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Abstract 

Over the last few years, perovskite solar cells have arisen as a technology to potentially side with 

mainstream silicon photovoltaics to help drive the transition towards renewable sources of energy. The 

coupling of perovskites with silicon in a tandem configuration may accelerate this development owing to 

the remarkably high power-conversion efficiencies possible with such devices. However, most of the 

perovskite/silicon tandem achievements so far have been confined to the lab environment, with only a few 

reported tests under outdoor conditions, using packaged devices. Nevertheless, one of the major 

challenges for perovskite/silicon tandem technologies, besides scale-up, lies in the cell-to-module (CTM) 

translation, which for the perovskite/silicon tandem concept is complicated by perovskite-imposed 

constrains such as a low temperature resilience, imposing challenges regarding tabbing and lamination, as 

well as a high sensitivity to moisture ingress, mandating the search for adequate encapsulation materials 

and methods. In this article, we describe and assess these challenges in depth and give a perspective on 

future directions towards module design, tailored for perovskite/silicon tandem photovoltaics, combining 

high performance with excellent durability. Our discussion also holds relevance for all-perovskite and other 

emerging photovoltaic technologies seeking market entry. 
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Introduction 

Efficient deployment of renewable sources of energy is a powerful strategy to fight the ongoing climate 

crisis.1 Solar energy harvesting is of particular promise to support the rapidly required transition from fossil 

fuels to carbon-neutral energies.2,3 From a solar energy perspective, photovoltaic (PV) technologies are at 

the basis of this transition; over the last fifty years, the drive towards improving the power conversion 

efficiency (PCE) of solar cells has fueled several branches of academic and industrial research, exploring 

new materials, processes, and PV technologies. However, PCE improvements at the device level are only 

one step along the path that brings PV technologies from the lab to the forefront of the energy transition. 

An equally essential step, besides device scale up, is the efficient and reliable integration of individual 

devices into solar modules, to be deployed residentially and at the utility scale. For this, only those PV 

technologies with proven success at the device level in terms of performance, reliability and scalability can 

be considered. Therefore, module manufacturing has traditionally been linked to the industrial PV 

environment, where techno-economic considerations are vital to maintain a competitive position in the PV 

market. Hybrid perovskites is a relatively new class of semiconducting materials that has received 

significant PV research attention in the last decade thanks to its excellent optoelectronic properties, such as 

high absorption coefficient,4 defect tolerance,5 and long carrier diffusion lengths.  Moreover, thanks to their 

bandgap tunability6 while preserving a high PCE, the recent successful integration of perovskite and 

crystalline silicon (c-Si) technologies in tandems has been possible.7-12 Perovskite/silicon tandems have 

rapidly developed in a new technology with remarkably high reported PCEs, approaching those of III-V 

based tandems but with potentially significantly reduced manufacturing costs, thanks to the nature of the 

employed materials, as well as the versatility and scalability of their processing methods.13-15 This, together 

with the steady reduction of the manufacturing cost of c-Si solar cells, has placed perovskite/silicon 

tandems in a prominent position as promising future mainstream PV technology. Indeed, the enhanced PCE 

enabled by the perovskite, accomplished at potentially marginal extra cost, can result in a significant 

decrease in levelized cost of electricity (LCOE) at the PV-system level. Asides from academic interests, 

several companies, startups, and development centers are now very active to close the technology gap 
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towards PV market entry. For this to materialize, besides further required advancements in PCE, reliability 

and scale-up at the device level, perovskite-based tandem technology needs to move from the device into 

the module development stage. To do so, alignment needs to be sought with established practices in 

industrial PV manufacturing; where needed, adjustments will have to be made. The tandem configuration 

can be realized both in 2- or 4-terminals (namely 2T and 4T);16,17 in the 2T configuration the two subcells 

are monolithically integrated and connected in series, while in the 4T configuration the subcells are piled 

up on top of each other and operate independently. Each configuration presents specific advantages and 

challenges; 2T tandems arguably may offer ultimate performance, whereas 4T tandems can in principle be 

integrated with any c-Si cell technology. For clarity, in this article we focus mainly on the challenges and the 

opportunities related to the monolithic 2T configuration, but we discuss the 4T configuration where 

relevant. 

Lesson from the silicon PV industry  

For mainstream single-junction c-Si solar cell technologies, industrial PV manufacturing has significantly 

progressed in the last ten years in terms of design of commercial silicon modules, with a particular focus on 

increased performance (Figure 1). During this period, the PCE of commercial monocrystalline silicon 

modules improved impressively from ~15% to >21%; at the same time the typical module area and stability 

also increased.18-20 Higher module PCE comes from improvements in device PCE (enabled by new 

generations of cell technologies, such passivated emitter and rear cells and passivating-contact cells21) and 

module design, which is mainly aimed at reducing cell-to-module (CTM) losses. The latter is usually 

accomplished by increasing the device packing density, for instance by using larger wafers (typically at least 

66 inch2 nowadays), (half)cut wafers, and shingling approaches (Figure 1c-d).22 Larger modules, nowadays 

with a nameplate power up to 600 Wp (with sizes of ~22001100 mm2 for utility and ~20001000 mm2 for 

residential), can also result in lower balance-of-system (BOS) and shipping costs (the typical module size is 

now often designed towards optimal filling of standard cargo containers). Finally, several companies are 

already providing more than 25 years of warranty for their new products;18 some even aim at 50 years of 

warranty.23 Obviously, these advances in performance, cost, and warranty, all result in ever decreasing 
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LCOE values, which set a continuously increasing ambitious benchmark to be met by emerging PV 

technologies, aimed at the residential and utility-scale markets. 

 

Figure 1. Ten years evolution of monocrystalline silicon modules. (a) Monocrystalline module from 2011, featuring pseudo-square 
(resulting from the wafer cutting from cylindrical CZ ingots) M0 cells with low geometrical fill-factor and (b) monocrystalline module 
from 2021 (Jinko Tiger PRO) featuring shingling of cut M6 cells, with high geometrical fill-factor and efficiency up to 21.4%. Red 
scale bar: 100 cm. (c) The size and abbreviation of pseudo-squared silicon wafers for PV application, as used in industry. Increasing 
the diameter of the CZ ingot from which the wafers are cut reduces the rounding at the corners and improves the geometrical fill-
factor of the module. The thickness of the wafer is intended “as-cut”; the final thickness of the cell varies from company to company. 
(d) Evolution of the wafer size according to the commercial trend of the solar industry. The dimensions of M6 and M10 wafers allow 
for half-cur wafers or even quarter-cut wafers to reduce the non-PV active areas. 
 

  

Quite generally, a solar module is composed of strings of solar cells that are interconnected to each other 

in series (in turn, the strings can be connected in parallel to each other), sandwiched between two barriers 

which offer protection against environmental factors. Obviously, at least the barrier on the sunward-side 

needs to be transparent, and is most commonly a sheet of low-iron tempered glass. The type of 

interconnection depends on the employed solar cell technology: wafer based (c-Si, III-V) or thin-film based 

(amorphous/microcrystalline silicon, CdTe, CIGS, kesterite, perovskite, OPVs, DSSC, quantum dot). 

Perovskite/silicon tandems are built from c-Si cells and belong thus to the wafer-based category (Figure 

2a).16,17 Traditionally, the interconnection between single c-Si solar cells is realized with metal ribbons, 

generally soldered onto the metal busbars, making part of the cell’s outer electrodes. The process to apply 

the ribbons is called tabbing, while stringing is the process of interconnecting cells into strings. Over the 

years, the c-Si PV industry has developed significant knowledge regarding both, which is nowadays fully 
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automated in production lines. The strings of cells are then aligned and prepared for the encapsulation in 

the lay-up phase. The general module components (in order of stacking) are the front module glass, the 

first layer of encapsulant (traditionally ethylene-vinyl acetate, EVA), the strings of cells, the second layer of 

encapsulant (again EVA) and the rear barrier, which can be a polymeric back sheet (generally white, but 

also black or transparent) or a second glass sheet. The function of two encapsulant layers is to integrate all 

components in a sealed, monolithic package, and to providing structural stability as well as a barrier 

towards the ambient and environmental factors. Generally, the encapsulation process is performed by 

vacuum lamination, melting or cross-linking the encapsulant and sealing the module with temperatures 

ranging between 100 and 150 °C. The majority of the modules are completed by a frame, usually made of 

aluminum, to fix the module to the installation structure, often a rack. A junction box, usually sealed at the 

rear of the module, is used to secure the external leads to the terminals of the modules (often string ends 

protruding through the back sheet). Perovskite/silicon tandem modules require some extra components 

when compared to conventional silicon modules, in particular the use of an edge sealant and a larger 

number of bypass diodes, which will be covered in the next paragraphs. Figure 2b sketches the distinct 

tandem module components.  

 

Figure 2. (a) Cross-section of a traditional silicon module and its constituents. EVA represents the encapsulant. (b) Schematic 
representation of a tandem module with pseudo-squared M2 wafers. Often, the bypass diodes are incorporated in the junction box. 
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The module fabrication process required for perovskite/silicon tandems is relatively more challenging, 

compared to single-junction c-Si PV, due to the constraints imposed by the perovskite sub cell, particularly 

in terms of (limited) temperature resilience and materials compatibility. Hybrid perovskites are often found 

to degrade at temperatures above 120 °C, particularly under vacuum, where possibly present volatile 

organic components in the perovskite structure (for instance the small organic molecules used as cations, 

such as methyl ammonium) can easily leave the crystal structure.24,25 This could be mitigated by using 

organic-cation lean perovskite formulations. However, this may affect the perovskite optoelectronic 

properties, particularly the bandgap, which could affect detrimentally the current matching condition with 

the silicon sub-cell in tandems. Indeed, in the case of monolithic tandems, careful device design is needed 

to assure that top and bottom cell supply equally large currents for optimal performance, which dictates 

the choice of perovskite bandgap, among other factors. Therefore, it is more logical to engineer module 

manufacturing processes towards compatibility with the perovskites as used in state-of-the-art 

perovskite/silicon tandem devices.  

Next, the encapsulant materials currently employed in mainstream module manufacturing (mainly EVA) 

often degas during vacuum lamination, releasing moisture and chemical agents. However, moisture is a 

major known cause of degradation for perovskite solar cells;26-28 specific chemical species, such as those 

released by EVA,29,30 can also be harmful for the device performance when interacting with the perovskite, 

as well as its interfacial or contacting layers.31 Therefore, choosing the right encapsulant is critical in 

defining a good module-manufacturing strategy for emerging PV technologies, such as those involving 

perovskites. In this perspective, we address in detail the specific challenges concerning module 

manufacturing of perovskite/silicon tandems. We describe the module assembly from cell integration up to 

the testing protocol, highlighting what contributes to CTM losses, how to minimize them, and the strategies 

required to improve the overall performance stability. Successfully satisfying these criteria will be key for 

the successful market entry of perovskite/silicon tandem modules.  

The tabbing processes 
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The most common way to electrically connect standard silicon solar cells (such as those based either on 

aluminum back surface field (Al-BSF) or PERC technologies) is to use copper ribbons soldered on the cells’ 

electrical terminals, consisting usually of cured or sintered Ag-based screen-printed pastes. The ribbons are 

coated with an alloy of Sn and Pb (usually with a ratio 60/40) with an eutectic point around ~180 °C. 

Nevertheless, the soldering temperature is often as high as 350 °C to provide a fast process with good 

adhesion between the busbar of the grid metallization and the ribbons. However, such a high temperature, 

even applied for few seconds, is not compatible with the perovskite sub-cell, neither with many of its 

typical inter- or contact-layers, often based on organic materials (such as C60). 

Low-temperature (<200 °C) soldering was developed in recent years and has several advantages: reducing 

the energy consumption, preventing mechanical wafer damage (breakage or microcracks) due to thermal 

stress and compatibility with temperature-sensitive solar cells such as silicon heterojunction (SHJ) 

technology.32,33 Indeed, SHJ solar cells have a proven record performance, but involve amorphous silicon 

passivating and contact layers that cannot withstand post-processing temperatures above 250 °C. For this, 

alternative alloys, such bismuth-based ones, with an even lower melting point could be used, enabling 

soldering at temperatures as low as 150 °C. However, there is an extensive literature regarding prolonged 

temperature-induced degradation of perovskite single-junction solar cells,34-36 from which it may be 

concluded that these temperatures may still be too high for the perovskite sub-cell in a tandem 

configuration.24,37 Nevertheless, little is known about the degradation of perovskite solar cells exposed to 

relatively high temperatures, but for only a few seconds, which may be worth exploring in the context of 

interconnections. 

An alternative to soldering is the use of electrically conductive adhesives (ECAs). ECAs are composite 

materials based on an insulating polymeric adhesive and a conductive filler (usually silver). Advantages of 

ECAs are their low-temperature processability (in a range between 120 °C and 160 °C), and reduced strain 

with substrates, compared to conventional soldering.38,39 Nevertheless, many ECAs require curing at a 

temperature above 150 °C for several seconds to evaporate the binders. Again, in the context of perovskite 

compatibility the notion of low-temperature may thus require redefinition. This further underlines the 
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importance of searching for efficient tabbing processes that are compatible with the industrial standards, 

to avoid further increasing processing costs, while being compatible with the temperature-sensitive nature 

of perovskite/silicon tandem solar cells. 

In line with contemporary industrial cutting-edge practices, perovskite/silicon tandem modules may profit 

from advantages offered by device shingling, similar to rooftiles, where adjacent solar cells overlap at their 

longest edge (Figure 3). Shingling approaches often make use of (half)cut cells. The tabbing can then be 

either limited to the contact spot between adjacent devices (relying on the (shortened) busbar for current 

extraction) or extended with a ribbon onto the busbar. The advantage of shingled strings, combined with 

larger and (half)cut wafers, is a drastic reduction in non-active area, resulting in an improved geometrical 

fill factor, translating in  reduced CTM losses, and thus power output of the module per unit area. 

Additionally, in the case of cut cells, the total current generated per cell is decreased, minimizing resistive 

losses at the module level, and enabling Ag-leaner metallization strategies. 
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Figure 3. Schematic representation of new generations of monocrystalline silicon module, based on shingling. The zoomed-in section 
highlights the shingling connection between two cells. Adapted from18. 

 

The importance of adequate encapsulation 

Encapsulation via lamination by polymeric sheets is an efficient and industrially well-established technique 

to seal the devices in a solar module from the environment. This method can be applied to both wafer-

based and thin-film modules. Such lamination is realized by combining steps of different pressures (both 

negative and positive) and different temperatures for given amounts of time. The temperature allows the 

encapsulant layers to melt and crosslink, the vacuum (negative pressure) to evacuate the trapped gases, 

and the positive pressure to compress the module layers avoiding bubble formation in the lamination 

sheets upon solidification or other imperfections. We note here that for thin-film modules, solar cells are 

usually directly deposited onto the module glass in the superstrate configuration, requiring only one 

lamination sheet (at the rear). For wafer-based module technologies, two lamination sheets are usually 

needed. Industrial laminators can accommodate several solar modules at the same time and are often 

arranged in parallel production lines to increase throughput (>100 modules/hour depending on the factory 

capacity). For perovskite/silicon tandems the correct choice of encapsulant material is of critical 

importance and is, as stated, largely dictated by the temperature constrains of the perovskite. EVA is the 

most commonly used encapsulant for silicon technologies, combining good optical and mechanical 

properties with reduced costs. However, it is not suitable for perovskite/silicon tandems due to its high 

cross-linking temperature (140-145 °C) and release of byproducts that are harmful to perovskites. We note 

that even for standard c-Si single-junction modules, EVA degradation into acidic by-products (which, in 

turn, may attack device metallization) is one of the major causes of module failure, which is exacerbated by 

the module operating temperature.40,41 This mandates the search for effective strategies to keep module 

temperatures low,42 in particular in hot and sunny climates, e.g. by minimizing parasitic heating and 

considering windy locations with high sky transparencies for PV deployment, but also by searching for 

alternative encapsulants. An alternative to EVA are polyolefin elastomers (POE), which lower the processing 

temperature down to 120 °C and have been proved working even with perovskite thin-film single-junction 
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solar cells.43,44 In this direction, several commercial products are available with small variations in terms of 

processing parameters for optimal lamination. Thermoplastic poly urethane (TPU) is another alternative 

with even lower processing temperature (down to 100 °C) and high transmittance in the visible range. 

Overall, from our experience in laminating lab-scale perovskite/silicon tandem modules, even with these 

alternative materials, it is always better to pre-cure the encapsulant within two sheets of 

polytetrafluoroethylene (PTFE) to allow for degassing of moisture, which can be easily trapped in the 

porous matrix of pristine polymer sheets. The choice of the right encapsulant should also consider its 

impact on the optics of the tandem, ideally aiding in maximizing light-coupling into the devices.45 Here, we 

report the simulated tandem upper limit for the short-circuit current density, JSC of the sub cells in a 

perovskite/silicon tandem (assuming unit quantum collection efficiency), for three different perovskite 

bandgaps (1.59 eV, 1.63 eV, and 1.68 eV) laminated in modules with EVA, POE, TPU encapsulants (Figure 

4a). We note that in a monolithic tandem, due to Kirchhoff’s circuital law, the tandem JSC is dictated by the 

lowest JSC of any of the sub cells. The figure 4a shows thus that for all encapsulants the ideal perovskite 

bandgap would be around 1.63 eV (which is lower than that for non-capsulated tandems).46 Indeed, as 

expected, the encapsulants are mostly transparent and do not alter the current-matching condition 

significantly, even though POE features a higher parasitic absorption compared to the other two 

encapsulants. Lastly, it is important to mention that many encapsulant materials suffer from UV 

degradation over long time outdoor exposure, potentially causing module failure as in the case of EVA, due 

the created byproducts. In the tandem configuration, this particular degradation, asides from shortening 

the time to failure of the modules, can also affect the optics of the module and therefore alter the current 

matching condition between the sub-cells over the time of the module deployment. Here, it is worth to 

mention that the 4T configuration partially alleviates this issue. Indeed, for 4T tandems, the perovskite sub-

cell is realized with a superstrate configuration and the encapsulant layer, placed in between the two sub-

cells, is shielded against the UV radiation by the perovskite, which is known for its relative radiation 

hardness.47,48 A similar consideration can be made for modules exclusively based on perovskite thin-film 

technologies, either in single- or multijunction configuration. As stated, for thin-film modules in general, 
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only one lamination sheet is required, since the devices are deposited on one of the module barriers 

(usually glass), which will be shielded by the devices from UV illumination. 

Table 1 summarizes the properties and performances of different encapsulants to laminate 

perovskite/silicon tandem modules. 

 
Absorption edge 

(nm) 
Processing 

temperature (°C) 
Cross-linking Pre-curing 

EVA 370-400 145 Yes No 
POE 370-400 122 No Recommended 
TPU 380-410 100 No Needed 

Table 1. Properties of conventional encapsulant. The laminating temperature may vary based on different commercial products. The 
pre-curing suggestion is based on our own experience, the other properties are provided by the supplier. 

 

 Notably, due to the sensitivity of perovskites to environmental agents, classic lamination may not give 

sufficient protection. Complementary to this it may be needed to provide effective edge sealing of the 

module, for instance by butyl rubber (or others poly isobutene (PIB) derivatives) between the front glass 

and the rear barrier, preferably another glass (Figure 4b). In principle, this approach can be used without 

lamination sheets, provided the strings are well-anchored with other means, which significantly reduces 

the required encapsulation temperature, since several commercial edge sealants can be processed below 

100 °C.49,50 The simple realization of this method makes it favorable at the research level, and has indeed 

been proven to work efficiently for lab-sized samples.44,51 Notably, due to the applied pressures, this 

technique can even avoid any soldering of strings. Another advantage of this method is that it will enable 

simpler future module recycling, where once the glass is opened the module components can be separated 

in an easier way than for modules relying on encapsulants. However, the lack of encapsulants requires 

alternative means to guarantee sufficient mechanical support to anchor well strings of several cells. In 

addition, the mismatch of the refractive indices (noutside atmosphere < nglass > ninside atmosphere < ntandem) may 

negatively affect the module current output. Nevertheless, beyond enabling outdoor tests for lab-scale 

devices,52,53 edge sealants are also particularly useful if combined with lamination sheets such as POE and 

TPU, as by themselves these sheets provide only a minimal barrier effect against moisture, which can 

percolate from the edges of the module. We noticed that including ~1 cm of PIB on the edges of the 

module significantly improved the stability both in outdoor conditions and in accelerated degradation (ISOS 
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D3 test protocol). This amount may need further optimization to minimize CTM losses.52,53 The edge sealant 

also reduces the percolation of moisture from the terminal leads through the edges of the module (in 

industrial modules the leads are sealed in the junction box). However, due to the different processing 

temperatures between the edge sealant and the encapsulant, an integrated process requires a certain level 

of optimization. As an alternative, it is possible to use several silicone-like materials commonly used to seal 

the junction boxes in commercial modules. These materials can be applied on the edges a posteriori, after 

the lamination, possibly simplifying the process (Figure 4b). Finally, it is possible to seal the module with a 

transparent filler in a vacuum-free process.54 This approach is commonly used in small modules connected 

with portable devices, typically using epoxy resins as filler (Figure 4c). For standard modules, this 

technology has been tested by several silicon manufacturers using transparent silicone as filler with 

remarkable success. However, the higher costs imposed by the silicone processing forced the products into 

niche markets to date. 

 

Figure 4. a) Simulated short circuit current density from the optical absorption of the perovskite and silicon sub-cells in a modules 
with different encapsulants. b) Edge sealing at the corner of the module. From top to bottom: butyl rubber embedded in the 
encapsulant; butyl rubber laminated after the encapsulant; silicone edge sealing combined with embedded butyl rubber. c) Portable 
silicon module encapsulated with epoxy resin. 

 

The role of the barriers 

The right choice of materials for the front and rear barriers significantly affects the performance and the 

stability of the modules. Typically, in silicon modules, the front barrier is a sheet of highly transparent 
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tempered glass, while the rear barrier can be either a polymeric sheet (which usually has been opaque) or 

another sheet of glass. Polymeric back sheets are usually white and highly reflective on their sunward side 

to enhance internal reflection of photons generated in the non-active areas, increasing the probability of 

their absorption by the devices. So far, the largest share of commercial modules still includes such white 

polymeric back sheet as rear barrier. Nevertheless, there is growing interest in bifacial modules, to allow 

for a better exploitation of the albedo. So far, such bifacial modules are usually based on a glass-glass 

configuration, which has proven to be highly reliable and to offer excellent rear transparency; such 

modules may also offer some benefits in terms of recyclability. Nevertheless, rear glasses may present 

several inconveniences, motivation the exploration of new class of transparent polymeric back sheets.53,55 

Firstly, the higher weight of glass, compared to the polymers directly translates in higher costs during the 

transportation and installation; it may also lead to system warping and requires robust supportive 

structures. Secondly, the glass itself is more expensive than polymer back sheets. The third inconvenience 

is related to the junction box. The junction box is usually placed at the rear of the module. Double glass 

modules require the realization of holes in the glass before the tempering process, which comes at extra 

costs. As an alternative, the junction box can be placed on the side of the modules; however, this requires 

extra space between the modules, reducing the packing density and hence power output of the 

installation. In the case of perovskite/silicon tandems, however, double glass barriers are the most 

reasonable option since polymeric back sheets do not offer enough protection against moisture ingress to 

meet the perovskite requirements (Figure 6). At the same time, the perfect sealing of double glass modules 

may have the negative effect of trapping the gases released by the encapsulant, which are relatively free to 

evacuate through the polymeric back sheet. In turn, this can represent a serious hazard to the long-term 

stability of the perovskite/tandem module, adding to the list of unwanted instability phenomena related to 

the perovskite itself and perovskite-based devices.  
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Figure 6. Photographs of two perovskite/silicon tandem solar cells encapsulated without (a) and with (b) epoxy edge sealing. The 
devices are vacuum laminated with a front glass and white rear backsheet, using POE as encapsulant. The photographs are taken 
after 72 hours of damp heat testing (ISOS D3: 85 °C, 85% humidity, in dark). The weak barrier of the backsheet did not prevent 
moisture from degrading the devices entirely. Red scale bar: 1 cm. 

 

Impact on the performances 

The module PCE is calculated as the generated power output divided by the total incident solar energy on 

the module area. For wafer-based modules, the module PCE is generally lower than the cell efficiency, and 

is referred to as CTM losses in literature. This difference is mainly due to three factors: optical losses, 

resistive losses, and design. The optical losses are induced by the reflections at the front glass (quantified to 

be around 4% of the total incident light),56 as well as the parasitic absorption of the front glass and the 

encapsulant, especially in the 300-400 nm wavelength range. To reduce the reflection losses, the front glass 

can be either textured or covered with anti-reflective coatings (ARC). Besides optical losses caused by 

encapsulation, connecting cells into strings with ribbons adds additional series resistance and additional 

shading of devices. The upgrade of the ribbon design from stripe to wire and the increase of the number of 

busbars (from 3 to 12 per cell) can mitigate these losses. In parallel, the so-called smart-wire approach, 

which eliminates the need for busbars (only metal fingers are printed on the devices), can be successfully 

implemented as well in the tandem module to further reduce these losses.57 We remark that the additional 

resistive losses on module level due to interconnections also cause the temperature coefficient of a given 

module to be higher than the temperature coefficient of the corresponding solar cell technology,58 

motivating further to reduce the resistive losses at the module level. The design losses are related to the 

geometrical fill factor and the portion of the non-active area of the module, together with the frame and, 

eventually, lateral junction boxes that extend the module area.  Over the last ten years, silicon module 
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manufacturers have improved significantly the design of their modules. Recently, the shift to larger wafers 

(used to assemble modules with half-cut cells), coupled with the use of Cz ingots of larger diameter 

(increasing the ‘squareness’ of pseudosquare wafers) and the implementation of the shingling design, 

proved that the geometric fill factor could be still improved, significantly increasing the module PCE. 

Perovskite/silicon tandems must look at these examples to fully capitalize on their performance advantage 

and be fully competitive when entering the PV market. If the optical losses can affect the current matching 

condition of the tandem, their impact would be more serious than with conventional silicon solar cells. 

Indeed, the current in tandems is roughly half of that of single-junction silicon solars, but the voltage is 

more than doubled. Because of this, it is important that the tandem device is optimized to work at the 

module level, rather than merely at the cell level. Moreover, in the single-junction c-Si module design, the 

M2 wafer format is gradually becoming outdated by most wafer manufacturers. This does not only 

represent a possible module PCE issue, but also a supply-chain issue. The production of silicon wafers is 

largely controlled by the leading silicon wafer manufacturers, and tandem manufacturers will have to 

follow the mainstream supply trends, where the emergence of M6 wafers as well as M10 wafers (for half-

cut cells) in industry can potentially cause a shortage and disappearance of M2 wafers. 

Aside from optical and resistive losses as well as module design, perovskite/silicon tandems require some 

additional considerations. Indeed, particular attention must be given to reverse-bias conditions, which 

could arise form accidental partial module shading, together with a thorough temperature control of the 

module. For the former reason, tandem modules can largely benefit from the extensive integration of 

bypass diodes. In a conventional module, the function of the bypass diodes is to isolate a string of cells with 

unintentionally lower current (due to external factors) from the rest of the module. In this way, the voltage 

output is reduced, whereas the current output is preserved.59 Usage of bypass diodes is essential since the 

current output would be limited by the lowest current generated among the cells due to the series 

connection (and even the modules).  Partial shading of one cell often causes the low current generation. 

Without the bypass diodes, the neighboring cells force the shaded cell in reverse bias (which can easily be 

tens of volts). Several studies have addressed the risk of reverse bias for perovskite solar cells, which have 
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found to have a very high failure rate when polarized in reverse voltage bias.60-63 To avoid this risk, the 

tandem modules should adopt a large amount of bypass diodes, ideally one per cell but other 

configurations are also possible,60 integrated directly in the tabbing process (in silicon modules the bypass 

diodes are generally placed inside the junction box, Figure 2b). Next, solar modules can reach temperatures 

above 55 °C during their operating hours in continental regions and up to 70 °C in desert climates, and 

much higher in rooftop applications due to heat trapping effects (up to 90 ˚C).42 Aydin et al. showed that 

the rise of the temperature causes the broadening of the perovskite bandgap, concomitant with the 

reduction of the silicon bandgap.52 This opposing trend can be at the origin of temperature-induced current 

mismatching and, hence, severe performance losses. Once more, this shows the importance of optimizing 

the tandem cell to work at the module level, under outdoor conditions. Indeed, the temperature effect 

must be considered to tailoring the perovskite composition for different climate location, at the likely cost 

of a customer segmentation per regional area.  

Future directions 

It is logical to imagine that in the next years the perovskite/silicon tandem modules will adhere to the main 

trends in c-Si module manufacturing to assume a competitive position in the market, for instance by 

adopting larger cells, possibly in shingling configurations. The rise in PCE of the tandem cells is rapidly 

approaching the 30% mark.7 However, these cells are still employing technologies that may not yet be fully 

compatible with industrial production standards, either for their processing, the materials used, or for their 

costs (for instance by sometimes still relying on single-side mirror-polished wafers and using spin-coating 

for the perovskite processing). Moreover, many of the lab-scale record devices are reported on relatively 

small device areas (~1 cm2), with very few reports for larger devices.64-66 Increasing the size of the tandem is 

imperative and implies scaling-up the perovskite top-cell fabrication.67 Yet, achieving high PCEs on large-

area tandems is in its own right a tough challenge that must be done with compliance with the 

contemporary industrial standards in terms of manufacturability of materials and methods. Parallel to this, 

significant efforts are still needed to meet the ever-growing reliability standards imposed by the silicon 

companies (IEC module qualification tests) and more recently even for perovskites (ISOS tests).68,69 At the 
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present stage, it is well-know that the instability of the optoelectronic properties of the perovskite 

represents the weakest point in the promise of perovskite-based technologies. While several efforts are in 

place to solve these issues, new challenges at the module level may arise in the form of potential induced 

degradation (PID), among other factors.70 An alternative way to boost the PCE and improve the stability of 

the perovskite/silicon tandem is to adopt the bifacial tandem configuration, allowing for the reflected and 

scattered light from the ground (albedo) to be absorbed by the silicon sub-cell.53 In this way, the current of 

the tandem can be enhanced, and the performances increased. Moreover, the bifacial configuration allows 

for a reduction of the perovskite bandgap, improving the stability against halide segregation in the 

perovskite film. Bifacial perovskite/silicon tandem modules use the same glass/glass configuration of their 

monofacial counterparts, without further impact on production costs. Another way to improve the 

performance of the tandem modules is the implementation of single-axis solar-tracking systems (also for 

bifacial tandems). With the tracker, the superior performances of the tandems can further be exploited, to 

increase even more their higher energy yield, reducing at the same time unwanted effects related to 

current matching between the sub-cells at low irradiance angles. This topic is still largely unexplored. In 

parallel to these improvements, a new challenge that will arise in the transition from cell to module is 

related to possible layer delamination of the perovskite sub-cell. Several studies have already shown the 

weak mechanical bonding between the layers forming single-junction perovskite solar cells.43,71-73 

Delamination of device layers, induced by the mechanical stress caused by the shrinking or expansion of 

the encapsulants, either during the lamination process or daily operations, can be a major cause of failure 

of tandem modules. The delamination can also originate from the different expansion coefficients of the 

several materials used in the tandem. This severe issue must be proactively addressed for real applications 

and commercialization. Here, a strategic advantage may be given to the 4T configuration, due to the 

physical separation between the two sub-cells provided by the encapsulant. Lastly, it is important to look at 

future challenges and potential economic interests in recycling tandem modules. Several module 

components, such as glasses, frame, and junction boxes, can be recycled with a similar approach used for c-

Si modules.74 While for the tandem solar cell, the silicon bottom-cell could potentially be reused, providing 
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that the performances are preserved and the perovskite top-cell is removed without creating damages. For 

the perovskite top-cell, several studies have already explored the idea of recycling materials, by dissolving 

the perovskite film.75,76 However, it will be challenging to separate the interlayers from the perovskite core, 

preserving a significant profit. 

Conclusions 

Perovskite/silicon tandems rely on their superior efficiency to disrupt the PV market and to establish a 

leading position. However, the true success of a solar technology is not so much measured in terms of 

efficiency, but rather in its volume of installation, driving the global energy transition. A good example is 

provided by the back-contacted technology, whose cell efficiency can exceed any industrial silicon 

technology; in the SHJ implementation it even represents the world-record PCE for single-junction c-Si solar 

cells.77 Despite these exceptional performances, the back contacted technology so far covers only a small 

share of the PV market, due to the higher costs of its products. For this reason, back-contacted modules 

have found a better position in the residential market, where the roof area limits the size of the 

installation, favoring a premium solar technology. Therefore, at the current stage, it is still speculative to 

predict if the tandem will be successful in this challenge, or if it will be just another emerging technology in 

the solar panorama. However, the swift improvement of the tandem performances and the record 

efficiencies reported so far are highly promising signs for true success. But it will be the attention and 

dedication of the leading solar industries,78 rather than the hopes of these authors, that will determine if 

the era of the perovskite/silicon tandems is truly about to begin. 
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Perovskite/silicon tandem solar cells are promising as mainstream high-performance photovoltaic 

technology. Currently, a many of efforts are undertaken to further improve the performances of the 

tandem. However, little is known on the module requirement discussed addressed, in view of a swift 

commercialization of this technology. 
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