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All-perovskite two-terminal
tandem solar cells fabricated via
solution processing

TCo
Acetonitrile/methylamine-based

solvent can process narrow band-
gap perovskite

Revealing the role of excess metal
ions for mixed tin/lead perovskite
systems

Proof of concept of the first
monolithic all-perovskite triple-
junction solar cell

Perovskite solar cells can be processed using solution-based methods.
Furthermore, perovskite solar cells can tune their band gap to absorb different
portions of the solar spectrum. This property allows for fabrication of multi-
junction solar cell, which can offer higher power conversion efficiencies than
single-junction architecture. Here, we combine both features to fabricate the first
solution-processed, monolithic, all-perovskite tandem and triple-junction solar
cells.
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SUMMARY

Multi-junction device architectures can increase the power conversion efficiency
(PCE) of photovoltaic (PV) cells beyond the single-junction thermodynamic limit.
However, these devices are challenging to produce by solution-based methods,
where dissolution of underlying layers is problematic. By employing a highly
volatile acetonitrile(CH3CN)/methylamine(CH3NH,) (ACN/MA) solvent-based
perovskite solution, we demonstrate fully solution-processed absorber, trans-
port, and recombination layers for monolithic all-perovskite tandem and tri-
ple-junction solar cells. By combining FAg g3Csg.17Pb(Bro 710.3)3 (1.94 eV) and
MAPbI; (1.57 eV) junctions, we reach two-terminal tandem PCEs of more than
15% (steady state). We show that a MAPbg 755n¢ 2515 (1.34 eV) narrow band-
gap perovskite can be processed via the ACN/MA solvent-based system,
demonstrating the first proof-of-concept, monolithic all-perovskite triple-junc-
tion solar cell with an open-circuit voltage reaching 2.83 V. Through optical
and electronic modeling, we estimate the achievable PCE of a state-of-the-art
triple-junction device architecture to be 26.7%. Our work opens new possibil-
ities for large-scale, low-cost, printable perovskite multi-junction solar cells.

INTRODUCTION

Metal halide perovskite semiconductors exhibit high performance when integrated
in optoelectronic devices such as light-emitting diodes (LEDs),” photo-detectors,2’3
lasers,”® and solar cells.® "> Perovskites have a general chemical formula, ABX3, and
allow their band gap to be tuned by substituting their chemical constituents, for
example, the A-site cation can be methylammonium, formamidinium, or cesium
(Cs), the B-site metal cation can be lead (Pb) or tin (Sn), and X-site anion can be io-
dide, bromide, or chloride, or more complex mixtures. This ease of ion substitution
enables halide perovskite semiconductors to be tuned to absorb specific regions of

the solar spectrum.’®"®

Solar light is composed of a broad energy spectrum with significant intensity ranging
from ultraviolet, with photon energies greater than 3 eV, to the infrared region with
photon energies less than 1.7 eV to around 0.5 eV. When light is incident upon a
semiconductor, light with energy greater than the band gap is absorbed, and the
excess energy of the photons (above the band-gap energy) is lost as heat through
thermalization of the electrons. Due to the thermalization process, the maximum
voltage a photovoltaic (PV) cell can generate is always slightly less than the band-
gap energy, and the maximum solar to electrical power conversion efficiency of a
PV cell is obtained for a semiconductor with a band gap, which results in maximizing
the product of voltage times current density. This has been calculated by Shockley
and Queisser'® and Tiedje-Yablonovitch,'” who estimate the ideal band gap of a

Context & Scale
Silicon-based solar cells are
dominating today’s solar energy
market. However, their
efficiencies will soon reach their
maximum practical limit. Without
any gains in efficiency, price
reductions will become
increasingly difficult to achieve.
Tandem and multi-junction
architectures can overcome this
single-junction efficiency limit.
Perovskite materials offer both
band-gap tunability and solution
processability. This unique
combination of properties allows
for fabrication of multi-junction
solar cells using high-throughput
deposition techniques such as
blade coating, roll-to-roll, gravure
coating or inkjet printing.
However, these solar cells have
yet to be fabricated using these
deposition techniques due to
difficulties in sequentially
depositing these semiconductors.
By utilizing an acetonitrile/
methylamine-based solvent, we
demonstrate the first monolithic
all-perovskite multi-junction solar
cells fabricated via solution
processing of all active layers,
apart from the electrodes.
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PV cell. Furthermore, this compromise between current and voltage places an abso-
lute limit upon efficiency for PV cells composed of a single absorber layer to around
32.5%."® By reducing the difference between the photon energy and the electronic
band-gap energy, we can effectively minimize charge-carrier thermalization losses.
However, in order to capture a significant fraction of the sun light, multiple cells with
different band gaps need to be stacked on top of each other, known as multi-junc-
tion cells. Through this approach, it is possible to raise the theoretical efficiency limit
under 1 sun AM1.5 irradiance to 44.3% and 50.1% for double- and triple-junction
cells, respectively.'”

Recently, efficient solar cells employing wide band-gap perovskites have been fabri-
cated by partial substitution of the organic A-site cation with Cs to improve their
structural, thermal, and light stability.?°~*° Furthermore, narrow band-gap materials
have also been explored through modifications to the B-site cation, where the partial
substitution of Pb with Sn results in an anomalous band-gap bowing behavior,
leading to band gaps approaching 1.2 eV.?' "

To date, perovskite solar cells exhibiting record efficiencies have been processed via
solution-based fabrication methods, reaching 23.3% in a single-junction device.’®
The ability to fabricate high-quality absorber materials from solution-based
processes has led to the rapid rise of perovskite solar cells.””"**" In recent years,
significant breakthroughs have been made in four-terminal (4T)**374%*7 and
two-terminal (2T)?43748-53 |r:>erovskite-on-si|icon,42'43'46"49'51'54'55 perovskite-on-
Cu(in,Ga)Se; (CIGS),***447 4852 peroyskite-on-Cu,ZnSn(S,Se), (CZTSSe),*® and
perovskite-on-perovskite?! 343745305658 tandem cells. Moreover, Werner and al.
recently fabricated the first perovskite/perovskite/silicon triple-junction solar cell in
a step toward highly efficient photovoltaics.>” Tandem solar cells require a semi-
transparent electrode and/or recombination layers between each sub-cell. These
highly conductive transparent layers have been fabricated using silver nanowires
(Ag-NWs),42 doped organic semiconductors such as N4,N4,N4,"N4"-tetra([1,1'-
biphenyl]-4-yl)-[1,1":4',1"-terphenyl]-4,4"-diamine doped with 2,2'-(perfluoronaph-
thalene-2,6-diylidene) dimalononitrile (TaTm:F,-TCN NQ),>° poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT:PSS),”*“° aluminum doped zinc
oxide (AZO),** and, most notably, indium tin oxide (ITQ).?*3442:48:49.53-55.61 Thege
materials can also be processed using different deposition techniques such as:
spray coating,*” film transfer lamination,®® vacuum deposition,”® and sputter
coating. 4 344448.49.54.55.61 g ttered ITO has gained considerable attention due
to its high optical transparency throughout the visible and near-infrared (NIR) region,
combined with a low resistivity.®” Due to its dense and compact nature, this sputtered
transparent conductive oxide (TCO) can also serve as a physical barrier to the solvents
that are used to process the subsequent material layers, specifically, dimethyl form-
amide (DMF) and dimethyl sulfoxide (DMSO), both strongly coordinating solvents
used in the dissolution of perovskite salts. These solvents rapidly re-dissolve any un-
derlying perovskite layers unless they are protected by a dense pin-hole-free layer,
such as ITO. Eperon, Leijtens, et al. showed that monolithic all-perovskite tandem
cells can be fabricated using this dense, sputtered ITO layer.>? Using this ITO inter-
layer, Zhao et al. recently fabricated an all-perovskite tandem reaching a power con-

version efficiencies (PCEs) of 20.7%.%> However, the re-dissolution problem hasthus ~ 'Clarendon Laboratory, Department of Physics,
. L .. . . University of Oxford, Parks Road, Oxford OX1

far prevented any experimental realization of a multi-junction perovskite solar cell 3PU. UK

being fabricated with all the active layers between the electrodes being solution 2l ead Contact

processed.’” These sputter-coated TCOs usually require high-vacuum deposition *Correspondence:

systems and additional buffer layers comprised of metal oxides deposited via atomic henry.snaith@physics.ox.ac.uk

layer deposition (ALD), with the latter to prevent sputter damage of the organic and https://doi.org/10.1016/j.joule.2019.01.007
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perovskite layers. Furthermore, the lower refractive index of ITO, in comparison to
the perovskite absorber layers, introduces significant internal reflective losses, thus
limiting the maximum feasible power conversion efficiency.®*

Herein, we employ an acetonitrile/methylamine (ACN/MA) composite solvent,
which was previously introduced by Noel et al.,** to enable the sequential process-
ing of perovskite absorber layers upon underlying perovskite devices. These fully so-
lution-processed active, transport, and recombination layers for perovskite multi-
junction architectures have the potential of being applied to the manufacturing of
large-area films on both rigid and flexible substrates, using deposition techniques
such as roll-to-roll (R2R) processing, blade coating, or inkjet printing. However, we
note that additional work is required to solution-process both transparent and metal
electrodes. Here, our solution-processed tandem architecture reaches over 15%
steady-state PCE and delivers 2.18 V open-circuit voltage (Vo). Furthermore, we
show that the mixed-metal Sn/Pb perovskite MAPbg 755ng 2513 can also be processed
via the ACN/MA solvent system, where the reducing nature of MA obviates the need
to use SnF; to achieve respectable efficiencies, allowing us to obtain a scanned PCE
of more than 11% (steady-state 10.5%), employing an n-i-p architecture. Using a
mixed-metal MAPbg 755ng 255 perovskite material to extend the light absorption
of the multi-junction cell to 925 nm, we present the first all-perovskite, monolithic,
triple-junction solar cell with a V. of 2.83 V. We utilize an optical and electronic
model to validate our experimental results and reveal the optical losses existing
within our specific experimental architecture. We then proceed to model a triple-
junction perovskite solar cell, using electronic characteristics of currently feasible
1.94/1.57/1.24 eV perovskite materials, showing the possibility of achieving a
triple-junction device with a 26.7% PCE and corresponding Vo of 3.16 V.

RESULTS AND DISCUSSION

Due to charge conservation, the current density flowing out of each sub-cell in a multi-
junction cell must match, and hence, the current will be limited by the lowest current
density generated from any sub-cell. Thus, in order to maximize the photocurrent
density in a 2T monolithic tandem, both sub-cells should generate equal current den-
sity, which can be achieved through carefully tuning the band gap and thickness of
each junction. Inthe firstinstance, we develop a wide band-gap, Pb-based perovskite
tandem cell by processing an ~1.94 eV (as determined by a Tauc plot which we show
in Figure S1) front cell to complementa 1.57 eV rear cell. We process the wide band-
gap junction first and hence do not have to overtly consider solvent orthogonality
issues. We therefore follow a conventional solution-processing route and fabricate
FA0.83Cs0.17Pb(Bro 710.3)3 with 2% (molarity with respect to the Pb) potassium (K*) ad-
ditive.>*” As we have previously described, we employed a deposition technique
utilizing hydrohalic acidic as additives to fabricate highly ordered perovskite mate-
rials with grains reaching micron sizes in diameter (Figure 52).”° Highly crystalline
perovskite materials with low energetic disorder have been shown to suppress halide

segregation.”' Furthermore, as recent reports suggest,’ "¢

we utilize potassium
as an additive to suppress ionic migration and reduce the anomalous hysteretic
behavior intrinsically present in perovskite solar cells.”? For this absorber material,
in single-junction perovskite solar cells, we obtain open-circuit voltages of up to
1.27 V and a steady-state power conversion efficiency of 10.9%, which we show in Fig-
ure S3. However, although our open-circuit voltages are higher compared to other
~1.75 eV materials,”” we note that the voltage losses, with respect to the band-
gap energy, are greater for this bromide-rich wide band-gap material. Hence, addi-

tional efforts are required to further increase V.. and minimize non-radiative losses.
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All-perovskite monolithic 2T tandems and multi-junction solar cells require a tunnel
junction (TJ) or recombination layer to provide a means to create an electronic series
connection between the different sub-cells. Recombination layers between the sub-
cells must fulfill stringent requirements. First, they must enable ohmic contact to the
charge extraction layers and facilitate recombination of collected electrons and
holes without introducing resistive losses. Second, they must be as optically trans-
parent as possible to avoid parasitic absorption of light. Third, deposition of the
recombination layer should not damage any of the layers beneath, which is typically
achieved via introducing “buffer layers” when sputtering or by using orthogonal sol-
vents for solution processing. Lastly, this interlayer must be a sufficient barrier to sol-
vent penetration to prevent any re-dissolution of underlying perovskite or other
electronic layers when subsequently processing another perovskite or charge
extraction layer on top. Here, we introduce a recombination layer and an n-i-p
perovskite solar cell architecture that meets these constraints. For the recombination
layer, we find that a combination of a PEDOT:PSS followed by a ITO nanoparticles
works well.

For the rear cell, which is processed on top of the wide-gap cell, we must consider
the issue of dissolution of the underlying perovskite film. If we simply employ one
of the standard DMF/DMSO solvent-based routes, we completely solvate and
discolor the underlying perovskite film, even with our recombination layer present,
making it evident that our recombination layer is not impermeable to DMF or DMSO
(which we show in Video S1). We have previously developed an ACN/MA-based
composite solvent system for processing perovskite films, which has several distinct
advantages.’? First, it is much more volatile than DMF, enabling very rapid drying.
Second, the solvation strength can be tuned by varying the amount of methylamine
incorporated. We chose the right amount of MA to enable complete dissolution of
the salts but with minimal excess. We found that having an excess amount of MA
in solution has a detrimental impact to the device. Unwanted pinholes in the
interlayers may result in methylamine percolating and re-dissolving the perovskite
underlayer. We find this solubility point by slowly adding an MA-saturated ACN/
MA perovskite solution to a neat ACN perovskite dispersion, until the mixture
becomes a clear perovskite solution.

To achieve optimal results, we found that careful tuning of the B-site metal ion
content was needed for both MAPbl; and MAPbg 755ng 255 perovskite material
processed via the ACN/MA solvent route. Effects of non-stoichiometric perovskite
precursor solutions have been regularly discussed;’*~"” however, the research com-
munity has yet to unanimously agree on which precise “non-stoichiometry” is ideal.
Some studies have shown that excess organic ammonium lead to performance
gains, while other studies showed the benefits of having excess Pbl; in the precursor
solution. However, it is clear that these small stoichiometric changes do impact the
perovskite in various ways, such as effects on morphology,”’* luminescence,’® trap
passivation,”® and stability.””

In Figure S4, we show a series of scanning electron microscope (SEM) top-view im-
ages of an MAPbI; perovskite film processed with the ACN/MA solvent system, with
various non-stoichiometric compositions, ranging from 6% excess MAI to 6% excess
Pbl,. We fabricated these films on top of the FAq g3Csg.17Pb(Brg 7lo.3)3 front cell,
including the PEDOT:PSS/ITO layer and a phenyl-Cgq-butyric acid methyl ester
(PC61BM) electron extraction layer. We observed an impact on the morphology
and surface coverage for precursor solutions with different compositions. In a solu-
tion-processed tandem architecture, it is imperative to eliminate the presence of
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Figure 1. Two-Terminal FAq g3Csg.17Pb(Brg 710.3)3/MAPbI; Tandem Perovskite Solar Cells

(A) Schematics showing an all-solution-processed perovskite/perovskite two-terminal (2T) tandem
perovskite solar cell. Incoming light will be from below the device.

(B) SEM cross-section of the 2T perovskite/perovskite tandem.

(C) J-V characteristics for the champion FAg g3Csg.17Pb(Bro 710.3)3/MAPbl; tandem heterojunction
solar cell, with an equivalent irradiance of 104.25 mW cm~?, measured at a 0.25 V/s scan rate. The
active area of the solar cell is 0.0919 cm™2.

(D) Photocurrent density and power conversion efficiency of champion FAg g3Cso.17Pb(Brg 710.3)3/
MAPbI; tandem heterojunction solar cell measured at the maximum power point for a 60 s time
span.

(E) EQE spectrum for each sub-cell and the integrated current density for the tandem perovskite
solar cell.

pinholes to prevent dissolution of underlying layers. In Figure S5, we show the
tandem solar cell performance for devices processed with the differing range of
compositions. We find that the ideal composition for maximizing the cell efficiency
includes 3% excess MAI and proceed to optimize complete tandem solar cells with
this composition. In Figures 1B and 1C, we show a schematic of a 2T tandem along
with a corresponding SEM cross-section image. We fabricate the solar cells in
the conventional n-i-p architecture and find that a recombination layer composed
of PEDOT:PSS followed by ITO nanoparticles works remarkably well, sandwiched
between a 2,2',7,7-tetrakis(N,N'-di-p-methoxyphenylamine)-9,9’-spirobifluorene
(spiro-OMeTAD) p-type charge extraction layer and n-doped PC4BM electron
transporter.

In Figure 1C, we show the forward and backward current-density voltage (J-V) char-
acteristics of one of our highest-performing 2T tandem solar cells measured under a
simulated air mass (AM) 1.5 solar irradiation with an equivalent mismatch corrected
irradiance of 104.25 mW cm ™2 upon the test cell. Our best tandem device generated
a short-circuit current-density (Jsc) of 11.5 mA em 2 (corrected to 11.0 mA cm 2 un-
der 100 MW cm ™2 AM1.5), a fill factor (FF) of 0.63, a Vo 0f 2.18 V, giving a 15.22% J-V
determined PCE, and a PCE of 15.20% under steady-state power output (SPO) con-
ditions. In Figure 1D, we show the SPO, along with a histogram of performance pa-
rameters for a large batch of devices in Figure S6. We show in Figure 1E an external
quantum efficiency (EQE) of both junctions, with an integrated current density of
10.0 mA cm 2 for the front cell and 9.3 mA cm ™2 for the rear cell. During the EQE
measurement, we applied a voltage bias to the solar cell equal to the V. of the
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optically biased sub-cell. This allowed for the EQE to be measured near J;.. We note
a moderate current-density mismatch between the two sub-cells. In Table S1, we
show the calculated mismatch factor for each material used in the multi-junction so-
lar cell. We note that the xenon arc lamp spectrum can be significantly different to
the AM1.5G spectrum due to the large-intensity spikes in the infrared portion of
the spectrum (shown in Figure S7). As a result, specific sub-cells of the multi-junction
solar cell may be over or underestimated. In this specific case here, our tandem cell
would be rear-cell limited under AM1.5G spectrum, but front-cell limited under the
solar simulator lamp. To account for these discrepancies, we applied a mismatch fac-
tor correction with a KG5-filtered silicon reference cell, which reduced our estimated
efficiency by a small factor of 1.004. The numbers we quote above are mismatch cor-
rected. In the case of the triple junction, which we will discuss later on, a significant
mismatch factor arises due to the xenon intensity spikes, which requires a reduction
in efficiency by a factor of 1.486 to account for this mismatch factor when calibrating
with a KG2-filtered silicon reference cell. As we show in Table S2, we have applied
both correction factors to our reported efficiencies. Hence, in combination with
our KG5 and KG2 Si reference cell measured at 103.83 mW cm™2 and 98.83 mW
cm~2, for the tandem and triple-junction solar cell, respectively, our equivalent
AM1.5 irradiances are 104.25 mW cm 2 and 146.86 mW cm ™2 for each solar cell ar-
chitecture. We do note, however, that although we can accurately account for the
spectral differences between the solar simulator and AM1.5 spectrum, we cannot
accurately account for any change in fill factor, which may occur due to a difference
between the sub-cell current mismatch under the different spectra. When the current
between sub-cells in a tandem cell is mismatched, the FF is increased in comparison
with the perfectly matched scenario. This positively compensates for current
mismatch under real-world changing spectra but adds complications with efficiency
estimations with single-zone solar simulators. For our tandem cell here, our sub-cells
are more mismatched under true AM1.5 irradiance than under our simulator (due
to the poor red response of our tandem cell and higher IR irradiance of our solar
simulator). Therefore, if there is a significant impact from this effect, it would lead
to a lower FF under our simulated light than under AM1.5 irradiance.

Estimation of voltage losses is a critical metric to access the quality of the recombi-
nation interlayers. As we show in Figure S8, using a PEDOT:PSS/ITO nanoparticle
(NP) interlayer as the recombination layer, we measured a 2T tandem V. as high
as 2.22V, resulting in a interlayer voltage loss of approximately 160 mV, if we assume
both sub-cells generated the highest measured single-junction V.. of 1.27 V for the
front celland 1.11V for the rear cell, under 1 sun illumination. However, we note that
the rear cell will only be illuminated with half a sun in a tandem architecture, resulting
inan ~18 mV loss in V. (assuming an ideality factor of 1), which reduces the losses
attributed the interlayer to approximately 140 mV.

The long-term stability of our tandem architecture is a critical aspect that requires
consideration. We note that the ACN/MA-based composite solvent system has
been shown to readily dissolve methylammonium-based perovskites; however,
due to poor salt solubility, more stable perovskites composed of FA and Cs mixed
cation have yet to be fabricated using this solvent system. This inability to incorpo-
rate these ions may ultimately limit the attainable stability of our multi-junction solar
cell. To address this issue, we have developed a post treatment, which incorporates
FA®, Cs™, and Br~ ions into the MAPbI; crystal lattice while preserving a similar band
gap and efficiency, which we show in Figure S9. This allows for partial substitution of
the MA™ and |~ ions with FA™, Cs™, and Br~ ions, forming an (FA,MA,Cs)Pb(Br, )3
material, thus enabling a pathway to stability using the ACN/MA solvent system.
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We show in Figure S10 that films of our mixed-cation Pb-mixed halide (FA,MA,Cs)
Pb(Br,l); material, processed from the MA/ACN solvent and post treatment, show
much greater thermal stability than films of MAPbI; processed from the same solvent
when stressed at 130°C in a nitrogen atmosphere.

Our recombination layer comprises PEDOT:PSS and ITO NP sublayers. We dilute a
high-conductivity PEDOT:PSS (Heraus H1000) solution with isopropanol (IPA) and
directly spin-coat upon the spiro-OMeTAD layer, which acts as both a recombination
layer and a partial solvent barrier. We then spin-coat an ITO layer on top from a sol-
vent dispersion of ITO NPs (>100 nm). The fabricated ITO NP layer may be porous
and non-continuous. However, these NPs improve the recombination process, pre-
sumably due to their high carrier density, which allow holes from PEDOT:PSS and
electrons from PC1BM to recombine. PEDOT:PSS is usually considered to be a ma-
terial that may introduce instability into perovskite solar cells due to its hygroscopic
nature.’® In order test how stable our recombination layer is, we fabricated single-
junction cells with the (FA,Cs)Pb(Br,l); perovskite processed from a DMF solvent,
with the addition of the complete recombination layer, including the PCBM electron
transport layer, between the spiro-OMeTAD hole-transport layer and the gold
electrode. We stressed the un-encapsulated devices at 85°C in an oven in an air
atmosphere (ambient humidity ~50%) for more than 1,000 h and show the results
in Figure S11. Unexpectedly, we observed an improvement in the thermal stability
of the cells with the addition of our recombination layer, with the cells retaining
over 70% of their initial performance after 1,000 h aging. This indicates that the
added layers are not only relatively stable, but act as a partial encapsulant for the
perovskite devices. However, we note that spiro-OMeTAD, along with its dopants,
should ultimately be replaced with a more thermally stable hole-accepting layer to
improve the overall stability of the device stack.

Although neat Pb-based devices have led to relatively stable perovskite materials,
the drive to narrow the band gap using less stable Sn-based perovskites is still highly
desirable for tandem applications.”” As we show in Figure 2, we also studied the
impact of non-stoichiometric precursor solutions on the material properties of the
MAPbg 75Sn0 2513 perovskite (with a band gap of 1.34 eV determined from Tauc
plots, Figure S12) by tuning the A-site to B-site ratio. In order to keep the intended
MAPbg 755n0 2513 perovskite composition, we added excess Pbl, and Snl; at a ratio
of 75to 25. In Figure 2A, we show Kelvin probe force microscopy (KPFM) images and
observe a stark increase in work function as we incorporate excess metal ions in the
MAPbg 755n0 2513 perovskite precursor solution. We also notice slower time-resolved
photoluminescence (PL) decays, which we show in Figure 2B. In Figure 2C, we pre-
sent the transient photo-conductivity for the corresponding samples for a range of
excitation densities, measuring maximum perturbation of conductivity decay after
photoexcitation by a 3.7 ns full-width half-maximum laser pulse.®” Similarly, we
observe an increase in early time photo-conductivity for films with excess metals
ions, implying higher charge carrier mobility, or a small fraction of very rapid trap-
ping on a shorter timescale than the laser pulse (sub few ns). We find that these
longer-lived carrier lifetimes and higher photo-conductivities correlate to a substan-
tial increase in device performance (Figure S13), which results in an optimized
MAPbg 755N 2513 PCE of more than 11%, as we show in Figure 2D.

Surprisingly, we found a substantial difference in optimum A-site to B-site ratio for
Sn/Pb-based perovskite materials compared to neat Pb-based perovskites. In the
case of Sn/Pb-based perovskite, the research community appears to have consistently
observed performance gains when using an excess of Sn halides, most notably in the
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Figure 2. Impact of Varying the Composition of A- to B-Site Cations for ACN Processed

MAPb, 755n¢ 2513 Perovskite Materials

(A) Kelvin-probe measurement of varying A- to B-site stoichiometry.

(B) Normalized time-resolved PL measurements taken at the peak emission wavelength of varying
A- to B-site stoichiometry.

(C) Peak transient photoconductivity signal as a function of ns 470 nm laser pulse excitation density.
(D) J-V characteristics of an optimized MAPbg 755n0 2513 single-junction planar heterojunction solar

cell with 15% excess metal ions, measured under 100.26 mW cm 2 equivalent AM1.5 irradiance at a

0.25 V/s scan rate. The masked aperture area of the solar cell is 0.0919 cm 2.

form of tin fluoride (SnF,)*>®1-8% or tin chloride (SnCl,).8" The tin fluoride as an additive
has readily been used as a reducing agent with the aim of suppressing the tin oxidation
from Sn?* to Sn**. By suppressing oxidation, we limit Sn?* vacancies, which causes the
undesirable excessive p-type behavior found in Sn-based perovskites. In our study
here, we rely on MA to act as a reducing agent instead of SnF,,%* since SnF poorly dis-
solves in the ACN/MA solvent system. We show in Figure S13 a plot of non-optimized
devices with various ratios of A-site to B-site cations. We find that devices with excess
MAI produced near-zero PCE and little to no short-circuit density (Jsc), whereas devices
with excess amounts of metals ions clearly show an increase in single-junction device
efficiency, reaching an optimum composition with 15% excess metal ions. Thus,
Sn-based perovskites not only require a reducing agent to suppress oxidation, but
also require excess metal ions, which we assume act as “compensator” ions, to mini-
mize the number of Sn vacancies. This is in agreement with the findings by Song
et al., who observed that a non-stoichiometric CsSnl; perovskite composition of
0.4:1 of Csl:Snl, was required for optimum performance when processed under a
reducing hydrazine atmosphere.?® In Figure 2A, we notice a deeper Fermi level for
the MAPbg 755n0 2513 perovskite with MAI-rich compositions, which is consistent with
a higher concentration of Sn?* vacancies, which are expected to lead to p-doping of
the perovskite. In contrast, the shallower Fermi levels, which we observed for metal
ion-rich perovskite films, would correspond to a more intrinsic perovskite material,
indicative of fewer Sn?* vacancies. We interpret the increase in carrier lifetimes in
the perovskite absorber, which we observe in Figure 2A, to be consistent with and indi-
cate a transition from a highly p-type material to a more intrinsic semiconductor.
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Figure 3. FA 33Cso.17Pb(Bro.7l0.3)3/MAPbI3/MAPbg 75Sn¢ 25l3 Triple-Junction Perovskite Solar
Cells

(A) Schematics showing an all-solution-processed triple-junction two-terminal (2T) perovskite solar
cell. Incoming light will be from bellow the device.

(B) SEM cross-section of the triple-junction 2T all-perovskite tandem. All the layers are labeled on
the image.

(C) J-V characteristics for the champion FAg g3Csg.17Pb(Bro 7l0.3)3/MAPbl3/MAPbg 755n0 2513 triple-

junction heterojunction solar cell fabricated, with an equivalent irradiance of 146.86 mW cm™2

measured at a 0.25 V/s scan rate. The active area of the solar cell is 0.0919 cm 2.

(D) Steady-state open-circuit voltage (Vo) of triple-junction planar heterojunction perovskite solar
cell measured over a 60 s time span.

In Figure 3, we show the structure and performance characteristics of our all-perov-
skite, monolithic, triple-junction solar cell, prepared via solution processing. The
narrow band-gap MAPbg 755n0 2513 perovskite solar cell, which we described in Fig-
ure 2, was processed on top of the dual-junction tandem solar cell architecture that
we described in Figure 1. In Figure 3A, we show a schematic of the 2T triple-junction
cell comprised of FAg g3Csq.17Pb(Bro 7l0.3)3/MAPbI3/MAPbg 75Sng 25l3. In Figure 3B,
we show a corresponding SEM cross-section image. In Figure 3C, we show the for-
ward and backward J-V characteristics of one of our highest-performing solar cells,
measured under an equivalent irradiance of 146.86 mW cm 2. We measured a J-V
determined PCE of 6.7% (6.4% SPO, which we show in Figure S14). Our highest
Voc, Which we show in Figure 3D, was measured on a separate device (shown in Fig-
ure S15) and exhibits a steady-state open-circuit voltage of 2.83 V after 60 s.

We note that the performance of the triple-junction is inferior to that of the
double-junction solar cell due to the lower than anticipated short-circuit current-
density generated by the MAPbg75Sng2slz rear cell and the overall low FF.
This low photo-generated current is responsible for severely current limiting
the entire multi-junction cell. In Figure S16, we show a high-performing
FA0.83Cs0.17Pbo sSNno sl3 perovskite in a p-i-n architecture, processed with a DMF/
DMSO solvent, filtered with a FAq g3Csg.17Pb(Brg.7lo.3)3/MAPbI; tandem solar cell
without the Ag electrode. Although we note this is not a 4T tandem measurement
since we did not employ a semi-transparent electrode upon the top tandem stack,
this measurement allows us to roughly estimate the expected efficiency gain if

Joule 3, 1-15, February 20, 2019 9



Please cite this article in press as: McMeekin et al., Solution-Processed All-Perovskite Multi-Junction Solar Cells, Joule (2019), https://doi.org/
10.1016/j.joule.2019.01.007

Joule Cell

higher performances and lower band gaps were obtained with ACN/MA solvent sys-
tem route. As we show in Figure S16C, a junction based on FAq g3Csg.17Pbg 5Sng sl3
with a 1.22 eV absorption onset, 15.5% steady-state efficiency can be obtained
when unfiltered and 2.4% steady-state efficiency when filtered with the
FA0.83Cs0.17Pb(Bro 7l0.3)3/MAPbI3 tandem. Thus, a narrow band-gap material could
potentially boost the FAq g3Csg.17Pb(Brg 710.3)3/MAPbI3 by more than 2.4%, reaching
17.5% combined PCE. We also note that this measurement includes an air gap be-
tween the tandem cell and the narrow band-gap single-junction solar cell and an
additional PEDOT:PSS layer that would otherwise not be present in the monolithic
triple-junction solar cell. The EQE spectrum of the filtered cell, which we show in Fig-
ure S16B, clearly indicates significant panchromatic loss is photocurrent density
beyond what we would expect simply from the parasitic absorbance is all the charge
extraction and recombination layers, which we show in Figures S17 and S18. This
loss is most likely due to the air gap and internal reflections between the stacked
(non-monolithic) sub-cells.

As reported by Hérantner et al., all-perovskite triple-junction solar cells employing
perovskite absorbers with similar band gaps to those that we have used in the present
work should be capable of outperforming single- and double-junction efficiencies.
The modeling of Hérantner et al. shows that an optimized 1.22 eV band-gap material
should current match the two wider band-gap sub-cells of 2.04 eV and 1.58 eV, deliv-
ering a theoretical maximum Jsc of 12 mA cm™2, a Vo of 3.54V and a PCE of 36.6%.%°
However, this performance can only be obtained with optically transparent inter-
layers to reduce parasitic absorption and reflection losses. In Figures S17 and S18,
we show the optical properties of each interlayer that we have used in our multi-junc-
tion stack. We note that the ~60-nm-thick PC¢;BM layer that we employ is respon-
sible for the majority of the parasitic absorption and reflection losses.

To understand in more detail where our present losses are arising and to assess the
true potential of this solution-processed all-perovskite multi-junction solar cell archi-
tecture, we employed a similar optical and electrical model to that used by Hérant-
ner et al. Using our experimental thicknesses, in combination with the extracted
electrical characteristics of our best-performing single-junction perovskite cells of
each band gap, we present in Figures 4A and 4B an estimation of the performance
of our tandem stack and the corresponding modeled EQE spectrum. We estimate
that our tandem solar cell (sub-cells with 1.94 eV and 1.57 eV band gaps) can be
increased to nearly 19% by combining the electrical characteristics of our current
measured champion FAgg3Csg 17Pb(Broslp.3)s with our best-in-class ACN/MA
MAPblI; device. We then proceed to model a stack with identical absorber and inter-
layer materials (shown in Figures 4C and 4D), but with a state-of-the-art MAPbl;, pro-
cessed viaa DMF/DMSO route, an optimized perovskite thicknesses, interlayers with
thickness down to 50 nm, and a MgF; anti-reflective coating. These improvements
allow the tandem cell to reach a 21.8% PCE. In this figure, we also modeled an opti-
mized stack with an enhanced front cell with improved electrical characteristics,
assuming an electroluminescence efficiency (EQEg ) of 1%, a series resistance
(Rs) of 4-1072Qcm?, and a shunt resistance (Rsy) of 10MQcm? for the
FA0.83Cs0.17Pb(Brolo 3)3,%” which increased the front cell PCE to 16.8% and the
attainable tandem cell PCE to 26.8%. Figures 4E and 4F reveal the performance of
our triple-junction architecture, assuming perovskite thicknesses optimized for
current-matching with maximum thickness limited to 1,382 nm, state-of-art MAPbl3
and FAg ¢MAg 4Pbg 4Sno 6l3 perovskite sub-cells, and an anti-reflective coating is
added on top. We can see that a 26.7% PCE can be achieved by using optimized
thickness, and more than 30% PCE triple-junction efficiency is within reach by using

10 Joule 3, 1-15, February 20, 2019



Please cite this article in press as: McMeekin et al., Solution-Processed All-Perovskite Multi-Junction Solar Cells, Joule (2019), https://doi.org/

10.1016/}.joule.2019.01.007

Joule

A ——TopCell e Best-in-class ACN/MA MAPbl, B _ _
—— Bottom Cell ~ +eeee Tandem with best-in-class ACN/MA MAPbl [_JReflection [___] Glass [ Perovskite
— FTO Other L:
Tandem . . ' 66 ] J [:I er Layers i
12 g
& 80 4 4
e o .
G
<
8- E ~ 604 d
£ Bestiin-class B
2 | AsFabricated ACN/MA MAPbI, e
= | ]
S PCE  163% PCE  189% W40 10.6 mA cm? 10.4 mA cm2|| 4
- Ve 227V Vee 236V
2 4 . 104 Jo 104 1
o FF 069 FF 077 204 |
=
= 1
[&]
0 T — T T 0 T T T T T
0.0 0.5 1.0 15 20 25 300 400 500 600 700 800
c Voltage (V) D Wavelength (nm)
—— Top Cell —— Best-in-class DMF/DMSO MAPbl, _ . )
~~~~~ Enhanced Top Cell +++++ Optimised thicknesses and Top cell —I Reflection D Glass ‘:] Perovskite
—— Optimised thicknesses - [ |OtherLayers [ ]FTO
T T T
T T T T == ﬁ,\7
—~ 124 . —
F R VP PSSRSO
£ p 80+ 1
© 10 5
< : :
= iwith 1
= 8 » . H fith Improved i :\; 604 Al
%‘ Optimised Thickness t Top Cell uj
S 6 PCE 218% IPCE  268% g
3 Vv, 238V iV, 264V J 404 11.8 mA cm? 11.8 mA cm™ |
€ Joo 118 e 118
© 49 FF 0.78 iFF 0.86
t:-, H H
: i 204 ¥
O 2 H H
0 T T . T — 4 T T T T F
0.0 05 1.0 15 20 25 300 400 500 600 700 800
Voltage (V) Wavelength (nm)
—— TopCell == Optimised 3J
E ——— Middle Cell +see Optimised 3J with improved sub-cells F [ Reflection [ ] Perovskite
= Bottom Cell
T T T
. 124
o
[ s i —— T 4 d
S 104
< Optimised Thicknesses
£ PCE  26.7%
> V. 316V 1 9 |
B Je 118 P
s FF 078 <}
o 6 ’ u 2
E 3 404 10.8 mA cm”
S 4 With Improved Sub-Cells
E PCE  30.4%
3] Vo 330V g 20 4
24 Je 108
FF 086
0 T T T T T T [ T T T T T T T
0.0 05 1.0 15 2.0 25 3.0 35 300 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm)

Figure 4. Optical and Electrical Modeling of Multi-Junction Perovskite Solar Cells

(A and B) Calculated J-V characteristics (A) and external quantum efficiency (EQE) (B) for the
solution-processed FAq g3Csg 17Pb(Bro 710.3)3/MAPbI3 tandem solar cell, with current single-junction
experimental data and with best-in-class ACN/MA MAPbl3 single-junction cell.

(C and D) Calculated J-V characteristics (C) and EQE (D) of a FA.g3Csg.17Pb(Bro.710.3)3/MAPbI3
tandem solar cell, assuming optimized layers thicknesses, 50 nm interlayers, MgF, anti-reflection
coating, and an enhanced TC performance.

(E and F) J-V characteristics (E) and EQE (F) for a FAq g3Csg 17Pb(Bro.7lo.3)3/MAPbI3/
FA0.sMAg 4Pbg 4Sng !5 triple-junction architecture, assuming optimized layers thicknesses, 50 nm
interlayers, MgF, anti-reflection coating, and an enhanced TC performance.

the enhanced front cell. We detail the specific layer thicknesses for each simulation,
along with further details in the supplementary information.

To date, all-perovskite monolithic multi-junction solar cells have yet to surpass the
efficiency of their state-of-the-art single-junction counterparts. The perovskite-on-
silicon tandem cell is the only example yet realized that delivers greater efficiency
than the world record for each sub-cell.®® The perovskite junctions require significant
improvements in light management to reduce reflection and parasitic absorption
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losses. The most significant fundamental loss is the inability to generate a compar-
atively high V. from the wide band-gap cells. Furthermore, layer deposition unifor-
mity has to be improved in order to realize charge extraction and recombination
layers with thicknesses in the 50 nm range. However, with concerted effort, we
expect these losses to be mitigated and hence enable fully solution-processed
multi-junction cells to ultimately surpass state-of-the-art single-junction cell
efficiencies.

EXPERIMENTAL PROCEDURES

Full details of experimental procedures can be found in the Supplemental
Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes experimental procedures, 18 figures, two tables,
and one video and can be found with this article online at https://doi.org/10.1016/j.
joule.2019.01.007.
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Figure S1 Optical characterization of FAgg3Cs17Pb(Bro7los)s perovskite material with 2% potassium additive A) Absorption
spectrum of FA0.83Cs0.17Pb(Bro.7l0.3)s measured with an integration sphere. B) Tauc plot of FAq g3Cso.17Pb(Bro.7l0.3)3 perovskite assuming
direct band gap material and fitting of optical band gap from intercept.

Figure S2 Scanning electron microscopy (SEM) image of the top view of FA( s3Cso.17Pb(Bro710.3)s perovskite film.
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Figure S3 Current-voltage characteristic of a SnO,/PCBM/FAgg3Cs0.17Pb(Bro.7l03)s/Spiro-OMeTAD perovskite solar cell with
2% mol. potassium (K*) additive. A) Forward bias to short-circuit current-voltage curve measured under simulated air-mass (AM)
1.5, using a 0.25V/s scan rate. The inset figure shows the photocurrent density and power conversion efficiency measured at the
maximum power point for a 60s time span. B) Stabilized open circuit voltage (Voc) of FA0.83Cs0.17Pb(Bro.7lo:s)s heterojunction perovskite
solar cell.
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Figure S4 Scanning electron microscopy (SEM) image of the top view of MAPDbI; thin film deposited on top of the front-cell and
interlayer, prepared using an acetonitrile(CHs;CN)/methylamine(CH3;NH,) (ACN/MA) solvent system, ranging from excess 6%
Pbl; to excess 6% MAI.
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Figure S5 Impact of varying the composition of A to B-site cations of the ACN/MA MAPDI; perovskite system in the

SNO,/PCBM/FA83Cs0.17Pb(Bro.7103)3/Spiro-OMeTAD/PEDOT:PSS/ITO

NPs/PCBM/MAPDI3/Spiro-OMeTAD

tandem

architecture structure. A) Power conversion efficiency B) Fill-factor C) Short-circuit current density D) Open-circuit voltage.
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Figure S6 Histogram of the performance of the FAs3Cs017Pb(Brozlos)syMAPbI; tandem solar cell perovskite. A) JV Power
conversion efficiency (PCE). B) Open-circuit voltage (Vo). D) Fill-factor (FF). C) Short-circuit current-density (Jsc).
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Figure S7 Measured solar simulator spectrum compared to the AM1.5G spectrum. A) Xenon lamp spectrum used for the

measurement of the FA0.83Cs0.17Pb(Bro.710.3)s/MAPbI3 tandem solar cell B) Xenon lamp spectrum used for the measurement of the
FA0.83Cs0.17Pb(Bro.710.3)s/MAPbI3/MAPbo.75Sno 2513 triple-junction solar cell.
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Figure S8 Device performance of a FAqs3Cso.17Pb(Bro7lo3)s/MAPDI; tandem solar cell with the highest open circuit voltage A)
Current-voltage characteristics, measured under simulated air-mass (AM) 1.5 sunlight, using a 0.25V/s scan rate. B) Photocurrent
density and power conversion efficiency measured at the maximum power point for a 60 s time span. A mismatch factor of 1.004 has
been applied to the PCE.
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Figure S9 Impact of the FAI/CsBr in MeOH post-treatment on the absorption onset, crystal structure and device performance
of the MAPDI; processed via the ACN/MA solvent system. A) Absorption spectrum and B) XRD-diffraction pattern shown before
and after deposition of the FAI/CsBr in MeOH post-treatment. C) Current-voltage characteristics, measured under simulated air-mass
(AM) 1.5 sunlight using a 0.25V/s scan rate. D) Photocurrent density and power conversion efficiency measured at the maximum power
point for a 90 s time span. A mismatch factor of 1.004 has been applied to the PCE.
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Figure S10 Impact of the FAI/CsBr in MeOH post-treatment on the thermal stability of the MAPbI; processed via the ACN/MA
solvent system. A) Photographs of a MAPbI; fabricated via the ACN/MA solvent system thin film with and without the post-treatment.
The perovskite films were stressed at 130° C in a nitrogen atmosphere. B,C) Ultraviolet-visible absorbance spectra of corresponding
films. D,E) XRD-diffraction pattern of corresponding films.
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Figure S11 Impact of the added recombination layer along with the PCBM electron accepting layer on the thermal stability of
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Figure S12 Characterization of MAPbg75Sno2sls perovskite material A) External quantum efficiency (EQE) spectrum for a
FTO/SnO2/PCs1BM/MAPDo.75Sn0.7513/Spiro(TFSI)2 solar cells architecture, measured using a 50 Q resistive load. B) Tauc plot of
MAPbo.75Sn0.2513 perovskite material assuming direct band gap material.
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Figure S13 Impact of varying the composition of A to B-site cations of the ACN/MA MAPho.7sSno.2s13 single junction perovskite system
on A) power conversion efficiency B) fill-factor C) short-circuit current density D) open-circuit voltage.
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Figure S15 Device performance of a FA s3Cs0.17Pb(Bro7lo3)s/ MAPDIs/MAPD, 75Sng 2513 triple-junction solar cells with the highest
open circuit voltage A) Current-voltage characteristic measured under simulated sunlight, with an equivalent irradiance of 98.8 mW
cm2and a spectral mismatch factor of 1.486, measured at a 0.25 V/s scan rate. B) Photocurrent density and power conversion efficiency
measured at the maximum power point for a 60s time span.
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Figure S16 Architecture and device characterization of a FAs3CS0.17PbosSnosls filtered with a FA s3Cso.17Pb(Brozlos)s/ MAPDI;
dual-junction solar cells. A) Schematics showing the filtering of the FA0.s3Cs0.17PbosSnosls perovskite with an all-solution processed
perovskite/perovskite two-terminal (2T) FAos3Cso.17Pb(Brozlo3)syMAPDIs tandem perovskite solar cell. B) EQE spectrum for a
FA0.83Cs0.17Pbo.sSnosls (solid line) filtered with a FA0.83Cs0.17Pb(Bro.7lo3)s/MAPDI3 dual-junction solar cells, and the integrated current
density for the tandem perovskite solar cell. We also show alongside, the EQE spectrum for each sub-cell of the
FA0.83Cs0.17Pb(Bro.7lo.3)s/MAPDI3 tandem perovskite solar cell with an opaque electrode, and the integrated current density for the
tandem perovskite solar cell. C) J-V characteristics for the champion a FAo.83CS0.17PbosSnosls unfiltered and filtered with a
FA0.83Cs0.17Pb(Bro.7l0.3)s/MAPbI3 dual-junction solar cell fabricated, measured at a 0.25 V/s scan rate. C) Photocurrent density and
power conversion efficiency measured at the maximum power point for a 60s time span of the FA0.83Cs0.17PbosSnosls unfiltered and
filtered solar cell. A mismatch factor of 1.486 has been applied to the PCE.



-
o
=1
®

5 100
A ——Glass B 9ol
——ITONPs
~4 —— PC¢,BM (7.5 mg/ml) 80
2 ——PCyBM (Interlayer) | & 70t
S —— PEDOT:PSS < 60
o —— Spiro-OMeTAD 2 50 ——Glass
2 —sno, k] ——ITONPs
g2 £ 4o0f ——PC,,BM (7.5 mg/ml)
2 § 30t —— PC4,BM (Interlayer)
1 = 20} —— PEDOT:PSS
10l —— Spiro-OMeTAD
. ——Sno,
400 600 800 1000 400 600 800 1000

Wavelength (nm)

Wavelength (nm)

(@]

Reflectance (%)

Cell

Glass

——ITO NPs
——PCg,BM (7.5 mg/ml)
—— PCq,BM (Interlayer)
—— PEDOT:PSS
Spiro-OMeTAD
SnO,

400 600 800
Wavelength (nm)

Figure S17 Optical properties of the recombination interlayer and hole and electron accepting layers. A) Absorption measured
from 250nm to 1050nm of glass, indium-tin oxide nanoparticles (ITO NPs), phenyl-C61-butyric acid methyl ester (PCs:BM), phenyl-
C61-butyric acid methyl ester (PCe1BM), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), (2,2',7,7'-
tetrakis(N,N'-di-p-methoxyphenylamine)-9,9'-spirobifluorene) (Spiro-OMeTAD). B) Transmission measurement C) Reflectance
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To calculate the mismatch factor (M) of the tandem solar cell, we employed the give formula[1]:

Where, Ej is the spectral irradiance of the AM1.5G spectrum, Sy, is the spectral response of the silicon reference cell, Ej is the relative
spectral irradiance of the Abet Class AAB sun 2000 solar simulator, Sy, is the spectral response of the front cell, S, is the spectral

response of the bot cell.

_ JEr() Sp(WdA min(J Es(D) Seop(DdA, [ Es(2) Spor(DdA)

 JEs(DSe(DdA min(f Eg(2) Stop(DdA, [ Eg(2) Spor(DdA)

Cell

Architecture

Uncorrected mismatch factor

Mismatch factor after
lamp adjusted

Filter for
Reference cell

Tandem solar cell

1.050

1.004

KG5

Triple-junction solar
cell

1.507

1.486

KG2

Table S1 Table of the calculated mismatch factors for the tandem perovskite solar cell and the triple-junction perovskite solar cell.

Architecture

Spectral Mismatch Factor

Raw efficiency — Uncorrected
for Spectral Mismatch

Reported efficiency —
Corrected for Spectral

Mismatch
Tandem 1.004 15.3% 15.2%
Triple-junction 1.486 9.9% 6.7%

Table S2 Table showing the raw uncorrected efficiency, along with the reported corrected for spectral mismatch for both the tandem

and the triple-junction perovskite solar cell.
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EXPERIMENTAL SECTION

Front Cell (TC) Fabrication: Glass/FTO/SnO2/PCegBM/FAq3Cs0.17Pb(Bro710.3)3/Spiro-OMeTAD

Substrate Preparation: Devices were fabricated on fluorine-doped tin oxide (FTO) coated glass (Pilkington, 15Q o). Initially, FTO
was removed at specific regions where the anode contact will be deposited. This FTO etching was done using a 2M HCI and zinc
powder. Substrates were then cleaned with Hellmanex detergent and rinsed with water. Finally, the substrates were then cleaned
sequentially in acetone, isopropyl alcohol (IPA), and dried with a compressed air gun.

Tin Oxide (SnO,) layer fabrication: Immediately prior to spin coating, we prepared a SnO2 precursor solution comprised of 17.5mg
ml tin(IV) chloride pentahydrate (SnCls-5H20) (Sigma-Aldrich) dissolved in anhydrous 2-propanol (IPA). The solution was spin-
coated in nitrogen at 3000 rpm for 30 s, with a ramp of 200 rpm/s. The substrates were then dried in nitrogen at 100 °C for 10 min. A
subsequent annealing step was done in air at 180 °C for 90 min.

PCe:BM layer fabrication: A Phenyl-C61-butyric acid methyl ester (PCe1BM) precursor solution was prepared by dissolving a 7.5
mg ml PCs1BM (99%, solenne) in anhydrous chlorobenzene (CB) (Sigma). We doped the PCe1BM using dihydro-1H-benzoimidazol-
2-yl (N-DBI) derivatives, specifically 3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (N-DMBI).[2-7] We doped the PCs:BM
precursor solution with N-DMBI at a 0.25% wt%. This solution was then filtered using a 0.45 ['m PTFE filter. We spin coated this
solution in a nitrogen-filled glovebox at 2000 rpm for 20s with a ramp rate of 1000 rpm/s, and annealed the substrate at 80 °C for 10
min.

FAI synthesis: Formamidinium iodide (FAI) was synthesized by dissolving formamidine acetate salt (99%, Sigma-Aldrich) in a 1.5x
molar excess of hydriodic acid (HI), 57 wt. % in H20, distilled, stabilized, 99.95% (Sigma-Aldrich). After addition of acid the solution
was left stirring for 10 minutes at 50 °C. Upon drying in a large glass dish at 100°C for 2h, a yellow-white powder was formed. This
was then washed three times with diethyl ether. The power was later dissolved in anhydrous ethanol (99.5%, Sigma-Aldrich) and heated
at 120 °C in a N2-rich atmosphere to obtain a supersaturated solution. Once fully dissolved, the solution was then slowly cooled to room
temperature in a N2-rich atmosphere, until recrystallization occured. The recrystallization process formed white flake-like crystals. The
solution was then placed and in a refrigerator at 4 °C, after which it was transferred to a freezer for further crystallization. The powder
was later washed with diethyl ether three times. Finally, the powder was dried overnight in a vacuum oven at 50 °C.

FA0.83Cs0.17Pb(Bro7l0.3)s with 2% K additive perovskite precursor solution preparation: FA/Cs (formamidinium/Cs) with 2% K
additive perovskite solutions were prepared by dissolving the precursor salts in anhydrous N,N-dimethylformamide (DMF) to obtain a
stoichiometric solution with the desired FA0.83Cso0.17Pb(Bro.7lo.3)s composition and 2% K additive using a molar ratio of 30% to 70% Ki
to KBr. The precursor solution was prepared using the following precursor salts: formamidinium iodide (FAI), cesium iodide (Csl)
(99.9%, Alfa Aesar), lead iodide (Pbl2) (99%, Sigma-Aldrich), lead bromide (PbBr2) (98%, Alfa Aesar), potassium iodide (KI) (99%,
Sigma-Aldrich), potassium bromide (99%, KBr) (Sigma-Aldrich). 27.2 ul/ml of hydroiodic acid (HI) (57 wt. % in H20, distilled,
stabilized, 99.95%, Sigma-Aldrich) and 54.8 pl/ml of hydrobromic (HBr) (48 wt. % in H20) was added to 1ml of 0.75 M precursor
solutions. After the addition of the acids, the perovskite precursor solution was aged for 2 days under a nitrogen atmosphere.

FA0.53Cs0.17Pb(Bro710.3)s perovskite layer preparation: This aged precursor perovskite solution was spin-coated in a nitrogen-filled
glovebox at 1200 rpm for 45s with a 600 rpm/s ramp rate. The films were dried inside a N2 glovebox on a hot plate at a temperature of
70 °C for 1 minute. The films were then annealed in an oven in an air atmosphere at 185°C for 90 minutes. During this annealing process,
the samples were covered with a large glass container to prevent dust contamination.

Spiro-OMeTAD hole-transporting layer fabrication: The electron-blocking layer was deposited with a 72.5mg/ml of 2,2°,7,7’-
tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD) (Lumtec) solution in chlorobenzene. Additives of 38l
of lithium bis(trifluoromethanesulfonyl)imide (170mg/mL in 1-butanol solution) per 1ml of spiro-OMeTAD solution and 21l of 4-
tert-butylpyridine (TBP) per 1mL of spiro-OMeTAD solution. The samples were left to oxidize in a desiccator for 24h. Spin-coating
was carried out in a nitrogen-filled glovebox at 2000rpm for 20s with a ramp rate of 1000 rpm/s.
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Recombination Interlayer layer fabrication (for both TC/MC and MC/BC): PEDOT:PSS/ITO NPs

The interlayer is fabricated using both PEDOT:PSS (PH 1000) in water (Heraeus Clevios) and indium-tin oxide, 30 wt. % in isopropanol
(IPA), (ITO) <100nm nanoparticles (NPs) dispersion (Sigma), as precursor solutions.

We first deposit a thin layer of PEDOT:PSS directly on top of the existing spiro-OMeTAD layer. The PEDOT:PSS precursor solution
was prepared immediately prior to spin coating, by diluting PEDOT:PSS (PH 1000) in anhydrous 2-propanol (IPA) at a volume ratio
of 1to 1.5 (PEDOT:PSS to IPA) and then filtered with a 2.7 [Tm GF/D membrane filter (Whatman). The substrates were preheated at
80 °C, and we then dynamically spin coated the diluted PEDOT:PSS solution, in a dry air atmosphere <10% relative humidity (RHM),
at a speed of 6000 rpm for 20 s, and then annealed for at 80 °C for 10 min.

We then deposited the ITO NPs layer. We prepared the ITO NPs precursor solution by diluting the 30 wt. % in IPA down to 1 wt. % in
IPA. The diluted solution was sonicated, in a sonication bath, for 15 m prior to deposition. We dynamically spin coated the diluted ITO
NPs solution, in a dry air atmosphere <10% relative humidity (RHM), at a speed of 6000 rpm for 20 s, and then annealed for at 80 °C
for 10 m.

Middle Cell (MC) Fabrication: PCsBM/MAPDI3/Spiro-OMeTAD

PCsBM layer fabrication: A Phenyl-C61-butyric acid methyl ester (PCs1:BM) precursor solution was prepared by dissolving a 30 mg
ml PCs1BM (99%, solenne) in a mixture of anhydrous chlorobenzene (CB) (sigma) and anhydrous chloroform (CF) solvents. The
solvents were mixed at a volume ratio of 2 to 1, CB to CF. We doped the PCs:BM using dihydro-1H-benzoimidazol-2-yl (N-DBI)
derivatives, specifically 3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (N-DMBI).[2-7] We doped the PCeBM precursor
solution with N-DMBI at a 0.25 wt%. This solution was then filtered using a 0.45 ['m PTFE filter. The substrates were preheated at 80
°C, we then dynamically spin coated this solution in a dry air atmosphere <10% relative humidity (RHM) at 4000 rpm for 20s, and
annealed the substrate at 80 °C for 10 min.

ACN/MA MAPDI; perovskite precursor solution preparation:

In this work, we found that controlling the MA content in the acetonitrile(CHsCN)/methylamine(CHsNH2z) (ACN/MA) MAPbI3 solution
resulted in better tandem performance with higher reproducibility. Excess MA in the ACN/MA MAPbIs solution can potentially
percolate through pinholes of thin imperfect interlayers, thus partially or completely dissolving the underlying junction. Thus, solutions
with the minimal amount of MA required to dissolve the perovskite were employed. Controlling the MA content in the solution can
potentially be done by controlling the MA flow rate and stirring speed, however, precisely controlling these parameters was sometimes
challenging. Instead, we prepared two ACN MAPbIs dispersions, one with excess MA content resulting in a full ACN/MA MAPbI3
solution, and another ACN MAPbDI3 dispersion without any MA. Immediately prior to spin coating, we slowly add the ACN/MA
MAPbDI3 with excess MA to the ACN MAPbDI3 dispersion until this dispersion is fully dissolved, and becomes a full solution. The
resulting solution is an ACN/MA MAPbI3 solution at its critical solubility point. The preparations of the ACN/MA MAPDbI; solution
and the ACN MAPDIs dispersion are described below.

The ACN MAPbI3 perovskite precursor solution without any MA was prepared, under nitrogen, using precursor salts methylammonium
iodide (MAI) (Dyesol) and lead iodide (Pbl2) (TCI) added into anhydrous acetonitrile (ACN) (Sigma Aldrich) at a concentration of 1.03
M for MAI and 1 M for Pbly, resulting in a non-stoichiometric solution (1.03:1 MAI:Pblz). This solution was then sonicated, in a
sonication bath, for 1 h in order to fully react the MAI with the Pblz, a black perovskite dispersion is then seen at the bottom of the
ACN filled vial.

The ACN/MA MAPbI3 perovskite precursor solution was prepared using an adapted method described by Noel et al.[8] We first prepare
an ACN/MA MAPbI3 perovskite precursor solution with the identical preparation method as described above. In order to dissolve the
perovskite in ACN, a solution of methylamine (MA) in ethanol (Sigma Aldrich, 33 wt%) was placed into an aerator which was kept in
an ice bath. Nitrogen was then bubbled into the solution, thus degassing the solution of MA. The MA gas which was produced was then
passed through a drying tube filled with a desiccant (Drietire and CaO). The gas was bubbled into the black dispersion, while vigorously
stirring the ACN/MA MAPDI3 dispersion using a large magnetic stir bar at a speed of approximately 700 rpm. The dispersion was
bubbled for 15 minutes, which resulted in a full dissolution of the black perovskite particles, resulting in a clear, light yellow solution.
We note this solution has an “excess” amount of MA in the ACN/MA MAPbIs solution.

ACN/MA MAPDI; perovskite layer preparation: The ACN/MA MAPbI3precursor perovskite solution (at it’s critical solubility point)
is immediately dynamically spin coated in a dry air atmosphere <10% relative humidity (RHM) at 5000 rpm for 20s. A post treatment
of methylammonium chloride (MACI) was then carried out by dynamically spincoating at 6000 rpm for 20s a 50 pl of MACI (Alfa
Aesar, 2 mg/ml in isopropanol). The films were then annealed in an oven in an air atmosphere at 80 °C for 90 minutes. During this
annealing process, the samples were covered with a large glass container to prevent dust contamination.

ACN/MA MAPDI; perovskite layer preparation with FAI/CsBr post-treatment: The ACN/MA MAPbIs precursor perovskite
solution (at it’s critical solubility point) is immediately dynamically spin coated in a dry air atmosphere <10% relative humidity (RHM)
at 5000 rpm for 20s. A formamidinium iodide (FAI) and cesium bromide (CsBr) post-treatment was then carried out by dynamically
spincoating a 50 pl of a 0.2M solution of FAI/CsBr (83/17, molar ratio) dissolved in methanol (MeOH), at 6000 rpm for 20s. The films
are annealed for 10 minutes at 80 °C. After cooling the film to room temperature, a 200 pl isopropanol solution was dynamically spin
coated at 6000 rpm for 20s, to remove excess cations. The films were then annealed in an oven in an air atmosphere at 80 °C for 90
minutes. During this annealing process, the samples were covered with a large glass container to prevent dust contamination.
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Spiro-OMeTAD hole-transporting layer fabrication: The electron-blocking layer was deposited by dynamically spin coating a
85mg/ml of 2,2°,7,7-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene  (spiro-OMeTAD) (Lumtec) solution in
chlorobenzene. Additives of 20ul of lithium bis(trifluoromethanesulfonyl)imide (520mg/mL in acetonitrile solution) per 1ml of spiro-
OMeTAD solution and 33ul of 4-tert-butylpyridine (tBP) per 1mL of spiro-OMeTAD solution. Spin-coating was done dynamically
and carried out in a dry air atmosphere <10% relative humidity (RHM) at 2000 rpm for 30s. The samples were left to oxidize in a
desiccator for 24h.

Rear Cell (BC) Fabrication: PCgBM/MAPbg 75SNg 2513/Spiro(TFSI),

PCeBM layer fabrication: A Phenyl-C61-butyric acid methyl ester (PCs:BM) precursor solution was prepared by dissolving a 30 mg
ml PCs1BM (99%, solenne) in a mixture of anhydrous chlorobenzene (CB) (sigma) and anhydrous chloroform (CF) solvents. The
solvents were mixed at a volume ratio of 2 to 1, CB to CF. We doped the PCs1:BM using dihydro-1H-benzoimidazol-2-yl (N-DBI)
derivatives, specifically 3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (N-DMBI).[2-7] We doped the PCe1BM precursor
solution with N-DMBI at a 0.25% wt%. This solution was then filtered using a 0.45 [Tm PTFE filter. The substrates were preheated at
80 °C, we then dynamically spin coated this solution in a dry air atmosphere <10% relative humidity (RHM) at 4000 rpm for 20s, and
annealed the substrate at 80 °C for 10 min.

ACN/MA MAPbg 75Sno 2515 perovskite precursor solution preparation:

To obtain a mixed-metal ACN/MA MAPho.7sSno.2sl3 perovskite precursor solution, we mixed an ACN/MA MAPbIs with an ACN
MAPbosSnosls (without any MA) at a 1:1 volume ratio, resulting in an ACN/MA MAPbg.75Sno.2sl3.

The ACN/MA MAPbosSnosls solution perovskite precursor solution, without any MA was prepared, under nitrogen, using precursor
salts methylammonium iodide (MAI) (Dyesol), lead iodide (Pblz2) (TCI), and anhydrous tin iodide (Snlz2) beads (TCI) added into
anhydrous acetonitrile (ACN) (Sigma Aldrich) at a concentration of 0.8 M for MAI, 0.46 M for Pblz and 0.46 M for Snlz, resulting in a
non-stoichiometric solution with 15% excess metal salts (1:1.15 MAI:Pbl2+Snl2). This solution was then stirred under nitrogen at 70
°C for 1h, in order to fully react the MAI with the mixed metals, a black perovskite dispersion is then seen at the bottom of the ACN
filled vial.

The ACN/MA MAPbI3 perovskite precursor solution was prepared using an adapted method described by Noel et al.[8] We first prepare
a ACN/MA MAPbIs perovskite precursor solution at a 0.8 M for MAI and 0.46 M for Pblz, resulting in a non-stoichiometric solution
with 15% excess metal salts (1:1.15 MAI:Pblz). In order to dissolve the perovskite in ACN, a solution of methylamine (MA) in water
H20 (Sigma Aldrich, 40 wt%) was placed into an aerator which was kept in an ice bath. Nitrogen was then bubbled into the solution,
thus degassing the solution of MA. The MA gas which was produced was then passed through a drying tube filled with a desiccant
(Drietire and Ca0). The gas was bubbled into the black dispersion, while vigorously stirring the ACN/MA MAPDIz dispersion using a
large magnetic stir bar at a speed of approximately 700 rpm. The dispersion was bubbled for 15 minutes, which resulted in a full
dissolution of the black perovskite particles, resulting in a clear, light yellow solution. We note this solution has an “excess” amount of
MA in the ACN/MA MAPbI; solution. The solution was then stored in nitrogen for approximately 3 h with activated 3 A molecular
sieves to remove any H2O that was introduced during the MA bubbling process.

ACN/MA MAPb, 75Sno 2513 perovskite layer: This precursor perovskite solution is immediately dynamically spin coated in a nitrogen
glovebox at 5000 rpm for 20s. A second subsequent spin coating step was used to deposit a methylammonium chloride (MACI) post
treatment. A 2 mg ml** solution of MACI in IPA was dynamically spin coated at 6000rpm for 20s. The films were then annealed in
nitrogen at 80°C for 90 minutes.

Spiro(TFSI), synthesis: The Spiro(TFSI)2 hole-transporting layer used for the MAPbo.75Sno.2sls perovskite was prepared using an
adapted method described by Nguyen et al.[9] We first dissolved 2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-
spirobifluorene (spiro-OMeTAD) (Lumtec) solution in chlorobenzene (CB) at a 2 mg ml concentration. Separately, we dissolved the
Silver(l) bis(trifluoromethanesulfonyl)imide (Ag-TFSI) in methanol at a 100 mg ml™. We slowly mixed identical volumes of both
solutions together, while stirring. The final molar ratio is 1 to 0.95 (spiro-OMeTAD to Ag-TFSI). We then left the mixed solution
stirring overnight. We filtered the solution with a 0.2 [Im PTFE filter to remove the Ag colloids. We used a rotary evaporation to
remove CB until approximately 5% of the original volume is left. We then added toluene to the remaining flask at a volume of 50% of
the initial CB volume. We placed the solution in a refrigerator for 24h, where a fine black powder precipitated. Once, the black powder
fully settled, we removed excess toluene using a glass frit filter. We washed the powder with a cold 4 °C toluene. Once the powder was
dry, we prepared a 20 mg ml-* in methanol solution. This black powder should not have low solubility in methanol, which starts the
precipitation process. We refrigerated the solution at 4 °C overnight. The black powder collected at the bottom of the vial. We removed
the excess toluene using a glass frit filter, and washed with 4 °C methanol. Once dry, we collected and weighed the Spiro(TFSI)2
powder.

Spiro-OMeTAD doped with 10 wt.% Spiro(TFSI); hole-transporting layer fabrication: The electron-blocking layer was deposited
by dynamically spin coating a spiro(TFSI)2 doped spiro-OMeTAD at 2000 rpm for 30s in a nitrogen glovebox. This precursor solution
was prepared with a 72.5 mg ml! wt.% spiro solution composed of a 7.25 mg ml* Spiro(TFSI)2 and a 65.25 mg ml* 2,2°,7,7 -tetrakis-
(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD) (Lumtec) solution in chlorobenzene. No additives were added
to the spiro-OMeTAD solution.
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Rear Cell (BC) Fabrication: PEDOT:PSS/FA¢.83CS0.17Pbo.5Snos13/PCs1BM/BCP

FAo.83Cs0.17Pbo.sSnosls perovskite precursor preparation: A stoichiometric solution of 1.2 M FA0.83Cso.17Pbo.sSno.sls was prepared in a
nitrogen atmosphere by dissolving FAI (Dyesol), Csl (99.9%, Alfa Aesar), Pbl2 (99.999%, Alfa Aesar), and Snl2 (99.999%, Alfa Aesar)
in a mixed solvent of 4:1 DMF:DMSO by volume. Also dissolved in the solution is 60 mM tin (I1) fluoride (SnF2, 99%, Sigma Aldrich)
and 36 mM lead (I1) thiocyanate (99.5%, Sigma Aldrich).

Device preparation: Patterned indium tin oxide (ITO) substrates were cleaned by sequentially rinsing in acetone and IPA. Once dried,
the substrates were cleaned with an O2-plasma for ten minutes. Immediately following plasma treatment, a PEDOT:PSS solution (PVP
Al 4083, Heraeus, in a 1:2 volume ratio with methanol) was spincoated in ambient conditions at 4 krpm for 30 s, followed by annealing
at 150 °C in ambient for 10 minutes. The devices were immediately transferred to a N2 glovebox. Just prior to fabricating the perovskite
film the PEDOT:PSS coated ITO substrates were annealed again at 120 °C for 10 minutes. The perovskite film was fabricated by
spincoating the solution at 3.6 krpm for 14 s with a 6 s ramp. At 13 s after the start of the spincoating program, 200 uL of anisole was
dispensed onto the spinning substrate. Once spincoating is finished, a stream of N2 was applied to the film for 15 s and then immediately
annealed at 120 °C for 10 minutes. The PCs1BM layer was produced by dynamically spincoating 50 uL of a hot solution (90°C) of
PCes1BM (20 mg/mL dissolved in a mixed solvent of 3:1 chlorobenzene:1,2-dichlorobenzene by volume) at 2 krpm for 30 s and
subsequently annealed at 90°C for 2 minutes. Once cooled to room temperature, 70 uL of a 0.5 mg/mL solution of bathocuproin (BCP,
98%, Alfa Aesar) was dynamically spincoated at 4 krpm for 20 s.

Electrode: A 100 nm silver or gold electrode was thermally evaporated under vacuum of =107 Torr, at a rate of =0.2 nm-s™%.

Solar cell characterization: The current density—voltage (J-V) curves were measured (2400 Series SourceMeter, Keithley Instruments)
under simulated AM 1.5 sunlight at approximately 100 mWcm? irradiance generated by an Abet Class AAB sun 2000 simulator, with
the intensity calibrated with an NREL calibrated KG5 filtered Si reference cell. For single junctions, the mismatch factor was calculated
to be less than 1%. For multi-junctions, the mismatch factor was calculated for each junction and PCE were adjusted accordingly. The
active area of the solar cell is 0.0919 cm2. The forward J-V scans were measured from forward bias (FB) to short circuit (SC) and the
backward scans were from short circuit to forward bias, both at a scan rate of 0.25V s, A stabilization time of 5 seconds under 1 sun
illumination and forward bias of 0.3V above the expected Voc was done prior to scanning.

External quantum efficiency (EQE) characterization: The multi-junction EQEs were measured by optically biasing the sub-cells
that are not being measured with a 3W 470-475 nm LED and a 3W 730-740 nm LED, for the TC and for the BC, respectively. A
negative bias equal to Voc of the sub-junction that is being optically biased was applied to the tandem during the measurement. This
allows us to measure the response of the tandem in short-circuit condition.

Transient photoconductivity: The Nd:YAG laser excitation source tuned to 470 nm and pumped at 10 Hz with 3.7 ns pulses is used
at the range of fluences to have various charge carrier density as described in the main text. This pulse light is illuminated across the
entire sample area to evenly excite the film. A bias of 24 V is applied across the in-plane (lateral) electrodes. Here, since the contact
resistance between perovskite film and Au electrode is fairly small compared to sample resistance, we employ a two-point probe
conductivity measurement. A variable resistor is in series with sample in the circuit to always be <1% of the sample resistance. We
monitored the voltage drop across a variable resistance, placed in series with the sample, using a 1MQ input resistance oscilloscope to
determine the potential drop across the two in-plane Au electrodes (4 mm channel to channel distance) in the sample. Perovskite film
is scribed to have 5mm channel width, and coated with inert 200nm PMMA. Transient photoconductivity (6rransient—photo) Was

- V; 1 - . . . .
calculated by the equation, o7 ansient—proto = m X — where, V: is voltage drop across the resistor, Rr is variable resistor,

Vhias IS bias voltage, | is channel-channel length, w is channel width, and t is film thickness.

Modeling:

Overview

We modelled the optical properties of the stack using a generalized transfer matrix method (TMM).[10] All the calculations were done
in Python with heavy use of the NumPy and SciPy libraries. The wavelength dependent complex refractive index, the layer thicknesses
and the incidence angle were fed as input.

The TMM model outputs the electric field distribution in the stack. This was used to calculate Transmittance T (E), Reflectance R(E)
and the absorption A(E) in each layer. The short circuit current of each sub-cell was then determined by assuming the internal quantum
efficiency to be unity:

Jsc = QJ- A(E) - pam1s(E) - dE
0

Here, ¢am15(E) is the photon flux from the AM1.5 spectrum.
The JV curve from each sub-cell was obtained by combining this modelled . with the electrical characteristics of state-of-art single
junction cells. To do this, we parametrized the JV curves of state-of-the-art single junctions as per the single diode equivalent model:
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JO) = Jown — o (e% _ 1) ~ %(V)Rs
SH

Where n, Vi, Rs, ], and Rgy are respectively the electron charge, thermal voltage at 300K, series resistance, dark current, and shunt
resistance. The JV curve of each multi-junction sub-cell is modelled by replacing J,,,, in the fitted equation with the Jg. calculated from
the multijunction stack. As the correlation between J,,,,, and other fitting parameters is negligible, we can be sure that J,,,,, can be
changed without changing other parameters. The approach of Jain et al.[11] was used to solve the single diode model using the Lambert
W function. After calculating the JV curves of all sub-cells, we combined them to obtain the multi-junction JV curve.[12] The maximum
point is calculated from this combined JV curve.

Inputs for the Optical and Electrical Models

The refractive indices for ITO[13], FTO[14], PEDOT:PSS[15], PCBM[16], Spiro-OMeTAD[17], Ag[18], MAo.4FA0.6Sno.6Pbo.413[19]
and MAPbDIs [20] were taken from the literature. The extinction co-efficient k of FA0.83Cso.17Pb(Bro.7lo.3)3 was obtained by measuring
the transmittance T and the reflectance R of a thin film of thickness t on glass and using the relations:

Once k(A) was obtained, we parametrized it in terms of Lorentz oscillators to get an analytical representation, which was transformed
into the refractive index n(1) via the Kramers-Kronig transform:

nA)=1+-— dE’

sz E'k(E)
m)y E'? —E?

The electrical characteristics for the MAPbIs [21]and the MAPbo.7sSno.2s13[22] are taken from best reported cells of same or similar
class in the literature. For the FA0.83Cso.17Pb(Bro.7l03)3 sub-cell, we use the JV curve of our best FA0.83Cs0.17Pb(Bro.7l0.3)3 single junction
cell (Figure S3).

To account for the ITO nanoparticles being embedded in PCBM, we model its refractive index as a Bruggeman Effective Medium with
75% ITO and 25% PCBM. The refractive index of this effective medium is calculated by solving:

fITO(nIZTO —n?) _ - fFTo)(nIZJCBM —n?)
(nfro +2n?) (NEcpm + 2n2)

Where n;ro, npcgy and firo are respectively the complex refractive index of 1TO, complex refractive index of PCBM and the fraction
of ITO in the effective medium.

Tandem Simulation

FAo,ggCSo,ﬂPb(Bfo]l0,3)3/MAPb|3 simulation - Figure AB

The thicknesses used in the optical model are obtained from an SEM cross section of the tandem. The electrical characteristics of
FA0.83Cs0.17Pb(Bro.7lo.3)s and MAPDI3 presented are extracted from our own single junction devices (FigureS3). The dotted JV models
the performance assuming the MAPbI3 performs as well as the best ACN processed MAPbI3 cell in literature.

Layer Thickness
Glass 2.2mm
ITO 350nm
SnO: 40nm
PCBM 10nm




FA0.83Cs0.17Pb(Bro.7lo.3)s 350nm
Spiro-OMeTAD 250nm
PEDOT:PSS 15nm

ITO

Nanoparticles:PCBM | 50nm
75:25 Effective Medium

PCBM 80nm

MAPDI3 530nm
Spiro-OMeTAD 180nm
Ag 100nm

FAo,ggCSo,ﬂPb(Bfo]lo,3)3/MAPb|3 (optimized) - Figure C,D
We cap the thicknesses of the non-perovskite layers at 50nm. We add a MgF: anti-reflecting coating. We optimize the thicknesses of
the perovskite layers and the anti-reflecting coating using a differential evolution algorithm to maximize the limiting current.

The electrical characteristics of the FA0.83Cso.17Pb(Bro.7los)s are from our own device (Fig S3). The characteristics of the MAPbIs are
from the best cell MAPDIs in literature.[23] The dotted JV curve models the performance of the tandem assuming the front cell
electrically performs as well as current state-of-the-art in Perovskites. We follow the approach of Horantner et al [19] for this, and
assume EQEg;, = 0.01,Rs = 41072 Q cm? and Rgyy = 10MQ cm?.

Cell

Layer Thickness

MgF2 Search space: 10-500nm
Optimized: 104nm

Glass 2.2mm

FTO 50nm

SnO:2 40nm

PCBM 10nm

FA0.83Cs0.17Pb(Bro.7l0.3)3 Search space: 100-1500nm
Optimized: 381nm

Spiro-OMeTAD 50nm

PEDOT:PSS 15nm

ITO Nanoparticles: PCBM | 50nm

75:25 Effective Medium

PCBM 50nm

MAPDI3 Search space: 100-1500nm
Optimized: 1382nm
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Spiro-OMeTAD 50nm

Ag 100nm

FA0.83CS0.17Pb(Bro.710.3)s/ MAPDI3/MAg 4FAg 6Pbo 4Sno sl 5 triple-junction simulation (optimized)
The calculations for figures E,F are performed exactly as for figures C,D. For the dotted triple junction JV curve, both the front and rear
cells are modelled as current state-of-the-art perovskite cells.

Layer Thickness

MgF: Search space: 10-500nm
Optimized: 92.8nm

Glass 2.2mm

FTO 50nm

SnO; 40nm

PCBM 10nm

FA0.83Cs0.17Pb(Bro.710.3)3 Search space: 100-1500nm
Optimized: 296.7nm

Spiro-OMeTAD 50nm

PEDOT:PSS 15nm

ITO Nanoparticles:PCBM 50nm

75:25 Effective Medium

PCBM 50nm

MAPDI3 Search space: 100-1500nm
Optimized: 583.3

Spiro-OMeTAD 50nm

PEDOT:PSS 15nm

ITO Nanoparticles:PCBM | 50nm

75:25 Effective Medium

PCBM 50nm

MAo.4FA0.6Pbo.4Snosl3 Search space: 100-1500nm
Optimized: 1382.4

Spiro-OMeTAD 50nm

Ag 100nm
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