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A B S T R A C T   

Many research groups work on overcoming the 30% power conversion efficiency (PCE) level for perovskite/ 
silicon tandem solar cells with various approaches. The most common tandem architectures employ a transparent 
conductive oxide (TCO) front electrode. Due to its fast deposition and up-scalability, sputter deposition is the 
preferred method for TCO deposition. The sensitive layers of perovskite solar cells are protected from sputter 
damage by a thermal atomic layer (ALD) deposited tin oxide (SnO2) buffer layer, which induces parasitic ab-
sorption. Here, we propose a method to reveal the impact of sputter damage on SnO2 buffer layer-free devices. By 
performing light intensity-dependent current density-voltage (J-V) measurements and thereby reconstructing the 
single-junction solar cell pseudo J-V characteristics, we could associate sputter damage with trap-assisted non- 
radiative recombination losses. Additionally, we demonstrate a simple method to minimize sputter damage to the 
perovskite solar cell to the point where a protective SnO2 buffer layer is no longer required. By lowering the 
sputter power density during the TCO deposition, we regained ~13 mV open-circuit voltage and ~3% fill factor 
of the devices, improving the efficiency from 13.55 to 14.17%. We show that these improvements are linked to a 
reduction of transport and non-radiative recombination losses. Finally, we fabricated optically superior and 
sputter damage-free monolithic perovskite/silicon tandem devices without needing a protective SnO2 buffer 
layer. By doing so, we increased the tandem device current density by 0.52 mA/cm2, representing a crucial step 
toward further optimizing the optical performance of tandem devices.   

1. Introduction 

Due to their high efficiency potential of over 30%, perovskite/silicon 
tandem solar cells have captivated the attention of scientific and in-
dustrial research and development [1]. A monolithically integrated 
tandem device currently holds the current world record power conver-
sion efficiency (PCE) for perovskite/silicon tandem solar cells, at 29.8% 
[2]. The efficient conversion of light to electrical energy over a wide 
wavelength range without high losses from thermalization accounts for 

its outstanding efficiency [1]. The tandem top-cell consists of a perov-
skite absorber with a wide band gap (1.68 eV), and the silicon 
bottom-cell has a low band gap (1.12 eV). A highly transparent 
conductive oxide (TCO) front-electrode, meaning a high optical band 
gap, low free charge carrier absorption, and sufficient thickness to 
assure a low enough series resistance that does not reduce the fill factor, 
is required in order to minimize optical losses. Sputtering is the method 
of choice to deposit TCOs as it is known to be capable of producing 
high-quality films and it is easy to scale up to mass production 
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environments [3–5]. However, sputtering is known to induce sputter 
damage to sensitive substrates [4,6–11]. Demaurex et al. observed 
damage on the hydrogenated amorphous/crystalline silicon interface 
passivation when sputter depositing indium tin oxide (ITO) in a reactive 
direct current (DC) process, while they partly assigned the carrier life-
time reduction to UV irradiation during the plasma deposition process 
[10]. Werner et al. deposited indium zinc oxide (IZO) from a ceramic 
target in a radio frequency (RF) magnetron sputter process onto the 
organic hole transport layer (HTL) Spiro-MeOTAD [4]. They observed 
s-shapes in the J-V characteristics reducing the fill factor (FF) and the 
efficiency. By applying light intensity-dependent J-V measurements 
following Tress and colleagues [12], they could identify that the sputter 
damage resulted in an extraction barrier, which was dependent on the 
applied sputter power. Likewise, Kanda et al. observed an s-shaped J-V 
characteristic for their perovskite solar cells after depositing ITO on 
Spiro-MeOTAD in an RF sputter process [13]. Their model approach 
revealed a Schottky barrier in the HTL/TCO interface that is dependent 
on the sputtering time. Sputter damage for the p-i-n (so-called “inver-
ted”) perovskite solar cell designs was observed by Wahl et al. [7]. In a 
DC sputter process, they deposited IZO electrodes on the electron 
transport layer (ETL). The damage also leads to s-shaped J-V curves 
originating from a disorder of the organic ETL in the interface, which a 
short annealing step could cure. Recently, Liu et al. presented their re-
sults on sputter damage in perovskite/silicon tandem solar cells [11]. 
They deposited IZO in an RF sputtering process onto either bath-
ocuproine (BCP) or SnO2 in order to compare the impact of sputter 
damage and stress on the underlying films. Furthermore, they varied the 
target to substrate distance. According to their results, a SnO2 buffer 
layer is necessary to protect against sputter damage. Their simulation 
showed that sputtered atoms with energies of as low as 6 eV could break 
C–C bonds in the BCP. However, during cathode sputtering, kinetic 
energies of sputtered species range between a few eV and up to several 
hundred eVs. Among them, oxygen ions (O− ) and reflected neutrals were 
found to have the highest kinetic energy, reaching values as high as the 
target discharge voltage (eVt), which are still detectable at the substrate 
[8,14]. Several groups have looked into ways to reduce the impact of the 
kinetic energy of the O− species by either tuning the target discharge 
voltage [14], by performing an indirect deposition where only scattered 
particles reach the substrate [15], or by sputtering through a negatively 
biased mesh electrode, thereby repelling the O− species [6]. The target 
discharge voltage is dependent on several factors, such as the applied 
sputter power, the process pressure, the target’s conductivity, the 
magnetic field strength at the target surface, or the discharge mode. The 
target discharge voltage is commonly higher for DC processes compared 
to RF processes. However, we observed a target voltage as high as 200 V 
for our highest RF sputter power, leading to high and possibly damaging 
kinetic particle energies. 

In this work, we propose a method to reveal and correlate the actual 
impact of sputter damage on the perovskite solar cell performance with 
recombination dynamics in the device by performing light intensity- 
dependent J-V measurements to reveal sputter damage-induced losses. 
To the best of our knowledge, this approach in this context is unprece-
dented. Furthermore, we show that reducing the sputter power, a simple 
modification of the sputter process, is sufficient to reduce sputter 
damage-induced transport and non-radiative recombination losses, 
improving the solar cell performance. We simultaneously assure opti-
cally and electrically equal IZO films. This approach was tested on 
perovskite solar cells by directly sputtering on the sensitive electron 
charge transport layer without a protective SnO2 buffer layer. We refer 
to the approach as soft sputtering. Finally, we discuss the applicability of 
SnO2 buffer layer free perovskite top-cell in the monolithic tandem 
configuration and show the optical superiority of this approach over the 
conventional design. 

2. Experimental 

2.1. Sample preparation 

For optical and electrical analysis of the TCO, 100 nm thick IZO 
layers were sputter deposited via RF magnetron sputtering in a Roth-
&Rau MicroSys 200 PVD system on quartz glass substrates. The target 
used had a size of 2 inches and a composition of 90 wt% In2O3 and 10 wt 
% ZnO (purchased from FHR Anlagenbau GmbH). Two RF power den-
sities were investigated, 4.21 W/cm2 and 2.41 W/cm2. Both processes 
were dynamic, meaning the substrate oscillates at a 30◦ angle below the 
target surface at a distance of approximately 17 cm. The process pres-
sure was 6 x 10− 3 mbar, and the base pressure prior to the sputter 
deposition was 10− 7 mbar. The argon/oxygen gas flow in each case was 
in sum 40 sccm. The first process had a total of 0.25% oxygen mixed in, 
and the second had 0.1% oxygen mixed in. We optimized these values by 
performing an oxygen series test for both power densities prior to the 
experiments in order to find an argon/oxygen gas flow ratio for the low 
power process, that yields optically and electrically equivalent IZO 
films. 

The discussed semitransparent perovskite single-junction solar cells 
were in inverted structure (p-i-n), with the following design: commercial 
laser-patterned ITO coated glass substrates/2-PACz/perovskite/LiF/ 
C60/PEIE/IZO/Ag fingers. The Ag fingers are located outside the active 
area and shorten the charge transport path over the IZO. The ITO-coated 
glass substrates (25 × 25 mm, 15 Ω/sq, laser-patterned by Automatic 
Research GmbH) were cleaned in Mucasol (2%vol in water, substrate 
surfaces were rubbed with a glove), DI-water, acetone, and isopropanol 
subsequently, in an ultrasonic bath. Each step was carried out for 10 
min, and after Mucasol, the samples were purged with DI-water. Prior to 
the 2-PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) spin-coating 
step, the samples were treated in a UV-ozone cleaner (FHR UVOH 150 
Lab) for 15 min. The HTL 2-PACz (TCI) was dissolved in ethanol (1 
mmol/l ml solution) and spin-coated (5 s acceleration at 3000 rpm, 15 s 
duration at 3000 rpm) in a nitrogen atmosphere and annealed for 5 min 
at 100 ◦C. The 1.5 M perovskite precursor was prepared in a FAPbI3 to 
MAPbBr3 volume ratio of 77:23, with 5 vol% of 1.5 M nominal CsI. The 
precursor components FAI and MABr were purchased from Dyenamo, 
PbI2 and PbBr2 from TCI, and CsI from abcr GmbH. The precursor was 
then dissolved in DMF:DMSO = 4:1 vol and placed in a shaker for 90 min 
at 60 ◦C. Subsequently, 100 μl of perovskite solution was spin-coated (5 s 
acceleration and 35 s duration at 3500 rpm) in a nitrogen atmosphere. 
After 25 s of the spin-coating process, 300 μl of the anti-solvent Anisole 
was dropped on the perovskite film. The resulting perovskite absorber 
has a thickness of ~550 nm and a band gap of 1.68 eV. Following the 
spin-coating step, the films were annealed at 100 ◦C for 20 min. The 
subsequent two layers were done in one vacuum run. 1 nm LiF (Sigma 
Aldrich) passivation layer was thermally evaporated at a rate of 0.05 Å 
s− 1 onto the perovskite film, directly followed by the ETL, 18 nm C60 
(CreaPhys GmbH) layer at a rate of 0.15 Å s− 1. Before IZO sputter 
deposition, a thin film (≈2 nm) of polyethyleneimine ethoxylated (PEIE) 
with a concentration of 0.025 wt.-% (original solution in water 37 wt.-% 
diluted with IPA) was spin-coated (1 s acceleration at 5000 rpm, 15 s 
duration at 5000 rpm) onto the C60. After the sputter deposition of 100 
nm IZO (described above) through a 2-stripes shadow mask, 100 nm Ag 
was thermally evaporation through a specific mask that only contacts 
the IZO, without shading the active area, at a rate of 1 Å s− 1. 

The silicon bottom-cells for the tandem devices were manufactured 
following a similar fabrication process as described by Cruz et al. [16], if 
not stated otherwise. The bulk silicon consisted of a 260 μm float zone 
(FZ) Wafer with a resistivity of ~1–3 Ωcm. The (n)nc-SiO:H layer 
in-between the 5 nm thick (i)a-Si and the TCO-recombination layer had 
a thickness of 100 nm. The backside (i)a-Si had a thickness of 5 nm. The 
front side electrode (recombination layer in a tandem device) was 20 nm 
of InO:H-based TCO film from newSCOT. The rear side electrode con-
sisted of a 110 nm thick InO:H-based TCO film from newSCOT and 400 
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nm silver. No grid was used on either side. Instead, the active area had a 
size of 1.1 cm2, defined by the silver and TCOs. The bottom cell was 
backside textured, and the front was polished. Also, no SiO2 film was 
deposited on the recombination layer. 

The perovskite top-cells for the tandem devices were prepared 
similarly, if not stated otherwise, as described above and by Al-Ashouri 
et al. [17]. The silicon bottom cell was blow-cleaned with a nitrogen gun 
and washed with ethanol. Subsequently, the ITO surface of the bottom 
cells needs to be treated in a 15 min UV-ozone treatment step before 
spin-coating the HTL. The HTL used for the tandem device fabrication 
was Me-4PACz dissolved in ethanol (3 mmol solution), while the 
perovskite solution preparation is equal to the one described before. The 
anti-solvent used for tandem devices was ethyl acetate, which results in 
a thicker perovskite film of ~600 nm. For the devices with tin oxide 
(SnO2) buffer, 20 nm SnO2 was deposited onto the C60 via thermal 
atomic layer deposition (ALD, in an Arradiance GEMStar reactor) 
instead of PEIE prior to IZO sputter deposition. The Ag frame used to 
contact the IZO was evaporated through a rectangular-shaped mask 
around the edges and on top of the IZO electrode, forming the active 
area of 1 cm2. Subsequently, 100 nm of LiF anti-reflective coating was 
thermally evaporated. 

2.2. Characterization 

The device and sample characterizations were done by current 
density–voltage (J-V), EQE, spectrophotometry, profilometry, and Hall- 
effect measurements. Current density-voltage measurements were done 
on a Wavelabs LED-based Sinus 70 sun simulator (class AAA) at 25 ◦C, a 
scan rate of 0.25 V/s and a voltage step-size of 0.02 V. The spectrum was 
corrected with a non-altered calibrated silicon reference cell prior to the 
measurement. For the semitransparent single-junction solar cells, a 
sample holder with a hole was used J-V measurement that enables 
measurements from both sides by turning the holder around. Back- 
reflection from surfaces behind the holder was not intentionally sup-
pressed. The single-junctions EQE was measured with a QE-R apparatus 
from Enlitech. Tandem device EQE was measured by an in-house 
designed setup. A small illumination spot (2 × 5 mm2) was directed to 
the active area of the tandem device. The measurement was carried out 
as a function of wavelength in a range of 300–1200 nm (in 10 nm steps). 
By applying a bias light, the sub-cells are measured independently. 
Thereby, the top cell is measured applying a bias light of 850 nm 
wavelength and a voltage of 0.6 V, and the bottom cell is measured 
applying a bias light of 455 nm wavelength and 0.9 V bias voltage. Solar 
cell device reflection, as well as transmittance and reflectance of the 
TCO films, were measured with a PerkinElmer Lambda 1050 dual-beam 
spectrophotometer equipped with an integrating sphere with photo-
multiplier tube (PMT) and InGaAs detectors. A calibrated front-side 
mirror was used as a reflection standard for the TCO measurement, 
and a spectralon was used to calibrate the setup for the device reflection 
measurements. The reflection of the devices was measured with a small- 
spot illumination in a wavelength range from 300 nm to 850 nm (for the 
single-junctions) or to 1200 nm (for the tandems), with a 10 nm step- 
size. The transmittance and reflectance of the TCO films were 
measured from 250 nm to 2500 nm in 5 nm steps. The thickness of the 
IZO thin films was evaluated by profilometry (DektakXT, Bruker). 
Electrical characterization of the IZO thin films was done by Hall-effect 
measurements in van der Pauw geometry (HMS-3000, Ecopia). Ellip-
sometric spectra were recorded with a Sentech SE850 DUV variable 
angle spectroscopic ellipsometer. Optical spectra were fitted using the 
software RIG-VM [18]. Detailed explanations can be found in the sup-
plementary, including recorded and fitted spectra (Figs. S1–4). Optical 
simulations were conducted using the MATLAB-based program GenPro4 
[19]. 

3. Results and discussion 

We designed a TCO sputter deposition process, which aims at mini-
mizing sputter damage to the sensitive (organic) layers of the perovskite 
solar cell. The flux and energy of highly energetic O− ions are considered 
to be directly dependent on the applied power [14]. Therefore, we 
reduced the RF sputter power density from 4.21 W/cm2 to 2.41 W/cm2. 
The reduction in applied RF power leads to a reduction of the target bias 
voltage (Vt) from ~200 V to ~140 V. We expect that the reduced target 
bias voltage leads to lower kinetic energies of the damaging ions during 
the sputter deposition [4,14]. A schematic illustration of the two 
different sputter deposition approaches is displayed in Fig. 1a. As the 
IZO film quality and properties may also impact the photovoltaic pa-
rameters of the semitransparent single-junction solar cells, we optimized 
the deposition process prior to the solar cell application. Therefore, the 
oxygen to argon flow ratio O2/(Ar + O2) was reduced from 0.25% for the 
IZO deposition with an RF power density of 4.21 W/cm2 to 0.1% for the 
IZO deposition with an RF power density of 2.41 W/cm2. The direct 
dependence of the optical and electrical properties of the IZO on the 
oxygen ratio during sputtering has been shown already by Leenheer 
et al. [20] and Morales-Masis et al. [21]. The resulting 100 nm thick IZO 
thin films were electrically (see Table 1 and Table S1) and optically (see 
Fig. 1b) comparable. We investigated the impact of the reduced power 
density on the photovoltaic parameters of semitransparent 
single-junction solar cells, where sputter-deposited IZO acts as the 
transparent front-electrode. The device architecture and illumination 
direction are shown as a schematic illustration in Fig. 1c. The solar cell 
FF and VOC increase with decreasing the RF sputter power density (see 
Fig. 1d and e), overall improving the efficiency from 13.55 to 14.17%. 
Despite the similar optical performance of the IZO films on quartz-glass 
(see Fig. 1b), a slight deviation was observed in the EQE of the solar cells 
(see Fig. 1f), leading to slightly different current densities. The deviation 
correlates with a shift in the measured 1-R-spectra of the respective solar 
cells. We note here that the IZO films on quartz-glass were not 
co-processed with the IZO front electrodes of the solar cells. The devi-
ation in EQE and reflectance in Fig. 1f is likely a sample-to-sample 
variation (only one sample of each process was analyzed here). 

The average VOC of the investigated semitransparent single-junction 
solar cells could be increased by ~13 mV (from 1.166 V to 1.179 V) by 
applying a soft IZO sputter deposition (reducing the RF sputter power), 
and the average FF was increased from ~71% to ~74% by reducing the 
RF sputter power. A change in VOC is usually related to a better energy 
level alignment or reduced recombination processes in solar cell devices. 
In contrast, a solar cell’s fill factor is dependent on charge transport 
inside the device, including transport over the interfaces and the sheet 
resistance of the TCO, as well as on recombination processes in the bulk 
and the interfaces. 

In order to reveal the origin of sputter damage-induced losses, we 
performed light intensity-dependent J-V measurements on the semi-
transparent single-junction solar cells. Such light intensity-dependent 
measurements can be used to calculate the devices ideality factor [22, 
23] and determine the so-called pseudo J-V curves. The pseudo J-V 
curves display theoretical J-V curves independent of series resistance 
and transport losses and are only limited by recombination processes 
[24]. In order to obtain pseudo J-V curves, we plotted the JSC against the 
VOC, which were obtained under light intensity variation. Furthermore, 
plotting the obtained VOC over the light intensity in a semilogarithmic 
scale will reveal a linear trend. From the slope of that trend, we calcu-
lated the device’s ideality factor. The light intensity was varied from 1% 
(0.01 suns) to 120% (1.2 suns). The resulting plots are displayed in 
Fig. 2a and b. Additionally, we calculated the contribution of the 
different loss mechanisms to the device FF for devices that have had 
their electrode sputter deposited with a power of 4.21 W/cm2 and 2.42 
W/cm2, according to a methodology described by Stolterfoht et al. [25]. 
Therefore, we compare the device electrical FF to the pseudo FF ob-
tained from the pseudo J-V curve and the detailed balance limit of a 
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perovskite absorber with a bandgap of 1.68 eV (value obtained from 
Rühle 2016 [26]). The detailed balance limit describes a theoretical 
solar cell in the radiative limit, where the only recombination processes 
are radiative originating from black body emission of the absorber film 
that depends on the absorber band gap and temperature [27]. The 
different loss contributions to the resulting device FFs are displayed in 
Fig. 2c. 

A device’s ideality factor usually exhibits a value between nid = 1 and 
nid = 2. While nid = 1 describes solely radiative recombination pro-
cesses, nid = 2 describes a domination of non-radiative recombination 
(trap-assisted recombination) processes [28]. According to our mea-
surements (see Fig. 2a), a higher RF sputter power IZO deposition leads 

to a higher ideality factor than a lower RF sputter power deposition – 
1.50 for the 4.21 W/cm2 process compared to 1.42 for the 2.41 W/cm2 

process. This suggests that the increase of VOC and FF for reduced RF 
sputter power can be attributed to a reduction of trap-assisted recom-
bination. The pseudo J-V curve and the FF loss contribution in Fig. 2b 
and c reveal that transport losses mainly contribute to the FF losses, 
being 0.86% absolute lower using reduced RF sputter power. The dif-
ference cannot be explained by the slightly different sheet resistances of 
the IZO electrode. At low light intensities, the TCO series resistance 
influence on the device FF becomes less significant [22]. Consequently, 
the individual FFs would converge at lower light intensities. However, 
we measured a FF of 75.85% for the 2.41 W/cm2 and a FF of 74.20% for 
the 4.21 W/cm2 process solar cell, leading to a difference of 1.65% at a 
light intensity of 0.1 suns (10%). This value is not lower than the dif-
ference in device FF at 1 sun (100%), which is 1.56%. We, therefore, 
conclude that the difference in transport losses likely originates from an 
increased contact resistance between the IZO electrode and the ETL. 
Oxidation of the ETL can cause such an increased contact resistance [29, 
30]. Particularly physisorbed oxygen on C60 can significantly decrease 
electron transport [31]. The 4.21 W/cm2 process has a higher additional 
oxygen content of 0.25%, while the 2.41 W/cm2 process has only 0.1% 
oxygen mixed in. But we also consider damage to the ETL by sputtering 
as a probable explanation for the reduction in interfacial conductivity. 

Fig. 1. (a) Schematic illustration and (b) transmittance, reflectance, and absorptance spectra of IZO films on glass of the 4.21 W/cm2 and the 2.41 W/cm2 RF sputter 
process. (c) Schematic illustration of the measured semitransparent single-junction solar cell stack and direction of illumination. (d) J-V characteristics and extracted 
values as inset, (e) boxplots for Voc and FF, and (f) EQE spectra of semitransparent perovskite single-junction solar cells with an IZO front-electrode sputtered at 
power densities of 4.21 W/cm2 and 2.41 W/cm2. 

Table 1 
Sputter process conditions for RF power densities of 4.21 W/cm2 and 2.41 W/ 
cm2, optimized oxygen flow ratios for the respective processes, and resulting IZO 
thin film parameters.  

Power density 
(W/cm2) 

Bias 
voltage (V) 

Oxygen flow 
ratio (%) 

Film 
thickness 
(nm) 

Sheet 
resistance 
(Ω/sq) 

4.21 200 0.25 100 44 
2.41 140 0.1 100 41  

Fig. 2. (a) Light intensity-dependent VOC and approximated ideality factor for single-junction devices with IZO front-electrodes sputtered at power densities of 4.21 
W/cm2 and 2.41 W/cm2. (b) Pseudo J-V curves of the same cells were obtained by plotting the light intensity-dependent values of JSC over VOC. (c) FF losses were 
calculated by comparing the actual device FF and the pFF from the pseudo J-V curves to the detailed balance limit, considering the band gap of the perov-
skite absorber. 
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The difference in FF between the 4.21 W/cm2 and the 2.41 W/cm2 IZO 
deposition processes can furthermore be explained by the different 
contributions of non-radiative recombination losses, which reduce the 
FF by 4.20% in the case of the 4.21 W/cm2 RF sputter power process and 
3.50% in case of the 2.41 W/cm2 RF sputter power process. In conclu-
sion, we could correlate the impact of sputter damage on semi-
transparent perovskite single-junction solar cells with transport losses 
and non-radiative recombination losses and increase the solar cell per-
formance by reducing the RF sputter power. 

We also want to investigate whether we can implement the soft IZO 
deposition on tin oxide (SnO2) buffer layer-free monolithic two-terminal 
tandem devices, thereby reducing parasitic optical losses. Prior to the 
experiment, we performed optical simulations of the respective tandem 
device stacks in order to understand the impact of omitting the 20 nm 
thick SnO2 buffer layer on the optical performance. For the simulation, 
the source of the layers optical data and the thicknesses are listed in 
Table S2. The simulation is done with GenPro4 [19]. For the simulation, 
the backside texture of the silicon sub-cell was taken into account, while 
all other layers were assumed to be optically flat (similar to Ref. [32]). 
We show the simulated EQE and the simulated contribution of the 
sub-cells currents in Fig. 3a, and the current losses to the total current 
density in Fig. 3b. The calculated short circuit current densities from the 
absorption profiles of the different sub-cell absorbers are unaffected by 
collection losses and hence represent idealized cases. The most signifi-
cant gain in current density appears to be in the perovskite sub-cell, 
where the current density can be increased by 0.4 mA/cm2, from 
19.4 mA/cm2 to 19.8 mA/cm2, by omitting the SnO2 buffer layer. This 
can mainly be attributed to the reduced parasitic absorption of 0.4 
mA/cm2, from 4.7 mA/cm2 to 4.3 mA/cm2, due to an extinction coef-
ficient of SnO2 unequal to zero in the relevant spectral range of perov-
skite absorption between 300 nm and 750 nm (see Fig. S5). The current 
density in the silicon sub-cell was also increased, from 19.4 mA/cm2 to 
19.6 mA/cm2, while the reflection losses were likewise decreased from 
2.9 mA/cm2 to 2.8 mA/cm2 by omitting the SnO2 buffer. The sum of 
both sub-cell currents was increased from 38.8 mA/cm2 to 39.4 
mA/cm2, attributing an overall 0.6 mA/cm2 current density loss to the 
20 nm thick SnO2 buffer layer, which is an excellent motivation for 
omitting the SnO2 buffer by implementing a directly deposited soft 
sputter-deposited IZO front electrode. 

Finally, we tested the soft sputter-deposited IZO electrode on two- 
terminal tandem devices with and without the SnO2 buffer layer. 
Here, we do not show results of two-terminal tandem devices with IZO 
electrodes sputtered at an RF power density of 4.21 W/cm2 as the impact 
of sputter damage was already discussed above. Both designs presented 
in the following received a soft sputter-deposited IZO electrode (RF 
power density was set to 2.41 W/cm2). We aim to point out that by 
implementing a soft IZO sputter deposition, a protective SnO2 buffer 
layer is no longer required for high efficiency monolithic tandem solar 
cells. We measured the J-V curves and EQE spectra to validate the 

assumption that we can gain current by reducing parasitic optical losses 
without deteriorating other solar cell parameters by sputter damage. 
The results are given in Fig. 4. The tandem devices used for the com-
parison are identical, except for the layer between C60 and IZO. The 
tandem device labeled as “with SnO2” was manufactured with a thermal 
atomic layer (ALD) deposited SnO2 buffer layer in-between the C60 and 
the IZO. In contrast, for the tandem device labeled “w/o SnO2”, PEIE 
replaces the SnO2. This tandem top cell has an equivalent design to the 
above-discussed semitransparent single junction solar cells. In this 
context, we neither acknowledge nor dismiss any buffer layer properties 
of the PEIE layer, which is thought to be about 2 nm thick [33]. A 
schematic representation of the tandem devices can be found in Fig. S6. 
The power conversion efficiency (PCE) of the tandem device with a 
buffer was 24.84%, and the device without a buffer reached a PCE of 
25.44%. The higher PCE of the device without buffer can mainly be 
attributed to a higher device current density and FF, which were 0.52 
mA/cm2 and 0.85% higher for the SnO2-free device. We attribute the 
increase in current density mainly to the increased silicon sub-cell cur-
rent. However, contrary to previous observations (not shown here) for 
single-junction devices, a gain in VOC was not found by replacing the 
SnO2 with PEIE. We understand that the ALD deposition induces some 
degree of degradation to the perovskite which is reflected in a VOC 
reduction. The EQE measurements and loss analysis given in Fig. 4b and 
c reveal that the current density of the silicon sub-cell limited the overall 
current density of the tandem devices. Both sub-cell short circuit current 
densities were increased by replacing SnO2 with PEIE. 

The spectral losses of both simulation (see Fig. 3a) and experiment 
(see Fig. 4b) reveal that for wavelengths between 300 and 600 nm, the 
experimental data agree well with the simulative prediction. We expect 
to see the benefits of omitting the parasitic absorbing SnO2 buffer layer 
in this range. As shown in Table S3 in the supplementary section, cor-
responding with the parasitic absorption in the SnO2 layer, mainly the 
parasitic absorption is reduced for wavelengths between 300 and 600 
nm. For this region, the simulation predicts a reduction of the parasitic 
absorption of 0.27 mA/cm2. In the experiment, the parasitic absorption 
was reduced by 0.22 mA/cm2, which is in good agreement with the 
simulation. This results in a higher current in the perovskite of roughly 
0.2 mA/cm2 in both the simulation and the experiment for this wave-
length range. Surprisingly, a significant difference in current density was 
observed for wavelength regions between 700 and 1200 nm. Here, an 
overall high reflection is measured for the cell with a SnO2 buffer layer 
that, combined with relatively high EQE values, leads to reduced para-
sitic absorption losses in this wavelength regime. We speculate that this 
is related to thickness variations of the top-cell layers, the thin films in 
the recombination contact, or the electron-selective layers of the bottom 
cell. As a result, the overall reflection and parasitic absorption, as pre-
sented by the current loss analysis in Fig. 4c, taking a weighting and 
integration with the AM 1.5G spectrum into account, deviates slightly 
from the simulative current loss analysis in Fig. 3b. Nonetheless, we 

Fig. 3. (a) Optical simulations of perovskite/silicon tandem devices with and without a 20 nm thick SnO2 buffer layer using GenPro4 including the spectral losses 
defined as difference between 1-R and the sum of the EQE spectra. (b) From the simulation derived current densities of each sub-cell and current density losses due to 
reflection and parasitic absorption. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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want to stress that the optical advantage predicted by the simulation by 
omitting the SnO2 buffer layer on the parasitic absorption in the 
perovskite top cell was experimentally reproduced. 

These results show that a SnO2 buffer layer-free tandem device 
employing a soft sputtered IZO electrode can outperform its SnO2 
counterpart due to superior optical performance. This optimisation 
could boost the current world record efficiency of 29.8% [2] obtained by 
using a SnO2 buffer layer device even further. 

4. Conclusion 

We demonstrated a method to reveal the impact of sputter damage 
on the perovskite solar cell performance by correlating sputter damage- 
induced losses with recombination dynamics in the device. We achieved 
this by performing light intensity-dependent J-V measurements. 
Furthermore, we demonstrated a clear correlation between the applied 
IZO top contact sputter deposition power density and the perovskite 
solar cell performance by directly sputtering on the sensitive electron 
charge transport layer without using a protective SnO2 buffer layer. We 
reduced the sputter power density from 4.21 W/cm2 to 2.41 W/cm2, 
which resulted in a higher VOC for single-junction solar cells of ~13 mV 
and a higher FF of ~3%, overall improving the efficiency from 13.55 to 
14.17%. These improvements correlate with reduced transport and trap- 
assisted non-radiative recombination losses. We simultaneously assured 
high-quality IZO films by optimizing the oxygen flow ratio of the IZO 
deposition processes prior to the solar cell integration to ensure similar 
IZO optoelectrical properties for both the 4.21 W/cm2 and the 2.41 W/ 
cm2 sputter power processes. We then performed optical simulations for 
tandem devices with and without the SnO2 buffer layer to show the 
expected optical improvements by omitting the SnO2 buffer layer. We 
found that SnO2 buffer layer-free tandem devices are less subjected to 
parasitic absorption losses and exhibit an overall 0.6 mA/cm2 higher 
current density in sum. Finally, we integrated our sputter damage 
optimized IZO front electrode in an actual tandem device without a 
protective SnO2 buffer layer and compared it with a conventional tan-
dem device with a SnO2 buffer layer. In doing so, an impressive gain of 
0.52 mA/cm2 current density was achieved in the final tandem device. 
Moreover, the fill factor was also 0.85% (absolute) higher for the SnO2- 
free device. We believe that our approach will help to industrialize and 
optimize the optical performance of these fascinating tandem solar cells 
further. 
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