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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(CH3NH2) (ACN/MA) solvent-based 
perovskite solution, we demonstrate fully solution-processed absorber, transport 
and recombination layers for monolithic all-perovskite tandem and triple-
junction solar cells. By combining FA0.83Cs0.17Pb(Br0.7I0.3)3 (1.94 eV) and MAPbI3 
(1.57 eV) junctions, we reach two-terminal tandem PCEs of over 15 % (steady-
state). We show that a MAPb0.75Sn0.25I3 (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-junction 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 possibilities for large-scale, low-
cost, printable perovskite multi-junction solar cells. 
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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. Perovskites 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. 

 

Highlights 

 

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

 

• 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 

 

 

eTOC Blurb 

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 
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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. 

 

INTRODUCTION 
Metal halide perovskite semiconductors exhibit high performance when integrated in 

optoelectronic devices such as light-emitting-diodes (LEDs),[1] photo-detectors,[2,3] 

lasers[4,5] and solar cells.[6–13] 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, the B-site metal cation can be lead 

or tin, and X-site anion can be iodide, 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.[14,15]  

 

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 thermalisation of the electrons. Due to the 

thermalisation process, the maximum voltage a 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[16] and 

Tiedje-Yablonovitch,[17] who estimate the ideal band gap of a PV cell. Furthermore, this 

compromise between current and voltage places an absolute limit upon efficiency for PV cells 

composed of a single absorber layer to around 32.5%.[18] By reducing the difference between 

the photon energy and the electronic band gap energy, we can effectively minimize charge-

carrier thermalisation 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-

junction 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.[19] 

 

Recently, efficient solar cells employing wide-band gap perovskites have been fabricated by 

partial substitution of the organic A-site cation with cesium (Cs) to improve their structural, 

thermal, and light stability.[20–30] Furthermore, narrow band gap materials have also been 

explored through modifications to the B-site cation, where the partial substitution of lead (Pb) 

with tin (Sn) results in an anomalous band gap bowing behavior, leading to band gaps 

approaching 1.2 eV.[31–39] 

 

To date, perovskite solar cells exhibiting record efficiencies have been processed via solution-

based fabrication methods, reaching 23.3% in a single junction device.[40] The ability to 

fabricate high quality absorber materials from solution-based processes has led to the rapid rise 

of perovskites solar cells. [6–13,41] In recent years, significant breakthroughs have been made 

in four-terminal (4T)[34,39,42 – 47] and two-terminal (2T)[24,39,48 – 53] perovskite-on-

silicon,[42,43,46,49,51,54,55] perovskite-on-Cu(In,Ga)Se2 (CIGS),[42,44,47,48,52] 

perovskite-on-Cu2ZnSn(S,Se)4 (CZTSSe)[48] and also perovskite-on-

perovskite[24,34,39,45,50,56–58] tandem cells. Moreover, Werner and al. recently fabricated 

the first perovskite/perovskite/silicon triple-junction solar cell, in a step towards highly 

efficient photovoltaics.[59] 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’-(perfluoronaphthalene-2,6-diylidene) dimalononitrile (TaTm:F6-TCNNQ),[50] poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),[56,60] aluminum doped zinc 

oxide (AZO)[44], and most notably indium tin oxide (ITO)[24,34,45,48,49,53–55,61]. These 

materials can also be processed using different deposition techniques such as: spray-

coating,[42] film transfer lamination,[60] vacuum deposition[50], and sputter 

coating[24,34,44,48,49,54,55,61]. Sputtered ITO has gained considerable attention due to its 

high optical transparency throughout the visible and near-infrared (NIR) region, combined with 

a low resistivity. [62] 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 formamide (DMF) and dimethyl 

sulfoxide (DMSO), both strongly coordinating solvents used in the dissolution of perovskite 
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salts. These solvents rapidly re-dissolve any underlying perovskite layers unless they are 

protected by a dense pin-hole free layer, such as indium oxide tin oxide (ITO). Eperon and 

Leijtens et al. showed that monolithic all-perovskite tandem cells can be fabricated using this 

dense, sputtered ITO layer.[39] Using this ITO interlayer, D. Zhao et al. recently fabricated an 

all-perovskite tandem reaching a power conversion efficiencies (PCEs) of 20.7%.[63] 

However, the re-dissolution problem has thus far prevented any experimental realization of a 

multi-junction perovskite solar cell being fabricated with all the active layers between the 

electrodes being solution processed.[39] These sputter coated TCOs usually require high 

vacuum deposition systems and additional buffer layers comprised of metal oxides deposited 

via atomic layer deposition (ALD), with the latter to prevent sputter damage of the organic and 

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.[64] 

 

Herein, we employ an acetonitrile/methylamine (ACN/MA) composite solvent, which was 

previously introduced by Noel et al.,[65]  to enable the sequential processing of perovskite 

absorber layers upon underlying perovskite devices. This fully solution-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 power conversion efficiency (PCE), and delivers 2.18 V open circuit 

voltage (Voc). Furthermore, we show that the mixed-metal Sn/Pb perovskite MAPb0.75Sn0.25I3, 

can also be processed via the ACN/MA solvent system, where the reducing nature of MA 

obviates the need to use SnF2 to achieve respectable efficiencies, allowing us to obtain a 

scanned PCE of over 11% (steady-state 10.5%), employing an n-i-p architecture. Using a 

mixed-metal MAPb0.75Sn0.25I3 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 Voc 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 VOC 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 density, which can be achieved through 

carefully tuning the band gap and thickness of each junction. In the first instance we develop a 

wide band gap, lead-based perovskite tandem cell by processing a ~1.94 eV (as determined by 

a Tauc plot which we show in Figure S1) front-cell, to complement a 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(Br0.7I0.3)3 with 2% (molarity with respect to the Pb) potassium (K+) 

additive.[66–70]  As we have previously described, we employed a deposition technique 

utilizing hydrohalic acidic, as additives, to fabricate highly ordered perovskite materials with 

grains reaching micron sizes in diameter (Figure S2).[71]  Highly crystalline perovskite 

materials with low energetic disorder have been shown to suppress halide segregation.[72] 

Furthermore, as recent reports suggest,[66–69,73] we utilize potassium as an additive to 

suppress ionic migration and reduce the anomalous hysteretic behavior intrinsically present in 

perovskite solar cells.[74] 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 Figure S3. However, although our open-circuit voltages are 

higher, compared to other ~1.75 eV materials,[75] we note that the voltage losses, with respect 

to the band gap energy, are greater for this bromide-rich wide-band gap material. Hence, 

additional efforts are required to further increase Voc and minimize non-radiative losses. 

 

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. Firstly, they must enable ohmic contact to the charge extraction layers, 
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and facilitate recombination of collected electrons and holes without introducing resistive 

losses. Secondly, they must be as optically transparent as possible to avoid parasitic absorption 

of light. Thirdly, 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 solvents for solution processing. Lastly, this interlayer must be a sufficient 

barrier to solvent 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. 

 
Figure 1: Two-terminal (2T) FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 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 FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 tandem heterojunction solar cell, with 

an equivalent irradiance of 104.25 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) Photocurrent density and power conversion efficiency of champion FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 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. 

 

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 supplementary 

video). We have previously developed an ACN/MA based composite solvent system for 

processing perovskite films, which has several distinct advantages.[71] Firstly, it is much more 

volatile than DMF, enabling very rapid drying. Secondly, 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 
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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 MAPbI3 and MAPb0.75Sn0.25I3 perovskite material processed via the ACN/MA 

solvent route. Effects of non-stoichiometric perovskite precursor solutions have been regularly 

discussed,[76–80] however the research community 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 PbI2 in the 

precursor solution. However, it is clear that these small stoichiometric changes do impact the 

perovskite in various ways, ranging from effects on morphology,[77] luminescence [78], trap 

passivation[79] and stability.[80] 

 

In Figure S4, we show a series of scanning electron microscope (SEM) top view images of an 

MAPbI3 perovskite film processed with the ACN/MA solvent system, with various non-

stoichiometric compositions, ranging from 6% excess MAI to 6% excess PbI2. We fabricated 

these films on top of the FA0.83Cs0.17Pb(Br0.7I0.3)3 front-cell, including the PEDOT:PSS/ITO 

layer and a phenyl-C61-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 solution processed tandem architecture, it is imperative to 

eliminate the presence of 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 Figure 1B and Figure 1C, we show a schematic of a 2T tandem along with a corresponding 

scanning electron microscopy 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 indium tin oxide (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 PC61BM electron transporter. 

 

In Figure 1C, we show the forward and backwards current-density voltage (J-V) characteristics 

of one of our highest-performing two-terminal 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 cm−2 (corrected to 11.0 mA cm−2  under 100 mWcm-2 AM1.5), a fill-factor 

(FF) of 0.63, an open-circuit voltage (Voc) of 2.18 V, giving a 15.22% JV determined power 

conversion efficiency, and a power conversion efficiency of 15.20% under steady-state power 

output (SPO) conditions. In Figure 1D we show the SPO, along with a histogram of 

performance parameters 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 Voc of the optically biased sub-cell. This 

allowed for the EQE to be measured near Jsc. 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 solar 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 factor 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 corrected. 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 architecture. 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, then the FF is 

increased in comparison with the perfectly matched scenario. This positively compensates for 
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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 criticalmetric to access the quality of the recombination 

interlayers. As we show in Figure S8, using a PEDOT:PSS/ITO NPs interlayers as the 

recombination layer, we measured a 2T tandem Voc as high as 2.22 V, resulting in a interlayer 

voltage loss of approximately 160 mV, if we assume both sub-cells generated the highest 

measured single junction Voc of 1.27 V for the front cell and 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 in an 18 mV loss in Voc (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 which 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 incorporate 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 MAPbI3 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 I- ions with FA+, Cs+ and Br- ions, forming an 

(FA,MA,Cs)Pb(Br,I)3 material, thus enabling a pathway to stability using the ACN/MA solvent 

system. We show in Figure S10 that films of our mixed-cation lead mixed halide 

(FA,MA,Cs)Pb(Br,I)3 material, processed from the MA/ACN solvent and post-treatment, show 

much greater thermal stability than films of MAPbI3 processed from the same solvent, when 

stressed at 130°C in a nitrogen atmosphere. 

 

Our recombination layer comprises PEDOT:PSS and indium tin oxide (ITO) nanoparticle (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 solvent dispersion of ITO nanoparticles (>100nm). The fabricated ITO nanoparticle layer 

may be porous and non-continuous. However, these nanoparticles, improve the recombination 

process, presumably due to their high carrier density, which allow holes from PEDOT:PSS and 

electrons from PC61BM to recombine. PEDOT:PSS is usually considered to be a material which 

may introduce instability into perovskite solar cells, due to its hygroscopic nature.[81] In order 

test how stable our recombination layer is, we fabricated single junction cells with the 

(FA,Cs)Pb(Br,I)3 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 over 1000 hours, 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 1000 hours 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 lead-based devices have led to relatively stable perovskite materials, the drive 

to narrow the bandgap using less stable tin-based perovskites is still highly desirable for tandem 

applications.[82] As we show in Figure 2, we also studied the impact of non-stoichiometric 

precursor solutions on the material properties of the MAPb0.75Sn0.25I3 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 MAPb0.75Sn0.25I3 perovskite composition, we added excess PbI2 and 

SnI2 at a ratio of 75 to 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 MAPb0.75Sn0.25I3 perovskite precursor solution. We also notice slower time-resolved 

photoluminescence (PL) decays, which we show in Figure 2B. In Figure 2C we present 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 
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width half maximum laser pulse.[83] 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 trapping on a shorter time-scale than the laser pulse (sub few ns). 

We find that these longer-lived carrier lifetimes and higher photo-conductivities correlate to a 

substantial increase in device performance (Figure S13), which results in an optimized 

MAPb0.75Sn0.25I3 PCE of over 11%, as we show in Figure 2D. 

 

 

 
Figure 2: Impact of varying the composition of A to B-site cations for ACN processed MAPb0.75Sn0.25I3 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 MAPb0.75Sn0.25I3 single-junction planar heterojunction solar cell with 15% 

excess metal ions, measured under 100.26 mWcm-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. 

 

Surprisingly, we found a substantial difference in optimum A-site to B-site ratio for tin-lead 

based perovskite materials compared to neat lead-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 tin halides, most notably in the form of tin fluoride (SnF2)[45,84–87] 

or tin chloride (SnCl2)[84]. The tin fluoride as an additive has readily been used as a reducing 

agent with the aim of suppressing the tin oxidation from Sn2+ to Sn4+. By suppressing oxidation, 

we limit Sn2+ 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 

SnF2,[88] since SnF2 poorly dissolves 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 
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device efficiency, reaching an optimum composition with 15% excess metal ions. Thus, tin-

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 minimize the number of Sn 

vacancies. This is in agreement with the findings by Song et al., who observed that a non-

stoichiometric CsSnI3 perovskite composition of 0.4:1 of CsI:SnI2 was required for optimum 

performance when processed under a reducing hydrazine atmosphere.[89] In Figure 2A, we 

notice a deeper Fermi level for the MAPb0.75Sn0.25I3 perovskite with MAI rich compositions, 

which is consistent with a higher concentration of Sn2+ 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 Sn2+ vacancies. We interpret the increase in carrier lifetimes in the 

perovskite absorber, which we observe in Figure 2A, to be consistent with and indicate a 

transition from a highly p-type material to a more intrinsic semiconductor.  

 

In Figure 3, we show the structure and performance characteristics of our all-perovskite, 

monolithic, triple-junction solar cell, prepared via solution processing. The narrow band gap 

MAPb0.75Sn0.25I3 perovskite solar cell, which we described in Figure 2, was processed on top 

of the dual-junction tandem solar cell architecture which we described in Figure1. In Figure 

3A, we show a schematic of the 2T triple-junction cell comprised of 

FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3/MAPb0.75Sn0.25I3. In Figure 3B we show a corresponding 

SEM cross-section image. In Figure 3C, we show the forward and backward current-density 

voltage (J-V) characteristics of one of our highest-performing solar cell, measured under an 

equivalent irradiance of 146.86 mW cm-2. We measured a JV 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 Figure S15) and exhibits a steady-state open-circuit 

voltage of 2.83 V after 60s. 

 

 
Figure 3: FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3/MAPb0.75Sn0.25I3 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.  
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C) J-V characteristics for the champion FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3/MAPb0.75Sn0.25I3 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 (Voc) of triple-junction planar heterojunction perovskite solar cell measured 

over a 60s time span. 

 

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 

MAPb0.75Sn0.25I3 rear cell, and the overall low fill factor. This low photo-generated current is 

responsible for severely current limiting the entire multi-junction cell. In Figure S16, we show 

a high performing FA0.83Cs0.17Pb0.5Sn0.5I3 perovskite in a p-i-n architecture, processed with a 

DMF/DMSO solvent, filtered with a FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 tandem solar cell 

without the Ag electrode. Although we note this is not a four-terminal (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 higher 

performances and lower band gaps were obtained with ACN/MA solvent system route. As we 

show in Figure S16c, a junction based on FA0.83Cs0.17Pb0.5Sn0.5I3 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(Br0.7I0.3)3/MAPbI3 tandem. Thus, a narrow 

band gap material could potentially boost the FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 by more than 

2.4%, reaching 17.5% combined PCE. We also note that this measurement includes an air gap 

between the tandem cell and the narrow bandgap single-junction solar cell, and an additional 

PEDOT:PSS layer which would otherwise not be present in the monolithic triple-junction solar 

cell. The EQE spectrum of the filtered cell, which we shown in Figure 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 Figure 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 Hörantner et al., all-perovskite triple junction solar cells employing perovskite 

absorbers with similar band gaps to those which we have used in the present work, should be 

capable of outperforming single and double-junction efficiencies. The modelling of Hörantner 

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, delivering a theoretical maximum JSC of 12 mA 

cm-2, a Voc of 3.54 V and a PCE of 36.6 %.[64] However, this performance can only be obtained 

with optically transparent interlayers to reduce parasitic absorption and reflection losses. In 

Figure S17 and S20, we show the optical properties of each interlayer which we have used in 

our multi-junction stack. We note that the 60nm thick PC61BM layer which we employ is 

responsible 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 architecture, we 

employed a similar optical and electrical model to that used by Hörantner 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 Figure 4A-B 

an estimation of the performance of our tandem stack, and the corresponding modeled external 

quantum efficiency spectrum. We estimate that our tandem solar cell (sub cells with 1.94 eV 

and 1.57 eV bandgaps) can be increased to nearly 19% by combining the electrical 

characteristics of our current measured champion FA0.83Cs0.17Pb(Br0.7I0.3)3 with our best-in-

class ACN/MA MAPbI3 device. We then proceed to model a stack with identical absorber and 

interlayer materials (shown in Figure 4C-D), but with a state of the art MAPbI3, processed via 

a DMF/DMSO route, an optimized perovskite thicknesses, interlayers with thickness’ down to 

50nm, and a MgF2 anti-reflective coating. These improvements allow the tandem cell to reach 

a 21.8% PCE. In this figure, we also modeled an optimized stack with an enhanced front cell 

with improved electrical characteristics, assuming an electroluminescence efficiency (𝐸𝑄𝐸𝐸𝐿) 

of 1%, a series resistance (𝑅𝑆) of 4 ∙ 10−2 Ω 𝑐𝑚2 and a shunt resistance (𝑅𝑆𝐻) of 10𝑀Ω 𝑐𝑚2 

for the FA0.83Cs0.17Pb(Br0.7I0.3)3,[90] which increased the front cell PCE to 16.8%, and the 

attainable tandem cell PCE to 26.8%. Figures 4E-F reveal the performance of our triple 

junction architecture, assuming perovskite thicknesses optimized for current-matching with 

maximum thickness limited to 1382nm, state-of-art MAPbI3 and FA0.6MA0.4Pb0.4Sn0.6I3 

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 over 30% PCE triple junction 

efficiency is within reach by using the enhanced front cell. We detail the specific layer 

thicknesses for each simulation, along with further details in the supplementary information. 
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Figure 4: Optical and electrical modelling of multi-junction perovskite solar cells. 

A) Calculated J-V characteristics and  

B) external quantum efficiency (EQE) for the solution processed FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 tandem solar 

cell, with current single junction experimental data and with best-in-class ACN/MA MAPbI3 single junction cell.  

C) Calculated J-V characteristics and  

D) External quantum efficiency of a FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3 tandem solar cell assuming optimized 

layers thicknesses, 50 nm interlayers, MgF2 anti-reflection coating, and an enhanced TC performance.  

E) J-V characteristics and  

F) EQE for a FA0.83Cs0.17Pb(Br0.7I0.3)3/MAPbI3/FA0.6MA0.4Pb0.4Sn0.6I3 triple-junction architecture, assuming 

optimized layers thicknesses, 50 nm interlayers, MgF2 anti-reflection coating, and an enhanced TC performance. 
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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 which delivers greater efficiency than the world record for each 

sub-cell.[91] The perovskite junctions require significant improvements in light management 

to reduce reflection and parasitic absorption losses. The most significant fundamental loss is 

the inability to generate a comparatively high Voc from the wide band gap cells. Furthermore, 

layer deposition uniformity 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. 

 

SUPPLEMENTAL INFORMATION 
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systems for tandem applications. 
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