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Triple-cation low-bandgap perovskite thin-films
for high-efficiency four-terminal all-perovskite
tandem solar cells¥
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All-perovskite multi-junction photovoltaics, comprised of a wide-bandgap (WBG) and a low-bandgap (LBG)

perovskite solar cell (PSC), has opened a new window to cost-effective yet highly efficient solar cells (>33%).

However, the poor operational stability of LBG PSCs is a major obstacle to the technological advance of all-

perovskite tandem solar cells (all-PTSC). This study demonstrates that introducing minute quantities of Cs
(1-10%) into the LBG FAg gMAq 5Sng 5Pbg 513 perovskite semiconductors (Eq = 1.26 eV) significantly improves
the operational photo-stability of the corresponding LBG PSCs, due to a reduction of residual nanosized

Sn,Pb_,)l> aggregates,

resulting

in a beneficial stoichiometric composition. For an optimal

concentration of Cs (2.5%) in the investigated range, the LBG PSCs attain remarkable power conversion
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efficiency (PCE) as high as 18.2% and maintain up to 92% of their initial power output after two hours

under simulated one sun illumination. By mechanically stacking high-performance LBG bottom PSCs

DOI: 10.1039/d0ta07005j

rsc.li/materials-a attainable.

1. Introduction

The rapid growth in power conversion efficiency (PCE) of single-
junction organic-inorganic perovskite solar cells (PSCs) from
3.8% to 25.5% over the past few years™* has attracted intensive
attention and encouraged further investigations in the perov-
skite field. While the PCE of single-junction PSCs is limited to
the theoretical Shockley-Queisser (SQ) radiative efficiency (31—
33%),? tandem technologies offer a route to surpass the SQ limit
by combining a top solar cell with a wide-bandgap (WBG)
absorber and a bottom solar cell with a low-bandgap (LBG)
absorber, through either two-terminal (2T) or four-terminal (4T)
tandem configurations. Metal halide perovskite
conductors (with a chemical structure of ABX;) composed of
a variety of chemical components comprised of organic and/or
inorganic cations (A = formamidinium (FA"); methyl-
ammonium (MA"); cesium (Cs")), divalent metals (B = lead

semi-
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with semi-transparent top PSCs (Eg = 1.65 eV), four-terminal all-PTSCs with high PCE of 23.6% are

(Pb*"); tin (Sn**); germanium (Ge®")), and halide anions (X =
iodide (I"); bromide (Br™); chloride (Cl ™)), possess a wide range
of bandgaps between 1.10-1.55 eV (ref. 4 and 5) and 1.5-2.3 eV
(ref. 6-8) by tuning the Sn:Pb and I: Br ratio, respectively.
Therefore, this class of materials is suited for both WBG top and
LBG bottom solar cells in an all-perovskite tandem solar cell
(all-PTSC) configuration.®™® All-PTSCs with current record PCEs
of 25.4% for a 4T and 24.8% for a 2T"® configuration benefit
from simple and potentially cost-effective fabrication processes
via both solution’ and vapor®*** deposition methods. However,
to date, the low operational stability and performance of LBG
bottom PSCs is one of the major hurdles towards high-efficiency
all-PTSCs. Therefore, investigating strategies that address the
poor stability of LBG PSCs is essential.

Partial substitution of Sn>* for Pb** in pure Pb-based
perovskite semiconductors desirably lowers the bandgap to
1.1-1.3 eV, which is suited for LBG bottom solar cells in all-
PTSCs.*'*?22* Unlike Pb, Sn is prone to oxidation from Sn>* to
Sn*". Therefore the Sn-Pb-based PSCs suffer from lower
stability even in an inert atmosphere with a trace amount of
oxygen.'®*>?¢ The most common strategies to prevent oxidation
are incorporating antioxidant additives such as SnF,*?°
SnBr,,%*?”3* SnCl,,?”*> GuaSCN," ascorbic acid,*® and sulfonic
acid group,* applying 2D components as passivation layers,*’
compositional engineering,*® as well as utilizing Sn-reduced
precursor solutions.'* In addition to the oxygen-induced
degradation, other possible degradation mechanisms such as

This journal is © The Royal Society of Chemistry 2020
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thermal decomposition,**** light-induced degradation,**> and
crystal-structure transition**** are less explored for Sn-Pb-based
PSCs. The crystal structure of perovskite semiconductors
strongly affects the thermal and phase-stability of perovskite
thin-films. In that regard, compositional engineering is an
established strategy to adapt the crystal-structure of ABXj,
which is determined by the size and interaction of the A-site and
the BX¢ octahedra.*® To form a stable perovskite structure, the
ra +rx
V2(rg +1x)
and rx are the radii of the respective atoms, is supposed to be
between 0.8 and 1.0.** Implementing mixed cations at the A-site
is a well-established approach to tune ¢ in the relevant range.
For example, incorporating small quantities of Cs into the
crystalline lattice of double-cation FA,MA; _,) perovskite semi-
conductors is reported to improve structural stability and the
optoelectronic properties of Pb-based perovskite absorber
layers.***” As reported, the lattice alterations result in a reduc-
tion in trap density in the bulk and the grain boundaries,
thereby reducing non-radiative recombination rate and
improving the performance and the stability of corresponding
PSCs.***” Similarly, incorporating Cs in Sn-Pb-based perovskite
is reported to have beneficial effects on the photovoltaic
performance of LBG PSCs.'>'****® Leijtens et al. demonstrated
that a total substitution of Cs for MA in an FA,¢MAg 4Sng -
Pb, 415 composition leads to an enhanced thermal and opera-
tional stability in the respective PSCs.** Furthermore, it was
verified that Cs incorporation into mono-cation Sn-Pb-based
perovskite reduces the crystallization rate, leading to an
improved film formation, which effectively suppresses the Sn**
oxidation if exposed to the ambient environment.*® The open-
circuit voltage (Voc) and the short-circuit current (Jsc) of
MASN, 5Pby 513 and FASn, sPb, sI; LBG PSCs are reported to be
considerably improved by incorporating Cs into the crystal
structure.*® A recent study investigated the role of Cs when
integrated into a double-cation FAjsMA( 5SngsPbysl; LBG
perovskite.”® According to the results, a strain reduction
induced by the addition of Cs results in reduced trap densities,
and therefore improves the optoelectronic performance of the
corresponding PSCs.*® Aside from the above-mentioned studies,
in which the incorporation of Cs was shown to effectively
improve the efficiency of LBG PSCs, the possible effects of Cs
incorporation in improving the photo-stability of Sn-Pb-based
LBG PSCs have not been investigated yet.

In this work, we study LBG PSCs with the absorber compo-
sition Cs,(FAg sMAg ;)(1—x)SNo.sPbo 515 (With x = 0%, 1%, 2.5%,
5%, and 10%) and demonstrate significantly improved photo-
stability upon introducing minute amounts of Cs with PCEs
as high as 18.2% for x = 2.5%. Our analyses, based on scanning
electron microscopy (SEM), cathodoluminescence (CL), and X-
ray diffraction (XRD) reveal that Cs incorporation mitigates
the formation of nanosized Sn,Pb(; )1, aggregates (with 0 <y <
1) at the interface of the perovskite absorber and the electron
transport layer (ETL). This mitigation correlates to the photo-
voltaic performance of the PSC devices, such that for a specific
Cs concentration in the investigated range PSCs attain
enhanced operational photo-stability. Finally, combining the

Goldschmidt tolerance factor, t = , where 7, g,
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highest-performing triple-cation LBG PSCs (E; = 1.26 eV) with
semi-transparent double-cation PSCs (E; = 1.65 €V), we report
on 4T all-PTSCs with PCE as high as 23.6%.

2. Results and discussion

Given the rapid crystallization rate, the formation of high-
quality solution-processed Sn-based perovskite thin-films is
more challenging to control compared to their Pb-based coun-
terparts.'® In a previous publication, we introduced the vacuum-
assisted growth control (VAGC) method as an efficient strategy
to process pin-hole free Sn-based perovskite thin-films.*®
Applying the same method here, we prepare mixed Sn-Pb
perovskite thin-films in the composition Cs,(FA;gMA.,)(1—x-
Sng 5Pby sI; with x = 0%, 1%, 2.5%, 5%, and 10%, hereafter
denoted as Cs0%, Cs1%, Cs2.5%, Cs5% and Cs10%, respec-
tively. The experimental section provides the reader with more
details on the PSC devices and perovskite thin-films fabrication.
Fig. 1a illustrates the layer sequence of a LBG PSC consisting of
glass/indium tin oxide (ITO) (230 nm)/poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) (6 nm)/Cs (FAgsMAq.)1—x)
Sny sPbgsI; (~550 nm)/phenyl-Cg,-butyric acid methyl ester
(PCBM) (8 nm)/buckminsterfullerene (Cqo) (25 nm)/2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (3 nm)/silver
(Ag) (100 nm), together with a cross-sectional SEM image of
the same layer stack with a Cs2.5% perovskite thin-film. Fig.-
Siat depicts a cross-sectional SEM image of a PSC with the
same layer stack with Cs0% perovskite thin-film. In Fig. 1b, we
compare maximum power point (MPP) tracking results of LBG
PSCs prepared with different Cs concentrations that are
measured for 120 min under constant air-mass 1.5 global (AM
1.5G) solar illumination at 25 °C in a N,-filled glovebox (O, <
0.2 ppm; H,O < 0.4 ppm). Notably, incorporating Cs in very
small quantities enhances the operational photo-stability of
LBG PSCs, such that the stabilized PCE (SPCE) of the PSCs with
Cs2.5% and Cs5% maintain 92% and 99% of their initial values
after 120 min of MPP tracking, respectively. Compared to the
PSC with Cs0%, for which the PCE degrades to 61% of its initial
value, the beneficial role of Cs in improving the photo-stability
of the PSC devices is apparent. The absolute values of the PCE
for the PSCs with different Cs concentrations over 5 and
120 min are shown in the inset of Fig. 1b and S1b, respectively.
A champion PSC with an optimized Cs concentration of 2.5%
exhibits an initial SPCE of 17.5%. It should be noted that this
level of stability for Sn—-Pb-based perovskite has been attained in
the absence of additives such as GuaSCN" or incorporation of
Br and Cl™.*>* Fig. S1ct compares the current-density-voltage
(J-V) scans of the champion PSCs prepared with different Cs
concentrations, among which PSC with Cs2.5% exhibits the
highest PCE of 18.2% in the backward scan direction, enabled
by Jsc over 32 mA ecm ™2, which is among the highest currently
reported. The integrated Jsc values calculated from the external
quantum efficiency (EQE) responses of the PSCs with Cs0%,
Cs1%, Cs2.5%, Cs5%, and Cs10% (Fig. S1df) are 29.4, 29.5,
31.4,29.0, 27.3 mA cm ™2, respectively, which confirm the trend
observed in the J-V scans. To indicate the reproducibility of the
results, we repeat the MPP tracking measurement for six PSCs of
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Fig. 1

(a) Schematic illustration and a cross-sectional scanning electron microscopy (SEM) image of a low-bandgap (LBG) perovskite solar cell

(PSC) composed of a triple-cation Cs,(FAg sMAg 2)1-xSNo.sPbo sl LBG perovskite absorber layer with x = 2.5% (denoted as Cs2.5%). The scalebar
on the top-left is indicative of 300 nm. (b) Stabilized power conversion efficiency (SPCE) of the best performing Cs,(FAg gMAp 2)1_xSNo.sPbosls
LBG PSCs with different Cs concentrations varying from x = 0%, to 1%, 2.5%, 5%, and 10% (denoted as Cs0%, Cs1%, Cs2.5%, Cs5%, and Cs10%,
respectively) under AM 1.5G illumination (100 mW cm™2) at MPP tracking conditions at 25 °C for 120 min; SPCE are normalized to their initial
values (when the light is switched on). Inset: absolute values of the initial SPCE for the same PSCs over the first 5 min.

each Cs concentration that are identically prepared in different
batches. Fig. S2,1 exhibits the results of the MPP tracking of
these devices at 0 min (when the light is switched on) and after 5
and 120 min, which is following the same trend as Fig. 1b.
Furthermore, based on the J-V characteristics derived from 30
LBG PSCs of each Cs concentration, which were identically
prepared in 10 different batches, the average PCE of the PSCs
with Cs2.5% is the highest in the investigated range (0% to
10%) (Fig. S3 and Table S1t). We observe that the performance
of the PSCs enhances slightly after one night being stored in an
N,-filled glovebox with an oxygen level less than 0.2 ppm in the
dark, which is due to a slight improvement mainly in V¢ and
fill factor (FF) (Fig. S41). We relate this enhancement to the
spontaneous enhancement phenomenon that has been previ-
ously reported for PSCs with various perovskite compositions
and structures.’*** As portrayed in our previous work,* spon-
taneous enhancement in the PCE of PSCs is a general
phenomenon and possibly occurs due to a reduction in strain-
induced trap states in the bulk of the perovskite materials,
which happens gradually over time due to strain relaxation.

24610 | J Mater. Chem. A, 2020, 8, 24608-24619

To understand the role of Cs in the photovoltaic enhance-
ment of the PSCs, we study the morphology and photo-physics
of the perovskite thin-films in the following. SEM images
(Fig. 2a) reveal that the perovskite thin-films with Cs0% to Cs5%
are all compact and pinhole-free. In contrast, perovskite thin-
films with Cs10% exhibit pinholes and cracks between the
grains denoting a poor morphology with inhomogeneous
coverage, which results in reduced photovoltaic performance in
the respective PSCs (Fig. S31). We also note that the size of the
perovskite grains enlarges by increasing Cs concentration (from
217 nm for Cs0% to 570 nm for Cs10%), which is indicative of
fewer grain boundaries, and therefore limited non-radiative
recombination due to fewer trap states at the grain bound-
aries.*® Grain boundaries might result in increased recombi-
nation losses and decreased device stability under illumination
due to defect-induced ion migration.>° Furthermore, SEM
images exhibit the formation of bright nanosized aggregates
(<100 nm) on the surface of LBG perovskite thin-films. These
aggregates are mitigated by adding Cs and completely disap-
pear by increasing the Cs concentration to 10% (Fig. 2a). The

This journal is © The Royal Society of Chemistry 2020
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(a) Top-view scanning electron microscopy (SEM) images of Cs,(FAg.gMAg2)1_xSNno.sPbg sls low-bandgap perovskite thin-films with Cs

concentrations varying from x = 0%, to 1%, 2.5%, 5%, and 10% (denoted as Cs0%, Cs1%, Cs2.5%, Cs5%, and Cs10%, respectively) deposited by the
vacuum-assisted growth control method. The scalebar is indicative of 1 um. (b) Comparison of the relative area (RA) of the bright nanosized
aggregates (=area of the aggregates/area of the grains), the stability factor (SF = SPCEfna/SPCEiniia), and the average PCE (PCE,,.) of the PSC
devices, as a function of Cs content. SPCEgn, and SPCE;iia are the initial (when the light is switched on) and final (after 120 min) values of the
SPCE derived from maximum power point (MPP) tracking under constant AM 1.5G solar illumination at 25 °C.

approximate relative area (RA) of the bright nanosized aggre-
gates is compared with the stability factor (SF) and the average
PCE (PCE,,.) of the PSCs as a function of Cs concentration in
Fig. 2b. For the investigated range, there seems to be an optimal
amount of Cs (2.5%) to obtain the highest PCEs, while a higher
Cs concentration (5%) is beneficial for device photo-stability.
Residual PbI, is reported to cause degradation of the estab-
lished Pb-based perovskite thin-films under illumination even
in an inert atmosphere.®** Therefore, having verified that
incorporating Cs decreases the aggregates observed on the
surface of LBG perovskite thin-films and improves the opera-
tional photo-stability of the respective PSCs (Fig. 2b), one may
hypothesize that these nanosized aggregates are residual Pbl,
crystals that suffer from an intrinsic photo-instability caused by
photo-decomposition under illumination.®*****% However,
considering the chemical structure of our LBG perovskite,
containing Sn and Pb, the bright nanosized aggregates might be
also composed of residual SnI, or Sn,Pb(;_,I,. CL is a suitable
characterization technique to detect phase segregations and
residual materials such as Pbl, excess in perovskite thin-
films.**** We compare CL spectra of LBG perovskite thin-films
with different Cs concentrations within the spectral range

This journal is © The Royal Society of Chemistry 2020

from 400 to 900 nm (Fig. 3a). A broad CL peak located at around
600 nm gradually diminishes with increasing the concentration
of Cs from 0% to 10%. This peak indicates the presence of
a WBG phase or a material with a bandgap of about 2.1 eV,
which is much higher than the bulk bandgap of LBG perovskite
thin-films (~1.26 eV). For comparison, we show CL spectra of
pure Pbl,, pure Snl,, mixed Sn, sPby sI, thin-films. As presented
in Fig. 3b, Pbl, and Snl, thin-films exhibit narrow CL peaks at
505 and 518 nm, respectively. In contrast, the Sn, 5Pbg sI, thin-
film exhibits a broad CL peak located at around 618 nm, which
matches well with the CL emission peak around 600 nm
determined for LBG perovskite thin-films. It should be noted
that the trend observed for the bandgap of SnyPb(; I, (fory =
0, 0.5, and 1), which does not comply with Vegard's law, is
similar to the trend reported for the bandgap of MASn,Pb(; _xI;
thin-films* and is attributed to the “band inversion” in the
literature.”®”* In conclusion, the CL suggest that the nanosized
aggregates identified in the SEM images are mixed Sn,Pb(;_y)I,
composites with 0 <y < 1, the amount of which decreases with
increasing the amount of Cs.

To provide more insights into the role of Cs in decreasing the
amount of these nanosized aggregates, as well as its effect on

J. Mater. Chem. A, 2020, 8, 24608-24619 | 24611
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Fig. 3 Cathodoluminescence (CL) spectra of a (a) Cs,(FAg.sMAg2)1xSho.sPbosls low-bandgap perovskite thin-films prepared by different Cs
concentrations varying from x = 0%, to 1%, 2.5%, 5%, and 10% (denoted as Cs0%, Cs1%, Cs2.5%, Cs5%, and Cs10%, respectively), and (b) Pbl,, Snly,

and Sng sPbg sl, thin-films.

the crystallinity of LBG perovskite thin-films, we perform XRD
measurements on perovskite thin-films with different Cs
concentrations. The characteristic XRD peak of the underlying
ITO substrate thin-film serves as a reference to precisely cali-
brate the XRD diffraction patterns. The XRD pattern of the
perovskite thin-films with and without Cs exhibit two dominant
perovskite peaks at 14.1° and 28.3° (Fig. 4a), which are assigned
to the (002)/(110) and (004)/(220) planes of the tetragonal
perovskite crystal-structure, respectively.”> We note that by
increasing the Cs concentration from 0% to 5%, the intensity of
these two characteristic peaks gradually increases, denoting
a gradual change in the crystal orientation and/or the crystal-
linity of the perovskite thin-films. By contrast, perovskite thin-
film with Cs10% exhibits the lowest XRD perovskite peak
intensities, possibly caused by approaching the substitution
limit (spinodal decomposition)*®”>”* and/or too high excess of
cations in the perovskite precursor solution.®*** Therefore,
according to the XRD and SEM findings, incorporating Cs up to
5% leads to an enhanced crystallinity and/or preferential crystal
orientation that correlates well with the gradual increase in the
grains’ sizes and the enhanced photovoltaic performance of the
devices. We also notice a slight shift of the perovskite peaks to
higher diffraction angles by increasing the concentration of Cs
from 0% to 10% (Fig. S5at).This shift indicates that Cs is
incorporated into the perovskite lattice resulting in a lattice
contraction since the ionic radius of Cs* (1.81 A) is much
smaller than FA" (2.79 A) and MA" (2.70 A).*** The incorpora-
tion of Cs into the perovskite lattice is also confirmed by X-ray
photo electron spectroscopy (XPS) presented in Fig. S5b.t The
incorporation of Cs into the Sn-Pb-based perovskite material is
reported to reduce the crystallization rate and effectively slows
down the oxidation of Sn** to Sn**, possibly as a result of lattice
contraction and denser morphology of the perovskite thin-
films.*® Most importantly, the XRD data manifest that as the
concentration of Cs increases, the intensity of the small peak
detected at 12.77° abates until it completely disappears for
Cs10% (Fig. 4a, inset). XRD results derived from pure Pbl,, pure
Snl,, and Sng sPby 51, thin-films exhibit peaks at 12.65°, 12.76°,

24612 | J. Mater. Chem. A, 2020, 8, 24608-24619

and 12.67°, respectively (Fig. S6T). While the signal quality of
the XRD data of the perovskite thin-films (Fig. 4a) does not
easily allow us to discriminate between these materials, by
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Fig. 4 X-ray diffraction (XRD) patterns of (a) Cs,(FAgsMAg2)1_x-
SngsPbgsls low-bandgap perovskite thin-films with different Cs
concentrations varying from x = 0%, to 1%, 2.5%, 5%, and 10% (denoted
as Cs0%, Csl%, Cs2.5%, Cs5%, and Cs10%, respectively); inset exhibits
suppression of the XRD peak at 12.77° by increasing Cs content. (b)
Csx(FAg.8MAg 2)1_xSno.sPbosls prepared with a varying excess of Sn
and Pb (ySng sPbg sl2) from y = 7.5%, to 4.5% and 0% depending on the
Cs concentrations which varies from x = 0%, to 3%, 7.5%, and 12.5%.
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considering both XRD and CL results, we assign this peak to
mixed Sn,Pb; I, (0 <y < 1) that shrinks gradually upon adding
more Cs, in line with the decreased amount of nanosized
aggregates as observed with SEM. Given that these aggregates
are located on the surface of LBG perovskite thin-films and have
a bandgap of about 2.1 eV (as detected by CL), they could
potentially mitigate the extraction of electrons from the perov-
skite thin-film to the PCBM ETL, and therefore reduce the
operational photo-stability of the PSCs under constant illumi-
nation, as previously shown in Fig. 1b.

To shed more light on the effectiveness of Cs in the dimi-
nution of residual Sn,Pb(;_)I,, we carry out further XRD anal-
yses on  Csy(FAgsMAg)1—xSNo.sPbysl; thin-films that we
intentionally prepared with prominent 7.5% of Sn and Pb
excess, and varied the Cs concentration from x = 0% to 3%,
7.5%, and 12.5% (Fig. 4b). In the absence of Cs, there is
a dominant peak at around 12.77° (in agreement with the small
XRD peak detected for the LBG perovskite thin-films prepared
without excess Sn and Pb (Fig. S4at)) that is ascribed to the
existence of large amount of residual SnyPb;_I,. This peak
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significantly abates by adding only a minute amount of Cs (x =
3%), whereas the two main perovskite peaks detected at 14.1°
and 28.3° are strongly intensified. Further increasing the
amount of Cs results in further decrease (x = 7.5%) and
complete disappearance (x = 12.5%) of the SnyPb(;_,I, XRD
peak, with the perovskite peaks starting to exhibit a decrease at
the same time. Ultraviolet-visible (UV-vis) spectroscopy of the
samples (Fig. S7at) exhibit that the absorption of the thin-films
with x = 3% and 7.5% increases, whereas it significantly drops
for x = 12.5%, in line with the average thickness of the thin-
films, which are 490, 516, 534, and 300 nm for x = 0%, 3.5%,
7.5% and 12.5%, respectively (Fig. S7ct). The reduced absorp-
tion and layer thickness for a too large Cs concentration might
be related to a substitution limit (spinodal decomposition)**7>73
and/or too high excess of cations in the precursor solution,**
as discussed above. Since the bandgap of the thin-films with x =
3% and 7.5% is not altered by the amount of Cs content as
evidenced in Fig. S7b,T an increase in their absorption can be
indicative of a volumetric growth of the perovskite material,
which agrees with the enhanced perovskite XRD peaks (Fig. 4b).
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(a) Schematic cross-sectional image of a 4T all-perovskite tandem solar cell (4T all-PTSC) configuration, implementing a semi-trans-

parent top PSC (Eg =1.65 eV) and a low-bandgap (LBG) bottom PSC (1.26 eV). (b) Current-density—voltage (J-V) scans measured at a fixed rate of
0.6 V s, from the open-circuit voltage (Voc) to the short-circuit current (Jsc), (c) the external quantum efficiency (EQE), and (d) maximum
power point (MPP) tracking measurements, of the semi-transparent top PSC and the LBG bottom PSC (stand-alone and filtered) under AM 1.5G
illumination (100 MW cm™2) at 25 °C. PCE 4t and SPCE4t are the calculated PCE and stabilized PCE derived from the J-V scans and the MPP
tracking measurements for the champion 4T all-PTSC, respectively. The calculated Jsc values from the EQE responses for the semi-transparent
top, stand-alone LBG bottom, and filtered LBG bottom PSCs are 19.5, 31.4, and 9.6 mA cm™2, respectively.
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These observations are also in line with the improved Jsc of the
PSCs with sufficient Cs concentrations (Fig. S3ct). Finally,
another possible explanation for the reduction of the nanosized
aggregates could be that the reaction between residual Sny-
Pb(; I, and CsI results in a perovskite with a new composition.
To corroborate this hypothesis, we investigate the XRD patterns
of Cs;1Sny 5Pby 515 thin-films, and find that the typical perovskite
peaks appear at around 14.5° and 29.1° (Fig. S87). This attests
that incorporating Cs in LBG FA,gMA(,SngsPbysl; with
residual Sn,Pb(;_,)I, in principle might also form a new Cs;-
Sn, sPby 513 perovskite phase. However, the volume fraction of
Cs;Sn, 5Pbg 513, if existed, must be very low, and therefore it
would be hard to detect its XRD peaks in the XRD patterns of
LBG perovskite thin-films shown in Fig. 4a. In summary, our
observations reveal that there is an excess of Sn and Pb in the
form of Sn,Pb(;_,I, (0 <y < 1) on the surface of FA;sMA, »-
Sny sPby sI3 LBG perovskite thin-films that diminishes by only
adding minute amounts of Cs. Reaction between residual Sn,-
Pb_l, and Cs results in a volumetric growth of the LBG
perovskite thin-films and leads to an enhanced crystallinity.
This results in remarkably improved photo-stability of the
respective PSCs.

Lastly, combining the LBG PSCs with Cs2.5% (E, = 1.26 eV)
with semi-transparent PSCs (E; = 1.65 €V), we fabricate 4T all-
PTSCs, as schematically illustrated in Fig. 5a. The semi-
transparent PSC composed of a 2D/3D perovskite hetero-
structure has a regular configuration of glass/ITO/SnO, nano-
particles (np-Sn0,)/Csg.17FAg.g3Pb (Lo 76Bro.24)3/2,2',7,7'-tetrakis
[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene  (spiro-
MeOTAD)/molybdenum oxide (MoO,)/ITO/magnesium fluo-
ride (MgF,).* MoO, (10 nm) is to protect the spiro-MeOTAD layer
against ion bombardment during the subsequent ITO sputter-
ing process.””® In addition, an MgF, thin-film (165 nm) on the
sputtered ITO acts as an anti-reflection to increase the optical
transmittance.” The UV-vis absorbance spectra and the Tauc
plots of the perovskite absorber layers applied for the semi-
transparent top and the LBG bottom PSCs are presented in
Fig. S9.1 The best performing semi-transparent PSC and LBG
PSC with Cs2.5% attain PCEs of 18.0% and 18.2%, respectively.
Applying a semi-transparent perovskite filter (substrate area 225
mm?), which is fabricated under the same conditions and has
the same structure as the semi-transparent PSCs, on top of the
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LBG PSCs, a PCE of 5.6% is attainable. By adding the PCE of the
semi-transparent top PSC (=18.0%) and the PCE of the filtered
LBG bottom PSC (=5.6%), we determine the efficiency of the
corresponding 4T all-PTSC to be 23.6%. Fig. S10a and b7 exhibit
the transmittance (7), reflectance (R), and absorptance (4)
spectra of a semi-transparent filter and an LBG perovskite thin-
film with Cs2.5% deposited on PTAA-coated ITO, respectively.
In addition, we compare the UV-vis spectra of the semi-
transparent filters and semi-transparent PSCs (Fig. S11,f
shown only for one filter and one cell) and observe an insig-
nificant difference. The calculated jgc values from the integra-
tion of EQE spectra (Fig. 5¢) are 19.5, 31.4, and 9.6 mA cm ™ > for
the semi-transparent top, stand-alone LBG bottom, and filtered
LBG bottom PSCs, respectively. Table 1 summarizes the
photovoltaic parameters for the champion top and bottom
PSCs, as well as the calculated PCE of the corresponding 4T all-
PTSCs. Similarly, we achieve promising results for the SPCEs
(Fig. 5d). The semi-transparent top PSC provides a SPCE of
17.5%, whereas the bottom PSC has a SPCE of 17.5% (stand-
alone) and 5.5% (filtered) from the MPP tracking under
constant AM 1.5G illumination at 25 °C. Thereby, the corre-
sponding 4T all-PTSC provides a SPCE of 23.0% by adding the
SPCE values of the semi-transparent top PSC (=17.5%) and the
filtered LBG bottom PSC (=5.5%). Furthermore, using a poly-
dimethylsiloxane (PDMS) anti-reflection foil with a randomly
inverted pyramid texture at the front-side of the semi-
transparent PSC leads to a boost in the Jsc by 1 mA cm ™2
(compare J-V scans of the semi-transparent top PSC provided in
Fig. 5b and S12at). The PDMS foils are used to reduce the front-
surface reflection losses.””** The textured PDMS foil we use here
significantly reduces the reflectance from the glass ITO
substrates (Fig. S137). Therefore, by applying the PDMS foil,
a single-junction semi-transparent PSC with a PCE and a SPCE
as high as 18.9% and 18.3% is achievable (Fig. S12+). Applying
the PDMS foil on the semi-transparent filter improves the PCE
of the filtered LBG bottom PSC to 6.5%. Thereby, the PCE of the
respective 4T all-PTSC is enhanced to 25.4%, if using a PDMS
foil while measuring the sub-PSCs (Fig. S12 and Table S27). Our
results demonstrate the potential of the Cs-incorporated LBG
perovskite thin-films in configuring high-efficiency 4T all-PTSCs
with improved operational photo-stability. Future research
should consider the potential improvement in the efficiency

Tablel Photovoltaic parameters of champion semi-transparent top PSC and low-bandgap (LBG) bottom PSC (stand-alone and filtered), derived
from current-density—voltage (J-V) scans measured at a fixed rate of 0.6 V s~* from the open-circuit voltage (Voc) to the short-circuit current
(Jsc) (backward scan) and from Jsc to Vo (forward scan). The stabilized PCE (SPCE) values of the top and filtered bottom perovskite solar cells
and the corresponding calculated 4T all-perovskite tandem solar cell (all-PTSC) are given in bold

Perovskite solar cell (PSC) Scan direction Voc (V) Jsc (mA cm™?) FF (%) PCE (%) SPCE (%)

Semi-transparent top PSC Backward 1.16 19.7 78.7 18.0 17.5
Forward 1.13 20.0 74.8 16.9

LBG bottom PSC (stand-alone) Backward 0.78 32.5 71.8 18.2 17.5
Forward 0.77 32.5 66.5 16.7

LBG bottom PSC (filtered) Backward 0.76 10.2 72.2 5.6 5.5
Forward 0.75 10.2 68.4 5.2

4T all-PTSC Backward 23.6 23.0
Forward 22.1
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and the stability of the Cs-incorporated LBG PSCs through
established methods such as incorporating antioxidant addi-
tives, applying 2D components as passivation layers, and
introducing alternative cations into the perovskite lattice
structure such as rubidium and potassium.

3. Conclusion

In summary, we demonstrate that incorporating only minute
quantities of Cs in double-cation Sn-Pb-based perovskite thin-
films effectively improves the operational photo-stability of
the low-bandgap PSCs. The Csy(FAq sMAg 2)(1—x)Sno.5Pbg 513 low-
bandgap PSCs with x = 2.5% attain remarkable PCE as high as
18.2%. More importantly, perovskite solar cells prepared with x
= 2.5% and 5% respectively maintain 92% and 99% of their
initial PCE after 120 min of the MPP tracking under constant
AM 1.5G solar illumination. Our observations demonstrate that
the introduction of small quantities of Cs considerably reduces
the formation of residual nanosized SnyPb(; _y)I, (with 0 <y <1)
aggregates on the surface of the LBG perovskite thin-films,
which is attributed to the reaction of Cs with the residual Sn,-
Pb(;_yI, and results in a volumetric growth of the perovskite
thin-films. Furthermore, a beneficial stoichiometric composi-
tion and better crystallinity of the perovskite absorber is
demonstrated for a sufficient amount of Cs that leads to an
improvement in the photo-stability of the respective PSCs.
Applying the low-bandgap PSCs together with semi-transparent
top PSCs, we attain a 4T all-perovskite tandem solar cell with
a PCE of 23.6% and a stabilized PCE of 23.0%, which are among
the highest values reported to date in the literature.

4. Experimental section

4.1. Preparation of perovskite precursor solution

For the triple-cation LBG perovskite precursor solution with the
stoichiometric formula of Cs,(FAgsMAg2)1—xSNo.5Pbos1;, we
first prepared the double-cation FA,sMA, ,Sng sPbg 513 perov-
skite precursor solution by dissolving 1.1 M formamidinium
iodide (FAI, Dyesol), 0.3 M methylammonium iodide (MAI,
Dyesol), 0.7 M tin iodide (Snl,, Alfa Aesar, 99.999%), 0.7 M lead
iodide (Pbl,, Alfa Aesar, 99.999%), 0.008 M lead thiocyanate
(Pb(SCN),, Sigma Aldrich, 99.5%), and 0.045 M tin fluoride
(SnF,, Sigma Aldrich, 99%) in a 9:1 (v/v) mixture of dime-
thylformamide (DMF, Sigma Aldrich, anhydrous, 99.8%) and
dimethyl sulfoxide (DMSO, Sigma Aldrich, anhydrous,
=99.9%). Next, we prepared the cesium iodide (CsI, Alpha
Aesar) stock solution by dissolving 1.5 M CsI in DMSO. By
adding 8.8, 21.8, 42.4, and 80.4 pl of the 1.5 M CsI stock into
1 ml of the double-cation FA,gMA,,Sn, sPbysI; perovskite
precursor solution, we prepared the final triple-cation Cs,(-
FAy sMAg »)(1-xSNo.sPbosI; perovskite solution for x = 0.01,
0.025, 0.05, and 0.1, respectively. After preparation, the solution
was stored for 1 hour before fabrication in an N,-filled glovebox
(O, < 0.2 ppm and H,O < 0.4 ppm). For the Cs,(FA;sMAo»)1-
_xSNg.sPbg 513 perovskite thin-films with Sn and Pb excess, we
added additional Pbl, and SnI, to FAy,sMA,,SnysPb,sI; in
order to achieve the required 7.5% excess Sny sPb, sI,, followed
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by adding Cs from a 1.5 M stock solution to reach 3%, 7.5%, and
12.5% Cs concentrations. For the double-cation perovskite
precursor solution with the stoichiometric formula of Csg 15~
FA 3PD(Iy.76B1¢.24)3, we mixed 0.83 mmol FAL 0.17 mmol Csl,
0.64 mmol Pbl,, and 0.36 mmol PbBr, in a 4 : 1 (v/v) mixture of
DMF : DMSO.

4.2. Solar cell fabrication

We fabricated the triple-cation LBG PSCs with an active area of 10.5
mm? and a layer sequence of glass/indium tin oxide (ITO)/poly
[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/Cs(FAy -
MA, 5)(1—xSNo.5Pbg s13/phenyl-Cg;-butyric acid methyl ester (PCBM)/
buckminsterfullerene (Ce0)/2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)/silver (Ag). Initially, we cleaned the 16 x 16
mm? glass substrates coated with 120 nm thick ITO layers (sheet
resistance 15 Q sq !, Luminescence Technology) in an ultrasonic
bath with acetone and isopropanol for 10 min each followed by an
oxygen plasma treatment at 100 W power for 3 min. We spin-coated
the glass ITO substrates with a ~5 nm thin-film of PTAA (M,, =
17 800 g mol !, EM INDEX), as the hole transport layer at 4000 rpm
for 30 s, followed by annealing at 100 °C for 30 min. Next, we
deposited the LBG perovskite thin-film on the PTAA-coated
substrates at 5000 rpm for 10 s. We immediately vacuum-exposed
the layers for 10 s in a vacuum chamber (~10 Pa) with a 150 ml
volume size. We, sequentially, annealed the perovskite thin-films at
100 °C for 7 min. Next, we spin-coated the perovskite thin-film by
a ~5 nm thinfilm of PCBM (Sigma Aldrich, 99.5%), which was
prepared by dissolving 5 mg PCBM in 1 ml 1,2-dichlorobenzene
(Sigma Aldrich, anhydrous, 99%) and spin-coated at 4000 rpm for
60 s. In sequence, we used a Lesker PVD system to thermally
evaporate ~20 nm of Cg, (Sigma Aldrich, 99.5%) and ~5 nm of BCP
(Luminescence Technology) as the electron transport material, in 6
x 10~° mbar pressure and at a rate of 0.1-0.2 and 0.2-0.3 A s,
respectively. We completed the PSC stack by evaporating a back
contact of Ag (~100 nm).

To fabricate the transparent double-cation PSCs with the same
active area (10.5 mm?) and a layer sequence of ITO/SnO, nano-
particles/Cs 17FA¢ g3Pb(lo 76BTo 24)3/2,2',7,7'-tetrakis[ N,N-di(4-meth
oxyphenyl)amino]-9,9'-spirobifluorene (spiro-MeOTAD)/moly
bdenum oxide (MoO,)/ITO/magnesium fluoride (MgF,), we used
sputtered ITO thin-films applying a Kurt J Lesker PVD-75 thin-film
deposition system. The following sputtering parameters were used
for the front (rear) ITO: power = 50 W (50 W), substrate temperature
= 300 °C (25 °C), deposition time = 2000 s (2300 s), pressure = 0.8
mTorr (0.8 mTorr), O, partial pressure = 3.5% (2.5%), and thick-
ness ~135 nm (150 nm). The sheet resistance of the sputtered ITO
was 10-12 Q sq " (40-50 Q sq ). First, we spin-coated the pre-
cleaned ITO substrates with SnO, nanoparticles (Alfa Aesar, diluted
in distilled water to a concentration of 2.04%) at 4000 rpm for 30 s,
followed by a 250 °C annealing step for 30 min in an ambient
atmosphere. Next, we deposited the double-cation perovskite
absorber layer from solution by a two-step spin coating process: (i)
1000 rpm for 10 s, (ii) 5000 rpm for 30 s, while10 s before the end of
the second step 100 pl chlorobenzene was poured on the spinning
substrate. Annealing the samples at 100 °C for 30 min in an inert
atmosphere was next. After the annealing step, we processed the
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2D/3D perovskite heterostructure by spin-coating 100 pl n-buty-
lammonium bromide (BABr, Dysol) dissolved in isopropanol (2 mg
ml ") at 5000 rpm for 30 s on top of the perovskite thin-film with
subsequent annealing at 100 °C for 5 min in an inert atmosphere.
Next, we deposited spiro-MeOTAD as the hole transport layer using
a spin-coating process with 4000 rpm for 30 s. A 10 nm thin-film of
MoO, (Sigma Aldrich) was thermally evaporated on spiro-MeOTAD
using a Lesker PVD system at a rate of 0.8 A s * and in 6 x 10 °
mbar pressure. To increase the conductivity of the rear ITO, we
thermal-evaporated ~75 nm Au fingers at a rate of 2 A s™* using
a shadow mask. We completed the stack by depositing ~165 nm
MgF, as an anti-reflection layer on top of the rear ITO using a Lesker
PVD system at a rate of 3-4 A s~ * and in 6 x 10~° mbar pressure.

4.3. Characterization

Current-density-voltage (J-V) measurements. We used
xenon-lamp solar simulator (Newport Oriel Sol3A) providing an
airmass 1.5 global (AM1.5G) spectra (100 mW cm ) to
measure the J-V characteristics of the PSCs with a scan rate set
at 0.6 Vs~ using a sourcemeter (Keithley 2400). We calibrated
the irradiation intensity using a certified silicon reference solar
cell (KG5, Newport). We determined the stable power conver-
sion efficiency of the PSCs by measuring the photocurrent at the
maximum power point (MPP) over 5 and 120 min, while the
temperature of the devices was set at 25 °C using a Peltier
element connected to a microcontroller while performing the j-
V analyses and MPP measurements.

External quantum efficiency measurements (EQE). Using
a Bentham EQE system, we performed the EQE measurements,
applying a chopping frequency of ~930 Hz with an integration
time of 500 ms to obtain the spectra. The devices were not
subjected to any preconditioning. We used a large illumination
spot to average over possible variations in the EQE spectra of the
LBG bottom PSC while using the top perovskite filter. The
possible variations could be induced by inhomogeneous scat-
tering and transmission properties due to typical thickness
variations of the double-cation Csg1;FAq g3Pb(Iy 76Bro.24)3
perovskite filter.

Scanning electron microscopy (SEM). We obtained high-
resolution field cross-sectional and top-view field emission
SEM images of the LBG perovskite thin-films using a Zeiss
Supra60 VP scanning electron microscope. The SEM images
were captured using a 3 kV acceleration voltage.

X-ray diffraction (XRD). We utilized a Bruker D2Phaser
system with Cu-K, radiation (A = 1.5405 A) to determine the
crystalline structure of perovskite thin-films. Perovskite layers
were covered with a layer of poly(methyl methacrylate) (PMMA)
to be protected from oxidation. An N,-filled sealed holder was
used to keep the samples in the inert condition while charac-
terizing Pbl,, Snl,, and Sng sPb, 51, thin-films.

Cathodoluminescence (CL). We performed the CL
measurement on the FEI Verios scanning electron microscope
(SEM) equipped with a Gatan MonoCL4 Elite cath-
odoluminescence system. It should be noted that although CL
is a powerful technique to study the electronic properties of
perovskite materials, irradiation conditions should be
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meticulously controlled to avoid any significant beam damage.
The CL spectrum was obtained at a constant accelerating
voltage of 5 kV with a beam current of 22 pA.

UV-vis spectrophotometry. We used a Bentham PVE300
photovoltaic service characterization system (located in an N,-
filled glovebox) to measure the transmittance and reflectance
spectra of the perovskite thin-films.

X-ray photoelectron spectroscopy (XPS). The base pressure of
the XPS analysis chamber is ~7 x 10~'' mbar. The XPS
measurements were performed with an Omicron Argus CU
electron analyzer and a non-monochromatized DAR 450 twin
anode X-ray source providing Mg-K, and Al-K, X-rays. The
energy axis was calibrated using a sputter-cleaned Au, Ag, and
Cu foil.* For all measurements, no charging was observed. The
emission angle of the electrons is perpendicular to the surface.
This leads to a characteristic attenuation length (1) of 1-3 nm.
To prevent an influence of beam-induced changes from the X-
rays on the spectra, the measurement times were kept
<10 min. This upper limit of the measurement time was
determined in time-resolved measurements.

Surface profile and thickness. The thickness of the perov-
skite layers was measured using a Bruker Dektakt XT
profilometer.
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