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Abstract


Perovskite-based solar cells are a promising photovoltaic technology capable of offering higher conversion efficiency at low costs compared with the standard of the market. They can be produced via a thin film technology that allows for considerable environmental sustainability, thus representing an efficient, sustainable, flexible, and light solution. Tandem solar cells represent the next step in the evolution of photovoltaics (PV). They promise higher power conversion efficiency (PCE) than those currently dominating the market. The tandem solar cell design overcomes the limitations of single junction solar cells by reducing the thermal losses as well as the manufacturing costs. Perovskite has been employed as a partner in different kinds of tandem solar cells, such as the Si and CIGS (copper indium gallium selenide) based cells that, in their tandem configuration with perovskite, can convert light more efficiently than standalone sub-cells. This brief review presents the main engineering and scientific challenges in the field. The state-of-the-art three main perovskite tandem technologies, namely perovskite/silicon, perovskite/CIGS, and perovskite/perovskite tandem solar cells, will be discussed, providing a side-by-side comparison of theoretical and experimental efficiencies of multijunction solar cells.






Keywords:


tandem solar cell; perovskite; organic solar cells; power conversion efficiency (PCE)












1. Introduction


In the last few years, the growing interest in substituting fossil-based fuel with renewable energies has pushed up PV technologies towards new materials and designs to improve efficiency and limit costs [1,2]. During 2021, all the world’s regions increased solar photovoltaics, despite the tough post-COVID economic context of disrupted supply chains and more expensive solar system components. Data from the International Renewable Energy Agency (IRENA) released on 11 April 2022 show that, at the end of 2021, the installed solar capacity worldwide reached 843.1 GW, with an increase of 133.6 GW, surpassing that of wind, which was 824.9 GW for the same period. Energy prices, already high in the electricity market in 2021, rose even more due to the Russian invasion of Ukraine on 24 February 2022, generating an epochal change in governments’ approach to the energy issue and spurring even more the so-called ecological transition, in which photovoltaics are one of the main protagonists.



Among the many technologies for photovoltaics, crystalline silicon is undoubtedly the most mature and the most commercially suitable for the modern market. For the past several decades, silicon solar cells have been the main driving force in PV technology due to the abundance and environmentally friendly nature of silicon, as well as its high stability and low cost. Nevertheless, this semiconductor suffers from several drawbacks that intrinsically limit cell efficiency. For example, the silicon spectral quantum efficiency and the air mass (AM) solar spectrum do not match; consequently, only a little amount of long wavelength sunlight is absorbed. Typically, the above problem is solved by designing a relatively thick silicon structure that allows for greater photon absorption. However, at the same time, this introduces inevitable conversion efficiency losses due to the non-radiative recombination process of the photo-generated charge carriers that must travel from the depletion region to the electrical contacts. All these constraints, also taking into account the Auger effect, make the maximum practical achievable efficiency about 30% [3,4,5,6]. One of the potential technologies for next-generation silicon solar cells is the silicon heterojunction (SHJ). When compared with industrial homojunction silicon solar cells, SHJ solar cells exhibit a better power transfer efficiency, lower manufacturing temperatures, and a lower temperature coefficient. The term heterojunction refers to the fact that the P–N junction consists of silicon layers with two different morphologies: a p-type amorphous silicon region and the n-doped crystalline silicon absorber. The first silicon-based heterojunction device was made in 1983 and had an efficiency greater than 12% [7]. In the early 1990s, Sanyo developed the HIT (heterojunction with intrinsic thin layer) solar cell. Its design dramatically reduces the surface recombination thanks to an amorphous Si buffer layer inserted between the doped emitter and the substrate [8]. The most recent world record for a silicon solar cell was recently set by the Kaneka Corporation, which obtained an efficiency of up to 26.7% for a 79 cm2 solar cell [9]. This finding is approaching the theoretical top limit of 29% for single junction silicon solar cells [10] and pushes up the research toward novel configurations employing different materials to approach a higher efficiency at lower or at least reasonable costs. A well-known strategy for improving efficiency is the multijunction design that uses multiple junctions, made with different semiconductors each tuned to absorb a different region of the solar spectrum.



Multijunction devices’ topology includes an upper cell made of wider bandgap semiconductors able to catch the high-energy photons, allowing the lower-energy photons to pass through. Then, to capture photons at longer wavelengths, one or more junctions with smaller bandgap semiconductors are placed beneath the top junction. The ultimate theoretical efficiency increases with the number of junctions stacked on top of each other.



Early research into multijunction devices exploited semiconductors such as gallium indium phosphate (GaInP), gallium indium arsenide (GaInAs), and gallium arsenide (GaAs). At present, a 47.1% solar conversion efficiency has been demonstrated using a monolithic, series-connected, six-junction inverted metamorphic structure with alloys of III–V semiconductors and operating under the direct spectrum at 143 suns concentration.



Building these junctions requires the reduction of the threading dislocations in lattice-mismatched III–V alloys, avoiding the phase segregation in metastable quaternary III–V alloys, and controlling the dopant diffusion in complex structures [11], resulting in a more expensive technology compared with the standard silicon-based one.



Indeed, multijunction devices have mostly been employed in space, where the use of this somewhat expensive solar technology is allowable to reduce weight and dimensions. For terrestrial applications, concentrating optics based on Fresnel lenses may be used to increase power output, lowering the costs. Dual-axis sun tracking is needed when using concentrating optics, which adds to the system’s cost. The literature is teeming with articles describing solar cells with different trick topologies that improve overall efficiency.



Recently, efficiencies of 39.5% have been achieved integrating a thick GaInAs/GaAsP strain-balanced quantum well (QW) into a triple-junction inverted metamorphic multijunction device, consisting of a GaInP upper cell, a GaInAs/GaAsP QW middle cell, and a mismatched lattice GaInAs lower cell [12].



This work briefly reviews the main engineering and scientific challenges in tandem technology, which, at present, is the most promising PV cell architecture for improving the photon absorption and the PCE. Keeping the perovskite materials as the active layer, perovskite/silicon, perovskite/CIGS, and perovskite/perovskite tandem solar cells will be discussed, providing a side-by-side comparison of theoretical and experimental efficiencies of multijunction solar cells. The aim is to provide a critical analysis of state-of-the-art devices, which are largely dominated by perovskite/silicon tandem solar cells that historically were the first cells produced and studied. The drawbacks of these cells have been the starting point for the development of a new generation of heterojunction solar cells. Among them, perovskite/CIGS and perovskite/perovskite tandem solar cells will be discussed, and their limitations and the challenges for their future development considered.




2. Tandem Architecture


The tandem structure consists of two solar cells mechanically coupled one over the other in order to maximize the photon abortion. In addition, the combination of the two materials maximizes production of a high photo-voltage, equal to the sum of the voltages generated by the two individual cells, thus producing greater efficiency than a single solar cell.



As shown in Figure 1, the device architecture cell can be a monolithic device (2T tandem cell), where the upper wide bandgap cell is fabricated above the lower narrow bandgap cell; in the second configuration (4T tandem cell), a mechanical stacking optically couples the two sub-cells that are electrically isolated.



These two architectures are not equivalent both from an electrical and a constructive point of view (Figure 2). A 2T device needs the current matching of the top and bottom cells as the two sub-cells are connected in series and the lower current sub-cell will limit the overall short-circuit device current. Conversely, the 4T tandem solar cells do not require current matching because the two cells are not electrically connected. Therefore, maximizing the efficiency of both top and bottom cell can boost the overall device performance of a 4T tandem device. The 2T architecture requires a precise design strategy to collect the charges that must pass through the entire device to reach the electrodes; for example, the upper and lower cells can be interconnected by thin tunnel junction [13]. On the other hand, the 4T structure requires integrating at least one electrode between the two cells, and this electrode must let the infrared photons pass through so that they can reach the lower cell. Thin Ag films or nanowires have been used for this purpose, but more complex (such as multilayer metallic/dielectric) structures may improve the performance [14,15]. A simpler approach consists of using a photon down conversion mechanism, where a standard silicon-based solar cell is covered by a thin film that can absorb blue light and re-emit photons at a longer wavelength, allowing red and infrared solar light to pass towards the rear cell, effectively increasing the energy produced [16].




3. Perovskite Group Materials


The term “perovskite” describes a group of materials with cubic and rhomboidal shapes, and a crystal structure, and it was named in honor of the 19th century Russian mineralogist Lev Perovski. The ‘true perovskite’ mineral is composed of calcium, titanium, and oxygen in the form of CaTiO3. However, “perovskite” usually refers to a structure with the generic form ABX3, with variable composition and the same crystalline structure. A and B can be a combination of different organic and inorganic cations, and X is a smaller halogen anion (usually oxide) that binds to both cations (Figure 3).



Hence, this class of material exhibits a large variety of possible structural modifications and variants [18]. A limited number of perovskites may be found in nature, mainly as oxides with the majority being silicates, but they can also exist as fluorides, arsenides, hydroxides, chlorides, and intermetallic compounds. While there are only a few naturally occurring perovskite minerals, synthetic perovskites can span across the entire periodic table and can have a wide variety of complex formulas, including hybrid organic–inorganic perovskites, metallic perovskites, metal-free perovskites, and even noble gas-based perovskites. Perovskites can exhibit a wide range of intriguing features, including superconductivity, giant magnetoresistance, spin-dependent transport (spintronics), and catalytic capabilities, depending on which atoms or molecules are employed in the structure [18,19,20]. As a result, perovskites offer an intriguing research environment for physicists, chemists, and material scientists. Since the most efficient perovskites are semiconducting lead metal halides with a tunable bandgap, this family of crystals holds great promise for use in many nanotechnology applications, such as nanostructured solar cells.



Indeed, due to their extraordinary efficiency at absorbing photons, interest in perovskite-based solar cells has skyrocketed in recent years. It was immediately clear that perovskites are very flexible materials with which it is possible to obtain high conversion efficiencies at low costs as they can be produced with relatively simple manufacturing by cheap processes.



Moreover, long carrier separation lifetime, fast charge separation, a broad absorption spectrum, a larger mean free path of electrons and holes, and more, make perovskites very suitable for building solid-state solar cells.



In 2009, the literature reported the first example of a photovoltaic cell based on the organic–inorganic lead halide perovskite compounds CH3NH3PbBr3 and CH3NH3PbI3, with an efficiency of 3.8% and a photovoltage of 0.96 V, respectively [21].



The basic structure of a perovskite solar cell consists of a hole transporting layer (HTL), an electron transporting layer (ETL), a transparent electrode working as an anode (fluorine-doped tin oxide, FTO, or indium tin oxide, ITO), and a metal (Figure 4). In the resulting sandwich structure, the photogenerated electrons and holes coexist in CH3NH3PbX3 absorber material and travel to the selective contacts, where they are collected separately. By altering the material composition, perovskites can be tuned to respond to various solar spectrum colors, and a number of formulations have proven to be highly effective. The efficiency of perovskite solar cells has increased dramatically in recent years, from about 3% in 2009 to over 25% in 2021 [22,23]. In 2012, Professor Henry Snaith at the University of Oxford demonstrated 10% power conversion efficiencies by hybrid solar cells based on meso-super structured organometal halide perovskites [24]. Only two years later, Snaith obtained a conversion efficiency of up to 17%. For silicon-based solar cells, it took 20 years of research to reach these values. Although perovskite solar cells have achieved high efficiency very quickly, some issues still need to be overcome before they can become commercially competitive. At the same time, however, these materials show rather short lifetimes, which is not very compatible with solar cell technologies, as they tend to break down under direct sunlight, reducing the cells’ efficiency over time. This point has been intensively studied with different techniques over the last few years. A well-known mechanism responsible for perovskite degradation involves humidity and methylammonium (MA) groups, since water can hydrogen bond with the amine moiety. The Raman activity of MA is very sensitive to structural distortions of the inorganic structure and can be used to control the quality of the material. [25]. People have tried to fix this durability issue by adding bulky molecules [26], old pigments [27], carbon nanodots [28], 2D additives [29], chili compounds [30], or quantum dots [31]. UCLA researchers identified a mechanism for how this deterioration takes place. Ironically, it results from a surface treatment intended to remove flaws and boost performance. The scientists discovered that coating the surface with an organic ion layer can lead to the formation of traps, causing energy-bearing electrons to gather on the surface. As a result, the arrangement of the perovskite atoms becomes unstable, eventually leading to their rupture. The team suggested solving the issue by mixing positive and negative ions in the surface treatment. Solar cell prototypes treated with the above approach maintained 87% of their efficiency after more than 2000 h, outperforming untreated cells, which fell to 65% efficiency in the same conditions [32].




4. Perovskite/Silicon Solar Cells


Tandem cells can overcome the thermodynamic efficiency barrier that limits the well-stated silicon and cadmium-telluride (CdTe) solar technologies. However, tandem cells are costly, and are therefore currently exclusively employed for power generation in space or for very special applications. To make mass use possible, novel generation of affordable tandem cells is required. The most popular low-cost tandem option now being developed combines a silicon bottom cell with a hybrid perovskite top cell.



The use of perovskite as a tandem top cell has several advantageous features. For one, perovskites have adjustable semiconductor bandgap energies, which is a crucial factor in determining the optical absorption range of a semiconductor that adds flexibility in a device design. Perovskites’ absorption is quite low in the infrared region of the solar spectrum, which helps the invisible photons to reach the bottom silicon cell, boosting efficiency. Furthermore, perovskites work at very high voltages. This is important because the high transparency of the cell to infrared light also reduces its electric current. However, this limitation is compensated by a high working voltage, ensuring high power and efficiency. Moreover, the silicon cell absorbs infrared very well, and its technology is well known and guarantees long life and stability. Research on perovskite–silicon solar cells has achieved many world records, the latest being by Oxford PV, a startup which reached 29.5% [34,35]. The same company has prototyped full-sized modules, and promising field outcomes have been recorded [36]. The first perovskite-on-silicon 4T solar cell with a PCE of 17.9% was demonstrated by Bailie and coworkers in 2014 [37]. To avoid harming the underlying layer, they used a solventless strategy to transfer the transparent Ag nanowires (NWs) contact mechanically from flexible polyethylene terephthalate (PET) onto the top of 2,2′,7,7′ Tetrakis (N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene (spiro-OMeTAD). The resulting electrode had an overall transmittance of 87–90% and the upper semitransparent half-cell demonstrated an efficiency of approximately 13%, with a transmittance of 55–77% between 800 and 1200 nm. However, the use of silver is not recommended because it can give rise to the formation of silver iodides, degrading the structure of the perovskite and the cell performance [38]. The above clearly states that, as a general rule, the right choice of electrodes plays an important role in designing the cell structure.



A further challenge consists of the fact that, by reaching high temperatures during electrode deposition, the perovskite active layer is damaged, therefore a low-temperature process has been proposed to build semitransparent planar perovskite solar cells. It consists of sputtering hydrogenated indium oxide (In2O3:H) to make the transparent rear electrode. The perovskite is prepared by thermal evaporation of PbI2 [39] and spin coating of CH3NH3I. Finally, the structure undergoes a 2 h thermal treatment at 50 °C; therefore, the highest temperature reached during the process is as low as 50 °C. The cell is finished with a spin coated ∼200 nm Spiro-OMeTAD thin film and a back contact by thermally evaporated MoO3, and room-temperature-sputtered In2O3:H. The proposed hybrid construction method produces higher quality perovskite thin films and allows for improved electron collection [33]. A general issue in developing perovskite solar cells is the top and the bottom (in 4T configuration) transparent electrodes. Transparent conductive oxides (TCO) deposited by sputtering have been largely used for this purpose. The sputtering may damage the perovskite layer, hence MoOx and WOx are used as buffer layers to protect the underlying structures from TCO deposition [17]. ITO was used by Löper and coworkers to protect the underlying layers from sputtering damage with a MoO3 buffer [40]. The total efficiency of the 4T multijunction solar cell was 13.4%. Compared with an opaque single junction cell with a MoOx/Ag electrode, which had an efficiency of 11.6%, the semitransparent perovskite top cell showed a performance of 6.2%. The improved sheet resistance and decreased reflectance of the ITO transparent electrode were the key contributors to the difference. Given that, in a multijunction device, the absorption of the transparent contacts accounts for most of the optical losses, the layer’s thickness ought to be decreased. However, as the thinner device results in reduced conductivity, which lowers voltage and FF loss, a careful balance between electrical and optical losses is required.



Duong et al. [41] improved sputtered ITO thin film to be used for both back and front contacts. They built a device using methylammonium perovskite (MAPbI3) and obtained an efficiency that exceeded 12% and a transmittance above 80% in the range of 800–1000 nm. One of the most popular ETLs is titanium oxide (TiO2), which has been extensively employed in perovskite solar cells due to its good electronic and optical characteristics, and chemical resistance, as well as its compatibility with a wide range of deposition techniques [24,42,43]. Peng at al. [44] showed that doping with indium improves both the band alignment at the electron transport perovskite layer interface and the conductivity of the transport layer compared with pure TiO2. They obtained a semitransparent perovskite cell with 16.6% efficiency, made using a mixed perovskite based on MA and formamidinium (FA). The tandem with an interdigitated back contact (IBC) silicon cell had an efficiency of 24.5%. The best efficiency in photon capturing is achieved by matching the optical bandgap of the two sub-cells. According to suitable optical simulations, the ideal top cell should have a bandgap of 1.7 eV while the bottom cell has a fixed bandgap of 1.1 eV (silicon) [45,46,47]. Unfortunately, MAPbI3, a widely used perovskite, has a bandgap of 1.55 eV, which does not match well for perovskite–Si multijunction solar cells [24,48,49]. A higher bandgap perovskite could be produced by partially substituting bromide for iodide in the MAPbI3 perovskite. However, these mixed halide MA-based perovskites when illuminated undergo phase segregation, and the cell efficiency is reduced [50,51,52,53,54]. Duong et al. [55] produced a perovskite cell with improved light stability and a bandgap of 1.73 eV by adding Rb cations to a multication perovskite. The cell structure consisted of a MoOx(10 nm)/ITO (40 nm) transparent electrode. The sheet resistance of the rear ITO contact was as high as 160 Ω·cm−1 and was improved by depositing some Au fingers with shading of 3%, as ITO annealing is not compatible with perovskite quality. Moreover, an anti-reflection coating consisting of 150 nm thick MgF2 was deposited on the ITO back side and reduced the sample reflectance to less than 5% across nearly the entire spectrum. The best semitransparent cell exhibited an efficiency of 16% and a noticeable transparency of about 84% in the wavelength range between 720 and 1100 nm. As a result, the mechanically stacked multijunction had a total efficiency of 26.4% [54]. Another method to build the transparent contact consists of the thermal vacuum deposition that allows production of ultrathin metal films with low sheet resistance and does not require a buffer layer before deposition. However, the quality of the obtained film greatly depends on the roughness of the substrate on which the film is deposited, and hence it needs to be controlled. Chen et al. [56] studied the efficiency, in term of conductivity and transparency, of an Au, Cu, and Au/Cu bilayer with different thicknesses, and fabricated semitransparent perovskite solar cells using 500 nm thick smooth MAPbI3 films. They found that the best efficiency was obtained employing the Au/Cu (7 nm/1 nm) bilayer, and the cell performed an open-circuit voltage (VOC) of 1.08 V, a short-circuit current density (JSC) of 20.6 mA cm−2, a fill factor (FF) of 74.1%, and a PCE of 16.5%. Moreover, they built the tandem configuration in the four-terminal configuration with infrared-enhanced silicon heterojunction cells and obtained a total efficiency of 23% [56]. Most of the literature proposes small-area examples to demonstrate efficiency records. Indeed, scaling up maintaining efficiency is another problem, as large-area devices undergo increasing sheet resistance of electrodes and short circuits through the perovskite film. Jaysankar et al. [57] built a four-terminal semitransparent perovskite module with an IBC silicon device of the same size. The aperture area PCE of the 4T perovskite-c-Si module was 20.2%. This study offers a practical method for producing perovskite-c-Si multijunction solar cells in large areas for commercial use [57].



The 2T configuration consists of a monolithic device, where the top sub-cell is directly deposited onto the bottom one.



The above design requires only one transparent electrode; hence, this aspect is much simpler compared with the 4T multijunction device, as the number of fabrication steps, as well as the manufacturing cost and the parasitic absorption loss in the transparent electrodes, are reduced. However, the monolithic tandem requires a process compatibility between the upper and lower cells and, furthermore, both sub-cells, connected in series, should be designed to give the same current at the maximum power point. Usually, the 2T design includes an HIT or passivating tunnel oxide (polySi/SiOx) integrated in perovskite/c-Si. The tandem structure is possible in two different configurations: the p–i–n perovskite/c-Si and the n–i–p perovskite/c-Si. Figure 5 displays the schemes of perovskite solar cells in planar regular (n–i–p), and planar inverted (p–i–n) architectures. The HTL, such as Spiro-OMeTAD in the n–i–p perovskite/c-Si structures, is responsible for huge absorption of light, limiting the overall performance [13,55,58]; therefore, the research has focused on p–i–n perovskite/c-Si tandems, and this strategy has allowed the realization of monolithic p–i–n perovskite/c-Si tandem solar cells with an efficiency of 23.6% [59]. Mailoa et al. [60] in 2015 built a monolithic multijunction solar cell with an efficiency of up to 13.7% by growing a mesoporous MAPbI3 perovskite cell on a n-type silicon cell and employing an Ag NWs thin film as a transparent electrode. The carrier recombination between the two sub-cells was aided by a tunnel junction deposited by plasma-enhanced chemical vapor deposition (PECVD) of heavily doped n++ hydrogenated amorphous silicon (a-Si:H) [13]. Due to their high efficiency, straightforward manufacturing process, a high VOC, and high energy density, SHJ solar cells have attracted widespread attention [60,61,62,63,64,65,66]. In terms of PCE, monolithic two-terminal perovskite–silicon tandem solar cells (PSTSCs) have reached 31%, outperforming traditional crystalline–silicon single-junction solar cells [67]. A fine-tuning of the layers is needed to achieve a better optical performance [66,68,69], and, to achieve the best overall efficiency, optimization of the contact layers [70], use of additives [28,29], and adjustment of the perovskite composition [71] or deposition [72] is required. Another key point, supported by extensive numerical studies, concerns the optical efficiency of the device, which can be improved using textured interfaces that capture photons, allowing high PCEs [73]. The simulations indicate that, compared with planar solar cells, the PCE can be substantially improved [74], as oblique and scattered photons are easily absorbed by the textured surface, strongly affecting the energy yield calculations. Random pyramidal textures, obtained by potassium–hydroxide etching, with a size of some micrometers, are frequently used for light harvesting in silicon solar cells. However, the performance of PV devices strongly depends on the recombination of the charge carriers, and further improving of perovskite absorbers is needed [22]. Recently, different methods for implementing light harvesting PSTSC have been proposed, by modifying the perovskite deposition method while maintaining the pyramidal texture [65,75,76,77], by modifying it so that perovskite solution processing is possible [66,78,79,80,81,82], or by replicating a pyramidally textured surface on a polydimethylsiloxane (PDMS) layer instead of using the textured silicon bottom cell [83]. Tockhorn et al. [84] modified the texturing of the front surface of the silicon sub-cell, building a sinusoidal nanostructure by a more complex procedure consisting of ultraviolet nanoimprint lithography, reactive ion etching, and wet chemical etching. The resulting nanotexture had a 300 nm peak-to-valley height, a 750 nm period, and a hexagonal lattice, and was completely covered by a 500–600 nm thick perovskite thin film deposited by spin coating. On the rear side of the structure, a silver back reflector was integrated that reduced the parasitic absorption losses, achieving a certified PCE of 29.80% [84]. It is easy to understand that, when constructing a tandem structure, the processes that involve the realization of the thin layers must be compatible with each other. Furthermore, as in the 2T configuration where the current is limited by the bottom cell, its efficiency is very important, and improving its infrared response could further push up the overall performance of the cell. In this frame, so-called SHJ solar cells have drawn a lot of interest thanks to their high efficiency, approaching 26%, a high VOC, and straightforward low temperature manufacturing process [60,61,85]. SHJs use c-Si wafers as optical absorbers and employ bilayers of doped/intrinsic a-Si:H to create passivating contacts. However, the passivation quality of the a-Si:H/c-Si interface decreases at high temperatures, which makes SHJ cells unstable beyond 200 °C. In contrast, the highest efficiency mesoporous perovskite employs TiO2 sintered over 450 °C, making the process inappropriate for building a SHJ cell. An example of a device including a mesoporous TiO2 film is shown in Figure 6. Different deposition methods, such as spin coating [86], spray pyrolysis [87,88,89], oblique electrostatic inkjet [90], electrodeposition [91], inkjet printing [92], atomic layer deposition (ALD) [93], and chemical bath deposition [94], have been used by several groups to develop ETLs based on a TiO2 compact layer. ETLs also can be made using spray pyrolysis or spin coating top-down methods, though the PCE of such manufactured devices can differ greatly because these techniques are quite sensitive to the control parameters. Reactive sputtering was used by Alberti et al. [95] to create a low-temperature nanostructured TiO2 layer; the method allowed a maximal PCE of 15% to be achieved without the use of surface treatments or additional layers. In 2020, a low-temperature (TiOx) film was obtained via a low-temperature (80 °C) chemical bath deposition procedure. The film, when used as a high-quality ETL for planar PSCs, demonstrated an efficiency as high as 14.5% compared with standard TiO2 compact ETL that performed at 15.5% [96]. Using a planar perovskite sub-cell with a compact ETL synthesized under benign circumstances is another potential remedy for this problem. Another possible solution to this issue consists of building a planar perovskite sub-cell with a compact ETL, as proposed by Albrecht et al. [97]. In 2016, they fabricated a monolithic tandem cell with 18% efficiency consisting of a perovskite top cell grown on a silicon heterojunction bottom cell. They fabricated the perovskite semitransparent sub-cell at a temperature below 100 °C, replacing the high-temperature mesoporous TiO2 with a SnO2 thin film deposited by ALD. The transparent top contact was a multilayer consisting of spiro-OMeTAD, MoO3 and sputtered ITO. The SnO2 and the underlying ITO worked as a recombination layer between the two sub-cells. A LiF thin film deposited on the top contact served as an antireflective coating [97]. The requirement to hold the temperature as low as possible can also be satisfied by synthesizing organic polymeric thin film as ETL.



Reduced graphene oxide (rGO) has been added to [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM), using both the CH3NH3PbI3−xClx perovskite deposited through the one-step method, and the CH3NH3PbI3 deposited by a two-step spin coating process. The use of rGO as an additive increases the PCBM conductivity, improving the JSC and FF, while the surface traps are reduced, resulting in a higher VOC. Furthermore, the rGO helps to stabilize the PCBM/perovskite interface, suppressing the degradation rate under continuous solar [98]. Werner et al. used a polyethylenimine (PEIE)/phenyl-C61-butyric-acid-methyl-ester (PCBM) bilayer as the ETL to create a low-temperature processed planar perovskite cell [99]. An MAPbI3 perovskite layer was built by a two-step deposition consisting first of a thermal deposition of PbI2 on a PCBM, and then a solution of MAI dissolved in isopropanol was spin coated onto the PbI2 layer and annealed at 100 °C for 30 min. To obtain a uniform, hole-free, flat perovskite layer, a tiny amount of 2-methoxyethanol was added to the MAI precursor. The recombination layer consisted of a sputtered IZO (indium zinc oxide) film, and spiro-OMeTAD worked as the hole transport material. The transparent top electrode was obtained by depositing hydrogenated indium oxide/indium tin oxide (IO:H/ITO) on the spiro-OMeTAD and covering it with a MoOx buffer layer. The resulting monolithic integrated 2T solar cell exhibited a steady-state efficiency of 21.2% and an aperture area of 1.22 cm2. By integrating a SHJ cell optimized to work in the infrared region of the spectrum with a cesium-doped FAPbI3 perovskite cell in a 2T structure, Bush et al. [59] obtained an efficiency of 23.6%, with an active area of 1 cm2.



The structure should have been closed by an ITO top electrode; however, when ITO is being sputter deposited, the organic and perovskite layers can be damaged. To avoid this occurrence, they inserted a bilayer of SnO2/ZTO as the ETL. This buffer was enough to avoid damage. The increased thermal stability and resistance to humidity allowed the deposition of SnO2 with ALD techniques. The ITO top electrode was directly sputtered onto the SnO2/ZTO, avoiding the use of a MoOx buffer layer as it reacts with the iodine at the interface with the perovskite, decreasing the lifetime [100]. The infrared absorption was enhanced by texturing the cell surface [73]. The NiO can be used as an HTL to replace spiro-OMeTAD, obtaining a reduced parasitic absorption and an improved current. In addition to needing to reach high enough PCEs, near 30% [84], the main obstacle for perovskite/silicon tandems to be mass produced is spin coating halide perovskites on silicon bottom cells, which limits the cell active area.



A possible strategy consists of the so-called “mechanically stacked four terminal tandem devices”. [55,101]. Moreover, the different active areas between the perovskite upper cell and the bottom heterojunction c-Si cell led to complex fabrication methods in two-terminal PSTSC, and the electrical features of the TSCs can be reduced [59,65,102]. Slot-die coating has been proposed to improve scalability of the building process [103]. A high efficiency material suitable for making an ink for the slot-die technique is the triple-halide perovskite with optimized bandgaps [71]. Usually, the film coating requires to be annealed to improve its quality; this step of the process is important, and not only for the transport properties. Indeed, it has been observed that the bandgap linearly decreases with annealing temperature increments, changing from 1.68 eV at 100 °C to 1.66 eV at 170 °C annealing. Despite the fact that annealing the sample at 150 °C gives the intermediate bandgap of 1.67 eV, the quasi-Fermi level splitting shows the highest value among the annealing conditions at 1.26 eV, indicating that the annealing procedure leads to low non-radiative recombination.



A longer charge lifetime has also been observed for the 150 °C annealing condition and has been used to develop the best slot-die coated single-junction solar, reaching FF values of about 78%. A spin coated halide perovskite of the same composition can reach FFs above 81% [71]. The worst behavior of the cells obtained can be explained by comparing the time-resolved photoluminescence of a film obtained by spin coating with that obtained by the slot die. The former has a lifetime of about 3 μs while the latter only has a lifetime of 0.7 μs, probably due to the different crystalline morphology [103]. The best tandem solar cells made with spin coating perform better than the best tandem solar cells made with a slot die, but the latter have demonstrated good industrial scalability, so they represent a major achievement in silicon/perovskite tandem technology [104,105].




5. Perovskite/CIGS Solar Cells


Perovskite/CIGS tandem solar cells have some advantages over silicon-based solar cells, despite having a lower PCE. They are an effective, adaptable, sustainable, and lightweight option since they can be built on flexible substrates [106,107] and, like all thin film technologies, have a substantially smaller carbon footprint per kWh produced. A scheme of a device and its energy levels are shown in Figure 7. Thanks to their radiation hardness [108], perovskite/CIGS tandems may offer a high energy yield option for space applications. Recently, studies by Brown et al. [109] indicated that hybrid perovskite-based solar cells can work reliably in the harsh environments found on Mars, Jupiter, or Saturn. These cells can be produced and interconnected directly on large, ultra-thin polyimide sheets [110,111], and, therefore, they have a future in a wide range of ground and space applications.



The first perovskite/CIGS monolithic multijunction solar cell was demonstrated by Tordov et al. [112] in 2015. They proposed a multilayer structure consisting of a transparent conducting electrode (TCE)/PCBM/perovskite/poly(3,4-ethylenedioxythiophene)polystyrenesulfonate (PEDOT:PSS)/ITO/CdS/CIGS/MoSi3N4/glass. The 30 nm thick ITO layer was deposited directly on the CdS and worked as a recombination layer. The key part of the work was the proposed bandgap engineering method that allowed tuning the MAPb(IxBr1−x)3 perovskite bandgap between 1.65 and 1.75 eV. The most efficient device was obtained with a perovskite layer with a bandgap of 1.72 eV, which reached a PCE of 10.98%. The efficiency was limited by the parasitic absorption of the top electrode that was built by a Ca (10–15 nm)/bathocuproine (BCP) (≈5 nm) film, where Ca was working as a diffusion barrier and the BCP was playing the role of an n-selective layer. The problem of the transparent electrode has been approached by many researchers and still today it is not solved.



Guchhait et al. [113] compared Ag and MoOx as the buffer layer for ITO deposition in the upper electrode. Compared with the Ag, the use of MoOx led to a significant dropping of the FF to be ascribed to the oxide lower conductivity. Even though the bandgaps of Si and CIGS were very close to one another and the theoretical limit of PCE should have been nearly the same, the obtained PCE was far from the perovskite/silicon tandem. Simulations highlight that the design can greatly improve the performance. Indeed, a suitable model both for charge transport and optical allows a fine tuning of the absorber, ETL, and HTL thicknesses, and different doping concentrations of perovskite and HTL layers, demonstrating that an efficiency of up to 30% can be achieved [114]. In 2022, Jošt et al. [115] certified a record PCE of 24.2% obtained by a monolithic perovskite/CIGS tandem device. The proposed cell was grown onto a molybdenum-coated glass substrate and consisted of a p–i–n top cell directly deposited on a CIGS bottom cell. The absorber quality of the latter was improved with rubidium fluoride post deposition [116]. To achieve the P–N junction, the cell was completed with a CdS layer and an aluminum-doped ZnO film, which worked, in the tandem design, both as a window layer and as a recombination layer. A wide 1.68 eV bandgap perovskite with a precursor composition of Cs0.05(MA0.23FA0.77)Pb1.1(I0.77Br0.23)3 [117] and PEAI (phenethylammonium iodide) additive [118] was spin casted next. The structure design then included a 1 nm thermally evaporated LiF thin film and 20 nm of C60 [71]. The cell was completed by an electronic selective contact obtained by depositing 20 nm of SnO2 and a 95 nm IZO buffer layer with the function of transparent conductive oxide. Finally, a 110 nm layer of LiF acted as an anti-reflection coating. The use of a sputtered ITO electrode in the top semitransparent cell was also approached in a 4T structure proposed by Nakamura et al. in the same year [119].



Usually, a MoOx buffer layer is interposed below the electrode to avoid damage of the underlying HTL from bombardment by high-energy particles during sputtering of the top electrode of n–i–p type devices [41]. Nevertheless, a MoOx layer reduces the transmittance in the near infrared, and the heating during the sputtering reduces its durability [33]. They proposed a buffer-free semitransparent top cell, demonstrating no relevant effect of ion bombardment during ITO sputtering on largely used spiro-OMeTAD, whereas the PCE of a 4T 1 cm2 device was improved by up to 26.2% owing to the better band alignment caused by oxidation of the HTL. An interesting aspect of perovskite/CIGS technology is that it is possible to realize high-efficiency PV devices at low cost by high-efficiency roll-to-roll machining on flexible substrates that ensure industrial scalability. In 2017, using a low-temperature vacuum-based technique, Pisoni et al. [120] grew a NIR-transparent PSC on top of the commercial CIGS encapsulation front sheets, demonstrating the first flexible perovskite/CIGS 4T tandem solar cell with a combined efficiency of 18.2%. They also improved the cell performance by up to 19.65%, adopting a multistage grown process to deposit the perovskite [121]. The scalability and possible commercialization of these solar cells are also closely linked to the possibility of realizing devices of dimensions at least comparable with those of silicon technology. As the PCE decreases as the surface of the cells increases [122], currently the dimensions of the tandem perovskite/CIGS solar cells are of the order of cm2 [106], and decidedly are not suitable for commercialization. In 2017, a scalable 4T solar module with a perovskite/CIGS structure was proposed by Paetzold et al. [123]. They demonstrated a 3.76 cm2 device consisting of two thin-film solar module submodules interconnected using stripes of 7 mm × 2.86 mm (CH3NH3PbI3 top solar module) and 4 mm × 4.7 mm (CIGS bottom solar module), each at least 20 mm long. The module performed a PCE of 17.8%, which was the sum of the 12% PCE of the semitransparent CH3NH3PbI3 top solar module and the 5.8% PCE measured for the CIGS bottom solar module (filtered by the CH3NH3PbI3 top module) [123]. Nanosecond pulse laser scribing technology and lift off have been used to fabricate perovskite modules, with the aim of obtaining a higher geometric filling factor but limiting as possible the heat-affected zone [124]. Using an all-laser scribed interconnection approach, Kothandaraman et al. [106] built the interconnection of the mini modules on soft flexible substrate, demonstrating a PCE of 18.4% on an aperture area of 2.03 cm2.




6. Perovskite/Perovskite Tandem Solar Cells


The realization of the perovskite/perovskite tandem solar cell (PPTSC) is an alternative approach to achieve a high PCE with some advantages, such as simple bandgap tuning of perovskite absorbers, cost-effective and low-temperature monolithic production processes for both the sub-cells, and use of inexpensive precursor materials on flexible substrates [66,97,125,126].



Interestingly, a detailed balance theory has demonstrated that the PCE of TSC may go beyond 45% using optimum material bandgaps (~1.1 eV and ~1.73 eV) [10,127,128], allowing the prediction of a great advantage in using a monolithic perovskite-based design, as the bandgap of these materials is easily tunable. A key challenge is to save the quality of the lower cell while processing the upper cell. As for SHJ and CIGS, perovskite bottom cells also require processing temperatures below 200 °C, and therefore all contact layers need to be processed at low temperatures. This has been realized in both n–i–p [126,129,130,131] and p–i–n [125,132,133,134,135,136] sub-cell architectures, the latter one being more frequently used because it allows a better efficiency to be obtained. The first example of PPTSC used two analogue sub-cells with similar absorbing materials: the MA lead iodide (MAPbI3) and the MAPbBr3. They were connected with a 2 μm thick doped HTL by a lamination procedure [137]. Despite the demonstration of a VOC as high as 2.2 V (that corresponds to the sum of the two sub-cell VOC), the PCE was limited due to the spectral properties of the absorbing layers, which in turn greatly reduced the overall attainable current density. The PCE was further reduced by the low conductivity of the HTL layer due to its thickness. The HTL transport properties have been improved by Li-TFSI additives that act as hole conductors such as quasi-solid electrolytes because the additives provide Li/Li+ redox shuttle [138]. Selecting proper materials with complementary bandgaps, Lin et al. [132] built a maximum PCE of 24.8% by monolithically fabricating all-perovskite PPTSC. They used 1.22 eV and 1.77 eV bandgap perovskites as bottom and top sub-cells, respectively, demonstrating the perovskite flexibility in terms of bandgap [132]. A schematic cross-section of the proposed planar PPTSC is shown in Figure 8. The front contact ETL consists of 50 nm Al-doped ZnO (AZO) followed by a perovskite absorber layer. A double layer of NiO/AZO is utilized as an HTL, where a very thin NiO is used with a 50 nm thick AZO film. Furthermore, the combined NiO/AZO layer works as a tunneling junction, facilitating efficient charge carrier transportation [139,140,141,142]. Finally, a 100 nm Al is used as a back reflector. Concerning the absorbing layer, the top cell consists of a wide bandgap (Eg~1.72 eV) CsyFA1−yPb(IxBr1−x)3 perovskite with a composition ratio of 0.1, while a low bandgap (Eg~1.16 eV) MASnxPb1−xI3 perovskite with a composition factor of 0.85 is utilized as a bottom cell. As the overall efficiency strongly depends on the electrodes’ transport qualities, some effort has been devoted to improving the ETL layer also. This latter usually consists of a mesoporous–titanium dioxide thin film, which, however, can allow non-radiative recombination at the ETL perovskite interface, worsening the performance. It has been demonstrated that a thin layer of polyacrylic-acid-stabilized tin (IV) oxide quantum dots (paa-QD-SnO2) on the compact titanium dioxide enhances light capture and widely suppresses nonradiative recombination. Using paa-QD-SnO2 as the electron-selective contact enabled PSCs (0.08 cm2) with a PCE of 25.7% (certified 25.4%) and allowed an increase of the PSC areas. Namely, areas of 1.20 and 64 cm2 were obtained with PCEs of 23.3, 21.7 and 20.6%, respectively [30].



Another possible strategy proposed to improve the ETL transport properties consists of introducing iodine-doped g-C3N4 (ICN) as an additive via a glass-assisted annealing route into ZnTiO3. The ETL thus obtained has a better crystalline quality and a more adequate alignment of energy levels, and, when used, results in a better PCE [143]. Some authors have focused their attention on the carrier diffusion length of the perovskite layer that should be many times the absorber thickness to guarantee good PV performance and sufficient charge transport in PSCs [144,145]. Unfortunately, diffusion length is mainly limited by grain surface traps, the number of which is very large compared with the number of traps distributed within the grain [146,147,148,149].



Hence, grain surface passivation has been proposed as a promising route to improve carrier diffusion and PCE [150,151,152], as this strategy overcomes the limits due to the diffusion length, allowing a thicker absorption layer (>1 μm) that, in turn, improves the photons catching. 4-Trifluoromethyl-phenylammonium (CF3-PA) has been used as a strong perovskite surface passivator capable of increasing the diffusion length by up to 5 μm and skyrocketing the PCE to over 26%.CF3-PA passivated tandem devices maintained 90% of their initial PCE after 600 h of operation at the maximum power point under 1 sun illumination in ambient conditions, exhibiting better performance when compared with unpassivated devices [153]. Another well-known problem of PPTSC concerns the low VOC, since Br concentrations higher than 20% lead to an increase in the density of traps. In addition, photoinduced halide segregation effects and poor energy alignment with the charge transport layers are possible [154,155]. Finally, the interface with the charge transport layers can give rise to localized states within the perovskite bandgap, which, acting as recombination centers, reduce the quantum yield [156,157,158]. The origin of this phenomenon has been attributed to several causes including band misalignment [158], energy-level pinning [154], and halide migration from the perovskite into the transport layer [159]. A typical example of the above issue is the case high performance PPTSC using fullerene ETL that is considered one of the worst offenders regarding the induction of trap states.



Surface passivation using organic phenethylammonium iodide (PEAI) halide salt [160] or butylammonium iodide (BA) [161] and 1,3-propane-diammonium iodide [162] is a possible strategy proposed to improve PCE by reducing trap states. Recently, bifacial solar cells have attracted the attention of researchers as they can achieve a higher PCE since they can absorb reflected and scattered light (albedo) that achieves the cell’s back-surface (Figure 9). The main difference consists of using or not using a reflecting layer as the bottom electrode. The possibility of making semitransparent PPTSC represents a great opportunity for the development and application of high-efficiency bifacial cells. In fact, the tandem cells, which can be manufactured using the thin film technology, are excellent candidates because they simultaneously offer a high PCE and a structure that easily allows the lower cell to integrate transparent bottom electrodes, making the cell active also towards the light that comes from below. According to numerical simulation, the benefits of tandem architecture and bifacial design can be inherited by bifacial tandem cells, allowing for higher thermodynamic efficiency than monofacial tandems and single-junction designs [163,164].



In 2022, Li and co-workers [165] developed the first bifacial all-perovskite tandem by using TCO as a rear electrode, starting from an already well known monofacial configuration. The flexibility in designing the perovskite bandgap allowed optimization of the PCE under different realistic illumination and albedo conditions, a PCE > 25% under AM1.5G 1 sun illumination to be obtained. Moreover, in field tests, it is possible to gain a power density as high as 26 mW·cm−2 [166]. The cell architecture also needs to be investigated; indeed, the thickness of an absorber in a 2T bifacial tandem configuration strongly depends upon the magnitude of albedo due to the current-matching constraint between the sub-cells, while the 4T configuration can work better for a wide range of albedo (Figure 10) [167].




7. Conclusions


Over the past few decades, interest in perovskite materials for green energy generation has grown rapidly. In 2009, the first photovoltaic cell reported in the literature involved the self-assembly process of organic–inorganic lead halide perovskite nanocrystalline particles, CH3NH3PbBr3 and CH3NH3PbI3, on a TiO2 n-type semiconductor. These simple layered structures can achieve a conversion efficiency as high as 3.8% and a photovoltage of 0.96 V. They represent the milestone in the use of perovskites in photovoltaic applications. Continuous improvements in design, materials, and optimization of the device architecture allow the achievement of important goals. (i) An efficiency approaching 29% was obtained in PSTSC, optimizing the HTL. (ii) In 2015, CIGS substituted for the Si in the PV tandem cells. Although the bandgaps of Si and CIGS are very close to each other, a PCE of 24.2% was achieved only in 2022, after an accurate optimization of the absorber, ETL, and HTL thicknesses, and different doping concentrations of perovskite and HTL layers. (iii) Finally, the realization of PPTSC allowed a PCE value of 26% to be reached, introducing the CF3-PA as a perovskite surface passivator to increase the carrier diffusion length.



The main achievements and advantages summarized here suggest that the perovskite-based tandem solar cell could be an efficient system to exploit the solar light to produce “green energy”. However, many issues still represent open questions for the effective use of this technology. Issues around industrial scalability and production processes are two common factors for all described perovskite-based tandem solar cells. The interesting performances reported in the literature have been demonstrated for solar cells with an area of about 1 cm2 (the area of a single Si-based solar cell is about 20 cm2). A larger area of the device, together with mass production and low costs, represents important challenges in the PV research field, especially for the optimization of the building process. In addition, although the rapid optimization of perovskite-based tandem solar cells allows achievement of high efficiency in a very short time, perovskites are characterized by short lifetimes, not compatible with the current commercial technology. The prolonged exposure to the sun activates a deterioration process of the material, which affects the durability and the efficiency of the device. The first approach to reduce the deterioration, i.e., coating the surface with an organic ion layer with a mixing of positive and negative ions, has partly solved the issue, allowing 2000 h of operation to be achieved.



Currently, further investigations and studies are needed to open the commercial market, but the obtained optimal performance represents a good reason to continue the research activity in the incorporation of perovskite in tandem solar cells.
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Abbreviations & Nomenclature




	AM
	Air Mass



	ALD
	Atomic Layer Deposition



	AZO
	Aluminum-doped Zinc Oxide



	BA
	Butylammonium iodide



	a-Si
	Amorphous silicon



	a-Si:H
	Hydrogenated amorphous silicon



	c-Si
	Crystalline silicon



	CdTe
	Cadmium-Telluride



	CF3-PA
	4-Trifluoromethyl-phenylammonium



	CIGS
	Copper Indium Gallium Selenide



	ETL
	Electron Transporting Layer



	FA
	Formamidinium



	FF
	Fill Factor



	FTO
	Fluorine-doped Tin Oxide



	GaAs
	Gallium Arsenide



	GaInP
	Gallium Indium Phosphate



	GaInAs
	Gallium Indium Arsenide



	HIT
	Heterojunction with Intrinsic Thin-layer



	HTL
	Hole Transporting Layer



	IBC
	Interdigitated Back Contact



	ICN
	Iodine-doped g-C3N4



	IRENA
	International Renewable Energy Agency



	ITO
	Indium Tin Oxide



	IZO
	Indium Zinc Oxide



	JSC
	Short-circuit current density



	MA
	Methylammonium



	NWs
	Nanowires



	PCBM
	[6,6]-Phenyl-C61-butyric acid methyl ester



	PCE
	Power Conversion Efficiency



	PDMS
	Polydimethylsiloxane



	PEAI
	Phenethylammonium iodide



	PECVD
	Plasma-enhanced chemical vapor deposition



	PEIE
	Polyethylenimine



	PET
	Polyethylene Terephthalate



	PPTSC
	Perovskite/Perovskite Tandem Solar Cell



	PSTSCs
	Perovskite-Silicon Tandem Solar Cells



	PV
	Photovoltaics



	QD
	Quantum Dots



	QW
	Quantum Well



	SHJ
	Silicon heterojunction



	TCO
	Transparent Conductive Oxides



	VOC
	Open-circuit voltage
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Figure 1. (A) 2T and (B) 4T topologies. The first typically consists of a monolithic structure, where the layer connecting the two cells plays the role of a recombination layer or works as a tunnel junction. The 2T structure is a mechanical stacking of two separate cells with different bandgap active layers. 
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Figure 2. Equivalent circuit models of 2T (a) and 4T (b) tandem cells. In these schemes, I, Rsh, and Rs indicate the generated photocurrent, the shunt, and the series resistances, respectively. Finally, V is the output voltage. Blu and red arrows indicate the spectral response of the top and bottom cells, that work in the visible (400–800 nm) and IR (800–1100 nm) ranges, respectively. (Figure reprinted from Cheng et al. [17], Copyright (2023) with permission of SusMat). 
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Figure 3. Crystal lattice of the ABX3 perovskite structure. 
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Figure 4. (a) Preparation steps of perovskite-based device; (b–e) the cross-sectional SEM images of the sample for each preparation step. (Figure reprinted from Fu et al. [33], copyright (2023) with permission of Nature Communications). 
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Figure 5. Schematic of perovskite solar cells in planar regular (n-i-p), and planar inverted (p-i-n) architectures. 
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Figure 6. Cross-section SEM images of (a) PbI2, (b) MAPbI3, and (c) MAPbBr3 deposited on a mesoporous TiO2 film. (Figure reprinted from Zhao et al. [89], copyright (2023) with permission of Faraday Discussions, RSC). 
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Figure 7. (a) Scheme of a perovskite/CIGS tandem device configuration and the corresponding energy levels of the (b) upper and (c) lower cells. (Figures reprinted from Salah et al. [107], Copyright (2023) with permission of Energies, MDPI). 
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Figure 8. (a) Scheme and (b) corresponding energy levels of the planar perovskite/perovskite tandem solar cell. (c) Theoretical upper energy conversion efficiency (ECE) limit of two-terminal (2T) monolithic. (d) Refractive index and extinction coefficient curves (solid and dashed curves, respectively) of large and narrow bandgap perovskites along with ALD Al-doped ZnO (AZO). (Figures reprinted from Hossain et al. [139], copyright (2023) with permission of Nano Energy). 
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Figure 9. Scheme of tandem and bifacial tandem configurations. 
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Figure 10. Scheme of 3T-4J, 4T-2J, and 2T-2J configurations of bifacial tandem solar cells. 
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