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ABSTRACT: Perovskite silicon tandem solar cells have the potential to
overcome the efficiency limit of single-junction solar cells. For both
monolithic and mechanically stacked tandem devices, a semi-transparent
perovskite top solar cell, including a transparent contact, is required. Usually,
this contact consists of a metal oxide buffer layer and a sputtered transparent
conductive oxide. In this work, semi-transparent perovskite solar cells in the
regular n−i−p structure are presented with tin-doped indium oxide (ITO)
directly sputtered on the hole conducting material Spiro-OMeTAD. ITO
process parameters such as sputter power, temperature, and pressure in the
chamber are systematically varied. While a low temperature of 50 °C is crucial
for good device performance, a low sputter power has only a slight effect, and an increased chamber pressure has no influence
on device performance. For the 5 × 5 mm2 perovskite cell with a planar front side, a 105 nm thick ITO layer with a sheet
resistance of 44 Ω sq−1 allowing for the omission of grid fingers and a MgF2 antireflection coating are used to improve
transmission into the solar cells. The best device achieved an efficiency of 14.8%, which would result in 24.2% in a four-terminal
tandem configuration.
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1. INTRODUCTION

Since their emergence in photovoltaics, perovskite solar cells
have achieved an unprecedentedly fast development. As a
direct semiconductor, perovskites show a high absorption
coefficient and a sharp absorption edge.1 They can be
fabricated at potentially low processing costs using solution
or vacuum-based techniques.2−5 The efficiency has increased
up to 25.2% in only a few years.6 A specific feature of
perovskites is the tunable band gap over a wide range by
compositional engineering.7−9 Therefore, perovskite solar cells
are promising candidates as a top cell in perovskite silicon
tandem solar cells.
Silicon solar cells have already achieved efficiencies over

26%.10 However, silicon single-junctionsolar cells are limited to
an efficiency of 29.4%.11 This limit can be overcome by
tandem solar cells using a top cell with a larger band gap than
silicon reducing thermalization losses. The optimal top cell
band gap for a silicon bottom solar cell is ∼1.7 eV,12 which can
be achieved with a mixed-cation mixed-halide perovskite
absorber.7

Generally, tandem devices can be realized by mechanically
stacking (four-terminal configuration) or monolithically
interconnecting (two-terminal configuration) the two subcells.
With both configurations, remarkable efficiencies of over 25%

could already be achieved.13−17 Both configurations have their
special advantages. In the case of mechanically stacked tandem
solar cells, both cells can be optimized independently. No
current matching is needed. However, a more complex module
connection would be required than in the case of single-
junction solar cells, and several laterally conductive layers are
needed. In two-terminal devices, current matching is required.
However, less laterally conductive layers are needed, and in
consequence, lower parasitic absorption could be expected.
Additionally, a standard module layout known from silicon
technology can be applied.
In both cases, a semi-transparent top solar cell is required for

transmitting the photons with energies lower than the
perovskite band gap to the silicon solar cells underneath, i.e.,
the full area metal contact typically deposited as the last step in
the production of single-junction perovskite solar cells needs to
be replaced by a transparent conductive layer. This can be
realized in different ways. Silver nanowires, graphene-based
electrodes, and very thin metal layers have been pro-
posed.13,18−24 Problems of these methods are the complex
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fabrication method and stability issues for nanowires, a high
sheet resistance for graphene layers with high transmission, and
strong parasitic absorption in the case of thin metal layers.25,26

The most common solution for the front side contact in semi-
transparent perovskite solar cells or tandem solar cells is using
a transparent conductive oxide (TCO), often tin-doped
indium oxide (ITO) or indium-doped zinc oxide
(IZO).9,14−16,27−42 These layers are usually deposited by a
sputter process. To avoid sputter damage of the layers
underneath, buffer layers are typically deposited before
sputtering the TCO. In the case of the regular n−i−p
architecture, which allows for the highest perovskite single-
junction solar cell efficiencies so far,43−47 the most common
buffe r l aye r i s evapora t ed mo lybdenum ox ide
(MoOx).

28−32,34−40,42 Some groups also used solution-
processed metal oxide nanoparticles.9,27 Dewi et al. used a 1
nm thick silver buffer layer before sputtering ITO and achieved
17.7% efficiency.41 Shen et al. achieved 18.1% efficiency for
semi-transparent perovskite solar cells with MoOx and IZO.40

With a contact consisting of MoOx and ITO, efficiencies of
∼17% were achieved.30,42 The drawback is that an additional
process step is required when using a buffer layer. Additionally,
the use of MoOx leads to enhanced parasitic absorption.26,48,49

Therefore, it was proposed to replace MoOx by tungsten oxide
(WOx).

48 Nevertheless, there was only little effort omitting the
buffer layer and sputtering the TCO directly on the charge
carrier selective contact. Werner et al. achieved 9.7% efficiency
for semi-transparent perovskite solar cells with IZO directly
sputtered on 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,9-spirobifluorene (Spiro-OMeTAD), and Fu et al.
achieved ∼10% with hydrogenated indium oxide
(In2O3:H).37,50 For further improvement, in both cases
MoOx was used. Jaysankar et al. used ITO directly sputtered
on Spiro-OMeTAD in four-terminal perovskite silicon tandem
modules and achieved 14.4% efficiency with the corresponding
perovskite single-junction solar cells.51 However, they did not
go into detail about the sputter parameter optimization.
In this paper, we present semi-transparent perovskite solar

cells in the regular n−i−p structure using a soft ITO process,
which can be directly applied to Spiro-OMeTAD without the
need for a buffer layer. Therefore, the sputtering process for
the ITO has been adapted. Our semi-transparent cells reach
efficiencies of up to 14.8% and good reproducibility. We use an
electron contact passivation layer allowing for an open-circuit
voltage (VOC) over 1.1 V and a high band gap absorber suitable
for perovskite silicon tandem devices. From transmittance
measurements of the semi-transparent perovskite solar cells
and the quantum efficiency of a high-efficiency silicon solar
cell, we calculate the resulting JSC of the silicon solar cell under
our semi-transparent perovskite solar cell. We then measured
the efficiency of the silicon solar cell with the reduced JSC. The
addition of the two measured efficiency results in an overall
efficiency of 24.2% for the four-terminal tandem device.

2. RESULTS
2.1. Solar Cell Architectures. ITO sputter parameters

(sputter power, temperature and pressure in the chamber)
were systematically varied in several experiments. As in parallel
work, other layers have also been optimized, not all
experiments have been carried out with exactly the same
solar cell structure, but results from other studies have been
included. Altogether, three different generations of perovskite
solar cells have been used for the ITO optimization (Figure 1).

In all generations, semi-transparent perovskite solar cells were
fabricated in the regular n−i−p architecture on fluorine-doped
tin oxide (FTO)-coated glass substrates. Compact and
mesoporous titanium oxide (TiOx), both deposited at low
temperature,5,52,53 were used as electron contacts. In the first
generation of solar cells, we used methylammonium lead
iodide (MAPbI3) as an ABX3 perovskite absorber (Figure 1a).
Later, in the second generation of solar cells, a mixed-cation
mixed-halide absorber containing formamidinium (FA) and
cesium (Cs) on the A site and iodine (I) and bromine (Br) on
the X site was used (Figure 1b). The optical band gap is
around 1.7 eV, and thus more suitable for tandem solar cells.
Prior to perovskite deposition, a blend of phenyl-C61-butyric
acid methyl ester and polymethyl methacrylate
(PCBM:PMMA) was spin-coated as a passivation layer on
the electron contact for enhanced voltage.54 In the third
generation of solar cells, a slightly different absorber
composition was employed containing more Cs and less Br
(Figure 1c). This adapted composition exhibits improved PL
stability under constant illumination and slightly higher
efficiencies while maintaining an optical band gap in the
similar range compared to the second generation. In all
generations, Spiro-OMeTAD was used as the hole transport
layer. ITO was directly sputtered on Spiro-OMeTAD using a
shadow mask defining four 6 mm × 6 mm large areas on each
substrate. For the first two generations, a gold contact grid
(finger width 100 μm, finger distance 1 mm) was evaporated
on the ITO pads followed by a U-shaped busbar around the
ITO pads. In the third generation, the grid was omitted, and
only the busbar was used for contacting. Additionally, a
magnesium fluoride (MgF2) antireflection coating was
evaporated. For current−voltage (IV) measurements, a shadow
mask with an aperture area of 5 mm × 5 mm was used.

2.2. Optimization of ITO Sputter Process. ITO was
direct current (DC) sputtered from a 507 cm2 indium oxide/
tin oxide target (In2O3/SnO2 = 90:10 wt %). The starting
point for the sputtering process variations was a process
developed for depositions on sensitive hydrogenated amor-
phous silicon (a-Si:H) layers for silicon heterojunction solar
cell contacts without unrecoverable degradation of the
passivation quality. The sputter power was 200 W, and the
chamber pressure was 0.3 Pa. The set temperature of the table

Figure 1. Schematic structures of the perovskite solar cells used in this
work. (a) First generation of solar cells using MAPbI3 as absorber
material and a front side contact grid. (b) Second generation of solar
cells using a mixed-cation mixed-halide absorber (FA0.83Cs0.17Pb-
(I0.73Br0.27)3) and a PCBM:PMMA passivation layer on the electron
contact. (c) Third generation of solar cells with a slightly adapted
absorber composition (FA0.75Cs0.25Pb(I0.80Br0.20)3), a MgF2 antire-
flection coating, and no contact grid in the active cell area.
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can be adjusted and was kept at 100 °C. In contrast to the
original process, the oxygen gas flow was set to 0 sccm for all
experiments presented in this work to avoid any degradation
from oxidation. The sputter time was chosen in a way that a
layer thickness of ∼85 nm was achieved.
In the first experiment, the sputter power was decreased to

reduce possible sputter damage of the Spiro-OMeTAD due to
bombardment with high energetic ions.50 The aim was that the
bombardment would be less severe, and a softer process could
be applied with a lower sputter power. In silicon hetero-
junction solar cells, degradation of the passivation quality of a-
Si:H or polycrystalline silicon could be decreased by reducing
the ITO sputter power.55,56 The sputter time was adapted to
keep the thickness constant. Interestingly, the performance of
solar cells with ITO sputtered at lower power (40 W) is only
slightly better than for the standard process (200 W).
However, interpretation of the results is quite difficult due to
a huge spread in the results, as it was unfortunately always the
case for solar cells of the first generation with the MAPbI3
absorber (Figure S1). Nevertheless, a slight improvement of
∼5−10% relative in efficiency can be seen considering the
median value for sputter processes with 40 W. We also tested a
shorter two-step process, where the first ∼30 nm are sputtered
at 40 W before increasing the power to 200 W in the second
step. The cells fabricated with the two-step process perform as
well as those produced using only 40 W. Due to the savings in
process time, the two-step process was chosen for further
experiments.
In a second experiment, the set temperature of the table was

varied. Jena et al. showed that perovskite solar cells containing
Spiro-OMeTAD degraded after heating them over 60 °C and
explained the performance drop with a chemical modification
at the perovskite/Spiro-OMeTAD interface.57 An obvious
trend can also be seen in our results even though the first-
generation cells (MAPbI3 absorber) were still used for this
purpose, and thus the spread of the results is quite high
(Figures 2 and S2). The temperature variation did not have
any influence on the layer thickness, which was ∼85 nm for all
tested temperatures. Solar cells processed at 50 °C have higher
open-circuit voltages (VOC) and fill factors (FF) compared to
the values obtained from processes with higher temperatures
(75 and 100 °C). No additional gain was achieved with an
even lower temperature of 35 °C. Thus, 50 °C was chosen for
further solar cell batches.
In the third experiment, the chamber pressure was increased.

At a higher chamber pressure, more particles are available,
decelerating the high energetic ions, which may result in a
softer process.58 Here, solar cells of the second generation
(PCBM:PMMA passivation layer and FA0.83Cs0.17Pb-
(I0.73Br0.27)3 perovskite absorber) were used. Sputter power
was again set to 200 W to make sure that the plasma ignites,
which might not be the case for a combination of high
chamber pressure and low sputter power. A reference group
with the two-step process (40 W + 200 W) at a standard
pressure of 0.3 Pa was also processed. Due to a lower spread in
the results for the second-generation solar cells
(FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber), a more distinct differ-
ence between these references and the cells sputtered at 200 W
can be seen (Figure S3) compared to the first batch with first-
generation solar cells with the MAPbI3 absorber (Figure S1).
By increasing the chamber pressure (0.3, 0.7, 1.3, 1.3, and 2.7
Pa), no improvement in performance can be observed (Figure
S3). In contrast, mean efficiency values are even lower for

higher pressures and the spread increased. It has to be noted
that the thickness was not well controlled in this experiment
and increased from 81 nm for 0.3 Pa to 89, 115, and 143 nm
for 0.7, 1.3, and 2.7 Pa, respectively. However, at least for a
thickness of ∼100 nm, this should not have a negative but
rather a positive effect on cell performance, as will be discussed
in the following section. A possible reason for the decreasing
performance may be poor electronic bulk properties of the
ITO for high chamber pressures (low mobility, high sheet
resistance).55 Thus, a chamber pressure of 0.3 Pa was
maintained.
For ITO layers processed with the described optimized

process mobility, resistivity, and charge carrier density are 42
cm2 V−1 s−1, 4.5 × 10−4 Ω cm, and 3.4 × 1020 cm−3,
respectively, determined from Hall measurements.

2.3. Optical Improvements of Semi-Transparent
Perovskite Solar Cells. With this optimized ITO process
(first 40 W, then 200 W; 50 °C; 0.3 Pa), a thickness variation
was executed using the second-generation perovskite solar cell
architecture (FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber and
PCBM:PMMA passivation layer). For the first group of cells,
only the 40 W step was applied, resulting in a 33 nm thick ITO
layer. For the other groups, the two-step process was used with
different times for the second 200 W step yielding in a total
ITO film thickness of 57, 81, and 105 nm. Looking at the solar
cell performance, similar efficiencies were achieved for all
thicknesses, except for some outliers (Figure 3).
For all groups, efficiency is about 4% absolute higher when

measuring from the glass side compared to results measured
from the ITO side due to a huge difference in short-circuit
current density (JSC). This can also be observed in the
aforementioned results (Figures S1−S3). There are three

Figure 2. Performance of semi-transparent perovskite solar cells
(glass/FTO/compact TiOx/mesoporous TiOx/ MAPbI3/Spiro-OMe-
TAD/ITO/Au grid, first generation, see Figure 1a) depending on the
temperature during ITO sputtering. 50% of the data points are within
the boxes, 80% of the points within the whiskers. The point and
horizontal line represent mean and median values, respectively. The
two-step process (first 40 W, then 200 W) was used, the chamber
pressure was at 0.3 Pa. Here, only results from reverse scan direction
measured from the glass side are presented. All data, including both
scan and illumination directions, can be found in Figure S2. The best
performance was achieved at 50 °C.
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reasons for the large optical losses when light is coming from
the ITO side. First, high parasitic absorption occurs in the
Spiro-OMeTAD. Tucher et al. calculated the corresponding
losses to be 1.1 mA cm−2 in a 50 nm thick Spiro-OMeTAD
layer.59 In our devices, the Spiro-OMeTAD is over 200 nm
thick, which would result in even higher losses due to parasitic
absorption. Second, the grid fingers shade ∼10% of the active
cell area, reducing the amount of light entering the solar cell
compared to the glass side. Third, the reflectance is
significantly higher when illuminating from the ITO side
over the whole wavelength range relevant for the perovskite
solar cell (Figure 4). The reflection losses weighted by the Air
Mass 1.5 global (AM 1.5 g) spectrum correspond to 1.3 and

3.4 mA cm−2 when measuring from the glass and ITO side,
respectively. The higher loss from the ITO side is due to an
inappropriate order of refractive indices. The light first passes
through the ITO (n ∼ 2.0 at 600 nm, determined from spectral
ellipsometry measurement, Figure S4), then Spiro-OMeTAD
(n ∼ 1.65 at 600 nm60) before entering the perovskite (n ∼ 2.4
at 600 nm61).
Measured from the glass side, no difference in JSC can be

seen in dependence on the ITO layer thickness. This is not
surprising, as in this case, the ITO is just the rear contact.
From the ITO side, a little enhanced current can be observed
for the thinnest (33 nm) and thickest (105 nm) ITO layer
compared to the thicknesses in between (57 and 81 nm) which
will be discussed later. Looking carefully at the VOC, one can
see a slight decrease of the voltage with increasing ITO
thickness from 57 to 105 nm. The same trend was observed by
Jaysankar et al. and explained with increasing sputter damage
with a longer sputter time.51 However, for the investigated
thicknesses presented in Figure 3, the difference is very small
and the highest efficiency value was even reached with a 105
nm thick ITO. With thicker ITO layers, the sheet resistance
RSheet is lower. In Hall measurements, RSheet has been
determined to be 152, 82, 56, and 44 Ω sq−1 for the ITO
thicknesses of 33, 57, 81, and 105 nm, respectively.
To enhance the current from the ITO side, a MgF2

antireflection coating was applied to reduce front side
reflection. Therefore, the transmittance weighted by the AM
1.5 g spectrum was calculated in dependence of the ITO and
MgF2 layer thicknesses using the transfer matrix formalism.62

In this simulation, the perovskite was used as a substrate. For
the perovskite, Spiro-OMeTAD and MgF2 optical constants
from the literature were used.60,61,63 The refractive index n and
extinction coefficient k of ITO have been determined by
spectral ellipsometry (Figure S4). For the weighting, a spectral
range from 350 to 730 nm relevant for the mixed-cation mixed-
halide perovskites was used in this work. Simulation results are
shown in Figure 5. Without MgF2, a minimum of weighted
transmittance into the perovskite (73.7%) can be seen for an
ITO thickness of 69 nm increasing for thinner and thicker
layers. The maximal difference of the weighted transmittance

Figure 3. Performance of semi-transparent perovskite solar cells
(glass/FTO/compact TiOx/mesoporous TiOx/PCBM:PMMA/
FA0.83Cs0.17Pb(I0.73Br0.27)3/Spiro-OMeTAD/ITO/Au grid, second
generation, see Figure 1b) illuminated from both sides depending
on the ITO thickness (ITO process parameters: temperature: 50 °C;
power: 40 W for the first ∼30 nm, then 200 W; pressure: 0.3 Pa). 50%
of the data points are within the boxes, 80% of the points within the
whiskers. The point and horizontal line represent mean and median
values, respectively. Similar efficiencies are achieved for all thicknesses
with the best devices for a 105 nm thick ITO layer. High reflection,
parasitic absorption, and shading due to the grid fingers lead to a
lower JSC when illuminating the solar cells from the ITO side than
from the glass side.

Figure 4. Reflectance measured from both sides of an optical sample
with the same structure as the solar cells (105 nm ITO), except for
the gold contacts. A significantly larger amount of light is reflected
when illuminating the cells from the ITO side.

Figure 5. Transmittance into the perovskite weighted by the AM 1.5 g
spectrum in the wavelength range relevant for a perovskite solar cell
(350−730 nm) in dependence of the ITO and MgF2 layer thicknesses
calculated using the transfer matrix formalism. For all ITO
thicknesses, transmittance into the perovskite can be significantly
enhanced using a ∼100 nm thick antireflection coating.
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for the investigated ITO thicknesses is rather small (74.0% for
an 81 nm and 76.8% for a 33 nm thick ITO layer, respectively)
and corresponds to 0.7 mA cm−2. The trend is in agreement
with the JSC values obtained from the measurement from the
ITO side shown in Figure 3. Using an 80−120 nm thick MgF2
antireflection coating significantly improves the weighted
transmittance for all ITO thicknesses.
For the next experiment, third-generation perovskite cells

with a FA0.75Cs0.25Pb(I0.80Br0.20)3 absorber and a MgF2
antireflection coating were used. Although the maximum
transmittance of over 85% occurs for very thin ITO layers
(<30 nm), a transmittance of over 83% can be achieved also
with thicker layers over 100 nm with a distinctly lower RSheet.
Here, the thicker layer was retained as it allows to omit the
contact grid for reduced shading losses. Both measures,
applying an antireflection coating and omitting the grid,
show a gain in the current (Figure S5). The difference in
efficiency in the results obtained from measurements from the
glass or ITO side is decreased to <2% absolute. No decrease in
the fill factor (FF) can be seen for the solar cells without a grid,
meaning that RSheet of the ITO is low enough that no
significant contribution to the series resistance RS of the
perovskite solar cell is coming from the ITO. The best semi-
transparent solar cells achieve 14.6 and 13.4% stabilized
efficiencies from the glass and ITO side, respectively (Figure
6). The highest current from the ITO side is 16.3 mA cm−2.
2.4. Four-Terminal Tandem Performance Estimation.

The transmittance of the semi-transparent perovskite solar cells
could be significantly enhanced due to the omission of the
contact grid and the application of an antireflection coating
compared to second-generation solar cells (FA0.83Cs0.17Pb-
(I0.73Br0.27)3 absorber, contact grid, no MgF2 antireflection
coating) processed before ITO layer thickness optimization.
This holds true for the whole wavelength range relevant to a
silicon bottom solar cell in a tandem device (Figure 7). To
reduce reflection losses at the glass side, an additional MgF2
antireflection coating was applied on the glass of the best solar
cell shown in Figure 6. Afterward, the stabilized efficiency was
14.8%.
The transmittance curves shown in Figure 7 can be used to

estimate the efficiency of a four-terminal perovskite silicon
tandem solar cell. For this purpose, a high-efficiency silicon
solar (24.9%) cell was measured under different irradiances
and its efficiency in dependence of the JSC was determined
(Figure S 6). The JSC of the silicon solar cell in a four-terminal
configuration can be obtained by integration over the external
quantum efficiency multiplied by the transmittance of the

perovskite solar cell and the AM 1.5 g spectrum. Using the
transmittance of the perovskite solar cell of the second
generation (FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber, contact grid,
no MgF2 antireflection coating), the silicon bottom solar cell
would generate a JSC of 13.6 mA cm−2; for the optically better
solar cell of the third generation (FA0.75Cs0.25Pb(I0.80Br0.20)3
absorber, no contact grid, MgF2 antireflection coating), this
value can be enhanced to 16.8 mA cm−2 (Figure S7). Due to
the different areas, the silicon solar cell was not measured
directly with the perovskite solar cell on top. The filtered
efficiencies of the bottom solar cell are 7.5 and 9.4% resulting
in four-terminal efficiencies of 21.8 and 24.2%, respectively
(Tables 1 and 2). In a four-terminal configuration, the
perovskite solar cell can be illuminated from the better side,
i.e., from the glass side in this case. However, a highly efficient
silicon solar cell outperforms the tandem device showing that
further improvement is needed.

3. DISCUSSION
Our results are comparable to the semi-transparent perovskite
solar cells without the buffer layer between Spiro-OMeTAD
and ITO presented by Jaysankar et al., who achieved
efficiencies of up to 14.4% on 0.13 cm2 large solar cells.51 In
their publication, they present a higher JSC but a lower VOC,
which can be explained with the perovskite absorber. They
used MAPbI3 with a lower band gap than the mixed-cation
mixed-halide absorber used in our record device.
Adding an antireflection coating and omitting the contact

grid could significantly improve the current when measuring
from the ITO side. It has to be noted that for future cell areas

Figure 6. (a) IV curves and (b) stabilized measurements of the best performing cells (glass/FTO/compact TiOx/mesoporous TiOx/
PCBM:PMMA/FA0.75Cs0.25Pb(I0.80Br0.20)3/Spiro-OMeTAD/ITO/MgF2, third generation, see Figure 1c) from glass and ITO side. Due to the
omission of the contact grid and antireflection coating, the current from the ITO side is enhanced and the difference between efficiency obtained
from illumination from the glass and the ITO side could be reduced.

Figure 7. Transmittance of a second-generation perovskite solar cell
(FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber, contact grid, no MgF2 antire-
flection coating) before ITO layer thickness optimization, and a third-
generation solar cell (FA0.75Cs0.25Pb(I0.80Br0.20)3 absorber, no contact
grid, MgF2 antireflection coating) with an additional MgF2 layer on
the glass. Due to antireflection coatings and omission of the grid,
transmittance could significantly be enhanced.
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larger than 0.25 cm2 grid fingers might be needed again.
However, their distance can be adapted according to the good
conductivity of our ITO. For this optimization, further
experiments or simulations would be required.
For further improvement, Spiro-OMeTAD needs to be

replaced by a material with higher refractive index lowering
reflection losses and lower extinction coefficient reducing
parasitic absorption. The candidate might be copper
thiocyanate (CuSCN), which was already used in perovskite
solar cells with over 20% efficiency and whose optical constants
are more suitable than in the case of Spiro-OMeTAD.64,65

In the literature, semi-transparent perovskite solar cells with
similar cell architectures and ∼1.7 eV optical band gap
absorbers reach over 15% efficiency. Our devices have an FF in
a similar range and even a slightly higher VOC.

9,31 However, our
solar cells suffer from a lower current, also when measuring
from the optically better glass side. Looking at the trans-
mittance of the optically optimized solar cells (Figure 7), a part
of the light is transmitted through the perovskite solar cell
above the band gap. This loss corresponds to ∼1.6 mA cm−2

and might be reduced by an increase of the perovskite absorber
layer thickness.

4. CONCLUSIONS

In this paper, we presented semi-transparent perovskite solar
cells in the n−i−p architecture with an ITO contact layer
directly sputtered on the hole transporting material. No
additional buffer layer is needed between Spiro-OMeTAD and
ITO. Sputter parameters were systematically varied. A slight
improvement could be seen for starting the process at a low
sputter power before increasing to a higher power, whereas no
improvement was observed for enhanced chamber pressures.
Temperature optimization was crucial. The best results were
achieved at 50 °C. At higher temperatures, VOC and FF
decreased. In a thickness variation, the best results were
achieved for a 105 nm thick ITO layer. The sheet resistance of
44 Ω sq−1 allowed for omitting the contact grid fingers without
FF loss, and thus, enhancing the current when illuminating
from the ITO side. With an additional MgF2 antireflection
coating, efficiencies of up to 13.4% could be achieved. From
the optically favored glass side, 14.8% efficiency was achieved
when applying an antireflection coating also on the glass.
Combining this cell with a silicon bottom solar cell in a four-
terminal configuration, an efficiency of 24.2% was estimated.

5. EXPERIMENTAL DETAILS
5.1. Device Fabrication. Semi-transparent perovskite solar cells

were fabricated on commercial fluorine-doped tin oxide (FTO)-
coated glass substrates (AMG, 7 Ω sq−1). The substrates were cleaned
in an ultrasonic bath with a detergent and ethanol. Subsequently, a 20
nm thick compact TiO2 electron transport layer was evaporated in a
Pfeiffer PLS 570 evaporation tool with a voltage electron gun
(Telemark model 267). Afterward, 150 mL of a solution containing a
commercial TiO2 paste (Dyesol 18NR-T) diluted in terpineol (65%
α, 10% β, 20% γ, Sigma-Aldrich) and ethanol (99.5%, Carl Roth) in a
mass ratio of 1:4:2 were spin-coated at 2500 rpm for 10 s and 7000
rpm for 40 s. The samples were then dried at 120 °C for 10 min. The
whole procedure was repeated before the samples were exposed to
UV irradiation in a UV/Ozone Cleaner Plus from Bioforce
Nanosciences for 200 min. More detailed information about the
low-temperature process for the electron contact can be found in our
previous work.52,53 Hereafter, samples were transferred to a nitrogen-
filled glovebox and annealed at 120 °C for 15 min. As proposed by
Peng et al., we used a PCBM:PMMA passivation layer on top of the
electron contact. Therefore, 70 mL of a solution containing 1 mg/mL
PMMA (MW ∼ 120 000, Sigma-Aldrich) and 3 mg/mL PCBM
(Solenne) in chlorobenzene (Carl Roth) was spin-coated at 5000 rpm
for 30 s.54

For the first-generation solar cells, the perovskite (MAPbI3) was
prepared as described in our previous work.52 In the case of the
second generation, a mixed cation mixed halide perovskite with the
composition of FA0.83Cs0.17Pb(I0.73Br0.27)3 was used. A 1 M precursor
solution of formamidinium iodide (FAI, Greatcell Solar), cesium
iodide (CsI, 99 999%, Sigma-Aldrich), lead bromide (PbBr2, 99 999%,
Sigma-Aldrich), and lead iodide (PbI2, 9999%, TCI) diluted in
dimethyl sulfoxide (DMSO, ≥99.9%, Sigma-Aldrich) and
dimethylformamide(DMF, 99,8%, Sigma-Aldrich) in a volume ratio
of 1:4 was prepared and stirred overnight at 60 °C. Then, 100 μL of
this solution was spin-coated at 1000 rpm for 10 s and 5000 rpm for
20 s. Five seconds prior to the end of the process, 200 μL of toluene
(≥99.5%, Carl Roth) was added as an antisolvent. Subsequently, the
samples were kept on a hot plate at ∼95 °C for 1 h. For the third
generation, a perovskite composition (FA0.75Cs0.25Pb(I0.80Br0.20)3)
proposed by Bush et al. was used.7 Again, a 1 M precursor solution
containing FAI, CsI, PbBr2, and PbI2 in DMSO and DMF (volume
ratio 1:4) was prepared and stirred overnight at 60 °C. Then, 150 μL

Table 1. Comparison of Four-Terminal Device Performance
Using Different Perovskite Top Solar Cells

tandem 1 tandem 2

generation of
perovskite
solar cells

2 3

perovskite
absorber

FA0.83Cs0.17Pb(I0.73Br0.27)3 FA0.75Cs0.25Pb(I0.80Br0.20)3

contact grid
fingers

yes no

ITO thickness 80 nm 105 nm
MgF2
antireflection
coating

no on both sides

perovskite solar
cell efficiency

14.3% 14.8%

silicon solar cell
efficiency
(filtered)

7.5% 9.4%

four-terminal
tandem solar
cell efficiency

21.8% 24.2%

Table 2. Photovoltaic Parameters of the Solar Cells Used for
the Four-Terminal Performance Estimation

JSC
(mA cm−2)

VOC
(V)

FF
(%)

efficiency
(%)

silicon solar cell 43.2 0.71 81 24.9
Tandem 1

perovskite solar cell forward
scan

18.3 1.08 72 14.3

perovskite solar cell reverse
scan

18.2 1.09 71 14.1

perovskite solar cell stabilized 14.3
silicon solar cell filtered 13.6 0.68 80 07.5
four-terminal tandem device 21.8

Tandem 2
perovskite solar cell forward
scan

17.4 1.17 74 15.0

perovskite solar cell reverse
scan

17.3 1.17 74 14.8

perovskite solar cell stabilized 14.8
silicon solar cell filtered 16.8 0.69 81 09.4
four-terminal tandem device 24.2
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of this solution was spin-coated with the same parameters as in the
case of the second generation (FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber).
For the hole transport layer, we used a mixture of 56 mg Spiro-

OMeTAD (Solarpur) in 650 μL chlorobenzene with 14 μL of a stock
solution containing 50 mg bis(trifluoromethane)sulfonamide lithium
salt (Sigma-Aldrich) in 80 μL acetonitrile (Merck) and 20 μL 4-tert-
butylpyridine (96%, Sigma-Aldrich). This Spiro-OMeTAD precursor
solution was kept in the nitrogen-filled glovebox for 3 h before usage.
Then, 65 μL per sample was distributed over the substrate, kept for 30
s, and then spin-coated at 3000 rpm for 30 s.
ITO was deposited by DC sputtering (In2O3/SnO2 = 90:10 wt %)

in an Oxford Instruments Clustertool. A shadow mask with four
openings (each 6 mm × 6 mm) per substrate was used to define four
individual cells on each substrate. ITO process parameters were
successively varied as described in the main text. For the optimized
process, a temperature of 50 °C and a chamber pressure of 0.3 Pa
were used. Sputter power was first at 40 W and then at 200 W. The
respective deposition rates are ∼0.09 and ∼0.4 nm s−1. A summary of
all process parameters used in this work can be found in Table S1.
Solar cells of the first (MAPbI3 absorber) and second

(FA0.83Cs0.17Pb(I0.73Br0.27)3 absorber) generation were finished by
thermally evaporating 150−200 nm thick gold fingers on the ITO and
electrodes around the ITO pads. For the third generation
(FA0.75Cs0.25Pb(I0.80Br0.20)3 absorber), only the surrounding electro-
des were evaporated and, additionally, a 90 nm thick MgF2
antireflection coating was thermally evaporated. Gold and MgF2
evaporation were carried out in a Leybold Univex 350G evaporation
tool at a high vacuum (<10−5 mbar).
5.2. Characterization. IV curves were measured using a sun

simulator equipped with a Xenon short-arc lamp and a Keithley
2651A source meter. The system was calibrated to 1 sun illumination
under the AM 1.5 g spectrum by adjusting the current of a silicon
reference solar cell. All perovskite solar cells were measured first in
forward (from −0.1 to 1.2 V) and then in reverse (from 1.2 to −0.1
V) scan direction. Scan speed and step size were 25 mV s−1 and 10
mV, respectively. To determine a stabilized efficiency, a fixed voltage
(the mean voltage of the voltages at maximum power point obtained
from forward and reverse scan) was applied, and the current was
measured over time. A black shadow mask was used to define an
active cell area of 0.25 cm2. It has to be noted that the efficiency of the
solar cells increased with several measurements until a certain
performance level was reached, and always the result of the best
measurement is represented.
Reflectance and transmittance were measured using a UV−vis

spectrophotometer (Lambda 950 from PerkinElmer). The step size
was 2 nm.
The refractive index n and the extinction coefficient k of ITO were

determined by spectral ellipsometry using a J.A. Woollam M-2000
ellipsometer. An oscillator model containing a Gaussian and a Lorentz
oscillator was fitted to the measured data. ITO layer thickness was
also determined from this model or from fitting a Cauchy model in
the nonabsorbing spectral range. Ellipsometry measurements were
carried out on silicon samples included in each ITO process.
The electrical bulk properties of ITO films deposited on glass were

determined by Hall Effect measurements in the van der Pauw
geometry.
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Zakeeruddin, S. M.; Graẗzel, M. Perovskite Solar Cells with CuSCN
Hole Extraction Layers Yield Stabilized Efficiencies Greater than 20%.
Science 2017, 358, 768−771.
(65) Pattanasattayavong, P.; Ndjawa, G. O. N.; Zhao, K.; Chou, K.
W.; Yaacobi-Gross, N.; O’Regan, B. C.; Amassian, A.; Anthopoulos,
T. D. Electric Field-Induced Hole Transport in Copper(I)
Thiocyanate (CuSCN) Thin-Films Processed from Solution at
Room Temperature. Chem. Commun. 2013, 49, 4154−4156.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b17241
ACS Appl. Mater. Interfaces 2019, 11, 45796−45804

45804

http://dx.doi.org/10.1021/acsami.9b17241

