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Abstract: Perovskite/silicon tandem solar cells are
regarded as a promising candidate to surpass current effi-
ciency limits in terrestrial photovoltaics. Tandem solar cell
efficiencies meanwhile reach more than 29%. However,
present high-end perovskite/silicon tandem solar cells still
suffer from optical losses. We review recent numerical and
experimental perovskite/silicon tandem solar cell studies
and analyse the applied measures for light management.
Literature indicates that highest experimental efficiencies
are obtained using fully planar perovskite top cells, being
in contradiction to the outcome of optical simulations call-
ing for textured interfaces. The reason is that the preferred
perovskite top cell solution-processing is often incompat-
ible with usual micropyramidal textures of silicon bottom
cells. Based on the literature survey, we propose a cer-
tain gentle nanotexture as an example to reduce optical
losses in perovskite/silicon tandem solar cells. Optical sim-
ulations using the finite-element method reveal that an
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intermediate texture between top and bottom cell does not
yield an optical benefit when compared with optimized
planar designs. A double-side textured top-cell design is
found to be necessary to reduce reflectance losses by the
current density equivalent of 1 mA/cm2. The presented
results illustrate a way to push perovskite/silicon tan-
dem solar cell efficiencies beyond 30% by improved light
management.

Keywords: light management; perovskite/silicon tandem
solar cells; perovskite solar cells.

1 Introduction

Silicon solar cells currently dominate the photovoltaics
(PV) sector with more than 90% market share [1]. They
achieved power conversion efficiencies (PCEs) of 26.7%
[2] approaching the theoretical limit for silicon solar cells
of 29.4% [3]. Perovskite/silicon tandem solar cells are
regarded as one of the most promising concepts to sur-
pass this limit at low costs. Adding a perovskite solar
cell on top of a silicon solar cell allows to harvest the
high-energy part of sunlight with lower losses pushing the
physical limit efficiency towards around 44% [4]. Recently,
perovskite/silicon tandem solar cells with PCEs exceeding
29% were presented [5, 6], significantly outperforming the
record silicon record cell.

Light management has been identified as crucial in
perovskite/silicon tandem solar cell devices [7, 8]. Optical
engineering in solar cells always comprises – independent
of the absorber material and configuration – (1) mea-
sures for broadband reflection reduction and (2) concepts
to minimize parasitic absorption in functional (contact)
layers. Further, in case of poorly absorbing solar cell mate-
rials, such as crystalline silicon or very thin absorber
layers, light cannot be absorbed completely at a single
or double pass through the layer. In this case also (3)
measures to increase the light path in the absorber layer
have to be taken, known by the term “light trapping”. As
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perovskites have high absorption coefficients, light trap-
ping plays a minor role in perovskite single-junction solar
cells. In perovskite/silicon tandem solar cells, however,
light trapping is important for the silicon bottom cell.
In case of monolithic tandem solar cells where the per-
ovskite and silicon subcells are connected in series, a
fourth optical engineering task comes into play: (4) split-
ting the solar spectrum in such a way that both subcells
absorb the same amount of photons to ensure current
matching.

In established solar cell technologies based on non-
perovskite absorbers, these optical engineering measures
are mostly taken by a combination of anti-reflective layers
and texturing of interfaces. Textures are optically bene-
ficial in two ways: first, they exhibit a broadband anti-
reflective effect by giving the light the opportunity to enter
the absorber layer multiple times in case of microtextures
[9] or by reduced reflectance owing to a graded index effect
in case of sub-wavelength scale structures [10]. Second,
textures with typical feature sizes ranging from hundreds
of nanometers to several micrometers scatter the light and
hence increase average light path and absorption in the
absorber layers. For instance, in amorphous and micro-
crystalline silicon thin-film solar cells textured transparent
conductive layers were used for light trapping [11], while
high-efficient monocrystalline silicon solar cells mostly
exhibit a double-side textured wafer with micrometer-sized
pyramids [12] covered with an anti-reflective layer.

In this article, we first summarize and classify rele-
vant literature on light management in monolithic per-
ovskite/silicon tandem solar cells. We discuss why exper-
imental high-end tandem solar cells often do not use
the optical concepts which would be ideal according to
numerical studies based on optical simulations. We put an
emphasis on the analysis of textured interfaces for broad-
band light management and discuss their constraints for
experimental production. With the configuration of the
current perovskite/silicon record tandem solar cell as a
starting point, we numerically propose gentle nanotex-
tures for light management meeting all optical and exper-
imental requirements to push PCEs of perovskite/silicon
tandem solar cells beyond 30%.

2 Literature overview
Most highly efficient silicon solar cells have a pyramidal
microtexture on the front side. From an industrial per-
spective such a device would be an ideal starting point
for adding a perovskite cell on top to form a tandem
device. Also from an optical point of view this makes

sense: many numerical studies predict excellent optical
absorption, when the perovskite top cell is conformally
deposited on top of such a microtextured silicon bottom
cell: Schneider et al. [13] and Shi et al. [14] simulated
the optical properties of perovskite/silicon tandem solar
cells with inverted pyramidal texture in combination with
an adapted intermediate layer between top and bottom
cell supporting the great optical potential of such a fully
textured perovskite absorber. Also Santbergen et al. [15],
Lehr et al. [16], Jacobs et al. [7], Qaroni et al. [17] and
Subhan et al. [18] reported that a fully textured perovskite
top cell, conformally grown on pyramidally microtextured
silicon, yields the highest absorption, particularly when
compared to configurations with partly planar perovskite
interfaces. Chen et al. came to a similar conclusion using
a sub-micrometer sinusoidal texture at the silicon bottom
cell front side [19]. From an optical simulation point
of view the situation is clear: a double-side textured
perovskite top cell on top of a double-side textured silicon
bottom-cell yields the best optical performance.

Table 1 summarizes experimentally realized mono-
lithic perovskite/silicon tandem solar cells with a PCE
exceeding 25% and their relevant optical parame-
ters. In contrast to the results of the optical simu-
lations discussed above, the best device with avail-
able details on the solar cell configuration with 29.15%
PCE [5] relies on a fully planar perovskite top cell.
The reason is that – as of early 2021 – spin-coating
yields the perovskite materials with the highest opto-
electronic quality. This also includes the currently best
perovskite single-junction device with 25.2% PCE [2]. In
a monolithic tandem device, the perovskite top cell has
to be manufactured on top of the silicon bottom cell.
Unfortunately, solution-processing of sub-micrometer thin
perovskite layers is incompatible with state-of-the-art
pyramidal microtextures on the silicon bottom cell.
Although planar interfaces are not ideal from an opti-
cal point of view, new developments yielded a remark-
able efficiency improvement. They can be classified in
two categories and are sketched in Figure 1(a). First, a
planar optical interlayer consisting of nanocrystalline sil-
icon oxide (nc-SiOx) with adjusted refractive index was
applied between silicon and perovskite. This configura-
tion yielded a short circuit current density ( Jsc) gain by
1.4 mA/cm2 in the silicon bottom cell [22] [Configura-
tion A in Table 1 and Figure 1(a)] – with Jsc being the
solar cell parameter directly reflecting optical absorption
and hence the amount of generated free carriers. In the
second approach illustrated in Figure 1(a), a textured
light scattering foil is put on top of the front side of the



K. Jäger et al.: Light management in silicon/perovskite tandem solar cells | 1993

Table 1: Summary of recent high-efficient monolithic perovskite/silicon tandem solar cells with PCE 𝜂 > 25% and their light management
strategies (see also Figure 1): A denotes a nc-SiOx interlayer, B a textured front foil at the air-glass interface, C a double-side textured
perovskite absorber layer, and D a single-sided textured perovskite absorber. Jsc,JV denotes the short circuit current density ( Jsc) as determined
from JV -characteristics, Jsc,EQE top∕bot∕R constitutes the Jsc values as calculated from external quantum efficiency (EQE) data of perovskite top
and silicon bottom cell, as well as reflectance losses, respectively. All Jsc values are given in mA/cm2.

Referencea
𝜼 [%] Jsc,JV Jsc,EQE top Jsc,EQE bot

∑ Jsc,EQE Jsc,R Configuration

(I) Fully planar perovskite absorber layer

Bush et al. (2018) [20] 25.0 18.4 18.4 18.5 36.9 4.2b –
Jost et al. (2018) [21] 25.5 18.5 20.2 18.8 39.0 2.5 B
Mazzarella et al. (2019) [22] 25.2 19.0 19.9 18.8 38.7 ≈2.5 A
Köhnen et al. (2019) [23] 26.0 19.2 20.2 19.3 39.5 3.5 A
Al-Ashouri et al. (2020) [5] 29.1 19.8 19.4 20.2 39.6 2.6 A
Xu et al. (2020) [24] 27.1 19.1 19.3 19.9 39.2 – B

(II) Textured perovskite absorber layer

Sahli et al. (2018) [25] 25.2 19.5 20.1 20.3 40.4 1.2b C
Nogay et al. (2019) [26] 25.1 19.5 19.7 20.0 39.7 – C
Hou et al. (2020) [27] 25.7 19.3 19.3 19.2 38.7 2.5b D
Chen et al. (2020) [28] 26.0 19.2 19.3 19.4 38.7 2.3 B + D
Aydin et al. (2020) [29] 25.1 19.8 19.8 19.8 39.6 1.4b C

a29.5% world record device by OxfordPV [6] from 21 Dec 2020 not considered due to missing available data.
b1 − R data digitized from the respective publication.

device, leaving the perovskite solar cell unaffected, i.e.,
planar. Such textured foils strongly increase photocurrent
densities in two-terminal perovskite/silicon tandem solar
cells, particularly under diffuse illumination conditions
[21, 24, 28] [Configuration B in Table 1 and Figure 1(a)].
Jaysankar et al. used similar attachable textured foils in
four-terminal perovskite/silicon tandem solar cells and
attributed the optical benefit to reduced reflection losses
[30]. The sum of the short circuit current densities as
extracted from EQE measurements of top and bottom cells
amounts to values between 36.9 mA/cm2 and 39.6 mA/cm2

in case of the device by Al-Ashouri et al. [5], which suf-
fers reflectance-induced current losses of 2.6 mA/cm2 only.
For comparison, all sunlight in the range between 300 and
1200 nm would yield 46.5 mA/cm2. The obtained current
densities are remarkable because they are obtained with
fully planar perovskite top cells.

A very interesting evolution are textured perovskite
absorber layers. They can be realized either by developing
alternative perovskite deposition methods that are com-
patible with micrometer-sized standard light management
textures [25, 26, 29], or by adapting the texture feature
size on the front side of the silicon solar cell and the per-
ovskite absorber thickness such that solution-processed
textured perovskite layers become feasible [27, 28, 31],
as illustrated in Figure 1(b). The works by Sahli et al.
[25] and subsequent studies [26, 29] stand out from all

the other studies for several reasons: These are the only
works on a monolithic perovskite/silicon tandem solar
cell with a fully textured perovskite top cell. This is the
preferred configuration from an optical point of view and
also has the best compatibility with industry-scale silicon
bottom cells with pyramidal front texture [Configuration
C in Table 1 and Figure 1(b)]. Also the sum of the current
densities as extracted from EQE measurements reach up to
40.4 mA/cm2, which results from strongly reduced reflec-
tion losses amounting to around 1.2–1.4 mA/cm2 only. The
conformal growth of the perovskite layer became possi-
ble by a hybrid two-step deposition method, which com-
bines sequential co-evaporation and spin-coating. Due to
small deficiencies in open circuit voltage and fill factor,
the efficiency remained at 25.2%. In contrast, Hou et al.
[27], Chen et al. [28] and Subbiah et al. [31] managed to
achieve single-side textured perovskite top cells on top
of a double-side textured silicon bottom cell by applying
the preferred solution-processing of perovskite layers on
small-scale pyramids by spin-coating, blade-coating and
slot-die-coating, respectively [Configuration D in Table 1
and Figure 1(b)]. Chen et al. additionally applied a scatter-
ing foil (Configuration B). The solar cells reported by Hou
and Chen exhibit comparably thick perovskite layers and
cumulative current densities of 38.7 mA/cm2 and efficien-
cies in the range of 26%. Figure 1 depicts one representative
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Figure 1: Experimental results for perovskite/silicon tandem solar
cells with different optical concepts. (a) Solar cells with a planar
perovskite top cell with A, a nanocrystalline silicon oxide (nc-SiOx )
interlayer and with B, a textured foil on top. (b) Tandem solar cell
with textured perovskite layers, where the perovskite layer is either
C fully textured or D just textured on the rear side. (c) Best
experimental results representing the four architectures illustrated
in (a) and (b): A intermediate nc-SiOx layer (Al-Ashouri et al. [5]), B
planar perovskite cell with textured foil on top ( Jošt et al. [21]), C
fully textured perovskite cell (Sahli et al. [25]), and D perovskite cell
with textured back and planar front (Hou et al. [27]).

of each of the four light management strategies A–D. Tex-
turing (C & D) helps to maximize the EQE of the silicon
bottom-cell, which becomes particularly visible at wave-
lengths longer than 800 nm. Also for the perovskite top
cell, the double-side textured device (C) shows the highest
absolute EQE values. A textured foil attached at the front
side of the tandem device (B) bears the potential to further
increase EQE of both sub-cells.

In summary, in order to push efficiencies of per-
ovskite/silicon tandem solar cells beyond 30%, we regard
implementing a double-side textured perovskite top cell
mandatory for good light management.

Now as we established that the perovskite top cell
should be textured, it is worth to review the litera-
ture on textured perovskite single-junction devices. Many
perovskite deposition methods were investigated, which
either enable growth on micro pyramids, or alternative
textures that are compatible with perovskite solution

processing. Both approaches bear the potential for per-
ovskite/silicon tandem solar cells exceeding 30% PCE by
improved light management. Table 2 summarizes recent
studies on perovskite single-junction solar cells with a tex-
tured perovskite absorber layer. Paetzold et al. realized a
first proof-of-concept device by patterning the glass sub-
strate of the solar cell by nanoimprint lithography followed
by standard spin-coating of the perovskite solar cell [33].
Shi et al. used glasses covered by textured fluorine-doped
tin oxide (FTO) to enhance light absorption in thin per-
ovskite solar cells [34]. Deng et al. used a titanium oxide
layer on top of the FTO layer with a grating texture [35].
Wu et al. included plasmonic gold nanostars into the TiOx
layer [36] and Tockhorn et al. used glass substrates with
various textures for their spin-coated perovskite solar cells
[37]. Up to 21.6% single-junction PCEs were realized by
Xu et al. using a textured polymer layer in combination
with an anti-reflective coating on glass [38]. In all these
devices, the perovskite absorber layer exhibits a textured
front side, but a flat rear side.

In contrast, Schmager et al. applied high-pressure
thermal nanoimprint lithography to realize perovskite
solar cells with a textured rear side [39]. As discussed
above, the optimal case would be a perovskite solar cell
which was conformally deposited onto a silicon bottom
cell with a pyramidally microtextured surface. A pyrami-
dal double-side textured perovskite cell would supersede
other configurations in both, the optical absorption and
with regard to the compatibility with state-of-the-art sil-
icon solar cells. A first study on fully vacuum processed
perovskite solar cells on pyramidal microtextured glass
was recently published by Gil-Escrig et al. [40]. All these
studies contain valuable insights in light management tex-
tures for perovskite solar cells. When comparing the values
of the short circuit current densities as extracted from EQE
measurements Jsc,EQE three studies stand out with large
Jsc,EQE∕Jmax ratios in the range of 90%. Jmax describes the
maximum attainable short circuit current density accord-
ing to the optically active perovskite bandgap, which was
determined from the minimum in the derivative of the
EQE plots [32] from the respective publication. Interest-
ingly, the three best performing devices exhibit textures in
very different sizes: micrometer-sized in the case of Deng
et al. [35], comparable to the wavelength in case of Tock-
horn et al. [37], and smaller than the wavelength by Xu et al.
[38]. It seems that the texture size plays a minor role – if a
texture is present. According to the current knowledge, we
regard these three approaches yielding efficiencies in the
range of 20% as promising for perovskite/silicon tandem
solar cells with PCEs exceeding 30%.
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Table 2: Summary of recent perovskite single-junction solar cells with nano- or micro-textured absorber layers for light management. Jsc,JV
and Jsc,EQE denote the short circuit current density ( Jsc) as determined from JV -characteristics and EQE, respectively. Jsc,EQE∕Jmax denotes the
ratio of Jsc,EQE to the maximum attainable short circuit current density ( Jmax) according to the respective perovskite bandgap (the approximate
optically active bandgap of the perovskite was determined from the minimum in the derivative of the EQE [32], which where digitized from
the respective publication). All Jsc values are given in mA/cm2.

Reference 𝜼 [%] Jsc,JV Jsc,EQE Jsc/Jmax Texture details

(I) Textured front side

Paetzold et al. (2015) [33] 9.9 – 19.4 78.4% Textured ITO, 500 nm pitch
Shi et al. (2017) [34] 13.3 19.8 18.7b 75.8% Textured FTO
Deng et al. (2019) [35] 19.6 24.2 22.0 89.2% 1.5 μm-periodic grating in TiOx
Wu et al. (2020) [36] 20.0 22.3 19.4b 81.0% Plasmonic gold nanostars in TiOx
Tockhorn et al. (2020)a [37] 19.7 22.8 23.1 93.5% Sinusoidal textured glass, 750 nm pitch
Xu et al. (2020) [38] 21.6 23.3 22.2 89.5% Textured polymer, 40–120 nm features

(II) Textured rear side

Schmager et al. (2019) [39] 14.8 19.4 19.5b 78.5% Textured perovskite, 480 nm pitch

(III) Fully textured perovskite layer

Gil-Escrig et al. (2020) [40] 15.4 20.2 21.0 81.4% Micro-pyramids

aSelected texture for numerical study of Section 3.
bJsc,EQE calculated from digitized EQE plot.

3 Perovskite/silicon tandem solar
cells with gentle nanotextures

With the knowledge gained in Section 2, we now study how
sinusoidal nanotextures can improve the light manage-
ment in perovskite/silicon tandem solar cells. We believe
that this approach is promising for the following reasons:
first, the demonstrated short circuit current densities of
sinusoidally textured perovskite solar cells approach one
of the highest values when compared to the maximum
attainable current density for the respective perovskite
bandgap, proving excellent light management capabilities
[37] (see Table 2). The absolute efficiencies of perovskite
solar cells with such textures approach 20%, which is nec-
essary to obtain high tandem solar cell efficiencies. Further,
such textures have already been successfully transferred
into the front side of silicon bottom cells without deterio-
rating the carrier lifetime in the silicon [41]. Last, numerical
studies have demonstrated the high theoretical potential
of sinusoidal nanotextures [19, 42]. Please note that also
an inverse pyramid texture would fulfill the requirements
of compatibility with spin-coated perovskite top cells [37]
and high-quality silicon bottom cells [43]. However, in this
study we focus on sinusoidal structures as an example.

Figure 2 shows details of a numerical study for
three configurations of perovskite/silicon tandem devices

illustrated in Figure 2(a): with a planar perovskite top cell,
with a perovskite top cell with nanotextures on its rear, and
with a fully textured perovskite top cell. The simulations
were performed with the finite element solver JCMsuite
[49]. A typical mesh for the device with a fully textured
perovskite cell is shown in Figure 2(b). As nanotextures,
we used “negative cosine” sinusoidal nanotextures with
periods ranging from 500 to 1000 nm and aspect ratios
between 0.2 and 0.6, where the aspect ratio is the ratio
between the height and the period of the nanotexture.

Details on the layer stack are given in Figure 2(b)
and Table 3. It is based on the solar cell design by
Al-Ashouri et al., which yielded 29.1% PCE [5]. As
we do not have optical data for their new perovskite
material Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3 with 1.68 eV
bandgap, we performed the simulations with optical
data for the triple-cation perovskite Cs0.05(MA0.17FA0.83)
Pb(I0.83Br0.17)3 with ≈ 1.64 eV bandgap instead. A self-
assembling monolayer between ITO and perovskite can
be omitted in the optical simulations.

All simulations were performed for the wavelength
range between 300 and 1190 nm. In the simulations, only
a 100 nm-thin silicon layer was considered with adjoined
perfectly matched silicon layer, hence infinitely thick sil-
icon at the back. To account for the finite thickness of
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Figure 2: Numerical results on the optical performance of
perovskite/silicon tandem cells with either a planar front side, a
rear-side textured perovskite cell or a fully textured perovskite cell.
Illustrations of the simulated devices are shown in (a), the simulated
absorption data for the perovskite and silicon layers of the
optimized devices are plotted in (c). The simulations were performed
with the finite element method, a typical mesh for a fully-textured
device with 750 nm period and 300 nm texture height (equivalent to
40% aspect ratio) is shown in (b). For all devices Lambertian light
trapping is considered at the back of the silicon cell. For clarity, the
curves for the rear-side textured device are omitted in (c), because
they can hardly be distinguished from the curves for the planar
device. These results are given in Figure S3 of the Supplementary
Materials.

the silicon wafer (dSi = 300 μm), we corrected the absorp-
tion in silicon using the Tiedje–Yablonovitch limit [50],
which assumes perfect (Lambertian) light trapping in sili-
con, which for example can be reached by a textured silicon
back side:

ASi, corr(𝜆) = ASi(𝜆) 𝛼(𝜆)
𝛼(𝜆) +

[
4dSin2(𝜆)

]−1 . (1)

In Eq. (1), ASi is the absorption in Si as obtained from the
FEM simulation, 𝛼 denotes the absorption coefficient of
silicon, n is the real part of the refractive index and dSi is
the wafer thickness.

In order to explore the full potential of the studied
device designs, we optimized several layer thicknesses
of perovskite/silicon tandem solar cells. We employed
Bayesian optimization included in JCMsuite’s optimization
toolbox. This global optimization method starts at a ran-
dom initial point. At each iteration, it employs a stochastic
model (a Gaussian process) trained with all previous func-
tion evaluations to determine new parameter values with
a large expected improvement. The method has proven to
be highly efficient for the shape optimization of photonic
structures [51]. The optimization objective was to maximize
the minimum of the photon-current densities generated by
the two subcells, max[min(Jph, pero(par.), Jph,Si(par.))]. The
photon-current densities were calculated as in Ref. [19].
This objective function has the advantage that it mini-
mizes the reflection and parasitic absorption losses while
it reaches current matching at the same time [47].

For the optimization of the planar solar cell, we
allowed three layer thicknesses to vary: the nc-SiOx
intermediate layer, the perovskite absorber, and the
lithium fluoride (LiF) front antireflective layer – more
information on this optimization is given in Figure S1
in the Supplementary Materials document. In earlier opti-
mizations, we also allowed the indium zinc oxide (IZO)
layer to vary. However, as the IZO layer thickness always
moves to the set minimal value during optimization, we
kept it fixed at 90 nm, because for thinner IZO layers the
sheet resistance increases and series-resistance losses
would become too large.

As simulation of textured solar cells is much more
time consuming, we restricted the number of free param-
eters. For optimizing the device with the rear-side tex-
tured perovskite cell, we set the LiF thicknesses to the
value found by optimizing the planar layer stack and
allowed the nc-SiOx and perovskite layer thicknesses to
vary, because we can assume that texturing the inter-
faces between perovskite and silicon does not affect the
optimal layer thicknesses between perovskite and air. We
performed this optimization for 750 nm period and 40%
aspect ratio. From this optimization, which is summarized
in Figure S2 of the Supplementary Materials document,
we learned that the nc-SiOx thickness hardly affects the
optical performance. For the device with a fully textured
top cell and for all the other periods and aspect ratios,
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Table 3: The materials and layer thicknesses used for the optical simulations shown in Figure 2. All thicknesses (except Si) are given in nm,
the italic thicknesses resulted from an optimization, and the underlined values were taken from a previous optimization. The sources for
refractive index data are given. Further, the photo-current densities in the perovskite and silicon cells as well as the reflective losses are
shown – for the textured devices the data are for nanotextures with 750 nm period and 40% aspect ratio. For other periods and aspect ratios,
all layer thicknesses are the same except for perovskite.

Planar Rear Full

Lithium fluoride (LiF) [44] 110 110 110
Indium zinc oxide (IZO) [21] 90 90 90
Tin oxide (SnO2) [21] 10 10 10
C60 [45] 23 23 23
Cs0.05(MA0.17FA0.83)Pb(I0.83Br0.17)3 (perovskite) [45] 569 594a 563
Indium tin oxide (ITO) [45] 21 21 21
Nanocrystalline silicon oxide (nc-SiOx) [46] 107 109 109
Intrinsic amorphous hydrogenated Si (a-Si:H) [47] 5 5 5
Crystalline silicon (wafer, Si) [48] 300 μm 300 μm 300 μm

Jph, pero (mA/cm2) 20.3 20.3 21.0
Jph, Si (mA/cm2) 20.3 20.3 21.0
Jph, refl (mA/cm2) 3.1 3.0 2.0

aFor the rear-textured device, the perovskite layer is not conformal. Here, the thickness denotes the thickness of a planar layer with the same
volume.

we therefore only varied the perovskite thickness to reach
current matching using Newton’s method, as described
previously [19]. During all these simulations, we observed
that changing the perovskite thickness does not affect the
photon-current density Jph,refl lost by reflection.

Figure 2(c), Figure S3 in the Supplementary Material
and Tables 3 and 4 show the results for the optimized
device stacks. Most strikingly, the planar and rear-textured
devices have almost similar current densities and reflec-
tion losses. For wavelength shorter than 500 nm, the
absorption curves cannot be distinguished because no
light reaches the back of the perovskite layer and the
layer stack on front is equal. For larger wavelength, the
absorption curves are very close to each other. This is in
contrast to the results discussed in reference [19], where
a rear-side textured device with 40% aspect ratio gained
around 0.5 mA/cm2 photocurrent density with respect to
the planar reference. In contrast to this older study, the
devices studied in this work have a nc-SiOx intermediate
layer with excellent optical properties [46]. Hence,
nano-texturing the interfaces between the silicon wafer
and the perovskite layer does not improve the device from
an optical point of view, if a nc-SiOx layer is present. With
these kind of simulations, we cannot take the back side of
the silicon wafer into account. Hence, it is not possible to
determine whether texturing the rear side of the perovskite
induces additional light trapping in the silicon sub cell.

The device with a fully textured perovskite cell
supersedes the devices with a flat front, as it has a

antireflective effect over the whole wavelength range
reducing the reflective losses by around 0.5 and
1 mA/cm2 for 20 and 40% aspect ratio, respectively. Increas-
ing the aspect ratio to 60% only reduces the reflection
by an additional 0.1 mA/cm2. Interestingly, changing the
period hardly affects the reflective losses when the aspect
ratio is kept constant. This agrees with the conclusion
of Section 2: the texture size plays a minor role – if a
texture is present. Texturing the front side would be bene-
ficial from an optical point of view, but it is most difficult
to realize for perovskite cells, as discussed in Section 2
as well.

Table 4: Effect of aspect ratio AR and period P of sinusoidal
nanotextures on the photon-current density Jph, refl lost by reflection.
Results are shown for devices with a rear-side textured or fully
textured perovskite top cell, as illustrated in Figure 2(a). For these
simulations, the layer thicknesses were as in Table 3, except the
perovskite thickness, which was adjusted to reach current matching
using Newton’s method.

Jph, refl (mA/cm2) as function of P and AR

Texture Rear Full

Aspect ratio 20% 40% 60% 20% 40% 60%

Period 500 nm 3.1 3.0 3.0 2.5 2.0 1.9
750 nm 3.0 3.0 3.0 2.6 2.0 1.9

1000 nm 3.1 3.1 3.0 2.8 2.1 1.9
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4 Conclusion
We studied the state of light management in the vibrant
field of monolithic perovskite/silicon tandem solar cells.
We carefully analysed the optics of recent experimentally
realized high-end perovskite/silicon tandem solar cells
and compared the outcome with the literature on optical
simulations of suchlike devices. According to this survey,
experimental high-end tandem solar cells often do not use
optical concepts with textured interfaces, which would
be ideal according to numerical studies based on opti-
cal simulations. This can be explained by the fact that
the preferred solution-processing of perovskite top cells
is incompatible with state-of-the-art silicon micro pyra-
mid textures. By further reviewing the status of textured
perovskite single junction solar cells, we identified cer-
tain textures that are compatible with perovskite solution-
processing. We selected a sinusoidal nanotexture that has
proven to preserve the electronic quality in both, per-
ovskite [37] and silicon solar cells [41], and performed
optical simulations based on the finite-element method
to compute the performance of respectively textured per-
ovskite/silicon tandem solar cells. We found that a single
textured interface between perovskite and silicon sub cells
does not yield an optical benefit when compared to opti-
mized planar designs with an intermediate layer between
the sub cells. However, conformal and hence double-side
textured perovskite top cells on such a gentle sinusoidal
texture reduce reflectance losses equivalent to up to 1
mA/cm2 of short circuit current density. We therefore
regard double-side texturing of the perovskite top-cell as a
mandatory next step for future perovskite/silicon tandem
solar cells and deliver concrete design criteria to push tan-
dem solar cell efficiencies beyond 30% by advanced light
management.
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