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optical and electrical properties with an 
average transmittance in the visible spec-
tral range  T  vis  over 83% and a sheet resist-
ance  R  S  down to 10 Ω sq −1 . [ 3 ]  To avoid the 
high cost for indium, [ 4 ]  zinc oxide (ZnO) 
is frequently used as electrode mate-
rial in commercial applications. Upon 
extrinsic doping of ZnO with gallium 
or aluminum, sheet resistances below 
20 Ω sq −1  are achieved at similar trans-
parencies compared to ITO. [ 5 ]  These prop-
erties render ZnO the electrode material 
of choice for inorganic thin-fi lm solar 
cells and certainly a very interesting can-
didate for low-cost transparent electrodes 
of organic solar cells. Thus, we focused 
on the application of doped ZnO fi lms 
as electrode on organic solar cells and 
compared them to reference devices with 
a thin metal electrode ( Figure    1  ), which 
are commonly used to achieve effi cient 
top-illuminated cells. 

  In order to be independent of a spe-
cifi c kind of substrate material (transparent or opaque) and 
to produce effi cient semitransparent solar cells, a device 
architecture with highly transparent and suffi ciently conduc-
tive top electrode is required, which allows a top illumina-
tion confi guration of the device. For that purpose, ultrathin 
metal fi lms, [ 6,7 ]  metal nanowires, [ 8–10 ]  carbon nanotubes, [ 11 ]  
graphene, [ 12 ]  and C 60  [ 13 ]  are demonstrated. However, the appli-
cation of doped ZnO, ITO, or other transparent conductive 
oxides as top electrode for small molecule organic semicon-
ductor devices still faces several challenges: The required 
plasma-assisted deposition processes are known to degrade 
organic materials, leading to signifi cantly reduced device 
effi ciencies, [ 14,15 ]  partially due to the release of UV light and 
radiation of higher energy. During deposition, a comparatively 
high partial pressure of oxygen is typically required, which 
strongly infl uences the layer conductivity but can harm the 
sensitive organic materials. [ 5,16 ]  Furthermore, the maximum 
substrate temperatures during deposition and post annealing 
temperature are limited by the organic sublayers, resulting in 
unfavorable fi lm morphology and reduced optoelectronic per-
formance of the electrode itself. [ 17 ]  Thus, organic solar cells 
with ZnO top electrode have not been reported so far. There 
are only a few publications dealing with other transparent 
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  1.     Introduction 

 Organic photovoltaics (OPV) are a highly promising tech-
nology for sustainable, individual, and cost-effi cient on-site 
power generation. [ 1 ]  Continuous advancements in material and 
concept development have led to signifi cant improvements 
in device effi ciency. Recently, a power conversion effi ciency 
of 12% was realized by using a complex multijunction device 
architecture. [ 2 ]  Such highly effi cient devices, especially in the 
lab, commonly utilize indium tin oxide (ITO) as transparent 
bottom electrode on a glass substrate, because of its excellent 

Adv. Funct. Mater. 2015, 25, 4321–4327

www.afm-journal.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adfm.201500569


FU
LL

 P
A
P
ER

4322 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

conductive oxides as top electrode for organic devices and the 
presented results are not easy to evaluate. Most of them dem-
onstrate devices with sputter deposited ITO top electrodes and 
rather poor device effi ciency  η , e.g., organic solar cells with 
 η  = 0.7%. [ 14,15,18 ]  However, a direct comparison of the elec-
trodes shown in literature to our results is diffi cult due to the 
application of different organic materials. 

 Even though not free of drawbacks, pulsed laser deposition 
(PLD) is a low energy coating technique allowing the deposition 
of almost every oxide material or material combination with 
a typically stoichiometric transfer of the target composition 
to the thin fi lm. For instance, gallium doped ZnO fi lms with 
various doping concentrations can easily be realized by simply 
changing the mixing ratio of both materials in the target. Con-
sequently, the layer conductivity can be strongly improved by 
appropriate doping. 

 Here, we demonstrate for the fi rst time gallium doped zinc 
oxide (ZnO:Ga) thin fi lms as top electrodes for effi cient single-
junction organic solar cells by using PLD in eclipse confi gura-
tion at room temperature. After optimization of the ZnO:Ga 
electrode properties on single organic sublayers by varying 
the background gas atmosphere in the PLD chamber and the 
doping concentration, the best electrodes are deposited on top 
of complete organic solar cells. The origin of local shunt forma-
tion for standard PLD is investigated by thermography. Finally, 
eclipse PLD is used to successfully prepare effi cient organic 
photovoltaic devices with ZnO:Ga top electrodes, which exhibit 
a similar performance compared to reference devices with 
state-of-the-art metal top contacts.  

  2.     Results and Discussion 

 The performance of ZnO:Ga electrodes is strongly dependent 
on a variety of process parameters, e.g., laser intensity and pulse 
repetition rate, target composition, substrate material and tem-
perature, residual gases in the vacuum chamber, and the pres-
sure during deposition. [ 5,19 ]  The optimized parameters, i.e., for 
deposition of a highly conductive and most transparent fi lm at 
room temperature on standard glass substrates without organic 
fi lms are: oxygen atmosphere at a pressure of 5 × 10 −3  mbar, a 
pulse rate of 25 Hz, and an energy of 600 mJ per laser pulse. 
The transmittance spectrum and sheet resistance  R  S  of a 
ZnO:Ga (1 wt%) electrode, which is prepared under these con-
ditions, are depicted in  Figure    2  a. In the visible spectral range 
between 400 and 800 nm, a mean transmittance  T  vis  of 82.5% 
(including the substrate) and an excellent  R  S  of 17.2 Ω sq −1  are 
achieved, emphasizing the great potential of gallium doped 
zinc oxide layers for transparent electrode applications. 

  However, under identical deposition conditions on an 
organic MH250 sublayer, the transmittance is drastically 
decreased to  T  vis  = 54% and the fi lm is not conductive at all. 
The reason is well visible in the two SEM images of Figure  2 b. 
On glass, the ZnO:Ga fi lm forms a smooth, partially nanogran-
ular microstructure, typical for pulsed laser deposition of ZnO 
at room temperature, which enables a high electrical conduc-
tivity and optical transmission. In contrast, a very rough surface 
is obtained on the organic material, such that the ZnO:Ga layer 
bursts and peels off. The multitude of tortuous cracks causes 
signifi cant scattering and absorption of light, hinders an effi -
cient charge transport, and thus explains the low fi lm trans-
mittance and conductivity. Even by eye, the electrode on top of 
MH250 looks milky and rough. Cracks in the layer are also indi-
cated by the increased transmittance below 400 nm wavelength, 
above the energy gap of ZnO:Ga. Most likely, the energy input 
of the ablated ZnO:Ga particles during deposition into the sub-
layer is too high, “burning” the organic material and changing 
its morphology. Another possibility is that the soft organic mate-
rial and the ZnO:Ga fi lm are strained against each other during 
deposition and the stress release leads to a bursting surface. To 
reduce the energy of the arriving ZnO:Ga particles, the oxygen 
pressure in the chamber is gradually increased to 5 × 10 −2  
and 5 × 10 −1  mbar, respectively. Thereby, the scattering prob-
ability of zinc oxide particles on gas atoms during transfer and 
their thermalization within the expanding plasma is enlarged. 
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 Figure 1.    Schematic stack design of the top-illuminated p–i–n small mol-
ecule organic solar cells with eclipse pulsed laser deposited ZnO:Ga top 
electrode. A thermally evaporated state-of-the-art metal bilayer (Al/Ag) 
top electrode with Alq 3  capping is used as reference. The dashed lines 
indicate the optical fi eld distribution inside the cell.
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Indeed, the ZnO:Ga fi lms deposited at higher pressures exhibit 
a smoother microstructure and an improved transmittance, but 
are still nonconductive (see Figure S2, Supporting Information, 
for more details). Probably too many oxygen interstitials and/or 
Zn vacancies reduce the conductivity of the ZnO. [ 20,21 ]  Note that 
the laser ablation itself is almost not affected by the increased 
pressure in the deposition chamber, but the corresponding 
layer thickness is reduced. 

 Since oxygen atmosphere is known to degrade organic 
devices, the residual gas in the chamber is changed to nitrogen. 
The oxygen in ZnO can be partially released or replaced by 
nitrogen, leading to a strongly decreased electron mobility. [ 5 ]  
For ZnO:Ga fi lms on MH250 sublayers deposited in nitrogen, 
similar transmittance spectra ( T  vis  = 55.7%) as in oxygen atmos-
phere are observed, but the layers remain nonconductive, 
although the crack formation is reduced. Instead, the fi lms 
are of brownish color, suggesting an unfavorable material 
composition. 

 After further variation of the process gases, pressures, and 
layer thickness, a deposition of ZnO:Ga (1 wt%) in argon atmos-
phere at 5 × 10 −2  mbar yielded layers of excellent mean optical 
transmission of 86.9% and a reasonable  R  S  of 644 Ω sq −1  even 
on the organic MH250 sublayer. Probably, the thermalization 
of ZnO:Ga particles in Ar is improved, leading to a uniform 
microstructure of the layer without cracks. With Ar background 
atmosphere the transmittance onset of ZnO:Ga fi lms is signifi -
cantly blue-shifted, caused by the shift of the absorption edge 
due to the Burstein Moss shift. 

 The conductivity of the ZnO:Ga electrode can be signifi -
cantly improved by an increased concentration of Ga. Figure  2 c 
shows the sheet resistance and transmittance of ZnO:Ga fi lms 
(≈80 nm thick) on MH250, deposited in Ar (5 × 10 −2  mbar) 
from different targets with doping concentrations of 1, 3, and 
5 wt%. While at 1 wt% Ga a rather high sheet resistance of 
644 Ω sq −1  is measured,  R  S  is strongly reduced to 151 Ω sq −1  
and even 83 Ω sq −1  for 3 and 5 wt% doping, respectively. At the 
same time, the transmittance is slightly enhanced from 86.9% 
to 87.2% for the increase to 3 wt% doping. The introduction 
of more than 3 wt% Ga leads to an increased light absorption 
and the transmittance decreases to  T  vis  = 82.7% for the 5 wt% 
sample. The spectral shape is changed only slightly with doping. 
For comparison, the transmittance and sheet resistance of our 
lab ITO and a state-of-the-art metal top electrode comprising 
1 nm of Al and 14 nm of Ag are plotted in Figure  2 c. The Al/
Ag bilayer exhibits, as it is typical for metal fi lms, a very low  R  S  
of 10 Ω sq −1 , but the transmittance is limited to  T  vis  = 49.9%. 
To increase this transparency, the metal thickness would need 
to be reduced, which typically leads to discontinuous fi lms and 
an abrupt total loss of conductivity. [ 8 ]  ITO, the current bench-
mark in the fi eld of transparent conductors, cannot be used 
as top electrode, but shows a very high  T  vis  of 83% at a  R  S  of 
only 32 Ω sq −1 . However, in the spectral range between 460 and 
850 nm, where the photon fl ux of the sun has its maximum, 
the ZnO:Ga (3 wt%) electrode exceeds the transmittance of ITO 
by up to 10.1%, pointing out the tremendous potential of this 
electrode in combination with a solar cell. 

 To avoid plasma and particle damage to the organic device 
during deposition of the top electrode, the system is adapted 
for elicpse PLD. [ 22–25 ]  It is known from literature and previous 
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 Figure 2.    Electrode-only investigations: a) Transmittance spectra, mean 
visible transmittance  T  vis , and sheet resistance  R  S  of ZnO:Ga (1 wt%) 
fi lms on different substrates and for deposition in different background 
gas atmospheres (O 2 , N 2 , Ar). b) SEM images of O 2  atmosphere pre-
pared ZnO:Ga fi lms, deposited simultaneously on glass or organic 
MH250 surfaces. c) Optoelectronic performance of ZnO:Ga depending 
on the doping concentration as well as comparison to ITO and metal 
electrode references. d) Comparison of  T  vis  and  R  S  of two ZnO:Ga layers 
with identical thickness and doping concentration, which are prepared 
either by normal or eclipse PLD. The inset shows a photograph of the run-
ning eclipse PLD setup in which the sample is hidden behind a cover lid.
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investigations that inhomogeneities in the laser profi le or 
in the composition of the ZnO:Ga target can cause a partial 
under-melting of the target material. [ 26 ]  Thus, large and heavy 
particles—droplets—with high kinetic pulse and energy can 
detach from the target. In order to reduce a possibly negative 
infl uence of such droplets on the organic layers, a circular 
shadow mask (diameter of 19.4 mm) is installed between the 
target and the sample, as depicted in Figure  2 d. Directly on the 
target, the laser generates a bright luminous plasma and from 
an ablation area of approximately 5 mm 2 , a constant material 
fl ux is spread over a solid angle plume. The mask blocks all 
the ZnO:Ga particles fl ying straight to the sample. However, 
small particles in the expanding plasma plume can change 
their direction due to collisions with gas atoms and are signifi -
cantly scattered during the thermalization process in the argon 
atmosphere of comparable high pressure (5 × 10 −2  mbar). The 
eclipse PLD confi guration still enables the deposition of a 
homogeneous fi lm behind the shadow mask from such ther-
malized species, indicated by the dashed lines in Figure  2 d. 
In contrast, heavy particles have much higher momentum, 
move along a straight line trajectory, and are successfully 
blocked by the mask or miss the sample. With such a mask, 
the deposition rate and layer thickness on the sample for a 
constant number of laser pulses is substantially decreased by 
a factor of 3.5, since a major part of the material is blocked. 
Consequently, the pulse number has to be increased to achieve 
a similar layer thickness. However, even if an identical layer 
thickness is realized, the sheet resistance of a ZnO:Ga (3 wt%, 
82 nm) electrode increases from 151 Ω sq −1  (normal PLD) to 
211 Ω sq −1  (eclipse PLD) as shown in Figure  2 d. This can be 
only explained by a material specifi c resistivity increase, sug-
gesting a slightly less favorable ZnO:Ga morphology for eclipse 
preparation, caused by the lower energy of the impacting parti-
cles at the substrate surface. [ 27 ]  The excellent optical properties 
of the electrode are not affected. In summary, argon at a base 
pressure of 5 × 10 −2  mbar is identifi ed as a suitable ambient for 
the preparation of highly transparent and conductive ZnO:Ga 
electrodes on top of organic materials, either by comparably 
fast standard PLD or gentle eclipse PLD. 

 To investigate the device applicability, 135 nm thick ZnO:Ga 
(3 wt%) electrodes are fi nally deposited on top of complete 
organic photovoltaic cells. The corresponding sheet resistance 
and transmittance spectrum can be found in Figure S1 of the 
Supporting Information. The specifi c layer thickness of 135 nm 
was selected from optical transfer matrix simulations [ 28 ]  and 
represents an optimum for the fi eld distribution in the solar 
cell stack. Figure  1  depicts the detailed OPV stack design. The 
current–voltage curves of the solar cells with ZnO:Ga top elec-
trode under illumination are shown in  Figure    3  a and the corre-
sponding characteristic parameters are summarized in  Table    1  . 
Standard pulsed laser deposition of the ZnP:Ga top electrode 
leads to a low series resistance ( R  series ) of only 27.1 Ω, com-
parable to the 20.5 Ω of the reference device with thin metal 
electrode. However, the steep and straight  IV -curve, a poor 
fi ll factor (FF) of 25.0%, and an open circuit voltage ( V  OC ) of 
0  V  indicate a short circuit formation, leading to an effi ciency of 
η = 0 %. Unfortunately, total device failure was observed inde-
pendent of the ZnO:Ga thickness (20–200 nm) and doping con-
centration (1–5 wt%), if standard PLD is used. 

   In contrast, the reference device with simultaneously pre-
pared organic stack and immediately deposited Al/Ag/Alq 3  top 
electrode does not exhibit such malfunction. It reaches a power 
conversion effi ciency of η = 3.0% and all characteristic para-
meters behave like expected from other experiments on similar 
stacks. [ 29 ]  The short circuit current density of the reference 
device  J  SC  = 9.1 mA cm −2  is limited by the moderate transmit-
tance of the metal electrode ( T  vis  = 49.9%). But the  V  OC  of 0.54 V 
and a FF of 61.2% are excellent values for a ZnPc:C60 cell, [ 30,31 ]  
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 Figure 3.    a) Current–voltage characteristics of solar cells with identical organic layer stack but different transparent top electrodes. While the ZnO:Ga 
electrodes are deposited by either normal or eclipse PLD in argon atmosphere with a base pressure of 0.05 mbar, the Al/Ag reference contact is depos-
ited by thermal evaporation at 10 −7  mbar. b) Thermograph top view of an organic solar cell with ZnO:Ga top electrode, which was prepared by normal 
PLD and operated at 10 mA under forward bias voltage. Local short circuits lead to the formation of several, statistically distributed hot-spots. The 
SEM image of a characteristic hot-spot reveals a round droplet with a diameter of around 100 nm.

  Table 1.    Characteristic parameters of identical solar cells with different 
transparent top electrodes. 

# Top electrode 
material

Deposition 
method

 V  OC  
[V]

 J  SC  
[mA cm −2 ]

FF 
[%]

 R  series  
[Ω]

 η  
[%]

1 ZnO:Ga Normal PLD 0 1.3 25.0 27.1 0

2 ZnO:Ga Eclipse PLD 0.55 10.6 50.0 117 2.9

3 Al/Ag Thermal evap. 0.54 9.1 61.2 20.5 3.0
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proofi ng the functionality of the OPV stack and hinting on 
an incompatibility of standard PLD and organic sublayers. To 
obtain a better insight into the short circuit formation, thermog-
raphy and SEM investigations of the solar cells with standard 
PLD ZnO:Ga top electrode are shown in Figure  3 b. 

 At the position of local shunts, the current density of an 
operating device is particularly high, leading to stronger 
heating compared to the surrounding area. Thus, the current 
driven heating (at 10 mA in forward bias for 30 s) and cooling 
(at 0 mA for 30 s) of the complete solar cell area is visualized as 
false color temperature differential (Δ T ) plot. Several hot-spots 
are observed, which are statistically distributed over the device 
area. Supplementary SEM images reveal droplets in the center 
of such hot-spots with particle sizes of 50 to 500 nm. Obviously, 
these large particles with high kinetic energy can pierce the 
entire organic stack and form the local shunts. However, not all 
droplets lead to short circuit formation. 

 After droplets are identifi ed as reason for the total device 
failure, a series of attempts to protect the organic stack were 
investigated. Increasing the target-substrate distance further 
was not possible since the maximum target-substrate distance 
of that chamber was already used and further increase is prob-
ably not very useful, as the droplets move on straight line tra-
jectories. The MH250 layer thickness was increased from 40 up 
to 260 nm with the aim to stop the droplets inside the soft 
ETL and prevent damage to the OPV stack. Furthermore, WO 3  
layers with strong covalent bondings instead of weak van der 
Waals forces between organic molecules have been introduced 
on top of the organic stack to provide a higher mechanical 
resistance against the droplet penetration. [ 29 ]  However, no trend 
towards a reduction of local short circuits has been observed 
for either approach. Finally, only eclipse PLD was able to block 
the critical droplets suffi ciently. The best trade-off between 
droplet shielding, sample preparation time, and most impor-
tant the device performance was achieved for a mask diameter 
of 19.4 mm, a target-mask distance of 50 mm, and a mask-
sample distance of 72 mm, which were selected for the solar 
cell preparation. 

 As depicted in Figure  3 a, the device with transparent ZnO:Ga 
top electrode, produced by eclipse PLD, shows a similar per-
formance compared to the reference device in Figure  3 a. The 
eclipse mask can suffi ciently shield the entire solar cell area and 
no short circuits are observed. A  V  OC  of 0.55 V and no  S -kink 
formation indicate a barrier-free charge extraction from the 
n-doped organic electron transport material MH250 into the 
ZnO:Ga electrode. Due to the excellent transmittance of 
the ZnO:Ga layer, a signifi cantly improved short circuit current 
density of 10.6 mA cm −2  is achieved compared to 9.1 mA cm −2  
of the reference device. However, the conductivity of ZnO:Ga 
is lower than that of the metal reference electrode. Thus, the 
series resistance of 117 Ω is much higher and FF = 50% is 
considerably lower for the ZnO:Ga solar cell than the 20.5 Ω 
and 61.2% of the metal reference. However, the organic solar 
cell with ZnO:Ga top electrode still exhibits an effi ciency of 
 η  = 2.9%, which is very close to  η  = 3.0% of the reference device 
with thin metal electrode, rendering the ZnO:Ga a suitable, 
new, and low-cost top electrode material. By our experiments, 
we could prove eclipse PLD is capable of depositing metal oxide 
materials onto sensitive organic thin fi lms and therefore open 

new ways of combining the two material classes for innovative 
semiconductor devices.  

  3.     Conclusion 

 For the fi rst time, gallium doped zinc oxide has been success-
fully introduced as alternative transparent top electrode for 
organic solar cells. Under standard coating conditions, the 
ZnO:Ga fi lms on top of organic material exhibit a poor micro-
structure and cause strong impact damage to the organic layers 
by high energy ZnO:Ga particles during deposition. Frequent 
cracks in the ZnO:Ga fi lm and isolated ZnO:Ga microfl akes 
cause strong light scattering, a low transmittance, and low con-
ductivity. With eclipse PLD in argon atmosphere, a compatible, 
nonharmful deposition technique was identifi ed, allowing the 
preparation of highly transparent ( T  vis  = 82.7%) electrodes with 
considerable sheet resistance ( R  S  = 83 Ω sq −1 ) on top of organic 
material. With a  σ  dc / σ  ac  ratio of 77.3, [ 32 ]  the eclipse PLD ZnO:Ga 
fi lm is in the range of other transparent electrode systems typi-
cally used for optoelectronic devices. Organic photovoltaic cells 
prepared with this ZnO:Ga electrode obtained a similar effi -
ciency ( η  = 2.9%) as a reference sample using a state-of-the-art 
metal top contact ( η  = 3.0%). Moreover, there is still room for 
an electrode improvement, considering further optimization of 
layer thickness, deposition rate, and doping concentration. In 
summary, with a well adjusted eclipse PLD process, we have 
combined the benefi ts from metal oxide electrodes and organic 
thin fi lms for innovative semiconductor devices.  

  4.     Experimental Section 
 All organic and metal layers of the samples shown in this publication 
were manufactured in a custom-made vacuum system (K.J. Lesker, UK) 
at IAPP by thermal (co-)evaporation at a base pressure of 10 −8  mbar 
and using shadow masks. Glass (Corning Eagle XG, 1.1 mm, Thin Film 
Devices, USA) was used as substrate to guarantee reliable handling 
and sample processing. It was carefully cleaned with NMP, ethanol, 
and oxygen plasma before being transferred into the vacuum chamber. 
During one processing run of 18 samples in parallel, all layers were 
deposited under identical conditions. This allowed to include reference 
samples for direct comparison within the run, and also run to run 
comparisons to validate processing over time. All layer thicknesses 
were monitored by calibrated quartz crystal microbalances. The vacuum 
chamber was connected to a nitrogen glovebox, to guarantee reliable 
and save sample storing, packaging, and encapsulation under inert 
conditions. 

 The small molecule organic solar cells presented here were single-
junction p–i–n type, i.e., the intrinsic absorber materials (i) were 
embedded between charge carrier selective, doped, and transparent 
electron (n) and hole (p) transport materials. The complete stack 
is shown in Figure  1 . Since the focus of our investigation was the 
application of ZnO as top electrode, we decided to use standard organic 
materials in a simple and low-cost single-junction solar cell architecture, 
which was not able to achieve the cited record effi ciency of 12%. 
However, this stack was well understood, reliable, and stable during the 
required sample transport (see below). Furthermore, we were convinced 
that with a higher budget and amore experimental effort, the presented 
results for the ZnO top electrodes could be realized on more effi cient 
devices as well. As bottom electrode, an opaque and highly refl ective 
silver (Ag) layer of 100 nm was used, creating a cavity in the device 
(indicated by the dashed lines) which enabled improved light absorption. 
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For effi cient hole transport, 30 nm of  N , N ′-((diphenyl- N , N ′-bis)9,9,-
dimethylfl uoren-2-yl)-benzidine (BF-DPB, Sensient AG, USA) doped 
with 10 wt% NDP9 (Novaled AG, Germany) were deposited, followed by 
5 nm of intrinsic zinc-phthalocyanine (ZnPc, TCI EUROPE N.V., Belgium; 
purifi ed by CreaPhys GmbH, Germany). A good charge carrier extraction 
and formation of an Ohmic contact was achieved by deposition of 1 nm 
pure NDP9 at the interface between silver and BF-DPB. Next, a 30 
nm thick bulk heterojunction consisting of simultaneously evaporated 
C60 (BuckyUSA, USA; purifi ed by CreaPhys GmbH, Germany) and ZnPc 
in a ratio of 1:1 was deposited as absorber layer, followed by 30 nm of 
intrinsic C60. As electron transport layer, 40 nm of  N , N -Bis(fl uoren-2-
yl)-naphthalenetetracarboxylic diimide (MH250, produced in house) 
n-doped by 7 wt% of Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]
pyrimidinato)ditungsten (II) (W2(hpp)4, Novaled AG, Germany) was 
used. All organic materials except the dopants had been purifi ed at least 
twice by vacuum gradient sublimation and were tracked in our material 
and processing database to ensure consistent material quality for all 
experiments. 

 The transparent ZnO:Ga top electrodes (135 nm thickness, 3 wt% 
doping concentration) were deposited in one of the medium-size 
PLD chambers of the semiconductor group at the Universität Leipzig. 
This electrode showed a mean transmittance of 86.5% and a sheet 
resistance of 144 Ω sq −1  (see Figure S1, Supporting Information). 
The chamber could be purged with pure oxygen, nitrogen, or argon to 
realize a specifi c background gas atmosphere during the deposition 
process with typical deposition pressure of 10 −4  to 10 −1  mbar. A krypton 
fl uoride laser (LPX300, Lambda Physik, Germany) with a wavelength 
of 248 nm, a pulse rate between 1 and 50 Hz (we used 25 Hz in the 
present study), and an energy of 600 mJ per pulse was focused on a 
rotating ZnO:Ga target. Due to the target rotation homogeneous 
material ablation was achieved. The target-substrate distance of 120 mm 
guaranteed a suffi cient thermalization of the ZnO:Ga particles (for the 
above mentioned gases and pressures) in the PLD chamber, before they 
reached the sample and allowed deposition on large substrates (here 
up to 3 in. For optimized eclipse PLD, a circular shadow mask with a 
diameter of 19.4 mm was installed, 70 mm in front of the sample and 
directly in the trajectory of the ablated ZnO:Ga particles (see inset of 
Figure  2 d). In ref.  [ 33 ] , the PLD setup is described in detail. 

 As reference top electrode, a semitransparent state-of-the-art metal 
contact comprising 1 nm of aluminum (Al) and 14 nm of silver (Ag) was 
deposited in the vacuum system at IAPP. Al acted as protection layer 
against interdiffusion of Ag and organic material as well as seed layer for 
improved Ag thin fi lm morphology. [ 6,7,34 ]  Additionally, a 45 nm thick Alq 3  
layer was used as capping layer, to reduce the refl ectivity of the metal fi lm. 

 Before the fi nal PLD process was carried out, organic solar cells 
without top contact were transported from Dresden to Leipzig in a 
pre-baked KF36 vacuum tube under inert nitrogen atmosphere and 
normal pressure. Since the PLD chamber was not connected to a 
glovebox, the organic devices were fi tted to the chamber under ambient 
conditions. A degradation of the organic materials or a reduced device 
performance due to the sample transport and temporary air exposure 
could be excluded, because of extensive and careful reference sample 
investigations. In fact, OPV cells with Al/Ag top contact, which were 
prepared in one step without breaking the vacuum, showed an identical 
effi ciency as reference cells transported to Leipzig and back to Dresden 
without top contact. These samples were exposed to air (≈10 min) and 
the atmosphere in the PLD chamber (≈30 min, no deposition) for similar 
times as the samples on which a ZnO:Ga electrode was fabricated. 
Finally, on these references the same Al/Ag top electrodes were realized 
after being transported back to the IAPP again in the KF36 vacuum tube 
under inert nitrogen atmosphere and normal pressure. All completed 
devices were encapsulated at IAPP with a transparent encapsulation 
glass, fi xed by UV-hardened epoxy glue (UV RESIN XNR5590, Nagase 
ChemteX, Japan), in a nitrogen glovebox. The photoactive area of the 
solar cells, resulting from the overlap of bottom and top electrode, is 
2.54 × 2.54 mm 2 . 

 To guarantee reliable results, we used a standard stack design which 
was frequently reproduced also in other experiments. [ 29–31 ]  All materials 

were tracked in a material and processing database to ensure consistent 
quality for all experiments. Moreover, each sample presented in this 
paper was prepared four times under identical conditions. Except the 
eclipse PLD solar cells, all electrode-only samples and solar cells show 
process- and measurement-related relative deviations between these 
four identical samples of <3% for all relevant parameters. Thus, we 
stated only the average values. For our solar cells using eclipse PLD 
as top electrode deposition methode, larger deviations were observed, 
most likely due to the statistical process of droplet formation. The stated 
eclipse PLD device parameters are mean values of the two best samples. 

 Current–voltage measurements of the solar cells were carried out 
using a source measurement unit (2400 SMU, Keithley, USA) and 
simulated AM 1.5G sun light (16S-150V.3 by Solar Light Co., USA) taking 
spectral mismatch into account. The illumination intensity was kept at 
(100 ± 1) mW cm −2 , monitored by a calibrated silicon reference diode. 
To determine the external quantum effi ciency (EQE) and the mismatch 
factor, a custom-made setup was used. The monochromatic beam (Oriel 
Xenon Arc-Lamp Apex Illuminator combined with Cornerstone 260 1/4m 
monochromator, both Newport, USA) probing the device was chopped 
and the corresponding current response of the device was measured via 
a lock-in amplifi er 7265 DSP (Signal Recovery, UK). Local temperature 
differences on operating organic solar cells, e.g., because of local shunts, 
have been measured with a VarioTherm InSb (InfraTec, Germany) 
infrared camera. It detected thermal radiation in the range of 2 to 5 µm 
wavelength with a resolution of 640 × 512 pixels and allows a precision 
of ±0.1 K. Since the local short circuits were assumed to be smaller than 
the pixel resolution (one pixel can image 4 × 4 µm 2 on the sample), 
the measured temperature differences were average values for each pixel 
area and could be signifi cantly lower than the actual temperature in a 
local hot spot. However, by comparing images of a solar cell with and 
without external bias current, even small shunts could be detected. 

 Additionally, the ZnO:Ga and Al/Ag electrodes are deposited on 
simpler substrates, which use only one layer of n-doped MH250 (40 nm, 
7 wt%) on glass, and are characterized by optical and electrical studies. 
The MH250 is exactly the same material below the deposited electrode 
layer as it is used in the solar cell. Thus, the growth of oxide and metal 
is decoupled from the glass substrate and exhibits similar growth 
conditions as on top of the complete organic device. These electrode-
only samples are used to optimize the ZnO:Ga layer performance by a 
systematical variation of layer thickness (20–200 nm), background gas 
atmosphere (O2, N2, Ar) and base pressure (from 10 −4  to 10 −1  mbar) 
during deposition, as well as doping concentration (1–5 wt%). Not all 
variations were discussed in this article, as we focused on the more 
promising results. The transmittance of these electrodes is recorded 
using an Ava-Light-DH-S-Bal (Avantes BV, Netherlands) light source 
and a CAS 140 CT spectrometer (Instrument Systems GmbH, Germany) 
through an aperture of 2.96 mm 2 . A four-point-probe measurement 
stand S 302–4 (LucasLabs, USA) was used to determine sheet 
resistances under ambient conditions. Scanning electron micrographs 
of the ZnO:Ga fi lms were recorded using a Zeiss GSM 982 Gemini 
scanning electron microscope (SEM). Several measurements were 
recorded at different positions to ensure reproducible results that 
actually represent the entire sample.  
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