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Unusually High Optical Transmission in Ca:Ag Blend Films:
High-Performance Top Electrodes for Efficient Organic

Solar Cells

Sylvio Schubert,* Lars Miiller-Meskamp, and Karl Leo

Highly transparent electrodes are demonstrated based on thermally evapo-
rated calcium:silver blend thin—films, which show unusually high transmis-
sion well above the expectations from bulk material properties and thin film
optics. These electrodes exhibit a low sheet resistance of 27.3 Q/[], com-
bined with an extraordinarily high mean transmittance of 93.0% in the visible
spectral range (Oyc/Gopt = 186.7), superior to the commonly used inorganic
electrodes made from indium tin oxide (ITO). Additionally, the metal blend
electrode is flexible, showing a constant sheet resistance down to a bending
radius of 10 mm and can be employed on top of organic devices without
causing damage to the organic material. The spontaneously formed unique
microstructure of a polycrystalline Ag network with randomly distributed
nanoapertures, surrounded by a calcium shell, enables broadband transmit-
tance enhancement due to amplified plasmonic coupling. Consequently, top-
illuminated organic solar cells using such metal blend electrodes achieve a
power conversion efficiency of 7.2% (which defines a new record for top illu-
minated organic solar cells) and even exceed the efficiency of similar bottom-
illuminated reference solar cells (6.9%) employing common ITO electrodes.

lightweight devices,['*1%] offering attractive
properties for novel applications. For that
purpose, flexible and mechanically stable
substrates such as opaque metal foils are
desired, requiring a device architecture
with transparent top electrode. For such
applications, ITO is not suitable due to the
high deposition temperature and damage
of the underlying devices.[81%]

Here, we investigate  ultra-thin
calcium:silver (Ca:Ag) blend layers as flex-
ible, transparent, conductive electrode,
and its integration as top electrode for
highly efficient organic photovoltaic cells.
In contrast to pure silver layers which tend
to form isolated nuclei (Volmer-Weber
growth mode), leading to non-conduc-
tive films% and strong particle plasmon
absorption,?] a Ca:Ag Dblend electrode
based on an aluminum seed layer!”) shows
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1. Introduction

Transparent conductive electrodes are a key component of
future optoelectronic devices. The current benchmark in the
field of transparent conductors is indium tin oxide (ITO), com-
bining excellent optical and electrical properties with an average
transmittance in the visible spectral range over 90% and a sheet
resistance down to 11 Q/[1.1! However, due to its brittleness/?
and the scarcity of indium,?! ITO replacements, e.g., conduc-
tive polymers such as PEDOT:PSS,* silver nanowires,>®! ultra-
thin metal films,”# carbon nanotubes,®!l or graphenel'!-'
are subject of intense research. In the long term, the most
promising application for such electrodes might be organic
photovoltaics (OPV). Continuous advances in materials and
device concepts have recently led to efficiencies of up to 12%./¢
Moreover, OPV shows the potential for fast and cost-efficient
roll-to-roll production!’”! of flexible, semitransparent, and
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no island formation which enables highly
conductive films down to a thickness
of 4 nm. As frequently suggested in lit-
erature, the metal layers are embedded between two dielectric
layers to increase electrode transparency?'~*"l and solar cell life-
time.l?”] In addition, structural investigations reveal a spontane-
ously forming nanoscale material separation of Ca and Ag and
a nanohole formation in the layer. This amplifies the excitation
of surface plasmon polaritons and strongly increases the film
transmittance by the coupling of plasmons on the front- and
backside of the metal layer. Such a mechanism is possibly sim-
ilar to previously reported extraordinary optical transmission
for larger aperture arrays in thicker layers,?% but enables a
spectrally broad transmittance enhancement. Consequently,
the electrode performance and the solar cell efficiency can be
significantly improved compared to state-of-the-art metal elec-
trodes and even to ITO.

2. Electrode Characterization

Figure 1a depicts the schematic stack design of the electrode-
only samples. The transparent doped hole-transport layer
BF-DPB:NDP9 and MoOj; are employed to mimic the com-
plete solar cell stack and to ensure similar growing behavior.
A 1 nm thick seed layer”! plus 1 nm of pure silver are used
to influence the microstructure of a Ca:Ag blend thin film in
the mixing ratio of 2:1. Alq; serves as antireflection coating for
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Figure 1. Sample stack design. a) Electrode-only samples and b) complete n-i-p small molecule organic solar cells. The electrode-only samples repre-
sent the upper layers of the solar cell and are used to study microstructure, conductivity, and optical properties.

all metal electrodes. A detailed material description is provided
in the experimental section. To optimize the electrode perfor-
mance, we varied the seed layer material and the blend layer
thickness. Figure 2a shows the transmittance spectra and cor-
responding sheet resistances of 8 nm thick Ca:Ag electrodes,
depending on the employed seed layer (1 nm of gold, calcium,
aluminum, or no seed). For comparison, the transmittance and
sheet resistance of our lab-standard ITO, a 10 nm thick pure Ag
electrode, and a successively deposited bi-layer of 3 nm thick
pure silver and 5 nm thick pure calcium are depicted. For pure
silver films, we recently found that a gold seed layer can signifi-
cantly improve the thin film microstructure and optoelectronic
performance.”! Thus, the single Ag and the Ag/Ca bi-layer is
deposited on an additional 1 nm thick Au seed. Note that all
transmittance spectra presented in this article are not substrate
corrected.

Even without any seed layer, the Ca:Ag blend electrode
shows a high mean transmittance T,;; of 79.5% in the visible
spectral range between 400 nm and 800 nm. Particularly in the
near infrared region, unusually high transmittance is observed,
which cannot be achieved by a simple successive deposition of
two Ag and Ca layers with a similar amount of material (3 nm
Ag and 5 nm Ca, respectively). We ascribe this very high trans-
parency to a plasmonic coupling effect similar to extraordinary
optical transmission,?83% as discussed later. The sheet resist-
ance of the metal blend layer is 283.3 Q/[], much lower than
the 3000 €/ of the planar stacked sample. However, it is still
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one order of magnitude higher than for ITO, limiting its usa-
bility with respect to large area applications. Introducing a gold
seed layer reduces the transmittance by approximately 10%
without changing the conductivity of the film, which suggests
an unfavorable microstructure of the Ca:Ag blend and contra-
dicts the findings for pure Ag electrodes.”! Also the calcium
seed slightly reduces the electrode transmittance, but improves
its sheet resistance to 89.2 Q/[. In contrast, the aluminum seed
layer causes the formation of a very transparent and conduc-
tive blend film, exhibiting a low sheet resistance of 27.3 Q/[]
and a mean transmittance of 84.3%. Such an electrode system
exceeds the performance of state-of-the-art metal®'32 and metal
blend®?! electrodes and is even superior to the ITO used in our
lab (Rg =32 Q/[], Ty = 83.0%). Subtracting the refractive index
mismatch losses at the glass interfaces leads to a transmittance
of the solitary Ca:Ag electrode system of T,;" = 93.0%. In the
spectral range between 500 nm and 800 nm, where the photon
flux of the sun has its maximum, the Ca:Ag based electrode
exceeds the transmittance of ITO by up to 6.3%, pointing out the
great potential of this electrode in combination with a solar cell.
With a total thickness (Al and Ag seeds + blend layer) of 10 nm,
the Ca:Ag electrode presented here shows a similar sheet resist-
ance compared to a pure 10 nm thick silver electrode, while
having a drastically improved transmittance. The figure of merit
O4c/ Oopy introduced by Gruner et al.,B* is 103.1 for the pure
silver layer (10 nm), poor 0.6 for the Ag(3 nm)/Ca(5 nm) stack,
125.2 for ITO, and remarkable 186.7 for the optimized Ca:Ag
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Figure 2. Electrode performances on glass/p-doped BF-DPB (20 nm)/MoOj3 (3 nm) substrates and with Algs (45 nm) capping layer a) Transmittance
and sheet resistance R of 8 nm thick Ca:Ag layers (2:1) deposited on 1 nm of varying seed layer: Ca, Au, Al, or no seed. For comparison, samples with
10 nm of pure Ag and successively deposited 3 nm Ag plus 5 nm Ca (same amount of material as in the blend) are depicted. To guarantee a reliable
performance, both Ag films are deposited on 1 nm Au as seed layer.’l 90 nm ITO on glass serves as reference. b) Transmittance of Ca:Ag electrodes
of varying thickness, using an Al seed layer. c) Corresponding sheet resistance of the Ca:Ag electrodes depending on the layer thickness. None of the

transmittance graphs are substrate corrected.

electrode system (8 nm, 2:1, Al seed). Additionally, replacing
two thirds of the noble and expensive metal silver with the low
cost material calcium leads to a significant reduction of mate-
rial costs compared to bare silver or ITO.5!

Figure 2c and 2d give additional information about the thick-
ness dependency of the metal blend electrode (from now on
always deposited on an Al seed layer) concerning transmittance
and sheet resistance, respectively. Although the 4 nm Ca:Ag
blend represents the thinnest layer in this comparison, it shows
the lowest transmittance, suggesting a partially discontinuous
film morphology. Isolated metal clusters can lead to the exci-
tation of localized surface plasmons, which represent a loss
mechanism for the transmission of light.”?!] A partially discon-
tinuous film is also indicated by the rather high sheet resistance
of 193.6 Q/[]. With increasing layer thickness, the film com-
pletely coalesces and the transmittance is increased, showing
an optimum at 8 nm. Further material deposition leads to a
reduced transmittance, as known from pure metal films. How-
ever, the decrease in transmittance with increasing layer thick-
ness is uncommonly small (resulting in T, = 81.6% even for
14 nm Ca:Ag) and cannot be explained by the Lambert-Beer
law. Particularly in the red and near infrared region where the
extinction coefficients of the single metals are high, an excel-
lent transmittance is observed for all Ca.Ag electrodes, sug-
gesting an additional transmission phenomenon, only weakly
dependent on the layer thickness. A comparable behavior is
known only from extraordinary optical transmission of periodic
aperture arrays in opaque metal films.?%3% The sheet resist-
ance continuously decreases with increasing layer thickness up
to 10 nm and then saturates at values of around 18 Q/[]. This
weak dependency of T, and Rg on the precise layer thickness is
highly beneficial for a potentially fast and large-scale electrode
production and results in excellent yield and reproducibility
of the Ca:Ag electrodes. It is known that calcium is a highly
reactive material and unstable in air or moisture. However, an
ultra-thin oxide layer on both sides of the metal blend layer can

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

sufficiently stabilize the electrodes,”’] even without an addi-
tional encapsulation (see below).

3. Structural Investigations

In order to obtain further insight and a better understanding
of the mechanisms behind the excellent electrode properties,
a series of microstructure investigations of the Ca:Ag electrode
system has been carried out. Figure 3a depicts a transmission
electron micrograph (TEM) of an electrode stack as described in
Figure 1a but on a carbon coated copper grid substrate. A con-
trast rich micrograph can be seen, displaying not a smooth but
nanoscale structured film morphology with bright and randomly
distributed features of 5 nm — 40 nm in diameter. The cross sec-
tional TEM of the same sample shown in Figure 3e reveals that
the structures appear only in the Ca:Ag layer, hinting at a mate-
rial or phase separation. Since the lamella for the cross sectional
TEM measurement is cut by focused ion beam (FIB) to a thick-
ness of 100 nm, being significantly larger than the maximum fea-
ture size, it is not possible to discover entire holes in Figure 3e.
Dark colored nanoflakes (indicating a dense and crystalline
material) are closely packed. In between, some brighter (low
density) areas are visible. The sample is also probed by atomic
force microscopy (AFM), showing a similar structure size as in
the TEM and a low root mean square roughness of 1.2 nm (see
Figure 3b). As the nominal Ca:Ag layer thickness is only 8 nm
compared the maximum height difference in the AFM image
of 13.1 nm, we assume the bright areas to be empty holes in
the blend film, reaching from the top to almost the bottom.
Consequently, the Ca:Ag electrode spontaneously forms a metal
network, including randomly distributed nanohole features and
probably partially crystallized grains. That result is strongly sup-
ported by energy filtered TEM measurements, which will be
discussed later. Figure 3c shows the electron diffraction pattern
of the Ca:Ag contact measured with the TEM. The visible rings
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indicate a polycrystalline film structure. Due
to the variety of possible materials (Ca, Ag, Al
their oxides and alloys, MoO3, or organic com-
pounds), it is difficult to assign the ring radii
for a particular material or material system.
However, there are hints on nanocrystalline
Ag, AgCa, Ag;Cas, and also CaO, phases in
the blend layer. Possibly, a significant part

200nm of the Ca in the film already oxidizes during
— deposition, which might explain the reason-
able stability of the Ca:Ag electrode. Addi-
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tional X-ray diffraction measurements shown

104 - in Figure 3d confirm the presence of a crystal-

. < line phase of pure silver, but pristine calcium

a3 8 A could not be detected. Although the promi-

S 6l f nent peaks at low diffraction angles cannot be

% Ag Ag assigned unambiguously, they suggest mate-

3 41 1 1 rial phases with a large unit cell (e.g., Ag;,Ca,g
£ 2] or various metal oxides).

Further investigations of the network

010 20 30 40 50 60 70 80 90 microstructure are carried out by energy
2 theta (6°) filtered TEM. Since electrons are sub-

ject to a characteristic, material dependent

energy attenuation while passing through

Alg3 the sample, this technique allows a spatially

p—— resolved material analysis on a nanometer
e scale. Figure 4 depicts scanning EF-TEM

—MoQ3 images of the Ca:Ag blend electrode for the

BF-DPB characteristic energy losses of Ag, Ca, C,
Substrate or O interaction. Silver is forming a nano-

porous network with many holes inside, but

Figure 3. Structural investigations. In all subfigures, a Ca:Ag electrode (2:1, 8 nm) using an without any separated clusters. The forma-
Al seed layer is probed. a) Top view transmission electron micrograph. b) Atomic force micro-  tion of crystalline silver percolation paths in
graph. c) Electron diffraction pattern. d) X-Ray diffraction pattern. e) Cross sectional transmis-  the electrode layer can explain the excellent

sion electron micrograph. conductivity even at low film thickness. In

» : r4

Mag: 50000x e 200nmM

Figure 4. Energy filtered transmission electron microscopy. Scans of an 8 nm thick Ca:Ag blend electrode (2:1) on Al seed, filtered by the characteristic
energy losses for an electron beam interaction with a) silver, b) calcium, c) carbon, and d) oxygen atoms. A bright area (strong signal) indicates the
presence of the actual material. The white circle highlights a characteristic area.
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contrast, calcium is strongly enriched at the edges of the silver
mesh. Probably, the low surface energy of the initially deposited
Ca (or Ca0,) is unfavorable for further silver deposition and
subsequently deposited silver particles diffuse to calcium free
regions.! Similar processes might force the Ca to agglomerate
at the Ag interface of higher surface energy, suggesting a growth
model which most likely explains the material separation, the
Ag network structure, as well as the hole formation. The carbon
signal in Figure 4c represents the inverse of the Ag distribution.
Since carbon is present along the entire substrate and capping
layer but the signal is attenuated when other materials are in
the trajectory of the electrons, it proves the assumption that the
holes in the metal layer are empty and extend almost down to
the bottom. In contrast, the signal of oxygen is homogeneous
and low, hinting at a weak oxidation of the entire sample surface.

Such spontaneously formed silver nanomeshes enable an
excitation of surface plasmon polaritons (SPPs). Since the metal
thickness is extremely low (~10 nm), a strong coupling between
SPPs on the front- and backside of the electrode is expected.
For periodically patterned nanoaperture arrays in optically thick
metal films, extraordinary optical transmission (EOT) in a very
narrow spectral range caused by plasmonic coupling has been
observed.?8-3% However, the apertures in the Ca:Ag blend films
presented here are irregularly shaped, randomly distributed,
and much smaller than the usually reported FIB milled holes of
a few 100 nm (partially even smaller than the resolution limit
of the FIB milling technique at all). Thus, a novel broadband
transmission enhancement effect beyond the expectations from
bulk material properties and thin film optics might be observed
here. Probably, an improved coupling of upper and lower side
plasmons could explain the extraordinarily high mean trans-
mittance of the Ca:Ag network, particularly in the red and near-
infrared region, where the optical constants of Ca and Ag would
suggest a lower transmittance.

4. Electrode Flexibility

To study its flexibility, the Ca:Ag blend electrode is deposited on
a plastic sheet (PET, pre-coated with 20 nm BF-DPB:NDP9 and
3 nm of MoOj3) and systematically bent, while the sheet resist-
ance is measured for decreasing bending radii (see Figure 5). A
SEM picture of the unbent sample at a magnification of 10000 x
shows a smooth, homogeneous film. The initial sheet resist-
ance of the unbent electrode on PET is Rg = 29 Q/[1. First, the
sample is bent 50 times with a bending radius of 65 mm and
the electrode subject to tensile stress. Then, the sheet resist-
ance is measured. This procedure is repeated with successively
decreasing bending radius. Down to bending radii of 10 mm,
no change in Rg is detectable, showing the great potential of
these electrodes for roll-to-roll production. A further reduction
of the bending radius to 0.7 mm results in a slightly increased
sheet resistance to 42 Q/[]. Finally, at a bending radius of
125 pm, which equals the thickness of the polymer substrate,
an increase to Rg = 122 Q/[] can be observed. The SEM reveals
a formation of several long cracks in the film, perpendicular to
the bending direction, hindering an efficient charge transport.
However, the ductile properties of silver prevent a total failure
even at this extreme stress.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The cumulative bending test shows the sheet resistance of a
Ca:Ag electrode (2:1, 8 nm, Al seed) on PET foil as a fiction of the bending
radius. The sample is bent 50 times for each radius. Two scanning elec-
tron micrographs reveal a formation of long cracks perpendicular to the
bending direction, causing a significant increase in sheet resistance. The
black frame highlights the range of bending radii typically used for roll-
to-roll (r2r) production.

5. Organic Solar Cells with Ca:Ag Top Electrodes

The optimized Ca:Ag (2:1, 8 nm, Al seed) blend electrode is
successfully applied as top electrode in highly efficient small
molecule n-i-p solar cells. Such a top-illuminated device (see
Figure 1b) is compared to an identical bottom-illuminated ref-
erence sample with a standard ITO bottom electrode and an
opaque 100 nm Al top electrode. Four identical samples of each
device type are fabricated to ensure reproducible results. Since
process- and measurement-related relative sample-to-sample
variations are lower than 5%, the device characteristics of the
best performing sample are shown in Figure 6a and summa-
rized in the legend, while the measurement ranges are given
only for the efficiency.

The open circuit voltage (Voc) of an n-i-p device is deter-
mined by the energy levels in the bulk heterojunction and
therefore similar for both devices at 0.95 V. As suggested by the
transmittance measurements, slightly more photons can enter
the photoactive layers of the solar cell through the metal blend
contact, resulting in an increased short circuit current den-
sity (jsc) of 12.31 mA/cm?, compared to 12.16 mA/cm? for the
ITO cell. The series resistance of the devices (determined from
the linear slope in forward direction) is strongly reduced from
56.7 Q to 38.2 Q by introducing the transparent metal blend
electrode, indicating that the excellent results of the electrode-
only samples are conserved on top of the complete solar cells.
The reduced resistance is particularly advantageous for large
scale OPVs, where its influence on device performance is more
pronounced. Higher electrode conductivity also enables an
improved charge carrier collection and reduced recombination,
reflected in an increased fill factor (FF) from 59.64% to 61.91%.
Taking all parameters into account, a remarkable power con-
version efficiency of 7.2% is achieved for top-illumination
through the Ca:Ag electrode, which is an improvement com-
pared to the 6.9% of the bottom-illuminated (also optimized)
standard device on ITO. This is the highest reported efficiency

Adv. Funct. Mater. 2014, 24, 6668-6676
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Figure 6. a) Current-voltage curves and finger prints measured under AM1.5G illumination (100 1 mW/cm?). The top-illuminated devices with flex-
ible Ca:Ag top electrode (2:1, 8 nm, Al seed) are compared to conventional bottom sensitive devices with ITO bottom contact. For the efficiency, the
measurement range of four identical solar cells for each sample type is shown. b) External quantum efficiency (EQE) of the same samples, measured
at short circuit conditions without additional bias illumination. There is no shift in the absorption peaks of DCV-5T-Me (at 600 nm) or Cgq (at 350 nm),
hinting at a similar photon flux distribution in the top and bottom devices. At 480 nm, a cavity mode appears for the device using the metal contact.

for a top-illuminated small molecule solar cell so far. Com-
bining improved scalability due to the low sheet resistance and
enhanced processing due to flexibility and applicability as top
contact, the Ca:Ag blend electrode is not only a promising alter-
native to ITO, but clearly outperforms the current state-of-the-
art. In particular, devices on opaque substrates and flexible or
transparent devices can be prepared without introducing any
drawbacks (additional data for transparent organic solar cells is
provided in the supplementary).

Figure 6b shows the external quantum efficiency (EQE) of
the bottom- and top-illuminated solar cells, recorded at short
circuit conditions. Both devices show a high EQE up to 80% at
a wavelength of 600 nm. The peaks are not shifted for the dif-
ferent illumination directions, suggesting a similar photon flux
distribution in both devices, as intended by using the same film
thickness for the electron and hole transport layers. However,
in the absorption range of DCV-5T-Mel®! (between 400 nm and
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700 nm), the top-illuminated cell exhibits a slightly higher EQE,
according to the improved electrode transmittance. Addition-
ally, at 480 nm a cavity mode appears in the top-illuminated cell,
which is amplified by a higher reflectivity and different optical
constants of the metal blend compared to dielectric ITO. Since
the absorption probability of light which is trapped in such
a cavity is increased, the EQE is higher, the short circuit cur-
rent is enhanced, and finally the power conversion efficiency is
improved. The cavity effect could be particularly advantageous
for complementary tandem or multi-junction devices.

6. Stability and Lifetime

In Figure 7a, the normalized power conversion efficiency of
a top illuminated solar cell with Ca:Ag top electrode is shown
as a function of time and compared to a standard bottom

b 50
Ca:Ag (2:1, 10nm, Al seed)
45 4 | with different capping layers:
= =& no capping
[m]
Q404 | =O—Alq, (45nm)
;)’ =~ MoO, (35nm)
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Figure 7. a) Comparison of the stability of two glass-glass encapsulated organic solar cells as a function of time, using either Ca:Ag or ITO as trans-
parent top or bottom electrode, respectively. Both devices have been exposed to identical and constant aging conditions: ambient air, continuous
AM1.5G illumination (100 mW/cm?), and 65 £ 1 °C. b) Long term stability of the Ca:Ag electrode system in air, using different capping layers.
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illuminated cell on ITO. The devices are encapsulated by a
glass lid and the stacks are identical as described in Figure 1.
Typically, the solar cell lifetime is defined as the time it takes
for the efficiency to decay to 80% of its initial value (Tg). While
the ITO reference cell is rather stable, showing a Tg, of 108 h
under continuous illumination, the cell with Ca:Ag top elec-
trode rapidly degrades at the beginning of the measurement,
leading to a low Tgy of only 19 h. Later, the degradation rates
are comparable. Since the organic layer sequence is identical
for both devices, the accelerated degradation is assigned to the
Ca:Ag electrode or the interface between this electrode and the
organic stack. However, it is known from literature that ultra-
thin metal electrodes are prone to rapid degradation, because of
an unfavorable surface to volume ratio.[?”3637] Thus, the device
lifetimes achieved here are in the expected range and not drasti-
cally decreased because of the utilization of the highly reactive
calcium in the electrodes. The Ca:Ag electrode system is cov-
ered by a 45 nm thick Alq; capping layer. This organic capping
is not able to protect the electrodes (see Figure 7b), leading to
a constantly increasing sheet resistance as a function of storage
time in air.

However, we could previously show that a thin metal elec-
trode can be significantly stabilized by an oxide sandwich sur-
rounding the metal.?”) Applying this concept to the Ca:Ag layer
leads also to an improved electrode stability and a low increase
in sheet resistance Rg from 19.1 Q/[] to 23.4 Q/[] after storing
165 days in ambient atmosphere, without an encapsulation.
Note that the transmittance of all Ca:Ag electrodes stays almost
constant over time. We assume that an additional oxide capping
could also stabilize the organic solar cells presented in Figure 7a
and passivate the Ca:Ag electrodes for further degradation.

7. Conclusion

We have investigated thin Ca:Ag blend films which can be
employed as excellent transparent and flexible top electrodes
for highly efficient small molecule organic photovoltaic cells. In
contrast to conventional semitransparent metal contacts with
similar sheet resistance, the electrode transmittance is drasti-
cally increased while the material costs are reduced. Embedded
between two dielectric layers and in combination with a 1 nm
thick aluminum seed layer, a Ca:Ag electrode with a thickness
of 8 nm and a blending ratio of 2:1 exhibits an extraordinarily
high mean transmittance of visible light between 400 nm and
800 nm wavelength T of 84.3% (93.0% after substrate cor-
rection) and a sheet resistance Rg of 27.3 Q/[], both superior
to our lab ITO (R = 32 Q/[J, Tyjs = 83.0%). The Oyc/Oy ratio
of the optimized metal blend electrode reaches 186.7. Addi-
tionally, the presented electrode system is highly flexible, with
a constant conductivity down to a bending radius of 10 mm,
showing the great potential of these metal electrodes for fast,
cost-efficient, reliable, and high-purity roll-to-roll processing.
The origin of the superior performance is examined by micro-
structure studies. TEM measurements reveal that — driven by
a phase segregation — the silver in the blend electrode forms
a partially crystalline network. Randomly distributed nano-
apertures in the film enable amplified plasmonic coupling, sim-
ilar to EOT, but leading to a unique broadband transmittance
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enhancement. Organic solar cells employing Ca:Ag films as top
electrode show superior current generation and charge collec-
tion and achieve 7.2% efficiency, exceeding the 6.9% efficiency
of bottom-illuminated reference solar cells with conventional
ITO electrodes. The stability of the Ca:Ag films is comparable to
other ultrathin metal electrodes, despite the high amount of Ca
in the layer. It is shown that the metal blend electrodes investi-
gated in this study can replace ITO and fill the lack of high per-
formance flexible, transparent, conductive top electrodes, which
are particularly interesting for roll-to-roll processed organic
photovoltaic cells, OLEDs, semitransparent devices, devices on
opaque substrates, or photonic devices.

8. Experimental Section

Sample Preparation: All samples shown in this publication are
fabricated in a custom-made vacuum system (K.). Lesker, UK) by
thermal (co-)evaporation at a base pressure of 10”7 mbar, using shadow
masks. The glass (Corning Eagle XG, 1.1 mm, Thin Film Devices, USA),
PET (Melinex ST 504, 125 pm, DuPont Teijin Films, USA), and ITO (Thin
Film Devices, USA) substrates are carefully cleaned with NMP, ethanol,
and oxygen plasma before being transferred into the vacuum chamber.
During one processing run of 36 samples, the intentional variation of
specific layers or parameters is possible for specific samples, while all
other layers are deposited under identical conditions. This allows to
include reference samples, which can be used for direct comparison
within one run, and comparisons for equal stacks in different runs to
validate processing over time. In case of the samples shown in this
paper, only the seed layer material and the film thickness of the Ca:Ag
electrode are varied and its influence is investigated. The sample yield
was >98%. All layer thicknesses are monitored with calibrated quartz
crystal microbalances; in case of the very thin layers in the range of T nm,
the layers are probably neither smooth nor closed, so the thickness
given here has to be interpreted in terms of nominal or equivalent
thickness, indicating the amount of material on the sample. The small
molecule organic solar cells presented here are n-i-p type, i.e., the
intrinsic absorber (i) is embedded between dedicated, doped electron
(n) and hole (p) transport materials. The complete stack is shown in
Figure 1. As cathode, either an opaque metal layer of 100 nm aluminum
or a 90 nm thick, pre-structured layer of indium tin oxide (Thin Film
Devices, USA) is used. ITO acts as transparent contact for bottom-
illuminated reference devices which utilize the 100 nm aluminum layer
as counter electrode on top. The high reflectivity of aluminum creates
a cavity in both (bottom- and top-illuminated) devices which enables
improved light absorption. As electron transport layer, 30 nm of N,N-
Bis (fluoren-2-yl)-naphthalenetetracarboxylic diimide (MH250, produced
in house) n-doped with 7 wt% of tetrakis(1,3,4,6,7,8-hexahydro-2H-
pyrimido[1,2-a]pyrimidinato)ditungsten (1) (W,(hpp)s, Novaled AG,
Germany) are employed. 10 nm intrinsic Cgo (BuckyUSA, USA; purified
by CreaPhys GmbH, Germany) serves as electron transport layer and
acceptor followed by a 40 nm thick bulk heterojunction consisting
of Cg and a methylated DCV-5T derivativel® (2,2’-((3”,4”-dimethyl-
[2,27:57,2”7:57,2"7:5"",2""-quinquethiophene]-5,5""-diyl)-bis
(methanylylidene))dimalononitrile, Synthon, Germany) simultaneously
evaporated with a weight ratio of 1:2. During evaporation of the bulk
heterojunction, the substrate is heated to 85 °C. Next, 5 nm of intrinsic
9,9-bis[4-(N,N-bis-biphenyl-4-yl-amino) phenyl]-9H-fluorene (BPAPF,
Lumtec, Taiwan; purified in house) is deposited. For efficient hole
transport and injection, 15 nm of BPAPF and 20 nm of N,N’-((Diphenyl-
N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine (BF-DPB, Sensient
AG, USA) both doped with 10 wt% NDP9 (Novaled AG, Germany)
are deposited, followed by 3 nm molybdenum(Vl)oxide (MoOs;,
sigma-aldrich, USA, 99.99% purified). The MoOs layer prevents the
interpenetration of metal and organic material during the subsequent
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electrode deposition process and leads to improved hole collection
properties.?”l A gold (Au), calcium (Ca), or aluminum (Al) film of only
1 nm thickness combined with an additional 1 nm of silver (Ag) acts
as seed layer for the subsequently deposited calcium:silver blend layer
(of varying thickness), which is used as anode. For good charge carrier
extraction, forming Ohmic contacts, 1 nm of pure NDP9 or W, (hpp)4
are deposited at the interfaces between metal top electrode/BF-DPB and
bottom electrode/MH250, respectively. Finally, a capping layer of 60 nm
tris-(8-hydroxy-quinolinato)-aluminum (Alqs, TCl Europe, Belgium) is
deposited to reduce reflectance and increase transmittance of the metal
electrode. All organic materials except the dopants and DCV-5T-Me have
been purified at least twice by vacuum gradient sublimation. Note that
both transport layers surrounding the photoactive bulk heterojunction
have the same total thickness of 40 nm each, ensuring a similar optical
field distribution in the devices for top- and bottom-illumination. Glass
is used as substrate to guarantee reliable handling, sample processing
and a good comparability to the ITO based reference samples. Since the
bottom electrode is an opaque aluminum film, the performance of the
top-illuminated solar cells is expected to be comparable also on other
sufficiently planarized substrates, e.g., flexible metal foils or polymer
webs. The completed solar cells are encapsulated with a transparent
encapsulation glass, fixed by UV-hardened epoxy glue, in a nitrogen
glovebox attached to the vacuum chamber. The photoactive active area
of the organic solar cell is 6.44 mm?, as defined by the overlap of bottom
and top electrode. Additional “electrode-only” samples consisting of
a simpler stack design — Substrate (Glass or PET)/p-doped BF-DPB
(20 nm)/MoO; (3 nm)/seed layer (1+1 nm)/Ca:Ag blend (mixing ratio
2:1, 4 nm-14 nm)/Alg; (45 nm) — but larger area of 20 X 20 mm? are
fabricated and characterized by optical, electrical and microstructure
measurements. Since the deposition of such thin layers is very substrate-
dependent, the oxide and metal layers are not directly evaporated onto
glass but on 20 nm p-doped BF-DPB, which is exactly the same layer
below the electrode as it is used in the organic solar cells. 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
solar cell.

Characterization: Current-voltage measurements of the OPV cells
are carried out under ambient conditions using a source measurement
unit (SMU 2400 Keithley, USA) and simulated AM 1.5G sun light (16S-
150 V.3 by Solar Light Co., USA) taking spectral mismatch into account.
The illumination intensity is kept at (100 £ 1) mW/cm?, monitored
by a calibrated silicon reference diode. To determine the external
quantum efficiency (EQE) and the mismatch factor, a custom-made
setup is used. The monochromatic beam (Oriel Xenon Arc-Lamp Apex
Illuminator combined with Cornerstone 260 1/4m monochromator, both
Newport, USA) probing the device is chopped and the corresponding
current response of the device is measured via a lock-in amplifier
7265 DSP (Signal Recovery, UK). The EQE is measured without extra bias
illumination through an aperture of 2.96 mm?Z. The long term stability of
the organic solar cells is measured in a home built setup using a SOL
1200 (Hoénle AG, Germany) sun simulator. All devices were exposed
to identical and constant aging conditions: ambient air, Perpendicular
illumination with an intensity of 100 m\W/cm? (the spectrum is similar to
AM1.5C) and a temperature of 65 £ 1 °C. Changes in device performance
are monitored by recording a current-voltage-curve every two hours and
extracting the development of all characteristic parameters as a function
of time. A four-point-probe measurement stand S 302—-4 (LucasLabs,
USA) is used to determine the sheet resistance of the electrodes under
ambient conditions. Comparative sheet resistance measurements
according to the van der Pauw method led to same results. The
transmittance is measured 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?Z
Transmission electron micrographs for top electrode-only samples on a
carbon coated copper grid are recorded using a Libra 200 transmission
electron microscope (TEM, Carl Zeiss Microscopy GmbH, Germany)
with primary electron energy of 200 keV. In the same tool, energy
filtered TEM under a collection semi-angle of 12 mrad is measured, with
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energy steps of 3 eV and a width of the energy slit of 10 eV. Grazing
incidence X-Ray diffraction (GIXRD) measurements are carried out in air
with a fixed angle of incidence 6 of 0.12°, using a D8 Discover device
(CuKa-radiation 40 keV, Fa. Bruker AXS, Germany). Scanning electron
micrographs of the bended electrodes on PET substrates are recorded
using a Zeiss GSM 982 Gemini scanning electron microscope (SEM).
Surface scans, height profiles, and roughness of the electrodes without
Algs capping layer are determined with a Combiscope atomic force
microscope (Aist-NT, Netherlands) in tapping mode. In all cases, several
micrographs are recorded at different positions to ensure reproducible
results that actually represent the whole sample.
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