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25.1% High-Efficiency Monolithic Perovskite Silicon Tandem
Solar Cell with a High Bandgap Perovskite Absorber

Patricia S. C. Schulze,* Alexander J. Bett, Martin Bivour, Pietro Caprioglio,
Fabian M. Gerspacher, Ozde S. Kabakli, Armin Richter, Martin Stolterfoht,
Qinxin Zhang, Dieter Neher, Martin Hermle, Harald Hillebrecht, Stefan W. Glunz,

and Jan Christoph Goldschmidt

Monolithic perovskite silicon tandem solar cells can overcome the theoretical
efficiency limit of silicon solar cells. This requires an optimum bandgap, high
quantum efficiency, and high stability of the perovskite. Herein, a silicon het-
erojunction bottom cell is combined with a perovskite top cell, with an optimum
bandgap of 1.68 eV in planar p—i—n tandem configuration. A methylammonium-
free FAg 75Cso.25Pb(lo 8Bro2)s perovskite with high Cs content is investigated
for improved stability. A 10% molarity increase to 1.1 m of the perovskite
precursor solution results in ~75 nm thicker absorber layers and 0.7 mA cm™
higher short-circuit current density. With the optimized absorber, tandem devices
reach a high fill factor of 80% and up to 25.1% certified efficiency. The unen-
capsulated tandem device shows an efficiency improvement of 2.3% (absolute)
over 5 months, showing the robustness of the absorber against degradation.
Moreover, a photoluminescence quantum yield analysis reveals that with
adapted charge transport materials and surface passivation, along with improved
antireflection measures, the high bandgap perovskite absorber has
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recombination into consideration, the max-
imum efficiency of a silicon solar cell is
29.4%.”1 To exceed this single-junction
limit, an absorber with higher bandgap
can be stacked on top in a tandem configu-
ration to reduce thermalization losses. The
optimal top cell bandgap is 1.72 eV, push-
ing the Shockley—Queisser limit to 42—-44%
for a silicon-based tandem solar cell.?*
Simulation under real-world conditions
predicts 32-38% with an optimized perovskite
bandgap of 1.65-1.74eV.>? First tandem
devices were realized using MAPDbI; (MA
for methylammonium (CH3;NH;)") with
a too low bandgap of 1.6eV reaching
13.7% efficiency.”) Since then, an enor-
mous rise in efficiency has been achieved
by switching to more advanced mixed-

the potential for 30% tandem efficiency in the near future.

1. Introduction

Perovskite silicon tandem solar cells are promising candidates to
overcome the theoretical limit of silicon solar cells that so far
dominate the photovoltaic market. The Shockley—Queisser limit
for a 1.12eV bandgap absorber is a33%!'—taking Auger

cation lead mixed-halide compositions with
higher bandgap and changing the device
polarity to p—i-n with optically more suitable
charge transport materials. The first of these
p-i—n tandem devices was reported by Bush et al. with a 1.64 eV
FA( 83Cs0.17Pb(Ipg3Bro 17)3 absorber (FA for formamidinium
[HC(NH,),]") and a certified efficiency of 23.6%.5) Within the
group of FA; ,Cs,Pb(I;_Bry)s;, fully textured devices with
improved light management were realized with a lower bandgap
of around 1.6eV increasing certified efficiency to 25.2%.01%
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Other groups published triple cation compositions (FA-MA-Cs)
with bandgaps ranging from 1.59 to 1.64 eV and certified effi-
ciencies up to 25.2%."'** The company Oxford PV surpassed
the record for single-junction silicon solar cell with 28% certified
efficiency; however, details on the device stack or processing con-
ditions were not provided.™” Very recently, Helmholtz Center
Berlin announced a new certified record of 29.15%; so far, details
on the processing or the absorber are not available.' Monolithic
perovskite silicon tandem solar cells with an optimum bandgap
of 1.65-1.7 eV have been reported with up to 27% efficiency,
however, without providing certification."*7?! Very recently
(around the start of the submission process of this article), a
25.8% certification for a 1.67eV was reported by Xu et al.
achieving also excellent efficiency in semitransparent solar cells
with a one-step gas-assisted perovskite processing method and
the addition of chlorine.””

In this work, we apply perovskite absorbers with optimum
optical bandgap of 1.68eV for the highest Si-based tandem
efficiency potential. The absorber thickness is adjusted by the
perovskite precursor’s molarity for increased absorption.
To guarantee good device stability, we focus on MA-free and
Cs-rich FAj75Csg25Pb(IggBro); perovskite compositions for
improved thermal and photostability, respectively.?'** Indeed,
good stability under working conditions and an efficiency
improvement over several months are observed for tandem
devices when stored in the dark under N,. A highest certified
efficiency of 25.1% is achieved with our adapted 1.68 eV perov-
skite absorber layer. Finally, we show that the potential of the
high bandgap absorbers is not yet fully exploited and that
unsuited charge transport layers and reflection losses are cur-
rently limiting the overall tandem performance.

Perovskite

FA0.75Cs0.25Pb(lo 8Bro )3 sl
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PTAA
ITO
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2. Results

2.1. Fabrication

The realized tandem solar cells consist of a planar p-i-n per-
ovskite solar cell on top of a rear-side textured heterojunction
silicon solar cell (Figure 1a). The bottom solar cell features phos-
phorous and boron-doped amorphous silicon (a-Si) as selective
contacts and intrinsic a-Si as passivation layers. The bottom cell
is connected in series with the top cell via an indium tin oxide
(ITO) recombination layer. The perovskite top cell is fabricated
via low-temperature processes only (<100 °C) to avoid any degra-
dation of the bottom cell. First, the hole transport layer poly[bis
(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is spin coated.
On top, poly(9,9-bis(3’-(N, N-dimethyl)-N-ethylammoinium-propyl-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br) is
used as wetting agent for the subsequent perovskite spin
coating”! Here, the perovskite composition FAg75Cso2sPb
(IogBro,)s is used. Evaporated Cgo serves as the electron
contact. A not fully stoichiometric tin dioxide (SnO,) buffer
layer is deposited with atomic layer deposition (ALD) to avoid
sputter damage in the following ITO sputter process for the
semitransparent front electrode. Both ITO layers (interconnec-
tion and front side contact) are sputtered through a mask with
four openings of 6 mm x 6 mm defining four individual solar
cells per substrate (photograph in Figure 1b). Ag electrodes were
evaporated through a mask defining a U-shaped busbar for each
of the four ITO pads and contact pads for external electrical con-
nection of the solar cells (Figure 1b). Finally, evaporated MgF, is
applied to reduce front side reflection. For current—voltage (I-V)
measurements, a shadow mask with an opening of 5 mm x 5 mm

MgF,
S g W Y

- - SnOX cg

FAg 75Cs0.25Pb(l0 8Bro2)3

Figure 1. a) Schematic structure of monolithic perovskite silicon tandem solar cells combining a high bandgap perovskite top cell with a silicon
heterojunction bottom cell. b) Photograph of a tandem substrate with four active cell areas. ¢) SEM image (cross section) of a tandem device with
zooms of the perovskite top cell and the silicon rear-side texture, respectively.
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is used to define the active cell area. The scanning electron micro-
scope (SEM) cross section of a tandem solar cell (Figure 1c) illus-
trates the difference in size of the two subcells (=250 pm-thick
silicon wafer and <1 pm-thick perovskite solar cell). Zooming into
the top cell shows a pinhole free absorber with large crystal grains
and thin charge transport layers.

2.2. Optimization of the Top Cell’s High Bandgap Perovskite
Absorber

2.2.1. Bandgap Tuning and Molarity Adaption

MA-free  mixed-cation  mixed-halide  perovskites like
FA,,Cs,Pb(I;.,Br,); are suitable for top cell absorbers in
tandem applications. Here, a low bandgap composition
FA053Cs0.17Pb(lo83Bro.17); with an optical bandgap of 1.63-
1.64 eV as obtained from Tauc plots and a high bandgap compo-
sition  FAg75Cs025Pb(losBro,)s with an optical bandgap
of 1.68-1.70eV are investigated.®'®*'! The high bandgap
absorber was chosen after compositional engineering with
adjustment of the Cs—Br ratio for improved photostability.*"
Bandgap tuning toward higher energies implies a reduction of
short-circuit current density (Jsc); therefore, increasing the
thickness of the absorber layer is an important challenge.
Figure 2 shows the effect of molarity increase in the perovskite
precursor solution on the photovoltaic performance parameters,
the absorptance, and external quantum efficiency (EQE) in
single-junction perovskite solar cells. Twelve solar cells per group
were produced; defective or interrupted I[-V curves were not
taken into consideration. Average photovoltaic parameters are
shown in Table S1, Supporting Information.

FAg75Cs0.25PD(l 6Bro.2)3

www.solar-rrl.com

The I-V results show that molarity optimization increased
the average current generation of the high bandgap absorber
(FA075CsS0.25Pb(IpsBro,)3) from 17.5mAcm 2 (1.0M) to
18.4 mA cm ™2 (1.1 M) closer to the 18.9 mA cm ™2 of the reference
cell with a lower bandgap (1.0M FA,g3Csg.17Pb(Io83B10.17)3),
which can be attributed to the improved absorptance from
600 nm to the absorber’s band edge as shown in EQE and absorp-
tance measurements (Figure 2d,e). Moreover, the open-
circuit voltage (Voc) and especially the fill factor (FF) improved
significantly for increased molarity (see Table S1, Supporting
Information). The expected Vo advantage of the higher bandgap
absorber only occurs for 1.1 and 1.2 M compositions, whereas the
highest FF (up to 77%) is obtained for cells with the 1.1 M high
bandgap absorber. Thus, fine-tuning of the molarity to 1.1M
allows pushing the overall efficiency up to 15%, similar to our
1.0M low bandgap reference, and shows reduced data spread.
Possible reasons for the strong impact of molarity variation on
all photovoltaic parameters are discussed in Section 2.2.2. We also
note that bandgap determination via x-axis intercept of a linear fit
of the EQE and the absorption onset, respectively, gives different
values of 1.64 and 1.68 eV for the high bandgap absorber and 1.61
and 1.64 eV for the low bandgap absorber with a discrepancy of
30-40 meV. In fact, it has been noted before that the effective
bandgap of a solar cells is better approximated by taking the peak
of the derivative of the EQE, which matches the values obtained
from the Tauc plots.2%%”)

2.2.2. Perovskite Thickness and Wrinkling

SEM analysis of cell cross sections confirms the targeted increase
in average film thickness with increasing precursor molarity

FAo 53CS0.17Pb(l0.83Br0.17)3
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Figure 2. a) Schematic structure of an opaque single-junction solar cell. b) Photograph of a glass substrate with four active cell areas. c) Photovoltaic
parameters of perovskite single-junction solar cells with variation in the precursor’s molarity and composition. d) EQE measurements with integrated
Jsc and determined bandgap (from intercept) for each group tested. e) Absorptance and Tauc plot (inset) with optical bandgap determination
(from intercept) for each molarity or composition. Improved absorption and current collection are achieved with increased precursor molarity.
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Figure 3. SEM images of single-junction perovskite solar cells (cross section) and PTAA/PFN/perovskite samples (top view), as well as AFM images.
The perovskite's layer thickness, quality, and roughness are strongly |nﬂuenced by molarity and composition.

(Figure 3). However, we note that within the range tested, the
relation is not linear; a clear average film thickness increase
of +24% (+76 nm) is present from 1.0 to 1.1 M, whereas a fairly
small increase of +3% (+10 nm) takes places from 1.1 to 1.2 M
(Table 1). These results match well with the respective Jsc values
presented in section 2.2.1. Consistent with the [-V results,
the best perovskite layer quality with large crystal grains was
obtained for 1.1 M. Additional SEM top-view images with high
magnification (Figure S1, Supporting Information) show
pinhole-free films for all compositions and suggest the largest
average grain size for the 1.1 M high bandgap precursor solution
and the smallest average grain size for the 1.0 M low bandgap
precursor solution. Moreover, the change in the precursor’s
molarity also affects the surface texture on a larger scale. SEM
top-view images with low magnification of the respective perov-
skite layers reveal that the surface is changing from rather flat to
a wrinkled structure. Atomic force microscopy (AFM) analysis
supports this observation, quantified by an increase in surface
roughness (average roughness R, and root mean square rough-
ness Ry; Table 1). Along with an increased film roughness, the
standard deviation of the film thickness is affected.

Our observations align with the existing literature describing
compositional or thickness changes to affect the perovskite’s
morphology.?*% Here, in-plane compressive stress in the inter-
mediate phase of film formation, triggered by a substrate with a
lower coefficient of thermal expansion, and consequent energy
release resulting in a wrinkled morphology are identified as
an underlying mechanism.**! All results from our application-
relevant molarity variation suggest that the precursor solution’s
molarity has strong influence on the crystallization dynamics
and, thus, film roughness and wrinkling, but does not show
a linear relation to average film thickness (Figure S2,
Supporting Information). Moreover, a reduced absorptance
around the band edge is present for the 1.0 M perovskite absorb-
ers, primarily due to their reduced layer thickness and possibly
due to a higher degree of structural and/or stoichiometric disor-
der in the film due to small grain formation. A 10% increase in
molarity to 1.1 M not only leads to a significant increase in layer
thickness but also impacts the whole crystallization dynamics
and grain growth resulting in films with large crystal grains
and probably less defects, with positive effect on all solar cell
parameters. Braunger et al. reported Jsc and especially Voc

Table 1. Perovskite layer evolution regarding thickness and surface wrinkling dependent on the precursor solution’s molarity and composition.

R, and Rq stand for average and root mean square roughness, respectively.

Perovskite precursor solution Perovskite layer thickness® [nm]

Perovskite surface texture® Perovskite surface roughness®

Ra [pm] Rq [pm]
1.0M FAg.75Cs0.25Pb(lo.sBro2)3 324£12 Rather flat 0.011 0.013
1.1 M FAg.75Cs0.25Pb(lo.8Bro2)3 400 + 27 (+24%)d) Emerging wrinkles 0.026 0.032
1.2 M FAg.75Cs0.25Pb(lo.sBro2)3 410+ 45 (+27%) Wrinkled 0.042 0.053
1.0M FAg83Cs0.17Pb(lo.s3Bro.17)3 336+ 14 (+4%)? Flat 0.011 0.014

JEstimated from SEM cross-sectional analysis at four positions with mean value and standard deviation; ®From SEM top-view images; “From AFM analysis; 9Change in

percentage compared with layer thickness of 1.0 M FAg 75Cso 25Pb(lo.3Bro.2)s.
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improvement comparing flat and moderately wrinkled low
bandgap FAg3Cs0.17Pb(Iog3Bro17)3 in p—i—n perovskite solar
cells and assumed the larger grain size and strain effects to cause
the higher Voc of wrinkled films.”® In our case, a further
increase in molarity to 1.2 M led to pronounced wrinkling, but
did not seem to improve the film quality any further. So far,
we did not observe a negative effect of wrinkles on the device
performance; however, strain-related long-term effects on device
performance and stability should be addressed in future studies.
Moreover, wrinkled surfaces set high requirements for subse-
quent thin film depositions. Here, vacuum-based processes like
evaporation, ALD, and sputtering, or spray coating are suitable
techniques. In our case, 15nm of evaporated Cgy and 20 nm
SnO, deposited by ALD allowed for conformal coating
(Figure S3, Supporting Information).

2.3. Implementation in Monolithic Perovskite Silicon Tandem
Solar Cells

The optimized top cell absorber FA75Csg25Pb(IgB1o,); with
a 1.1M precursor solution was implemented in monolithic
perovskite silicon tandem solar cells, using the cell structure
presented in Section 2.1. A stabilized efficiency of 25.1% was cer-
tified by Fraunhofer ISE CalLab PV Cells (Figure 4). An efficiency
histogram of all 12 tandem cells processed is presented in
Figure S4, Supporting Information.

The highest certified result was obtained around 5 months
after processing of the respective tandem batch. Within this time,
we measured the cell regularly inhouse and at ISE CalLab PV
Cells (photovoltaic parameters shown in Table S2, Supporting
Information) and observed an increase in efficiency rather than
degradation (all measurements in air, without encapsulation).
Figure 5 shows the performance evolution over time for the
certified tandem device. Inhouse measurements were carried
out with a light-emitting diode (LED) sun simulator calibrated
with a silicon solar cell. Here, also stabilized efficiency

www.solar-rrl.com

measurements (fixed maximum power point voltage Vyypp from
I-V scan tracked over time) were recorded and reveal a stable
behavior under working conditions as shown in Figure 5b with
slight efficiency increase over time.

EQE analysis (ISE Callab PV Cells) and reflection measure-
ments of the tandem device are shown in Figure 6. Repetition
of both measurements after 5 months gave similar results for
the perovskite’s EQE and device reflection; however, the silicon’s
EQE increased by around 9% corresponding to a rise in inte-
grated Jsc of around 1.6 mA cm™2 Moreover, a measurement
artifact was present, but could be corrected according to
Meusel et al.*" (Figure S5, Supporting information).

This EQE increase over a broad wavelength range suggests
that it is not caused by an improvement of the collection proba-
bility of the heterojunction bottom cell, but rather by increased
absorption due to reduced parasitic absorption in the overlying
layers. Based on the current literature on single-junction perov-
skite solar cells,*? one hypothesis is that absorbing subbandgap
states of the perovskite or its interfaces reduce the silicon
current in the first place. These may disappear with storage time
and lead to improved transmission to the silicon bottom cell.
Consequently, the current mismatch of the two subcells is
increased, which can explain the increase in FF (Table S2,
Supporting Information).l'**! The reason for reduced hysteresis,
slight increase in Vo, and significant performance improvement
might be connected with the mentioned vanishing of subbandgap
states and lattice strain relaxation.*? Especially for monolithic
tandem solar cells, such device changes are of utmost importance
as operation close to current matching needs to be considered for
highest performance. Thus, more investigation on the origin of
device changes and long-term stability is required.

2.4. Next Steps Toward 30% Efficiency

In comparison with our previously published n-i-p monolithic
perovskite silicon tandem devices using the same absorber

(a) (b) Sabs
20 - . , . % 1575 | ]
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Figure 4. Certified tandem solar cell results from Fraunhofer ISE CalLab PV Cells of the best perovskite silicon tandem solar cell. a) J-V curve
and corresponding photovoltaic parameters (inset). b) Steady-state tracking over time reaching 25.1% certified efficiency.
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Figure 5. a) Evolution of stabilized efficiency values for different measurement days within 6 months after processing with an efficiency increase after
application of 100 nm MgF, as ARC, followed by further efficiency increase over time (aging, tandem storage in the dark under N). Measurements were
recorded at a spectrally noncalibrated LED sun simulator (blue) and with a calibrated spectrum at Fraunhofer ISE CalLab PV Cells (red) b) A representative
stabilized efficiency measurement (normalized, corresponding to best performance obtained with the LED sun simulator ~5 months after processing)
over 30 min at Vjypp shows stable efficiency under working conditions. The dashed line shows the average efficiency (start at 305s).
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Figure 6. EQE of the perovskite top solar cell (blue) and the silicon bottom solar cell (red) measured at Fraunhofer ISE CalLab PV Cells and 1-Reflectance
(R) of the tandem solar cell. The perovskite’s EQE (solid line) is scaled to the photocurrent of the respective J-V curve (dashed line, marked with *).
a) First measurement =1 month after processing and b) repeated measurement ~5 months after processing; here a measurement artifact was removed
according to Meusel et al.B" (see Figure S5, Supporting Information). Comparison of the two data sets shows similar perovskite EQE and reflection,

however increased silicon EQE and reduced internal losses in the measurement after 5 months.

composition,?! the change in device polarity to p—i—n allows for
an improved FF and Jsc. This is due to the favorable optics and
the thin charge transport materials that are used in the p—-i-n
device architecture. However, the Vo decreased by around
70 mV when switching from n-i—p to p-i-n, even though the
p-type bottom cell (=730 mV) provides a slightly higher Voc
compared with the n-type bottom cell (=720mV). To clarify
the origin of this drop, we determined the internal quasi-
Fermi-level splitting (QFLS) from absolute photoluminescence
(PL) measurements (Figure 7).%*24 Layer stacks of the perov-
skite in combination with the different transport layers were
examined.

Here, the limiting interface of the high bandgap perovskite
was found to be the perovskite/electron transport layer (ETL)
interface. Addition of the ETL resulted in a drop of the QFLS
of 36 meV compared with the hole transport layer (HTL)/
perovskite layer stack. We assume that the evaporation of Cgo

Sol. RRL 2020, 4, 2000152 2000152 (6 of 10)

at low rates does not damage the perovskite and, thus, attribute
the drop in QFLS to increased nonradiative recombination at the
perovskite/ETL interface as previously observed for other perov-
skite compositions.****! To overcome this limitation, a series
of passivation layers were added between the perovskite/ETL
interface, namely, evaporated LiF, poly(methyl methacrylate)
(PMMA), and a blend of [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM) and PMMA. Consistently with previous
reports,[?1233%37] these interlayers improved the photolumines-
cence quantum yield (PLQY) reducing the nonradiative recom-
bination at the interface with Cg. The strongest effect was
obtained with the PMMA interlayer, which induced a gain of
21 meV, pushing the QFLS to 1.189 eV. Noteworthy, reaching
such a Ve in the subcell of the tandem device would allow
to increase efficiency up to 26.7%. On the contrary, the measured
Voc in the single-junction solar cell of 1.08 V lies well below the
QFLS of the respective (unpassivated) HTL/perovskite/ETL stack

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) PL quantum yield measurements of the high bandgap perovskite (1.68 eV) in combination with its charge transport layers and additional
passivation layers at the perovskite/Cg interface. b) Deduced QFLS of each layer stack, as well as the Voc from the respective single-junction device.
The arrow highlights the offset between the Voc of the solar cell and the QFLS of the respective p—i—n layer stack (dashed line).

(1.168 eV). This implies that the difference of the majority carrier
quasi-Fermi levels at the respective contacts is actually lower than
the QFLS within the volume of the perovskite absorber layer.
Thus, in addition to nonradiative bulk and interfacial recombina-
tion, an unfavorable band alignment occurs at the interfaces, pos-
sibly due to injection/tunnel barriers?®**® and/or (ionic) charge
accumulation at the interfaces. Thus, investigation on energeti-
cally adapted charge transport layers for the 1.68 eV perovskite
and their passivation will be crucial to realize the full potential
of the high bandgap perovskite absorber.

Furthermore, the tandem current needs to be improved. Our
simple planar MgF, ARC still leaves 5.5 mA cm ™2 of current loss
in the tandem device due to reflection (Figure 6). More advanced
antireflection strategies, such as foils or additional polymer layers
with pyramidal or moth-eye structuring, could further minimize
reflection losses.!"""'®2%*% In addition, our tandem devices so far
feature a comparably thick ITO recombination layer between the
two subcells that can give rise to significant reflection losses
due to large changes in refractive indices comparing silicon
to the transparent conductive oxide and perovskite.”?! It can
be replaced by a thinner ITO layer or exchanged by a tunnel diode
for reduced reflection losses to increase the current in the silicon
bottom cell.”***42 In a last step, simulation and spectral
analysis can finally give valuable guidelines to fine-tune the
perovskite absorber (thickness, bandgap) to reach a point close
to current matching of the two subcells. A rise of tandem Js¢
to 20 mA cm ™2 as already achieved,>** together with 1879 mV
(QFLS with PMMA passivation), and the presented FF of 80%
would enable 30% perovskite silicon tandem devices.

3. Conclusion

In this work, we presented a 25.1% certified efficiency for a
monolithic perovskite silicon tandem solar cell with a MA-free
high bandgap composition and FF reaching 80%. A variation
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of the precursor’s molarity effectively increased the absorber’s
layer thickness and current collection of perovskite solar cells.
Improved absorption close to the band edge and excellent film
quality with large crystal grains were obtained for 1.1m
FAg.75Cs0.25Pb(IogBro,); precursor solutions. An increase in
molarity went along with changes in crystallization dynamics
and stress-related film wrinkling. Adapted thickness of subse-
quent evaporation and ALD processes enabled conformal contact
deposition on wrinkled perovskite and high device performance.
Moreover, an efficiency improvement was observed for tandem
devices over 5 months when stored under N, in the dark. Further
long-term investigations under operating conditions need to be
carried out to understand performance evolution and their
causes. Furthermore, we presented a loss analysis of our top cell
based on QFLS measurements, which highlighted the limita-
tions imposed by the perovskite/Cg interface on the Voc of
the top cell. Potential passivation layers such as LiF and
PMMA show improved quasi-Fermi-level splitting. In addition,
the comparatively high reflection losses of 5.5 mA cm ™2 need to
be reduced for further advancements, for instance, by using a
moth-eye structured foil. Together, these measures make over
30% efficient monolithic perovskite silicon tandem solar cells
a realistic target in the near future.

4. Experimental Section

Silicon Bottom Cell Fabrication: Silicon solar cells were fabricated
from 250 pm-thick silicon wafers (Siltronic, p-type, float zone, base resis-
tivity 1 Q cm). A pyramidal texture was etched using potassium hydroxide
(KOH) on one side of the wafer. After RCA cleaning the silicon surface, an
intrinsic + doped amorphous silicon passivation layer stack was deposited
on both sides using plasma-enhanced chemical vapor deposition (PECVD)
in an Indeotec cluster tool. The thickness of the undoped layer was
~6.0nm on the planar and the textured side; the thickness is defined
via the deposition time, which was longer for the textured side to account
for the increased surface area compared with the planar side. The thick-
ness of the n-doped and p-doped amorphous silicon layer was 12 nm.
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The amorphous silicon deposition was performed in a parallel-plate
PECVD reactor powered at 13.56 MHz, at 200 °C using mixtures of silane
(SiHy4), hydrogen (H,), phosphine (PHj;), and trimethylboron (TMB).
Subsequently, ITO (In,03/SnO, =90/10 wt%) was DC sputtered in an
Oxford Instruments cluster tool on both sides using mixtures of argon
and oxygen. On the textured side 195 nm of ITO was deposited on the
full area, on the planar side ~80nm of ITO was sputtered through a
shadow mask with 6 mm x 6 mm openings defining the individual cells
of the tandem device. Increased deposition time was applied for the tex-
tured side taking the higher surface area compared with the planar side
into account. Before a-Si and ITO deposition, the wafers were dipped in an
aqueous solution of 1% hydrogen fluoride (HF) to remove silicon oxide
(SiO,). After ITO sputtering, a 1000 nm-thick silver layer was deposited
on the textured side of the wafer as a rear contact. Finally, the wafers were
cut by a chop saw in 2.5 cm x 2.5 cm large substrates each containing four
ITO pads.

Perovskite Top Cell Fabrication: Perovskite top solar cells were fabricated
in the planar p—i—n architecture using low-temperature processes
(<100°C). First, bottom cells were treated 15min in a UV/Ozone
Cleaner Plus from Bioforce Nanosciences. Then, 120 uL of 3 mgmL™"
PTAA (Sigma-Aldrich) in toluene was spin coated at 6000 rpm for 30 s with
an acceleration time of 3 s, followed by 10 min annealing at 100 °C. Then,
60 uL of 0.5 mg mL™" PFN-Br (1-Material) in methanol was spin-dropped
at 5000 rpm for 20s. For the perovskite absorber, stoichiometric
weighing of formamidinium iodide (FAI, Greatcell Solar), caesium iodide
(Csl, 99.999%, Sigma-Aldrich), lead bromide (PbBry, 99.999%, Sigma-
Aldrich), and lead iodide (Pbl,, 99.99%, TCl) was carried out for
FAo.75Cs0.25Pb(lo.sBro2)3. Dimethyl sulfoxide (DMSO, >99.9%, Sigma-
Aldrich) and dimethyl formamide (DMF, 99.8%, Sigma-Aldrich) (1:4) were
added to give the optimized molarity of 1.1 M. The solution was stirred
at 60 °C overnight and spin coated (150 pL per substrate) at 4000 rpm
for 35 s with an acceleration time of 3 s with drop of 300 pL ethyl acetate
(antisolvent) 10 s after the start. After 1 h of annealing at 100 °C, 15 nm of
Ceo (Solenne) was thermally evaporated at 107°~10"° mbar with rates of
around 0.3 As™". Then, 20 nm of SnO, were deposited by ALD at 80°C
(FlexAL system from Oxford Instruments). Tetrakis(dimethylamino)
tin(IV) (TDMASnh) and deionized water were used as the metal precursor
and the oxygen precursor, respectively. Argon was applied as purge gas
with a flow rate of 200 sccm. The dose and purge times were 0.3/10/
0.2/10's for TDMASn/purge/H,O/purge. TDMASnh was heated to 50°C
while deionized water was kept at room temperature. The ITO front con-
tact (70 nm thick) was sputtered in the Oxford Instruments cluster tool at
low power of 40W at 50°C with 30 sccm argon. A shadow mask with
6 mm x 6 mm large openings was used aligning the front contact to
the recombination layer between the two subcells. Subsequently,
~170 nm thick silver (Ag) electrodes were thermally evaporated (pressure
~107® mbar, rate 1 nms™") through a mask defining a U-shaped busbar
(5 mm between opposite busbar sides) for each of the four ITO pads.
Finally, 100 nm of magnesium fluoride (MgF,) was thermally evaporated
(pressure ~10~® mbar, rate 1nms ') as antireflection coating (ARC).

Perovskite Single-junction Solar Cell Fabrication: Perovskite single-
junction solar cells shown in Figure 2 were fabricated on commercial
ITO-coated glass (AMG, 7Qsq™", 25 x 25 mm?). The substrates were
cleaned in acetone (2x), isopropanol (2x), and deionized water 5 min
each and exposed to UV irradiation for 15 min. Afterward, similar process-
ing was conducted for PTAA and PFN-Br as described for the perovskite
top cell processing. For the variation of the perovskite bandgap (fixed
molarity of 1.0 M), stoichiometric weighing of formamidinium iodide,
caesium iodide, lead bromide, and lead iodide was carried out for
FA0.83Cs0.17Pb(lo.g3Bro.a7)s and  FAg75Cso2sPb(losBroz)s, respectively,
and dimethyl sulfoxide and dimethyl formamide were added in a 1:4 vol-
ume ratio. For the molarity variation of FAg 75Csg25Pb(lo.8Bro2)s also 1.1
and 1.2 M precursor solutions were prepared. Perovskite spin coating,
Ceo evaporation, and SnO, ALD were kept similar to the top cell fabrica-
tion. Solar cells were finished by evaporation of 100 nm-thick Ag contacts.
Sample stacks for PLQY measurements were processed similar to
single-junction solar cells. The additional passivation layer of 1 nm LiF
(Sigma-Aldrich) was thermally evaporated at 107°~107° mbar; in the case
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of PMMA (Sigma-Aldrich) and the blend of [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCBM, Solenne) and PMMA, 80 uL were spin-dropped
at 5000 rpm for 30's, followed by 10 min of annealing at 100 °C. PMMA
(1mgmL™") and PMMA (1 mgmL™")-PCBM (3 mgmL™") in chloroben-
zene were prepared according to Peng et al.®!

Current—Voltage Characterization: Current-voltage (I-V) characteristics
of perovskite silicon tandem solar cells were measured using a LED sun
simulator (Wavelabs, Sinus-220). The perovskite single-junction solar cells
were measured with a sun simulator equipped with a xenon short arc lamp
and a Keithley 2651 A source meter in a glove box under nitrogen; over-
estimation of currents was adjusted by a correction factor derived from
measurements in nitrogen and in air of selected cells. In all cases, light
intensity was calibrated to 1 sun under the AM1.5g spectrum using a silicon
reference cell. All solar cells were first measured in forward and reverse scan
direction (—0.1 to 1.9V for tandem solar cells, —0.1 to 1.2V for perovskite
single-junction solar cells) with a scan speed of 47mVs™" and a voltage
step of 20 mV. For stabilized measurements, a fixed voltage (mean value
of the maximum power point voltages obtained from forward and reverse
scan) was set and the current was tracked over time. A shadow mask was
used to define an active area of 0.25 cm?. All measurements (I-V scans and
stabilized measurements) have been repeated several times for each solar
cell and data with highest performance is shown in the graphs.

CalLab PV Cells Measurements: Spectral response measurements
of perovskite silicon tandem solar cells were measured at a laser-based
measurement setup.[*”] Two different selective bias-illuminations and
required bias-voltages were used to resolve both subcells.*® Bias-settings
were adjusted to minimize measurement artifacts.®"*”*® |-V character-
istics of perovskite silicon tandem solar cells were measured at a
dual-source sun simulator (Wacom, WXS-220SL2). The light intensity
was calibrated with filtered reference cells, each matching to a subcell.
Spectral settings of the sun simulator were retrieved based on the spectral
response of the subcells and calculated according to a generalized
mismatch correction [IEC 60904-7; Ed.3 2008] by Meusel et al.l*%}

For the efficiency certification, I-V scans were recorded in both direc-
tions (Voc — Isc and Isc — Vo) within approximately 1 min per -V curve.
Then the cell was set to the point of maximum power P, which is
adjusted by slight variation of the voltage. The current and voltage was
logged for 5 min (steady-state measurement) and another I~V scan in both
direction was repeated. A detailed description of the measurement
uncertainties can be found in the literature.®

Absolute PL Measurements: Excitation for the PL imaging measurements
was performed with a 520 nm continuous wave laser (Insaneware)
through an optical fiber into an integrating sphere. The intensity of the
laser was adjusted to a 1 sun equivalent intensity by illuminating a
1 cm?size perovskite solar cell under short-circuit and matching the cur-
rent density to the Jsc under the sun simulator (e.g., ~22.0mAcm 2 at
100 mW cm ™2, or 1.375 x 10%' photons m™2s™" for a 83-17 triple cation
perovskite cell). A second optical fiber was used from the output of the
integrating sphere to an Andor SR393i-B spectrometer equipped with a
silicon charge-coupled device camera (DU420A-BR-DD, iDus). The system
was calibrated by using a halogen lamp with known spectral irradiance,
which was shone into to integrating sphere. A spectral correction factor
was established to match the spectral output of the detector to the
calibrated spectral irradiance of the lamp. The spectral photon density
was obtained from the corrected detector signal (spectral irradiance) by
division through the photon energy (hf), and the photon numbers of
the excitation and emission were obtained from numerical integration
using Matlab. In a last step, three fluorescent test samples with high
specified PLQY (~70%) supplied from Hamamatsu Photonics where
measured where the specified value could be accurately reproduced within
a small relative error of less than 5%.

Further Characterization: Scanning electron microscopy images were
taken with a Schottky emission SEM (Zeiss, Auriga 60) at 5 kV. An in-lens
and a secondary electron detector were used for top-view (45° tilt) and
cross-sectional imaging. Prior to analysis, a thin platinum layer was
sputtered on the cross section of cut samples to improve conductivity.

Spectral response curves of single-junction perovskite solar cells were
acquired on a custom-made spectral response setup at PV-Lab, Neuchatel
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equipped with a xenon lamp, a grating monochromator and lock-in ampli-
fiers, with chopped light at a frequency of 232 Hz, and a beam size of 2 mm?.

Reflectance and transmittance measurements were carried out using
a Lambda 950 spectrophotometer from Perkin Elmer equipped with an
integrating sphere (250-1200 nm, step size of 2nm). Reflectance
measurements of tandem devices were recorded at a LOANA solar cell
analysis system from pv-tools.

AFM was performed on a Bruker Dimension Edge in a tapping mode
with a scan rate of 0.1 Hz and a resolution of 512 x 512 points.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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