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Abstract 

Over the past decade, the performance of solar cells based on metal halide perovskite (MHP) 

semiconductors has skyrocketed, now rivalling established technologies such as crystalline silicon. 

However, the most promising implementation of MHP semiconductors is in a tandem solar cell 

which promise and have indeed delivered far higher power conversion efficiencies. The tuneable 

bandgap of MHPs makes them uniquely placed to deliver these high-efficiency tandem solar cells 

for a range of different narrow bandgap absorbers. Tandem devices based on methylammonium 

containing wide bandgap (> 1.7 eV) absorber top cells have achieved efficiencies over 30%, an 

impressive achievement1. Despite this, tandem devices based on methylammonium-free wide 

bandgap absorber top cells are yet to reach the 30% efficiency milestone. Methylammonium-free 

wide bandgap MHPs perform particularly poorly compared to their methylammonium containing 

and narrower bandgap counterparts, illustrating significant scope for even greater advances in 

tandem cell technology. In this review, we focus on the methylammonium-free MHPs. We highlight 

the unique challenges faced by these materials, including the energy-loss pathways that currently 

constrain their open-circuit voltage and efficiency well below their thermodynamic limits. We 

discuss recent progress in the development of this material system, their performance in tandem 

photovoltaics and highlight research trends that seem particularly promising. Finally, we suggest 

future avenues to explore to expedite the development of wide bandgap MHPs which will in turn 

accelerate the deployment of tandem solar cells based on these materials. 

Introduction 

Metal halide perovskite semiconductors have been the subject of intense research effort in the 

photovoltaic and broader optoelectronics research community over the past decade. This has led to 

soaring power conversion efficiencies (PCEs) of single junction perovskite solar cells, which now 

rival those achievable with crystalline silicon.2 This is largely a consequence of their excellent 

optoelectronic properties such as high charge-carrier mobilities3–5 long charge-carrier diffusion 

lengths,6,7 high absorption coefficients8–10 and low energetic disorder characterised by small Urbach 

energies.11–13 Another key property of metal halide perovskites is their broadly tuneable 

optoelectronic properties achievable through careful choice of the constituents in the ABX3 crystal 

structure. In such a way, a boundless choice of bandgaps between 1.2 – 3.2 eV are achievable.14 

Owing to this property, perovskites can be tailored toward a specific photovoltaic application. One 

particularly significant application is for use as the top cell in a tandem photovoltaic device (Fig. 

1a,b), which requires a bandgap between 1.67 – 1.8 eV.15,16 Indeed, it is (widely) believed that 



perovskite semiconductors will first make an impact in the global photovoltaic market as the top 

cell component of tandem technologies, first in conjunction with crystalline silicon and then in 

perovskite/perovskite tandems.  

The rear cells in perovskite-based tandem solar cells perform excellently and are not the main 

limiting factor for future tandem developments. Crystalline silicon (c-Si) is well-established as a 

high efficiency photovoltaic technology and copper indium gallium selenide (CIGS) is a well-

industrialised technology. For all-perovskite tandem photovoltaic devices, the rear cells, fabricated 

from alloying Pb and Sn on the B-site, have recently enjoyed an outstanding improvement in their 

photovoltaic device performance, and are now approaching their thermodynamic limit for open-

circuit voltage.17,18 Overcoming reproducibility and long-term stability issues for the narrow 

bandgap Pb-Sn perovskites are key challenges, but are not the subject of this review. The initial 

power conversion efficiency of wide bandgap perovskite top cells has not experienced the same 

successes and are therefore currently the subject of significant investigation. Typically, the wider 

bandgap materials are achieved by incorporating an increasing alloy fraction of bromide to iodide 

on the X-site of the perovskite semiconductor’s crystal structure. Despite recent progress, devices 
based on wide bandgap perovskite semiconductors are still constrained below their theoretical 

maximum performance.  This is largely a result of the open-circuit voltage (VOC) of such cells not 

increasing with increasing bandgap as expected. Achieving voltages >1.2 V has proven 

challenging.19 This limited performance has been particularly true for the methylammonium-free 

metal halide perovskites.20–23  Excitingly, recent works have reported voltages of ~1.3 V for 

methylammonium-free perovskites with bandgaps of ~1.8 eV demonstrating that these challenges 

are not inherent to these materials.24–26  

It is worth noting that alongside their implementation in photovoltaics, wide bandgap metal halide 

perovskites have proven highly successful as the emissive layer in light emitting diode (LED) 

devices.27–29 Whilst different contact layers and excitation intensities are present within the two 

technologies, the success of PeLEDs is an excellent indicator of the potential of high-bromide 

content perovskites for success in photovoltaic applications. Within the perovskite LED 

community, photoluminescence quantum yield (PLQY) measurements are routinely used to screen 

perovskite compositions and determine their potential for producing high electroluminescence 

external quantum efficiency (EL-EQE) LED devices. There have been many reports within the LED 

literature of PLQY values exceeding 30 % for wide-bandgap perovskite thin-films, and even 

exceeding 70 % for materials with bandgaps approximately suitable for tandem PV applications.30 

However the reported PLQY values for similar perovskites employed in solar cells are typically at 

least an order of magnitude lower.31–34 It is well established that through applying quasi-Fermi level 

splitting (QFLS) analysis, PLQY measurements can predict the maximum VOC achievable with a 

specific materials system or device stack.35 As such, there is a direct correlation between higher 

PLQY and higher achievable VOC values. We therefore believe that the successes of the perovskite 

LED community in developing perovskite thin-films with impressive PLQY values and LED 

devices with high EL-EQE efficiencies is an excellent indicator that the voltage losses plaguing the 



wide-bandgap PV community are not inherent to the high-Br perovskite materials system. Instead, 

we posit that these losses are a direct result of the routes and methods through which we fabricate 

our perovskite materials and the contact layers implemented in solar cell devices. 

In this review we provide an overview of the developments within the field of methylammonium-

free wide bandgap metal halide perovskite tandem photovoltaics.  We highlight the challenges 

which the field has yet to overcome and comment on the areas which we think require particular 

attention to allow the realisation of highly efficient perovskite-based tandem photovoltaics. We 

discuss the current state of understanding of the fundamental properties of the perovskite material 

and the influence this exerts over corresponding photovoltaic device performances. This review will 

focus on materials with bandgaps within the range of 1.6 - 1.9 eV and examine the approaches 

employed to overcomes the challenges in developing and incorporating these wide bandgap 

perovskite materials in tandem photovoltaics.  

Measuring the performance of wide bandgap photovoltaics 



 

Figure 1 - Tandem device physics. a) The solar irradiance absorbed by a single junction solar cell, 

shown schematically in the inset, is denoted in green. This leads to a quasi-Fermi level splitting 

(QFLS) which, assuming perfect contacts, is the VOC measured at the contacts shown in b). c) The 

solar irradiance absorbed by a tandem solar cell, shown schematically in the inset, is in two 

contributions. The high energy photons are absorbed by the wide bandgap top cell, denoted in 

purple, and the lower energy photons are absorbed by narrow bandgap bottom cell, denoted in pink. 

This results in a QFLS in each sub-cell which, assuming perfect contacts and recombination layer, 

sums to provide a larger VOC measured at the contacts than is possible with a single junction cell 

which we show in panel d). e) Simulated external quantum efficiency (EQE) of a wide bandgap 

perovskite with a range of thicknesses. The intrinsic (electronic) bandgap was held constant at 1.8 

eV while the thickness of the perovskite was varied across a range of 100 – 1000 nm with steps of 

90 nm. As the thickness increases, the EQE onset is redshifted. f) d(EQE)/dE corresponding to the 

EQE in panel e. The peak of d(EQE)/dE is shifted to lower energies as the thickness is increased, 



which reduced the maximum attainable VOC as summarised in g). A reduction of ~30 mV in the 

maximum attainable open-circuit voltage is possible from simply tuning the perovskite thickness. 

 

For most of the development of perovskite photovoltaics, the solar-to-electrical power conversion 

efficiency (PCE) was the key figure of merit used in the field. However, as the field moves towards 

the development of wide bandgap semiconductors for multi-junction applications, comparing PCEs 

is no longer a useful metric as wide bandgap sub-cells are fundamentally able to harvest less of the 

available solar spectrum, constraining their maximum feasible PCE. Instead, it is important to 

reference the performance to the thermodynamic limit at that bandgap. There exists a multitude of 

methods in the field to determine the bandgap of the perovskite semiconductor. Regrettably, each of 

these methods can yield a different bandgap for the same material which makes comparison of 

materials properties of PV device performance difficult across the literature. Further discussion 

pertaining to bandgap determination can be found in work by Krückemeier and co-workers.36 

It is imperative that a consistent method is employed to determine the bandgap of the perovskite 

semiconductor, especially when integrated in a complete PV device. In most cases, the most useful 

information brought by the bandgap is the maximum achievable PCE for that PV device 

incorporating a specific absorber material, which should be the closest approximation to a step-

function bandgap, often employed in detailed balance limit calculations. We call this the 

photovoltaic bandgap, Eg
PV, for the PV cell incorporating the given solar absorber material. As 

highlighted by Nayak and co-workers, this is not an intrinsic material property and will, in many 

cases, differ from the value of the bandgap determined from optical measurements.37 We highlight 

this by performing combined optical and drift-diffusion simulations in which we vary the thickness 

of the perovskite semiconductor, whilst keeping its intrinsic bandgap constant, full details for these 

simulations can be found in the supplementary information. Fig. 1e shows the shifting of the EQE 

onset with increasing thickness of the perovskite layer. This correlates to a shift in Eg
PV to lower 

energies (Fig. 1f), which in turn influences the maximum obtainable open-circuit voltage (Fig. 1g) 

and the device performance. These simulations also show the importance of employing the 

inflection point in the PV external quantum efficiency to be the method by which Eg
PV is 

determined. This method has numerous advantages which we briefly discuss. Importantly, for a 

given bandgap determined this way, there is a minor difference in the short circuit current (Jsc) for 

varyingly sharp absorption onsets. We believe this is a key feature since the bandgap of a solar cell 

should determine how much of the solar spectrum is available to be harvested. Further, this 

definition is becoming more widely adopted in both theoretical treatments and in the comparison of 

different PV technologies.37–39 Pragmatically, this method is easy to implement and yields an 

unambiguous value of the photovoltaic bandgap for materials with a sharp absorption onset like 

mixed-halide perovskite solar cells. To determine the bandgap this way, one simply needs to find 

the maximum value of d(EQE)/dE, which is easily done numerically. We wish to highlight the work 

of Almora and co-workers who extend this approach to work for emerging PV materials that may 

not have a sharp absorption onset, and relate this to recombination behaviour with the device.40  See 

the supplementary information for discussion on bandgap determination for fundamental materials 



properties investigations. This is particularly important when reporting record open-circuit voltages 

where we recommend following the procedure described by Krückemeier and co-workers.36 Brief 

details on this are provided in the supplementary information.  

Origin of voltage losses in wide bandgap perovskites 

 

Figure 2 - Halide segregation and voltage losses. a) Effect of halide segregation on the 

photovoltaic external quantum efficiency (EQEPV) shown in solid red. The dashed line is the 

modelled EQEPV assuming the distribution of bandgaps in the perovskite solar cell shown in blue. 

Only ~1% of the film is in the minority (segregated) phase. b) Radiative limit open-circuit voltage 

as a function of the percentage of the minority phase (assumed to be 20% Br). For higher the initial 

bandgaps (Br content), the perovskite solar cells can accommodate a smaller fraction of segregated 

phase before a dramatic reduction in the open-circuit voltage. c) Different time frames of 800 nm 

(segregated phase) emission from cathodoluminescence measurements indicating the small domain 

size for the segregated phase. d) Schematic demonstrating the effect of non-radiative recombination 



within the bulk, at the perovskite surface and at the interface with charge transport layers. For 

simplicity, we have assumed that defects are equally likely to trap electrons and holes. e) The 

relative contribution of bulk and interfacial losses (including both surface & transport layer 

interface traps) as a function of bandgap. Panels a-b adapted from ref.41 Panel c adapted from ref.42 

Panel e adapted from ref.43  

 

A key challenge in the development of photovoltaics based on wide bandgap metal halide 

perovskites is the difference between the theoretically achievable voltages and those which have 

been experimentally achieved. Increasing the bromide-to-iodide ratio on the X-site in the perovskite 

crystal structure, results in a widening of the perovskite bandgap. However, the open-circuit voltage 

of PV devices does not follow a similar trend and in perovskite compositions with ≥20 % Br 

inclusion achieving an open-circuit voltage beyond ~ 1.2 V has proven challenging.19 Recent 

reports have emerged reporting open-circuit voltages of 1.3 V and beyond for wide bandgap 

perovskites with bandgaps of ~1.8 eV.24–26 These reports, and the approaches utilised to achieve 

these impressive voltages will be discussed in more detail later. In high-Br systems the phenomenon 

of halide segregation is observed. This is a process in which the different halide species physically 

separate in the perovskite material, usually driven by above bandgap illumination or current 

injection. The separation of different halide species leads to a heterogeneous energy landscape 

within the perovskite semiconductor which has numerous implications for both the fundamental 

physics and device applications of wide bandgap perovskites. For an in-depth review of halide 

segregation and its influence on material properties we recommend the perspective from Knight and 

Herz44, herein we instead briefly discuss on the implications of halide segregation on device 

performance. 

At Br fractions of ~20 % and higher, halide segregation becomes prevalent under illumination 

which results in the formation of iodide-rich regions which possess lower-than-desired bandgaps. 

Therefore, charges in the well-mixed wide bandgap phase funnel into these regions, losing energy 

in the process and hence reduce the achievable VOC of high Br-content perovskites. This funnelling 

results in high charge carrier densities in the I-rich phase, which in turn leads to extremely prevalent 

low energy photoluminescence.45–47 However, the degree to which this process affected device 

performance was not fully understood until recently.  

Mahesh and co-workers quantified the extent to which halide segregation affects the open-circuit 

voltage in state-of-the-art metal halide perovskite solar cells.41 In this study, the band-edge of full 

photovoltaic devices was characterised using high sensitivity Fourier-transform photocurrent 

spectroscopy to determine the external quantum efficiency of devices before and after halide 

segregation (Fig. 2a). Detailed-balance calculations were then applied to fully quantify the effects 

of halide segregation on PV device performance. In this way, Mahesh and co-workers 

unambiguously determined the VOC penalty associated with halide segregation (Fig. 2b), 

discovering that halide segregation could only account for a small fraction of the lost voltage, and 

there were more significant losses elsewhere in the device architecture. This observation is true for 



the most commonly employed perovskite A-site compositions (e.g. FACs, FAMA, and FAMACs), 

and so demonstrates that careful optimisation of the device architecture of wide-bandgap perovskite 

solar cells is of the utmost performance to unlock their full potential. Explicitly, halide segregation 

could account for an additional VOC loss of ~100 mV. By reconciling the detailed-balance 

calculations with experimental observations, some remarkable properties about the halide 

segregation process and its influence on device performance were revealed. Firstly, only a small 

volume of the film, ~1%, needs to have undergone halide segregation to have a significant impact 

on the device’s VOC.  In addition, quantitative evidence was provided that the segregated minority 

phase suffers from less non-radiative recombination than the majority, well-mixed phase, through a 

19-fold enhanced electroluminescence quantum efficiency. These conclusions were confirmed by 

the work of Caprioglio and co-workers through the observation of small, halide segregated domains 

in cathodoluminescence measurements on a range of FA1–xCsxPb(BryI1–y)3  thin films (Fig. 2c). 42  

Using photoluminescence spectroscopy measurements it was shown that these small, halide 

segregated domains possessed high PLQYs, higher than that which is achievable through deliberate 

synthesis of these compositions. These observations are not simply limited to FA1–xCsxPb(BryI1–y)3 

perovskites and agree strongly with the observations made by Peña-Camargo and co-workers on the 

triple-cation FAMACs perovskite.48 Interestingly, work by Motti and co-workers suggests that, 

despite being funnelled into the narrower bandgap regions, charge-carriers are not trapped in the 

iodide-rich domains.47 This conclusion arises from observation that the charge-carrier mobility 

within the iodide rich domain is unchanged compared to the well-mixed wide bandgap phase. This 

is the case for MA- and FACs-based perovskite semiconductors. It should be noted that in systems 

that undergo halide segregation, extreme care needs to be taken if QFLS analysis is to be 

performed. This is because, in phase-segregated materials the absorption and emission are from 

different materials, the well-mixed wide bandgap and the iodide-rich narrow bandgap domains 

respectively. This violates the principle of optical reciprocity, on which the QFLS depends.  

In brief, halide segregation often results in an enhancement in the photoluminescence yield, which 

crucially does not correspond to an enhancement to the open-circuit voltage of a PV device based 

on this material. Recent works have shown a strong correlation between the heterogeneity of the 

perovskite absorber and the degree to which it undergoes light induced halide segregation.49 

Reducing heterogeneity enables higher open circuit voltages, in part due to a reduction in defect 

activity.45  For an excellent review into defect activity within MHP semiconductors, we recommend 

the work of Zhou and co-workers.50 Here, we summarise the important details regarding wide 

bandgap MA-free perovskites. In Fig. 2d, we show how different recombination pathways affect the 

QFLS and in turn the maximum achievable open-circuit voltage. Due to the principle of detailed 

balance, there will always radiative recombination occurring within the PV device which results in 

an unavoidable loss in potential energy, which we denote here as ΔErad. Any further loss from this 

so-called radiative limit (i.e. wherein all recombination is via these unavoidable radiative channels) 

occurs through non-radiative recombination pathways. At charge-carrier densities typical in wide 

bandgap devices under 1 sun illumination, Auger recombination is negligible and so we do not 

discuss it further. Therefore, the remaining non-radiative losses occur by recombination via a trap 



state which occurs within the bulk of the material, at the surface and interfaces with charge 

transport layers. Our simplified diagram in Fig 2d assumes that these traps are equally likely to trap 

electrons and holes. Trap-mediated recombination within the bulk of wide bandgap materials is 

typically much more significant as compared to their lower bandgap counterparts,51 resulting in a 

loss of potential energy we donate as ΔEbulk. Density functional theory predicts that halide 

interstitials are among the most thermodynamically stable which can introduce deep trap states.52 It 

is suggested that short-lived hole traps becomes increasingly prominent as the Br-content is 

increased within the MHP semiconductor which could explain the relatively low PLQYs in these 

materials.50 The next most significant recombination pathway within these materials is at the 

surface and grain boundaries of the MHP material, reducing the potential energy further by ΔEsurf 

and typically ΔEsurf>> ΔEbulk. This surface-recombination is typically much more substantial within 

high Br materials. The organic bromide species (e.g FABr) is more volatile than the iodide-based 

equivalent, which can leave high-Br MHP semiconductors relatively more AX deficient on the 

surfaces resulting in increased PbX2-termination.53 This type of surface termination can lead to 

increased I2 and metallic lead formation on the surface which reduces the performance and stability 

of these materials.54–57 It is our belief that passivating these surface and bulk defects will also 

reduce the degree of halide segregation by increasing the barrier to ionic rearrangement. Finally, 

there is a further potential energy loss, ΔEint, associated with recombination at, or across, the 

perovskite / charge transport layer interface. Poor energetic alignment between the MHP 

semiconductor and adjoining transport layer also increases the severity of these ΔEint losses. The 

relative importance of interface over bulk losses is summarised in Fig 2e as a function of the MHP 

bandgap. 

Recently we determined that voltage losses observed in FA1–xCsxPb(BryI1–y)3 perovskite 

photovoltaics are the result of  non-radiative recombination occurring at the perovskite/charge 

transport layer interfaces.51 Ultraviolet photoemission spectroscopy and PLQY measurements 

demonstrated that in our device architecture there was a significant energy level alignment 

mismatch between the perovskite and the hole transporting layer which resulted in significant non-

radiative recombination. Implementation of a passivation strategy at this interface helped to 

mitigate these losses, and boost device performance, demonstrating the clear gains to be made in 

VOC by optimising the energetic alignment this interface.  

These observations indicate that a thorough understanding of the non-radiative loss mechanisms 

within wide bandgap perovskites is necessary, and an efficient mitigation strategy must be 

developed to unlock the potential of these materials for the eventual realisation of highly efficient 

tandem solar cells. Since 2016 incredible developments have been made in this area. Figure S1 

shows reported device parameters for tandem devices with methylammonium-free wide bandgap 

top cells. Across all tandem architectures, clear gains can be seen in reported VOC. An overview of 

approaches which can be used to analyse VOC losses in perovskite semiconductors is provided in 

Supplementary Note 3. In this review, we summarise the developments made in the field to reduces 

these losses and suggest fruitful avenues for the field to explore. 



Challenges of tandem photovoltaic development and fabrication 

 

Figure 3: Single-junction performance for MA-free perovskite solar cells as a function of their 

bandgap. The dashed line indicates the detailed balance limit for each device parameter. Only 

devices reported in publications that incorporated them into tandems are included.  It is evident that 

there is huge scope for improvements for the MA-free materials with bandgaps approaching 2.0 eV 

which a required for triple-junction applications. 

 

Tandem photovoltaic devices are typically fabricated as either a two-terminal (2-T) or four-terminal 

(4-T) structure, with each having their own benefits. In a 4-T tandem, the wide bandgap and narrow 

bandgap cells are mechanically (and optically) stacked, but electronically contacted separately. This 

eliminates the current-matching requirements and are in principle easier to fabricate.58–60 The 4-T 

tandem architecture is also more accessible for research labs not set up for the fabrication and 

characterisation of 2-T tandems, which in principle should allow more research groups to contribute 

in this area. For optimum energy yield, a 4-T tandem requires two separate junction boxes and 

electronic interconnects in addition to the use of microinverters, which makes their implementation 

commercially unproven and hence costly since not yet produced at scale. 4-T tandems could be 

interconnected to voltage match the top and bottom sub-modules, with overall external power from 

the module being delivered from two-terminals in the standard fashion. However, this would lower 

the performance as compared to a monolithic tandem structure due to the unavoidable additional 

parasitic absorption losses within the internal transparent conductive layers. In contrast, 2-T 

tandems can provide greater power output for no additional balance of systems costs. Therefore, we 

recommend the field dedicate its attention to the development and understanding of 2-T tandem 



devices where possible. We believe that is for these reasons, despite the additional fabrication 

challenges, that the field had predominantly focused on the development and understanding of 2-T 

tandem devices. 

The significant challenges in the development of 2-T perovskite-tandems are the development of an 

ideal perovskite composition that current matches with the bottom cell and the development of the 

recombination layer. The recombination layer electronically couples the wide and narrow bandgap 

sub-cells in a tandem device and has stringent requirements for efficient tandem operation. This 

layer must be deposited in such a way that it does not damage the underlying cell, there are minimal 

optical losses due to this layer, and it forms an Ohmic contact between the two cells, with low in-

plane conductivity.15,61 For all-perovskite and perovskite-organic tandems this layer also needs to 

provide chemical protection during the rear-cell deposition. These challenges are relevant to all 

types of perovskite tandem devices: all-perovskite, perovskite-on-Si and perovskite-organic and 

perovskite-CIGS. For a comprehensive review on the challenges and merits associated with the 

different bottom cells we recommend the work of Ho-Baille and co-workers.62 

There are challenges associated with the fabrication and characterisation of perovskite tandem 

devices, many of which require expensive infrastructure, which have presented significant barriers 

to the development of perovskite tandem devices. For perovskite-on-Si tandem devices, processing 

on textured silicon was for a long time incredibly challenging. A significant development in this 

area was the demonstration that a two-step deposition process (evaporation of the metal halide 

components followed by a spin-coating of the organohalide components) could result in conformal 

coverage on textured silicon.63 This approach has been successfully used in the development of 

methylammonium containing wide bandgap top cells in perovskite-on-Si tandem devices.64 Since 

then there have been a string of additional significant advances in perovskite-on-Si tandem 

development which have addressed improving the optical properties of the interlayer between the 

top and bottom junctions, improving the open-circuit voltage of the top perovskite cell via 

passivation and improved choice of charge extraction layers.65–67  

In the case of all-perovskite tandem devices the development of the narrow bandgap absorbing rear 

cells was a significant challenge in the quest to produce high efficiency all-perovskite tandem 

devices.68 This was in part a consequence of the slow development of tin-based perovskite 

materials, in comparison to their Pb-based counterparts. The ideal bandgap range for this cell is 

between 0.9 - 1.3 eV necessitating the use of Sn based perovskite absorber layers. The 

demonstration of  “bandgap bowing” for mixed metal lead-tin perovskites reported by Kanatzidis 

and co-workers, resulted in the first demonstrations of 2-T and 4-T all-perovskite tandem devices 

using a Pb-Sn absorber for the rear (narrow bandgap) cell. 69–71 Consequently, significant 

developments have been made in reported efficiencies with a large focus of these works being 

development and optimisation of the Pb-Sn absorber.7,72 Whilst reproducibility can be a challenge 

when fabricating any perovskite photovoltaic device, it is a significant challenge for 2-T all-

perovskite tandem devices. Developing perovskite absorbers, processes and tandem architectures 

which result in high yields is critical to the continued development of these tandem devices. For a 



good overview of this problem, and others associated with all-perovskite tandem development we 

recommend the review by Moot and co-workers.73  

Despite, or possibly as a consequence of, organic PV cells having been shadowed by the meteoric 

efficiency gains of perovskites, there has also been tremendous progress with organic PV cells over 

the last decade. Specifically with the advent of narrow bandgap non-fullerene acceptors, organic PV 

cells are now approaching 20 % efficiency in single junctions, with optical bandgaps pushing out 

into the near IR.74–76 This makes them well suited to be coupled with wide bandgap perovskites in 

monolithic tandem devices. Conveniently, organic semiconductors can often be solution processed 

using solvents which are orthogonal to those typically used in perovskite photovoltaic deposition, 

increasing the potential for all solution processed tandem devices.77 Recently there have been 

reports of impressive perovskite-organic tandem devices employing FA1–xCsxPb(BryI1–y)3 

compositions for the wide bandgap perovskite top cell which we discuss in more detail later.78,79 

Overwhelmingly the field has focussed on double junction architectures, comprised of one narrow 

and one wide bandgap perovskite cell, but reports of triple junction devices have been made.49,80–82 

If successful, additional cells enable a broader range of the solar spectrum to be captured, and 

therefore greater power conversion efficiencies, but additional cells represent significant 

engineering challenges both in terms of device manufacturing and from an optical management 

perspective. As development in these areas continues, we expect significant gains will be made in 

the multi-junction perovskite space. Supplementary Table 1 summarises the performance and 

stability testing, if available, undertaken for devices discussed throughout this review.  

Compositional engineering of the wide bandgap perovskite absorber  



 

Figure 4 - Compositional Engineering. a) Schematic showing that engineering the A-site 

composition can lead to octahedral tilting. This changes the orbital overlap and can lead to reduced 

photoinduced phase segregation and enhanced performance of WBG perovskite solar cells. b) DFT-

calculated average Pb-halide-Pb angle, the average A-cite cation to halide interatomic distance, and 

ion migration energetic barrier of I (or Br) to VI (or VBr ) for CsPbI1.4Br1.6, CsPbI1.75Br1.25, and 

Rb0.15Cs0.85PbI1.75Br1.25. The arrows represent their trends. For Rb0.15Cs0.85PbI1.75Br1.25, the 

information around the Rb atoms is labelled with stars. c) Histogram of quasi-Fermi level splitting 

values at each pixel in a hyperspectral image of CsPbI1.4Br1.6, and Rb0.15Cs0.85PbI1.75Br1.25 

perovskites. The image was 100 um x 100 um. The Rb-based perovskite has a significantly tighter 

distribution of QFLS at higher values, indicative of less phase segregation and higher material 

quality. d) Schematic of the triple-junction all-perovskite solar cell architecture and corresponding 

cross-sectional SEM. The scale bar is 400 nm. e) J-V characteristics of the champion triple junction 

device. f) Schematic of the gas-assisted blade coating technique used to fabricate perovskite thin 

films with varying cesium-formamidinium-ratios, x. SEM micrographs of the different 

morphologies of the CsxFA1-xPb(I0.6Br0.4)3 thin films, with a scale bar of 1 um. g) J-V curves of the 

champion tandem solar cell, active area of 1.05 cm2. The inset shows the PCE distribution of 19 

devices, where the boxes and whiskers represent the standard deviation and the maximum and 

minimum of the distributions, respectively. Panels b-e adapted from ref.49 Panels f-g adapted from 

ref.83   



Compositional engineering (Fig. 4a) is a well-established route for optimising perovskite 

photovoltaic device performance. It has proven particularly important in the development of 

methylammonium-free wide bandgap perovskites as it has been necessary to develop perovskite 

compositions which have minimal halide segregation to optimise device performance. This is 

particularly true for compositions suitable for all-perovskite tandems where the required bandgap 

(~1.8 eV) is wider than that required for perovskite-on-silicon tandems (~1.67 eV). Compositional 

engineering can be directly controlled by the deposition method through which the perovskite layer 

is prepared. For a comprehensive overview of the range of depositions methods, their respective 

benefits, and the influence they can have on photovoltaic performance, we recommend the work of 

Vaynzof.84  

The first report of a FA1–xCsxPb(BryI1–y)3 perovskite was from McMeekin and co-workers who 

demonstrated this absorber layer in both single junction devices and perovskite-on-Si tandems.85 

Since this initial report it has been demonstrated that there are a wide range of FA1–xCsxPb(BryI1–y)3 

compositions which result in similar bandgap materials. In addition to tuning the bandgap and 

therefore influencing device performance the composition of a perovskite has been shown to 

influence its stability in a photovoltaic device.53,86–89 Bush and co-workers demonstrated the impact 

of adapting the FA to Cs and I to Br ratios on the bandgap, solar cell performance, and 

photostability of a range of FA1–xCsxPb(BryI1–y)3 materials.90 Subsequently they demonstrated that 

compositional engineering of the perovskite absorber could improve current matching in 2-T 

perovskite-on-Si tandem devices based on a FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite (Eg = 1.68 eV). 91 

Their work demonstrated the type of holistic approach required to drive forward the efficiencies of 

perovskite tandem photovoltaics. Alongside optimisation of the perovskite absorber composition, 

Bush and co-workers incorporated an alternative charge transport layer and optimised the optical 

properties of the device by developing the top contact and scattering layer to promote optical 

absorption in the device and minimise reflection losses.  

The introduction of a different charge transport layer can often result in improved device 

performances, however sometimes this can lead to a need to adapt the composition of the perovskite 

absorber. One example is the use of nickel oxide (NiOX). Whilst NiOX is an attractive p-type charge 

transport layer owing to its impressive stability, its implementation can result in undesirable 

chemical reactions at the interface with a perovskite absorber layer. To counteract this and produce 

efficient perovskite-on-silicon tandem devices, Li and co-workers engineered a 

Cs0.22FA0.78Pb(I0.85Br0.15)3 perovskite combined with 3 mol% of CsPbCl3 to simultaneously inhibit 

reactions with NiOX and widen the perovskite bandgap from 1.64 eV to 1.67 eV.92 With their 

perovskite absorber, the authors fabricated 2-T perovskite-on-Si tandems (with both n-i-p and p-i-n 

architecture) and in the p-i-n architecture achieved a champion steady-state PCE = 27.2% and VOC = 

1.86 V for a device area of 0.5036 cm2. Under constant illumination in air (at 25 °C and 20 % 

relative humidity) the unencapsulated devices were reported to lose 2 % of their initial efficiency 

after 300 hours.  



The interaction of solvent molecules with perovskite precursors, and the chemistry which can occur 

within perovskite precursor solutions has also been demonstrated to impact the chemistry and 

physics of perovskite thin films and their corresponding devices. Dimethylformamide (DMF), one 

of the most used solvents in the fabrication of FA1–xCsxPb(BryI1–y)3 perovskites, has been 

demonstrated to undergo hydrolysis in the presence of water to form dimethylamine and formic acid 

which can result in the formation of dimethylammonium lead halide perovskites.93–95 The presence 

of dimethylamine, whether induced by decomposition of the DMF or a result of introduction of acid 

into the precursor solution, has been shown to improve the solubility of perovskite precursor 

salts.94,95 This consequently reduces the size and concentration of perovskite colloids in a precursor 

solution leading to the formation of perovskite thin films with larger domains and a higher degree of 

crystalline orientation. McMeekin and co-workers demonstrated this explicitly for 

FA0.83Cs0.17Pb(Br0.2I0.8)3 using hydrohalic acids to control the formation of perovskite colloids in a 

perovskite in DMF solution96 and later expanded this approach, incorporating 2 % K+ which had 

been previously reported to minimise hysteresis,97–99 to fabricate FA0.83Cs0.17Pb(Br0.7I0.3)3 (Eg = 1.94 

eV) perovskite layers for incorporation in solution processed 2-T all-perovskite tandem and triple 

junction photovoltaics achieving a champion steady-state PCE = 15.20 % and a VOC = 2.18 V for 

the all-perovskite tandem and a champion steady-state PCE = 6.4 % and VOC = 2.7 V for the triple 

junction.77  

The dimethylammonium cation has been shown to be incorporated into the perovskite crystal 

structure on the A-site, and it’s incorporation into the lattice can result in a widening of the 

perovskite bandgap.100–102 For wide bandgap perovskites this has proven to be a useful approach, 

allowing the bandgap to be increased without the introduction of additional halide anions which can 

help to avoid halide segregation. Palmstrom and co-workers developed rigid and flexible all-

perovskite tandem devices in part through incorporating DMA into their wide bandgap perovskite 

absorber. Through this approach they engineered a FA0.6Cs0.3DMA0.1Pb(I0.8Br0.2)3 perovskite, with a 

bandgap of 1.7 eV, and combined this with a new type of interconnection layer based on atomic 

layer deposited aluminium doped zinc oxide (AZO) combined with indium tin oxide/indium zinc 

oxide (ITO/IZO). When incorporated into rigid all-perovskite tandem devices they reported a 

champion PCE = 23.1 % and VOC = 1.88 V and in their flexible structure they reported a champion 

PCE = 21.3 % and a VOC = 1.82 V.  

Similarly in their work on all-perovskite tandem photovoltaics, Wen and co-workers demonstrated 

the benefit of  alloying dimethylammonium and chloride with Cs0.4FA0.6Pb(I0.75Br0.25)3 and 

developed a perovskite absorber with a bandgap of 1.8 eV.89 With the resulting perovskite absorber 

(DMA0.1Cs0.4FA0.5Pb(Br0.25I0.75)2.85Cl0.15)  they reported a champion all-perovskite tandem 

achieving a steady-state PCE of 26 % and a VOC = 2.05 V.  

Simple changes to the perovskite thin film fabrication method can have a significant impact on the 

composition of perovskite thin films. Jiang and co-workers successfully demonstrated this by 

employing a gas quenching processing step during the deposition of their wide bandgap perovskite 

layer in their work reporting 2-T all-perovskite tandems.26 For a Cs0.3FA0.6DMA0.1Pb(I0.7Br0.3)3  
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perovskite, bandgap of 1.75 eV, the authors reported a champion all-perovskite tandem achieving a 

PCE of 27.1 % and a VOC = 2.20 V. In their work they compare their gas quenched perovskite to a 

solvent quenched counterpart and demonstrate that when employed in single junction devices the 

gas quenched perovskite consistently demonstrates better performance across all parameters. Their 

work demonstrates clearly that the crystallisation of the perovskite thin film is altered by the gas 

quenching process to produce larger grains with a higher crystalline quality. They suggest that this 

improvement in crystallinity reduces defects and suppresses light induced halide segregation.   

A recent report, from Wang and co-workers, demonstrates the importance of compositional 

engineering in overcoming voltage losses (due to halide segregation) in the wide bandgap top cell 

(2.0 eV) in all-perovskite triple junction devices.49 Their work builds on previous reports which had 

demonstrated a correlation between an increase in lattice distortions within mixed halide perovskite 

structures and a reduction in halide segregation.85,103–105 Wang and co-workers employed density 

functional theory (DFT) (Fig. 4b.) and photoluminescence spectroscopy (Fig. 4c.) studies to probe 

the relationship between lattice distortions, ion migration barriers, and halide segregation in a range 

of Rb-Cs based perovskite compositions. Photoluminescence studies, and QFLS analysis, revealed 

that the Rb-based perovskite has a significantly tighter distribution of QFLS at higher values, 

indicative of reduced light-induced halide segregation and a reduction in trap state density.  Their 

in-depth exploration of these properties enabled them to develop efficient 2.0 eV perovskite 

devices, which they demonstrated in all-perovskite triple junctions (Fig. 4d) achieving a certified 

steady-state PCE = 23.3 % for a device area of 0.049 cm2 (Fig. 4e). 

Recently Xiao and co-workers reported a significant development in 2-T large area all-perovskite 

tandem devices.83 To facilitate scale-up, the authors employed blade coating to process the solution 

processed layers and also tuned the compositional of the perovskite absorbers and their deposition 

process. Through an extensive investigation of the structure, morphology, and optoelectronic 

properties of a range of CsxFA1−xPbI1.8Br1.2 compositions the authors determined 

Cs0.35FA0.65PbI1.8Br1.2 (Eg = 1.8 eV) to be an optimal composition for the blade coating process (Fig. 

4f). It is common to use an ultra-thin layer of SnO2 between the C60 charge transport layer and the 

top electrode to act as a “buffer layer”. Xiao and co-workers added an additional SnO2 after the 

modulization scribing, to act as a formal diffusion barrier and inhibit the degradation of the metallic 

interconnections and perovskite layers. Concomitantly the authors optimised the composition of the 

Pb-Sn rear cell and achieved a PCE = 25 % for 1cm2 devices and a certified PCE = 21.7 % for a 20 

cm2 module (Fig. 4g). Notably at time of writing this stands as the world record efficiency for a 

perovskite module.2 These encapsulated modules maintained their PCE after dark storage at 40 % 

RH for 1778 h. Under ambient conditions with constant illumination (AM 1.5 including the UV 

component) the encapsulated devices maintained 75 % of their initial PCE after 500 h of MPP 

tracking however modules without the conformal diffusion barrier degraded to less than 50 % of the 

initial PCE after 20 h. Heating of these encapsulated devices at 85 °C in N2 was found to have a 

similar impact with the devices without the ALD-SnO2 barrier degrading to 10 % of their initial 

PCE after 312 h and those with maintaining > 70 % of their initial PCE.  



As the reported performances of devices have risen, it has become clear that to minimise the effects 

of light induced halide segregation (and therefore VOC losses) the bromide content needs to be kept 

as low as possible (<20% where possible, this is unlikely to be possible for ~2.0 eV bandgaps). To 

still engineer a wide bandgap, one approach which can be employed is to increase the caesium 

content83 however this introduces difficulties with producing highly crystalline, homogenous 

perovskite thin films (in part due to issues with the solubility of caesium). From recent reports, it 

seems highly likely that engineering crystallographically strained perovskite absorbers may allow 

us to overcome VOC losses associated with light induced halide segregation, whether that is due to 

specific cation engineering (e.g. the incorporation of Rb or DMA as a co-cation on the A-site in 

addition to Cs) or through highly controlled thin film growth. 26,49,89,106 

Interfacial passivation of the wide bandgap perovskite absorber 

 



Figure 5 - Interfacial Passivation. a) Schematic illustrating the top passivation technique whereby 

an additional molecule is applied to the surface of the perovskite after processing. This route can 

lead to the formation of 2D/3D heterostructures, as shown on the right of the diagram, which can 

lead to a substantial improvement of device performance. b) Schematic of the 4T tandem which 

generated the stabilised power outputs shown in the right of the plot. Together, the filtered narrow 

bandgap and semi-transparent wide bandgap, surface-treated with TEACl, solar cells delivered an 

SPO of 26.6 %. c) X-ray diffraction patterns of FA0.8Cs0.2Pb(I0.8Br0.2)3 post-treated with varying 

concentrations of 2-thiopheneethylammonium chloride (TEACl) in isopropanol. Diffraction peaks 

assigned to 2D perovskite are visible for concentrations in excess of 2 mg/mL. d) Time-correlated 

single photon counting measurements of the TEACl-treated samples. The photoluminescence 

lifetime is increased following TEACl treatment (apart from the highest concentration), indicative 

of reduced trap-mediated non-radiative recombination. e) J-V characteristics of the champion 

reference (brown) and bottom passivated with benzylphosphonic acid (blue) solar cells. Treating the 

NiOx hole transport layer leads to an enhancement of all device parameters. f) Schematic of the 

device architecture of the single junction and perovskite-organic tandem devices whose 

performance is shown in figure e) and g) respectively. g) Maximum power point stability 

assessment of the perovskite-organic tandem solar cell under one sun illumination in a N2-filled 

glovebox. Inset: J-V characteristics of the champion perovskite-organic tandem solar cell. Panel b 

adapted from ref.107 Panels c-d adapted from ref. 108 Panels e-g adapted from ref.78  

 

Interfacial passivation has been critical to the rapid development of perovskite photovoltaics, and it 

has proven equally important in methylammonium-free wide bandgap perovskites.51,97,109–111 As 

with perovskites more suitable for single-junction photovoltaics (Eg ~ 1.55 eV) and those containing 

methylammonium, a range of approaches including (but not limited to) ionic additives, ammonium 

halide salts, thiophene containing molecules and other Lewis bases have been demonstrated to boost 

the performance of wide bandgap methylammonium free metal halide perovskite photovoltaic 

devices. 66,112–121 Whilst not focused on methylammonium-free wide bandgap perovskites, we direct 

readers interested in additive engineering to the review by Zhang and Zhu for further details.122 

In methylammonium-free wide bandgap perovskite tandem devices approaches towards interfacial 

passivation (Fig. 5a) have predominantly been focussed on improving the interface between the 

perovskite absorber and the hole transporting layer in n-i-p device architectures. In their development 

of 4-T perovskite-on-Si tandem photovoltaics, Jaysankar and co-workers implemented an ultra-thin 

layer of Al2O3 (0.8 nm), through ALD, in n-i-p photovoltaic devices based on a 

FA0.85Cs0.15Pb(I0.71Br0.29)3 perovskite (Eg = 1.72 eV).22 This layer was introduced between the 

perovskite/spiro-OMeTAD interface in single junction devices and yielded an  enhancement in the 

device’s open-circuit voltage, from 1.11 V in the control devices to 1.22 V. This enhancement 

would be equivalent to an enhancement in radiative efficiency of more than a factor of 70, clearly 

highlighting just how critical the perovskite/HTL interface is in the n-i-p device structure. This 



substantial enhancement of the perovskite device enabled Jaysankar and co-workers to fabricate 4-T 

perovskite-on-Si tandem devices with a PCE of 27.1 % for a device area of 0.13 cm2. 

In a similar vein Gharibzadeh and co-workers developed 4-T perovskite-on-Si and on CIGS (copper 

indium gallium selenide) tandem devices with 2D-3D perovskite heterostructures as a modification 

at the perovskite/spiro-OMeTAD interface.123 Two-dimensional (2D) perovskite structures such as 

the Ruddlesden Popper (RP) and Dion Jacobson (DJ) phases can be formed by incorporating bulky 

monovalent (RP) or divalent cations (DJ) into the A-site of the perovskite structure resulting in the 

general structures An-1BnX3n+1 (RP) and A’An-1B nX3n+1 (Dion Jacobson). The blending of these 2D 

phases with 3D perovskite to form 2D/3D heterostructures both as an interfacial modification or as 

a bulk passivation approach have been widely employed as a route to developing perovskite solar 

cells with long term stability and high efficiency.115,124,125 In their work, Gharibzadeh and co-

workers used a butylammonium bromide surface post-treatment to form a 2D-3D perovskite 

heterostructure between a FA0.83Cs0.17Pb(I1−yBry)3) perovskite and the spiro-MeOTAD (HTL) 

interface. This approach was demonstrated for a range of perovskite bandgaps from 1.65 eV – 1.86 

eV and a boost in device performance was observed for all reported bandgaps in single junctions. 

This approach was them demonstrated in tandem devices, using a 1.65 eV perovskite absorber 

(FA0.83Cs0.17Pb(I0.76Br0.24)3) they reported a champion 4-T perovskite-on-Si tandem (Fig. 5b) with a 

steady-state PCE = 25.7 % and a champion 4-T perovskite-on-CIGS with a steady-state PCE = 

25.0 %. 

Lewis bases such as thiophene have long been known to act as defect passivants through the 

propensity of S to bind with undercoordinated Pb2+ atoms.126 Chen and co-workers exploited this 

interaction, and built on previous work on methylammonium-containing perovskites 107, to 

demonstrate quasi-2D thiophene based perovskite heterostructures in in devices containing 

FA0.8Cs0.2Pb(I0.8Br0.2)3, (Eg = 1.68 eV, Tauc plot) for both single junction (p-i-n) and 4-T 

perovskite-on-CIGS tandem photovoltaic devices.108 Chen and co-workers employed 2-

thiophenethylammonium chloride (TEACl)  as a post-treatment for a FA0.8Cs0.2Pb(I0.8Br0.2)3 

perovskite to form a 2D/3D heterostructure (Fig. 5c) at the perovskite/electron transport layer 

interface with enhanced charge carrier lifetimes (Fig. 5d). In their tandem devices they reported a 

PCE of 24 % for the optimal TEACl treated perovskite device. The TEACl treatment was 

demonstrated to enhance the stability of unencapsulated devices stored in air (~40 % RH) with a 

retention of 92.8 % of the initial efficiency compared to the control devices which only retained 

53.7 % of their initial efficiency. It is unclear if these devices were stored in the dark or light. The 

treated devices also demonstrated enhanced stability when stored in the dark in N2 and at 25 and 

60 °C.   

Interfacial passivation played a key role in the impressive perovskite-organic tandem device 

performances reported by Chen and co-workers.78 In their work the authors utilised NiOX treated 

with benzylphosphonic acid as the hole transporting layer in the perovskite top cell and 

consequently demonstrated a significant suppression in VOC losses (Fig. 5e), reporting an increase 

of 80 mV relative to their control condition, implying a 20-fold enhancement of the radiative 



efficiency in full devices due to the HTL passivation alone. Alongside their hole transport layer 

strategy, the authors employed a sputtered indium zinc oxide interconnection layer (4 nm) between 

the two cells and a phenthylammonium iodide treatment between the perovskite and electron 

transporting layer (Fig. 5f). With a FA0.75Cs0.25Pb(I0.6Br0.4)3 perovskite (Eg = 1.79 eV) in small-area 

tandem devices (0.08 cm2) this resulted in a PCE of 23.60% (certified 22.95%) and a VOC of 2.06 V 

and in large area devices (1.05 cm2) a PCE of 21.77% and VOC of 2.06 V (Fig.4g).  

The benefits from interfacial passivation can be dual fold: defect passivation and/or (in some cases) 

modification of the perovskite interface to improve energy alignment with a charge transport layer. 

Due to the lower number of tandem works reported employing methylammonium-free wide 

bandgap top cells there is still considerable scope for the exploration of various promising 

interfacial passivation additives, particularly those which have demonstrated success in 

methylammonium containing top cells in perovskite tandem devices (e.g. piperazinium iodide and 

similar molecules1,127). It is worth noting that many interfacial passivation strategies do not improve 

operational stability of devices. Additionally, some passivation strategies (such as the use of 

phenethylammonium salts) can accelerate device degradation at elevated temperatures.128 It is our 

opinion that passivation treatments which improve device operational stability should be prioritised. 

However, understanding the chemical interactions of passivation agents and how they influence 

device operational is crucial, both when the impact of this passivation is beneficial and detrimental 

to operational stability. This knowledge will ensure the continued advancement of operational 

stability across perovskite photovoltaics.  

Optimisation of charge transport layers 



 

Figure 6 - Novel charge transport layers. a) Schematic describing the recent trend away from 

polymeric CTLs, towards those based on self-assembled monolayers (SAMs). SAM-based transport 

layers tend to reduce interface recombination, improve charge-carrier extraction and lead to 

substantially higher device performance. b) Electroluminescence images of complete devices, active 

area 1.044 cm2, based on FA0.8Cs0.2Pb(I0.6Br0.4)3 for different hole transport layers. The novel SAM-

based device shows the highest and most uniform EL intensity indicative of reduced interfacial 

recombination at the perovskite/HTL interface. Scale bar is 0.5 cm. c) J-V characteristics of all-

perovskite 2T tandem solar cells where the wide bandgap subcell has differing HTLs, showing that 

implementing 4PADCB leads to a substantial boost in all device parameters. d) Comparison of the 

open-circuit voltage of complete perovskite solar cells, shown as dots, with the corresponding 

quasi-Fermi level splitting of representative layer stacks with PTAA or MeO-2PACz as the hole 

transport layers. The comparison for various device-annealing temperatures and benchmarked 

against the case with no electron extraction layer (w/o EEL). e) The FF is compared across the 

different annealing conditions, and different hole transport layers. The different temperatures refer 

to the annealing conditions after deposition of the AZO NP layer. f) Schematic of a perovskite–
organic tandem cell, highlighted the interconnection layer. The J–V characteristics of tandem cells 



with varied thickness (number of ALD cycles) of the InOx interconnection layer, showing Ohmic 

contact after 32 ALD cycles (~1.5 nm). Panels b-c adapted from ref.129 Panels d-f adapted from 

ref.79  

 

Whilst several different charge transport layers have been employed in methylammonium-free wide 

bandgap tandem photovoltaic devices there is still considerable scope for investigation of 

alternative charge transport layers. Understanding and optimising the electronic structure at these 

interfaces will be instrumental in overcoming the voltage losses inhibiting device performances. 

Indeed, recent developments in methylammonium-free tandem devices can be attributed, at least in 

part, to improved energetic alignment between the valence and conduction band of the perovskite 

and that of the respective charge transport layers facilitating reductions in voltage losses and 

optimising the efficiency of these tandem devices.78,129 The understanding of the electronic 

structure, and therefore the energy level positions, of metal halide perovskite materials has proven 

incredibly challenging and is an area in which there is still more work to be done.  For a thorough 

discussion of the challenges and developments in this area we recommend the following 

papers.130,131 Aside from the fundamental challenges associated with the measurements themselves, 

the number of different perovskite compositions and processing and chemical routes through which 

they are fabricated further compound this problem. It has been demonstrated that different chemical 

and processing routes result in perovskite materials with differing surface chemistries and therefore 

electronic structures.132–134  Additionally, the energy level positions of perovskite thin films have 

been demonstrated to be substrate dependent, therefore it is essential that this is considered when 

using energy level positions from literature reports to construct energy level alignment 

diagrams.135,136 

In the early stages of perovskite-on-Si tandem development significant progress was made in the 

optimisation of the perovskite top-cell architecture from n-i-p architectures to p-i-n architectures 

and then the subsequent optimisation of charge transport layers. Bush and co-workers employed 

evaporated C60 as the electron transport layer with a SnOx and zinc tin oxide (ZTO) buffer layer 

deposited by atomic layer deposition (ALD) or pulsed-chemical vapour deposition (CVD), followed 

by sputter coated ITO.137 This was a significant improvement upon previous top contacts in 

perovskite-on-silicon tandem cells, which employed a thick hole conducting layer of spiro-

OMeTAD and buffer layers of either ITO nanoparticles or thermally evaporated MoOx prior to the 

ITO layer.  The use of a C60 and transparent metal oxide electron transporting layer has since 

become somewhat ubiquitous for use as the electron transport layer across the many different 

perovskite tandem devices.63,64,72,78,138 Fullerenes, like C60, and their derivatives PC61BM (phenyl-

C61-butyric-acid-methyl ester), PC71BM (phenyl-C71-butyric-acid-methyl ester), and ICBA (indene-

C60 bis-adduct), are widely employed in all types of metal halide perovskite photovoltaic devices. It 

is well known in the field of organic photovoltaics that energetic disorder, which can be dynamic or 

static, is an important cause of voltage losses in organic solar cells.139 Whilst dynamic disorder is an 

inherent property of the semiconductor itself static disorder is a result of the crystallographic 



packing of organic semiconducting molecules and therefore can be influenced by the thin film 

growth. It has been shown that fullerene derivatives such as PC61BM and PC71BM have a far larger 

degree of static disorder, relative to dynamic disorder, than their fullerene counterparts, C60 and 

C70 .140 Furthermore PC71BM has an energetic disorder almost a third higher that two non-fullerene 

acceptors commonly used in organic PV.141 Understanding the role of disorder in voltage losses, if 

any, may prove important to maximise performance when using fullerenes as a charge transport 

layer in perovskite tandem photovoltaics. Additionally, we believe that there is considerable scope 

for successful implementation of non-fullerene acceptors, as we have seen in narrower bandgap 

perovskite photovoltaics.142–144 This may prove one such route to further minimise voltage losses, 

and boost performance in methylammonium-free wide bandgap tandem photovoltaics.  

Despite the widespread use of C60 in p-i-n devices there are often considerable voltage losses 

associated with its implementation as an electron transporting layer. Recent work, from Chen and 

co-workers focussed on understanding and overcoming these losses through an interfacial 

passivation route. Through a combined experimental and theoretical approach, they 

comprehensively studied the interface between C60 and a 1.79 eV FA0.8Cs0.2Pb(I0.6Br0.4)3 perovskite 

(suitable for all-perovskite tandem devices) and determined the associated voltage losses to be a 

result of poor energetic alignment and inhomogeneous surface potential at this interface. From this 

the authors introduced a diammonium passivation molecule (1,3-propane diammonium) which they 

determined significantly reduced the voltage losses in single junction devices and achieved an 

impressive, certified VOC of 1.33V for their 1.79 eV perovskite. The authors conclude that this is 

due to the improvement in surface homogeneity and improved energetic alignment resulting from 

the passivation. Interestingly, unlike previous reports their structural investigations show that the 

implementation of this diammonium cation did not result in any changes to the perovskite 

structure.145,146 In 2-T all perovskite tandems this passivation enabled a PCE of 27.4% (26.29% 

certified) and a VOC of 2.13 V for a device area of 0.049 cm2 though we note similar device 

performances are also reported for areas of 1 cm2. 

Whilst several reports of perovskite tandems have utilised commercially available conductive 

polymers (e.g. PTAA, polyTPD, PFN-Br) recently significant developments have been made 

through the implementation of novel conductive polymer transport layers (Fig. 6a). 83,89,147  

Recently, mimicking their success in single junctions, there have been successful reports 

implementing “self-assembled monolayers” (SAMs) as the hole transporting layers in the wide 
bandgap cell of tandem devices.148,149 He and co-workers developed a new SAM (4-(7H-

dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (4PADCB) as the hole transporting layer for the 

wide bandgap cell in all-perovskite tandems.129 He and co-workers employed molecular dynamics 

simulations to study existing charge transport layers and to aid in their develop of these new SAM 

molecules, with an aim of synthesising molecules with an increased dipole moment. 

Photoluminescence and electroluminescence studies (Fig. 6b) of these new charge transporting 

materials in single junction devices demonstrated significant improvements in their ability to extract 

holes with fewer interfacial traps. With this novel molecule the authors report an impressive 



reduction in VOC losses (Fig. 6c), achieving 1.31 V in single junction devices with their absorber, 

FA0.8Cs0.2Pb(I0.6Br0.4)3 (Eg = 1.77 eV). When incorporated in 2-T all-perovskite tandems they 

achieved a PCE of 27.0% (26.4% certified steady-state) and a VOC of 2.12 V for a device area of 

1.044 cm2.    

Brinkmann and co-workers similarly demonstrated the implementation of a different self-assembled 

monolayer, MeO-2PACz ([2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid), as the hole 

transporting layer of the wide bandgap cell in perovskite-organic tandem devices.79 As part of their 

work developing these tandem devices, Brinkmann and co-workers used QFLS analysis in 

combination with device characterisation to study a broad range of materials and fabrication 

processes (Fig. 6d-e). Alongside their comprehensive investigation of the perovskite cell, which 

they consequently used to optimise its performance, they developed a novel interconnection layer 

based on ALD InOX (Fig. 5f) to couple the perovskite and organic cells.   This approach enabled 

impressive device performances utilising a FA0.8Cs0.2Pb(I0.5Br0.5)3 (Eg = 1.85 eV) perovskite, 

reporting 2-T devices with a PCE of 24.0 % (23.1% certified) and a VOC of 2.15 V for a device area 

of 0.0174cm2. 

Operational stability of methylammonium-free metal halide perovskite tandem photovoltaics  

Ensuring the long-term, operational stability of any metal halide perovskite photovoltaic technology 

will be critically important to ensuring their successful real-world deployment. This review is 

motivated by the belief of the authors that fully methylammonium-free compositions are among the 

most operationally stable perovskite photovoltaics. However, as we outline below, there is still 

considerable work to be done to determine which perovskite compositions will be most suitable for 

real-world applications. 

The degradation of perovskite photovoltaics can be induced by exposure to light (visible and 

ultraviolet),150 high temperatures,23,151 ambient environment (humidity, oxygen),152,153 electrical 

bias,154 and chemical instabilities155. It has been well established that perovskite photovoltaics 

which employ methylammonium as the sole A-site cation suffer from both light and heat induced 

degradation.150,156 In compositions which are methylammonium-free or contain small amounts of 

methylammonium there is no clear consensus on operational stability which can be directly related 

to the chemical composition of the perovskite. Some studies have suggested that a small amount of 

methylammonium can be beneficial to stability157. Additionally, it remains unclear if post-

deposition annealing of perovskites leads to elimination of methylammonium.158 The stability of 

perovskite semiconductors is closely related to their defect density which can be influenced by their 

growth mechanism.159,160 Relatedly, there is strong evidence to suggest that the heterogeneity of the 

perovskite semiconductor can result in instabilities within photovoltaic devices.161,162 Therefore, in-

depth stability studies must be performed on systems where the growth of each perovskite 

composition has been optimised to ensure that our understanding of stability is not clouded by 

heterogeneities and/or defects induced by unoptimised perovskite semiconductor growth.  



We have predominantly focussed our discussion in this review on the performance of the devices 

highlighted, and only briefly discussed stability. This is due in part to the large variations in the 

conditions used for operational stability testing across the works discussed. These variations make 

comparisons and identifying meaningful trends difficult. We outline the conditions used for any 

operational stability data available in Supplementary Table 1 alongside information on both the 

single junction and tandem devices reported.  

It is clear that to ascertain the stability of methylammonium-free wide bandgap based tandems more 

operational stability data is required, however determining which tests to undertake is not easy. 

Whilst conventional photovoltaics have well established qualification tests to ensure the longevity 

of their field performance, emerging photovoltaic technologies like those discussed in this review 

cannot be assessed using these tests due to the significant differences in degradation mechanisms 

and device architectures. At present, we have a range of tests recommended to assess the stability of 

perovskite photovoltaics based on the International Summit on Organic PV Stability (ISOS) 

protocols. We recommend the report from Khenkin and co-workers for an in-depth discussion on 

these tests.163 At present, it is not clear which of these tests (if any) are truly representative of real-

world deployment of perovskite photovoltaics. Until we know which testing parameters are 

required for a 25-year stable module we recommend that the field focuses on understanding the 

mechanisms that result in device degradation rather than aiming for long T80 lifetimes. For a 

comprehensive overview of long-term stability in perovskite photovoltaics we recommend the 

following review by Zhu and co-workers.164  

We would also like to note here that due to the significant time and infrastructure commitments 

required to fabricate any tandem device, it is often not possible to produce the same number of 

devices (and therefore have large statistical data) as with single junction devices. In the case of 

perovskite-on-Si tandems perhaps this is less important (as the stability of the silicon bottom cell is 

well established), but for other tandem architectures such as all-perovskite tandems large data sets 

of operational stability data would be incredibly valuable. This is an area where it would be of great 

benefit for us, as a research field, to use unified operational stability testing protocols to further our 

understanding of the stability of these devices.     

Outlook and challenges 

The impressive developments in the field of methylammonium-free wide bandgap photovoltaics in 

recent years have resulted in significant improvements in tandem device efficiency across both 

small and large area devices. Despite this there is still room for reduction in voltage losses, 

performance of large area devices, and device stability under accelerated aging conditions. We 

believe the key areas for continued development are as follows. 

1. Minimising voltage losses through the development of improved fabrication routes and 

charge transport layers.   

Whilst the majority of work in the wide-bandgap methylammonium-free device community has 

focussed on solution deposition there have been some reports of wide bandgap photovoltaic devices 



based on evaporated methylammonium-free perovskites.165 Whilst a broad range of approaches 

have been reported towards developing high performance methylammonium-free wide bandgap 

perovskite photovoltaics, it is clear that there is still considerable scope for reducing voltage losses 

and boosting not only the efficiency but the stability of these devices. For instance, world record 

open-circuit voltages for 1.8 eV perovskites stand at ~ 1.33 V. This corresponds to an EQE-El of 

only ~ 0.12%. When we can increase the EQE-EL to 10%, comparable to today’s world record 
narrow bandgap perovskite cells, a VOC as high as 1.45 V will be achieved. In the process of 

reviewing the literature several approaches have emerged which we believe the community should 

focus on to make gains in this area. Firstly, we believe it is essential that further effort is dedicated 

to investigating alternative charge transport layers which have been designed specifically for wide 

bandgap perovskites. In this review we have detailed several works demonstrating that considerable 

voltage losses can be mitigated through implementation of alternative charge transport layers. 

Ideally, these novel transport layers would be multifunctional: they would ensure good energetic 

alignment with the perovskite semiconductor, they would be selective to a specific charge-carrier 

and they need to promote homogenous perovskite thin-film growth. This latter requirement is 

essential to overcome the more complex crystallisation process present within mixed halide 

perovskites and reduce the likelihood of light induced halide segregation due to poor crystallinity. 

Additionally, there is a lack of understanding of the electronic structure of wide bandgap 

perovskites and therefore the energetic alignment of these materials with charge transport layers. 

This will require in-depth and systematic investigation, but we firmly believe that a more 

comprehensive understanding in this area will yield impressive results in reducing the voltage 

losses, which should not be considered inherent to these materials. Secondly, there have only been a 

very small number of reports detailing the evaporation of the methylammonium-free wide bandgap 

perovskite materials.165 A large part of the reason for the dearth in reports on vapour deposited 

perovskite cells, is that it takes more money and time to establish thermal evaporation capacity at 

the research scale. However, with many groups now having equipment in place for thermal 

evaporation, coupled with the inherent advantages for depositing conformal coatings on textured 

surfaces and without the requirement for the use of harmful solvents, we expect to observe 

significant progress with vapour deposited wide bandgap perovskites over the next few years.   

 

2. Identification of the degradation failure mechanisms within devices 

Stability is a key hurdle to be overcome on the path towards commercial implementation of 

perovskite photovoltaic devices. Whilst this review highlights many promising results and 

approaches towards enhancing the efficiency and stability of methylammonium-free wide bandgap 

perovskite photovoltaics there are still considerable gaps in our understanding of the long-term 

stability of perovskite photovoltaic devices under harsh accelerated aging conditions. In our view, 

stress tests in an academic environment should be performed to discover failure modes, or to assess 

if some mode of stability is impacted by a given change in the recipe or chemistry.166–169 Stress tests 

should not be performed to demonstrate that a given recipe or chemistry is stable, since the latter 

encourages stressing under mild conditions and will not lead to rapid advances in understanding and 



meaningful advances in long term stability. There are a broad range of different stress conditions 

reported in the international summit of organic solar cells (ISOS) protocols consensus statement for 

perovskite solar cell stress tests.163 However, we strongly encourage the field to undertake more 

aggressive stability testing, in air and in high humidity environments without the use of 

encapsulation. Accelerated aging of encapsulated devices, can often become a test of how good the 

encapsulation approach is rather than an assessment of the inherent stability of the perovskite 

device. We would like to see aggressive stability testing more widely reported, and as a major focus 

of studies e.g. light soaking under elevated temperatures of 85 °C or higher, rather than room 

temperature, damp heat stress tests at 85 °C and 85 % RH, and ideally combining multiple harsh 

stress conditions in the presence of light, to understand the full impact of interface modifications on 

long-term device stability. From reviewing the literature, several important trends emerged that 

result in durable wide bandgap perovskite solar cells: it is critical to form homogenous perovskite 

thin films which can be achieved through a combination of process optimisation, additive 

engineering and/or improved charge transport layers; the inclusion of additives into the precursor 

solution, e.g. ionic additives66, which have shown to result in a dramatic increase in stability; and 

the development of more stable transport layers it the durability of the entire device stack, not just 

the perovskite, that determines the operational lifetime.  Reviewers and editors should also 

appreciate that the degradation rate is expected to approximately double, with every 10 °C raise in 

stressing temperature, when comparing between different published works.170,171  

 

3. Continued moving beyond developments in individual research labs to broad developments 

across the research community 

It is important to note that a small number of research groups are responsible for a large number of 

the papers cited in this review. This is due in large part to the expensive infrastructure required to 

fabricate and characterize highly efficient methylammonium-free wide bandgap tandem devices. 

This delays potential developments as a large fraction of the community are inhibited from working 

in these areas. Whilst, as a community, we collaborate and share results widely there are still efforts 

we can take to widen the pool of researchers able to work on tandem devices and accelerate 

developments in this area. In Europe the Horizon 2020 project VIPERLAB enables researchers to 

apply for access to carry out experiments using the extensive infrastructure available across a range 

of institutions to carry out work on perovskite photovoltaics.172 More initiatives like this, available 

to researchers worldwide, will enable researchers from groups within the required infrastructure to 

contribute to the development of methylammonium-free perovskite tandem devices.  

The open access perovskite database and analysis tool contains extensive information relating to the 

fabrication and characterisation of reported perovskite photovoltaic devices as well as device 

performance.173 Although relatively new, this database has already proven to be an incredibly  

valuable resource for researchers in identifying potential routes to push forward perovskite 

photovoltaic device performance. The perovskite database is also incredibly useful for 

computational prediction methods, like machine and active learning approaches, in areas relating to 



materials discovery and data analysis.174–176 The application of these types of models to perovskite 

photovoltaic device development and characterisation is a growth area and we predict will become 

incredibly important in the continued development of methylammonium-free wide bandgap 

perovskite tandem photovoltaics. 
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