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Abstract: We present an optical model implemented in the commercial software SETFOS
4.6 for simulating perovskite/silicon monolithic tandem solar cells that exploit light scattering
structures. In a first step we validate the model with experimental data of tandem solar cells
that either use front- or rear-side textures and extract the internal quantum efficiency of the
methyl-ammonium lead iodide (MALI) perovskite sub-cell. In a next step, the software is
used to investigate the potential of different device architectures featuring a monolithic
integration between the perovskite and silicon sub-cells and exploiting rear- as well as front-
side textures for improved light harvesting. We find that, considering the available contact
materials, the p-i-n solar cell architecture is the most promising with respect to achievable
photocurrent for both flat and textured wafers. Finally, cesium-formamidinium-based
perovskite materials with several bandgaps were synthetized, optically characterized and their
potential in a tandem device was quantified by simulations. For the simulated layer stack and
among the tested materials with bandgaps of 1.7 and 1.6 eV, the one with 1.6 eV bandgap
was found to be the most promising, with a potential of reaching a power conversion
efficiency of 31%. In order to achieve higher efficiencies using higher band-gap materials,
parasitic absorptance in the blue spectral range should be further reduced.
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1. Introduction

While the power conversion efficiency of silicon heterojunction solar cells has surpassed 26%
[1], a novel route to high-efficiency wafer-based solar cells is being pursued with
perovskite/silicon tandems [2], with monolithic devices having reached 23.6% [3] and 4-
terminal configurations exceeding 26% [4, 5] with potential to come close to an efficiency of
30%. One of the key points, for this approach to be successful, is to be able to optimize the
optical absorption in the active layers namely the perovskite layer and silicon wafer while
minimizing parasitic absorption in charge transport layers. Optical simulations have shown to
be of tremendous help in this task [6-11]. However, state-of-the-art devices usually combine
thick incoherent layers, thin coherent layers and scattering structures, making the optical
simulation challenging. Therefore only very few studies simulating state-of-the-art tandem
devices have been published so far [7, 8]. Moreover, most of these studies are usually lacking
comparisons with experimental studies.

In this context we introduce a simulation tool that combines a 3D ray-tracing algorithm, a
net radiation algorithm [12, 13] and thin-film optics using a one-dimensional transfer matrix
algorithm (S-matrix) [14], (a generalized version of this algorithm, which can also simulate
the impact of periodic structures using rigorous coupled wave analysis, can be found in [15])
to study light interaction with coated layers on planar and textured silicon wafers, as can be
found in high-efficiency silicon heterojunction (SHJ) solar cells. This simulation approach
has been implemented in our commercial software SETFOS 4.6 [16]. The algorithm is
versatile enough to be able to simulate the innovative device configuration where the
perovskite sub-cell is conformally deposited on a textured silicon wafer.

We aim to use our simulation tool to simulate and evaluate the potential of
perovskite/silicon monolithic tandem solar cells with advanced architectures in order to give
guidelines for future device optimization.

Therefore, we compare monolithic tandem solar cells in rear and front-emitter
configuration, as well as the impact of introducing surface texturisation on the front, rear
and/or intermediate contacts. In these devices, the main constraint for an optical optimization
is the matching of photo-generated currents in both sub-cells. In order to improve the validity
of our predictions, the simulations were based on experimental data. Moreover, in a final
section we will evaluate the potential of cesium-formamidinium-based perovskite materials
with varied bandgaps leading to a change of the absorption spectrum and of the open-circuit
voltage (Vo).

2. Simulation approach

As mentioned in the introduction, the multi-scale optical model that will be used combines a
ray tracing algorithm, a thin-film optics solver and a net-radiation algorithm [12, 13] which
connects the optical fluxes at each interface of the multi-layer structure, therefore taking into
account multiple reflection and transmission events. For the sake of readability the key
elements of the net-radiation algorithm developed by Lanz et al. [12] are repeated below.

In incoherent layers and at the interface between two incoherent layers, only the intensity
distribution of the light is taken into account. For a given wavelength of light, at each
interface i the distribution of light incident from the top (index a) or from the bottom (index
¢) can be described by a vector (q) with a length equal to the number of discretized angles
considered in the simulation. The same is true for the light travelling away from the interface
in the top (index b) and bottom layer (index d). The equations below connect the light fluxes
at the interface i:

Ua =7 % 0Uisg 1)
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In the equations above, ri.,- represents the interface reflection for light incident from the
top/bottom side, t /- represents the interface transmission for light incident from the top to
the bottom or from the bottom to the top, respectively. Finally, z; represents light transmission
in layer i possibly experiencing absorption between the interfaces i and i + 1.
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Fig. 1. Schematic representation of the modelling workflow included in SETFOS 4.6 for the
simulation of solar cells featuring textured interfaces with optional thin film coatings.

In the particular case where the interface i is flat, the reflection and transmission are
simply calculated using the Snell and Fresnel’s law. In the more general case of the
microtexture e.g. present on the random etched silicon wafer surface considered here, the
reflection and transmission properties (also called BSDF: Bi-directional scattering
distribution function) are calculated using a ray-tracing algorithm prior to running the net
radiation algorithm. Figure 1 summarizes the simulation workflow.

A similar simulation approach was developed in [17] to simulate the impact of light
management structure in the absorption of the thin film stack by combining a raytracing
algorithm with a thin film simulator. The main difference with the approach described here is
that the multiple reflection-transmission events are tackled by a raytracing algorithm whereas
this is taken into account in the net radiation algorithm here. The main advantage of the net-
radiation algorithm is that it only consists of a linear system of equation that can be solved
very efficiently compared to the ray-tracing algorithm which relies on Monte-Carlo
simulations. Therefore in order to save simulation time, in our approach, the raytracing
algorithm is only run at the beginning of the simulation to calculate the BSDFs of the
different textured interfaces.

For one of the tandem cell structures investigated in this work the microtexture interface is
actually a coated interface meaning that thin optically coherent layers are conformally
deposited on top of the random rough texture. In this latter case, a transfer matrix algorithm
for thin film optics is run to calculate the reflection and transmission coefficients of the thin
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film coating in a first stage. These coefficients are then considered in the ray-tracing
algorithm to calculate the reflection and transmission scattering distribution of the interface
for all incoming angles between 0 and 90 °. The optical model also calculates the spectral
light absorbtance in all coherent and incoherent layers.

3. Comparison with experimental results

Structure A Structure B Structure C

Perovskite

-Si wafi
c-Si wafer &L WIS

c-Si wafer

WA

Fig. 2. Cross-section schematics of the perovskite/silicon tandem cells used to compare
simulation results with published experimental data: Structure A: monolithic tandem with
double-side polished (DSP) silicon bottom cell; Structure B: Structure B with a microtextured
anti-reflective foil at the front; Structure C: monolithic tandem with rear-side textured silicon
bottom cell.

For validation, our optical simulation model was compared to previously published results of
perovskite/silicon monolithic tandem cells. In this first part of the manuscript, we focus on
tandem cells using a methylammonium lead iodide (MALI) perovskite top cell in the n-i-p
configuration where the p-doped side is facing the illumination. Scattering interfaces have
been introduced at different locations in the device, namely by means of a microtextured
antireflection foil at the front or as a texture at the rear of the silicon wafer as shown in Fig. 2.

The layer sequence considered here is the same as presented by Werner et al. [18, 19]:
ITO (110nm), MoOx (10nm), Spiro-OMeTAD (183nm/190nm), perovskite (345 nm/285nm),
PCBM (20nm), 1ZO (40 nm), a-Si (15 nm), silicon (280 um), a-Si (15 nm), ITO (120 nm),
silver. For the Spiro-OMeTAD and the perovskite layers, 2 different layer thicknesses were
used, as two different devices were studied in [18] and [19] and simulated in this contribution.
The exact thickness of the Spiro-OMeTAD and the perovskite layers was obtained by fitting
the measured external quantum efficiency (EQE) spectra to the simulated absorbtance spectra
of the flat devices. These values were kept constant when simulating the corresponding
devices with scattering structures.
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(b)

Fig. 3. Topography measurement by AFM of the textured silicon wafer (a) and of the ARF foil
b).
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Fig. 4. Comparison between measured and simulated EQE spectra for different perovskite
silicon tandem structures: device structure a from Fig. 2 in (a) and (c), device b from Fig. 2 in
(b) and device ¢ from Fig. 2 in (d). In (a) and (b), the Spiro-OMeTAD layer thickness was set
to 183 nm and the perovskite layer thickness was set to 345 nm. In (c) and (d), the Spiro-
OMeTAD layer thickness was set to 190 nm and the perovskite layer thickness was set to 285
nm.

In case of the structure C in Fig. 2, the rough texturing of the silicon was achieved by
chemical etching. The topography of this textured surface was measured by atomic force
microscopy (AFM), as shown in Fig. 3(a), and then imported in SETFOS for the simulation.
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In case of structure B of Fig. 2, the microtextured antireflective foil was fabricated by
embossing the textured silicon wafer onto a PET foil [20]. Again the textured foil was
measured by AFM [Fig. 3(b)] and imported in SETFOS to calculate the corresponding BSDF
as illustrated in Fig. 1.

It is noteworthy that the rear side of the structure C in Fig. 2 represents the case of a
‘coated texture interface’ discussed in the first part of this contribution: indeed the thin ITO
and silver layers are both conformally coated on the rough silicon wafer on the rear side of
the device.

In Fig. 4 we show the comparison of measured sub-cell EQE spectra with simulated layer
absorbance spectra of the perovskite layer and the crystalline silicon wafer, respectively. The
refractive index dispersion of the perovskite was taken from Loper et al. [21] (also shown
further below) while the refractive index dispersion of silicon was taken from [22]. The
refractive indices of 1TO, MoO3, Spiro-OMeTAD, PCBM, 1Z0O and amorphous silicon were
taken from [16, 23-27]. We have assumed that all the layers made of amorphous silicon had
the same optical index whether they are p-doped, n-doped or intrinsic. We find a fairly good
agreement between the simulated absorption and the measured EQE from [18, 19] in Fig. 4
for the three cases defined in Fig. 2. Please note that a constant internal quantum efficiency
(IQE) of 0.95 was assumed for the perovskite sub-cell in the simulations.

As can be seen in Figs. 4(c) and 4(d), when the rear side of the silicon wafer is textured
using an etching process, only the absorption in the near infrared spectral range is improved
in the silicon sub-cell. This trend is nicely reproduced in the simulations.

However, the agreement between simulations and experiments is not perfect and sample
to sample variations with respect to nominal layer thicknesses are preventing detailed
comparisons. For example, the EQE in Figs. 4(a) and 4(c) differ as the two devices were
fabricated few months apart and the processing conditions were slightly changed. Therefore
these two flat devices showed somewhat different characteristics. It can also be noticed in
Figs. 4(c) and 4(d) that the simulations overestimate interference effects in the bottom cell, a
possible reason could be that the intrinsic roughness of the perovskite layer and more
generally non-uniformities of the different layers, were neglected in these simulations.
However, the overall trend on the experimental EQE spectra can nicely be reproduced by
simulation in both the perovskite and the silicon sub-cells for the different devices. This
confirms the validity of the modeling approach implemented in SETFOS and presented here.

4. Evaluation of potential device architectures

As the comparison with experimental results shown above revealed a good agreement with
simulation results, the optical simulator SETFOS was used to quantify the potential of
different device architectures. We identified in the previous section that an IQE of 0.95 can
nicely reproduce the measured EQE of the perovskite layer, therefore this value was kept at
this value in order to simulate the photo-generated current (an IQE equal to 1 was assumed
for the silicon sub-cell).

4.1 Inverted structure versus standard architecture

In order to reduce parasitic absorption due to the presence of Spiro-OMeTAD, recently, a p-i-
n device architecture has been proposed, where, the n-side of the device is facing the
illumination instead of the p-side (see right side in Fig. 5). Of course, with this approach, the
layer sequence in the silicon sub-cell also needs to be inverted. The advantage of this
architecture is that the hole transport layer of the perovskite sub-cell is positioned below the
perovskite layer, allowing the use of thin n-type materials on top of the device and therefore
reducing parasitic absorption. A record efficiency of 23.6% for monolithic tandem
architecture has been achieved using this approach [3].

In order to compare both device polarities, optical simulations were performed for tandem
cells featuring a polished front and textured rear silicon interface. A scattering anti-reflection
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foil, as shown in the previous section was assumed to be applied on the top of the structure.
The following device structure was considered for the tandem cell in the p-i-n configuration
[Fig. 5(b)]: anti-reflection foil, ITO (110nm), SnO. (9nm), Ce (15nm), Perovskite
(optimized), NiO (20nm), ITO (40nm), a-Si (24nm), Si (280um), a-Si (24nm), ITO (80nm),
Silver. For the simulation, the refractive indices of Cgo and NiO were taken from [28] and
[16].

Concerning the standard n-i-p architecture, the layer sequence which was used for the
simulation is the same as the one described in the section above [Fig. 5(a)]: anti-reflection
foil, ITO (110nm), MoOs (10nm), Spiro-OMeTAD (optimized), Perovskite (optimized),
PCBM (20nm), 1ZO (40 nm), a-Si (15 nm), Silicon (280 um), a-Si (15 nm), ITO (120 nm),
Silver.

(a) (b) (c)

N

| Perovskite I Perovskite
N P
b '

P
|
N
P
|
N

|
N P

Fig. 5. Schematic illustration of the devices used to compare the n-i-p (a) and p-i-n architecture
(b), and to compare with the conformal deposition of the perovskite sub-cell on top of a
textured silicon wafer (c).

In order to obtain a fair comparison of both architectures, devices were optically
optimized in order to achieve the highest photocurrent in both sub-cells at current-matching
conditions. For the n-i-p architecture the thickness of the Spiro-OMeTAD and perovskite
layers was varied in order to achieve the highest efficiency. As for the p-i-n configuration,
only the perovskite layer was optimized. The simulation results shown in Fig. 6 confirm the
expected results: using a p-i-n architecture, the maximum photocurrent at current matching
condition is found to be higher by almost 2 mA/cmz2 in the inverted structure compared to the
n-i-p architecture using Spiro-OMeTAD in the front.

In case of the n-i-p architecture, the maximum device efficiency was achieved for a
perovskite layer thickness of 320 nm and a Spiro-OMeTAD thickness of 130 nm leading to a
photo-generated current of 17.0 mA/cm?2. This layer thickness for the Spiro-OMeTAD
represents the experimentally determined lower limit for obtaining a device with sufficient
electrical performance; usually thicker Spiro-OMeTAD films are used leading to more
parasitic absorption in this layer. As for the p-i-n structure the maximum efficiency was
achieved for a perovskite layer thickness of 400 nm with a maximum photo-current of 18.9
mA/cm?2. This increase by almost 2 mA/cm? is remarkable and corresponds to a relative
increase by approximately 11%. However, other n-i-p cell layer stacks could in principle also
work with much thinner and undoped layers, but with the current materials available for state-
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of-the-art cells, the p-i-n configuration is optically better as all the transport layers are thin
and undoped or weakly doped.

It can be noticed in Fig. 6 that even in the inverted structure some residual absorption
appears in the ETL (Cgo) layer deposited on-top of the perovskite, however this absorption
remains small and could be decreased further by using a thinner Cgo layer on a perovskite
layer with low surface roughness. Moreover, it is interesting to notice that optical
interferences seem to have less impact for the p-i-n device structure, this latter point was also
recently reported in [21], and is the consequence of thick HTL layer used in the n-i-p
structure.
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Fig. 6. Absorbance of the main absorbing layers of the perovskite-silicon tandem solar cell at
maximum current matching conditions for the n-i-p architecture (a) and the p-i-n one (b). The
R represents the reflectance of the device.

4.2 Scattering foil versus conformal coating

Santbergen et al. [8] showed that the configuration where the perovskite layer is conformally
deposited on top of a textured silicon wafer [Fig. 5(c)] is the most promising structure in
order to maximize the light absorption in both the perovskite and silicon sub-cells for n-i-p
structures. Such a conformal coating of the perovskite cell has yet to be experimentally
demonstrated, currently set back by its incompatibility with the solution processing
techniques commonly used in the perovskite field. In this section we have optically optimized
p-i-n device, using charge transport layers and electrode materials that can be deposited with
physical or chemical vapor deposition-based conformal techniques. The device layer stack
considered here is the following: anti-reflection MgF; layer (optimized), ITO (110nm), SnO;
(9nm), Ceo (15nm), Perovskite (optimized), NiO (20nm), ITO (40nm), a-Si (24nm), Si
(280um), a-Si (24nm), ITO (80nm), Silver.

Using this architecture, the reflection losses can be strongly reduced (as shown in Fig. 7),
a maximum photocurrent of 19.6 mA.cm=2 could be achieved, which represents 0.7 mA.cm2
more than using the scattering foil. This maximum was achieved for a MgF, layer thickness
equal to 110 nm and a perovskite layer thickness equal to 440 nm.

Therefore, we can conclude, from this section, that the p-i-n architecture where the
perovskite layer is conformally deposited on top of a textured silicon substrate represents the
most promising architecture, which was thus kept for the following section.
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Fig. 7. Absorbance of the main absorbing layers of the p-i-n perovskite-silicon tandem solar
cell, where the perovskite sub-cell is conformally deposited on top of a textured silicon wafer
[Fig. 5(c)]. The R represents the reflectance of the device.

4.3 Variation of the perovskite bandgap

In order to further improve the efficiency of tandem perovskite/silicon solar cells, perovskite
materials with higher bandgaps can be used to decrease the energy loss by thermalization of
photo-carriers in the perovskite layer and therefore to achieve a higher Vo for the full device
[29]. As the photocurrent in the top cell decreases with increasing bandgap, optimizing the
overall tandem performance involves a trade-off between reaching matched sub-cell
photocurrents and maximizing Vec.

In this section, the potential of different perovskite materials will be evaluated based on a
combination of experimental results and simulations. To this aim, perovskite materials based
on CsxFA1-xPbI3-xBrx with bandgaps of ~1.6 eV and ~1.7 eV were synthetized. The
refractive indices of these layers were characterized by variable angle spectroscopic
ellipsometry to be used later in the optical simulations and can be found in [30].

As shown in the previous sections, the p-i-n structure with a conformal deposition of the
perovskite cell on top of a textured silicon substrate appears to be the device structure with
the highest photocurrent potential, therefore this architecture was considered for optical
simulations with these alternative perovskite materials. Again, devices were optically
optimized in order to achieve the current matching condition

The maximum value for matched currents for the 1.6 eV CsxFA1-xPbl3-xBrx and for the
MALI perovskite (bandgap around 1.55 eV), was found equal to 19.6 mA/cm? in both cases
assuming an IQE equal to 0.95. A maximum current of 20.2 mA/cm? can be achieved for the
1.6 eV material in case the IQE can be increased to 1. Moreover, in a real device interference
effects are likely to be reduced thanks to the perovskite intrinsic roughness and more
generally due to layer non-uniformities, which could lead to a reduction of the reflectance and
therefore to an additional increase of the maximum photo-generated current, in line with the
observation that interference effects in the bottom cell current tend to be more pronounced
than for the experimental data [Figs. 4(c) and 4(d)].

The perovskite layer thickness maximizing the matched sub-cell current value was found
equal to 440 nm for the MALI and 780 nm for the 1.6 eV perovskite. In Fig. 8 we show the
absorptance in the different layers of tandem cells with the 1.6 eV or the 1.7eV perovskite
layer, as well as the total reflectance per wavelength. Due to the higher bandgap, the
absorptance edge of the 1.7 eV material is shifted to lower wavelength, such that the top cell
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photocurrent is limited due to the high absorptance of the front Ce and ITO layers at short
wavelengths. Therefore, it was not possible to achieve a current matching condition for the
perovskite material with a bandgap of 1.7 eV. Only a maximum photocurrent of 18.1 mA/cm?
was achieved for a perovskite thickness of 1000 nm.

However, if i parasitic absorption in the blue could be reduced, perovskite materials with a
higher bandgap can still be promising, with an optimal value of ~1.72 eV for ideal tandem
cells without parasitic absorption losses [31].

From these simulations we conclude that the perovskite material with a bandgap of 1.6 eV
is promising for the tandem architecture studied in this contribution, as matched sub-cell
currents can be reached with reasonable layer thicknesses and the perovskite bandgap of 1.6
eV is likely to give a higher Vo than that of MALI, with an optimum probably lying around
1.65 eV considering the parasitic absorption of the different layers. Assuming a Vo of the
perovskite cell equal to 1.1 V, an IQE equal to 1, a fill factor of 80% for both the silicon and
the perovskite sub-cells and a V. of the silicon cell equal to 0.7 V, would lead to an overall
device efficiency slightly above 29%. An efficiency of 31% can be achieved in case the Vo of
the perovskite layer can be increased toward 1.2V as can be expected and which was already
achieved for similar perovskite materials on single junction-solution cells [32].

However, the deposition of a 780 nm thick film for current matching without affecting the
electrical cell performance may represent a challenge. Similarly, the conformal deposition of
the perovskite solar cell layers on the front texture of the silicon wafer has yet to be achieved
and reported in sufficiently high quality.
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Fig. 8. Absorbance of the main absorbing layers of the solar cell at maximum current matching
conditions for the perovskite materials with Eg = 1.6eV (a). In (b) we show the absorbance of
the different layers for the 1.7 eV bandgap perovskite cell (no current matching condition was
found for this material). For all cases R represents the reflectance

5. Conclusion

In this contribution we have presented an optical model able to simulate state—of-the-art
perovskite/silicon tandem solar cells including scattering structures. The simulations based on
this model were then compared with experimental results in order to validate our modelling
approach and to extract the IQE of the perovskite sub-cell. In a next step, this simulation tool
was used to investigate the potential of different monolithic device architectures and
exploiting rear- as well as front-side textures for improved light harvesting. By comparison of
the most commonly used n-i-p layer stack with spiro-OMeTAD and a state-of-the-art p-i-n
layer stack with Cgo at the front, we found that the latter was giving a better optical
performance for flat devices and when considering front- and rear-side light scattering.
Finally, cesium-formamidinium-based perovskite materials with varied bandgap were
synthetized and optically characterized and their potential in a tandem device was assessed
quantitatively by optical solar cell simulations. It was identified that, among the tested
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perovskite materials including MAPbI; and CsFAPbIs-xBry with band gaps of 1.6 and 1.7 eV,
the one having a bandgap of 1.6 eV was the most promising with a potential of reaching a
power conversion efficiency of 31%. In order to achieve higher efficiencies using materials
with wider bandgaps, further investigations will be needed to develop thick high-quality
perovskite films, that can be conformally deposited on silicon pyramids and to reduce all
parasitic absorption losses in the front electrode particularly in the blue spectral region.
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