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Summary 

Perovskite solar cells carry the banner for emerging photovoltaics since they have demonstrated power 

conversion efficiency values well above 20%, which were traditionally only accessible for fairly 

stablished technologies such as silicon. Indeed, ABX3 perovskite materials have revolutionized solar cells 

due to its ease of processing and outstanding electronic and optical properties, which make them ideal 

candidates to develop multi-junction devices aiming to surpass limits associated to standalone 

technologies. In this review we will discuss late efforts on this matter. First, we introduce the reader 

standard materials and processing techniques involved in the preparation of state-of-the-art perovskite 

solar cells. Then, we discuss the development of perovskite-based tandem devices in which ABX3 

perovskite acts as the active material in the top subcell and Si, CIGS, polymer or ABX3 as bottom 

subcells. Finally, we provide the reader with a discussion on the different lines of research that this 

rapidly developing field may follow. 

Introduction 

In a world where the energy demand is still governed for more than 80% by fossil fuels, any realistic path 

reach the objective of reducing CO2 emissions and prevent a further increase of the global average 

temperature must have renewable energy as its core. 1,2 In this scenario, solar energy surpasses by orders 

of magnitude the potential of all the other renewable alternatives combined, as it is displayed in Figure 

1a.3 Consequently, solar photovoltaic technologies (PV) are attracting tremendous social interest: markets 

are rapidly increasing their investments on PV, and academia is devoting tireless efforts to study the 

mechanisms of solar to electrical energy conversion in order to push efficiency limits. Figure 1b displays 

the evolution of the number of scientific articles related to PV published since 1980, which reflects a 

continuously growing interest towards the development of solar technologies.4 In this context, solar cells 



based on metal halide (ABX3) perovskites emerged in the last decade as a new technology that 

demonstrates both high performance and low cost. This type of cells are driving a revolution in PV, 

holding great promise for the generation of green energy at large scale. Indeed, perovskite solar cells 

(PSCs) represent already a 10% of all papers published in the field of PV and they have been recently 

highlighted as one of the top ten emerging technologies according to the World Economic Forum.5 This is 

due to the natural abundance of the precursors employed to synthesize perovskite absorbers, their 

weightlessness and, above all reasons, the swift rise in power conversion efficiency (PCE) demonstrated 

for this technology. All these facts make perovskite devices potential competitors of well stablished 

technologies such as those based on silicon. Not in vain PSCs evolved from featuring a modest 3.81% in 

20096 to over 20% in several works nowadays,7 which reveals PSCs as the most efficient emerging PV 

devices.8,9 Along with the efficiency, scientists are intensively working to develop perovskite materials 

and PSCs that are environmental friendly and stable over time. 

 

Figure 1. (a) Comparative of finite and renewable planetary energy reserves in 2015. Total recoverable reserves are 
shown for the finite resources. Yearly potential is shown for the renewables (Reproduced with permission from 
reference 3). (b) Results of the searchs ‘photovoltaic and solar cell’, “perovskite solar cell” and “perovskite tandem 
solar cell” in the Web of Science. 

Photo-conversion record efficiencies of PSCs are approaching the thermodynamic limit established by the 

Shockley-Queisser (SQ) theory, which sets the maximum PCE achievable for single junction cells 

depending on the bandgap energy (Ebg) of the absorbing material.10 Different strategies can be employed 

to surpass such theoretical ceiling but only a few have been studied for perovskite devices. Hot-carriers 

have been demonstrated to travel up to 600 nm in CH3NH3PbI3 (MAPbI3) perovskite films but, in order to 

take advantage of this phenomenon, it will be necessary to develop energy-selective contacts.11,12 Also, 

recent simulations suggest that multi-exciton generation might be possible in perovskites that show 

quantum confinement, but experimental demonstration remains a big challenge.13 Although such 



approaches may open new avenues for the development of devices that take advantage of photon energy 

excess to surpass SQ limits, their demonstration in actual devices seems difficult. On the other hand, 

multi-junction or tandem configurations have already proven to improve PCEs over the limits imposed by 

SQ theory. The working principle of tandem solar cells is based on the combination of different subcells, 

each of them able to absorb a different part of the electromagnetic spectrum, which allows minimizing 

losses and reaching higher PCEs. In a standard single-junction solar cell, photons with energies lower 

than the Ebg of the active material cannot be absorbed while those with higher energies lead to carriers 

that eventually thermalize to band edges from where they are extracted. These undesirable effects result 

in current and potential losses, respectively. In contrast, a double-junction configuration combines top 

(front) and bottom (rear) subcells based on materials with absorption onsets at relative shorter and longer 

wavelengths (see Figure 2a). In Figure 2b we present canonical energy diagrams for a double-junction 

tandem cell. Photons with higher energies are harvested in the front cell while those of lower energies 

penetrate deeper in the device and are absorbed by the rear cell. As it happens for single junction devices, 

it exists a thermodynamic limit imposed by the SQ theory also in the case of double junction (tandem) 

solar cells. That leads to an optimal combination of Ebg for the front and rear cells. 

It is possible to classify double junction cells as two- or four-terminal devices based on the electric 

connection among subcell electrodes. In a two-terminal device, subcells are monolithically stacked 

requiring a recombination layer or a tunnel junction in order to achieve charge neutrality (see Figure 2c). 

In this series connection scheme, currents through top and bottom cells must be the same, being thus 

limited by the subcell that produces a lower photocurrent. A four-terminal tandem solar cell is composed 

by two self-working cells that are externally connected in series or in parallel as convenience. As 

displayed in Figures 2d and 2e, they can be either mechanically stacked or coupled by optical filters. 

From a fabrication point of view, four-terminal devices are more convenient since the preparation 

techniques of the different junctions do not need to be compatible. Nevertheless, two terminal 

configurations are more attractive from an industrial point of view since they present lower parasitic 

absorption and costs are reduced due to the less amount of transparent conductive material required. 



 

Figure 2. (a) Spectral response of generic top (blue) and bottom (red) subcells comprising a tandem device working 
in different regions of the reference solar spectral irradiance AM1.5. (b) Canonical energy diagram for a double-
junction tandem solar cell. Scheme of the three most common double-junction configurations: (c) two terminal, (d) 
mechanically stacked four terminal, and (e) optically coupled four terminal. 

Tandem architectures have been widely employed in several PV technologies such as Si, III-V 

semiconductor or organic solar cells in order to boost their performance.14,15,16 In fact, the most efficient 

PV device ever fabricated is based on expensive multi-junction configurations based on different 

semiconductors,8 whose primarily application is related to self-powered systems installed in the outer 

space.17 In this context, ABX3 perovskite materials, which are easy to process and feature a tuneable 

bandgap, offer a cost effective alternative for producing highly efficient tandem solar cells. Thus interest 

for this option is growing in the last years (see inset of Figure 1b). 

Herein, we present a review on the use of ABX3 perovskites for tandem solar cell applications. Firstly, we 

introduce this family of materials, paying special attention to their fabrication methods and optoelectronic 

properties. Then, we discuss perovskite-based single junction solar cells in the context of SQ limit. 

Afterwards, we provide a thorough revision on the different demonstrations of perovskite-based tandem 

devices. PSCs can be combined as front subcells with well-stablished technologies that operate as rear 

subcells such as silicon, copper indium gallium selenide (CIGS) or organic PV devices., reaching 

outstanding efficiencies. Also, perovskite materials with different Ebg can be combined in tandem solar 

cells. In fact, we show that all-perovskite tandem devices represent a unique opportunity to develop third-



generation PV for widespread use. We finish with an outlook in which we share our view on the paths the 

community may follow in order to push the efficiency of ABX3 perovskite based tandems towards new 

horizons. 

ABX3 perovskite materials for single junction solar cells 

In the most simplified description, ABX3 perovskites consist on a hexa-coordinated metal (B) cation 

occupying the centres of octahedra which share their halide-type (X) corners; a cation (A) fills the voids 

left by every eight of those octahedra (see Figure 3a), located at the corners of a classical cubic cell. 

Among perovskite materials developed for PV, methyl-ammonium lead triiodide (MAPbI3) is the most 

widely employed compound. It presents a tetragonal structure (space group I4cm) at room temperature 

with two phase transitions: one at 160 K to an orthorhombic structure (space group Pnma), and another 

one at 327 K to cubic.18,19,20 At operational conditions, its absorption onset is placed at =780 nm (E=1.6 

eV) and its absorption coefficient is high enough to absorb 100% of the photons provided by the sun with 

energies higher than the bandgap with only 1 m of material.21 Resulting excitons perform as low as 6 

meV binding energy at room temperature, which allow them to be separated in free electrons and holes 

very quickly.22 Also, these carriers feature diffusion lengths in the order of microns, which lead to 

efficient charge extraction.23 From a complementary point of view, perovskite materials show high 

radiative recombination rates that make them very interesting for light emission applications.24,25,26,27  

 

Figure 3. (a) Schematic illustration of an ABX3 perovskite and typical elements occupying the different positions in 
the structure. (b) Bandgap energies that can be attained with the different combinations of elements in an ABX3 
perovskite structure.28,29,30,31,32,33,34,35,36 

Processing 



ABX3 perovskite films are integrated as active layers in solar cells using spin coating,37,38,39,40dip 

coating,41 spray coating,42 thermal co-evaporation,43,44 chemical vapour deposition,45 and vapour phase 

conversion,46 among others. Solution processing methods amenable for mass production can be employed 

due to the large tolerance perovskites feature against structural defects in contrast to most 

semiconductors.47 These techniques enable the integration of perovskite films in tandem devices since 

they are compatible with the processing of other PV technologies. Among all preparation methods 

reported, spin coating dominates the scenario, being the anti-solvent approach the one leading to better 

film quality and reproducibility.39,40 

Bandgap tunability 

One of the biggest advantages ABX3 perovskites offer with respect to other semiconductor materials is 

the possibility to tune their absorption onset a la carte by ion replacement, while involving easy and cost-

effective solution process methods. A, B, and X sites present in the MAPbI3 crystal can be successfully 

substituted, leading to optical absorption edges easily tuneable within the 350 to 1200 nm wavelength 

range, as shown in Figure 3b.  

X-site substitution. The most common modification in the formulation of perovskites is based on halide 

replacement. The breakthrough in this regard was presented by Seok et al.28 who demonstrate iodine 

replacement by bromine in MAPbI3. This opened the path for chemical management in perovskites. 

Nowadays it is possible to find in the literature both MAPbBrxI3-x and MAPbClxBr3-x perovskite films 

with bandgaps covering the entire visible spectrum. As the biggest halide, I-, is substituted by a smaller 

one, being I- > Br- > Cl-, the absorption onset is gradually blue-shifted. In particular, the electronic 

bandgap of the MAPbX3 family can be shifted from Ebg=1.6 eV (MAPbI3) to as far as Ebg=2.3 eV 

(MAPbBr3), and from Ebg=2.3eV (MAPbBr3) to as far as Ebg=3.1eV (MAPbCl3)..29 

B-site substitution. In the search of Pb-free perovskites, the Pb2+ cation, which occupies the B site in the 

perovskite structure, has been substituted by Ge2+,48 and Sn2+.19 The latter has been studied more 

intensively as it provides the most feasible way to attain perovskite materials that absorb in the near 

infrared, up to 1.17 eV.30,49,50,51 

A-site substitution. The MA+ cation has been also substituted by formamidinium (CH(NH2)2
+, abbrev. 

FA+) or Cs+ ion. FA+ is the preferred candidate to substitute the organic cation.32 The deep electronic 

states associated to either MA+ or FA+ should imply a slight modification of the bandgap upon 



substitution.52 Nevertheless, the larger size of FA+ tilts the metal-halide octahedra decreasing the bandgap 

from 1.6 eV for MAPbI3 to 1.45 eV for FAPbI3.34,53Also, Cs+ cations have been succesfully employed in 

the preparation of full inorganic Pb- or Sn-based perovskites that feature Ebg shifted to shorter 

wavelengths.54,55 These approaches may be combined with Br- substitution to further blue-shift the 

bandgap of the FA or Cs-based perovskites.32,56,57 

The substitution of the A site combined with mixtures of halides or metals has been reported, namely, 

FAyMA1-yPbIxBr3-x,31,58FAyCs1-y PbIxBr3-x,59,60and FAyCs1-yPbSnI3.34,50 It is claimed the use of Cs+ 

mitigates halide segregation or Sn2+ oxidation. Similarly, the use of triple Cs/MA/FA and even quadruple 

Rb/Cs/MA/FA cation based perovskites has been proven to yield devices with improved stability.61,62 In 

particular, the incorporation of Rb to the perovskite composition enhances its durability under moisture.63 

Single-junction devices 

As we mentioned before, electro-optical properties, ease of processing and versatility are the factors that 

explain the irruption of ABX3 perovskites for PV applications. Figure 4a shows a scheme of the typical 

solar cell. The device is composed by a glass substrate covered with a transparent conductive electrode, 

usually fluorine doped tin oxide (FTO) or indium tin oxide (ITO). Then, an electron selective layer (ESL), 

a perovskite film and a hole selective layer (HSL) are sequentially deposited. Finally, a thermally 

evaporated metallic film is commonly used as a back contact to electrically close the cell. Perovskite 

material can be supported by a mesoporous scaffold that can be an electric conductor as TiO2
38 or an 

insulator as Al2O3.37 A selection of conventional materials employed in the fabrication of perovskite solar 

cells is presented in Figure 4a. If a scaffold is employed we refer to the cell as mesostructured, otherwise 

it is named planar. Albeit the described architecture is the dominant and therefore considered as standard 

in the perovskite community, there are examples in which the relative position of the ESL and HSL with 

respect to the perovskite layer are interchanged. This latter architecture is called inverted.64 



 

Figure 4. (a) Scheme of the standard architecture of a perovskite solar cell and a catalogue of materials employed for 
the preparation of the different layers comprising the device. Calculated ideal short circuit current (b) and open circuit 
voltage (c) as a function of the bandgap energy of the absorber material according to Shockley-Queisser theory. A 
selection of the best experimental parameters found in the literature is also plotted: ref. 31 (blue circles), ref. 32 (red 
squares), ref. 65 (yellow star), ref. 62 (green triangle), ref. 66 (pink diamonds), and ref. 67 (brown triangle). 

Here, we will focus exclusively on the main performance parameters of state-of-the-art devices. Figures 

4b and 4c displays the classical PV parameters obtained by solving the SQ equation for an ideal device 

based on a Eg bandgap material operating at 300 K.10 A selection of the best experimental parameters 

found in the literature as a function of the Ebg of the ABX3 perovskite material, regardless of its 

composition, are also plotted in Figures 4b and 4c.31,32,62,65,66 It can be observed that, generally, Jsc and Voc 

are close to the thermodynamic limit. In particular, the highest Jsc reported for a 1.6 eV bandgap 

perovskite reaches a value of 23 mA/cm2,68 which is the maximum achievable value when optical losses 

are considered. In addition, a Voc of 1.24 V is attained for a bandgap of 1.63 eV,62 which represents a 0.39 

V loss, the second smallest difference value measured for any PV technology.69 

Perovskite based double junction solar cells 

Tandem devices bear the promise of an even better photovoltaic performance than that achieved with 

single junction ones. Perovskites have been widely employed for the experimental demonstration of 

tandem devices as it is summarized in tables 1, 2, and 3. In general, ABX3 materials have been proposed 

as top subcell light harvesters combined with bottom subcells based on Si, CIGS and other stablished 

technologies. More recently, the possibility of attaining narrow bandgap perovskites has inspired the 



fabrication of all-perovskite tandem solar cells. Main results reported in the literature are discussed in 

what follows. We will focus on how the use of different materials, the way these are processed or 

integrated into an operating solar cell impact the power conversion efficiency of the operating device. It is 

worth to mention that measuring efficiencies from J-V curves multi-junction is very delicate because of 

the spectrum mismatch of commercial solar simulators. To overcome this issue, in general, spectrally 

adjustable solar simulators are required, in which the extracted photocurrent is calibrated to match that 

calculated by external quantum efficiency (EQE) measurements of reference subcells.70 Thus, relative 

EQE spectra must be accurately taken by illuminating the corresponding reference subcell with chopped 

monochromatic light, and using spectrally filtered constant-light bias to turn on the reference subcell that 

is not being measured. Indeed, devices with voltage-dependent quantum efficiency (i.e. amorphous 

silicon) require applying a voltage bias. In addition to efficiency, other parameters such as the life cycle 

or the manufacturing costs must be considered when assessing the technological impact of perovskite-

based tandem devices. In particular, cost calculations take into account component, architecture and 

fabrication methodology of the solar module. However, the greatest uncertainty when elaborating cost 

models originates from the evolution of the power conversion efficiency of the cell over the next years.71 

Perovskite/Si 

The combination of perovskite and silicon solar cells in tandem configurations is of great interest due to 

the possibility of boosting efficiencies above 30% while reducing the cost per kilowatt. Silicon has 

experienced a massive industrial scaling process in the last decades and nowadays represents the 

dominant technology in the PV market with the advent of commercial solar modules that reach around 

16% average efficiency. Moreover, the 26.6% record efficiency that can be obtained in laboratory 

prototypes is very close to the 29.1% theoretical ceiling predicted for a 1.1 eV bandgap material.8,72 

Two-terminal Si-based devices. Mailoa et al. presented in March 2015 the first demonstration of a two-

terminal perovskite/Si tandem solar cell (see Figure 5a).73 They fabricated a standard mesoporous 

MAPbI3 based subcell with silver nanowires (AgNWs), Spiro-OMeTAD and TiO2 acting as front contact, 

HSL and ESL, respectively, on top of an n-type Si subcell. In order to allow the recombination of 

electrons from perovskite passing through the TiO2 film with holes arising from the Si-based subcell, an 

n++/p++ tunnel junction was utilised. This layer consists on a heavily doped n++ hydrogenated amorphous 

silicon (a-Si:H) deposited via plasma-enhanced chemical vapour deposition combined with a p++ Si 



emitter. The device performs a moderate 13.7% with a significant hysteresis, which is probably due to the 

use of not state-of-the-art perovskite and silicon materials (Figure 5b).  

In order to fabricate double-junction devices based on the best performing silicon technology, i.e. the a-

Si:H/c-Si silicon heterojunction (SHJ), it is needed to work at temperatures below 200 ºC to prevent 

undesirable H mobility at the a-Si:H layer. With this in mind, Albretch et al. reported a low-temperature 

approach for the complete fabrication process of the tandem device.74 They replaced the standard TiO2 

ESL, which requires a ~500 ºC annealing, by a SnO2 ESL deposited at room temperature by atomic layer 

deposition (ALD). In this case, the recombination layer between subcells is formed by SnO2 and ITO 

film. Moreover, better quality perovskite composition, FAyMA1-yPbIxBr3-x, and a Spiro-

OMeTAD/MoO3/ITO front contact were used to prepare the top cell. The combination of those 

improvements pushes the perovskite/silicon tandem solar cell performance to stabilised power conversion 

efficiency (PCE) of 18.1%. In addition, Werner et al. showed that low-temperature organic PEIE/PCBM 

ESL could be used to substitute the standard TiO2 ESL in order to attain devices with a recombination 

layer based on indium zinc oxide (IZO) between perovskite and SHJ subcells.75 Furthermore, devices 

yield high currents thank to the subsequent deposition of MoOx, IO:H (hydrogenated In2O3) and ITO as 

transparent front contact resulting in a hysteresis-free 19.2% efficiency device of 1.22 cm2. 

 



Figure 5. Two terminal perovskite/silicon tandem solar cells structure and band diagram (a) and J-V curve (b) of a 

device where a tunnel junction is employed as intermediate layer. Reprinted from reference 73, with the permission 

of AIP Publishing. Structure (c), EQE spectra (d) and J-V curve (e) of a 1.43 cm2 device with IZO as recombination 

layer. Solid and dashed lines in the EQE spectra correspond to the same solar cell measured with and without 

antireflective layer, respectively (Reproduced with permission from reference 76). Structure (f), EQE spectra (g) and 

J-V curve (h) of the record monolithic perovskite/silicon tandem device. Adapted by permission from Macmillan 

Publishers Ltd: Nature Energy (77), copyright 2017. 

As pointed out by the exhaustive work of Filipic and others, 78,79,80,81,82,83 the use of randomly distributed 

pyramids to texture the c-Si surface reduces the reflection and increases the optical path length in the cell. 

Indeed, as shown in Figure 5c, Werner et al. make use of this effect to increase the efficiency of a 1.43 

cm2 two-terminal perovskite/silicon tandem device from 19.2%73 to 20.5% (Figures 5d and 5e).76 

Nevertheless, concerns over the long stability of this tandem configuration rise since the MoOx HSL may 

react with the perovskite.84 

More recently, the experimental demonstration of a more stable perovskite, with 

Cs0.17FA0.83Pb(Br0.17I0.83)3 formulation,60 has opened the path to a record perovskite/silicon double-

junction device, developed by Bush et al.77 They made a perovskite solar cell in which the thermal and 

moisture stability of the perovskite compound tolerates the sequential deposition of SnO2, ZTO and ITO 

by ALD, pulsed-chemical vapor deposition and sputtering, respectively, as electron selective front contact 

of the solar cell. This transparent contact window ensures negligible parasitic absorption and acts as 

diffusion barrier, leading to 23.6% efficiency as displayed in Figures 5f-h. 



 

Table 1. Perovskite/silicon tandem devices reported in the literature. Double junction architecture as well as short 
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), efficiency, and active area of the devices are 
summarized. 2T, 4T and 4T (opt) refer to two-terminal, mechanically stacked four-terminal and optically coupled 
four-terminal architectures, respectively. Words highlighted in blue and red correspond to transparent contacts and 
recombination layers, respectively. Bold rows point out the record devices for each configuration. 

Four-terminal Si-based devices First reports on mechanically stacked four-terminal tandem devices based 

on perovskite/silicon came out in late 2014. Bailie et al. pioneered the field by using as top subcell a 

standard FTO/TiO2/perovskite/Spiro-OMeTAD device in which a transparent silver nanowire (AgNW) 

mesh was employed as back contact.85 AgNW is mechanically transferred on top of Spiro-OMeTAD 

without damaging the structure and replacing other commonly employed opaque contacts such Au. This 

results in a 12.7% efficiency device with a transmittance of 60-77% in the 800 nm to 1200 nm range. 

When an 11.4% efficiency multicrystalline silicon solar cell is employed as rear device in the tandem 



configuration the performance is improved up to a 17% (Figures 6a and 6b). Other approach consists on 

the use of transparent conductive oxides (TCOs) as back contact in the perovskite solar cell. In this 

regard, Löper and co-workers employed a MoOx buffer layer to deposit an ITO transparent contact to 

attain a 13.4% efficiency four-terminal perovskite/c-silicon tandem device.86 Afterwards, Duong et al. 

optimized the performance of such a design to reach a 20.1%.87 In other approach, Werner et al. 

developed a device with a 22.8% performance when IZO acts as back contact instead of ITO in a 

perovskite-based top cell placed on top of a a-Si/c-Si device.88,89 Later, as previously discussed, a textured 

SHJ as back sub-cell allows boosting the efficiency of a four-terminal device to 25.2% and 23% for 0.25 

cm2 and 1 cm2 areas, respectively.76 The eventual chemical reaction between MoOx and iodide motivates 

its substitution by Al:ZnO nanoparticles as buffer layer to prevent damage from ITO sputtering. Bush et 

al. developed this idea to attain 18% mechanically stacked MAPbI3/c-silicon tandems stable at 100 ºC in 

ambient atmosphere.90  

Chen et al. further optimised the IR-performance of the a-Si/c-Si device by i) incorporating an 

antireflective coating based on SiOx and IZO, and ii) by depositing a patterned MgF2 layer in order to 

increase the internal reflection and to prevent the light reaching the lossy Ag reflector. Simultaneously, 

the IR-transparency of the perovskite device was achieved thanks to a 1 nm Cu/ 6 nm Au/40 nm BCP 

back contact which allows keeping the high performance. When both cells are combined in a four-

terminal architecture, an power conversion efficiency of 23% is achieved.91  

The use of MAPbI3 in the front subcell arise from its condition of standard material in the field, but its 1.6 

eV bandgap is far from the optimum ~1.75 eV bandgap needed when considering Si devices for tandem 

architectures. McMeekin et al. proposed a 1.74 eV bandgap FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite as photo-

active material in a transparent perovskite device employed as filter for a SHJ cell. The complete system 

has a 22.4% PCE.60 The same idea has been recently followed by Duong and co-workers to further 

optimise the formulation of the perovskite.92 The proved beneficial addition of Rb to the perovskite 

composition62 permits obtaining a 1.73 eV bandgap Rb-FA0.75MA0.15Cs0.1PbI2Br material with an 

improved stability and a favourable bandgap for its application in a double-junction configuration. As 

displayed in Figures 6d and 6e, combined with a 23.6% interdigitated back contact silicon cell, this 

approach leads to the four-terminal perovskite/silicon device with the highest performance reported, 

26.4%, and negligible hysteresis.92 



As we pointed out in a previous section, in contrast to mechanical stacking, optical coupling constitutes 

an alternative route to achieve four-terminal tandem devices. They are founded on the use of a dichroic 

mirror which splits sunlight radiation by reflecting short wavelength photons and transmitting long 

wavelength ones. Uzu et al. reported in early 2015 the first version of this subclass of tandem devices by 

combining a standard FTO/TiO2/MAPbI3/Spiro/Au solar cell with a SHJ device (see Figure 6f).93 The 

optical splitter reflects photons with <550 nm to the perovskite device, transmitting the remaining 

photons towards the SHJ device. J-V characteristics of the complete cell are displayed in Figure 6g. A 

total efficiency of 28% is achieved, which is limited by the 7.5% efficiency of the perovskite solar cell. 

The use of 1.6 eV bandgap material to harvest 350 nm<<550 nm photons is at the origin of the moderate 

performance observed, due to the poor  voltage attained, which could have been much higher if an 

optimum 2.25 eV bandgap perovskite had been employed. With this starting point, Sheng and co-workers 

replaced MAPbI3 by MAPbBr3 perovskite (Ebg= 2.3 eV).94 However, the far-from-ideal 8.8% efficiency 

of the standalone MAPbBr3 device also mitigates the efficiency of a tandem architecture: while a 

passivated emitter with rear locally diffused (PERL) Si cell presents a 22.7% efficiency, the optically 

coupled device shows just a slightly higher 23.4%. Moreover, the authors proposed for the first and only 

time a full perovskite tandem device where a MAPbBr3- and a MAPbI3- based devices are optically 

coupled to reach a 13.4% efficiency. The approach discussed in this paragraph presents serious concerns 

in terms of an eventual industrial viability since the required optical filters are costly. Kinoshita et al. 

showed a tandem cell in which a dye-sensitized solar cell (DSSC) is employed instead of a silicon one.95 

The DSSC is based on the DX3 dye capable of harvesting photons up to 1100 nm, similarly to silicon, 

resulting in a remarkable Jsc=30.3 mA/cm2 when the full solar spectrum illuminates the DSSC. 

Nevertheless, its overall PCE is 10.2% due to a modest Voc=0.556 V. This fact hampers the total 

performance of the optically coupled four-terminal perovskite/dye tandem device to 21.5%, compared to 

the 28% obtained from a SHJ.93 



 

Figure 6. Four-terminal perovskite/silicon tandem solar cells Structure (a) and J-V curves of a perovskite/silicon 
(b) and perovskite/CIGS (c) tandem solar cell where silver nanowires are employed as transparent rear contact in the 
perovskite based top subcell. Adapted from Reference 85 with permission of the Royal Society of Chemistry. EQE 
spectra (d) and J-V curve (e) of the record mechanically stacked four-terminal perovskite/silicon tandem device. 
Adapted with permission of John Wiley & Sons Ltd from Reference 92. Measurement setup (f) and J-V curve (g) of 
an optical splitting system. Reprinted from Reference 93, with the permission of AIP Publishing. 

Perovskite/Chalcogenide 

CIGS solar cells are considered realistic candidates for substituting silicon devices in the PV industry. 

The high extinction coefficient of this semiconductor allows absorbing light very efficiently with films of 

just a few microns, much thinner than typical Si films employed in Si solar cells. Moreover, CIGS can be 

developed in flexible substrates and thus incorporated to roll-to-roll based production chains which are of 

special interest from an economic point of view. Nowadays, the record CIGS solar cell presents an 

efficiency of 22.6%.8,9 In order to drive that value forward, the combination of CIGS cells with perovskite 

materials in tandem configuration has also been explored. The possibility to tune the bandgap of CIGS 

materials from 1.1 to 1.24 eV and perovskite from 1.17 eV to 3.1 eV pave the way to the realization of 

tandem solar cells in which both front and rear cells present an optimized bandgap. In order to integrate 

both technologies it is essential to maintain the whole fabrication process below 200 ºC, as the p-n 

junction in CIGS degrades at higher temperatures. 

Two-terminal CIGS-based devices. Todorov et al. proposed the first two-terminal perovskite/CIGS 

tandem solar cell in September 2015.96 They employed a 1.04 eV bandgap CIGS absorber to fabricate the 

back subcell with a CdS/CIGS/Mo/Si3N4/glass configuration. It should be noticed that the intrinsic ZnO 

layer commonly employed in CIGS devices is supressed as it degrades the perovskite. A 30 nm-thick ITO 

film deposited by sputtering was chosen as a transparent recombination layer. Then, a perovskite subcell 



was deposited on top of the previous structure without exceeding 120 ºC. The MAPbIxBr3-x perovskite 

absorber was optimised by a controlled evaporation of MABr on top of a solution processed MAPbI3 

film. Finally, a 1.72 eV bandgap perovskite was found to perform better, giving rise to a perovskite/CIGS 

monolithic tandem device of 10.98% efficiency. However, this performance is lower than the ones 

measured for the stand-alone subcells due to the 70-80% transmittance of the Ca/BCP-based front 

contact. Despite this low efficiency, this work constitutes the unique proof of concept of a two-terminal 

perovskite/CIGS tandem solar cell. It is necessary to find more convenient recombination layers to 

supress the ZnO-perovskite chemical contact. In addition, highly transparent conducting materials as 

AgNWs or TCOs, should be considered as front contacts as it has been successfully done in perovskite/Si 

tandems. 

 

Table 2. Perovskite/chalcogenide tandem devices reported in the literature. Double junction architecture as well as 
short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), efficiency, and active area of the devices are 
summarized. 2T, 4T and 4T (opt) refer to two terminal, mechanically stacked four terminal and optically coupled four 
terminal architectures, respectively. Words highlighted in blue and red correspond to transparent contacts and 
recombination layers, respectively. Bold rows point out the record devices for each configuration. 

Four-terminal CIGS-based devices. In contrast with the monolithic architecture, there are several reports 

demonstrating four-terminal perovskite/CIGS solar cell. Bailie and co-authors employed AgNWs as back 

contact to attain a highly transparent perovskite based subcell. When combined with a 17% CIGS rear 

subcell, the overall efficiency is boosted up to 18.6% (see Figures 6a and 6c).85 Later, Lee et al. employed 



AgNWs with the same purpose but in a full solution processed version of the MAPbI3/CIGS device.97 

This approach, although cost-effective, yields efficiencies of merely 10%. Albeit, the use of AgNWs in 

perovskite-based devices is still challenging since the processing is complicated and involve solvents that 

lead to a large variability of the device performance. In order to find an alternative, a couple of articles 

were simultaneously published in June 2015 by Tiwari’s and Yang’s groups.98,99 The former proposed a 

sputtered TCO based on ZnO:Al while the latter developed a dielectric-metal-dielectric (DMD) structure 

based on MoOx/Au/Ag/MoOx, as transparent contacts. The complete device structures are 

FTO/TiO2/MAPbI3/Spiro/MoO3/ZnO:Al+CIGS and DMD/Spiro-OMeTAD/MAPbI3/TiO2/ITO+CIGS, 

yielding overall efficiencies of 19.5% and 15.5%, respectively. The group of Tiwari has further explored 

this configuration.100,101 First, In2O3:H was used as high mobility TCO due to its enhanced visible and 

NIR transmittance, and its high thermal and chemical stability. Moreover, the damage produced to the 

Spiro-OMeTAD while the ion bombardment is mitigated with respect to the ZnO:Al case. All these 

benefits give rise to a four-terminal MAPbI3/CIGS tandem solar cell reaching 20.5% efficiency.100 Then, 

the combination of ZnO:Al and In2O3:H as front and rear contacts, respectively, boosted the performance 

up to a stabilised 22.1%.101 Finally, very recently, Guchhait et al. demonstrated a triple cation perovskite 

based semitransparent device, with an Ag/ITO back contact, that combined with CIGS in a four-terminal 

configuration yields 20.7%.102 

CZTSSe-based devices. Beyond CIGS, other chalcogenide solar cells, in particular kesterite (CZTSSe), 

represent an interesting partner for perovskite materials in tandem applications. Their earth-abundant 

character, low-temperature processing and 1.1 eV bandgap make kesterites solar cells adequate for 

harvesting light in the bottom subcell. Todorov et al. firstly evaluated a monolithic perovskite/kesterite 

tandem solar cell in which a MAPbI3 solar cell was directly deposited on top of a CZTSSe device.103 The 

system was affected by a great parasitic absorption since a poorly transparent 25 nm thick Al layer was 

employed as front contact. Consequently, this proof of concept of chalcogenide-perovskite monolithic 

architecture performed a low efficiency of 4.6%.103 In contrast, Li et al. has recently proposed a novel 

strategy in which the perovskite subcell acts as optical splitter itself.104 In this design, sunlight reaches a 

FA0.9Cs0.1PbI2.1Br0.9 perovskite solar cell that harvest light up to  =730 nm while longer wavelengths are 

reflected by its Ag back contact to be converted to electrical power by a CZTSSe solar cell. The complete 

four-terminal device has been demonstrated to achieve a 16% efficiency.104 

Perovskite/perovskite 



The first report proposing an all-perovskite based tandem design was published in 2014 by Chen et al.105 

This theoretical work studied from an optical point of view the potential of using MAPbI3 as active layer 

in both top and bottom cells. However, the lack of optical constants of perovskite materials limited the 

optical design of all perovskite tandem devices to MAPbI3. Although the expected performance of this 

double-junction cell could not surpass the one of a single-junction, the authors claimed that the large Voc 

achievable, higher than 2 V, could be of great interest for several applications such as water splitting. One 

year later, a couple of articles demonstrated experimentally such theoretical predictions.106,107 Jiang et al. 

employed a mesoporous perovskite solar cell in which the fabrication sequence was stopped after the 

deposition of the perovskite film. Then, a complex recombination layer was deposited by stacking Spiro-

OMeTAD, PEDOT:PSS, PEI and PCBM films. The use of orthogonal solvents and dry-transfer methods 

impeded the degradation of the pre-deposited perovskite underneath. Finally, a MAPbI3-based planar top-

cell was constructed on top of the system, resulting in a high-voltage tandem device with Voc=1.89.107 On 

the other hand, Heo et al. went a step further making use of a high bandgap (2.25 eV) MAPbBr3 

perovskite as active material in the top subcell, in order to push the Voc up to 2.2 V in the double-junction 

device.106 In this case, the authors sandwiched a FTO/TiO2/MAPbBr3/wet-PTAA top subcell and a 

PCBM/MAPbI3/PEDOT:PSS/ITO bottom subcell. More recently, Forgács et al. achieved monolithic 

FA0.85Cs0.15PbI0.9Br2.1/MAPbI3 tandem solar cells by combining solution process and dual source vapour 

deposition techniques to construct the front and rear subcells, respectively.108 The recombination 

interlayer is made of doped organic semiconductors, TaTm/p-doped TaTm/n-doped C60/C60, whose high 

conductivity and transparency are controlled thanks to thermal evaporation that, furthermore, assures their 

compatibility with the underlying perovskite material (see Figure 7a). The resulting device presents a 

small hysteresis and good reproducibility with average Voc > 2.13 V and matched Jsc > 9 mAꞏcm-2, which 

yields to an efficiency close to 15%, and a 18% record device (see Figures 7b and 7c).108 



 

Figure 7. Two terminal perovskite/perovskite tandem solar cells Structure (a), EQE spectra (b) and J-V curve (c) 
of a device where doped organic semiconductors are employed as charge selective contacts and recombination layers 
(Adapted with permission of John Wiley & Sons Ltd from Reference 108). SEM cross section image (d), EQE 
spectra (e) and J-V curve (f) of the record monolithic perovskite/perovskite where the bottom subcell is based on a 
low bandgap tin rich perovskite. From Reference 34. Reprinted with permission from AAAS. 

The aim of using all-perovskite tandem devices as a straight path for the generalize use of third-

generation PV technology requires to enhance the efficiencies closer to the ones of Si cells. The 

approaches previously reviewed, although reporting extraordinary voltages, present moderate efficiencies 

that will be hardly improved due to the limited solar spectrum range covered by the Pb-based perovskites 

(400-to-820 nm). So far, the partial substitution of the Pb cation by Sn is the most compelling way to shift 

the bandgap the of perovskite material towards the infrared region.19 Thus, APb1-xSnxI3 compounds are 

capturing the attention of the community for their application in highly efficient perovskite-on-perovskite 

tandem solar cells. In June 2016, Anaya et al. followed a solvent engineering/anti-solvent method to 

prepare MAPb1-xSnxI3 films that were structural and optically stable.30 These features allowed extracting 

their complex refractive index for the first time, and evaluating the impact of mixed Pb-Sn perovskites in 

the eventual performance of realistically simulated tandem devices. Although an achievable efficiency of 

34% was theoretically found for a MAPb0.15Sn0.85I3/MAPbI3 system,30 chemical instabilities related to the 

Sn2+ oxidation to Sn4+ states prevented the experimental demonstration of efficiencies close to the values 

therein predicted. In order to alleviate the Sn2+ oxidation, Yang et al. added FA cations to attain 

FA0.5MA0.5Pb0.75Sn0.25I3 with a 1.33 eV bandgap that yielded to single-junction solar cells showing 

stabilized PCE of 14.19%.109 When this material is combined with a MAPbI3 top subcell in a four-

terminal double-junction-like architecture, the complete device gives rise to a record PCE of 19.08%.109 



Soon after, Eperon et al. reported for the first time a perovskite-on-perovskite monolithic tandem solar 

cell in which the rear subcell is based on a low bandgap Sn-perovskite.34 First, they demonstrated that the 

use of Cs improved the short circuit current of Sn-based perovskite solar cells significantly. Indeed, a 1.22 

eV bandgap FA0.75Cs0.25Pb0.5Sn0.5I3 perovskite-based device showed an outstanding 14.8% (26.7 mAꞏcm-

2) compared with the 10.9% obtained for the FAPb0.5Sn0.5I3-based one. Then, they prepared a 

monolithically integrated FA0.83Cs0.17PbI1.5Br1.5/ FA0.75Cs0.25Pb0.5Sn0.5I3 tandem solar cell in which ITO 

was deposited by sputtering and employed as recombination layer (see Figure 7d). The device featured a 

matched Jsc of 14.1 mAꞏcm-2 that resulted in a very promising 17.0% stabilized PCE (see Figures 7e and 

7f). A FA0.83Cs0.17PbI2.49Br0.51/ FA0.75Cs0.25Pb0.5Sn0.5I3 four-terminal system was also demonstrated with 

20.3% efficiency.34 This latter result has been surpassed very recently in a paper by Zhao et al. where a 

21.0% efficiency 4-terminal FA0.3MA0.7PbI3/ FA0.6MA0.4Pb0.4Sn0.6I3 device was reported.67 Finally, during 

the writing process of this review, Rajagopa et al. have reported an integrated process that combines 

compositional, interfacial, optical and device engineering to demonstrate a 18.5% two terminal perovskite 

on perovskite tandem device. The measured photovoltage represents 80% of the theoretical limit, which is 

the lowest among all the perovskite-based tandem solar cells.110 

It is reasonable to foresee that more advances related to all-perovskite tandem cells will come in the very 

near future, as may researchers are focusing on finding ways to overcome the obstacles herein described, 

motivated by the enormous potential such devices hold in terms of high efficiency and low cost. Next 

efforts should focus on improving the stability of low-bandgap perovskites under working conditions, and 

the production of more favourable ESLs and HSLs in terms of band alignment. In this regard, combining 

low bandgap perovskite materials, like the ones reported in Ref 34, and deposition methods and doped 

organic semiconductors as proposed in Ref. 108, may pave the way to the demonstration of perovskite-

on-perovskite devices approaching 30% efficiencies. 

Perovskite/Polymer 

Polymer solar cells are good candidates to be combined with perovskite devices to form tandem 

architectures since they share interlayers and they are processed by similar methods. Moreover, the 

chemical versatility of both organic and perovskite absorbers allows tuning their bandgaps in a simple 

way. Chen et al. employed a new IR-polymer (PBSeDTEG8) and MAPbI3 to make the top and the bottom 

subcells, respectively, that yield a 10.23% monolithic tandem device.111 The polymer employed had 

excellent thermal tolerance in order to avoid its degradation with the perovskite thermal treatment. Later, 



Liu et al. turned over the design and integrated the perovskite material as front subcell to prevent polymer 

deterioration with thermal annealing.112 This approach, where PCE-10:PC71BM is employed as light 

harvester in the polymer subcell, led to 16.0% two-terminal tandem solar cells. The slight increment in 

performance in comparison to the one of the stand-alone perovskite solar cell (15.6%) is compensated by 

the benefit of employing less amount of Pb in the double-junction structure.112 It seems that the utilisation 

of alternative solution processes that imply low-temperature annealing,113,114 or high-vacuum 

techniques,43,44 to deposit the perovskite material may mitigate the thermal decomposition of the polymer 

and, thus, allow the fabrication of organic/perovskite tandem devices of superior performances. 

 

Table 3. Perovskite/perovskite and perovskite/polymer tandem devices reported in the literature. Double junction 
architecture as well as short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF), efficiency, and active area 
of the devices are summarized. 2T, 4T and 4T (opt) refer to two-terminal, mechanically stacked four-terminal and 
optically coupled four-terminal architectures, respectively. Words highlighted in blue and red correspond to 
transparent contacts and recombination layers, respectively. Bold rows point out the record devices for each 
configuration. 

Considerations to develop perovskite based double junction devices of improved 

efficiency 

Different aspects may be addressed in order to drive perovskite based tandem solar cells to superior 

efficiencies. In this regard, the choice of light harvesters plays the most critical role in the performance of 



a tandem device. Similarly to what happens in a single-junction device, pairs of optimum absorption 

onsets for both top and bottom absorbers can be found according to SQ theory in order to achieve 

maximized performances. Figure 8a displays the expected efficiency for ideal four-terminal double-

junction devices as a function of the Ebg of both top and bottom harvesters. For example, the optimal top 

subcell Ebg for a Si bottom subcell is close to 1.7 eV that corresponds to different ABX3 perovskites 

families as shown in Figure 3b.77 Analogously, for a CIS subcell with Ebg=1.0 eV, optimal top subcell Ebg 

should be around 1.6 eV. The right selection of bandgaps leads to efficiencies above 40% in the ideal 

case, which represents a theoretical ceiling. However, other electro-optical considerations must be taken 

into account in order to design actual devices. All device components need to be designed in order to: i) 

achieve low resistance (high conductivity) and adequate energy band alignment from the electrical point 

of view, and ii) minimize both parasitic absorption, which takes place at the substrate, contacts, ESLs and 

HSLs and reflectance losses from the optical. Additional requirements must be addressed in a monolithic 

tandem. Since bottom and top subcells are connected in series, the same current density must flow 

through each subcell in what is normally known as current matching condition for two-terminal tandems. 

Also, an intermediate layer must be employed in order to assist recombination of non-extracted electrons 

and holes. 

In Figure 8b we show the calculated spectral dependence of the absorptance and reflectance of a device 

formed by glass/ITO/TiO2/FA0.83Cs0.17PbI1.8Br1.2/Spiro/ITO/TiO2/MAPb0.15Sn0.85I3/Spiro/Au. Each layer 

thickness has been optimized using a genetic algorithm in order to maximize photocurrent matching. 

Perovskite layers are restricted to be thinner than 600 nm in order to prevent charge diffusion issues. We 

have selected ITO, gold, TiO2 and Spiro as contacts, ESL and HSL, which are the most common 

materials employed in perovskite devices. The choice of the perovskite compounds is the optimum 

according to SQ theory (Figure 8a) considering the lowest bandgap perovskite reported (Ebg=1.17 eV).30 

We employed a model based on the transfer matrix formalism in which the complex refractive indices of 

the different materials are taken into account to predict the optical behaviour of the complete device.21,30 

The photogenerated current of the total device is calculated from the fraction of light absorbed by the 

perovskite material assuming no electrical losses, i.e. IQE=1. It is important to notice that to perform 

accurate predictions is central to count on a reliable experimental characterization of the optical constants 

of the different materials involved, which is challenging for ABX3 perovskites due to the strong 

dependence of the optical properties with the preparation conditions. We refer the reader to different 



articles where this topic is discussed in detail.21,30,68,115,116,117 In Figure 8c we display the thickness 

obtained for each layer comprising the tandem device. We also present the photocurrent associated to the 

fraction of the incident light absorbed at each component. In particular, 4 mAꞏcm-2 and 1 mAꞏcm-2 are 

wasted by ITO and charge selective contacts, whereas 5 mAꞏcm-2 are lost at the device entrance. Our 

design yields a photocurrent matching value of 14 mAꞏcm-2, which potentially leads to 30% efficiency. 

However, ca. 10 mAꞏcm-2 are lost, which indicates there is still room for improvement in the device 

performance. Hereof, a proper choice of contacts, charge selective layers and antireflective films is of 

great importance for the demonstration of tandems of superior efficiencies. 

Transparent contacts. Ideally, materials employed as transparent contacts should minimize absorption in 

the 350-to-1200 nm spectral range and sheet resistance to allow both transmittance of light and transport 

of charge carriers. Regarding the materials comprising the cell described in Figure 8b-c, the front 

transparent contact is the one leading to higher optical losses. Although ITO is employed for the 

fabrication of the most efficient perovskite-based tandem solar cells (see Tables 1, 2, and 3), alternative 

materials have been reported such as FTO, IZO, AgNWs or Au thin film as we have already discussed in 

section 3. We present in Figure 8d the calculated spectral dependence of the transmittance of each of 

these layers deposited on a glass substrate assuming optical constants reported elsewhere.30,118,119 Film 

thicknesses are the ones that these materials typically feature in order to allow a realistic comparison. 

Also, Figure 8d displays the photogenerated current loss associated to each material. Notice that, although 

these results allow comparing the performance of different materials employed as contacts, the actual 

fraction of the incident light wasted by such contacts in a device requires the full simulation of the 

complete system. Recent results demonstrate that metal grids of 20-30 m deposited on top of transparent 

conductors reduce their sheet resistance while enhancing light transmission.120 Finally, it is worth to 

mention that intermediate transparent contacts used in a four-terminal architecture (see Figure 2d-e) 

require a narrower window of transparency than the front contacts. 

As it has been previously discussed in section 3, deposition techniques commonly employed to prepare 

transparent contacts (ITO, FTO, IZO) could damage perovskite, ESL or HSL layers. This makes 

necessary to pre-deposit a buffer layer such as MoOx. or less expensive solution-processed ZnO.90 Such 

buffer layers merely show an electrical influence on the device since their very thin character prevents 

them from having a significant impact in the optical behaviour. 



 

Figure 8. (a) Expected efficiency for ideal double-junction devices as a function of Ebg of both top and bottom light 
harvesters. A selection of well stablished and perovskite absorbers are displayed. (b) Calculated spectral dependence 
of effective (orange) and parasitic (green) absorptance and reflectance (purple) of a perovskite/perovskite device 
formed by glass/ITO/TiO2/FA0.83Cs0.17PbI1.8Br1.2/Spiro/ITO/TiO2/MAPb0.15Sn0.85I3/Spiro/Au. Blue and red dashed 
lines represent light absorbed by the top and bottom perovskite material, respectively. (c) Layout of the device, 
thickness and current associated to the fraction of the incident light absorbed at each component. (d) Calculated 
spectral dependence of the transmittance of a selection of transparent contacts: gold (orange), IZO (red), ITO (green), 
AgNWs (blue) and FTO (black). Sheet resistance, SSWIT, SSWIA and current associated to the fraction of the 
incident light absorbed at each material are displayed. (e) Calculated spectral dependence of the absorptance of a 
selection of charge selective layers: TiO2 (blue), SnO2 (orange), C60 (green), TaTm (red), PEDOT:PSS (purple) and 
Spiro-OMeTAD (black). Conductivity, SSWIT, SSWIA and current associated to the fraction of the incident light 
absorbed at each material are displayed. (f) Calculated spectral dependence of the fraction of the incident light that is 
harvestable by the device with (red) and without (grey) a SiO2 based antireflective layer. Inset shows the ratio 
between the spectral harvestable light with and without antireflective layer. SSWIT=solar spectrum weighted 
integrated transmittance. SSWIA=solar spectrum weighted integrated absorptance. Calculations are made for 
wavelengths from 350 nm to 1200 nm, except for * (350-1000) and ** (400-900). 

Electron and hole selective layers. Similarly to the previous section, we present in Figure 8e the 

calculated spectral dependence of the fraction of light absorbed by ESL and HSL materials typically 

employed in perovskite-based tandems.30 Thicknesses of the layers are those considered standard in the 

field. TiO2 and Spiro-OMeTAD are the most widely used ESL and HSL materials in single junction 

devices. However, Spiro-OMeTAD presents serious concerns regarding its long term stability. Indeed, 

none of the recently reported record tandem cells employs this material (see Tables 1, 2 and 3). Our 

calculations reveal that SnO2, and PEDOT are very interesting materials for ESL and HSL since they 

show less absorption than Spiro-OMeTAD while preserving good electrical properties and ease of 

processing. Nevertheless, although PEDOT features better transparency, it presents instability issues like 



Spiro-OMeTAD, thus further improvements in this direction are required. Finally, evaporated organic 

semiconductors (C60 and TaTm) hold great promise in the field due to their tuneable electro-optical 

properties by means of doping.108,121 

Recombination layers. Recombination layers employed in two-terminal architectures are made of 

materials that have been already reviewed either in the transparent contacts or in the electron and hole 

selective layers sections. Thus, optical considerations can be directly applied for them. Regarding 

electrical properties, they have less restrictive preconditions than contacts since they just may ensure 

charge diffusion in the direction perpendicular to the stacking of layers. 

Reflection losses. Light reflected at the entrance of the system represents half of the light that cannot be 

harvested in the device (Figure 8c). Reflection losses are caused by the sudden change in the refractive 

index perceived by the light beam when passing from one medium to another, in this case from air (n=1) 

to glass (n=1.51). Designing optimized antireflective layers that work throughout the operational spectral 

range represents a big challenge. Here we propose a very simple example that consists on a porous SiO2 

layer of 100 nm on top of the glass substrate to enhance the incident light in-coupling. This layer can be 

prepared using cost-effective SiO2 nanoparticles that are easily processable and large scale amenable by 

solution processing.122 Such antireflective coating makes an extra 1 mAꞏcm-2 available to be extracted 

from the solar cell as shown in Figure 8f. 

Future lines 

In what follows, we share our view on the avenues the perovskite community may take in the near future 

to push perovskite-based tandem devices to further horizons. We also provide the reader with some of the 

exploratory alternatives that are being incipiently investigated. 

Stability and scalability of perovskite solar cells. The stability of perovskite materials must reach values 

comparable to those associated to Silicon or CIGS PV technologies if perovskite-based tandems are 

pursued. This means, regardless their composition, perovskites should satisfy a 25 years life under 

operation without degrading the efficiency more than a 20% in module configuration. These requirements 

are less stringent for niche markets such as building integrated or flexible PV. Thermal and moisture 

stability of the perovskite need to be enhanced by chemical management and proper device encapsulation 

as, for instance, Bella et al. demonstrate in Reference 123. Finally, notice that inkjet printing,124 and slot-



die coupled to roll-to-roll processes125,126 have been pointed out to play a key role in the scaling up 

process of perovskite solar modules, and thus in tandem technology. 

Stable high bandgap perovskites. Perovskites in which iodide is partially substituted by bromide feature 

optimal absorption onsets for topcells that are combined with Si- or CIGS-based bottom subcells (see 

Figure 8a). However, phase segregation takes place in the material under illumination which is harmful 

for the device. Significant efforts in the development of perovskites with A site containing Cs+ have been 

made in order to decrease the Goldschmidt tolerance factor and thus stabilize the structure.60 Another 

strategy consists on the development of films of enlarged perovskite grains with the aim of reducing the 

number of boundaries where ion-migration mainly occurs.127 

Stable low bandgap perovskite. Nowadays, tin based perovskites represent a unique strategy in order to 

reduce the bandgap of ABX3 semiconductors towards the near infrared. Nevertheless, Sn2+ present in the 

material oxidizes easily to Sn4+, which is detrimental for the consecution of a working device. Both the 

addition of FA+ and Cs+ cations, and the use of a tin compensator/reducing agent, usually based on SnF2, 

are promising paths to overcome the ambient instability of these tin rich perovskites.55 

Perovskite materials with Ebg<1.17 eV. Hitherto, the lowest bandgap achievable is Ebg=1.17 eV, when 

MAPb0.15Sn0.85I3 is used.30 The development of ABX3 perovskites enabling the absorption of photons with 

wavelengths larger than 1100 nm would suppose a breakthrough in the field. In particular, materials with 

Ebg=1.0 eV would be ideal for double-junction devices. A further decrease in the Ebg of the ABX3 

compound will open paths towards the creation of triple-junction all-perovskite devices. In this regard, 

larger A-site cations may be explored in order to further decrease the bandgap of the perovskite absorber, 

which requires exploring the limits of the Goldschmidt tolerance factor.128 

Triple junction perovskite solar cells. Triple- or more-junction designs will allow the development of 

solar cells in which a larger fraction of photons can be harvested minimizing voltage losses. In another 

note, as pointed out in Ref. 129, the combination of Ebg of 2.06 eV/1.55 eV/1.17 eV, which are nowadays 

achievable with perovskite materials, results optimum for ultra-high solar concentration systems. 

Light management. Perovskite materials are highly efficient absorbers. For this reason, in general it is not 

necessary to develop light management strategies to improve light absorption in single junction devices. 

Of course, due to environmental concerns, optimization of the optical design of the single junction device 



may still be required to preserve optical absorption while reducing the amount of the lead base 

absorber.117 However, such approaches may become relevant merely from the perspective of efficiency in 

tandem solar cells. Indeed, as a transparent (non-reflective) layer is deposited over the active layer of the 

top subcell, a fraction the light harvestable by the perovskite front layer does not have a second chance to 

be absorbed in contrast of what would happen if a metallic contact were used. In the particular case of a 

two-terminal device, it is not possible to make use of the light emitted as a result of radiative 

recombination in the layer between subcells. In all cases, optical strategies such as photonic 

crystals,130,131,132 metamaterials,133 surface textures,134,135 light scatterers136 or metallic nanostructures 

exhibiting plasmonic resonances117 can be used to provide the device with an efficient photon delivery. 

Also, photonic architectures could be considered if an accurate control of the angular dependence of the 

absorbed light is needed. 
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