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Abstract: Recent advances in solution processing of micrometer-thick perovskite solar cells
over textured silicon bottom solar cells allowed a new promising approach for the fabrication of
2T perovskite/silicon tandem photovoltaics, combining optimal light management in the textured
bottom cell with the ease of solution processing. Detailed simulations are needed to assess the
performances of this morphology configuration (thick perovskite configuration). In this work,
in-depth optical and energy yield (EY) simulations are performed to compare the thick perovskite
configuration with other relevant morphology configurations for 2T perovskite/silicon tandem
photovoltaics. Under standard test conditions, the total photogenerated current of the thick
perovskite configuration is 1.3 mA cm™2 lower (—3.4% relative) than the one of the conformal
perovskite on textured silicon configuration for non-encapsulated cells and only 0.8 mA cm™>
(—2.1% relative) for encapsulated cells. Under realistic outdoor conditions, EY modelling for a
wide range of locations shows that, while conformal perovskite on textured silicon configuration
remains the optimal configuration, thick perovskite configuration exhibits a mere ~2.5% lower
annual EY. Finally, intermediate scenarios are investigated with the angle of the perovskite front-
side texture differing from the silicon texture and critical angles for efficient light management in
these configurations are identified.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

In recent years, perovskite/silicon tandem solar cells have attracted wide attention from the
photovoltaics research community and industry, having demonstrated higher record power
conversion efficiencies (PCEs) (>29% reported [1,2]) than single junction (SJ) crystalline silicon
(c-Si) solar cells [2,3]. The two sub-cells in perovskite/silicon tandem solar cells can be electrically
connected in three different architectures, namely in a two-terminal (2T) [1,4-6], four-terminal
(4T) [7-10], or three-terminal (3T) [11-14] architecture. In the 2T tandem architecture, the
perovskite top cell is deposited directly on top of the c-Si bottom cell and is connected electrically
in series via a recombination junction (RJ) [15] or a tunnel junction (TJ) [16]. This architecture has
demonstrated so far the highest PCEs under standard test conditions (STCs) for perovskite/silicon
tandem solar cells [17]. Moreover, this architecture has great potential for easy integration in c-Si
solar module production, requiring only few additional steps for the deposition of the top cell
layers over the bottom cell, while maintaining the same electrical contacting and wiring schemes
compared to conventional silicon modules [18]. The main drawback of the 2T architecture is loss
of current due to the presence of current-mismatch, which occurs when the currents of the top and
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bottom cell at maximum power point (MPP) do not match [4]. Under realistic outdoor conditions,
the spectral shape of the irradiance changes continuously and therefore current mismatch losses
inevitably occur. Careful optimization of the perovskite thickness and bandgap is needed to
minimize this effect [19].

To avoid current mismatch losses, the two sub-cells can be mechanically stacked and inde-
pendently operated using the 4T architecture. However, the additional layers and the higher
complexity in the balance of system (two inverters needed) lead to higher optical losses [14,20]
and an increased cost of this technology. Recently, the 3T architecture has drawn increasing
interest from the PV community. This architecture promises to solve, both, the issue of current
mismatch losses for the 2T architecture and of optical losses and high fabrication complexity for
the 4T architecture. Even if delivering the highest energy yield (EY) at the cell level [14], when
connecting the cells together, end-string losses are expected [21] and therefore further research is
required to assess the performances of the 3T architecture.

In view of the commercialization of perovskite/silicon tandem PV, which recent reports expect
in the first half of the decade [22], the most advanced candidate architecture for the first generation
of this technology is currently the 2T tandem architecture. The high reported efficiencies, along
with the lower cost and lower complexity of fabrication and module interconnection, make 2T
tandems the most promising first step for perovskite/silicon tandem solar cells [17] and, therefore,
a very interesting candidate to investigate at this stage. In this study, we focus solely on 2T
perovskite/silicon tandem solar cells. However, it is worth noting that the optical results presented
here are also valid for monolithically integrated 3T tandem solar cells, since both architectures
share the same morphology configurations for the silicon and perovskite sub-cells.

Even if extensively studied, the deposition of the perovskite top cell in 2T tandem solar cells
has not been standardized yet. A variety of deposition techniques for the perovskite layer in
a perovskite/silicon tandem solar cell are possible, including spin-coating [4,23], evaporation
[24,25], blade coating [26], slot-die coating [27] and spray coating [28]. Moreover, the
morphology and layer stack of the underlying bottom solar cells vary. For c-Si SJ solar cells,
wafers undergo chemical etching after sawing to clean and texture (random pyramids with
height > Sum) the front and rear surface, giving at the same time excellent optical properties to
c-Si single junction modules [29]. However, direct deposition of conventional perovskite top
cells (perovskite thickness ~500 nm) on textured c-Si modules presents different technological
hurdles, that lead to increased probability of shunting and poor passivation of the interfaces of
the top cell [30]. Therefore, the deposition of perovskite top cells for record perovskite/silicon
tandem solar cells has been mostly performed on and optimized for silicon solar cells made
from mechanically polished wafers [1,4,31]. Mechanical polishing the c-Si front surface has
proved to facilitate overcoming the above-mentioned hurdles, delivering 2T perovskite/silicon
tandem solar cells with extremely high fill factor (FF) values and low open-circuit voltage
(Voe) losses [1]. However, this approach is likely incompatible with large-scale fabrication,
requiring expensive chemical mechanical polishing [32]. Moreover, the planar front surface
causes higher optical losses than the textured one [19]. In 2018 Sahli et al. [33] demonstrated
for the first time a fully textured perovskite/silicon tandem solar cell, using a hybrid two-step
process that combined co-evaporation of a porous lead iodide (Pbl,) and ceasium bromide (CsBr)
template and spin-coating an organohalide solution composed of formamidinium iodiode (FAI)
and formamidinium bromide (FABr). The tandem cell delivered a record short-circuit current
density (J.) of 19.5 mA cm™2. Even if very promising and innovative, this approach has not yet
proved capable of matching the electrical performances, i.e. low V. losses and high FF, of the
planar front-side tandem configuration. Moreover, the two-step process involved at this stage
spin-coating, which is incompatible with large area deposition. Better suited for up-scaling is
evaporation processing. Although promising results in this direction have been demonstrated, 2T
tandem solar cells with conformally deposited perovskite top cells over fully textured silicon
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bottom cells do not still match the electrical performances of record 2T tandem solar cells with
planar c-Si front-side.

Recently, a new approach, consisting in depositing a solution-processed thick perovskite layer
on a fully textured silicon bottom cell, covering completely the pyramids, has been demonstrated
[26,27,34-37] and quickly gained attention. With this approach, the perovskite layer does not
follow conformally the morphology of the underlying pyramidal textures. Indeed, the front-side
of the perovskite layer is planar or follows the underlying textures with a moderate angle. Spin-
coating, blade coating and slot-die coating have proven to enable the fabrication of high-efficiency
cells using this new approach and a record 2T tandem solar cell with a PCE equal to 28.6% has
been recently achieved [37] (see Table 1 for a direct comparison of record perovskite/silicon
tandem solar cells with different morphologies). To allow the deposition of the perovskite layer
on a fully textured substrate, the size of the pyramidal textures needs to be reduced in the range
of 1-2 um or below. Moreover, the charge-carrier diffusion length in the thick perovskite layer
needs to be increased to allow efficient charge carrier extraction for micrometer-thick absorber
layers. Only in recent years this has been achieved. Eggers et al. [38] reported high-efficiency
inkjet-printed perovskite solar cells with large columnar grains and thicknesses > 1um in 2019.
In 2020, Chen et al. used additives to increase the electron-diffusion length to 2.3 pm [39], while
Hou et al. passivated the perovskite surface via exposure to 1-butanethiol vapor [34]. This
approach allows the deposition of solution-processed perovskite layer with large-scale deposition
techniques on a fully textured c-Si substrate, combining the excellent optical properties and low
fabrication cost of fully textured c-Si bottom cells and allowing fast and reliable large-scale
deposition techniques for the perovskite top cell. Moreover, solution-processing, compared to
evaporation processing, offers a flexible and wide range of different precursors’ compositions for
band gap tuning, additives implementation for bulk and surface passivation, in addition to lower
energy consumption [40].

Table 1. STCs performances of record perovskite/silicon tandem solar cells with different
morphology configurations. For consistency, the perovskite bandgap is always computed from the
inflection point of the top cell EQE curve, as suggested by Kriickemeier et al. [43]. For Js¢, Voc and
FF, the average value obtained from forward and reverse I-V scan is used. Finally, the cell efficiency

1 is taken from steady-state maximum power point (MPP) measurements.

Morphology  Perovskite ~ Perovskite

configura- Thickness Bandgap Jse Voe FF MPP

tion [nm] [eV] [mA cm™2] [V] [%] [%]

Al-Ashouri et al., 2020 [1] Planar 500" 1.68 19.2 1.90 79.1 29.2
Aydin et al., 2020 [5] Conformal 400° 1.65 19.8 1.73 72.5 25.0
Aydin et al., 2021 [36] Thick 1000” 1.67 19.5 18.3 74.2 26.8
Chen et al., 2020 [26]¢ Thick 1200° 1.67 19.2 1.82 74.9 26.1
De Bastiani et al., 2020 [35] Thick 1000” 1.68 18.5 1.80 75.7 252
Hou et al., 2020 [34] Thick 1100¢ 1.67 19.1 1.79 74.5 25.7
Kohnen et al., 2019 [4] Planar 500” 1.64 19.2 1.77 76.6 26.0
Liu et al., 2021 [37] Thick 900¢ 1.68 19.6 1.86 78.4 28.6
Mazzarella et al., 2019 [31] Planar 600° 1.65 19.0 1.79 74.5 254
Nogay et al., 2019 [44] Conformal 450" 1.65 19.5 1.74 74.1 25.1
Sahli et al., 2018 [33] Conformal 440¢ 1.64 19.5 1.79 71.1 25.2

“With textured PDMS on front-side
bEstimated from SEM images
“Reported in manuscript

In order to study optical properties and performances under realistic conditions for different
morphology configurations, a detailed simulation study is required. In response to this need,
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we use our in-house developed open source EY modelling platform named EYcalc [41,42]. EY
modelling is essential to assess the performance of tandem solar cells under realistic conditions.
Long-term outdoor measurements of perovskite/silicon tandem solar cells are hindered by stability
issues of the perovskite top cell. Moreover, making a fair comparison of the performances
and optimizing perovskite layer properties, as thickness and bandgap, for different morphology
configurations would require a huge experimental effort. In laboratory conditions such studies
are easier to carry out, being performed under STCs. However, real outdoor conditions, where
the intensity, angle of incidence and spectral shape of the incoming irradiation is continuously
changing, vary significantly from STCs. This leads to large differences in optimum perovskite
thickness and bandgap between STCs and outdoor irradiation conditions [19].

In this study, we investigate the optical and EY performances of 2T perovskite/silicon tandem
solar cells with thick perovskite layer (henceforth referred to as ‘thick perovskite configuration’,
see schematics in Fig. 1(b)) using the above-mentioned EY modelling platform. We compare
these performances with those of 2T perovskite/silicon tandem solar cells with planar c-Si
front-side (‘planar configuration’, Fig. 1(a)) and with conformal perovskite on textured c-Si
(‘conformal perovskite configuration’, Fig. 1(c)). We study both non-encapsulated tandem
solar cells and encapsulated tandem solar cells. We then define the optimum band gap and
the required perovskite film thickness that result in the highest EY for each morphology under
different irradiation conditions. Finally, we analyze the case of 2T tandem solar cells on fully
textured c-Si substrates with perovskite layers with intermediate front-side angle, i.e. neither
fully conformal nor fully planar perovskite front-side interface. The dominant optical phenomena
for non-encapsulated and encapsulated are shown and design rules are suggested.

Planar Thick perovskite Conformal perovskite
(a) configuration (b) configuration (o) configuration
Glass

Encapsulation

Fig. 1. Schematic cross-section of encapsulated 2 T perovskite/silicon tandem solar cells
with planar (a), thick perovskite (b) and conformal perovskite (c) morphology configurations.

ANV
WWWIWW

2. Methods

The EYcalc energy yield modelling platform used for this work comprises four different modules:
(i) irradiance module, (ii) optics module, (iii) electrics module and (iv) energy yield core
module. The irradiance module calculates the spectrally and angularly resolved direct and diffuse
irradiance spectra for a typical meteorological year for hundreds of locations in the USA. To this
end, we use hourly-resolved typical meteorological data (TMY3) [45] from National Renewable
Energy Laboratory (NREL). We then combine the simple model of atmospheric radiative transfer
of sunshine (SMARTS) [46] with a cloud model to obtain the desired hourly-resolved irradiance
from the TMY3 data. Subsequently, the optics module computes spectrally and angularly resolved
absorptance, reflectance and transmittance for the layer stack under study using a combination
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of the transfer-matrix method for thin film layers and a series expansion of the Beer-Lambert
law for optically incoherent layers. To take into account textured interfaces, we use geometrical
ray-tracing, following the approach of Baker-Finch & MclIntosh [47]. The optical response of the
textures is simulated in the ray optics limit and therefore is valid for textures with dimensions
larger than the wavelength of light in the material of propagation (A= Ag/n, with &g being the
wavelength of light in vacuum and n the real part of the refractive index of the material). For much
smaller textures one would need to consider the evanescent fields and treat the optical response
of the texture in a rigorous electromagnetic simulation. Then the energy yield module, using
the irradiance and optics data from the above-discussed modules, computes the photogenerated
current density (Jg) for the two sub-cells for each hour of the typical meteorological year,
taking into account the solar cell rotation and tilt. Next, the electrics module determines the
hourly-resolved temperature-dependent current density-voltage (J-V) characteristics and the
maximum power point (MPP). For this module, it is possible to use either an analytical one-diode
model or a more accurate numerical approach. In this paper we use the latter approach, via
LTspice [48], to perform the electrical simulations. To estimate the cell temperature, we use
the Nominal Operating Cell Temperature (NOCT) model [49]. For this model, we assume a
NOCT of 48°C, while the insolation on the cell and the ambient air temperature are extracted
from TMY3 data. Temperature effects on J-V curve are taken into account by using temperature
dependent diodes in LTspice electrical simulations. Temperature-induced EQE variations due
to bandgap shift are instead not taken into account. Finally, the energy yield module delivers
the final annual EY result taking into account the contributions of all the hours of the typical
meteorological year.

To validate the results of our optics module for the different morphology configurations, in
Fig. S1 of Supplement 1 we show the comparison between the EQE of three experimental cells
with different morphology configurations and the absorptance obtained from our simulations. If
we compute the total photogenerated current Ji ;01 by integrating the EQE over an AM1.5G
spectrum, we find that the differences in J 101, between simulated and experimental cell is <0.7%
for each of the three configurations. Since these values are smaller than the PCE and EY relative
differences presented in this work, we conclude that our model is appropriate for a comparison
between the three configurations.

An overview of the parameters used in the electrical simulations is shown in Fig. S2 of
Supplement 1.

A more detailed description of the energy yield platform can be found in a previous publication
[42], while the EYcalc software is available as source code online [41].

3. Results and discussion

To assess the optical and EY performances of 2T perovskite/silicon tandem solar cells with thick
perovskite, conformal perovskite and planar morphology configurations, we modelled the cells in
our EYcalc simulation platform using the same layer stack (see Fig. 2(a)). The only difference
between the three configurations is the morphology of the c-Si front-side and the morphology of
the perovskite layer. All the remaining thin films in between the two sub-cells and on top of the
perovskite layer are considered as perfectly conformal to the underlying layers. In the following,
both encapsulated cells and non-encapsulated cells will be addressed to investigate the differences
between laboratory-scale cells, generally without encapsulation, and encapsulated cells, which
are used in outdoor applications. In non-encapsulated cells, the ethylene-vinyl acetate (EVA)
and glass layers are removed and the 100 nm MgF, layer, which serves as an anti-reflection
coating, is conformally deposited on the 120 nm IZO layer (see Fig. S3 of Supplement 1 for a
schematic cross-section of the layer stack for non-encapsulated cells). The layer stack used for
the three morphology configurations follows largely the one presented by De Bastiani et al. [35]
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in their work on bifacial perovskite/silicon tandem solar cells with thick perovskite top solar cells
processed on fully textured c-Si bottom cell.

(a) Planar Thick Conformal (b) ; Non-encapsulated cells
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Fig. 2. (a) Schematic cross-section showing the layer stacks used in this study for

encapsulated perovskite/silicon tandem solar cells with planar, thick perovskite and conformal
perovskite morphologies. Absorptance and reflectance curves for the three perovskite
morphologies without (b) and with (c) encapsulation. The perovskite bandgap is set to
1.70 eV and the perovskite thickness is optimized for current matching. The main results of
the optical simulations are presented in (d).

3.1.

The optical performances of the three morphology configurations vary significantly between
non-encapsulated and encapsulated cells. For non-encapsulated cells, incoming photons impinge
directly on the textured interface for the conformal perovskite configuration, thereby reducing
reflection losses. Indeed, the textured front-side of the non-encapsulated cells forces the incoming
photons to impinge several times by multiple reflections on the air/MgF,/IZO interface, leading
to excellent light in-coupling [50]. Therefore, the conformal perovskite configuration exhibits
the lowest reflection losses Jy.fecrion and the highest total photogenerated current density Jg, o
in the two absorber layers. For a perovskite bandgap of 1.70 eV, Jyefiecrion = 1.3 mA cm~2 and
JG o1 = 39.5 mA cm™2, respectively. For planar and thick perovskite configurations, reflection
losses and absorptance for the top cell (300 nm — 700 nm) are comparable, with the exception
of the larger and steeper absorptance in the wavelength range close to the bandgap of the
thick perovskite configuration due to the larger optimum perovskite thickness. However, for
the bottom cell, the fully textured c-Si in the thick perovskite configuration enables excellent

Comparison of optical performances
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light in-coupling and light trapping, while for the planar configuration, interference fringes,
caused by the planar c-Si front-side, are clearly visible. As a consequence, the thick perovskite
configuration shows lower Jyefiecrion (2.9 mA cm~?) and higher Ji so1a1 (38.2 mA cm~2) than the
planar configuration (J,efiecrion = 4.1 mA cm™2, JG.10ta1 =37.5 mA cm™2). It has been demonstrated
that a nanocrystalline silicon oxide (nc-SiOy) layer can dampen infrared interferences and reduce
reflection losses for the planar configuration [31,51]. In this work, however, we decide not to
perform an optical optimization and use the same layer stack for all three configurations for the
sake of fair comparison.

Contrary to the previous scenario, for encapsulated cells, which are more relevant considering
real world applications, the front-interface is always constituted by a planar MgF,/glass/EVA stack.
Moreover, the front glass and EVA layer introduce additional parasitic losses of ~1 mA cm™2.
Therefore Jg sora1 is lower for all the configurations. It should be noted that alternative ARC than
MgF; are mostly used in commercial modules, but this does not affect the study and conclusions
presented here. The largest loss compared to the non-encapsulation scenario is associated with
the conformal perovskite configuration, since with the encapsulation, reflection losses in the 300
nm — 1000 nm range are greatly increased (see Fig. 2(c)). Nevertheless, this configuration still
achieves the highest Jg sorq; (38.1 mA cm~2) due to the excellent light management properties
derived from the fully textured c-Si and perovskite layers. The lower losses in Jg o1s compared
to the non-encapsulated scenario allow the remaining two configurations to partially close the
gap with the conformal perovskite configuration. Indeed, Jg /o101 = 37.3 mA cm™2 for the thick
perovskite configuration (only 0.8 mA cm™~2 lower than the conformal perovskite configuration),
while JG sorar = 36.5 mA cm™2 for the planar configuration.

It is worth noting that, for both non-encapsulated and encapsulated cells, the optimum
perovskite layer thickness that results in current matching is considerably higher in the thick
perovskite configuration than in the planar and conformal perovskite configurations (see Fig. 2(d)).
Due to the combination of high absorptance in the bottom cell (good light in-coupling in the
bottom cell due to textured c-Si front-side) and relatively low absorptance in the top cell
(mostly due to reflection losses caused by the planar perovskite front-side), the ratio between
the photogenerated current in the top and bottom cell (JG perovskire!JG siticon) s the lowest among
the three configurations. Therefore, to compensate for this effect, a thicker perovskite layer is
required or, alternatively, a narrower perovskite bandgap.

To further increase the current generation in the cells, a textured glass or a textured poly-
dimethylsiloxane (PDMS) layer can be used on the front side of the cell. Chen et al. [26]
demonstrated that a textured front PDMS layer on top of a perovskite/silicon tandem solar cell
with thick perovskite configuration can significantly increase Jg so1q1. The focus of this work is
modelling solar cells in realistic outdoor conditions based on existing and widely used module
technologies. Therefore, only the three configurations shown in Fig. 2(a) are investigated in great
detail. However, optical results for cells with thick perovskite configuration and textured front
PDMS are discussed in Supplement 1 (see Fig. S4 and Table S1) to give a brief overview of the
optical advantages of this configuration.

3.2.  Perovskite bandgap and thickness optimization

Having studied the optical properties of the three configurations for a specific perovskite bandgap,
we optimize each configuration by changing both the perovskite bandgap and thickness. Moreover,
we investigate the different trends for non-encapsulated and encapsulated cells and under STCs
and realistic outdoor conditions. For these simulations, we sweep the perovskite bandgap from
1.59 eV to 1.89 eV, while the perovskite thickness from 100 nm to 1500 nm. It should be noted
that there are practical limitations to the thickness of the perovskite layer. For the conformal
perovskite configuration, achieving high-quality thick perovskite layers with efficient charge
carrier extraction can be very challenging, due to constraints of evaporation processing, which,
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among others, hinders the use of additives. Up to now, the reported experimentally fabricated
cells are limited to perovskite thicknesses of ~500 nm [5,33,44]. We choose here thicknesses
up to 800 nm. On the contrary, for the thick perovskite configuration, there are limitations for
the minimum perovskite thickness, which should be large enough to fully cover the underlying
pyramidal textures. Alasfour et al. [52] have demonstrated the realization of sub-um pyramidal
textures realized with conventional alkaline-based wet-chemical etching processes. By tuning
the etching processes, the fabrication of pyramidal textures with average height between 62 nm
and 512 nm was accomplished. However, only wafers with pyramidal textures having average
height larger than ~400 nm showed light trapping and surface defect densities comparable to
standard textured c-Si wafers. In this work, we set the minimum perovskite thickness for thick
perovskite configuration to 800 nm. Finally, for all configurations, a maximum thickness for the
perovskite layer had to be fixed due to lower charge carrier extraction efficiency with increasing
perovskite thicknesses. In this study, we set the maximum perovskite thickness to 1.5 um.

We first start by optimizing the PCE in STCs for non-encapsulated cells. The highest PCE is
achieved by the conformal perovskite configuration (26.9%), followed by the thick perovskite
configuration (26.3%) and the planar configuration (25.8%). The highest limit for the perovskite
thickness in the latter two configurations allows to narrow the performance gap with the conformal
perovskite configuration, which exhibits 2.3% relative higher PCE compared to 3.4% relative
higher Jg ;001 than the thick perovskite configuration and 4.3% relative higher PCE compared
to 5.3% relative higher Jg s than the planar configuration. A thicker perovskite implies a
larger share of photons absorbed in the top cell. Consequently, current matching is achieved
using a wider perovskite bandgap, with a positive effect on the PCE. It is worth reminding that
wide-bandgap perovskite compositions suffer from degradation problems [53]. In this regard,
the thick perovskite configuration offers an advantage over the other two configurations, when
using the same thickness, due to the lower JG perovskire/JG siticon Tatio, as explained in the previous
paragraph. To optimize the PCE for the thick perovskite configuration, it is required a perovskite
layer with, on average, a ~10 meV narrower bandgap than the conformal perovskite configuration
and ~18 meV narrower than the planar configuration (see Fig. S5 of Supplement 1). This allows
the thick perovskite configuration to have an optimum perovskite bandgap (1.73 eV) comparable
to the optimum for the conformal perovskite configuration (1.72 €V), even if the latter has a
significantly thinner perovskite layer. Finally, the planar configuration shows the highest optimum
perovskite bandgap, at 1.75 eV.

For encapsulated cells, the optimum bandgap shifts to lower values. Since the EVA and
glass layers introduce parasitic absorption losses mainly in the short wavelength range, a
thicker perovskite layer, or alternatively a narrower perovskite bandgap, compared to the non-
encapsulated scenario is required to achieve current matching. The highest PCE is achieved by
the conformal perovskite configuration (26.0%, optimum bandgap Eg = 1.72 eV), followed by
the thick perovskite configuration (25.5%, optimum Eg = 1.72 €V) and the planar configuration
(25.1%, optimum Eg =1.73 eV). Here, the relative PCE gain of the conformal perovskite
configuration with respect to the thick perovskite configuration is 2.0%, while it is 3.6% with
respect to the planar configuration.

Next, we investigate the performance of the cells under realistic irradiation conditions. We
perform EY simulations for the encapsulated cells at the exemplary location of Phoenix, Arizona.
For all the configurations, we observe a shift of the optimum perovskite thickness to lower
values and a shift of the optimum perovskite bandgap to higher values compared to the STC
scenario, when keeping respectively the same perovskite bandgap and thickness. This is due
to the irradiation spectra under realistic outdoor conditions, which cause a larger share of light
across the year to be collected by the top cell. While for STCs only direct irradiation is relevant,
under realistic conditions also diffuse irradiation is considered. The latter has a higher share of
high energy photons, due to Rayleigh scattering taking place in the atmosphere (see Fig. S6 of


https://doi.org/10.6084/m9.figshare.19328633

Research Article Vol. 30, No. 9/25 Apr 2022/ Optics Express 14180 |
Optics EXPRESS A N \

Supplement 1 for a detailed explanation of how direct and diffuse irradiance has been calculated).
To balance this blue-shift of the spectra in the performance of 2T perovskite/silicon tandem solar
cells, a lower perovskite thickness or, alternatively, a wider perovskite bandgap is needed.

The highest annual EY is achieved by the conformal perovskite configuration (504 kWh m~2,
optimum Eg = 1.76 eV), followed by the thick perovskite configuration (491 kWh m~2, optimum
Eg = 1.76 V) and the planar configuration (480 kWh m~2, optimum Eg = 1.77 V). The relative
performance difference, in percentage, between the three configurations is slightly higher under
realistic conditions compared to STCs, due to the better light management of the conformal
perovskite configuration at large angles of incidence. Indeed, the EY for the conformal perovskite
configuration is 2.6% higher compared to the thick perovskite configuration and 5.0% higher
compared to the planar configuration (2.0% and 3.6% relatively higher PCE under STCs). Even
under realistic irradiation conditions, we observe a lower optimum perovskite bandgap for the
thick perovskite configuration, when considering the same perovskite thickness for the three
morphology configurations. On average, the optimum perovskite bandgap for the thick perovskite
configuration is ~15 meV narrower than the planar configuration and ~20 meV narrower than the
conformal perovskite configuration (see Fig. S5 of Supplement 1).

In the previous simulations, we did not take into account in the optical simulations the
temperature dependence of the bandgap for the two sub-cells. Aydin et al. [5] reported that with
increasing temperatures, the silicon bandgap narrows, while the perovskite bandgap widens. This
effect shifts the optimum perovskite bandgap, measured at room temperature, to lower values.
However, there are still insufficient data for different perovskite compositions or bandgaps and a
solid knowledge and description of these effects is still lacking. The effects of temperature only
shift the optimum perovskite bandgap and thickness in the same direction for all configurations.
In Fig. S7 of Supplement 1, we modelled these effects by using temperature coefficients for the
short-circuit current densities of the two cells based on the experimental results presented in the
work of Aydin et al. [5]. We observed in that case a shift of the optimum perovskite bandgap to
lower values of ~15 meV, when using the same thickness. The general trends, presented in Fig. 3,
remain nevertheless valid.

3.3. Energy yield under different climatic conditions

To validate the generality of the results presented above, we perform EY simulations in several
locations under different climatic conditions. For each location and configuration, we optimize the
perovskite bandgap and thickness. For all the locations, the conformal perovskite configuration
achieves the highest EY (see Fig. 4(a)). The relative gain with respect to the thick perovskite
configuration ranges from 2.2% to 2.8%, while it is from 4.5% to 5.3% with respect to the planar
configuration. If we assume for the conformal perovskite configuration a perovskite thickness
limit of 1500 nm, these relative gains increase to 2.8% - 3.8% with respect to the thick perovskite
configuration and 5.1% - 6.3% with respect to the planar configuration. Overall, these simulations
indicate that the difference in performance between the three configurations do not show a large
dependence on climatic conditions.

However, the optimum perovskite bandgap and thickness do show a dependence on location
(see Fig. 4(b)), due to variations of the irradiance spectra. Previous studies have already confirmed
that in perovskite-based tandem solar cells, the optimum perovskite bandgap and thickness is
correlated with the average photon energy (APE) of the irradiation spectrum [54]. Among the
locations investigated in Fig. 4(a), the difference in optimum bandgap is as large as 40 meV
between Phoenix and Anchorage. Still, the location dependence of optimum perovskite thickness
and bandgap does not have a large impact on EY. If an average perovskite bandgap (here 1.75 eV
is chosen) and thickness (800 nm for the conformal perovskite configuration, 1500 nm for the
remaining two configurations) are selected, the EY loss of each configuration with respect to the
optimized cell is <1% for all locations, with the exception of Anchorage. In the latter location,
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Fig. 3. Contour plots showing the PCE as a function of perovskite bandgap and thickness
for non-encapsulated tandem solar cells with planar (a), thick perovskite (b) and conformal
perovskite (c) morphologies. Analogous contour plots for encapsulated tandem solar cells
with planar (d), thick perovskite (e) and conformal perovskite (f) morphologies. Contour
plot showing the annual EY in Phoenix, Arizona as a function of perovskite bandgap and
thickness for encapsulated tandem solar cells with planar (g), thick perovskite (h) and
conformal perovskite (i) morphologies. For the thick perovskite and conformal perovskite
configurations, we shaded the thickness regions outside the limit that we assumed in this
paper (minimum perovskite thickness of 800 nm for the first one, maximum 800 nm for the
second one).
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morphology configurations in Phoenix and Anchorage for different perovskite thicknesses.
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the exceptional irradiation conditions impose a narrower bandgap, resulting in EY losses of
2-3%. The difference in the optimum bandgap for different morphology configurations, instead,
is not location dependent. For all locations, the thick perovskite configuration requires the lowest
bandgap for a fixed perovskite thickness, while the conformal perovskite configuration requires
the highest bandgap.

3.4. Intermediate perovskite front-side angles

Up to now, we assumed for the thick perovskite configuration a planar perovskite front-side and
for the conformal perovskite configuration a perfectly conformal perovskite layer. In practice,
for experimental cells, the perovskite layer can follow the profile of the underlying textures with
intermediate angles [35], depending on the deposition technique and its experimental parameters.
It is therefore interesting to study the optical and EY performance of tandem solar cells as a
function of the angle 0, of the textures of the perovskite layer front-side (see Fig. 5(a) and 5(d)
for a graphical representation of 0,).

Encapsulated and non-encapsulated cells are very differently affected by the change of 0. In
non-encapsulated cells, photons impinge directly on the thin film layers on top of the perovskite
layer. When this interface is textured, multiple bounces at the front interface can take place,
increasing light in-coupling. While morphologies with 0, < 30° achieve Jg sor1 = 38.4 mA
cm™2, starting from 0p = 45°, JG,ro1a1 = 39.5 mA cm™2 (see Fig. 5(c)). For comparison, the total
photogenerated current in the planar morphology is equal to 37.5 mA cm™2. To comprehend
the nature of this trend, we use ray tracing simulations (via OPAL 2, see Fig. S8 of Supplement
1). For 0, <30, only a single bounce occurs on the front interface, leading to ineflicient light
in-coupling. Consequently, the reflectance is relatively high. For larger angles, an increasing
share of the photons experiences a double bounce, as in case (i) in Fig. 5(a). Starting from
0p =45°, all photons bounce at least twice on the front-side interface, as in case (ii) in Fig. 5(a).
This transition is clearly visible in the absorptance of the perovskite and silicon layers (see
Fig. 5(b)) and therefore also in the total photogenerated current Jg 41y Of the tandem cell. From
these results we deduce that achieving a high degree of conformality, close to the ideal case for
c-Si textures (0, = 54.74°), is highly beneficial for the optical performance of non-encapsulated
tandem cells.

In the scenario of encapsulated cells, photons always imping on a planar air/MgF,/glass
interface. Here, the dominant optical effect for the absorptance (see Fig. 5(e)) and Jg sorar (se€
Fig. 5(f)) is the minimization of light out-coupling (see Fig. 5(d)) after having been reflected back
at the textured perovskite front-side interface (at the corresponding IZO/SnOy/Cgo/perovskite
stack). We can observe from Fig. 5(f) that there is a sharp increase in the total photogenerated
current Jg sorq Starting from 0, ~ 21°. This is explained by total internal reflection.

When photons impinge on a glass/air interface with an angle larger than ~42°, they experience
total internal reflection. With the inclusion of the MgF, layer, the reflectance for angles larger
than ~42° in the 300 nm — 1200 nm range is not complete, but still considerably high (> 96%),
while for slightly lower angles, the average reflectance is much lower. For example, for an angle
of 40°, the average reflectance is ~25% (see Fig. S9 of Supplement 1 for the reflectance for
different angles of incidence at glass/air and glass/MgF,/air interface). Since normally incident
light impinging on perovskite front-side textures with angle 0, will then be reflected back with
an angle 20, towards the glass/MgF,/air interface, we observe a sharp increase in Jg ;o1 for 0, >
~21°. Therefore, for encapsulated cells, a relatively poor conformality of the perovskite layer is
sufficient to maximize the total photogenerated current in STCs.

It is important to note that the analysis we made in the previous paragraphs is valid only for
light at normal incidence (i.e. with angle of incidence (AOI) 0°). Under realistic outdoor
conditions, the direct light from the sun comes with an angle and the diffuse light impinges on
the panel from a wide range of AOI. For large AOI, a high degree of conformality is desirable to
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Fig. 5. (a) Schematic illustration of light reflection at the front interface for non-encapsulated
tandem solar cells and normal light incidence. For perovskite front-side angles 0, < 45° (i),
all photons or a part of the incoming photons bounce only once at the perovskite front-side
interface. For 0p > 45° (ii), all incoming photons reflected at the perovskite front-side
interface impinge again on another pyramid, thus substantially increasing light in-coupling.
(d) Schematic illustration of light out-coupling for encapsulated tandem solar cells and
normal light incidence. When photons are reflected back at the perovskite front-side interface,
if Op < ~21° (i), part of these photons will exit the solar cell. When 0 > ~21° (ii), all the
photons experience total internal reflection, thus drastically reducing reflection losses. In (a)
and (d) the thin film layers on top of the perovskite layer and between the perovskite and
c-Si are not shown for simplicity. Absorptance and reflectance for non-encapsulated (b)
and encapsulated (e) tandem solar cells for different perovskite front-side textures angles
0p. Total photogenerated current in the perovskite and silicon absorber layers Jg ;ozq1 for
different morphologies for non-encapsulated (c) and encapsulated (f) tandem solar cells. For
all the simulations in this figure, the perovskite bandgap is set to 1.73 eV and the perovskite
thickness is 800 nm.
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maximize the total photogenerated current (see Fig. 6(a) and 6(b) and Fig. S10 of Supplement
1). To investigate the effects of realistic irradiation conditions, we perform EY simulations for
different intermediate angles and morphology configurations in Phoenix, Arizona. We set the
perovskite bandgap to 1.73 eV and we optimize the perovskite thickness for each morphology
configuration. In this scenario, the transition to higher EY for larger 0, is more gradual (see
Fig. 6(c)). The highest EY value is found for the conformal perovskite configuration. This is
due to the efficient light management for large AOI. However, also under realistic conditions
it is demonstrated that perfect perovskite conformality is not necessary to achieve high EY
values. Already with 0, =24°, the annual EY is 99.2% of the EY for the conformal perovskite
configuration.
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Fig. 6. Total photogenerated current in the perovskite and silicon absorber layers Jg soza1
for different morphologies for encapsulated tandem solar cells under AM1.5G spectrum
with a solar cell tilt angle of 30° (a) and 60° (b). (c) Annual EY in Phoenix, Arizona for
different morphology configurations for encapsulated tandem solar cells as a function of 0p.
For all the simulations in this figure, the perovskite bandgap is set to 1.73 eV. The perovskite
thickness is set to 800 nm in (a),(b), while it is optimized for each 0y point in (c).

Overall, the thick perovskite configuration opens a new route for solution processing of per-
ovskite absorber layers for perovskite/silicon tandem solar cells. While the conformal perovskite
configuration still offers the highest optical and EY performances, the thick perovskite configu-
ration exhibits only ~2.5% lower EY under different climatic conditions with an encapsulated
stack. If the perovskite layer is deposited in such a way that it follows the underlying silicon
pyramidal textures (with characteristic 54.74° angle) with a lower angle 0,,, the difference in
EY performance with the conformal perovskite configuration substantially decrease even with
relatively low values of 0,. Already with 0, =24°, the EY is <1% lower than calculated for the
conformal perovskite configuration. Moreover, the thick perovskite configuration shows better
optical and EY performances compared to the planar configuration. These results, and the use
of industrially relevant fully textured silicon wafers, make the thick perovskite configuration
attractive for industrial fabrication of perovskite/silicon tandem solar cells. Therefore, the
continued development of the thick perovskite configuration is encouraged. New solutions to
increase the V,. and FF of experimental cells, by optimizing the window layers and maximizing
the charge collection efficiency, are required to match the performances of planar configuration
cells. Finally, investigating and optimizing deposition techniques that produce thick perovskite
layers with non-planar front-surfaces would lead to an increase of the EY in outdoor applications,
closing the performance gap with the conformal perovskite configuration.
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4. Conclusion

This study presents optical and energy yield (EY) simulations for 2T perovskite/silicon tandem
solar cells with thick perovskite layers on fully textured c-Si bottom cells (thick perovskite
configuration). A comparison with the performances of 2T perovskite/silicon tandem solar
cells with alternative morphologies, namely planar configuration and conformal perovskite
configuration, is presented.

The performances of the thick perovskite configuration are comparable to the performances
of the conformal perovskite configuration, with the latter achieving the best optical and EY
results. In particular, for non-encapsulated cells, the textured front interface of the conformal
perovskite configuration decreases reflection losses. As a result, under AM1.5G spectrum,
the total photogenerated current density Jg s for the thick perovskite configuration is equal
to 38.2 mA cm~2, while for the conformal perovskite configuration reaches 39.5 mA cm™
(4+3.4%). Encapsulated cells present a planar MgF,/glass/EVA front interface, therefore limiting
the advantages of the conformal perovskite configuration. The performance gap between the
two configurations here is narrower, with a difference in Jg ;17 of only 0.8 mA cm=2 (+2.1%).
Finally, under realistic irradiation conditions, the annual EY gain of the conformal perovskite
configuration over the thick perovskite configuration ranges from 2.2% to 2.8% for different
climatic conditions.

The performances of the thick perovskite configuration can be further enhanced by changing
the angle 0, of the textures at the perovskite front-side interface. For non-encapsulated cells,
a 1 mA cm™2 increase of JG toral 18 visible from 0, = 0° (corresponding to the thick perovskite
configuration) to 0, =45°. For encapsulated cells, a steep increase (~1mA cm_z) in JG rorar 18
observed from 0, ~ 21°. For this angle, light reflected back at the textured perovskite interface
experiences total internal reflection at the glass/air interface. Therefore, light out-coupling is
significantly reduced. This steep increase of Jg 1 from 21° is only visible at normal light
incidence. Under realistic outdoor conditions, the annual EY increases linearly with increasing
0p. However, already with 0, =24°, the EY is 99.2% of the EY for the conformal perovskite
configuration.

To conclude, the thick perovskite configuration provides an attractive morphology alternative,
allowing a new route for the fabrication of 2T perovskite/silicon tandem solar cells. This
morphology configuration combines the excellent optical properties of fully textured c-Si to the
possibility to deposit the perovskite layer with cheap, flexible and up-scalable solution-based
deposition techniques.
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