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Abstract. This work addresses general aspects of the front side TCO and grid electrode for application in a Perovskite-
Silicon tandem device by optical and electrical modelling. We highlight the need to optimize the front electrode for the 
tandem case, where in contrast to silicon single junction devices, there is (i) about half the current, which significantly 
reduces resistive losses in the front electrode, (ii) a lower refractive index of the absorber (most Perovskites at 600 nm: 
~2.4 vs. Si: ~4.2), (iii) almost no lateral transport in the perovskite top cell, and (iv) a lower thermal device stability (~100-
130°C vs. 200°C), which results in less efficient sintering of the Ag pastes and hence higher metal grid resistivity. This 
study concludes that compared to silicon heterojunction cells (SHJ), the thickness of the front side TCO electrode should 
be reduced from 75 nm to 20 nm. For the grid electrode, the low-temperature Ag pastes results in higher line resistivities 
and curing durations. Furthermore, we showcase that for the multi-wire interconnection concept, the number of wires can 
be significantly reduced from 18 wires to less than 9 depending on the front metallization. 

INTRODUCTION 

Perovskite-Silicon tandem solar cells are expected to further decrease the costs of electricity due to their potentially 
high power conversion efficiency [1, 2]. However, low-cost mass production is a crucial prerequisite to compete with 
standard Si PV technology. While many upscaling issues are still open to research, (e.g. how the layer stack of the 
perovskite top cell will look like and which deposition technologies will be used) it is evident that a front electrode is 
needed, which has to be adapted for tandem application. Fig. 1a highlights the grid and TCO electrode of a Pero-Si 
tandem module which is investigated in this work. Based on the expertise of the SHJ baseline processes, we elaborate 
on an estimate how this front electrode must be adapted for tandem application when used on a perovskite top cell. 
Tandem devices have a higher tolerance to series resistances compared to SHJ cells since only about half the current 
density is collected by the front electrode. However, there is currently a lower tolerance for the deposition and 
annealing temperature of the TCO and the sintering temperature of the Ag screen-printing pastes due to the thermal 
stability of perovskite which is limited to around 130°C. Fig. 1b shows the measured TCO mobility and the line 
resistivity of silver screen printed fingers for the SHJ baseline process at 200°C (‘SHJ std.’), and its changes when 
only 130°C are applied as needed for Pero-Si tandem (‘SHJ cold’). One can see that this results in a higher series 
resistance of the grid and TCO electrode due to lower TCO mobility and a higher line resistivity. This work shows the 
impact of low-temperature processing of the TCO and grid electrode and therefore highlights the need to develop a 
low-temperature baseline process for Pero-Si tandem cells using adapted silver pastes and TCO deposition method. 
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APPROACH 

Optical modelling is set up in Sentaurus TCAD [3] and experimentally validated in [4] based on the monolithic 
Pero-Si tandem device as published by Schulze et al. [5] featuring a planar front p-i-n perovskite top cell and a SHJ 
bottom cell. The model was extended to account for a Pero-Si module with textured cell front side including glass and 
EVA encapsulation yielding a generated current density in both the perovskite and silicon absorber which is current-
matched and subsequently used as input for the electrical simulation in Quokka3 [6]. From the electrical simulation, 
we obtain S

front= S
Grid

S
TCO. To estimate the output power of the tandem device ext, we consider the S

front to be 
an external series resistance on top of the Pero-Si tandem device (thus only vertical current transport is assumed in the 
perovskite top cell), of which the latter generates an internal power int (i.e. excluding the electrical losses of front 
grid and TCO while including the optical losses due to TCO and shading of the wires and fingers): 

 ext int loss
front  mpp,int mpp,int S

front
mpp,int  (1) 

OPTIMIZATION OF THE FRONT ELECTRODE 

Fig. 2 shows the simulated internal tandem power int (orange, left y axis, see Eq. 1) for different ITO (i.e. TCO) 
thicknesses and oxygen flows during the sputtering (where Rsheet for 75 nm thickness and the complex refractive 
indices are based on recent measurements at Fraunhofer ISE). int incorporates optical properties including the gene-
rated current gen, the grid shading losses and the parasitic absorption of the ITO. First, one can see that int increases 
for higher finger pitch which is varied in each block from 1 to 2.5 mm (see arrow). One can see that both increasing 
the O2 flow (i.e. making the ITO more transparent) and decreasing the ITO thickness has a positive influence on int 
due to less parasitic ITO absorption. The latter in contrast with the SHJ baseline process, where the 75 nm of ITO 
function as anti-reflection coating, which leads to significant reflection losses when reducing the ITO thickness. 
However, in the Pero-Si module, the ITO layer needn’t serve as an anti-reflection coating due to the better refractive 
index matching of the perovskite layer, since most perovskites at e.g. 600 nm feature a refractive index of around 2.4 
which contrasts with the refractive index of around 4.2 for silicon (as for SHJ devices). Therefore, the TCO thickness 
can be reduced to minimize parasitic absorption. 

However, these improved optical properties are counterbalanced by the electrical properties as shown in Fig. 2, 
where the grid and TCO series resistances S

front
S
Grid

S
TCO are shown as dark and light grey bars (right axis), 

respectively, for an M6 wafer (full square, 166x166mm2) with Ag screen printed metallization and multi-wire 
interconnection with 9 wires. One can see that S

Grid is influenced by the finger pitch, while S
TCO is increased for 

higher O2 content and lower ITO thicknesses (due to increased Rsheet as shown in Fig. 2, top). The contact resistivities 
at the full ETL/TCO interface and the TCO/metal contact are assumed to be both negligibly small (1m cm²) and the 
dependence on the TCO doping concentration is neglected. To see the influence of the contact resistivities, we 

 

Curing temperature 200°C (SHJ std.) 130°C (SHJ cold) 
TCO mobility 45 cm²/Vs 25 cm²/Vs 

Line resistivity of Ag 
Screen Printing 1.5 /cm 5.0 /cm 

 
 

 
 
 

(a) (b) 
FIGURE 1. (a) The Pero-Si tandem module featuring the highlighted grid and TCO electrode at the top cell front 

side (b) Influence of the curing temperature due to the lower thermal stability of the perovskite absorber (130°C) in 
contrast to the SHJ baseline process (200°C), leading to lower TCO mobility and higher line resistivity for Ag SP. 
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performed a sensitivity analysis: For 10 times the TCO/metal contact resistivity the S
front is increased by 0.2 to 0.4 

cm² (depending on the finger pitch), and for 100 times the ETL/TCO contact resistivity, the S
front is increased by 

0.1 cm² (which is a simple linear behaviour for a full-area ohmic contact). 
According to Eq. 1 we calculate the external tandem power ext which is shown in Fig. 2 (blue symbols). One can 

see that the optical benefit of int is counterbalanced by the electrical losses of S
front leading to an optimum finger 

pitch for each ITO variation. The maximum power is highlighted (blue star) for the ITO2 with 20 nm (and a silver 
finger pitch of 2 mm), which we use in the following as ideal ITO. 

INFLUENCE OF THE FINGER METALLIZATION AND ADAPTION OF THE 
INTERCONNECTION CONCEPT 

The influence of the line resistivity of the metal grid is shown in Fig. 3, where the estimated output power ext for 
silver screen printing at curing temperatures of the SHJ baseline process (red, 220°C) and a low-temperature paste 
(blue, 130°C) is plotted. Furthermore, the multi wire interconnection concept is investigated with 18 wires as standard 
for SHJ, as well as reduced wire numbers (9, 6 and 3). Each wire has a physical width of 250μm and an optical width 
of only 150μm due to back-reflection on the round wires.  

Starting with the 18 wires, we compare two screen printing pastes. The red symbols in Fig. 3 show the results of 
the curing process used for the SHJ baseline with a 1 min curing time at 220°C leading to silver fingers of 43μm width 
and a line resistivity of 1.5 /cm. This baseline process is not (yet) suitable for the perovskite top cell but shows an 
optimistic case for screen printing on Pero-Si tandem. Secondly, an alternative SP process with curing temperature of 
130°C and curing time of around 15 mins is showcased resulting in a final finger width of 45μm and increased line 
resistivity of 5.0 /cm (Fig. 3, blue).  

The number of wires for the multi-wire interconnection concept can be reduced compared to a SHJ device, since 
in a tandem device the resistive power loss for the same Rs is only a quarter (see Eq. 1). This highlights the need of 
adapting the interconnection concept to the tandem device: When reducing the number of wires from standard 18 for 
SHJ to 9, 6 or 3 (see Fig. 3), the photocurrent increases due to less shading of the wires, however, also the electrical 
losses increase due to increased finger lengths depending on the line resistivity of the SP silver fingers. Therefore, the 
difference in power output between the standard SHJ process (Fig. 3, red) and the low temperature Ag SP paste (Fig. 
3, blue) gets larger when reducing the number of wires. While for the standard 18 wire concept, both SP pastes yield 
similar power outputs, we found that for less than 9 wires, the low temperature processing of the SP process is expected 
to cause significant power losses. An optimum number of wires is found to be around 6 wires. 

 
FIGURE 2.  The external and internal power (Pext, Pint) and the RS for different grid and ITO electrodes, including 

variation of the ITO thickness and O2 flow, as well as finger pitch of the 9 multi-wire Pero-Si module. 
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CONCLUSION 

In this paper, we showcased that the front grid electrode for a perovskite silicon tandem device, i.e. TCO layer and 
metallization, must be adapted. We highlighted that the lower refractive index of the perovskite absorber allows to 
reduce the TCO layer thickness from around 75 to 20 nm which is in contrast with silicon single junctions, where the 
75 nm TCO are needed as an anti-reflection coating. Furthermore, we highlighted that the lower device current 
principally increases the tolerance for higher series resistances, since resistive losses are significantly reduced. 
However, this is partly counterbalanced by the thinner TCO (which increases the sheet resistance) and the fact, that 
the lateral transport must be almost fully provided by the TCO, since the perovskite features almost no lateral transport 
(in contrast to a SHJ where the n-type silicon wafer provides high lateral conductance). A second limitation for the 
front electrode is the lower thermal device stability (~100 vs. 200°C), which results in less efficient sintering of the 
Ag pastes and hence higher metal grid resistivity. Furthermore, we showcase that for the multi wire interconnection 
concept, the number of wires can be significantly reduced from 18 wires to less than 9 depending on the front 
metallization. 
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APPENDIX 

TABLE I: ELECTRICAL SIMULATION PARAMETERS 

Quantity Value 
Quokka3 [11]  
Version 1.2.8 
  
Wafer size M6 format (166 x 166 mm²) 
Optical finger width 43 μm (SHJ baseline) 

45 μm (Low temperature) 
Wire diameter 250 μm 
Optical width of wires 150 μm (factor 0.6 [12]) 
  

Front TCOs [10]  
ITO 1 (O2 flow: 0.0 sccm) Ne=4.4 1020 cm-3, μe=30.2cm²/Vs 
ITO 2 (O2 flow: 0.3 sccm) Ne=2.9 1020 cm-3, μe=37.2cm²/Vs 
ITO 3 (O2 flow: 0.5 sccm) Ne=1.2 1020 cm-3, μe=43.2cm²/Vs 
ITO 4 (O2 flow: 0.7 sccm) Ne=4.3 1019 cm-3, μe=45.2cm²/Vs 
SHJ reference  
Silicon bulk  180 μm thick, 1 cm n-type, =12 ms 
Voc 740 mV at 1 sun 
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