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27.9% Efﬁcient Monolithic Perovskite/Silicon Tandem
Solar Cells on Industry Compatible Bottom Cells
Eike Köhnen, Philipp Wagner, Felix Lang, Alexandros Cruz, Bor Li, Marcel Roß,
Marko Jošt, Anna B. Morales-Vilches, Marko Topič, Martin Stolterfoht, Dieter Neher,
Lars Korte, Bernd Rech, Rutger Schlatmann, Bernd Stannowski,* and Steve Albrecht*

Monolithic perovskite/silicon tandem solar cells recently surpass the efﬁciency of
silicon single-junction solar cells. Most tandem cells utilize >250 μm thick,
planarized ﬂoat-zone (FZ) silicon, which is not compatible with commercial
production using <200 μm thick Czochralski (CZ) silicon. The perovskite/silicon
tandem cells based on industrially relevant 100 μm thick CZ-silicon without
mechanical planarization are demonstrated. The best power conversion efﬁciency
(PCE) of 27.9% is only marginally below the 28.2% reference value obtained on
the commonly used front-side polished FZ-Si, which are about three times
thicker. With both wafer types showing the same median PCE of 27.8%, the thin
CZ-Si-based devices are preferred for economic reasons. To investigate
perspectives for improved current matching and, therefore, further efﬁciency
improvement, optical simulations with planar and textured silicon have been
conducted: the perovskite's bandgap needs to be increased by 0.02 eV when
reducing the silicon thickness from 280 to 100 μm. The need for bandgap
enlargement has a strong impact on future tandem developments ensuring
photostable compositions with lossless interfaces at bandgaps around or above
1.7 eV.
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1. Introduction
Today's photovoltaic market is dominated
by crystalline silicon-based solar cell technology. With a record power conversion
efﬁciency (PCE) of 26.7%,[1] silicon
single-junction solar cells are approaching
their theoretical limit of 29.4%.[2] To overcome this limit, silicon solar cells can be
combined with wider bandgap materials
into multijunction solar cells, where each
photovoltaic active material converts a speciﬁc part of the spectrum efﬁciently into
electrical power. With two active materials
(commonly termed tandem solar cells), the
theoretical PCE limit is 46% based on
detailed balance arguments.[3] The excellent optoelectronic properties as well as
the tunable bandgap and potentially
low-cost fabrication make metal halide perovskites suitable candidates for the top cell
material in tandem solar cells.[4–13] Only
3 years after the ﬁrst realization of a
p–i–n tandem solar cell by Bush et al.,[14]
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the highest scientiﬁcally reported efﬁciency of 29.15% is close to
the theoretical limit of silicon single-junction solar cells.[15] With
a certiﬁed efﬁciency of 29.52%, Oxford PV surpassed this limit
but did not disclose any further details.[16]
These high efﬁciencies are achieved on rather thick
front-side polished ﬂoat-zone (FZ) silicon heterojunction solar
cells, which are industrially not relevant for three reasons:
1) chemical–mechanical polishing (CMP) is time consuming
and expensive. Therefore, it is desirable to use either chemical
polishing as it is used in passivated emitter and rear cell (PERC)
industry or double-side textured wafers. The latter approach is
favored because such textures can be produced in a standard
batch process and they provide optical advantages. Perovskite/
silicon tandem processing on such wafers is addressed in recent
publications.[4,9,17–21] However, solution processing of highefﬁciency tandem solar cells using such textures still remains
challenging due to the difﬁculties of processing very thin perovskite layers on micrometer-sized pyramid structures. 2) FZ-silicon is not used for PV mass production. Instead, Czochralski
(CZ) silicon will remain the main method to fabricate silicon
ingots,[22] mainly because of lower costs. 3) The absorption
of Si for photon energies just above the bandgap, i.e., in the
infrared (IR) part of the spectrum, is relatively poor. For tandem
cells, however, where the top cell will absorb most of the higher
energy photons, the IR response of the bottom cells is
crucial.[5,23] Therefore, the bottom cell thickness in most
publications on perovskite/silicon tandem solar cells is 260 to
300 μm, whereas according to current market forecasts, the
industrially relevant thickness for n-type monocrystalline
silicon is just 140 to 150 μm (as cut) in 2022.[24]
In this article, we demonstrate for the ﬁrst time monolithic
perovskite/silicon tandem solar cells based on thin non-CMP
n-type CZ-silicon bottom cells. The reduced response in
the IR region for thinner bottom cells will shift the optimal
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top cell bandgap for standard test conditions toward larger
energies.

2. Solar Cells
We use (100)-oriented 130 μm thick (as cut) n-type CZ-silicon
wafers with random pyramids on the rear side and a speciﬁed
resistivity of 5 Ω cm. The front side of these CZ-based bottom
cells was chemically polished using standard etching procedures
in PERC industry but using a more aggressive treatment, removing up to 20 μm, to obtain a surface compatible with the top-cell
processing.[25,26] Tandem solar cells with these type of bottom
cells are termed “CZ-based.” As a reference, we use
(100)-oriented 280  20 μm thick FZ wafers with random pyramids on the rear side, a CMP front side, and a resistivity of
3 Ω cm (in the following termed “FZ-based”). The front and
rear side of all wafers are passivated with intrinsic amorphous
silicon ((i)a-Si:H) layers. On the rear side, p-doped a-Si:H is
deposited on the passivating layer. N-doped nanocrystalline silicon oxide (nc-SiOx:H) optimized in refractive index for optimum
NIR incoupling on the front passivating layer serves as
electron-selective contact.[5] All silicon layers were deposited by
plasma-enhanced chemical vapor deposition (PECVD). On top
of the (n) nc-SiOx:H layer, an In2O3-based transparent conducting oxide (TCO) is deposited, whereas the rear contact consists of
a layer stack of aluminum-doped zinc oxide (AZO) and silver.
More details can be found in the Materials and methods section
in the Supporting Information. After processing the bottom cells,
the measured thicknesses of the CZ- and FZ-based bottom cells
are 100 and 280 μm, respectively. Figure 1 shows photographs of
the polished and nonpolished bottom cell front surfaces and the
topography of the respective wafers acquired via confocal 3D
laser scanning microscope (CLSM). For the CMP surface of
the FZ silicon, horizontal artifacts appeared during acquisition

E

Figure 1. A,B) Photographs of the CZ-based silicon bottom cell and chemical–mechanical polished FZ-based silicon bottom cell. C,D) The topography of
the CZ-based bottom cell and FZ-based bottom cell is acquired with a confocal laser scanning microscope and similar z-scalebars. E) Schematic stack of
the monolithic perovskite/silicon tandem solar cell used in this work.
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leading to falsiﬁed roughness values (see Figure S2, Supporting
Information, for an adjusted scale). Therefore, atomic force
microscopy (AFM) is used to image and analyze the surface
of the FZ-based bottom cell (Figure S3, Supporting
Information). The root mean square roughness values (Sq) are
extracted from the areas as shown in Figure S3, Supporting
Information. They amount to 1 and 736 nm for the FZ-based
and CZ-based bottom cells, respectively. The maximum height
values (Sz) are 9 nm and 7.7 μm for the FZ-based and CZ-based
bottom cells, respectively. Although the Sz for CZ silicon is very
high, the lateral dimension of the features is large enough to
enable complete coverage during spin coating. This is evident
for the saw mark visible for the CZ silicon in the CLSM image
(Figure 1C): The step height is 5–6 μm (see Figure S4,
Supporting Information), but since it extends over 100 μm, it
should not be problematic for solution-processed perovskite layers.
To investigate the inﬂuence of the different wafer types (i.e.,
thickness and topography) on the optical properties, we measured reﬂection of the bare wafers. The reﬂection spectra shown
in Figure S5, Supporting Information, demonstrate that the
reﬂection for wavelengths below 950 nm is not affected by the
difference in topography or thickness. For longer wavelengths,
the reﬂection is higher for the thin CZ silicon. Less light is
absorbed due to the thinner silicon. Thus, the amount of light
arriving at the rear side of the cell is increased, which consequently increases the amount of light reﬂected at the rear side,
too. For the same reason, the light reﬂected at the rear side of the
cell is absorbed less while being transferred back in the thinner
silicon bottom cell, leading ultimately to an increased outcoupling at the front side and thus reﬂection.
For the p–i–n top cell which is identical on both types of bottom cells (Figure 1E), a self-assembled monolayer, 2PACz, is
used as a hole-selective layer (HSL). In addition to its electrical
advantages, it enables conformal coverage on the nonpolished
bottom cell.[27] The nominal perovskite composition is
Cs0.05(MA0.23FA0.77)0.95Pb(Br0.23I0.77)3 yielding a bandgap of
1.68 eV. On top of the perovskite, LiF and C60 are deposited
via thermal evaporation and SnO2 is deposited via atomic layer
deposition. After the sputter deposition of zinc-doped indium

oxide (IZO) as transparent conductive oxide, Ag and LiF are thermally evaporated as split ring-type bus bar electrode and antireﬂective coating, respectively. The active area of the resultant
tandem solar cells is 1 cm2. A detailed description can be found
in the Materials and Methods section in the Supporting
Information. To monitor the process, opaque perovskite singlejunction solar cells with an active area of 0.16 cm2 were fabricated
together with the tandem solar cells. The median performance
values (10 devices) for opaque perovskite single-junctions are
78.5% for the ﬁll factor (FF), 20.3 mA cm2 for the short-circuit
current density (JSC), 1.2 V for the open-circuit voltage (VOC),
and 19.3% for the PCE (see Figure S6, Supporting
Information). A maximum efﬁciency of 19.9% with a VOC of
1.21 V was obtained in this p–i–n type conﬁguration, which is
among the highest PCE and VOC values for perovskite cells as
typically used in two-terminal tandem solar cells.[28]
Figure 2A shows the external quantum efﬁciency (EQE) and
reﬂection spectra of two-terminal (monolithic) tandem solar cell
champion devices based on thin CZ and thick FZ bottom cells.
In the short-wavelength range, a minor difference in reﬂection
occurs. We account this difference to very slight variations of layer
thicknesses in the front contact, leading to altered interference patterns. The difference in the long wavelength range is a result of a
difference in the bottom cell thickness, as described previously.
For both tandem solar cells, the EQE spectra of the perovskite subcells (top cells) are very similar. Consequently, the photogenerated
current densities ( JPh) under 100 mW cm2 AM1.5 G illumination are also similar in both perovskite subcells (19.56 and
19.44 mA cm2 for the CZ and FZ cells, respectively). The main
difference between the tandem cells occurs in the EQEs of the
silicon subcells (bottom cells). The JPh in the silicon bottom cell
of the thick FZ-based tandem solar cell is 19.08 mA cm2. The
reduced bottom cell thickness in the CZ-based tandem solar cell
causes a lower response in the near-IR region leading to a reduced
photogenerated current density of 17.81 mA cm2. Therefore, the
cumulative photogenerated current density decreases from
38.52 to 37.37 mA cm2. As the JSC of tandem solar cells is
mainly determined by the JPh of the limiting subcell, a lower
JSC for the thin CZ-based tandem solar cell is expected. In contrast,

Figure 2. A) Comparison of the EQE spectra and reﬂection spectra (denoted as 1-R) between champion tandem solar cells based on thick FZ-silicon and
thin CZ-silicon. B) J–V measurement of the tandem solar cells shown in (A) including the photovoltaic parameters and values obtained by 5 min MPPtracking as shown in Figure S9, Supporting Information.
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the current mismatch between the subcells increases. As we have
reported previously, the tandem's FF is affected by the current
mismatch.[7] Generally, the FF increases with larger mismatch.
In addition, thinner silicon wafers lead to higher VOC values
due to an decreasing total recombination current density.[2] To estimate the gain in VOC, we simulated silicon single-junction solar
cells (illumination spectrum as in the tandem) with CZ- and FZsilicon as used for tandem solar cells with the program Quokka3
(see Figure S7, Supporting Information, and the Materials and
Methods section in the Supporting Information for more details).
A VOC enhancement of 17 mV is expected when using 100 μm
CZ-silicon instead of 280 μm FZ-silicon. Even though the FF of
the bottom cell also depends on the thickness and fabrication
method, the simulations reveal that the conﬁgurations investigated in this work, both cell types, FZ and CZ, should deliver
the same FF of 82.5% to 83% (see Figure S7, Supporting
Information). Summarizing, the thinner CZ-based tandem solar
cell is expected to have a lower JSC, higher FF (due to larger current
mismatch), and higher VOC.
The J–V curves shown in Figure 2B conﬁrm these expectations. The best reference device based on thick FZ wafers has
a JSC of 19.13 mA cm2, VOC of 1.89 V, and FF up to 78.01%
and as a result a PCE of up to 28.15%. This value is in very good
agreement to our previous results for similar tandem layer
stacks.[15] For the thin CZ tandem solar cell, the high FF of
80.89% partially compensates the lower JSC of 17.81 mA cm2.
Combined with a higher VOC of 1.94 V, the PCE of this cell is
27.89%. This value is just 0.26%abs below the PCE of the
front-side polished, thick FZ reference cell. Note that another
J–V scan of the same cell led to a similar but yet slightly higher
FF of 81.15% which is to the best of our knowledge the highest
FF presented for perovskite/silicon tandem solar cells to date (see
Figure S8, Supporting Information). The improvement of the FF
per mismatch is higher than what we reported previously,[7] but
as elaborated by Boccard et al., the improvement in FF depends
strongly on the performance of the individual subcells.[29] Stable
operation of the herein presented tandem solar cells is
highlighted by 5 min maximum power point (MPP)-tracks as
shown in Figure S9, Supporting Information. After 300 s
MPP-tracking, PCE values of 28.05% and 27.81% are measured
for the FZ- and CZ-based device, respectively, which is well in
line with the J–V curve-derived efﬁciency. The illuminated
J–V results for three CZ and four FZ tandem solar cells are summarized in Figure S10, Supporting Information. They reveal the
same median PCE of 27.8% for both CZ- and FZ-based tandem
solar cells. The VOC improvement by 30 to 40 mV for the best
devices is slightly more than expected from simulations.
Therefore, we measured absolute photoluminescence of the
top and bottom cell for both conﬁgurations to extract the
quasi-Fermi level splitting (QFLS or implied VOC).[30,31] The
intensity of the laser was set to match the current density generated within each subcell under AM1.5 G illumination. The PL
spectra, QFLS values, and radiative limits are shown in
Figure S11, Supporting Information. For the perovskite subcell,
the QFLS values are the same on both the FZ- and CZ-based tandem solar cells. They amount to 1.20 eV, which is consistent
with the VOC of the perovskite single-junction solar cells (see
Figure S6, Supporting Information). The QFLS of the silicon
subcell in the FZ-based tandem solar cell is 690 meV.
Sol. RRL 2021, 5, 2100244
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Consequently, the sum of the perovskite and silicon QFLS for
the FZ-based cell is 1.89 eV, which is in very good agreement
with its VOC extracted from the J–V curve (1.90–1.91 V for this
speciﬁc sample). For the CZ-based tandem cell, a QFLS of
710 meV in the Si wafer was calculated. The enhancement of
19 meV compared to the FZ-based cell matches well with
the simulated VOC enhancement of 17 mV. We ﬁnd well-agreeing values of the cumulative QFLS (1.910 eV) and the measured
VOC (1.92–1.93 V for this sample) for the CZ-based tandem cells.
Therefore, we account the previously mentioned VOC improvement of up to 40 mV to a sample to sample variation.
To exclude any structural changes in the perovskite due to different surface topographies of the bottom cells, X-ray diffraction
(XRD) measurements were conducted. The XRD patterns
acquired for the HSL/perovskite stack deposited on the different
bottom cells reveal similar crystallization of the perovskite ﬁlms
on both surfaces (see Figure S12, Supporting Information). We
attribute the additional peak around 32.8 for the FZ-sample to
stem from the In2O3-based recombination layer.
To analyze the effect of the bottom cell in more detail, we measured the J–V curve of the CZ-based tandem solar cell in a way that
the JPh values of both subcells are equal to the respective JPh values
in the FZ tandem solar cell (i.e., same mismatch conditions for
CZ- and FZ-based tandem solar cells). This required to increase
the illumination intensity only in the IR region of the spectrum,
which can be easily done with the utilized light-emitting diode
sunsimulator. In Figure S13, Supporting Information, this J–V
measurement with adjusted JPh values is compared to the J–V
of the FZ tandem solar cell under AM1.5G conditions. In addition
to the increased VOC, just a slight deviation occurs at voltages just
below the MPP. The FF values of both measurements are very
similar, demonstrating that the increased FF of the CZ tandem
solar cell under AM1.5G conditions arises mainly from the
increased current mismatch.[7]
The long-term stability of one CZ- and two FZ-based tandem
solar cells (nonencapsulated) is shown in Figure S14, Supporting
Information. The initial PCE values are 27.6% (CZ), 28.15%
(FZ), and 27.4% (FZ). The cells were held at 25  C in air, the
relative humidity (RH) was not actively controlled. In addition
to the JMPP, VMPP, the resulting PCE, and the normalized
PCE, we show time series of the cell temperature and RH.
The latter one ranges from 11% to 26%. After 1000 h continuous
tracking, the cells were still performing at 67% (CZ), 70% (FZ),
and 67% (FZ) of their respective initial PCE values, where the
main parameter driving the reduction in PCE is JMPP.
These efﬁcient monolithic perovskite/silicon tandem solar cells
demonstrate that it is not mandatory to use chemical-mechanical
polishing for spin-coated perovskite ﬁlms. Instead, chemical polishing as it is already deployed in industry, is sufﬁcient for solution
processing such as spin coating. Furthermore, it shows that industry relevant, almost threefold thinner CZ-silicon wafers can enable
the same performance as the thick, CMP FZ-silicon wafers standardly used in lab-scale devices.

3. Optical Simulation
The reduced photogenerated current density for thinner silicon
bottom cells necessitates adjustments to achieve current
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matching or power matching conditions. Although the aforementioned experiment and previous reports demonstrate that
the tandem solar cells are not highly sensitive to current
mismatch conditions,[7,32–34] the highest PCE values might be
achieved with current or power matching conditions.
Moreover, there are various effects affecting the mismatch conditions, as we will discuss later. Each of the effects needs to be
controlled to obtain ultimately a current or power matched tandem solar cell.
Apart from increasing the IR response of the bottom cell by
optical improvements, which is not the focus of this study, current
matching can be achieved by reducing the perovskite thickness
and/or widening the perovskite bandgap. To shed light on this
aspect, we used GenPro4 to simulate the optical performance
of tandem solar cells.[35] We simulated tandem solar cells with
a silicon bottom cell thickness of 100 and 280 μm. For both bottom
cells, the perovskite thickness and its bandgap were varied. The
lower limit of the thickness of 700 nm represents a realistic case
as this thickness can be easily achieved with solution processing.[9,10,17,18,21,36–38] As the JPh saturates toward thicker ﬁlms
(Figure 3A), an upper limit of 1500 nm was chosen. For each thickness, the bandgap of the perovskite was varied by shifting the
refractive index n and extinction coefﬁcient k (measured via spectral ellipsometry for Eg ¼ 1.63 eV) along the wavelength axis to
cover a bandgap range of 1.63 to 1.78 eV (Figure S15,
Supporting Information).[39,40] The bandgap is taken as the inﬂection point of the perovskite absorption edge as shown in
Figure S16, Supporting Information. All other layers were kept
as in the experiment. An example of simulated EQE spectra with
various perovskite bandgaps is shown in Figure S17, Supporting
Information. Figure 3B shows the ideal top cell bandgap
Eg,top,matched as a function of the top cell's thickness when utilizing
a 280 μm and 100 μm thick silicon bottom cell (see also Table S3,
Supporting Information). The photogenerated current density of
the perovskite top cell JPh,Perovskite increases with thicker perovskite
layers. As a consequence, the photogenerated current density of

A

the silicon bottom cell JPh,Silicon decreases with thicker perovskite
layers (Figure S18, Supporting Information). Thus, for thicker
perovskite layers, it is necessary to widen the top cell bandgap
if current matching is desired. When increasing the thickness
from 700 to 1500 nm, the top cell bandgap needs to be increased
by 0.047 eV for both bottom cell thicknesses. In the best case, this
would improve the VOC. As evident from Table S3, Supporting
Information, the matched photogenerated current density
JPh,matched stays almost constant. In addition, the bottom cell thickness alters current matching conditions. We found that the reduction of the bottom cell thickness from 280 to 100 μm requires to
widen the top cell bandgap by 0.02 eV, regardless of the perovskite's thickness. However, simultaneously JPh,matched decreases
from 19.64 to 19.14 mA cm2 (average values). Therefore, for a
perovskite thickness of 700 nm, its bandgap needs to increase
from 1.69 to 1.71 eV if the bottom cell thickness is reduced.
The higher VOC from both top and bottom cell together
(40–50 mV) will exactly compensate the reduced JSC (when assuming that JPh,matched ¼ JSC). Obviously, the FF of the perovskite top
cells needs to remain the same regardless of the perovskite thickness to maintain the high PCE. Ultimately, a trade-off between
high JSC (thick silicon wafer and narrow perovskite bandgap)
and high VOC (thin silicon wafer and wide perovskite bandgap)
needs to be made to yield the highest efﬁciency. Finding this optimum bottom cell thickness will be work for the future. These simulations do not include any optimization of other (e.g., contact)
layer thicknesses. The adjustment of these layer thicknesses
can reduce the interference patterns appearing, especially in the
NIR wavelength range for the silicon subcell (see Figure S18,
Supporting Information). This would require an optimization
for each individual top cell bandgap and thickness.
The same simulations were performed for double-side textured tandem solar cells. As previously simulated and experimentally demonstrated,[4,6,19,20] the additional front-side texture
reduces reﬂection and removes interference patterns, enabling
higher JPh and JSC values (see Figure S19, Supporting

B

Figure 3. A) Simulated photogenerated current densities Jph of perovskite/silicon tandem solar cells as a function of the perovskite thickness. The
thickness of the silicon bottom cell is 100 μm and the perovskite bandgap is 1.73 eV. The rear side of the tandem cells is textured. The front side
is either ﬂat (denoted as “Flat”) or textured (denoted as “Textured”). The corresponding EQE spectra are shown in Figure S18, Supporting
Information. B) Ideal top cell bandgap which is needed to obtain current matching conditions as a function of the perovskite's thickness. Reducing
the thickness of silicon from 280 to 100 μm increases the ideal top cell bandgap by 0.02 eV for both textured and ﬂat front sides. The values including
the photogenerated current density are shown in Table S3 (Flat) and Table S4 (Textured), Supporting Information.
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Information, for simulated EQEs). The same trends appear as for
planar devices: With thinner silicon, a larger perovskite bandgap
is needed to ensure current matching conditions (See Table S4,
Supporting Information and Figure 3). When reducing the silicon thickness from 280 to 100 μm, the perovskite bandgap
should increase by 0.019 eV to maintain current matching at
the same perovskite thickness. However, this comes along with
a reduction of Jph,matched by 0.5 mA cm2.
Ultimately, the optimum bandgap not just depends on the
thickness of the perovskite layer and the thickness of the silicon
wafer. Luminescence from the perovskite top cell into the silicon
bottom cell will relax the requirement for current matching conditions.[41] Furthermore, it was previously shown that higher
operational temperatures and respective optical changes in top
and bottom cells will lead to different optimum perovskite top
cell bandgaps around 1.63 eV for highest energy yield with thick
bottom cell wafers.[20] The transition from a monofacial to a bifacial tandem solar cell reduces the bandgap as well, if current
matching should be maintained.[21] Therefore, the ideal device
design cannot be easily derived from the performance under
standard test conditions but needs to be derived for each case
individually considering realistic outdoor conditions.

4. Conclusion
We demonstrated perovskite/silicon tandem solar cells based on
industrially relevant silicon bottom cells, namely, 100 μm thin
CZ-wafer with an industrial deployed chemical polishing for
the front side and a textured rear side. For comparison, we fabricated tandem cells based on 280 μm thick FZ-wafers with a
chemical–mechanical polished front side, which is standardly
used in lab-scale devices. The CZ-based tandem cells have a
PCE of up to 27.89%, which is just slightly below the value of
28.15% for FZ-based tandem cells. However, the median PCE
of 27.8% indicates equal performance for both bottom cell types.
The median VOC increases from 1.89 V (max. 1.91 V) for the
FZ-based cells to 1.92 V (max. 1.94 V) for the CZ-based cells,
explained by the higher VOC of the thin CZ bottom cell.
Simultaneously, thinner silicon bottom cells present a lower
EQE in the IR region, leading to a lower photogenerated current
density and, thus, a lower JSC (19.1 vs 17.8 mA cm2). The
increased mismatch, when using an identical top cell, results
in improved FF values (77.2% vs 80.9%). After 1000 h continuous MPP-tracking, the nonencapsulated cells still performed at
67% (CZ) and 67 to 70% (FZ) of their initial PCEs. We performed
optical simulations to ﬁnd current matching conditions for the
100 and 280 μm silicon bottom cells with planar and textured
front sides. The perovskite bandgap needs to be increased by
0.02 eV when using a 100 μm thin silicon wafer instead of
the commonly used thickness of 280 μm. Simultaneously, the
expected JSC reduces by 0.5 mA cm2. The higher VOC from
both top and bottom cell together (40 to 50 mV) can exactly compensate the reduction in JSC for thinner wafers. Thus, to achieve
highest PCE values with industrial bottom cells, the perovskite's
bandgap needs to be widened to values well over 1.71 eV. The
precise optimum top cell bandgap in this region is highly important, as these wide bandgap compositions are typically prone
to phase segregation or are limited by nonradiative
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recombination.[42,43] Therefore, this work highlights that further
investigation is needed to enable highly efﬁcient and stable wider
bandgap compositions and with that, highest tandem PCE values
when using industry relevant bottom cells.

5. Experimental Section
Detailed information about the fabrication and characterization is given
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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G. Matič, B. Rech, R. Schlatmann, M. Topič, L. Korte, A. Abate,
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