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Abstract: 

Halide perovskites overwhelmed the field of photovoltaics with unprecedented progress in efficiency. 
Their facile bandgap tunability renders perovskite solar cells excellent building-blocks for multi-junction 
architectures, that provide the prospect to overcome fundamental efficiency limits of single-junctions. 
Simultaneously, the area of organic solar cells has seen tremendous advances by the introduction of non-
fullerene acceptors. Organic and perovskite semiconductors share similar processing technologies, which 
makes them attractive partners in multi-junction architectures. This Perspective article sheds light on the 
prospects and challenges of perovskite-organic tandem solar cells by highlighting the key aspects of the 
individual building blocks and their interplay in the tandem. Specifically, the role of non-fullerene 
acceptors in efficient narrow-gap organic solar cells with high operational stability is discussed. A further 
focus is the wide-gap perovskite solar cell, where long term stability is the most pressing issue that needs 
attention. Eventually, the design and functionality of high-quality interconnects are outlined along with a 
view on its impacts on the characteristics of the tandem. In the end, the prospects of perovskite-organic 
tandem solar cells are benchmarked against other emerging tandem solar cell technologies. 

 

  



 

Figure 1: General working principle of perovskite-organic tandem solar cells. a, Charge generation in perovskite and organic solar 
cells. While in most three-dimensional perovskite absorbers, that are typically used for solar cells (top), free charge carriers are 
created upon light absorption, the primary excitations in organic semiconductors are tightly bound Frenkel excitons that must be 
split at a donor-acceptor interface b, Role of the subcells and the interconnect. 

Introduction 

Since their introduction, metal-halide perovskite solar cells have achieved stunning efficiency levels, that 
are now at par with that of established photovoltaic technologies.1 Upon further progress, however, 
perovskite solar cells will be approaching fundamental efficiency limits that generally apply for single 
junction cells.2 Consequently, there is an increasing interest in tandem architectures, that allow to surpass 
the so-called detailed-balance limit of single junctions by combining two solar cells with different 
absorption onsets. Thereby, thermalization losses can be reduced, which results in a more efficient 
conversion of the incident solar power into electricity.3 As shown in Figure 1, monolithic tandem devices 
typically consist of three building blocks: a solar cell with a wide energy gap that absorbs high-energy 
photons, a solar cell with a narrow energy gap that absorbs the transmitted low-energy photons, and an 
optically transparent interconnect that establishes an electrical contact between both subcells. Like in III/V 
semiconductors, the bandgap of perovskite semiconductors can be widely varied through their 
composition.  For tandem devices their absorption properties can therefore be easily adapted to a range 
of narrow-gap solar cells, such as silicon, copper-indium-gallium selenide (CIGS), and narrow-bandgap 
perovskite subcells. The recent success of highly efficient organic solar cells with absorption spectra 
reaching well into the infrared, extended the portfolio of efficient partners to form a tandem with 
perovskite wide-gap cells. This development led to very exciting advances in perovskite-organic tandem 
solar cells over the past three years, with efficiencies increasing from below 17% to above 24%.4-6 The 
focus of this perspective is on the specific challenges and opportunities that arise from combining these 
two emerging thin film photovoltaic technologies, i.e. perovskite and organic solar cells, into a monolithic 
tandem device. As depicted in Figure 1a, both technologies rely on fundamentally different mechanisms 
for the generation of free charge carriers upon illumination, related in part to their vastly different electric 
permittivity. Owing to the typically low exciton binding energy of many high permittivity perovskite 
absorbers, free charge carriers are generated directly upon light absorption at room temperature. In 
organic absorbers with low permittivity, strongly localized Frenkel excitons with higher binding energy are 
formed, that need to be dissociated at a hetero interface of two different organic moieties. This 
perspective will address the most relevant aspects of each building block with respect to their application 



in tandem cells with the goal to benchmark the perovskite-organic tandem technology against other 
emerging tandem concepts and to identify the most important levers for further progress. 

  



Box 1: The emergence of Y-type non-fullerene acceptors: 

For a considerable time, the development of organic solar cells was linked to the use of fullerene derivatives as 
electron acceptors (A) in blends, usually in combination with a polymer-based electron donor (D), to form so-called 
bulk-heterojunction networks.7 Such a structure is needed to afford efficient exciton dissociation at the internally 
distributed donor-acceptor interfaces competing against exciton decay to the ground state. Around 2012, after more 
than a decade of continuous optimization, the progress in power conversion efficiency levelled off at a value slightly 
above 10%. 

 
This plateauing was mainly due to the weak absorption of fullerenes in the visible to near infrared spectral range but 
also due to the difficulty to tune the energies of their frontier orbitals for optimization of the energy offset to the 
polymer donor. The situation changed with the emergence of a new class of non-fullerene acceptors, with the first 
prominent example being ITIC.8 In contrast to the spherical geometry of fullerenes, this acceptor exhibits a planar 
fused ring donor core, end-capped on both sides with an acceptor unit. Because of its acceptor-donor-acceptor (ADA) 
structure, intramolecular charge transfer causes a significant red-shift of the absorption spectrum while the high 
stiffness and planarity of the core allow for strong intermolecular interactions. This pioneering work was the starting 
point for numerous chemical variations, with the goal to tune the energy levels and energy gaps of the non-fullerene 
acceptors to complement the properties of the donor. In 2018, Y6 was developed, yielding spectacular efficiencies 
exceeding 15% in combination with the donor polymer PM6.  

 
In contrast to the IT-family, acceptor molecules of the Y-series exhibit a ADA’DA chemical structure combined with a 
unique curved molecular shape.8  Related to this structure is a further lowing of the energy gap as well as the ability 
to form multiple intermolecular interactions with the benefit of efficient exciton and charge transport.9 In fact, these 
non-fullerene acceptors can show extraordinarily large diffusion lengths of up to 50 nm10 for excitons and several 
hundred nanometers for charge carriers.11 As such, the rise of the game-changing non-fullerene acceptors such as 
the IT-family and Y-family12 paved the way to efficiencies of organic solar cells currently exceeding 19%.13,14 For a 
more general and in-depth view on the field of non-fullerene acceptors, we kindly refer the reader to the recent 
literature on the subject.15-20 For a focus on the molecular design of narrow-gap organic absorbers, the account by 
Cheng et al. is recommended.21  

 

 



Organic Subcell 

 
Figure 2: Organic subcell. a, Tunable absorption spectra of non-fullerene acceptors.12,22,23 b, Efficiency of organic solar cells in 
dependency of the optical gap of the narrow-gap constituent highlighting candidates viable for tandem application. c, Fill factor 
(left) and short circuit current density (right) of narrow energy gap non-fullerene acceptor organic solar cells in comparison to the 
detailed balance (db) limit. The dashed lines are a guide to the eye and highlight the increasing losses with lowering the effective 
energy gaps. Please note, that all energy gaps were determined from the absorption onset of the narrow-gap absorber. Open 
circuit voltages of and source references for the scatter plots can be found in the supporting information. d, Miscibility binodal 
(Flory-Huggins interaction parameter χ vs. acceptor volume concentration in a PM6 polymer medium of non-fullerene acceptors 
and the fullerene PC61BM that is used to form a ternary bulk-heterojunction along with a proposed mechanism of stabilization in 
the ternary blend. Adapted with permission from 24 and 25. e, Comparative visualization of published stability data of binary and 
ternary bulk-heterojunction solar cells upon full spectrum (white LED or AM1.5, 1 sun) illumination. The lines denote the average 
values, the shaded areas mark the standard deviation.  f, Operational stability of bulk-heterojunction solar cells based on PM6 and 
Y6 in dependency of the photon energy comprising illumination either with broadband spectra (white LED or AM1.5) or with 
monochromatic light sources. Data from 4,18-20,26,27 g, Relative photoluminescence of (top) PM6 before and after 100 h of 
illumination with a white LED (no ultraviolet component)4 and (bottom) Y6 before and after 200 h AM1.5 irradiation (including the 
UV part). Note, no significant drop in PM6 was found in the same experiment.27 h, Proposed critical wavelength regions for the 
degradation of PM6 and Y6 as well as the spectrally benign region, that enables stable operation of the organic solar cell, e.g. in a 
tandem application, overlayed with the respective absorbance of PM6 and Y6. Relative absorption taken from4. References 
sourcing c can be found in the supporting information. 
 



After leveling at power conversion efficiencies slightly above 10% for several years, the emergence of non-
fullerene acceptors unlocked an astonishing rise of efficiencies for organic solar cells (see Box 1), that 
simultaneously enabled unprecedented prospects for organic solar cells in tandem architectures. The 
absorption onset of the non-fullerene acceptors extending well into the infrared spectral region is of key 
relevance in this regard (Figure 2a). While Y6 has an effective energy gap of 1.33 eV, the energy gap was 
further lowered to 1.21 eV by extending the donor-acceptor bridge and by modifying the chemical 
structure of the donor unit, which yielded short circuit current densities of more than 30 mA cm-2.28 As will 
become clear in the course of this perspective, for tandem architectures with organic narrow-gap subcells, 
a further reduction of the energy gap would be desirable.4,29 However, as shown in Figure 2b and c, 
lowering the energy gap below 1.3 eV currently comes at the cost of lowered device efficiency. In contrast 
detailed balance (db) would suggest only a moderate variation of the efficiency between 1.1 eV and the 
optimum gap for single junctions of 1.3 eV. One specific feature of organic molecules is their large non-
radiative losses, which lower the open circuit voltage (VOC) well below the db-limit. Therefore, a higher 
energy gap compared to most other inorganic semiconductors is needed to realize optimum conditions 
with respect to the db-limit. In addition, the rate of non-radiative recombination causing this loss increases 
exponentially with decreasing the energy gap,30 similar to the energy gap law of fluorescence in conjugated 
molecules as first proposed by Englman and Jortner in the 1970’s,31 implying that the voltage-loss becomes 
more severe for a smaller bandgap. Our survey of reported device characteristics of non-fullerene base 
organic solar cells however reveals that upon decreasing the energy gap of the absorber, also the fill factor 
(FF) and even more the short circuit current density (JSC) lag increasingly behind the detailed balance limit 
(Figure 2c). As both properties are determined by the competition between free charge extraction and 
recombination,32 this trend may in part be related to the increased non-radiative recombination with 
smaller bandgap according to the energy gap law. In addition, a sub-optimum morphology and / or the 
presence of barriers and interfacial recombination at the charge extraction layers may be responsible for 
the trend in JSC and FF.33 Clearly more experimental work is needed to be able to relate shortcomings in 
device performance of narrow-gap organic solar cells to fundamental limitations. This also requires the 
design and synthesis of novel infrared-absorbing non-fullerene acceptors, which may help to understand 
the efficiency limit at different energy gaps. 

In addition to optimizing the efficiency of the organic solar cell, attention also must be given to its stability. 
In organic solar cells, both, the morphological stability of the bulk-heterojunction and the individual 
structural stability of the donor and acceptor moiety need attention. Regarding morphological stability, 
the main concern is to achieve and to stabilize the optimum blend morphology, which on the one hand 
ensures that all excitons reach a heterointerface within their lifetime but also warrants charge transport 
via percolation pathways. During operation and even upon extended shelf storage the two phases of most 
non-fullerene-based bulk-heterojunctions tend to segregate.34-37 To understand the root cause of the de-
mixing, one may consider the Flory-Huggins theory, where the acceptor is treated like a solvent for the 
donor polymer, which enables the calculation of an interaction parameter χ as a measure for their 
miscibility, i.e., low (high) χ indicates good (poor) miscibility.38 χ considers the enthalpic contribution, 
counteracting the entropic driving force that always favors mixing.38 A phase diagram (e.g., c vs. the 
acceptor-volume-concentration (f)) can be plotted, wherein a binodal curve separates the region of the 
single mixed phase from a system with two phases. Exemplarily, Figure 2d shows such a phase diagram for 
PM6 as donor.24,39-42 To achieve optimal morphology, f should be within a so-called percolation region 
(around 20-30% of acceptor in the donor-rich phase). Unfortunately, for many non-fullerene systems, c is 
rather high (indicating poor miscibility with the donor) and thus the thermodynamically stable regions are 
located outside the percolation region.25 Bulk-heterojunctions are therefore typically processed by kinetic 



quenching42 and/or the use of solvent additives (A in Figure 2d).43-45 This approach renders the bulk-
heterojunction mixture thermodynamically unstable and gives rise to a further de-mixing of the donor and 
acceptor molecules during operation or shelf storage into rather pure, thermodynamically more stable but 
with respect to the functionality of an organic solar cell unfavorable phases (B in Figure 2d).24 Note, that 
de-mixing often precedes crystallization of the non-fullerene moiety.  In contrast, for fullerenes such as 
PC61BM in PM6, c has a low value of about 0.8 at room temperature (Figure 2d), indicating a good 
miscibility of the two components, and consequently, a rather high concentration of the fullerene acceptor 
in the polymer donor phase.25 Therefore, utilizing fullerenes as third component to create a ternary blend 
offers an exciting opportunity to reduce morphology-related degradation of polymer:non-fullerene bulk-
heterojunctions (Figure 2d).24,46 Hereby, a typical concentration of 20 mol% fullerene mixed with the donor 
polymer maintains percolated pathways for electrons, while the miscibility of the fullerene with the non-
fullerene acceptor will simultaneously prevent the formation of large, crystallized domains of the non-
fullerene acceptor.24,47 The applicability of this scenario to PM6 systems is supported by reports on binary 
PM6:PC71BM solar cells, that indicate efficient exciton splitting and charge transport through fullerene 
pathways.48 Consequently, ternary bulk-heterojunctions reported in the literature show significantly 
higher operational stability than their binary counterparts (Figure 2e). 

However, even a well-percolated bulk-heterojunction can only remain functional if the constituting 
organic molecules are themselves stable under illumination. The issue of photodegradation has been 
persistently accompanying the development of organic photovoltaics from the very beginning.49-51 We 
want to note that both efficiency and stability of organic solar cells are critically affected by the charge 
extraction layers.52 While the photo-catalytic decomposition of the organic active materials at the 
interface to ZnO53,54 or the notorious stability issues associated with the use of PEDOT:PSS as hole transport 
layer55 can be overcome by interface engineering, intrinsic photo-instability of the organic absorbers might 
be a fundamental issue. For fullerene-based organic solar cells high energy photons have been identified 
to cause photo bleaching.56,57 Similar detrimental effects have also been observed for non-fullerene based 
organic solar cells, resulting in a substantial loss in efficiency over time, even in ternary bulk-
heterojunctions and even if atmospheric influences are excluded (see Figure 2f, AM1.5). Notably, the 
severity of photo-induced degradation shows a distinct dependency of the illumination conditions as can 
be seen in Figure 2f, where the stability of PM6:Y6 systems under various spectral illumination conditions 
is presented.4,26,27 While for wavelengths above 590 nm stable operation is possible, an increasingly rapid 
decay is found towards shorter wavelengths. Complementary photoluminescence investigations of the 
individual components provided further insight (see Figure 2g).4,27 Careful interpretation of those data as 
a whole gives indications of two wavelength dependent degradation motifs that may partially overlap. 
Brinkmann et al. showed (Figure 2g, top) a substantial reduction of the photoluminescence of PM6 after 
prolonged irradiation with a white LED (no ultraviolet spectral components), while the emission from the 
Y6 acceptor was less affected by the same aging conditions.4 In seeming contrast, Liu et al. (Figure 2g, 
bottom) observed a severe degradation of the Y6 acceptor upon exposure to the full AM1.5 spectrum 
(including ultraviolet parts), which was attributed to the cleavage of the vinylene link between the core 
and the acceptor due to the spectral components below 420 nm. At the same time, the PM6 appeared to 
be less affected.27 In the same study, application of an ultraviolet cutoff filter drastically improved the long-
term stability (Figure 2f). The spectral range up to 590 nm on the other hand appears more detrimental 
for the stability of the PM6. Note, a white LED operated at one sun equivalent intensity contains a higher 
amount of such supposably critical photons in the range between 420-590 nm compared to the broadband 
AM1.5 spectrum and it will therefore cause more severe degradation of the PM6 polymer. A possible 
mechanism of PM6 degradation is the photo-induced dihedral twisting of the PM6 chains around the 



benzo[1,2-b:4,5-b']dithiophene-thiophene link. Twisted chains may allow for a closer contact between 
donor and acceptor unit of neighboring chains and are suspected to mediated singlet exciton to interchain 
polaron pairs and further trap-mediated non-radiative recombination.58 While this twisting was found to 
be accelerated in the presence of oxygen and moisture, the authors reasoned that the process would 
likewise occur under inert conditions. Upon irradiation in the spectral range below about 420 nm, though 
Y6 degradation is more pronounced, both PM6 and Y6 are expected to degrade. 

In any event, in a tandem architecture the light reaching the organic subcell will be filtered by the wide-
gap perovskite positioned in front (see Figure 1a). As such, the organic cell is expected to be operated 
exclusively in the spectrally benign region highlighted in Figure 2h, where already encouraging operation 
stabilities exceeding 5000 hours have been shown.4 For further optimization, new efficient acceptor 
materials need to be developed, that enable even lower absorption onsets while maintaining a high JSC 
and FF. Thereby, not only a higher Jsc and an improved overall performance of the tandem cell can be 
achieved but at the same time the bandgap of the perovskite absorber can be lowered, which will also 
positively impact on the operational stability of the perovskite subcell, as discussed in more detail below. 

 

 

  



Perovskite Subcell 

 

Figure 3: Challenges and perspectives of wide-gap perovskite cells for tandem application. a, Schematic illustration of the process 
of illumination triggered halide segregation with energy level diagram and measured photoluminescence of (top) the pristine, 
mixed phase and (bottom) the light-stressed, segregated phase. Photoluminescence shown in a, taken from4  
b, Literature survey for open circuit voltage-loss of perovskite solar cells in dependence of the perovskite bandgap c, Bucket model 
of recombination losses limiting the open circuit voltage of the wide-gap perovskite solar cells highlighting the crucial role of 
interface recombination. d, Hen and egg analogy connecting halide segregation to parasitic recombination (e.g., at interfaces, 
grain boundaries) encasing proposed mechanisms that cause or further halide segregation. Grey and red spheres represent mixed 
and segregated sections of the perovskite lattice. e, Overview of T80 stability under illumination reported in literature in dependence 
of the iodine:bromine ratio. f, Heat map displaying the potential of perovskite-organic tandem solar cells assuming an optimistic, 
yet realistic scenario of a voltage-loss of 0.4 V and a tandem fill factor of 85%. Please note that these considerations are made 
using measured optical data shifted on the energy axes, which is why they present a realistic scenario. For details see ref 4. The 
stars depict the current position of record tandem cells and the perspective of reducing the perovskite bandgap both with and 
without concomitant reduction of the organic solar cell’s energy gap. Adapted with permission from  4. g, Schematic illustration of 
interface trap state passivation. The references sourcing b and e can be found in the supporting information. 

The optimal choice for the wide-gap perovskite subcell material, is determined by the bandgap of the 
narrow-gap organic solar cell. Highly efficient perovskite-organic tandem solar cells reported, so far, 
primarily rely on the PM6:Y6 system, which, according to optical simulations, is ideally paired with a 
perovskite solar cell having a bandgap around 1.85 eV.4 A general overview of wide-gap perovskite solar 



cells is provided by dedicated review articles on the matter.59-61 In this perspective we will focus on the 
notorious phase segregation in wide-gap perovskite cells, which represents the most pressing bottleneck 
for the stability of perovskite-organic tandem solar cells (see Table S6).62 

The bandgap of halide perovskites can be tuned by variation of the halide, whereby a bandgap of 1.85 eV 
requires a mix of iodine and bromine in the range of 1:1. Unfortunately, at elevated bromine:iodine ratios 
the perovskite phases tend to segregate into iodine-rich and bromine-rich domains upon illumination (see 
Figure 3a).63-65 Halide segregation is regularly accompanied by an apparent deficit in VOC (Figure 3b), that 
compromises cell performance and one might intuitively link this loss with recombination caused by 
funneling charges to the more iodine-rich regions. However, attempts to model the deficit resulting from 
halide segregation due to increased radiative recombination in the iodine-rich regions have concluded that 
it can only account for approximately 20% of the observed recombination losses (Figure 3c).66 A way to 
quantify the loss from halide segregation is to track the evolution of the photoluminescence emission from 
the mixed phase (Figure 3a).67 If most carriers funnel into the iodine-rich domains (see Figure 3a, bottom), 
the quasi-Fermi-level splitting of the mixed phase will be reduced as will be the achievable VOC. Segregation 
however may be identified in photoluminescence even at a very early stage, because of the high radiative 
efficiency due to confinement of charges in the segregated phase.67 In this case, halide segregation will 
not infer a significant penalty on the voltage, rather losses in current density caused by ion induced field 
screening have been evidenced recently.68 Indeed, direct evidence confirms a significant reduction of 
quasi-Fermi-level splitting is due to recombination at the interfaces of non-segregated perovskite phases 
and adjacent charge transport layers rather than due to halide segregation.69 As a result, substantial 
advancements in perovskite-based tandem solar cells have been achieved by reducing voltage-losses 
through suppression of interfacial recombination in wide-gap perovskite solar cells.4,6,70-74 Two remarkable 
examples of successful interface optimization are highlighted in Figure 3b. Reported efficiencies for wide-
gap perovskite single junctions (e.g., with a bandgap of 1.79 eV) exceed 20 %, today.72 

Aside from efficiency considerations, minimizing halide segregation has important implications for the 
stability of the device. Although halide segregation generally is a reversible phenomenon due to entropy-
driven redistribution of halide anions,63,75-77 illumination-driven diffusion of halides out of the perovskite 
layer and into the charge transport layers or electrode interfaces can ultimately lead to irreversible 
degradation.78-81 Figure 3e displays a correlation between increasing bromine content in mixed halide 
perovskite solar cells and lower solar cell lifetime. Despite the prevalence of halide segregation in 
perovskite absorber layers, the underlying mechanism is still not well understood. The observed 
phenomena are inherently complex and likely depend on film deposition conditions and stressing 
conditions such as the spectral characteristics and intensity of illumination or the experimental 
environment. Proposed models to explain halide segregation encompass a range of factors, including 
thermodynamics, lattice strain, carrier concentration gradients, electrical fields caused by trapped holes 
and crystallographic phase instability.65,76,82-85 However, there is currently no model that unambiguously 
explains the full range of experimental observations, including temperature dependencies, threshold 
illumination intensity, stationary composition, field dependence, re-mixing, cation dependency and 
more.64,76,83,86 Experimental evidence anyhow strongly suggests a link between halide segregation and an 
increased parasitic recombination (such recombination that doesn’t convert optical to electrical 
power).4,64,67,82,87 Nevertheless, the causality between halide segregation and parasitic recombination 
remains uncertain, leading to a "hen-and-egg" situation, as both could potentially be the root cause of the 
other (Figure 3d). Compelling evidence indicates that halide segregation and subsequent device 
degradation are driven by localized positive charges, such as an excess accumulation of holes at local trap 



sites or in the segregated iodine-rich phase.68,77,84,88-90 Additionally, oxidation of iodide sites from 
photogenerated or injected holes, resulting in weakened Pb-I bonds has been observed.82,91-93 Expulsion 
of such oxidized species from the lattice, might create interstitial defects that act as trap states and halide 
vacancies, that further halide migration.77 The critical role of holes is further supported by an apparent 
dependency of halide segregation on electrical fields, even in the absence of illumination.82,94 On the other 
hand, iodine-rich regions in general act as localized traps for holes, as the band gap reduction is primarily 
driven by the valence band.88,95,96 Yet, mixed halide films are not necessarily perfectly uniformly mixed 
initially. Nanoscale compositional heterogeneity has been demonstrated in the initial mixed-halide films, 
that may initiate the phase separation on the macroscale while simultaneously acting as recombination 
sites.97,98 Thus the “Hen-and-Egg” situation remains unresolved to date. 

Given the promising stability of organic solar cells discussed above, the wide-gap perovskite remains the 
bottleneck for stability of perovskite-organic tandem solar cells (see Table S6). In a tandem architecture, 
halide segregation even complicates cell characterization. Light biasing that is needed for the 
measurement of the external quantum efficiency of the subcells constitutes a strongly asymmetric stress, 
that, due to current mismatch, leads to carrier accumulation and eventually degradation.4 As the 
characterization of subcell quantum efficiency is typically required in a certification procedure, the 
certified and in-house efficiency values currently show substantial deviations (for example 23.1 % vs 24 %,4 
or 22.9 % vs. 23.6 %6). Perovskites with a narrower bandgap, and therefore increased operational stability, 
would become feasible for integration in tandem devices, if the absorption onset of the organic subcell 
could be further reduced (Figure 3f). Accordingly, both efficiency and stability of perovskite-organic 
tandems could benefit from progress in the field of narrow-gap organic solar cells, with a realistic efficiency 
potential reaching well beyond 31%. Note, calculations based on the detailed balance limit only, result in 
efficiencies as high as 45%.15 

To address halide segregation, various strategies are being employed, which are focused mostly either on 
reducing inhomogeneity, strain or trap density in the bulk perovskite phase or preventing hole 
accumulation at interfaces.64 The improvement of bulk properties often involves modifying the 
crystallization process or adjusting the perovskite composition. Among others, additives, modified 
annealing conditions, non-stoichiometric solutions, process engineering, A-cation tuning, incorporating 
2D/3D structures or crystallization agents have yielded retarded halide segregation.61,65,73,98-103 In addition, 
strategies to mitigate interface hole accumulation range from tailored charge extraction layers such as 
self-assembled monolayers, passivation agents at the perovskite surface or grain boundaries, to low 
dimensional perovskite capping layers, aiming to prevent trap formation (Figure 3g).4,104-106 For general 
reading on interface engineering for perovskite solar cells, the reader is kindly referred to the literature.107 
Another approach might be to use all-inorganic perovskites. All-inorganic perovskites, such as 
CsPb(I1-xBrx)3, can provide a bandgap of 1.7 eV with a relative bromine content below 20% in while a 
relative bromine content of about 25-30% is needed with organic cations to achieve the same  
bandgap.108-110 Here, increased stability can be expected not only due to the reduced tendency for halide 
segregation, but also due to a generally higher resilience against thermal or illumination stress.111-114 The 
sensitivity of these perovskites against ambient air115 can be likely mitigated by proper encapsulation. 
Additionally, all-inorganic wide-gap perovskite solar cells typically rely on an n-i-p architecture, which 
necessitates an adaption of the entire tandem cell (including the organic subcell). Stability issues in n-i-p 
organic solar cells, that are associated with the choice of electron transport material, need to be taken 
into account in this case.53,54 Another strategy might be the incorporation of a large dimethylammonium 
cation into pure iodide perovskites with a high Cs-ratio, which has been shown to widen the bandgap and 



stabilize the perovskite absorber.116 Highly efficient Br-free perovskite solar cells with bandgaps relevant 
for the application in perovskite-organic tandem solar cells are yet to be demonstrated. 

 

Figure 4: The interconnect in perovskite-organic tandem solar cells. a, Solar cell stack of a perovskite-organic tandem solar cell 
with a spotlight on the interconnect between the electron extraction layer (EEL) of the perovskite solar cell and the hole extraction 
layer (HEL) of the organic solar cell. b, Energetic line-up of the EEL / HEL interface both without (top) and with (bottom) a 
recombination interconnect. Adapted with permission from 4. c, J-V characteristics of perovskite-organic tandem solar cells 
employing different thicknesses of metal oxide interconnects. Adapted with permission from 4,6. d, Radar chart qualitatively 
evaluating the properties and prospects of metal and metal oxide interconnects with respect to various technical and economic 
aspects. e, Optical transmittance of the metal oxide interconnect bare and sandwiched between charge extraction layers in 
comparison to an evaporated silver interconnect. Adapted with permission from 4. f, (top) External quantum efficiency (EQE) data 
exemplarily comparing the current-loss in the organic subcell caused by the interconnecting layers with respect to the single 
junction.4 (bottom) Integrated current density loss derived from EQE data (integrated between 720-830 nm excluding the 
perovskite or organic absorption onset) of either metal oxide or metal interconnects reported for perovskite-organic tandem solar 
cells. g, The road ahead for tandem interconnects depicting the concept of spatial atomic layer deposition (top) and alternative 
roll-to-roll deposited (bottom), ultra-thin interconnects consisting of either metal oxide nanocrystals or two-dimensional materials 
via solvent or dry-transfer processes. The references sourcing f can be found in the supporting information. 



Interconnect 

In monolithic tandem solar cells, an interconnect is needed, that facilitates the electronic connection 
between the subcells.  In the following we focus our discussion on p-i-n type solar cells (Figure 4a), as the 
most efficient perovskite-organic tandem cells currently employ this architecture. Here, the interconnect 
joins the electron extraction layer of the perovskite wide-gap subcell with the hole extraction layer of the 
narrow-gap organic subcell, that is typically processed on top. In general, an interconnect must fulfill three 
main requirements: 1.) Transfer of charges between the two subcells, ideally without any VOC-loss while 
maintaining a high FF. 2.) Optical transparency to avoid losses in JSC of the back-cell. 
3.) Mechanical/chemical shielding to protect the bottom subcell from the subsequent deposition steps. 

While in classical III-V multijunction cells the interconnect consists of an epitaxially grown highly doped 
p-n tunnel junction,117 many thin-film tandem cells employ an n-n type interconnect architecture.  For 
example, most highly efficient perovskite-organic tandem cells rely on an interface of a n-type electron 
extraction layer (EEL), such as SnOx and an n-type hole extraction layer (HEL), such as MoOx. Note, very 
efficient hole extraction by the high work function MoOx occurs due to recombination of photo-generated 
holes in the highest occupied molecular orbital (HOMO) of the organic material with electrons in the 
conduction band of MoOx.118,119 In a SnOx/MoOx junction, photogenerated electrons from the perovskite 
subcell need to be handed over from the conduction band of the SnOx to the conduction band of the MoOx 
to recombine with the photo-generated holes from the organic subcell.118-120 There is however a large 
difference in work function between the electron and hole extraction layer, that in case of SnOx/MoOx 
junctions results in the formation of a Schottky barrier (fb) as high as 0.6 eV (Figure 4b, top).4 

As shown in Figure 4c, such a Schottky barrier leads to unfavorable S-shaped current-voltage 
characteristics of the tandem cell.4,6 The most obvious remedy for this issue would be electrical doping of 
the metal oxides, as the barrier width scales as ne

-½, where ne is the doping density. At sufficiently high ne 
the barrier would become thin enough to allow for tunneling as an efficient transport mechanism. 
Unfortunately, electrical doping of SnOx typically requires elevated growth temperatures (exceeding 
150°C) and the use of ozone or oxygen plasma processes, which is not compatible with the deposition on 
top of a perovskite.121,122 Therefore, an additional layer with a high ne is inserted between the subcells that 
forms an ohmic contact to SnOx and concomitantly establishes an interface with a narrow barrier to the 
MoOx (Figure 5b, bottom). Specifically, ultra-thin metals or metal-like metal oxides with charge carrier 
densities above 1020 cm-3 are used for this purpose. Among the metal oxides, indium oxide is a promising 
candidate, that provides a high carrier density even at low processing temperatures (below 80 °C), either 
by intentional doping with heteroatoms, such as zinc, to form indium zinc oxide (IZO)123 or by a self-doping 
effect due to oxygen vacancies.124 Figure 4c shows the change in J-V characteristics of perovskite-organic 
tandem devices, with increasing the nominal thickness of two such indium oxide-based interconnects; the 
S-kink gradually disappears, ultimately resulting in a high FF of the tandem. Please note that similar 
considerations apply if instead of the n-type MoOx a p-type material, such as PEDOT:PSS, is used.74 It is 
important to note that both the choice of material as well as the deposition technique affect the nucleation 
and growth, and thereby the required layer thickness at which a functional interconnect is formed. For 
example, sputtered indium zinc oxide interconnects typically require a thickness of more than 4 nm, while 
indium oxide (InOx) prepared by atomic layer deposition yields a homogeneous, continuous 
interconnection layer with well-behaved J-V characteristics already at a thickness of 1.5 nm.4 For metal 
interconnects, typically thermally evaporated Ag or Au is used with an equivalent layer thickness in the 
range of 0.5-1 nm. Thin metals layers typically form islands rather than percolated thin films, which is why 
the statement of a film thickness is rather a measure for the mass of the deposited material resulting from 



a reading of the quartz film thickness monitor.  One can speculate, that the island growth of thin metal 
films sets a lower limit to the amount of material that is needed to render the interconnect fully 
functional.125-129 We want to point out, that for n-i-p structured all-organic tandem devices, highly 
performing all-oxide interconnects based on MoO3/ALD-SnOx or MoO3/ALD-ZnO have been reported.120 
Interestingly all current n-i-p type perovskite-organic tandem solar cells solely rely on metal interconnects, 
that are known to infer optical losses.70,130,131 We anticipate that the field of n-i-p type perovskite-organic 
tandems would tremendously benefit from the use of low-loss all-oxide interconnects. Potential stability 
issues caused by a MoO3 hole extraction layer could be addressed by substitution with vanadium oxide,132 
which was shown to provide similar electronic properties and improved thermal stability.119,133 

The thickness of the interconnect is an important parameter, since it affects two important aspects, both 
of which are crucial for the functionality of the tandem solar cell. On the one hand, a thin layer typically 
results in high sheet resistance, which is highly beneficial for an interconnect as it prevents the connection 
of possible shunt paths in the individual subcells and thereby renders shunting of the tandem cell less 
likely.134 In this regard, non-percolated metal layers and ultra-thin indium oxide layers grown by atomic 
layer deposition offer advantages over thicker and more conductive indium zinc oxide layers. On the other 
hand, a low optical absorbance is essential to minimize optical losses.114 While indium oxide-based 
interconnects are transparent over a wide spectral range, even ultra-thin metal films infer significant 
optical losses (Figure 4e).4 This loss in transmittance severely lowers the external quantum efficiency of 
the narrow-gap subcell. In contrast, the use of a metal oxide as an interconnecting layer enables an 
external quantum efficiency of the back cell, that essentially resembles that of the single junction (Figure 
4f). A slight increase in some spectral regions might be related to beneficial optical effects. Integrated 
current-loss between the single junction and the tandem subcell in the spectral region of 720-830 nm 
demonstrates the superiority of the metal oxide interconnect (Figure 4f, bottom). We want to note a 
report of a C60 / tin oxide (SnOx) interconnect, that utilizes an ambipolar SnOx (x = 1.76), layer, where a high 
density of mid-gap states in tin oxide is claimed to account for hole transport capability.135 However, as 
oxygen deficiency in metal-oxides frequently infers optical absorption, it remains to be shown if this 
strategy is generally applicable to further reduce optical losses compared to interconnects based on ultra-
thin indium oxide. For chemical robustness anyhow, a metal oxide, such as tin oxide grown by atomic layer 
deposition, is often used underneath the interconnect. Tin oxide can form dense and pinhole-free layers 
that provide remarkable resilience against harmful solvents and offers excellent properties as permeation 
barrier.78,121,122,136,137 In addition, metal oxides also have the advantage of chemical durability, as metal 
layers tend to react with perovskite constituents if not properly shielded.79,138 Although currently 
(in)stability of perovskite-organic tandem cells is primarily governed by halide segregation in the wide-gap 
perovskite, the degradation of metals within the device may likewise become a serious bottleneck. 

It can be concluded that ultra-thin metal oxides as interconnects exhibit nearly optimal properties in terms 
of optical and electrical functionality. Further progress regarding the efficiency of perovskite-organic 
tandem solar cells will therefore most likely originate from improvements of the two subcells (even if a 
non-ideal interconnect is used). However, scalability and accessibility remain critical challenges. 
Homogeneous coating of large area substrates with sub-nm thickness-control by thermal evaporation or 
sputter deposition is challenging.139  On the other hand, atomic layer deposition has been shown to be 
compatible with roll-to-roll processing through the use of the so-called spatial atomic layer deposition  
(Figure 4g, top), that can even be operated at atmospheric pressure, as demonstrated for tin oxide in 
perovskite solar cells.122,136,140 Unfortunately, the spatial atomic layer deposition of InOx requires relatively 
harsh process conditions, such as high temperatures (above 150 °C) and oxygen plasma.141-143 Therefore, 



the growth of indium oxide interconnects by spatial atomic layer deposition under mild conditions, as 
required for perovskite-organic tandem solar cells,4 has yet to be demonstrated.  With respect to 
accessibility and prospective low-cost manufacturing, it may be attractive for the scientific community to 
explore alternative methods to deposit extremely thin transparent materials with high charge carrier 
density. Several promising approaches could be considered, including print- or spray-deposited metal 
oxide nano-particles144,145 or high carrier density 2D materials.146 

  



 

Figure 5: Integrated perovskite-organic solar cells. a, Schematic illustration of the setup of an integrated solar cell also showing 
the proposed transport path of generated charge carriers. b, Energy level diagram (omitting potential interface effects and band 
bending) that illustrates possible transitions for charge transport between the perovskite and the organic bulk-heterojunction. V1 
and V2 depict the open circuit voltage potentials of the perovskite (V1) and the bulk-heterojunction (V2). c, External quantum 
efficiency (EQE) of an exemplary perovskite, organic and integrated solar cell. J1 represents the short circuit current density of the 
perovskite single junction, J2 the extension of the EQE spectrum by the bulk-heterojunction. Adapted with permission from 147. 
d, Equivalent circuit model using a parallel connection of two one diode models to display the supposed operation principle of 
integrated perovskite-organic cells. The diodes D1 and D2 model the two different potentials of generated charge carriers (see b), 
while J1 and J2 the current density contribution of the perovskite (J1) and the EQE extension by the bulk-heterojunction (J2). Rs,1 and 
Rs,2 model the respective transport resistances for generated charge carriers and Rp the overall shunt resistance of the whole 
integrated device. e, J-V characteristics showing a published example for the effect of the parallel connection on the solar cell 
characteristics. The respective influence of the individual current densities and voltages from b-d (J1, J2, V1, V2) are highlighted as 
well as the position of the respective maximum power point (MPP). Adapted with permission from 148. f, Best so far published 
integrated perovskite-organic solar cell. The shift of the MPP is highlighted as well as the J1 showcasing the compliance with the 
JMPP ≤ J1 requirement of a parallel connection. Adapted with permission from 147. 

Integrated Perovskite-Organic Solar Cells 

There are numerous reports on so-called "integrated" perovskite-organic solar cells, which are sometimes 
considered an alternative approach to realizing a perovskite-organic tandem cell without the need for an 
interconnection layer.149-153 In these devices, the organic bulk-heterojunction is directly positioned on top 
of the perovskite material, as shown in Figure 5a. To provide some clarity regarding their functionality and 
nomenclature, these integrated solar cells will also be briefly discussed here. 

Firstly, to understand the operation principle of these integrated cells, it is important to note that most of 
the utilized bulk-heterojunctions contain PC61BM as an acceptor and/or third component in a ternary 
blend. Assuming proper percolation, the bulk-heterojunction can therefore function as electron extraction 
layer for the perovskite absorber through PC61BM pathways.154-156 The crux is, however, the extraction of 
holes from the bulk-heterojunction, which is hindered by a barrier to the valence band of the perovskite 
material (Figure 5b). Investigations on such integrated devices estimate an energy barrier of approximately 
250 meV.151 In short-circuit conditions, such an energy barrier can be overcome by internal electrical fields 
present in the device due to charge separation. JSC can therefore be the sum of the current densities 



produced by both the perovskite (J1) and the bulk-heterojunction (J2) (Figure 5c). Since not voltage, but 
current is additive in this configuration, a simplified parallel connection equivalent circuit model (Figure 
5d) can be applied, where the series resistors RS,1 and RS,2 represent the respective transport resistances 
for charge carriers passing through the other absorber material. To complete the picture, it is important 
to consider that the energies of the electron-hole pairs created in the subcells don’t match. Therefore, the 
diodes in Figure 5d have different forward voltages (V1 and V2 in Figure 5b). In an open-circuit scenario, if 
RS,1 is sufficiently high compared to Rp this situation does not necessarily result in a voltage limitation by 
V2, as one might intuitively expect in a parallel connection. Thus, such integrated solar cells can 
simultaneously show increased JSC (J1 + J2) and an almost unaffected VOC (= V1) (see Figure 5e). These 
apparent benefits however cannot be translated into the maximum power point of the solar cell. Since the 
electron-hole pairs created in the bulk-heterojunction have a lower energy than those created in the 
wide-gap perovskite absorber, they are unable to contribute to the current density at higher voltages. 
Consequently, the maximum power point shifts in an unfortunate manner, and the current-voltage 
characteristics exhibit either a severe S-shape or a shunt-like behavior (Figure 5e).148 In numerous reports 
on integrated perovskite-organic cells therefore the actual power output either decreases or remains 
basically unchanged upon the addition of a bulk-heterojunction.148,154,155,157,158 

Nevertheless, there are reports, in which the efficiency of perovskite solar cells improves by adding a bulk-
heterojunction directly on top.147,159-161 It is important to exercise caution however, when interpreting such 
data, as the improved device parameters may not necessarily result from the observed extension of the 
spectral response. Studies have shown that the addition of a bulk-heterojunction, instead of a simple 
fullerene layer, can passivate traps and reduce interface recombination.159 Recent reports have also 
demonstrated that photodoping through exciton splitting in the charge transport layers can significantly 
enhance charge extraction.162 Indeed, the latter report provides evidence of a remarkable increase in 
device performance through the addition of a bulk-heterojunction, resulting in improvements in FF, VOC 
and even JSC, without extending the spectral response. Therefore, when evaluating the actual benefits 
originating from spectral extension, it is necessary to disentangle them from the improvements made to 
the single junction performance, which is very challenging. For instance, in some of the best performing 
integrated solar cells, an elevated VOC was recorded (Figure 5f), while the current density at the maximum 
power point remained significantly below the JSC of the corresponding individual perovskite cell.147,161 
These observations could indicate charge extraction and interface passivation as origin for the improved 
efficiency, as reported by Wang et al.162 Other reports discuss additional additive engineering of the 
perovskite active material160 or atypical variations in FF,159 all of which hinder a clear correlation between 
spectral expansion and efficiency enhancement. In light of the discussion above we conclude, that the 
concept of an integrated solar cell is most likely not viable to overcome the detailed balance limit and 
should not be considered a tandem technology. Rather utilization of an organic heterojunction can play a 
role in optimizing charge extraction and transport in perovskite single junctions. 



 

Figure 6: Perovskite-organic vs. other emerging tandem solar cells. a, Carbon footprint of perovskite-silicon and perovskite-CIGS 
tandem solar cells compared to all-perovskite all-organic and perovskite-organic tandem solar cells. b, Resource availability 
(expressed by the expected time period required to mine 1 TW worth of raw material) of the critical elements required for solar 
technologies. Calculation for a, and b, according to supplementary note 2 from sources 163-165. c, Development of wide-gap organic 
solar cell efficiencies over the past years. d, Development of T80 operation stability of lead and lead-tin mixed metal halide 
perovskite solar cells under 1 sun equivalent illumination showing the apparent leveling of Pb-Sn solar cell stability. For further 
details please see Table S9. e, Power conversion efficiency development of perovskite-organic solar cells over the past 10 years 
highlighting the introduction of the Y-type acceptors. f, Illustration showcasing the potential of roll-to-roll compatible, flexible, low-
cost and lightweight perovskite-organic tandem solar cells combining the strengths of both perovskite and organic solar cell 
technology. References sourcing c, d, and e, can be found in the supporting information. 

Perovskite-Organic vs. Other Emerging Tandem Solar Cells 

To benchmark the perovskite-organic tandem technology, it is important to discuss other emerging 
tandem technologies and to identify their potential challenges and limitations. Perovskite-silicon tandems 
with their impressive efficiencies, already exceeding 33%, can be expected to become the first generation 
of perovskite-based tandems to enter the market.1  An alternative approach to pair perovskite with a 
commercially available narrow-gap absorber is copper-indium-gallium-selenide (CIGS). While both, silicon 



and CIGS are mature technologies with decades of research and development, they also face fundamental 
limitations like high energy consumption and/or limited availability of elements. Specifically, Silicon 
technology requires a high thermal budget, which leads to a comparatively long energy payback time and 
a substantial CO2 footprint (Figure 6a).163 On the other hand, CIGS faces challenges regarding the limited 
abundance of gallium. At the current mining speed, it would take more than 100 years to obtain the raw 
material exclusively for one terawatt of CIGS modules (Figure 6b). At the same time, the Gallium demand 
in the existing semiconductor industry (e.g., for light emitting diodes, etc.) is already critically high.166 

In contrast, tandem technologies relying solely on perovskite and organic solar cells can overcome these 
challenges by utilizing abundant elements and low-temperature high-throughput processing. It should be 
noted that most reported perovskite and organic solar cells use indium tin oxide as transparent electrodes, 
which are subject to the notorious scarcity of indium.166 Fortunately, there are numerous alternative 
semitransparent electrodes reported for both technologies.121,138,167,168 A further paradigm frequently 
linked to perovskite and organic solar cells is the prospect of becoming lightweight and potentially flexible, 
thereby unlocking diverse applications beyond traditional rooftops. Facades, fences, agri-photovoltaics, 
and mobile applications are just some of the targeted fields, where established solar cells are typically not 
viable. Therefore, the second generation of perovskite-based tandem technologies to enter the market 
might well be a complement rather than a competitor to the perovskite-silicon technology. As highly 
efficient, lightweight solar technologies, both perovskite and organic solar cells have shown remarkable 
radiation tolerance.169 Thus, applications in space state another highly promising complementary market 
for perovskite-organic tandem cells. 

Still, the question remains, which combination of emerging technologies will turn out as the most 
promising one. Combinations of similar solar technologies might initially seem preferential, as they allow 
for conceptual synergies and the utilization of the same fabrication facilities for both subcells. For organic-
organic tandem solar cells, the development of wide-gap cells poses the largest hurdle, as their 
efficiencies, despite some progress over the past years, are still unsatisfactory, especially in comparison 
with perovskite cells of similar bandgap (Figure 6c). Consequently, the efficiency of all-organic tandem 
solar cells has only slowly improved over the last years and reached values slightly above 20%.170-173 
Additionally, the necessity to absorb high energy photons might lead to stability concerns in organic cells, 
as discussed above. On the other hand, all-perovskite tandem solar cells have already demonstrated 
impressive efficiencies beyond 29%.1,174 Narrow-bandgap perovskite absorbers, however, still rely on the 
partial replacement of lead by tin.175-177 The required Sn2+ state is unfortunately prone to oxidation and the 
resulting Sn4+ oxidation state causes detrimental self-doping and ultimately compromises device 
stability.178,179 Although several strategies have been proposed to mitigate this oxidation,180-182 the stability 
of tin-containing perovskite has not shown significant improvement over the past years, in stark contrast 
to perovskite solar cells exclusively based on lead, which have seen a steady increase of operational 
lifetime (see Figure 6d). 

Since it is still uncertain, if tin oxidation will ultimately turn out as a fundamental roadblock, perovskite-
organic tandem solar cells emerge as highly promising candidates, where the strengths of both 
technologies are combined. The previously discussed challenge to develop efficient and stable wide-
bandgap perovskite cells is common to all successful perovskite tandem technologies and will naturally be 
a focus of research for the entire perovskite tandem community. Surely, the narrow-gap organic solar cell 
presents a stable alternative for the currently unstable tin-containing perovskite absorbers. As shown in 
Figure 6e, the vigorous research on novel non-fullerene acceptors has already unleashed an accelerating 
development of perovskite-organic tandem solar cell efficiencies. Continued progress towards efficient 



organic subcells with further lowered energy gap, as illustrated in Figure 6f, will provide an avenue to 
flexible, lightweight, and low-cost perovskite-organic tandems with an efficiency of 30% and beyond.28 
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