size (nm)
Surface Roughness (nm)
Band gap (eV)
Annealing

20
–
32
4.2
3.7
3.45
–

10
–
26
4.0
11.3
3.42
–

20
–
31
12.5
11.5
3.45
–

–
MEA
25

30
–
38

2.5
3.34
260 1C for 10min

2.3
3.85
–
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ZnO in EtOH or isopropanol. Although the inset in Fig. 5 suggests
some variations in the short-circuit current density (Jsc), we
rather believe this as a statistical variation than a trend. Therefore, large variation in the power conversion efﬁciency for the
non-optimized i-ZnO and TiOx layer is mainly due to the FF, which
seems to be inﬂuenced by the different processing conditions and
solvents of these layers. Compared to that, the device performance of Al doped ZnO layers shows less scattering and, on the
average, we ﬁnd better ﬁll factors. After further optimization of
the layer quality of ZnO in acetone and TiOx in ethanol, the power
conversion efﬁciency achieved around 2.5%, which results in
comparable device performance with Al-doped ZnO as shown in
Fig. 5. This ﬁrst data indicates that solution-processed AZO layers
have at least the same performance potential as i-ZnO or TiOx
interfacial layers. In order to study the effect of aluminum
concentration on the device properties, different values of dopant
concentrations (0.5, 1.0 and 2.0 at%) were used. The J–V characteristics of the inverted device as a function of doping concentration are plotted in Fig. 6. Again, we notice a rather strong
photoshunt, which is independent of the doping ratio. In good
agreement with the previous data, we observe little variation in
the open-circuit voltage (Voc), and rather small variation in the FF
and short-circuit current density (Jsc) as a function of the doping
degree. From the data it is safe to conclude, that a variation of the
doping degree between 0.5% and 2% does not make a major
impact on the device performance.
In organic solar cell applications, the processing temperature is
one of the more critical parameters. This is currently the biggest
limitation of the AZO layers since fully functional AZO ﬁlms still
require an annealing recrystallization step of over 250 1C to show
best performance. We therefore investigated the annealing temperature dependence of AZO ﬁlms. The J–V characteristics of
inverted devices as a function of annealing temperature are
plotted in Fig. 7. Similarly, the variation of Voc in the device
performance is not signiﬁcant. The Jsc and FF at the annealing
temperatures of 200 1C and 260 1C remained quite constant,
resulting in comparable device performance. However, an annealing temperature of 150 1C resulted in poorer Jsc. AZO ﬁlms
annealed at 150 1C have conductivity in the order of 10  6 S/cm
(see Table 2). Such low conducting interface layers will result in a
Rs increase, even for layer thicknesses of 30 nm or less. The
measured device parameters for different doping concentrations
and annealing temperatures are summarized in Table 5. In
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Fig. 7. Inverted Organic Solar Cells: J–V characteristics of devices dependence on
annealing temperature.

Table 5
Performance of organic solar cells with an AZO electron injection layer dependence on doping concentration and annealing temperature.

summary, these data indicate that that a low temperature process
for AZO is not out of the world.

4. Conclusions
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16

20

Current density (mA/cm2)

2198

-0.4

-0.2

0.0
0.2
0.4
Voltage (V)

0.6

0.8

1.0

Fig. 6. Inverted Organic Solar Cells: J–V characteristics of devices dependence on
Al doping concentration.

In conclusion, we compared various electron extraction layers
and compared their impact on the performance of inverted
organic solar cells (Substrate/ITO/ZnO, TiOx or AZO/P3HT:PCBM/
PETDOT:PSS/Ag). From our experiments, acetone and ethanol
were good solvents for ZnO and TiOx suspensions, respectively.
The power conversion efﬁciency for optimized i-ZnO suspended
in acetone was 2.62% (Voc: 0.56 mV, Jsc: 8.33 mA/cm2 and FF:
56.5%) while the one recorded for optimized TiOx suspended in
ethanol was 2.58% (Voc: 0.57 mV, Jsc: 8.38 mA/cm2 and FF: 54.4%).
On the average, we found at least equal if not even better
performance for solution-processed AZO interface layers. Furthermore, we demonstrated the effect of Al doping concentration and
annealing temperature of AZO on the device performance of the
solar cell. In terms of power conversion efﬁciency, the most
suitable Al concentration was 1.0 at% and annealing temperature
of AZO ﬁlm was 260 1C. However, annealing temperature of AZO
ﬁlm at 200 1C demonstrated comparable device performance to
the one annealed at 260 1C. The power conversion efﬁciency of
1 at% AZO annealed at 260 1C was 2.59% (Voc: 0.57 mV, Jsc:
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9.57 mA/cm2 and FF: 47.7%) and of 1 at% AZO annealed at 200 1C
was 2.42% (Voc: 0.59 mV, Jsc: 9.14 mA/cm2 and FF: 44.9%). The
device performance of 1 at% Al doped ZnO annealed at 260 1C was
the best among all samples considered for solar cell applications.
For industrial applications involving roll to roll printing of solar
cells on polyester, a conversion temperature above 140 1C is
critical. As such, our current route towards AZO, requiring a
relatively high annealing temperature (above 200 1C), for best
performance is most suitable for glass based applications. Nevertheless, we are also foreseeing opportunities to further reduce the
annealing temperature to values beneath 150 1C while still getting signiﬁcantly higher conductivities than for intrinsic ZnO.
Various concepts, including nanoparticle–sol–gel blends are currently under investigation.
The signiﬁcantly higher conductivity of AZO layers does
suggest that this electron extraction layer can be made much
thicker than layers from i-ZnO or TiOx. Results on the thickness
dependence will be discussed in a separate manuscript [35]. We
believe that this sol–gel derived AZO ﬁlm as an electron extraction layer is a promising candidate for air-stable, low temperature
processed inverted organic solar cells that are important for
developing low-cost, large area, roll-to-roll printable solar cells.
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