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Abstract: As an ideal renewable energy source, solar energy remains a major focus of 

technological development. Perovskite solar cells (PSCs) have emerged as a significant 

direction in solar energy utilization. Among them, regular-structured (n-i-p) perovskite solar 

cells exhibit advantages such as mature fabrication processes, high energy conversion 

efficiency, and ease of integration. However, their insufficient environmental stability—

particularly rapid degradation under humidity—remains a critical challenge. To address these 

issues, the inverted (p-i-n) structure has been developed, offering simplified manufacturing 

and improved stability. Recently, tandem perovskite solar cells, which combine materials 

with different bandgaps to broaden light absorption and enhance efficiency, have gained 

significant research attention. This paper systematically reviews the structural evolution and 

technological advancements in perovskite solar cells, focusing on optimization strategies for 

tandem configurations to provide insights for future studies. 
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1. Introduction 

Perovskite solar cells (PSCs) have garnered extensive interest in the photovoltaic community due to 

their remarkable power conversion efficiency (PCE), cost-effective production methods, and 

compatibility with diverse, low-temperature fabrication processes. These attributes make PSCs strong 

contenders in the race for next-generation solar technologies. In recent years, the power conversion 

efficiency of all-perovskite tandem cells has impressively exceeded 28.4% [1], underscoring the rapid 

pace of innovation in this domain. As technology matures, PSCs have demonstrated not only 

outstanding potential in laboratory-scale research but also growing viability for commercial and 

large-scale applications. Among the structural configurations developed for PSCs, the regular n-i-p 

(NIP) architecture stands out as one of the earliest and most studied designs (Figure 1a). This 

configuration features a well-established and reproducible fabrication process, coupled with high 

energy conversion efficiency, making it a foundational model in PSC research [2]. However, the NIP 

architecture is not without its limitations. One of the most critical challenges is the inherent sensitivity 

of perovskite materials to environmental factors, particularly moisture. Exposure to humid conditions 

leads to rapid material degradation, compromising long-term stability and device performance [3]. 

Additionally, the fabrication of high-performance NIP PSCs often requires high temperature 

annealing to produce high-quality electron transport layers (ETLs). This not only increases energy 

consumption and production costs but also restricts the use of flexible or temperature-sensitive 

substrates, thereby limiting the scalability and application scenarios for this type of device [4]. To 
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mitigate these challenges, the inverted p-i-n (PIN) architecture has emerged as a compelling 

alternative (Figure 1b). In this design, the sequence of functional layers is reversed: the ETL is 

deposited beneath the perovskite absorber, while the hole transport layer (HTL) is positioned above. 

This rearrangement offers multiple advantages. First, it enables low-temperature processing, 

eliminating the need for high-temperature annealing and thereby reducing energy input and 

broadening the range of compatible substrate materials [5]. Second, the PIN architecture enhances 

environmental stability, particularly under humid and thermal stress. By optimizing the interfacial 

contact between adjacent layers, PIN-type PSCs also reduce charge carrier recombination losses, 

which contributes to improved device performance and operational durability [6]. Although 

substantial progress has been made in enhancing the efficiency and stability of PIN-structured PSCs, 

there remains significant scope for further performance optimization through material innovation and 

interface engineering. 

Beyond structural improvements in single-junction devices, the pursuit of even higher efficiencies 

has directed research efforts toward tandem perovskite solar cells. These advanced architectures aim 

to overcome the theoretical and practical limitations of single-junction PSCs by incorporating 

multiple absorber layers with complementary bandgaps. The tandem configuration broadens the 

spectral absorption range, enabling more effective use of the solar spectrum and paving the way for 

higher theoretical power conversion limits [7]. Tandem PSCs are generally classified into two main 

types: series-connected (monolithic) tandems and parallel-connected tandems. In the series-

connected configuration, multiple sub-cells are vertically stacked and electrically connected in the 

series. Each sub-cell is tailored to absorb a specific segment of the solar spectrum, thereby 

maximizing the total photon-to-electron conversion efficiency [8]. On the other hand, parallel-

connected tandem architectures link the sub-cells electrically in parallel. While this configuration 

typically results in slightly lower efficiencies compared to monolithic tandems, it offers notable 

benefits such as simplified fabrication processes and improved tolerance to current mismatch, which 

in turn enhances operational stability under variable lighting conditions [9]. Overall, the development 

of tandem perovskite solar cells represents a transformative step forward in photovoltaic technology. 

By leveraging the synergistic properties of perovskite materials with different bandgaps, tandem 

devices promise superior energy harvesting capabilities, elevated conversion efficiencies, and 

improved environmental robustness. These attributes not only solidify tandem PSCs as a key area of 

research but also point to a viable pathway for future commercial solar energy solutions. 

 

Figure 1: Schematic diagrams of perovskite solar cell structures: (a) Planar regular (n-i-p) architecture, 

(b) Planar inverted (p-i-n) architecture 

2. Development of perovskite solar cells 

Perovskite solar photovoltaic (PV) cells have undergone a remarkable evolution since their initial 

introduction. At the time of their first report, the power conversion efficiency (PCE) of these devices 
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was a mere 3.8% [10]. This relatively low efficiency limited their early competitiveness with 

established photovoltaic technologies. However, within just a few years, rapid advancements in 

materials science, device engineering, and fabrication techniques led to dramatic improvements in 

efficiency. This unprecedented rate of progress has positioned perovskite solar cells (PSCs) as one of 

the most promising technologies for next-generation solar energy applications. In the early stages of 

development, PSCs predominantly employed a regular structure known as the n-i-p configuration. In 

this architecture, the solar cell is constructed by sequentially depositing an electron transport layer 

(ETL), a perovskite light-absorbing layer, and a hole transport layer (HTL) onto a transparent 

conductive substrate. While this design proved effective in achieving relatively high initial 

efficiencies, it also presented several intrinsic limitations. Most notably, the regular structure is prone 

to the formation of interfacial defects that hinder charge transport and facilitate non-radiative 

recombination. Furthermore, the n-i-p architecture is particularly sensitive to environmental 

conditions such as humidity and temperature fluctuations, which negatively impact device stability 

and lifespan. To address these drawbacks, researchers proposed an alternative structural approach: 

the inverted p-i-n configuration. This design reverses the order of the charge transport layers by first 

depositing the HTL, followed by the perovskite absorber, and finally the ETL. The inverted 

architecture offers several compelling advantages. It significantly reduces the density of interfacial 

defects, thereby enhancing charge extraction and reducing recombination losses. Moreover, this 

configuration exhibits improved tolerance to environmental stressors and allows for lower-

temperature processing, which is conducive to flexible and lightweight substrates. As a result, the 

inverted structure has become a pivotal strategy for advancing both the efficiency and the long-term 

operational stability of PSCs. Building on these architectural innovations, the development of tandem 

perovskite solar cells marks a significant leap forward in the field. Tandem configurations typically 

integrate multiple light-absorbing layers with different bandgaps to capture a broader range of the 

solar spectrum. This approach enables higher theoretical efficiencies than single-junction cells, as it 

minimizes thermalization and transmission losses. Additionally, tandem PSCs offer improved 

thermal stability and lower overall energy losses, thanks to optimized energy-level alignment and 

more effective charge separation. These advantages not only enhance device performance but also 

expand the range of potential applications—from rooftop installations to portable and integrated solar 

technologies. In summary, the continuous evolution from regular to inverted, and eventually to 

tandem architecture, highlights the dynamic progress in perovskite solar cell research. Each structural 

innovation builds upon the limitations of its predecessor, contributing to the realization of high-

efficiency, stable, and scalable photovoltaic solutions. As tandem PSCs gain traction, they represent 

a critical milestone toward the commercialization of perovskite-based solar energy systems and their 

integration into the global renewable energy landscape [11]. 

3. Operating characteristics of tandem perovskite solar cell structures 

Tandem perovskite solar cells represent a significant advancement in photovoltaic technology by 

strategically combining materials with different bandgap energies to capture a broader portion of the 

solar spectrum. This multi-junction architecture allows for improved solar energy utilization and 

enhanced power conversion efficiency (PCE) compared to single-junction devices. Fundamentally, 

tandem configurations operate on the principle of spectral matching, in which two or more sub-cells 

are vertically stacked in a sequence based on descending bandgap values. In a typical two-terminal 

tandem cell, a wide-bandgap perovskite layer serves as the top cell, absorbing high-energy, short-

wavelength photons. Meanwhile, the remaining lower-energy, longer-wavelength photons are 

transmitted through the top layer and absorbed by a bottom cell—often a narrow-bandgap silicon or 

perovskite material. This complementary absorption mechanism reduces energy losses associated 

with thermalization and incomplete absorption, thereby maximizing solar energy conversion and 
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improving overall efficiency and thermal stability of the device [12]. Despite these advantages, 

tandem perovskite solar cells, particularly those employing wide-bandgap perovskite materials—face 

several performance-related challenges. One of the key limitations is the relatively large voltage loss 

often observed in wide-bandgap perovskites, which results from an increased mismatch between the 

quasi-Fermi level splitting and the open-circuit voltage. This voltage deficit can constrain the 

performance ceiling of tandem architectures and hinder their efficiency potential [13]. To address this, 

researchers have explored interfacial passivation techniques and molecular engineering strategies 

aimed at minimizing recombination and enhancing charge carrier dynamics. For example, Jiang X. 

introduced a passivation method using cis-cyclohexane-1,4-diammonium diiodide (CyDAI₂), which 

effectively reduced interfacial non-radiative recombination and improved the energetic alignment 

between the perovskite absorber and adjacent transport layers [14]. This treatment not only improved 

the open-circuit voltage but also increased the bandgap of the perovskite layer to 1.36 V (Figure 2a). 

When this top cell was paired with an organic bottom cell featuring a 1.27 eV bandgap, the resulting 

tandem structure achieved a significant enhancement in overall PCE (Figure 2b), illustrating the 

importance of bandgap tuning and interface optimization. 

 

Figure 2: (a) Relationship between quasi-Fermi level splitting and open-circuit voltage for various 

film structures, used to evaluate voltage loss. (b) Distribution of PCE values for perovskite-organic 

tandem solar cells [1] 

In addition to material engineering, the performance of tandem PSCs is heavily influenced by 

device-level considerations such as optical management, current matching, and interfacial 

engineering. One particularly effective strategy involves the incorporation of anti-reflection coatings 

and advanced light-management structures to minimize reflection losses and increase photon 

harvesting. Furthermore, precise power and current matching between the sub-cells is essential in 

two-terminal tandem devices, as any mismatch can lead to efficiency bottlenecks. To this end, Dewei 

Z. and colleagues employed a phosphonic acid-based self-assembled monolayer, 4PADCB, to 

improve interfacial energy level alignment within wide-bandgap perovskite top cells [15]. This 

molecular interface modification reduced charge recombination at critical interfaces, improved light 

absorption indirectly through enhanced charge extraction, and facilitated the creation of a tandem 

configuration composed of a 1.8 eV top cell and a 1.2 eV bottom cell. The synergy between the 

optimized interfaces and tailored bandgap pairing contributed to an extended absorption spectrum 

and enabled the device to achieve excellent power conversion efficiency. In summary, the successful 

operation of tandem perovskite solar cells relies on a multifaceted interplay of material properties, 

interfacial chemistry, optical engineering, and device architecture. Continuous efforts in passivation, 

bandgap tuning, and structural optimization are essential to overcoming voltage losses and achieving 

commercially viable efficiencies. As research progresses, tandem architecture is expected to play a 

pivotal role in defining the future of high-performance, stable, and scalable photovoltaic technologies. 
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Figure 3: (a) Molecular structure of 4PADCB, (b) Side view of 4PADCB, (c) Electrostatic potential 

of 4PADCB, (d) Schematic of interconnections among ITO, HTL, and PVSK via 4PADCB, (e) PCE 

of a tandem cell consisting of a 1.8 eV top cell and a 1.2 eV bottom cell [15] 

4. Conclusion 

This paper summarizes the significant progress in power conversion efficiency achieved by tandem 

perovskite solar cells. Despite these advancements, key challenges persist. The inherent sensitivity of 

perovskite materials to humidity, light exposure, and thermal stress continues to restrict their long-

term operational stability. Future research efforts must prioritize enhancing the environmental 

resilience of perovskite materials through advanced material engineering. Concurrently, developing 

scalable fabrication methods is critical, with a focus on improving film uniformity and minimizing 

defects for large-scale production. For tandem cell optimization, exploring high-performance 

interlayer materials and adopting rational device architectures will be essential to maximize light 

absorption and charge collection efficiency. In conclusion, tandem perovskite solar cells stand as a 

highly promising photovoltaic technology. Their sustained progress demands collaborative efforts 

across disciplines—including materials science, device engineering, and manufacturing technology. 

By systematically addressing current limitations, tandem perovskite solar cells are poised to become 

a cornerstone of next-generation high-efficiency solar energy systems. 
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