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Abstract 

Bifacial solar cells hold the potential to achieve a higher power output per unit area than 

conventional monofacial devices without significantly increasing manufacturing costs. 

However, efficient bifacial designs are challenging to implement in inorganic thin-film solar 

cells because of their short carrier lifetimes and high rear surface recombination. The emergence 

of perovskite photovoltaic (PV) technology creates a golden opportunity to realize efficient 

bifacial thin-film solar cells, owing to their outstanding optoelectronic properties and unique 

features of device physics. More importantly, transparent conducting oxide electrodes can 

prevent electrode corrosion by halide ions, mitigating one major instability issue of the 

perovskite devices. In this perspective, we summarize the theory of bifacial PV devices and 

review the advantages of bifacial perovskite solar cells, such as high power output, enhanced 

device durability, and low economic and environmental costs. We also discuss the limitations 

and challenges for bifacial perovskite solar cells. Finally, we advocate the awareness of bifacial 

solar cells as a feasible commercialization pathway of perovskite PV for mainstream solar 

power generation and building-integrated PV and suggest future research directions. 
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1. Introduction 

The past decade has witnessed rapid development in photovoltaic (PV) technologies and the 

widespread deployment of PV systems. The global installation of PV modules reached 139 

gigawatts (GW) in 2020, bringing the accumulated global PV capacity to more than 760 GW.[1] 

Solar energy has been playing an increasingly important role in the world’s energy portfolio. 

With strong forward momentum, it is becoming a key contributor in the global transition to 

decarbonized electricity generation. Given the speed of progress in lowering manufacturing 

costs and increasing the performance and reliability of different PV technologies, the growth 

toward multi-terawatt (TW) scale PV is expected in the coming years.[2, 3] To achieve 

sustainable PV manufacturing and deployment at the multi-TW scale, all of the established and 

future commercial PV technologies need to advance further in terms of a substantial increase 

in PV module power generation, reduction in module prices, and improvement in long-term 

reliability, eventually realizing low levelized costs of electricity (LCOE) that are compatible 

with standard electricity prices in the energy market. The PV industry’s future development 

necessitates increased attention to emerging techniques with the potential to achieve high power 

generation at low costs.   

Increasing the power output per unit area of solar panels at low additional manufacturing costs 

is crucial for further lowering the PV-generated electricity price. One of the simplest and 

inexpensive strategies for increasing the power output density of a solar panel is to harvest 

reflected and diffuse sunlight from the ground by employing bifacial designs. The concept of 

bifacial solar cells can date back to the 1960s, but the momentum to bring bifacial solar panels 

to the market has been gradually realized in the last decade as one of the latest technological 

advances in PV manufacturing.[4] The mainstream crystalline silicon (c-Si) PV module 

manufacturers are now producing bifacial silicon solar modules based on different cell 
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technologies. The trend shows that bifacial solar cells and modules are increasingly important 

in today’s PV market and may soon become the cost-effective PV standard.[5]  

Unlike c-Si solar cells, efficient bifacial designs have not been demonstrated in commercial 

inorganic thin-film PV technologies because the polycrystalline inorganic thin films suffer from 

short carrier lifetimes and high rear surface recombination, limiting their bifacial PV 

performance.  Metal halide perovskite solar cells (PSCs) have generated great interest in the 

PV research and industry, owing to their fast-growing power conversion efficiencies (PCEs),[6] 

outstanding optoelectronic properties,[7] ease of production,[8] low estimated manufacturing 

costs,[9] and readiness to take steps toward commercialization.[10] Within a decade, PSCs have 

rapidly evolved from a newcomer to a leading competitor to rival other established PV 

technologies.  

The development of PSCs opens up a golden opportunity to realize efficient bifacial thin-film 

solar cells. Figure 1 depicts the bifacial architecture for PSCs, summarizes the unique 

optoelectronic properties of perovskites that enable high bifacial performance, and highlights 

the advantages of bifacial PSCs. Employing the bifacial device architecture can boost the power 

generation of PSCs by collecting more sunlight. More importantly, the transparent conducting 

oxide (TCO) electrodes used in the bifacial architectures possess high halide corrosion 

resistance and diffusion blocking effects, mitigating one major instability issue of PSCs and, 

therefore, enabling long-term stability. The enhanced device performance and durability are 

critical to delivering low LCOE and environmental impacts. Additionally, bifacial perovskite 

PV devices have broad applications in different fields, including bifacial solar modules for 

utility-scale, commercial, and residential solar projects and building-integrated photovoltaics 

(BIPV). If it succeeds, bifacial perovskite PV will become a disruptive player in the PV market 

in the future. Although considerable efforts are directed toward developing semitransparent 

bifacial PSCs and perovskite tandem solar cells, there is no systematic understanding of bifacial 
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PSCs’ operation principles, production, and commercial applications. A comprehensive 

guideline to rationally design bifacial PSCs, accurately assess their bifacial performance, and 

identify and overcome the hurdles to their commercialization is in urgent demand. 

 

 

Figure 1. Schematic structure of a bifacial perovskite solar cell, the unique properties of metal 

halide perovskites, and the advantages of bifacial perovskite solar cells. 

 

In this perspective, we hope to convey a complete picture of the advantages and challenges of 

the bifacial perovskite PV technology. We first discuss the working principle, key concepts, 

accurate assessment, and theoretical and practical efficiency limits of bifacial solar cells. We 

then summarize the unique optoelectronic properties of metal halide perovskites that enable 

their excellent bifacial PV performance and briefly review the surge of bifacial perovskite PV 

applications. Lastly, we outline the current limitations and shortcomings of bifacial perovskite 

PV and provide our views on the future research and development directions that can realize 

the full potential of bifacial PSCs.  

 

2. Working Principles of Bifacial Solar Cells 
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Bifacial solar cells can collect light incidents on both the front and rear surfaces, enabling higher 

output power density than their monofacial counterparts. Thermodynamically, a bifacial solar 

cell in operation is just a concentrated solar cell at a low injection (light intensity < 2 suns) 

because collecting the additional photons from the rear surface increases the number of photons 

absorbed in the cell. In practice, bifacial illumination provides a different charge generation 

profile in the absorber layer than concentrated single-side illumination, and consequently, has 

unique recombination and charge transport properties that govern PV performance. This section 

briefly discusses the key concepts of bifacial solar cells, standardize measurement methods, 

theoretical and achievable equivalent efficiency gains, and some device examples based on 

conventional PV materials.  

2.1. Characterization of Key Parameters 

Bifacial solar cells are fabricated with two transparent electrodes or have two light-permeable 

surfaces, allowing light incidents on both the front and rear sides of the devices (Figure 1). 

Consequently, the PCE of a bifacial solar cell can be characterized independently under one 

sun illumination on the front (Figure 2a) or rear (Figure 2b) side. One of the key parameters to 

characterize bifacial solar cells is the bifaciality factor (φ), which is defined as the PCE ratios: 

𝜑 = 𝜂𝑟𝑒𝑎𝑟 𝜂𝑓𝑟𝑜𝑛𝑡⁄          (1) 

where ηrear and ηfront are efficiencies of a bifacial solar cell under the rear and front side 

illumination, respectively. Typically, the front is the primary side to collect direct sunlight, and 

the front-conversion efficiency is equal to or higher than the rear-conversion efficiency. 

Therefore, φ typically has a range of 0 to 1. A higher φ value indicates a better albedo light 

conversion capability for a given solar cell.  
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Figure 2. Schematic illustration of bifacial solar cell efficiency characterization. (a) Front-side, 

(b) rear-side, and (c) one-side equivalent efficiency measurements using a single illumination 

source. Bifaciality factor (φ) is defined as the ratio of the rear to front efficiencies. (d) bifacial 

equivalent efficiency measured under concurrent bifacial illumination. (e, f) schematic 

measurement system setups for standard bifacial solar cell characterization under simultaneous 

bifacial illumination using (e) one or (f) two solar simulators.   

 

Unlike regular monofacial solar cells, there is no consensus on the standardized measurement 

protocols of bifacial solar cells in research laboratories. Most researchers only report bifaciality 

determined by the ratio of the rear to front side efficiencies measured separately but not measure 

the devices under simultaneous bifacial illumination. To better characterize bifacial solar cells 

under bifacial illumination on both front and rear sides, parameters have been proposed to 

clarify the rear side illumination condition.[11] The irradiance gain (g) and irradiance factor (χ), 

which are used to describe the additional back irradiation, are defined as: 

𝑔 = (𝐺𝑟𝑒𝑎𝑟 +  𝐺𝑓𝑟𝑜𝑛𝑡) 𝐺𝑓𝑟𝑜𝑛𝑡⁄        (2) 

𝜒 = 𝐺𝑟𝑒𝑎𝑟 𝐺𝑓𝑟𝑜𝑛𝑡⁄ = 𝑔 − 1        (3) 
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where Gfront and Grear are front and back illumination light intensities for the specific bifacial 

application. Normally, the AM1.5G illumination with one sun intensity, corresponding to a 

power density of 1000 W m-2, is used for Gfront, whereas Grear can be variable depends on 

different application scenarios. In practical applications, Grear is mainly from the surface 

reflection of direct sunlight. Therefore, χ is also referred to as the albedo factor.    

Bifacial solar cells under both-side illumination can be characterized using the bifacial 

equivalent efficiency, which is defined as the equivalent efficiency of a monofacial cell that can 

generate the same power density as the bifacial cell under the same testing condition. Bifacial 

equivalent efficiency (ηeq) can be estimated after independent front and rear PCE measurements 

using this equation:  

𝜂𝑒𝑞 =  𝜂𝑓𝑟𝑜𝑛𝑡 +  𝜂𝑟𝑒𝑎𝑟 ∙ 𝜒          (4) 

The equivalent efficiency provides an assessment of the end-use benefits of bifacial solar cells, 

i.e., to estimate energy yield under certain installation conditions, and, thus, is more frequently 

used than the absolute PCE considering the total input photon energy. Besides, the bifacial 

efficiency gain (BEG) is defined as the relative increase in equivalent PCE under bifacial 

illumination compared with monofacial illumination: 

𝐵𝐸𝐺 (%) = (𝜂𝑟𝑒𝑎𝑟 ∙ 𝜒)/𝜂𝑓𝑟𝑜𝑛𝑡 =  𝜑 ∙ 𝜒 ∙ 100       (5) 

A critical issue with bifacial PV is the uncertain standard and characterization protocols, 

especially in academic research laboratories. The International Electrotechnical Commission 

(IEC) technical specification 60904-1-2: “Measurement of current-voltage characteristics of 

bifacial photovoltaic (PV) devices” proposes two methods for the current-voltage (I-V) 

characterization.[4] The first is an equivalent single-side illumination measurement using a 

typical solar simulator as in monofacial solar cell characterization (Figure 2c).[11] In this 
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approach, an equivalent irradiance is used to compensate irradiance gain from the rear-side 

illumination, as defined by:[12] 

 𝐺𝑒𝑞 = 𝐺𝑓𝑟𝑜𝑛𝑡 + (
𝐼𝑠𝑐,𝑟𝑒𝑎𝑟

𝐼𝑠𝑐,𝑓𝑟𝑜𝑛𝑡
) ∙ 𝐺𝑟𝑒𝑎𝑟 ≈ 1000 𝑊 𝑚−2 + 𝜑 ∙ 𝐺𝑟𝑒𝑎𝑟   (6) 

where ISC, rear and ISC, front are short-circuit currents of a bifacial solar cell under rear and front 

side illumination, respectively. The front-side illumination is fixed at one sun intensity (1000 

W m-2), and the equivalent rear-side light intensity is 0.1 or 0.2 sun, corresponding to a light 

intensity of 100 or 200 W m-2. Because this method does not require extra accessories other 

than standard monofacial cell characterization tools, it is used for characterizing commercial 

bifacial PV modules. However, the actual operation of bifacial solar cells is not necessarily a 

simple linear summation of separately measured front and rear side efficiency in proportion to 

their irradiance conditions. The second method measures a test cell under concurrent bifacial 

illumination consisting of the front irradiance at one sun intensity and the rear at 0.1 or 0.2 sun 

intensity (Figure 2d). A typical bifacial measurement system can be set up with one solar 

simulator with a filter and mirrors to split the simulated solar radiation (Figure 2e)[4, 13] or two 

solar simulators simultaneously illuminated from both sides of the test device (Figure 2f).[4, 14]  

2.2. Theoretical and Practical Efficiency Gains 

2.2.1. Equivalent Circuit and Theoretical Efficiency Limits  

The equivalent circuit for a bifacial solar cell is the same as a single-diode solar cell model with 

an additional current source to represent the photocurrent generated from the rear-side 

illumination (Figure 3a). In brief, the J-V curve of a bifacial solar cell can be described by:  

𝐽 = 𝐽0  [exp (
𝑉+𝐽𝑅𝑠

𝑛𝑘𝑇
) − 1] + (

𝑉+𝐽𝑅𝑠

𝑅𝑠ℎ
) − 𝐽𝑝ℎ,𝑓𝑟𝑜𝑛𝑡 − 𝐽𝑝ℎ,𝑟𝑒𝑎𝑟    (7) 

where J0 is dark saturation current density, Rs and Rsh are series and shunt resistances, 

respectively, n is the ideality factor of a diode, k is the Boltzmann constant, T is the temperature 

of the cell, and Jph, front and Jph, rear are the photocurrent densities under the front and rear side 

illumination, respectively. The sum of the last two terms gives the total photocurrent density 

(Jph). 
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Figure 3. Theoretical model and efficiency limits of a bifacial solar cell under different bifacial 

illumination conditions. (a) Equivalent circuit of a bifacial solar cell. (b) Detailed balance 

efficiency limits of bifacial solar cells as a function of absorber bandgap and albedo conditions.  

Reproduced with permission.[15] Copyright 2021, Royal Society of Chemistry. (c) J-V curves 

and (d) PV parameters (ηeq, JSC, VOC, and FF) of an ideal solar cell with a bandgap of 1.5 eV 

under different bifacial illumination conditions.  

 

The detailed balance efficiency limit for bifacial solar cells can be calculated by solving the 

diode equation. In brief, for an ideal solar cell, the impact of n, Rs, and Rsh is omitted. J0 is 

determined only by the total rate of recombination owing to the blackbody radiation from both 

sides of the cell with energy above its bandgap:[15] 

𝐽0 =  2𝑞 ∫
1

exp(ℎ𝜈/𝑘𝑇)−1

∞

𝐸𝑔
 
2𝜋𝜈2

𝑐2 𝑑𝜈      (8) 

where q is the unit charge, Eg is the bandgap of the absorber layer, h is the Planck constant, υ is 

the frequency of a photon, and c is the speed of light. 

The total light photocurrent density under bifacial illumination is determined by: 

𝐽𝑝ℎ =  ∫  [𝐺𝑓𝑟𝑜𝑛𝑡(𝜆) + 𝐺𝑟𝑒𝑎𝑟(𝜆) × 𝜑]
1240/𝐸𝑔

𝜆𝑖
𝑑𝜆     (9) 

where λi and λ are the shortest wavelength for the illumination spectrum and the wavelength of 

a photon, respectively.  
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Figure 3b plots the theoretical efficiency limits of ideal bifacial solar cells with different 

absorber Eg values and different bifacial illumination conditions  (χ = 0.0 to 0.5).[15] The shaded 

region highlights the bandgap range (1.25 to 1.70 eV) for high-efficiency (> 20%) PSCs. 

Bifacial solar cells in this bandgap range show significant efficiency gains with an additional 

rear-side irradiance. For example, Figure 3c displays the J-V curves of an ideal solar cell with 

an Eg of 1.5 eV, close to the bandgap of ubiquitous formamidinium lead iodide (FAPbI3)-based 

perovskites, under different rear-side irradiance conditions. Figure 3d summarizes the 

variations in the PV parameters as a function of the albedo factor. For an ideal solar cell, 

increasing the rear-irradiance intensity not only proportionally increases short-circuit current 

density (JSC) but also slightly increases open-circuit voltage (VOC) and fill factor (FF), leading 

to a higher PCE. The trend is the same as in the relationship between light intensity and PCE 

for concentrated solar cells.[16]  

2.2.2. Factors limiting bifacial efficiency  

For a practical bifacial solar cell, Jph is greatly influenced by the spectral response of the device 

under two-side illumination. Equation 9 can be modified to 

𝐽𝑝ℎ =  ∫  [𝐺𝑓𝑟𝑜𝑛𝑡(𝜆) × 𝐸𝑄𝐸𝑓𝑟𝑜𝑛𝑡(𝜆) + 𝐺𝑟𝑒𝑎𝑟(𝜆) × 𝐸𝑄𝐸𝑟𝑒𝑎𝑟(𝜆)]
1240/𝐸𝑔

𝜆𝑖
𝑑𝜆  (10) 

where EQEfront and EQErear are the external quantum efficiencies (EQE) under front-side and 

rear-side irradiance, respectively. Different PV technologies exhibit various bifacial responses 

to the solar spectrum. All major c-Si PV technologies, including passivated emitter rear contact 

(PERC), silicon heterojunction with an intrinsic thin layer (HIT), interdigitated back contact 

(IBC), and tunnel oxide passivated contacts (TOPCon), have already realized bifacial 

applications with high PCEs exceeding 20% and high φ values in the range of 0.75 to 0.95.[4, 

17] For instance, a typical bifacial c-Si HIT cell shows a high φ of 0.93 with similar EQE curves 

under the front and rear illumination (Figure 4a).[18] The high bifaciality of the c-Si HIT cell is 

enabled by the long carrier lifetime (100 μs to ms) and diffusion length (up to 300 μm) in the 

bulk Si and the heterojunction passivation by intrinsic thin layers, which ensure that the 

photogenerated carriers can be collected by selective contacts before recombining.[19]     



  

11 

 

In contrast to c-Si cells, conventional thin-film solar cells, such as CdTe and CIGS, typically 

exhibit poor bifaciality. For instance, Figure 4b compares EQE curves of a bifacial CdS/CdTe 

solar cell under front-side and rear-side illumination.[20] The front-side EQE shows a relatively 

high response across the wavelength range of CdTe absorption, while the rear-side EQE only 

exhibits a weak response with gradually increasing efficiencies at longer wavelengths, 

corresponding to the lower energy photons that are absorbed closer to the p-n heterojunction. 

The poor bifaciality is mainly attributed to the relatively short carrier lifetimes, unfavorable 

band bending at the rear interface, and high rear surface recombination velocity of 

polycrystalline CdTe, as illustrated in Figure 4c.[19] Because of the low bifaciality, thin-film PV 

technologies based on CdTe,[20-23] CIGS,[24-26] organic PV,[27, 28] and dye-sensitized solar cells[29, 

30] have only been considered for flexible, low-weight, semitransparent applications,[17] but 

have not yet commercialized for high-efficiency bifacial PV modules. 

Unlike the other thin-film PV technologies, metal halide perovskite thin films possess long 

minority carrier lifetimes and diffusion lengths, low rear surface recombination velocities, and 

proper band alignment and passivation at the interfaces. Consequently, typical bifacial PSCs 

exhibit comparable EQE curves under the front and rear illumination, as shown in Figure 4d, 

and high bifaciality.[15] The unique properties of perovskite that enable such high bifaciality are 

discussed in Section 3.  
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Figure 4. Spectral responses of bifacial solar cells. (a) EQE curves of a bifacial HIT Si cell 

under the front and rear side illumination. Data was adapted from a conference 

presentation.[18] (b) EQE curves of a bifacial CdTe solar cell under the front and rear side 

illumination. Data was adapted from our previous work.[20] (c) Schematic illustration of 

factors limiting the rear-side EQE of a thin-film solar cell. Reproduced with permission.[19] 

Copyright 2020, American Chemical Society. (d) EQE curves of a bifacial perovskite solar 

cell under the front and rear side illumination. Data was adapted from our previous work.[15] 

 

2.2.3. Albedo Conditions and Efficiency Gains  

The power gain from a bifacial solar cell compared with a monofacial equivalent depends on 

the amount of light incident on the rear surface and the rear-side efficiency. In practical 

applications, the fraction of sunlight reflected by the ground or a reflective back surface 

provides the rear-side irradiance of a bifacial solar cell. Albedo measures how well a surface 

reflects light and is generally defined as the ratio between the power of the reflected light and 

the power of the total incoming light. When the albedo is high, the number of photons from the 

rear side illumination becomes significant to the total power output of a bifacial solar cell. 

Figure 5a shows the reflection spectra of common ground materials under normal incidence, 
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adapted from the record in NASA’s ECOSTRESS Spectral Library.[31] Figure 5b compares their 

average albedo values in the typical perovskite absorption range (300 to 850 nm). Common 

ground materials (e.g., grass, sand, foam, and concrete) show an average albedo of 0.1 to 0.3, 

which is why IEC sets the irradiance factor to 0.1 or 0.2 for the standardized indoor 

characterization of bifacial solar cells. However, it is still recommended for outdoor 

applications to use reflectance spectra measured at the installation site to estimate the real 

bifacial gains. A combined theoretical and experimental analysis shows that the power output 

of bifacial solar cells under spectral albedo is different from wavelength-independent albedo.[32]  

 

Figure 5. Albedo conditions and practical installations of bifacial PV modules. (a) 

Reflectance spectra and (b) albedo factor of common ground materials. The reflectance data is 

adapted from NASA’s ECOSTRESS Spectral Library. [31] (c) Possible installation of bifacial 

modules and comparison of power gains. (d) Photos of bifacial PV module installations. 

Panels (c) and (d) are reproduced with permission.[5] Copyright 2021, MDPI. 

 

Ground albedo is the most significant uncertainty for bifacial efficiency gain. Albedo light 

depends strongly on the surface of the ground, the geographic location of the installation, and 

the tilt angle of the module. The angle of incident light varies with the time of the day, and the 

solar spectrum changes with the time of the year, both contributing to the constantly altering 

rear-side irradiance. Bifacial PV modules have various implementation approaches, resulting 
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in different bifacial gains. Figure 5c summarizes the common bifacial PV module 

configurations, including fixed-tilt, horizontal, vertical, and tracked, and compares typical daily 

power generation gains of bifacial over monofacial modules for each configuration.[5] The 

energy yield of a bifacial PV module can be up to 30% higher than monofacial ones under 

optimal conditions.[33] A power output gain of up to 50% for bifacial PV modules has been 

demonstrated with a highly reflective ground material and specially designed installation 

arrangement.[34] Figure 5d shows the photos of representative examples for bifacial PV 

installations at utility, commercial, and residential scales implemented in different ways.[5] With 

increasing installation capacity, bifacial PV modules are becoming a popular choice in the 

market.[5]   

3.  Advantages of Bifacial Perovskite PVs 

Unlike conventional thin-film PV materials, metal halide perovskites possess a unique set of 

characteristics that make them so fascinating in bifacial PV applications. The outstanding 

optoelectronic properties, including strong optical absorption, defect tolerance, long charge 

carrier lifetimes and diffusion lengths, low surface recombination velocities, easily passivated 

interfaces, and proper band alignment at the interfaces, enable efficient charge carrier 

generation and collection in perovskite absorber layers under the front and rear side illumination. 

The diversity in device architectures combined with a variety of materials synthesis methods 

allows the fabrication of bifacial PSCs in different film stack sequences. Additionally, the 

chemical robustness and compactness of transparent conducting oxide (TCO) electrodes 

provide additional benefits of protecting rear electrode from halide-induced correction and 

blocking the ingress of water and the egress of volatile perovskite decomposition byproducts, 

enabling a long device lifetime for bifacial PSCs. Lastly, strong material sustainability and low-

cost fabrication techniques offer low-cost advantages in economic and environmental aspects.  

3.1. Unique Features of Metal Halide Perovskites 
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3.1.1. Excellent optoelectronic properties 

Metal halide perovskites exhibit direct bandgap transitions with strong optical absorption 

coefficients.[35] The absorption coefficient is the most crucial parameter dictating the light 

absorption in a PV material. The high absorption in lead halide perovskites is enabled by a 

combination of the allowed transition matrix elements and a high joint density of states 

(DOS).[36] Figure 6a compares the schematic band structures of Si, GaAs, and lead halide 

perovskite.[37] The indirect bandgap Si has a low α value because of the forbidden transition at 

the band edges. GaAs and perovskite both have allowed direct transitions. However, in the 

conduction band, lead halide perovskites show less dispersive Pb (6p) orbitals than the s-bands 

of Ga and As in GaAs and a higher DOS, which enable a strong direct bandgap p-p transition.[38] 

Consequently, Pb halide perovskites show stronger optical absorption than Si and GaAs (Figure 

6b). The high absorption of halide perovskites allows PSCs to harvest most of the capturable 

sunlight in an absorber layer with a thickness less than 1 μm and minimize the travel distance 

of photogenerated carriers before they are collected, which is critical for governing the charge 

generation and transport properties in bifacial solar cells.  
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Figure 6. Optoelectronic properties of perovskite compared with conventional inorganic PV 

materials. (a) Schematic band structure of Si, GaAs, and Pb perovskites. Reproduced with 

permission.[37] Copyright 2015, American Chemical Society. (b) Absorption coefficient 

comparison of Si, GaAs, and perovskite. (c) Comparison of the electronic band structures and 

defects of conventional inorganic semiconductors and metal halide perovskites. Reproduced 

with permission.[39] Copyright 2017, American Chemical Society. (d) Calculated nonradiative 

lifetime as a function of trap density and trap energy level. Reproduced with permission.[40] 

Copyright 2019, American Chemical Society. 

 

Metal halide perovskites show high defect tolerance for defect-assisted nonradiative 

recombination losses. Defects with energy levels at the center of the bandgap of a 

semiconductor annihilate charge carriers through nonradiative recombination known as the 

Shockley-Read-Hall (SRH) recombination.[41, 42] Reducing defect density in the absorber layer 

of a solar cell is critical to reduce the nonradiative recombination rate and prolong the lifetime 

of photogenerated charge carriers so that they can be efficiently extracted. In conventional 

inorganic PV materials, such as group IV (e.g., Si), III-V (e.g., GaAs), and II-VI (CdTe), the 

bonding and antibonding states form valence band maximum (VBM) and conduction band 

minimum (CBM), respectively, whereas defect levels are relatively deep (Figure 6c, left).[39]  

Unlike conventional PV materials, lead halide perovskites exhibit unique defect tolerance 

behavior.[43] Due to high symmetry crystal structure and Pb’s electronic configuration (6s26p0), 

the CBM is mainly derived from Pb (6p) and I (5p) states, while the VBM is mainly derived 

from the Pb (6s) and I (5p) antibonding states.  As a result, defects with low formation energies 

only create shallow defect levels (Figure 6c, right).[38, 39] These sallow defects in metal halide 

perovskites are mostly benign and do not constitute nonradiative recombination centers that 

limit carrier lifetime even at a high density of 1015 – 1016 cm-3 (Figure 6d).[40, 44] Additionally, 

grain boundaries of Pb halide perovskites have electrically clean defect properties similar to 

point defects.[38] Consequently, polycrystalline Pb halide perovskite thin films typically exhibit 

long carrier lifetimes up to several to tens of μs,[45-47] which are much higher than the 1-100 ns 
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scale lifetimes for other conventional inorganic thin-film PV materials and are close to that of 

single crystals.[48]  

Lead halide perovskites exhibit balanced ambipolar carrier transport properties. The strong 

hybridization of s-p antibonding coupling, strong spin-orbit coupling, and lone-pair s-orbitals 

lead to small effective masses for both electrons and holes.[38] For instance, theoretical 

calculations predict that MAPbI3 possesses light electron (0.15 to 0.23 me) and hole (0.12 to 

0.30 me) effective masses, where me is the free electron mass.[49-51] The light carrier masses for 

both electrons and holes provide the means for high-mobility carrier transport. Additionally, 

most Pb halide perovskites possess a low intrinsic carrier concentration on the order of 1010 to 

1012 cm-3.[52-54] The ionic nature of the perovskite crystal also provides a dielectric screening 

effect to suppress the Coulomb interactions between carriers and ionic defects in the lattice.[55] 

The low intrinsic scattering rates in the bulk perovskite, along with the extrinsic control of grain 

boundaries and imperfections via engineering the deposition processes, contribute to the decent 

charge carrier mobility values of a few to tens cm2 V-1 s-1.[56] The combination of high mobility 

values, long carrier lifetimes, and small effective masses results in long carrier diffusion lengths 

of several μm,[57] which enable the thin-film device architectures for present high-efficiency 

PSCs. 

3.1.2. Photocarrier Generation  

The operation of a solar cell under illumination is governed explicitly by the generation, 

recombination, and transport of photoexcited carriers. One distinct difference between bifacial 

and monofacial solar cells is the photogenerated carrier profile in the absorber layer. The rear-

side irradiance alters the carrier distribution profile in the absorber layer, which may yield a 

different conversion efficiency.   

Figure 7a plots the wavelength-dependent photon absorption percentage rate in a representative 

mixed methylammonium (MA)/ formamidinium (FA) perovskite absorber layer[58] as a 
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function of the absorber thickness, using the absorption coefficient curve of the perovskite in 

Figure 6b.[59] The light blue color outline represents the required depth for less than 1% 

normalized photon density, corresponding to > 99% light absorption. Based on this light 

absorption distribution, we calculate the density of photons absorbed in the perovskite layer 

under AM1.5G solar illumination, as shown in Figure 7b. The spectral integration of the photon 

density profile results in a critical factor in solar cell device analysis, i.e., the depth-dependent 

photocarrier generation rate profile (Figure 7c). The photogeneration profile defines the non-

equilibrium charge carrier distribution in a solar cell, which can be used as the initial values to 

solve the drift-diffusion equations and simulate the device’s PV performance. The accumulated 

photon density (or maximum short-circuit photocurrent density) is calculated by the integrating 

of generation profile with depth (Figure 7d). The analysis shows that a typical perovskite layer 

with a thickness of ~300 nm is sufficient to absorb 80% of usable photons. Increasing the 

absorber thickness to ~800 nm can increase the harvest ratio to ~95%. This thickness range is 

in good agreement with the historical evolution of state-of-the-art PSCs reported in the 

literature.[60]  
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Figure 7. Light absorption and charge carrier generation in a perovskite absorber layer under 

monofacial and bifacial illumination. (a) Normalized photon density and (b) photon generation 

rate as a function of wavelength and perovskite absorber depth in a monofacial PSC under 

AM1.5 solar irradiance. (c) Photogeneration rate under AM1.5 solar irradiance and (d) 

accumulated photon density and integrated short circuit current density in a perovskite absorber 

as a function of the perovskite absorber depth. (e) Photon generation rate as a function of 

wavelength and perovskite absorber depth in a bifacial PSC under bifacial illumination with an 

albedo factor of 0.2. (f) Comparison of photogeneration rate of a bifacial PSC under monofacial, 

equivalent single-side, and bifacial illumination conditions.  

 

Under bifacial illumination conditions, the photocarrier generation profile in a perovskite 

absorber layer is quite different from the monofacial situation. Figure 7e shows the wavelength-

dependent photon generation rate as a function of absorber depth in an 800 nm perovskite layer 

under a concurrent bifacial illumination with Gfront = 1000 W m-2 and Grear = 200 W m-2. The 

photocarrier density generated at the rear surface (depth = 800 nm) significantly increases, 

especially at short wavelengths. The photogeneration rate as a function of depth (Figure 7f) 

shows that the increase in photocarrier density due to bifacial illumination is mainly within ~ 

300 nm from the rear surface (Figure 7f, orange curve), which differs significantly from the 

charge carrier profile under the equivalent single-side illumination with the same irradiance 

intensity (Figure 7f, blue curve). Therefore, to achieve high PCE under bifacial illumination, it 
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is critical to tune the band alignment and interface recombination at the rear surface of the 

perovskite layer to collect these extra photogenerated carriers close to the back surface.  

3.1.3. Photocarrier Recombination and Collection 

The quasi-Fermi energy splitting in a semiconductor is determined by the excess charge carrier 

densities under illumination, which in turn, depends on the effective carrier lifetime (τeff). 

Figure 8a shows a schematic of charge carrier recombination and extraction processes in a 

perovskite solar cell, consisting of an anode, a hole transport layer (HTL), a perovskite absorber 

layer, an electron transport layer (ETL), and a cathode.[61] The effective carrier lifetime in a 

perovskite layer can be determined as:[62, 63]  

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑏𝑢𝑙𝑘
+

1

𝜏𝑠𝑢𝑟𝑓
        (10) 

where τbulk are τsurf bulk and surface lifetimes, respectively. The bulk lifetime can be expressed 

as:   

1

𝜏𝑏𝑢𝑙𝑘
=

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝐴𝑢𝑔𝑒𝑟
       (11) 

where τSRH, τrad, and τAuger, and are trap-assisted SRH, radiative, and Auger recombination 

lifetimes, respectively. The former two recombination types are also referred to as 

monomolecular and bimolecular recombination because trap-induced recombination involves 

a charge carrier, either an electron or a hole, and an electrically active trap, while radiative 

recombination needs both.  

Figure 8b depicts the estimated contributions to τbulk with different carrier injection 

intensities.[63] Under a common bifacial irradiance condition (Figure 7f), the excess carrier 

concentrations at the front and rear surfaces are ~1016 and ~1015 cm-3, respectively. The bulk 

lifetime in the range of a few hundred ns to 1 μs is limited mainly by the SRH recombination. 

Figure 8c shows the calculated carrier diffusion lengths as a function of carrier density and 

monomolecular (trap-assisted) recombination rate.[64] The arrows in the figure indicate the 
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achievable diffusion lengths under AM1.5 irradiance for each τSRH condition. Based on the 

calculation, diffusion lengths of more than 1 μm are expected for most PSCs, which are 

sufficient to cover the whole thickness of the perovskite absorber layer, allowing charge carriers 

generated throughout the perovskite absorber layer to be efficiently collected.  

In general, the bulk lifetime and diffusion length are dominated by trap-assisted recombination 

in a perovskite layer, which is determined by the spatial and energetic distribution of the defects 

within the bandgap of perovskite.[65] Recent studies demonstrated that some detrimental defects 

in perovskites could be reduced or eliminated via engineering perovskite deposition processes 

and passivation by introducing additives.[66, 67] A sufficiently long lifetime of up to 18 μs has 

been demonstrated in polycrystalline perovskite thin films.[45-47]  

Because of the relatively long bulk lifetime and a short thickness of a perovskite film, the 

recombination of photoexcited carriers will eventually occur at the surfaces of the perovskite 

layer. Therefore, the surface recombination velocity (SRV) of a perovskite layer plays an 

essential role in determining τeff and PCE of the corresponding bifacial device. Figure 8d plots 

surface lifetime as a function of layer thickness and surface recombination velocity.[62] For 

typical polycrystalline perovskite films with a lifetime of several hundreds of ns, low SRVs of 

10 to 100 cm s-1 are expected,[62] which are similar to that of passivated Si wafers.[68]  

A low SRV, particularly at the rear surface of an absorber layer, is the key to enable the high 

bifaciality of thin-film solar cells.[19] Figure 8e shows the impact of rear-side SRV on the 

performance of bifacial PSCs under the front and rear illumination simulated by a one-

dimensional solar cell simulation program (SCAPS-1D)[69] using parameters reported 

elsewhere.[65] The results show that the PV performance of the device decreases with increasing 

rear-side SRV. When the rear-side SRV is high, the detrimental impact is more severe under 

the rear-side illumination than front-side illumination owing to more pronounced drops in JSC 

and FF. Consequently, a higher rear-side SRV leads to a lower bifaciality factor. When the 
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SRV is lower than 100 cm s-1, the difference in the PCE of the device under the front and rear-

side illumination is small, and thus a high bifaciality can be obtained. Figure 8f further 

compares the detailed generation and recombination current densities of bifacial PSCs with 

rear-side SRVs of 10 and 104 cm s-1 under rear-side illumination and various voltages. At a high 

SRV (104 cm s-1), the interface recombination dominates the total recombination current, and it 

increases with voltage. The high interface recombination current significantly limits the FF and 

VOC of the device. In contrast, the device with a low SRV (10 cm s-1) is limited by the SHR 

recombination in the bulk film. The long carrier lifetime and low SRV guarantee high bifaciality 

for PSCs, enabling higher power generation gains under bifacial irradiance.  

Thanks to high absorption coefficients, long carrier lifetimes and diffusion lengths, and low 

surface recombination velocities, many bifacial perovskite solar cells achieved high bifaciality 

factors close to 0.95 and even approaching 1.[15, 70-73] These high bifaciality factors are 

competitive or even superior to that of state-of-the-art c-Si bifacial solar cells.[4] The capability 

to achieve such a high bifaciality is the foundation of the success of bifacial PSCs.   

 

Figure 8. Charge carrier recombination in PSCs. (a) Schematic of charge carrier recombination 

and collection processes in a PSC. (b) Effective bulk lifetime as a function of excess charge 

carrier concentration. Reproduced with permission.[63]  Copyright 2019, Wiley. (c) Calculated 
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charge-carrier diffusion lengths as a function of monomolecular recombination rate and charge 

carrier density. Reproduced with permission.[64]   Copyright 2015, American Chemical Society. 

(d) Surface lifetime as a function of layer thickness and surface recombination velocity. 

Reproduced with permission.[62]  Copyright 2016 American Physical Society. (e) Simulated PV 

parameters of a bifacial perovskite solar cell with different surface recombination velocities 

(SRVs) at the perovskite/ETL interface (rear-surface) under the front and rear side illumination. 

(f) Calculated generation and recombination current of the bifacial perovskite solar cell with an 

SRV of 10 and 104 cm s-1.   

 

3.1.4 Diversity in Device Architectures 

The established thin-film PV technologies based on CdTe and CIGS have little flexibility in 

their device architectures, fabrication sequences, and materials selections.[74] High-efficiency 

CdTe and CIGS cells have to be produced in the superstrate (i.e., light incident from the glass 

substrate) and substrate (i.e., light incident from the top TCO) configurations, respectively.[75] 

The cells fabricated in the opposite sequence typically result in considerably inferior 

performance.[76, 77] Bifacial applications have been explored in these inorganic PV technologies, 

but the PCE and bifaciality factors are relatively low, mainly due to short carrier lifetimes and 

high recombination at the back interfaces.[19] 

Unlike the inorganic thin-film PV technologies, one unique feature of PSCs is that they possess 

flexibility in diverse device structures, a wide selection of component layer materials, and 

various device fabrication techniques. The technical advances in monofacial PSCs with the p-

i-n and n-i-p configurations have already paved the way to introduce light into the perovskite 

layer from both n-type electron transport layer (ETL) and p-type hole transport layer (HTL).[78] 

The successful intersurface passivation strategies applied to both top and bottom surfaces of 

perovskite layers minimize the surface recombination velocity of perovskites.[67] Therefore, 

bifacial configurations can be easily implemented in PSCs with both n-i-p (Figure 9a and 9b)[79, 

80] and p-i-n (Figure 9c and 9d) [70, 81] configurations with wide selections of the HTLs (e.g., 

Spiro-TTB, spiro-OMeTAD, MoO3, NiOx, PTAA), ETLs (e.g., SnO2, C60, ZnO, PCBM), and 

transparent electrode materials (e.g., ITO, In2O3:H, ZnO:Al).  



  

24 

 

 

Figure 9. Bifacial PSC device structures. (a, b) Cross-sectional SEM images of bifacial PSCs 

in n-i-p configurations. Panel (a) is reproduced with permission.[79]  Copyright 2019, Royal 

Society of Chemistry. Panel (b) is reproduced with permission.[80]  Copyright 2015, Springer 

Nature. (c, d) Cross-sectional SEM images of bifacial PSCs in p-i-n configurations. Panel (c) 

is reproduced with permission.[81] Copyright 2018, American Chemical Society. Panel (d) is 

reproduced with permission.[70]  Copyright 2016, Springer Nature. 

 

3.2. Benefits for Long-Term Stability 

Apart from a higher power output per unit area, bifacial PSCs possess inherent device stability 

advantages compared with monofacial devices using an opaque metal back contact. The 

perovskites are notoriously susceptible to degradation induced by moisture-induced phase 

degradation,[82-84] decomposition triggered by the loss of volatile species,[85, 86] and corrosion of 

metal electrodes due to the reaction with halides.[87-89] The use of robust and compact TCO rear 

electrodes provides a holistic solution to all these degradation routes.[90, 91] 

The rear electrode comprising a compact and conformal metal oxide layer forms a permeation 

barrier to prevent external moisture from penetrating the cell interior and the egress of volatile 

constituents of halide perovskites, enabling thermally and environmentally stable bifacial PSCs 

(Figure 10a).[84, 92] The inclusion of a self-encapsulating oxide layer (e.g., SnOx) can 

significantly improve the stability of PSCs against moisture even in the liquid form (Figure 
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10b).[93] The employment of an ITO electrode also improves thermal stability in the ambient 

atmosphere. Figure 10c shows that the active area covered by the ITO layer remained dark, 

while the uncovered areas around already thermally decomposed into yellow PbI2 after 

operation at 150 ˚C under illumination for 90 s.[90] 

The presence of the ITO layer effectively retarded the perovskite decomposition and the release 

of volatile decomposition species. The confinement of volatile substitutes may promote the 

“self-healing” of perovskites and prolong the lifetime.[94, 95] Recent studies demonstrated that 

PCSs with a combination of an ITO rear electrode, a low elastic modulus encapsulant, and a 

glass-glass sealing can withstand thermal cycling and damp heat tests.[96, 97] For instance, Figure 

10d shows the PCE evolutions and photos of encapsulated PSCs with ITO back electrodes for 

accelerated lifetime tests for 1000 hours under the dry heat (85 ˚C and 25% RH) and damp heat 

(85 ˚C and 85% RH) conditions.[97] The insignificantly changes in PCE and the appearance of 

the cells show that the ITO electrode with proper encapsulating packaging is capable of 

protecting PSCs from heat and moisture-induced degradation. Moreover, sputtered TCO 

electrode has also been employed to improved thermal and environmental stability in air-

sensitive mixed tin-lead iodide perovskite solar cells without compromising device 

efficiency.[98] 

Ion migration in PSCs can induce the corrosion and degradation of metallic electrodes and 

eventually lead to the failure of the devices.[99] The electrochemical reactions between halide 

species and metallic electrodes can lead to the formation of insulating decomposition 

byproducts at the interface and the addition of excess halide vacancies and extrinsic metal 

defects to the perovskite layer.[99] It is well known that commonly used noble and transition 

metal electrodes (e.g., Ag,[100-102], Au,[103] Cu,[104, 105] Al,[88, 89] etc.) react with halide perovskites 

and introduce metallic impurities,[87] which is a significant source of intrinsic device 

degradation under operation. The long-term operation of PSCs requires a chemically stable 
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electrode, such as TCO layers. Because of the chemical inertness and robustness of these metal 

oxide layers, the TCO-based rear electrodes are free of corrosion by moisture in the air and 

halide species in the perovskite absorber layer. Figure 10e shows that the bare ITO layer has 

robust stability at an elevated temperature of 85 ˚C, while the addition of metal grids on the top 

of the ITO layer still shows some degree of degradation after 1000 hours of thermal aging.[81]  

 

Figure 10. Stability improvement by using metal oxide top electrodes. (a) Schematic of a 

compact SnOx layer prevents water ingress and volatile species egress. Reproduced with 

permission.[92] Copyright 2017, Springer Nature. (b) A photo of a drop of water on metal an 

oxide protected PSC. Reproduced with permission.[93] Copyright 2016, American Chemical 

Society. (c) A photo of a bifacial MAPbI3 PSC working at 150 ˚C. Reproduced with 

permission.[90] Copyright 2016, WILEY. (d) Evolution of PCE and photos of bifacial PSCs 

aged under dry-heat and damp-heat conditions. Each curve represents an individual testing 

cell. Reproduced with permission.[97] Copyright 2018 Royal Society of Chemistry. (e) J-V 

curves of bifacial PSCs without and with metal grids (Ag, Cu, and Au) before and after 1000 

hours of aging at 85 ˚C. The photos show the change of the ITO/Cu sample before and after 

the test. Reproduced with permission.[81] Copyright 2018, American Chemical Society. 

 

3.3. Low Economic and Environmental Costs 

The potential long-term stability and high power density will enable low economic and 

environmental costs of solar energy generation in the life cycle of bifacial PSCs. Perovskite PV 

modules are projected to be a low-cost PV leader because they can be manufactured with low-
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cost materials and deposition techniques and have the potential to deliver lower LCOE 

compared with other electricity generation sources.[9, 106] With additional benefits in higher 

power generation and longer lifetime than monofacial PSCs and minimum additional costs 

associated with a transparent back contact,[15] bifacial perovskite PVs are expected to achieve 

even lower LCOEs in the long term. The energy payback time (EPBT) and global warming 

potential (GWP) metrics per energy generated from bifacial perovskite PV cells are also lower 

than other conventional PV technologies because of their higher energy yield and lower 

embedded energy, making them an environmentally friendly future PV technology.[107] 

3.4. Versatile Bifacial perovskite PV Applications 

 

3.4.1. Bifacial perovskite PV modules 

High-efficiency bifacial PV modules are the primary potential application of bifacial PSCs. 

Benefiting from the high power generation and low manufacturing costs, bifacial perovskite 

PV modules are expected to be a low-cost leader in the PV panel market if their on-field 

durability can be demonstrated. The bifacial perovskite PV modules are likely to be built with 

thick formamidinium lead triiodide-based perovskite absorber layers with low transmittance of 

visible light (Figure 11a). This bifacial module design aims at maximizing the productivity of 

harvesting direct, reflected, and diffuse sunlight. The implementation of the bifacial perovskite 

PV modules for utility, commercial, and residential power generation is the same as what has 

been used for the current bifacial c-Si modules (Figure 11b). Their real-world performance will 

depend on the deployment scenarios with different amounts of albedo irradiance.[108, 109] 

3.4.2. Semitransparent Bifacial PSCs 

Bifacial PSCs can be made into semitransparent solar cells that absorb some photons and allow 

certain light transmittance. The transparency can be achieved by either making a thin perovskite 

absorber layer or tailoring its bandgap to allow more photons to pass through (Figure 11c).[110, 

111]  The colorful appearance of semitransparent bifacial PSCs can be tailored by controlling the 
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film stack thickness to achieve constructive optical interference at a given wavelength range 

(Figure 11d),[72, 112] which provides better aesthetics of bifacial PSCs for different BIPV 

applications, such as solar windows in buildings (Figure 11e).[113] For the applications of 

semitransparent bifacial PSCs, PCE and average transparency (AVT) are two figures of 

merit,[110] while the bifaciality is not considered as a critical parameter since there is not much 

rear irradiance. Recent review papers on semitransparent PSCs already provide a good 

summary of their progress and practical applications.[78, 112, 114]  

3.4.3. Bifacial Perovskite Tandem Solar Cells 

The application of bifacial PSCs can go beyond single-junction cells and realize in tandem 

configurations.[115] The tunable bandgap and the success of semitransparent PSCs enable the 

integration of a perovskite top cell with lower bandgap bottom cells (e.g., Si, CIGS, and low-

bandgap perovskite) into tandem solar cells,[116-119] which can potentially overcome the 

thermodynamic efficiency limits of single-junction devices. The tandem cells can also be made 

using the bifacial designs, provided that the bottom cells have high bifaciality.[115]  Currently, 

c-Si meet the criteria of both high PCEs and bifaciality and is suitable for the bottom cell of the 

bifacial perovskite tandem devices.  

Bifacial perovskite tandem solar cells can be fabricated in two different tandem device 

configurations, including mechanically stacked four-terminal (4-T) and monolithically 

integrated two-terminal (2-T) tandem cells (Figure 11f).[116] For the 4-T tandem devices, the 

rear irradiance absorbed by the c-Si bottom cells directly results in a linear increase in extra 

power generation because the two cells in tandem work separately.[120, 121] For 2-T tandem 

devices, the rear-irradiance boosts the photocurrent in the bottom cell and thus allows the 

relaxation of the current-match constrains in the tandem design to achieve a high PCE.[122] 

Bifacial perovskite/Si tandem solar cells allow the use of the perovskite top cell with a lower 

bandgap than that used in a monofacial tandem, enabling enhanced PCE and elongating stability 
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due to reduced halide phase segregation.[122]  Because of the higher power generation enabled 

by the bifacial feature, the cost benefits of bifacial perovskite/c-Si tandem cells are expected to 

be larger than their monofacial equivalent.[107, 115] or the real-world application of bifacial 

perovskite/Si modules, the installation type and geological conditions of the installation site 

needs to take into consideration to maximize the solar power generation gains (Figure 11g).[123]  

 

 
 

Figure 11. Bifacial perovskite PV applications. (a) Photo of a thick perovskite film with low 

transparency of visible light. (b) Schematic of bifacial perovskite PV module application. (c) 

Perovskite films with different transparency. Reproduced with permission.[110] Copyright 

2020, American Chemical Society. (d) J-V curves and device structure of a semitransparent 

bifacial solar cell with photos showing tunable color by adjusting ITO thickness. Reproduced 

with permission.[72] Copyright 2019, American Chemical Society. (e) Image illustrating PV 

window application for semitransparent PSCs. Reproduced with permission.[113] Copyright 

2017, American Chemical Society. (f) Schematic of 4-T and 2-T bifacial tandem cells 

comprising bifacial perovskite top cells. Reproduced with permission.[115] Copyright 2020, 

American Chemical Society. (g) Schematic of the installation of bifacial perovskite/Si tandem 

PV modules. Reproduced with permission.[123] Copyright 2021, Wiley. 

 

4. Challenges of Bifacial Perovskite PV 
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Despite tremendous progress in the last decade, perovskite PV technology is still at the 

premature stage of development. There are several technological challenges to overcome 

before bifacial perovskite PV modules can gain an opportunity to enter the market. Major 

challenges and bottlenecks include (1) the optical and electrical losses, (2) TCO rear electrode 

processing damages, (3) bifacial module manufacturing and scalability, (4) device durability 

and reliability, and (5) toxicity and cost issues.  

4.1. Optical and Electrical Losses 

4.1.1. Optical losses 

Optical and electrical losses are a major source of efficiency losses in bifacial PSCs because of 

more complex light paths and management in bifacial devices than monofacial cells (Figure 

12a). The main optical losses include the reflection from both surfaces of a device, parasitic 

absorption in electrodes and charge transport layers, and incomplete light absorption in the 

perovskite absorber layer. Mitigating optical losses can significantly enhance the photocurrent, 

the most significant contributor to bifacial PV power gains. Therefore, light management 

strategies and proper design of materials and device structures are needed to overcome the 

challenges in improving light harvesting in the perovskite absorber layers. 

 
 

Figure 12. Bifacial perovskite module design. (a) Management of optical and electrical losses 

in a bifacial perovskite solar cell. Two possible bifacial perovskite module configurations: (b) 

monolithic integration and (c) singulated cell grid connection. 
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The total reflection of TCO coated glass substrates typically accounts for ~10% of optical losses 

due to the reflective index mismatch at the interfaces (refractive indices of 1, ~1.5, ~1.9 for air, 

glass, and ITO, respectively).[78] The reflection losses are doubled for bifacial PSCs under two-

side irradiance, compromising their potential to deliver high output powers as promised. Optical 

modulation needs to be taken into consideration to maximize the light absorption in bifacial 

PSCs.[124] Common light management strategies to mitigate reflection losses include applying 

anti-reflection coatings (e.g., MgF2)
[73] and textured or nanostructured polymeric foils (e.g., 

polydimethylsiloxane (PDMS)).[125-127] The former changes the constructive and destructive 

optical interference to reduce light reflection at particular wavelengths, while the latter provides 

a broadband reflection reduction due to diffuse reflection and scattering at the light incident 

surface. Alternatively, a textured solar glass used in commercial c-Si modules can be considered 

for bifacial PSCs.[128] In addition to anti-reflection strategies, other optical manipulation 

strategies, including surface nanostructured enhanced light scattering,[129] surface plasmonic 

effects,[130] photonic nanostructures,[131] optical microcavity,[132] can be used to enhance light 

absorption in PSCs. 

The parasitic absorption and series resistance losses in front and rear TCO layers are two 

primary sources for the power losses in bifacial PSCs. Typically, there is a tradeoff between the 

transmittance and electrical conductivity of transparent electrodes. Both the front and rear 

transparent electrodes need to achieve a certain thickness and doping levels to ensure sufficient 

electrical conductivity. As a result, parasitic absorption due to free carriers and impurities 

becomes significant. Moreover, because of the thermal instability of the perovskite layer, the 

annealing process for the TCO rear electrode that deposited on the perovskite absorber layer is 

generally omitted, leading to inferior optical transparency than high-temperature processed 

TCOs. To mitigate the parasitic light absorption issues, TCOs with relatively high electron 

mobility and a low carrier density, such as hydrogen-doped indium oxide (IO: H),[80, 133] indium 
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doped zinc oxide (IZO),[133, 134] and combined TCOs,[135] are employed as the rear electrode. 

Alternatively, some ultra-thin metal/dielectric film stacks,[136-138] metallic nanostructures (e.g., 

Ag nanowires),[139, 140] carbon nanostructures (e.g., graphene, nanotubes)[141-143] are also 

explored for the metal-oxide-free transparent electrodes. However, their optical and electrical 

properties are still inferior to the TCO electrodes.  

The parasitic absorption and reflection losses in CTLs also contribute to the power losses in 

bifacial PSCs. Practical device architecture design needs to judiciously select materials based 

on their optical properties to minimize these optical losses in CTLs, which requires the accurate 

measurement of extinction coefficient (k) and refractive index (n) and the establishment of an 

optical database for all the component materials used in PSCs.[144, 145] Some CTLs that are 

commonly used in high-efficiency monofacial PSCs, such as spiro-OMeTAD and PCBM, have 

significant parasitic absorption of visible light and are not suitable for bifacial applications.[146, 

147] Alternative materials, including spiro-TTB,[79] CuSCN,[72] PTAA/CuOx,
[148] and 

C60/SnO2,
[15] can be utilized in bifacial PSCs to mitigate the parasitic absorption losses in the 

CTLs. 

The optical losses can originate from the perovskite absorber layer due to insufficient 

absorption. The light absorption analysis (Figure 7) of perovskites shows that a minimum 

thickness of ~800 nm is needed to harvest ~95% of usable light. However, in high-efficiency 

monofacial PSCs, perovskite absorber thickness is mainly 500 to 700 nm. The high optical 

reflection of opaque metal electrodes (e.g., Au, Ag, and Cu) effectively increases the optical 

path of photons in the perovskite absorber layer and thus boosts light absorption. In contrast, 

the transparent electrodes of bifacial PSCs allow unabsorbed light to transmit through instead 

of bounce back. Therefore, to maximize the light absorption in perovskite and fulfill the 

potential of delivering high output power density, the bifacial solar cell requires a thicker 

absorber layer thickness than their monofacial counterparts. The technical advances in 
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preparing high-quality μm-thick perovskite layers will help meet this requirement for high-

efficiency bifacial perovskite solar modules.[149, 150]  

4.1.2. Electrical losses 

The nonradiative recombination in the bulk of a perovskite absorber layer and interface 

recombination at the perovskite and CTLs interfaces are two major factors limiting the 

performance of PSCs.[151] The nonradiative recombination issues in the bulk perovskite have 

been significantly mitigated in the past few years through the technical progress in composition 

optimization, crystallinity improvement, grain size enhancement, and grain boundary 

passivation.[67] Questions remain on applying these engineering techniques to thicker perovskite 

layers produced by scalable deposition methods. Many interface passivation strategies have 

also been developed to reduce surface recombination velocity at the front and rear surfaces of 

a perovskite layer, showing substantial improvements in VOC and FF. The interface passivation 

of both surfaces of a perovskite absorber layer is critical to enable high PCEs under illumination 

from both sides and a high bifaciality factor. 

Another key factor contributing to the electrical losses in PSCs is the interfacial mixing layers, 

consisting of constitutes of perovskite and CTLs and voids.[144]  The formation of a “dead”  

layer of the intermixing perovskite materials with a very high surface recombination velocity 

can lead to substantial losses in both JSC and VOC.[152, 153] To avoid the formation of this high 

recombination layer, the possible detrimental chemical reactions between CTLs and halide 

perovskites need to be prevented by incorporating interface passivation or isolation layer. 

Additionally,  diffusion barrier layers are desired to stop the migration and mixing of halide 

anions with extrinsic impurities from CTLs and electrodes.[99]  

One disadvantage of bifacial PSCs is the relatively high series resistance caused by the low 

conductivity of two TCO electrodes. This high series resistance leads to a higher electrical 

power loss with a higher photocurrent. Under bifacial illumination conditions, bifacial PSCs 
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suffer more from the series resistance loss than their monofacial counterparts with opaque metal 

electrodes. To overcome this issue, metal grids and fingers are employed onto the TCO 

electrodes to reduce the resistance for lateral photocurrent collection.[15] Reducing the single 

cell width of conventional monolithically integrated thin-film modules (Figure 12b) can 

effectively reduce the series resistance loss. Alternatively, the singulated substrate cell 

integration (Figure 12c) that used for flexible CIGS solar cells can be adapted for the production 

of bifacial PSCs.[154] Yet, the design of the metal grid and finger connections need to be 

optimized to balance the tradeoff between reduced series resistance and the optical loss due to 

their light shading effect. The metal grid and TCO design needs to be further explored for 

bifacial PSCs to minimize the loss caused by high series resistance.[155]  

4.2. Challenges for Processing TCO Rear Electrodes   

The energetic deposition of rear TCO electrodes by magnetron sputtering or e-beam 

evaporation presents a big challenge for producing efficient and stable bifacial PSCs. The harsh 

processing conditions, such as high temperature, plasma effect, ion bombardment, would 

greatly damage fragile perovskite and organic materials. Therefore, the deposition of TCO rear 

electrodes needs to be under control to minimize the chance of damaging the underneath 

layers.[73, 135] Previous studies suggest that appropriate buffer layers, such as evaporated 

MoOx,
[156-159] ZnO nanoparticles,[70, 90, 160] and ALD SnOx,

[81, 161] can provide robust protection 

for  vulnerable perovskite materials and organic charge transport layers against processing 

damages. However, the additional buffer layer increases processing complexity and reduces 

production throughput. The introduction of the buffer layer also leads to higher parasitic 

absorption, resulting in a lower photocurrent under rear-side illumination. More recently, driven 

by remarkable progress of transparent PSCs and perovskite tandem solar cells, facile and 

damage-free sputtering methods have been developed, allowing direct deposition of appropriate 

TCO contacts on the functional layers of PSCs without damaging the cells.[73, 147, 162, 163] These 
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promising results of directly sputtered TCO rear electrodes open the possibility for producing 

efficient bifacial PSCs. 

4.3. Modules Manufacturing and Scalability 

Bifacial perovskite module design and manufacturing have specific challenges and barriers to 

overcome prior to the commercialization of this new technology. Currently, there is a 

substantial gap in PCE between small-area cells and large-area modules.[164] For bifacial 

perovskite PV modules, this gap is likely even wider because the conventional thin-film module 

design for monolithic integration of individual cell stripes is limited by the low conductivity of 

two TCO layers. The wafer-like cell integration approach used in flexible CIGS solar cells is a 

possible solution to overcome the issue of high TCO resistance. The design and optimization 

of busbars, metal fingers, and cell connections need to be taken into consideration. Additionally, 

to maximize the power generation in bifacial perovskite PV modules, the location for the 

junction box and the construction of shadowless mounting need to be accurately evaluated. 

Some of these challenges have been tackled by silicon PV companies, and their ideas and 

strategies can be learned by the perovskite stakeholders. 

Another major challenge is the scalable manufacturing of large-area bifacial perovskite PV 

modules.[8] Scaling up the perovskite module production to industrially relevant levels and 

transferring the technology from the lab to the fab require certain criteria in the spatial 

uniformity, repeatability, and throughput deposition of each layer of materials in PSC film 

stacks. Efforts are being made to overcome the difficulty in preparing high-quality and 

homogeneous perovskite films using scalable deposition techniques in a scalable manufacturing 

environment. Recent advances in printing friendly techniques for fabricating PSCs, such as slot-

die,[165-167] blading coating,[168] bar-coating,[169-171] and roll-to-roll printing,[172-174] have 

demonstrated high performance mini-modules, showing the promise of scalable manufacture 

of PSCs.  
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4.4. Device Reliability and Durability  

The compact and dense TCO rear electrodes used in bifacial PSCs provide self-encapsulation 

to protect perovskite layers and significantly improve their device stability. Yet, to become 

commercially relevant, PSCs have to establish reliability and durability that can meet and 

compete with commercial PV modules with 25 years or more warranty lifetime on the field.[175] 

The current established operational lifetimes of PSCs of up to several months are not 

commercially viable yet.[176]  

The instability issues of perovskites remain puzzles to be resolved upon further studies to 

elucidate the fundamentals in the material and device degradation mechanisms and the 

development of corresponding mitigation strategies. Although more research efforts are 

devoted to the perovskite stability study, the number of studies focusing on long-term outdoor 

stability tests of PSCs is still very limited. Thanks to the increasing global effort, the field of 

stability study has advanced significantly.[177-179] It is expected that the perovskite research 

community will come up with mitigation strategies to improve the reliability and durability of 

perovskite PV devices substantially. 

4.5. Toxicity and Costs 

A severe environmental concern of the halide perovskite materials for their future 

commercialization is their constituents that contain water soluble and toxic heavy metal 

compounds. Studies show that both Pb and Sn can cause detrimental environmental and human 

health issues,[180-182] raising significant concerns on wide deployment of the emerging PV 

technology. Even though the metal content in the perovskite PV modules is low, the leaching 

of heavy metals from perovskite devices can still cause highly undesirable environmental 

issues.[183, 184] Therefore, proper encapsulation techniques to lock Pb inside the module are 

needed to circumvent this problem.[95, 185] The compact TCO rear electrodes used in bifacial 

PSCs have their inherent advantages in preventing water ingress and leaching of metal content 
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in perovskites. Moreover, PV module recycling is not only a demand but a necessity at the end 

of the life cycle to minimize the negative environmental impacts.[186, 187]   

In general, bifacial PSCs have slightly higher manufacture costs,[15] EPBT, and environmental 

impacts than their monofacial counterparts due to the use of two TCO electrodes.[107] However, 

bifacial configuration can enable up to 26% annual energy yield increase compared with 

monofacial devices.[107] The higher energy gain combined with enhanced device durability can 

eventually lead to better economic and environmental performance of bifacial perovskite PV 

modules than their monofacial counterparts. Because of these cost advantages, bifacial PSCs 

are still expected to outperform c-Si PV in the perspective of economic and environmental costs 

in the future.[107] Moreover, bifacial perovskite/Si tandem cells also show cost advantages to 

monofacial Si modules if long-term stability can be demonstrated.[115]  

5. Outlook and Conclusion 

Bifacial solar cells are the future of PV technologies and have been becoming the focus of many 

top-tier PV manufacturers in the market.[5] For the emerging perovskite PV technology, the 

time to consider moving to the bifacial cells and modules has come. The prospect of bifacial 

PSCs is promising because they hold the potential to deliver higher output powers for longer 

module lifetimes at the cost of a minimum increase in the manufacturing cost than their 

monofacial equivalents. The excellent optoelectronic properties of metal halide perovskites 

make them ideal candidates for fabricating high-efficiency and stable bifacial solar cells. High-

power PV modules are essential to reduce solar electricity costs by minimizing the associated 

balance of system costs. Additionally, enhanced long-term stability is expected for bifacial 

PSCs owing to the self-encapsulation and chemical robustness of the TCO electrodes. Both 

benefits reduce the LCOE of PSCs, which will open a pathway for the commercialization of 

the perovskite PV.  
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Despite the promise, the potential benefits of bifacial perovskite PV can only be realized when 

many areas of development challenges and fundamental issues of materials, devices, and 

manufacturing are addressed. Hurdles to the widespread adoption of bifacial perovskite PVs 

include the various sources of optical and electrical power losses, lack of device reliability and 

durability, and the complexity and difficulty in bifacial module design and upscale production. 

The future of commercializing bifacial perovskite PV technology will depend on solving these 

challenges and issues. At present, the perovskite PV research community is working together 

to maintain the forward momentum of its research and development activities and hopes to 

address these issues via a close collaboration between academia and industry.[188] The efforts 

of the whole community help advance the field and accelerate the industrialization of PSCs. 

Finally, we predict that low-cost, high-efficiency bifacial perovskite PV modules will become 

one of the most cost-effective PV technology for electricity generation in the foreseeable future.  
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Metal halide perovskites are an ideal candidate for fabricating bifacial thin-film solar cells 

because of their outstanding optoelectronic properties and unique features of device physics. 

Bifacial perovskite solar cells hold the potential to simultaneously achieve higher energy yield 

and longer device stability than their monofacial equivalent, which provides a 

commercialization path for perovskite photovoltaics in the future. 

 

 

 


