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A B S T R A C T   

Monolithic perovskite silicon tandem solar cells promise high efficiency and cost advantage. In such tandem devices a conductive front electrode of high transparency 
is necessary for lateral transportation of the charges. 

This study focuses on optimizing the electro-optical properties of DC sputtered ITO films as front electrode in monolithic two-terminal perovskite silicon tandem 
solar cells. Initially, an ITO thin film is developed by finding a possible optimum doping level that provides both high transparency and low sheet resistance. 
Moreover, to further decouple the transparency-conductivity trade-off of the ITO bulk properties from the requirements for low-ohmic contact formation, a thin, 
highly doped ITO interlayer is inserted towards the SnOX interface. The ITO thin film (stack) significantly improved efficiency of the tandem solar cells by improving 
all solar cell parameters. This optimization led to improved tandem short circuit density with reduced standard deviation from a mean value of 19.3 ± 0.4 mA/cm2 to 
19.8 ± 0.2 mA/cm2, increased average fill factor from 68% to 73% and average power conversion efficiency increase from 22% to 25%.   

1. Introduction 

Silicon solar cells are approaching their theoretical efficiency limit of 
29.4% [1,2]. Tandem solar cells promise reaching higher efficiencies by 
utilizing the solar spectrum more efficiently. Perovskite solar cells are 
promising candidates for coupling with silicon in tandem structure as a 
top solar cell. Organic-inorganic lead halides are especially promising 
due to facile processing, abundant availability of the raw materials, 
exceptional electro-optical properties, adjustable bandgap and high 
defect tolerance [3–7]. A 2-terminal monolithic tandem configuration is 
advantageous for module integration since it eliminates the need for rear 
and front electrodes for the top and bottom cell respectively. 2-terminal 
perovskite silicon tandem solar cells in lab scale have already reached 
31.3% power conversion efficiency, in line with the optical simulation 
results and ensuring the potential of the perovskite silicon tandem solar 
cell technology [2,8,9]. 

Effective light management in the tandem solar cell stack is neces
sary to reduce the optical losses and maximize the absorption in the 
absorber layers [10]. Transparent and conductive electrodes are one of 
the necessary layers for realizing monolithic perovskite silicon tandem 

solar cells. Transparent conductive oxides (TCOs) offer good 
electro-optical properties with facile processing and are used widely 
among other transparent and conductive electrodes [11]. One of the 
most used TCOs is indium tin oxide (ITO) due to its superior 
electro-optical properties and stability. Among various applications, the 
commonly used ITO composition is 90 wt% In2O3 and 10 wt% SnO2 [10, 
12]. Typically sputtering is applied as deposition method for TCOs and is 
available for industrial scale applications. However, detailed optimiza
tion of the sputter process is necessary since the unwanted optical 
properties correlate with wanted electrical properties, such as increasing 
parasitic absorption with increasing free carrier density. Moreover, 
direct sputtering of TCOs on perovskite top solar cells is challenging due 
to the risk of damaging the organic layers and the perovskite layer un
derneath by altering their chemical bonding [13–15]. Introducing a 
buffer layer under the TCO, such as SnOx deposited via ALD in the p-i-n 
perovskite solar cell stack, is a common method of mitigating the risk of 
sputter damage [16–20]. 

In this work, the development of an electro-optically optimized ITO 
thin film with low sheet resistance and low absorptance as well as an ITO 
stack film with further improved contact to the SnOx buffer layer are 
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presented. The optimized films are implemented into perovskite silicon 
tandem solar cells. The low sheet resistance and absorptance are ach
ieved by fine-tuning the oxygen flow rate during the sputtering process 
of the ITO films. 

2. Results 

A low damage ITO sputter process using a 90 wt% In2O3 and 10 wt% 
SnO2 planar target was developed in a previous study by optimizing the 
substrate temperature, process pressure and sputter power [21–23]. The 
best results were achieved by applying a power density of 0.4 W/cm2, 
50 ◦C chamber temperature and 0.26 Pa process pressure with no oxy
gen gas flow into the system during sputtering process. For all processes 
Argon was used as the sputter gas at 30 sccm flow rate. In this study the 
previously optimized ITO process with no oxygen gas flow into the 
system during sputtering and a resulting layer thickness of 77 nm is 
taken as reference point (ITORef). To further improve electron mobility 
while reducing sheet resistance and absorptance of the ITO thin films, 
the oxygen flow rate during the sputter process is increased to 0.2 sccm 
and 0.4 sccm with all other parameters kept constant. The sheet resis
tance was measured using the Van der Pauw method on glass substrates 
[24]. 

The sheet resistance of the as deposited ITORef (0 sccm oxygen) and 
ITOO2 (0.2 sccm oxygen) films on glass are similar with a slight decrease 
for the ITOO2 film. Further increasing the oxygen flow rate up to 0.4 
sccm results in a sharp increase of the sheet resistance from ~60 Ω/sq up 
to 128 Ω/sq (Fig. 1a). The charge carrier density and mobility of the 
films were extracted via Hall effect measurements. Increasing the oxy
gen flow rate resulted in an increase of electron mobility from 27.3 cm2/ 
Vs up to 53.4 cm2/Vs and decrease of the charge carrier concentration 
from 4.43 × 1020 cm− 3 to 1.37 × 1020 cm− 3 (Fig. 1b). 

Increasing the oxygen pressure extinguishes oxygen vacancies, 
which usually act as electron donors to the conduction band but act as 
ionized impurities limiting the scattering time and thus the mobility of 
the electrons. The sheet resistance is calculated from the inverse product 

of mobility, charge carrier concentration and the layer thickness (see 
Equation (1)). 

Rsh =
1

eμeNed
1  

In Equation (1), Rsh is the sheet resistance, e the elementary electron 
charge and μe the electron mobility, Ne the free carrier concentration 
and d the sample thickness. 

The absorptance (1-R-T) of the ITO films in 450–1600 nm wave
length range is reduced by increasing the oxygen flow rate during 
sputtering process (Fig. 1c). The optical bandgap values are calculated 
from respective Tauc plot fits. The optical bandgap shows a red shift 
with increasing oxygen flow rate (Fig. 1d). 

Due to the low sheet resistance compared to 0.4 sccm and decreased 
absorptance, ITO films sputtered with 0.2 sccm oxygen flow rate (ITOO2) 
as well as the ITO films sputtered with 0 sccm oxygen flow rate (ITORef) 
were selected for implementation as top TCO into perovskite silicon 
tandem solar cell with a structure as described in Schulze et al. [25] 
(Fig. 2). 

The solar cells are characterized with current voltage (I–V) mea
surements in forward and reverse scan directions under a sun simulator. 
ITOO2 thin films result in average ~1 mA/cm2 higher short circuit 
current density (jSC) compared to solar cells with ITORef both in forward 
and reverse scan direction I–V measurements. The increase in jSC can be 
explained by reduced absorptance (Figs. 3–1c). 

Despite the improvement in jSC, the average fill factor (FF) decreases 
from 70% to 76% for ITORef group to 57% and 65% for ITOO2 group, for 
forward and reverse scan directions, respectively (Fig. 3). This might be 
due to less efficient carrier transport for the more oxygen rich TCO 
caused either by less efficient lateral transport (higher Rsheet) and/or less 
efficient vertical transport (contact resistivity to electron contact or top 
metal electrode). The reduced FF could also be an effect of changed 
current matching point for oxygen rich ITO [26]. Since reduced FF 
values for the ITOO2 group balances out the effect of improvement in jSC, 
no improvement in power conversion efficiency could be observed. 

Fig. 1. ITO films on glass with varying oxygen flow rate (0 sccm, 0.2 sccm, 0.4 sccm) during sputter process. Lowest sheet resistance is obtained with 0.2 sccm flow 
rate (a) Mobility of the films decrease by increasing charge carrier density as expected (b) absorptance of the films can be reduced by increasing oxygen flow rate (c) 
optical bandgap reduces with the increasing oxygen flow rate (d). 
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The contact resistivity between ITO and the PVD Ag metallization is 
typically < 1 mOhmcm2 and thus not a relevant series resistance 
contribution in our devices and ITOO2 thin films exhibit a very similar 

sheet resistance compared to the ITORef (Fig. 1a) [27]. Thus, one of the 
reasons for the higher losses for the ITOO2 group solar cells might be a 
poor contact formation between ITOO2 and the SnOx buffer layer. On the 
other hand, the problem is not present for the ITORef. Therefore, to 
address this problem an oxygen poor ITO interlayer is introduced be
tween ITO and SnOx. As shown in Fig. 1, such an oxygen poor ITO layer 
has a higher charge carrier concentration, which can help to reduce the 
effective Schottky barrier with lower charge carrier concentration of the 
oxygen rich ITO layer. A similar approach using the same deposition tool 
and ITO target has proven useful recently to balance optical and elec
trical losses of TCO electrodes in silicon heterojunction solar cells [28]. 

Roughness estimations from spectroscopic ellipsometry measure
ments are done for single ITOO2 layers with various thicknesses 
(Table 1). The roughness measurements indicate that the roughness is 
relatively high compared to the nominal film thickness for film thick
nesses below 20 nm and that layer thicknesses above 8 nm are necessary 
to have a closed compact film. 

By taking the electro-optical properties, contact resistivity and 
roughness results into account an oxygen poor and an oxygen rich layer 
in the stacks are subsequently sputtered in one uninterrupted process. 
For the total final thicknesses of all the stack film variations, 75 nm are 
aimed (Fig. 4). Various thicknesses of thin layers of oxygen poor (ITORef) 
(15 nm, 25 nm) and oxygen rich (ITOO2) top films (60 nm, 50 nm) are 
combined to form the stack. 

The sheet resistances of all layer stacks range between the sheet 
resistance values of ITORef and ITOO2 thin films, as expected (Fig. 5). The 
sheet resistance values for ITORef and ITOO2 are slightly different 
compared to the first set of experiments (±5 Ω/sq) (Figs. 1a and 5a). 
This can be attributed to the slight variations that could occur between 
two experimental sets. The stack with 15 nm interlayer exhibits higher 
mobilities compared to stack with 25 nm, but slightly lower compared to 
ITOO2 film (Fig. 5b). The absorptance can be significantly reduced for 

Fig. 2. Tandem solar cell stack sketch. The silicon bottom solar cell has planar 
front and random pyramid texturing at the rear side. The ITO layer is changed 
between two groups (ITORef or ITOO2) while keeping the rest of the stack 
the same. 

Fig. 3. Photovoltaic parameters of the perovskite silicon tandem solar cells with two different ITO films. The I–V measurements are conducted with non-adjusted 
spectrum. jSC improves when ITOO2 films are implemented. 

Table 1 
Nominal thickness and roughness values of ITOO2 films estimated from spec
troscopic ellipsometry measurements (SE).  

Nominal thickness [nm] SE thickness [nm] SE roughness [nm] 

2 2.2 2.8 
4 3.5 4 
6 4.9 5.4 
8 6.4 7 
10 8.9 6.5 
12 11.1 6.4 
16 15.2 6.6 
20 19.4 7 
25 25.2 3  
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the 450–1600 nm wavelength range also for the stack groups, as 
observed with ITOO2, with only a slight increase by increasing oxygen 
deficit layer share in the stack (Fig. 5c). The optical bandgaps of the 

stack layers are similar to the optical bandgap of ITORef (Fig. 5d). 
Since the stack comprising a 15 nm oxygen deficient layer share 

(ITOStack) shows first-rate electro-optical properties and a closed layer 

Fig. 4. Sketches of perovskite silicon tandem solar cell configuration and stack variations of the top ITO thin film.  

Fig. 5. 75 nm thick ITO films and stacks with varying 
oxygen poor (0 sccm, ITORef) and oxygen rich (0.2 
sccm, ITOO2) layer thickness in stack (15 nm, 25 nm). 
Comparing the stack samples, the stack with 15 nm 
thin oxygen poor layer features the lower sheet 
resistance (a) and the higher mobility close to ITOO2 
thin film (b)and a lower absorptance (c) The optical 
bandgap reduces with the increasing oxygen flow 
rate. Similar optical bandgaps are obtained for stack 
processes and ITORef (d).   
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can be assumed at this thickness, it is chosen for implementation into 
perovskite silicon tandem solar cells. 

In a next step the ITO stack approach was investigated on the tandem 
device level. This time a perovskite absorber with a slightly lower 
bandgap was implemented as recommended by simulation (change from 
1.68 eV to 1.64 eV) and a MgF2 anti-reflective coating layer is added to 
the stack [9]. Tandem solar cells with oxygen poor single-layer (ITORef), 
oxygen rich single-layer (ITOO2) and stack with 15 nm oxygen poor 
interlayer (ITOStack) are compared. The lower bandgap perovskite 
absorber and the anti-reflective coating resulted in a ~3 mA/cm2 in
crease of jSC for both ITORef and ITOO2 processes compared to the first set 
of experiments (Fig. 6a). Almost no hysteresis is observed, and similar 
results are obtained for forward and reverse direction I–V measure
ments. The highest absolute efficiency is obtained for ITOStack process as 

25.6% in both scan directions. 
As in the first set of experiments, increasing the O2 content in the ITO 

improves the jSC considerably. ITORef group has an average jSC of 19.3 ±
0.4 mA/cm2 whereas for lTOO2 group it is 19.9 ± 0.3 mA/cm2. Reduced 
absorptance could be one of the possible reasons for the increased 
average jSC (Fig. 5c). The ITOStack group has an average jSC of 19.8 ± 0.2 
mA/cm2, which is comparable to the current of the ITOO2 group. To the 
best of our knowledge, in literature, up to now the high efficiency 
perovskite silicon tandems with such a silicon hetero-junction structure 
with planar front and random pyramid textured rear side reported jSC 
values up to 19.29 mA/cm2 and front side nanotextured 19.48 mA/cm2, 
whereas both side textured ones up to 19.8 mA/cm2 [29–31]. According 
to spectrometric characterization for all three groups the silicon bottom 
solar cell is limiting the overall tandem device current (Fig. S1) [26,32]. 

Fig. 6. Photovoltaic parameters of the perovskite 
silicon tandem solar cells with three different ITO 
films show that highest efficiency could be achieved 
with ITOStack group mainly due to jSC and FF increase 
(a) EQE and reflectance of all three tandem solar cells 
for all ITO films are similar(b)The PCE tracked over 
90 s at maximum power point voltage shows that the 
highest efficiency is obtained with ITOStack (left) and 
IV-curves of highest efficiency solar cell per group 
shows that ITORef and ITOO2 groups have rounder I–V 
curve shape (right) (c).   
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However, samples from ITOStack and ITOO2 groups are closer to the 
current matching point compared to the sample from ITORef group 
(Fig. S1), which could also be an explanation for the higher average jSC. 

EQE and reflection measurements were conducted on the highest 
efficiency solar cell per group (Fig. 6b). As measuring the absolute EQE 
is already challenging for single junction solar cells [33], especially if 
meta-stable materials such as perovskites are involved [34,35], and 
generally for tandem solar cells [36], normalized EQEs are shown. 
Except a slight increase in 780–790 nm range for ITOO2 the shapes of the 
EQE curves for all ITO variations are similar to each other within the 
measurement uncertainties. 

Average FF of 68%,65% and 73% are obtained for ITORef, ITOO2 and 
ITOStack respectively. FF are lower compared to first set of experiments 
for ITORef and ITOO2 groups. This decrease can be related with changing 
the perovskite composition and bandgap. The lower bandgap perovskite 
absorber (1.64 eV) that is used in the second set of experiments results in 
improved current matching compared to the absorber with 1.68 eV used 
in the first set of experiments [9,32]. 

3. Discussion 

Using the stack design, the efficiency of the tandem solar cells could 
be considerably increased. The main motivation for the stack design had 
been to achieve the current enhancement observed for the oxygen rich 
ITO, without the detrimental effects on FF. With the stack design an 
increase of the average jSC compared to the reference ITO process from 
19.3 ± 0.4 mA/cm2 up to 19.8 ± 0.2 mA/cm2 was achieved. Despite the 
simple silicon hetero junction design, excellent high jSC can be reached 
that is among the highest for planar perovskite silicon tandem solar cells 
and even slightly higher than the currently highest efficient tandem 
published with an advanced nano-optical bottom solar cell design [30]. 

The stack design even exceeded the reference ITO for both the FF and 
the VOC. The stack design improved the average FF from 68% to 73% and 
the average VOC from 1.68 V to 1.73 V compared to the reference ITO. 
We hypothesised that too low doping in the oxygen rich ITO caused the 
lower FF. Therefore we also determined the contact resistivity between 
ITO and SnOX for ITORef and ITOO2 via μ-TLM of sandwich-like samples 
having the structure Ag/ITO/SnOx/ITO/glass [37]. μ-TLM on structured 
multi-layer stacks is very challenging and several prepared patterns did 
not produce any result. Where a contact resistance could be measured, 
the contact resistance was clearly lower for the ITOO2. However, the 
overall level was in the range of 10–80 m Ωcm2. If the measurement 
results are correct, this would mean that the impact of this specific 
contact resistance onto the total series resistance of the entire cell is only 
minor. To further investigate, we also determined the total series re
sistances of the highest efficiency solar cell per group from the slope of 
the I–V curves at the VOC point. To validate the findings, series re
sistances were additionally determined from a comparison of I–V curves 
and Suns-VOC measurements similar to the method principle described 
in Refs. [38,39]. The slope at the VOC results in total series resistances for 
the highest efficiency tandem solar cells of 7–9 Ωcm2. Series resistances 
extracted with the Suns-VOC method are in the range of 2–6 Ωcm2. No 
trend in the series resistance can be observed for the ITO variations 
within the measurement uncertainty. One has to keep in mind, however, 
that these techniques are also not well established for meta-stable tan
dem devices. Putting everything into perspective, most likely the 
decrease in contact resistance due to higher doping is not the only effect 
causing the trends in FF in Fig. 6a. The slightly higher VOC and FF of 
ITOStack group is pointing towards a possible reduced recombination 
effect and reduced transport losses. Moreover, the rounder I–V curve 
shape for ITORef and ITOO2 in Fig. 6c could be due to a lateral in
homogeneity within the measured solar cell area. More characterization 
and simulation work – also for the tandem solar cells’ behaviour in the 
various characterization scenarios – is necessary to elucidate these 
questions in future work. 

4. Conclusion 

In this study two optimized ITO film stacks are developed that pro
vide improved electro-optical properties. Initially, an optimized doping 
level for the ITO is found to provide low absorptance and moderate sheet 
resistance. Doping of the ITO is controlled via the oxygen flow rate 
during the sputtering process. It was found that 0.2 sccm (ITOO2) re
duces the absorptance of the films and slightly reduces the sheet resis
tance compared to oxygen deficit layer with 0 sccm (ITORef). Higher 
flow rate resulted in a sharp increase of the sheet resistance. In the first 
set of experiments, the improved optical properties of the ITOO2 thin 
films resulted in a significant jSC increase of the tandem solar cells yet 
slightly lower FF values were obtained for this group. This pointed to
wards a possible resistive loss caused by ITOO2, which might be poor 
contact formation with SnOX in combination with other tandem effects 
such as current matching condition change. For improving the electrical 
contact of the ITO with SnOx layer, in the second step of the optimiza
tion, a stack approach is developed. In the stack approach a highly 
doped (oxygen deficit) layer is combined with a moderately doped layer. 
A second experiment is conducted to compare the highly doped, 
moderately doped, and stacked ITO layers. Higher jSC could be obtained 
with both ITOO2 and ITOStack groups compared to ITORef. The 
improvement of jSC originated from optical improvement and tandem 
current-matching point effects. ITOStack group also exhibited higher FF 
compared to other groups. All in all, efficiency of 25.6% can be achieved 
with the ITOStack thin films with highest absolute FF. The improvement 
in electro-optical properties of the optimized ITO layers result in a good 
combination of moderate sheet resistance and low absorptance. 

Our findings can stimulate further in-depth analysis of losses and 
kinetics in multi-layer perovskite silicon tandem solar cells. In the spe
cific case at the SnOx/ITO interface, findings can help to define a tailored 
sputter deposition process and improve device performance. Moreover, 
the multi-stack approach is not limited to tandem devices with planar 
front and can be transferred to fully textured perovskite silicon tandem 
devices. 

5. Material and methods 

5.1. Silicon bottom solar cell 

250 μm-thick p-type float zone silicon wafers with a base resistivity 
of 1 Ω cm (Siltronic) are used for the silicon bottom solar cells. The back 
side of the wafer is etched with a pyramidal texture by using potassium 
hydroxide (KOH). After RCA cleaning and subsequent HF dipping in 1% 
aqueous solution to remove the SiO2, an intrinsic doped amorphous 
silicon passivation layer stack is deposited on both sides (plasma- 
enhanced chemical vapor deposition (PECVD), Indeotec cluster tool). 
The thickness of the undoped layer is 6.0 nm while the thickness of the n- 
doped and p-doped amorphous silicon layer are 12 nm. 

The amorphous silicon is deposited in a parallel-plate PECVD reactor 
(13.56 MHz, 200 ◦C) using mixtures of silane (SiH4), hydrogen (H2), 
phosphine (PH3), and trimethyl boron (TMB). ITO (In2O3/SnO2 ¼ 90/ 
10 wt%) is DC sputtered on both sides using argon and oxygen mixtures 
(Oxford Instruments cluster tool). 195 nm ITO is deposited on the 
textured back side. Approximately 80 nm of ITO is sputtered on the 
planar front side. The front side ITO is sputtered by using a shadow mask 
with 4 windows of 6 mmx6 mm size. Each window defines the individual 
solar cell areas on a substrate. Ag (1000 nm) is deposited on the textured 
side as the rear contact. The wafers are cut into substrates of size 2.5 
cmx2.5 cm (each containing 4 individual solar cell area defined by the 
ITO deposited through the shadow mask). 

5.2. Perovskite top solar cell 

The perovskite top solar cell has p-i-n polarity with a layer stack of 
interconnection ITO/PTAA/PFN/perovskite/C60/SnOx/ITO, where the 
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top ITO is varied. The silicon bottom solar cell substrates are UV-ozone 
treated for 15 min and blown with N2. All following steps until except 
ITO sputtering are done under inert glovebox atmosphere. PTAA (3 mg/ 
mL in Toluene) is spin-coated (6000 rpm for 30 s) and annealed at 
100 ◦C for 10 min. PFN (0.5 mg/mL in Methanol) layer is spin coated 
(5000 rpm for 20 s) on top of PTAA. The higher bandgap perovskite 
(1.68 eV) solution is prepared by mixing FAI, CsI, PbBr2, PbI2 in a DMF: 
DMSO (4:1 vol ratio) in stoichiometric amounts and stirred at 60 ◦C 
overnight to obtain FA0.75Cs0.25Pb(I0.8Br0.2)3 as described in Schulze, 
Bett et al. [25]. The perovskite solution is spin coated at one step (1000 
rpm for 10s, 5000 rpm for 20s, 150 μL precursor solution, 200 μL 
chlorobenzene after 25 s -over last 5 s). The lower bandgap perovskite is 
prepared according to triple cation perovskite preparation methods 
described in literature [40,41]. For the lower bandgap (1.64 eV) 
perovskite first, 1.2 M MAPbBr3 solution (with 10% Pb excess), 1.2 M 
FAPbI3 solution (with 10% Pb excess) in mixture of DMF:DMSO (4:1 vol 
ratio) and 1.5 M CsI solution in DMSO are prepared and stirred over
night at room temperature. The FAPbI3 and MAPbBr3 solutions are then 
mixed in a 83:17 ratio. Finally, 5 vol-% of CsI is added to the perovskite 
precursor to obtain Cs0.05(FA0.83MA0.17)0.95Pb(I0⋅83Br0.17)3 perovskite 
composition. The perovskite solution is spin coated in one step (4000 
rpm 35 s, ramp 3 s 150 μL perovskite solution, 300 μL ethyl acetate 
anti-solvent after 10 s). Perovskite layers are annealed for 1 h at 100 ◦C 
after spin coating. The perovskite layer thicknesses are around 400 nm 
and 450 nm for high and low bandgap perovskites respectively. A 15 nm 
C60 is thermally evaporated (0.2 A/s) on top of the perovskite layer. 20 
nm SnOx is deposited via ALD at 80 ◦C. Top ITO layers are deposited via 
DC magnetron sputtering with set parameters of power density at 0.4 
W/cm2, process pressure of 0.26 Pa and the substrate temperature at 
50 ◦C. Argon is used as sputtering gas (30 sccm flow rate). A circular 
In2O3:SnO2 target of 25.4 cm diameter size with the composition ratio of 
is 90:10 wt% is used. The target purity is 99.99%. The flow rate of the 
oxygen gas was varied to tune film properties. As the last steps 200 nm 
Ag and 100 nm MgF2 layers are deposited via evaporation. The Ag was 
evaporated through shadow masks defining the solar cell areas on the 
substrate (0.25 cm2 solar cell area, 4 solar cells on each substrate). The 
MgF2 was evaporated on full area of the substrates. 

5.3. Characterization 

5.3.1. Spectroscopic ellipsometry 
The thicknesses and optical constants of the ITO thin films are 

determined via spectroscopic ellipsometry by fitting a Drude-Tauc- 
Lorentz model by taking the roughness into account. ITO thin films 
that are used in spectroscopic ellipsometry measurements are deposited 
on silicon substrates. 

5.3.2. UV–Vis–NIR spectroscopy 
Reflectance and transmittance data are extracted using a Lambda 

950 spectrophotometer from PerkinElmer with an integrating sphere 
(scanning the wavelength range of 250–1200 nm using a step size of 2 
nm). The absorptance is calculated from reflectance-transmittance data 
(1-R-T). The optical bandgaps of the ITO thin films are calculated from 
the absorptance data. ITO thin films deposited on glass are used for 
UV–Vis spectroscopy. 

5.3.3. Electrical properties 
The sheet resistances of the ITO thin films are estimated by using Van 

der Pauw method on glass samples covered with ITO and mobility and 
carrier density extracted via Hall effect measurement. 

5.3.4. μ-STLM measurements 
The measurement stacks are made of glass, 260 nm thick ITO, 10 +

10 nm thick SnOx (lower 10 nm SnOX annealed in vacuum at 300 ◦C), 
~75 nm ITORef or ITOO2 and 100 nm Ag. A plasma-FIB (focused ion 
beam) technique was used to prepare the μ-TLM test patterns by ablation 

of the Ag/ITORef/SnOX layers, leaving behind contacts with approximate 
area of 400 × 50 μm2 and contact pad spacings between 50 μm and 250 
μm. The contact resistivities at the ITO/SnOX interface are calculated 
from the total resistance and contact area of the measurement. 

5.3.5. Current voltage (I–V) and EQE measurements 
The first set of current–voltage (I–V) measurements of perovskite 

silicon tandem solar cells are conducted using a LED sun simulator 
(Wavelabs, Sinus-220) where the light intensity is calibrated to 1 sun by 
a silicon reference solar cell using a spectrally non-adjusted fitted 
AM1.5 g spectrum. For the second set of measurements, prior to I–V 
measurements spectral response is measured for one solar cell of each 
group. Chopped light (frequency ~ 130 Hz) of a Xenon lamp is directed 
to a double monochromator. Monochromatic light is directed to the 
tandem device. The measurement light spot is smaller than the active 
tandem solar cell area. For the measurement of the perovskite top cell 
and the silicon bottom cell infrared and blue LEDs, respectively, are used 
to bring the sub-cell to be measured into current limitation. The signal is 
directed to a transimpedance amplifier and a lock-in amplifier. The 
transimpedance amplifier allows to apply a bias voltage to the tandem 
solar cell. Bias voltages of ~680 mV and ~1080 mV are used to measure 
the top and bottom solar cell, respectively, in order to have the cell to be 
measured approximately in short-circuit conditions. Details on spectral 
response measurements of tandem solar cells can be found in Ref. [36]. 
Note, that for tandem solar cells the measurement of absolute spectral 
response is challenging [36]. If perovskite is involved dynamic effects 
lead to dependence of the absolute spectral response on measurement 
conditions [34,35]. However, for adjusting the sun simulator only 
relative spectral responses are required. A Wacom sun simulator 
equipped with a filtered Xenon lamp (UV and visible light) and a filtered 
Halogen lamp (infrared light) is used which can be adjusted individu
ally. The relative spectral responses and the spectra of the lamps were 
used to determine the lamp intensities by solving the linear equation 
system described in Ref. [26]. Lamp intensities are set by adjusting the 
current of two filtered WPVS reference solar cells. A Keithley 2400 
source meter is used to record the I–V curves in forward and reverse scan 
direction. Voltage range was − 0.1 V–1.9 V, step size was 20 mV with a 
scan speed of ~33 mV/s. The active area of 0.25 cm2 is defined by a 
shadow mask. Each solar cell is measured several times until a stabilized 
efficiency is reached. The parameters of the best mean efficiency of 
forward and reverse scan I–V measurement are presented in the plots. To 
determine stabilized efficiency the maximum power point voltage is 
applied, and the current is recorded over time. The series resistance is 
calculated from the slope at the VOC by taking 6 data points at the I–V 
curve (3 before and 3 after the VOC). 

Details on spectrometric characterization can be found in Ref. [32]. 
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B. Li, J. Li, O. Shargaieva, E. Unger, A. Al-Ashouri, E. Köhnen, M. Stolterfoht, 
D. Neher, R. Schlatmann, B. Rech, B. Stannowski, S. Albrecht, C. Becker, Nano- 
optical designs for high-efficiency monolithic perovskite–silicon tandem solar cells. 
Preprint, Nat. Nanotechnol. (2022), https://doi.org/10.1038/s41565-022-01228-8 
to be published. 

[31] E. Aydin, T.G. Allen, M. de Bastiani, L. Xu, J. Ávila, M. Salvador, E. van Kerschaver, 
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