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Perovskite solar cells (PVSCs) show remarkable potential due to their high-power conversion efficiencies and scalability. However, challenges related to stability and long-term performance remain significant. Self-assembled monolayers (SAMs) have emerged as a crucial solution, enhancing interfacial properties, facilitating hole extraction, and minimizing non-radiative recombination. This review examines recent advancements in SAMs for PVSCs, focusing on three key areas: anchoring groups and interface engineering, electronic structure modulation as well as band alignment, and stability optimization. We emphasize the role of anchoring groups in reducing defects and improving crystallinity, alongside the ability of SAMs to fine-tune energy levels for more effective hole extraction. Additionally, co-adsorbed SAM strategies was discussed which can enhance the durability of PVSCs against thermal and moisture degradation. Overall, SAMs present a promising avenue for addressing both efficiency and stability challenges in PVSCs, paving the way toward commercial viability. Future research should prioritize long-term environmental durability and the scaling up of SAM applications for industrial implementation.
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1 INTRODUCTION
Perovskite solar cells (PVSCs) have gained widespread attention as one of the most promising candidates for next-generation photovoltaic technology, combining high power conversion efficiency (PCE) with the potential for cost-effective, scalable production (Dai et al., 2021; Aktas et al., 2020; Caprioglio et al., 2023). Significant progress has been made in improving the efficiency of PVSCs over the past decade, with certified PCEs now comparable to those of conventional silicon-based solar cells (Shen et al., 2023; Sun et al., 2022; Galvis et al., 2023). Despite these achievements, significant challenges remain, particularly regarding the stability of PVSCs and the need for more efficient charge extraction and transport at the interface between the perovskite layer and the charge transport layer (Artiom et al., 2018; Gao et al., 2024; Jiang et al., 2024a). The charge transport layer (CTL) plays a crucial role in perovskite solar cells. It is located between the perovskite layer and other functional layers and is primarily responsible for transporting charges, ensuring that charges can be efficiently extracted from the perovskite layer and transported to the electrodes (Li B et al., 2024; Liao et al., 2022a; Liu et al., 2015).
In addition, the charge selective layer (CSL) is a crucial component in PVSCs, which is located above or below the perovskite layer to optimize charge extraction and transport (Marchant and Williams, 2024; Phung et al., 2022; Sekimoto et al., 2023). (i) Efficient extraction of charge: the main task of the charge extraction layer is to efficiently extract the charges (electrons or holes) generated in the photogeneration process from the active layer (such as the perovskite layer) and transfer them to the electrode (Tang et al., 2024; Wang et al., 2020; Wu et al., 2022). (ii) Reduce recombination losses: If the electrons and holes generated in the active layer cannot be extracted in time, they may recombine in the layer, resulting in the loss of photogenerated current. The CSL reduces this recombination loss by providing an efficient transmission channel (Yao et al., 2022; Zhu et al., 2022; Zhang et al., 2023). (iii) Improve interface characteristics: The CSL can optimize the interface characteristics between the active layer and the electrode, reduce the interface resistance and potential barrier, and thus improve the performance of the overall device (Yeo et al., 2024; Wojciechowski et al., 2014; Li W et al., 2023). (iv) Block reverse charge: In some designs, the charge extraction layer can also play a role in blocking reverse charge, preventing unwanted charge flow and further improving the stability of the device (Liao et al., 2022b; Lin et al., 2024; Park et al., 2023). (v) Regulate the band structure: The material selection and thickness of the charge extraction layer can be used to regulate the band structure to ensure that electrons and holes can be smoothly transferred from the active layer to the electrode (Chang et al., 2021; Han and Zhang, 2024; Hung et al., 2023). (vi) Protect the active layer: The charge extraction layer can also play a role in protecting the active layer to prevent damage to the active layer by the external environment (such as oxygen, moisture, etc.) (Hou et al., 2018; Huang et al., 2024; Deng et al., 2022).
In inverted PVSCs, the use of ultrathin self-assembled monolayers (SAMs) that can effectively extract holes from perovskites to the anode has become increasingly popular as hole-selective layers (HSLs) (Cassella et al., 2022; Aydin et al., 2023; Dai et al., 2022). Unlike PTAA or other traditional organic hole-transporting materials, SAM (Self-Assembled Monolayer) materials are characterized by their extremely low consumption, simple manufacturing process, and the ability to fine-tune their chemical structures at the molecular level (Hsu et al., 2024; Li D et al., 2024; Valles-Pelarda et al., 2016). Consequently, SAM materials hold great promise as an economical, scalable, and stable Hole-Selective Layer (HSL) for inverted PVSCs. By optimizing the molecular structure of SAMs, researchers can significantly enhance interfacial energy levels, improve hole extraction, reduce non-radiative recombination, and ultimately boost the overall efficiency and stability of PVSCs (Liu L et al., 2023; Li Z et al., 2023; Jiang et al., 2022).
This review delves into the recent breakthroughs in the design and deployment of SAMs within PVSCs, with a concerted focus on three pivotal areas. Initially, we scrutinize the influence of anchoring groups and interface engineering, elucidating how diverse functional groups and molecular configurations can augment adhesion, mitigate interfacial defects, and bolster overall device efficacy. Subsequently, we investigate electronic structure modulation and band alignment, concentrating on strategic design approaches that refine energy level matching and enhance charge transport at interfaces. Lastly, we address the optimization of stability and durability, underscoring the engineering methodologies that ensure SAM materials maintain long-term operational resilience across a spectrum of environmental stressors, such as elevated temperatures, humidity, and extended light exposure. Through an extensive examination of these domains, this review aspires to furnish a detailed understanding of how SAMs can significantly contribute to surmounting the existing challenges faced by PVSCs, thereby facilitating their widespread adoption in the evolving landscape of sustainable energy.
1.1 Anchoring groups and interface engineering
Anchoring groups hold a pivotal role in the optimization of interfaces within perovskite solar cells, exerting a direct influence on charge extraction and significantly reducing recombination losses (Kim et al., 2024; Li B et al., 2024; Lin et al., 2017). The meticulous selection of an appropriate anchoring group is imperative, as it governs the molecular interactions between self-assembled monolayers and the perovskite layer, thereby dictating the overall performance characteristics of the device (Jiang et al., 2023; Ernestas et al., 2024). This section delves into the ramifications of employing various anchoring groups, elucidating how their strategic choice can result in enhanced adhesion, effective defect passivation, and precise energy level alignment. These factors collectively contribute to elevated power conversion efficiencies and improved device stability, underscoring the critical importance of anchoring group selection in the advancement of PVSCs technology (Jiang et al., 2024b; He et al., 2023).
Three distinct SAM molecules—2PACz, 9CPA, and 9CAA—were investigated as hole-selective layers (HSLs) in Sn-Pb perovskite solar cells (PVSCs) (Zhang et al., 2024). As illustrated in Figure 1A, these SAMs exhibit variations in their anchoring groups and molecular architectures. Specifically, 2PACz features a phosphonic acid group, whereas 9CPA and 9CAA contain carboxylate groups. These differences in anchoring chemistry substantially influence the manner in which these molecules adhere to the substrate and engage with the perovskite layer. The orientation of these SAMs is totally different which might be caused by the various anchoring groups induced diverse molecular self-assemble. In addition, the deviation angles of SAMs/I atoms are totally different. There is only a single angle between the carboxylate groups-based SAMs/I atoms (18.94° for 9CPA, Figure 1B middle; 17.09° for 9CAA; Figure 1B right), but two deviation angles for the phosphonic acid-based SAM/I atoms (17.85° and 20.76° for 2PACz, Figure 1B left). 9CAA exhibits the most advantageous alignment due to its smallest SAM/I atom angles. This enhanced orientation fosters improved crystallinity within the perovskite layer, as evidenced by the observations in Figures 1D–F. Consequently, this leads to a reduction in defects and diminished recombination losses. The superior molecular arrangement and decreased defect density directly contribute to more effective charge extraction, thereby elevating overall device performance.
[image: Figure 1]FIGURE 1 | (A) The device structure of FTO/SAM/Sn–Pb perovskite (Cs0.1FA0.6MA0.3Pb0.5Sn0.5I3)/C60/BCP/Ag and molecular structure of 2PACz, 9CPA, and 9CAA. (B) The deviation angles of 2PACz/I atoms, 9CPA/I atom, and 9CAA/I atom. (C) XPS spectra of Sn 3days of FTO, FTO/2PACz, FTO/9CPA, and FTO/9CAA. Top SEM images of (D) 2PACz-, (E) 9CPA-, and (F) 9CAA-based perovskite films. (G) J–V curves of 9CAA-based devices (Zhang et al., 2024).
Furthermore, the X-ray photoelectron spectroscopy (XPS) results presented in Figure 1C underscore the superior passivation of the Sn 3d orbital in the 9CAA-modified samples, indicative of stronger binding and more efficacious defect passivation at the interface. This enhanced passivation contributes to improved hole extraction efficiency, as evidenced by the overall device performance metrics. The 9CAA-modified solar cells achieved a record-high power conversion efficiency (PCE) of 23.1%, accompanied by an open-circuit voltage (VOC) of 0.89 V and a short-circuit current density (JSC) of 32.8 mA/cm2, as depicted in Figure 1G. These findings highlight the significant impact of optimized molecular arrangement and anchoring chemistry on interface quality, ultimately leading to superior device performance. Despite these promising results, additional research is necessary to evaluate the long-term stability of these SAM-modified devices under real-world operational conditions, including temperature fluctuations, moisture exposure, and extended light exposure. Future investigations should prioritize the durability of SAM-based interfaces and explore strategies to bolster their environmental robustness.
Expanding upon the effective interface passivation observed with 9CAA, further progress can be achieved by addressing the surface defects present in metal oxide-based hole transport layers (HTLs). The introduction of the co-self-assembled monolayer (Co-SAM) strategy, which combines Me-4PACz and phosphorylcholine chloride (PC) to modify NiOx HTLs, has been shown to enhance both interface coverage and defect passivation (Cao et al., 2024). As illustrated in Figure 2A, Feng Yan’s research team observed that the co-assembly of Me-4PACz and PC on the NiOx surface yields a good complete and uniform monolayer. While Me-4PACz alone contributes to interface improvement, it does not achieve complete surface passivation. The incorporation of PC serves to fill organic cation and halide vacancies, thereby facilitating superior interface passivation, as depicted in the surface modification schematics in Figure 2B. The surface contact potential difference (CPD) was measured. As depicted in Figure 2C, the Co-SAM-modified NiOx (NiOx/Me-4PACz + PC) exhibits a large amplitude of fluctuation and low potential distribution in comparison to NiOx/Me-4PACz one. This observation signifies a substantial reduction in leakage current and an enhancement in device stability. Additional confirmation of these improvements is provided by the X-ray diffraction data presented in Figure 2D, which reveals a smaller interplanar spacing in the Co-SAM-modified sample. This finding suggests improved molecular packing, which serves to minimize non-radiative recombination and enhance charge transport efficiency. The device performance metrics, as illustrated in Figure 2E, reflect these advancements. The Co-SAM-modified NiOx devices achieved a power conversion efficiency of 25.09%, outperforming the 23.42% efficiency of devices modified solely with Me-4PACz. Enhancements in fill factor (FF) and open-circuit voltage, coupled with reduced hysteresis, further underscore the benefits of employing this co-assembly strategy. While the Co-SAM approach markedly improves short-term performance, additional research is warranted to assess the long-term environmental stability of these devices, particularly under conditions of elevated temperature and moisture exposure.
[image: Figure 2]FIGURE 2 | (A) Molecular structures of Me-4PACz and PC. (B) Schematic illustration of SAM (Me-4PACz) and Co-SAM (Me-4PACz + PC) of modified NiOx. (C) CPD changes of NiOx/Me-4PACz and NiOx/Me-4PACz + PC films. (D) D-spacing values obtained from (012) plane as a function of incidence angle (interior illustration: schematic of the transformation from tensile stress to compressive stress) (E) The forward and reverse scanning performance of NiOx-deposited Me-4PACz and Me-4PACz + PC devices (Cao et al., 2024).
Building upon preceding research that has utilized SAMs to refine perovskite solar cell interfaces, Ahmed Farag and his team compare studied the SAMs preparation techniques between the solution method and the vacuum-based evaporation method (Farag et al., 2023). 2PACz (Figure 3A) was applied using vacuum evaporation techniques, with its performance compared to that of solution-processed 2PACz. Infrared (IR) spectra depicted in Figure 3B affirm that both the evaporation and solution processing methods maintain comparable chemical structures. Furthermore, SEM images presented in Figures 3C–E reveal that both methodologies yield smooth and compact perovskite layers with minimal defects—a characteristic imperative for enhancing device performance. As illustrated in Figure 3F, underscores the benefits of employing vacuum evaporation technique. This method exhibited a marginally superior power conversion efficiency of 19.6%, outperforming the solution-processed PCE of 18.5%. Additionally, evaporated 2PACz demonstrated enhancements in both open-circuit voltage and fill factor, thereby highlighting its potential for facilitating nearly lossless interfaces and mitigating recombination losses. Nevertheless, while the evaporated approach improves interface quality and device efficiency, it necessitates further scrutiny regarding long-term stability and scalability for industrial applications.
[image: Figure 3]FIGURE 3 | (A) Schematic diagram of the device stack employing triple-cation perovskite (PVSK) composition (Cs0.17FA0.83PbI2.75Br0.25) and evaporated 2PACz hole transport layer (HTL). Also shown is a rendering of evaporation process. (B) Reflection–absorption infrared spectra of evaporated 2PACz thin films with different thickness onto glass/ITO substrates. The green dashed line represents the peak position of P-OH vibration band of the bulk 2PACz. (C–E) Top view scanning electron microscope images of perovskite thin films deposited over (C) solution-processed 2PACz layer, (D) ≈6 nm evaporated 2PACz layer, and (E) ≈200 nm evaporated and washed 2PACz layer, respectively. The scale bar is 1 µm. (F) Statistical distribution of the FF, JSC, VOC, and PCE of perovskite solar cells employing evaporated (≈6 nm) and solution-processed 2PACz HTLs (Farag et al., 2023).
1.2 Electronic structure modulation and band alignment
In PVSCs, the precise alignment of energy levels between the perovskite absorber and the charge transport layers emerges as a pivotal determinant of charge transfer efficiency and, consequently, overall device performance (Feleki et al., 2022). Attaining this optimal energy alignment is crucial as it minimizes energy losses, streamlines efficient charge extraction, and curtails non-radiative recombination. Suitable energy levels might result the Ohmic contact formation, which is advantage for the chare extraction and transporting. Self-assembled monolayers (SAMs) present a robust framework for modulating the electronic structure at these interfaces, enabling the fine-tuning of work functions and dipole moments to foster more conducive conditions for charge transport (Zhong et al., 2024; Wang J et al., 2024; Zuo et al., 2017). Wu et al. designed three bisphosphonate-anchored indolocarbazole (IDCz)-based SAMs, namely IDCZ-1, -2, and -3, which are isomers (Figure 4A). By adjusting the positions of the nitrogen atoms in the IDCz core, they modified the molecular dipole moments and π-π interactions (Wu et al., 2024). Molecular design plays a crucial role in tuning the work function and energy level alignment at the interface, as evidenced in Figure 4B. The WFs of the bare FTO were −4.58 eV, significantly higher than those modified by the designed SAMs (Figures 4B–D; −4.63 for IDCz-1, -4.72 for IDCz-2, and -4.97 eV for IDCz-3). These differences in WFs can be attributed to the varying dipole moments of the materials (0.98 D for IDCz-1, 1.41 D for IDCz-2, and 4.27 D for IDCz-3). Lower WFs are more advantageous for hole extraction while blocking electrons, whereas higher WFs favor electron extraction. Consequently, the PCEs of the devices based on these three materials were 20.97% (IDCz-1), 23.11% (IDCz-2), and 25.15% (IDCz-3), respectively. These devices were configured as FTO/SAM/Cs0.05FA0.85MA0.1PbI3/piperazinium iodide (PI)/C60/bathocuproine (BCP)/Ag. Compared to the devices based on IDCz-1 and -2, the IDCz-3-based device exhibited significantly improved performance, likely due to enhanced energy level matching and reduced recombination losses. Further insights were provided by photovoltage decay measurements, which revealed that IDCz-3 exhibited the longest carrier lifetime (τ = 1,302 ns). This indicates reduced trap-assisted recombination and more efficient charge transport compared to the other two SAM variants (728 ns for IDCz-1 and 1,171 ns for IDCz-2, respectively). Although the molecular modifications significantly enhanced performance, additional studies are necessary to investigate the long-term stability of these materials under operational conditions, such as exposure to moisture and light stress.
[image: Figure 4]FIGURE 4 | (A), Chemical structures of the three molecules IDCz-1, -2 and -3. Energy-level diagrams for FTO/IDCz-1/perovskite (B), FTO/IDCz-2/perovskite (C), and FTO/IDCz-3/perovskite (D) (Wu et al., 2024).
Following the encouraging outcomes associated with evaporated self-assembled monolayers, additional optimization can be attained by amalgamating distinct SAM molecules to bolster interface passivation. Chun Cheng’s team delved into a co-adsorbed SAM tactic that integrates both 2PACz and PyCA-3F, as delineated in Figure 5A (Li D et al., 2024). The co-adsorption of these two molecules elevates the interface between the ITO substrate and the perovskite layer. As evidenced in Figures 5B–D, atomic force microscopy illustrates that the co-adsorbed SAM yields a smoother surface (Rq = 3.25 nm) in contrast to single-layer SAMs, thereby diminishing surface roughness and enhancing interface uniformity. Such a smoother surface is pivotal for minimizing defect states and augmenting charge transport across the interface. Work function measurements depicted in Figure 5E further underscore the efficacy of the co-adsorbed approach. The amalgamation of 2PACz and PyCA-3F modulates the energy levels more proficiently than 2PACz in isolation, optimizing the energy alignment at the interface. This leads to a reduction in recombination losses and fosters improved charge extraction, ultimately boosting overall device performance. Moreover, time-of-flight secondary ion mass spectrometry results presented in Figures 5F, G reveal deeper and more consistent penetration of PyCA-3F into the interface, thereby further refining passivation and curtailing interface defects. The refined energy alignment and enhanced charge transport attributes contribute to increased power conversion efficiency and mitigated recombination. Although the co-adsorbed SAM strategy exhibits distinct advantages in terms of defect passivation and device performance enhancement, additional research is warranted to evaluate its long-term stability under operational conditions.
[image: Figure 5]FIGURE 5 | (A) Chemical structures of 2PACz and PyCA-3F, and schematic diagram of HTL/SAM fabrication. (B) The AFM height images and KPFM images of ITO substrates. (C) The AFM height images and KPFM images of 2PACz substrates. (D) The AFM height images and KPFM images of CA substrates. (E) UPS spectra of ITO, 2PACz, and CA substrates. (F) TOF-SIMS images of the buried interface of 2PACz-based perovskite film. (G) TOF-SIMS images of the top surface of CA-based perovskite film (Li et al., 2024).
Expanding upon the achievements related to co-adsorbed self-assembled monolayers, Yi Hou and his colleagues investigate how manipulating the molecular arrangement and phase homogeneity of SAMs can further boost the performance of perovskite solar cells (Wang X et al., 2024). A comparison between crystalline (c-SAM) and amorphous (a-SAM) monolayers is depicted in Figures 6A, B, where the orderly structure of c-SAM stands in contrast to the disordered configuration of a-SAM. Molecular dynamics simulations illustrated in Figures 6C, D emphasize the disparities in interaction energies, with c-SAM exhibiting stronger van der Waals (VDW) forces and Coulombic interactions in comparison to a-SAM. This augmented interaction strength inherent in c-SAM culminates in a more stable interface, which is crucial for effective charge extraction and the mitigation of recombination losses. The ramifications of molecular ordering are further exemplified in the photoluminescence intensity maps portrayed in Figures 6F, G. The more consistent distribution of PL intensity within c-SAM signifies superior phase homogeneity, which in turn correlates with fewer trap states and enhanced charge transport across the interface. Device performance assessments depicted in Figures 6H, I reveal that devices modified with c-SAM achieved a certified power conversion efficiency of 24.35%, coupled with improved open-circuit voltage and short-circuit current density in comparison to a-SAM. The enhanced performance observed in c-SAM is ascribed to its ordered molecular structure, which fosters better energy alignment and diminishes recombination losses. Despite c-SAM’s clear advantages in terms of efficiency and phase stability, subsequent research is necessary to appraise its long-term operational stability when subjected to environmental stressors, such as exposure to moisture and fluctuations in temperature.
[image: Figure 6]FIGURE 6 | (A) MD simulation results of a side view of c-SAM absorbed on TCOs (50 ns, 6 nm × 6 nm). (B) MD simulation results of a side view of a-SAM absorbed on TCOs (50 ns). (C) MD-simulated Coulomb and van der Waals interaction energies of c-SAM. (D) MD-simulated Coulomb and van der Waals interaction energies of a-SAM. (E) Radial GIWAXS profiles integrated over all azimuthal angles (pseudo-X-ray diffraction profiles) for c-SAM and a-SAM. (F, G) PL intensity maps of the encapsulated perovskite film on c-SAM and a-SAM. (H) J–V scans of 1-cm2 c-SAM and a-SAM PVSCs. Inset: electroluminescence mapping of c-SAM (left) and a-SAM (right) PVSCs. Scale bars, 5 mm. (I) J–V scan measurement of the 1-cm2 device recorded by NPVM (Wang X et al., 2024).
1.3 Stability and durability optimization
Stability continues to be one of the most formidable obstacles to the commercialization of perovskite solar cells (PVSCs). Although significant strides have been made in attaining high power conversion efficiencies, the long-term operational stability of PVSCs, particularly under real-world environmental conditions such as heat, moisture, and extended light exposure, remains a substantial challenge (Zhu et al., 2020; Xu et al., 2024; Wolff et al., 2020). The employment of self-assembled monolayers (SAMs) presents a promising approach to bolster the durability of PVSCs by offering enhanced surface passivation and safeguarding the delicate perovskite layer from degradation (Sun et al., 2024; Tong et al., 2024; Seo et al., 2020). Building upon prior discussions regarding SAM-modified interfaces, Shengzhong Liu’s team delves into how SAMs can be utilized to meticulously tune energy alignment between the perovskite and charge transport layers (Liu M et al., 2023). Figure 7A illustrates how SAM-modified interfaces modulate the binding energy at the perovskite layer, thereby influencing charge extraction efficiency. The time-resolved spectra depicted in Figures 7B,C demonstrate faster and more efficient charge extraction in SAM-modified devices, which has a direct impact on device performance. Figure 7D juxtaposes the current density-voltage characteristics of a target device (featuring optimized SAM layers) with those of a control device. The target device achieves a power conversion efficiency (PCE) of 19.8% with an open-circuit voltage (VOC) of 1.06 V, surpassing the control device, which has a PCE of 17.6% and a VOC of 1.02 V.
[image: Figure 7]FIGURE 7 | (A) Binding energies of various energetically favorable conformations. (B, C) Pseudocolor TA plots. (D) Steady-state power output of control and target devices. (E) The Ea of the halide ion migration on the perovskite surface with and without the SAM. ToF-SIMS depth profiles of (F) fresh device, (G) control, and (H) target devices after aging at 60% RH, 25°C for 600 h (Liu L et al., 2023).
The energy barrier, as illustrated in Figure 7E, is significantly diminished in the SAM-modified device, facilitating improved charge transport across the interface. This optimization of energy alignment results in enhanced device efficiency and stability. Further chemical composition analysis depicted in Figures 7F–H reveals deeper penetration of key elements (such as Pb and Sn) into the SAM-modified layers, leading to improved passivation of defects and minimized recombination losses. This enhanced interfacial chemistry plays a pivotal role in the superior performance of SAM-modified devices. In summary, the precise manipulation of energy alignment through SAMs provides a clear trajectory toward improving both the efficiency and stability of perovskite solar cells. Future endeavors will need to evaluate long-term durability under operational conditions to ensure practical applicability.
The employment of SAMs might serve to bolster both the performance and long-term stability of perovskite solar cells. However, same anchoring groups-based SAM materials with different core might result different properties of the devices, typically for the stability. Liu et al. designed two SAM materials MeO-2PACz and MeO-BTBT as the hole selective layer to build the PVSCs (Liu M et al., 2024). Though both SAM materials contain the same anchoring groups (Figure 8A), the surface defects as well as the device performance are totally different. The author found that the significantly improved quality of perovskite was formed on the MeO-BTBT compare to the MeO-2PACz. In addition, the strong surface passivation between perovskite layer and the MeO-BTBT layer was also stronger than the ones of MeO-2PACz. This might be due to the core of the MeO-BTBT were more planar with large molecular dipole moment. The interfacial charge carrier recombination loss was investigated by the 2D PL scanning (Figures 8B, C). The results showed that the perovskite film on the MeO-2PACz presented a lower PL intensity than the ones of MeO-BTBT. This indicates that a reduction in non-radiative recombination pathways occurred for the interface of perovskite layer and the MeO-BTBT, thereby fostering improved charge transport across the interface. A comparison of the long-term operational stability of both SAMs is provided in Figure 8H, wherein MeO-BTBT-modified devices demonstrate superior stability, retaining over 94.2% of their initial power conversion efficiency after 1,000 h of continuous 1-sun illumination. Conversely, MeO-2PACz devices exhibit a more rapid decline in PCE during the same timeframe, even down to 82.1%. The totally different stability of the devices might be due to the quality of the perovskite after exposing. As shown in Figures 8D–G, the perovskite films peeled off from the various substrate exhibited totally different surface morphology after exposing. The perovskite film peeled off from MeO-BTBT presented a more compact and uniform morphology exposing over time 20 days, which is almost no change compare to the pristine film. However, there are many voids around the grain boundary for the ones of MeO-2PACz aging. In addition, the MeO-2PACz SAMs material is also not stable. It seems strong surface passivation might result the device with improved stability. Future research could investigate the scalability of MeO-BTBT-based SAMs for commercial applications.
[image: Figure 8]FIGURE 8 | (A) The chemical structure of MeO-BTBT. (B, C) PL mapping images of perovskite films deposited on MeO-2PACz and MeO-BTBT substrates. The direction of incident light comes from the perovskite side. (D–G) SEM images of the fresh and aged perovskite films peeled off from the MeO-2PACz and MeO-BTBT modified substrates. (H) MPP tracking of PVSCs under 1 sun continuous illumination (Liu M et al., 2024).
The Co-SAM strategy, which combines 2PACz and Glycine, is designed to diminish non-radiative recombination losses while concurrently extending device longevity (Roe et al., 2024). As illustrated in Figure 9A, 2PACz and Glycine are co-adsorbed onto the ITO substrate, thereby forming a more resilient interface. Variations in contact potential difference depicted in Figure 9B indicate that Co-SAM-modified devices achieve a more stable surface potential in comparison to devices utilizing 2PACz or Glycine individually, suggesting enhanced interface passivation. Scanning electron microscopy images showcased in Figures 9C, D underscore the morphological discrepancies between Co-SAM and 2PACz-modified devices. While 2PACz films exhibit visible defects and cracks, Co-SAM films present a more uniform and flawless surface, contributing to improved charge transport and reduced recombination. In terms of performance, Figure 9E compares the power conversion efficiency over time for devices employing Co-SAM, 2PACz, and Glycine. The Co-SAM-modified devices exhibit a notably longer T80 (590 h) in contrast to both 2PACz (263 h) and Glycine (315 h), signifying enhanced stability under thermal stress at 65°C within a nitrogen atmosphere. Furthermore, the fill factor analysis presented in Figure 9F demonstrates that Co-SAM mitigates non-radiative recombination losses more effectively than the other two SAMs, bringing the FF closer to the Shockley-Queisser (SQ) limit. In conclusion, the Co-SAM approach, through its amalgamation of 2PACz and Glycine, delivers significant advancements in both device stability and performance by curbing recombination losses and bolstering interface robustness. Future research endeavors could concentrate on refining the co-adsorption process to fully maximize these benefits.
[image: Figure 9]FIGURE 9 | (A) Chemical structures of 2PACz and glycine. (B) The corresponding statistical contact potential difference variations obtained by KPFM. Buried interface and cross-sectional SEM images of perovskite films coated on (C) ITO/2PACz and (D) ITO/Co-SAM. (E) Thermal stability of unencapsulated Sn−Pb PVSCs modified by 2PACz, Co-SAM, and glycine at 65°C under dark conditions in a N2 environment. (F) FF loss analysis of devices with 2PACz, Co-SAM, and glycine (Roe et al., 2024).
Selective contact based on molecules has become a pivotal component in ensuring the efficiency of inverted perovskite solar cells. These molecules are typically composed of a conjugated core with heteroatom substitution, aiming to achieve ideal carrier transport capabilities. To date, successful designs of conjugated cores have been limited to two N-substituted π-conjugated structures: carbazole and triphenylamine, with molecular optimization focusing on their derivatives. However, the improvement of device lifespan has been hindered by the inherent limitations on molecular stability induced by such heteroatom substitution structures. Robust molecular contacts that do not compromise electronic properties are urgently needed but remain a challenge.
In this context, Xue Jingjing and colleagues report a polycyclic aromatic hydrocarbon core structure without heteroatom substitution (Zhao et al., 2024). They designed a pyrene structure, the smallest closely fused polycyclic aromatic system, to replace the commonly used conjugated cores in the (2-(9H-carbazol-9-yl)ethyl)phosphonic acid (2PACz) or triphenylamine series. When deposited on indium tin oxide (ITO) glass substrates, Py3, like the commonly used 2PACz, provides uniform surface coverage. Figure 10A compares the conductive atomic force microscopy (c-AFM) images of ITO substrates coated with 2PACz and Py3. Although both 2PACz and Py3 exhibit uniform surface electronic properties, Py3 shows a higher average surface current signal of approximately 57 pA compared to 2PACz (about 46 pA; Figure 10B). The higher conductivity indicated by c-AFM suggests enhanced charge transport, indicating that Py3 is a promising molecular contact for facilitating charge flow despite the absence of heteroatom doping to enrich electron density. The improved charge transport capability may stem from Py3’s extended π-conjugation, which promote electron delocalization.
[image: Figure 10]FIGURE 10 | Basic properties of assembled Py3 as molecular contacts for PVSCs. c-AFM images (A) and the corresponding surface current signals (B) of the ITO substrate covered with 2PACz and with Py3. Scale bars, 2 μm. (C, D) NMR spectra of 2PACz (C) and Py3 (D) before and after illumination. The blue asterisks denote the new NMR peaks that emerge. (E, F) XRD patterns of 2PACz (E) and Py3 (F) films before and after ageing tests of thermal annealing and organic solvent treatment (Zhao et al., 2024).
Due to its all-carbon aromatic skeleton, Py3 is expected to better maintain its molecular integrity under external stimuli. The researchers used nuclear magnetic resonance (NMR) spectroscopy to compare the molecular stability of 2PACz and Py3. Both molecules were aged under continuous light exposure at ambient conditions for 120 h. As shown in Figure 10C, different NMR peaks appeared in the aged 2PACz sample, indicating degradation and the formation of new chemical species. After aging, distinct peaks emerged in the alkyl (2.0–4.0 ppm) and aromatic (7.0–12.5 ppm) regions of 2PACz, suggesting N-dealkylation of the polarized C-N bonds, leading to the formation of carbazole and vinylphosphonate esters. The formed vinylphosphonate esters underwent further reactions, ultimately resulting in products containing aldehydes and carboxylic acids. In contrast, the NMR spectrum of Py3 remained nearly unchanged before and after aging (Figure 10D), confirming its significantly reduced chemical reactivity.
Beyond the inherent stability of the molecules, their structural robustness when assembled into films was also evaluated. The conjugated core always induces π-π stacking in molecules, enabling them to self-assemble into periodic structures. X-ray diffraction (XRD) measurements revealed clear diffraction patterns in both 2PACz and Py3 films, demonstrating their long-range ordered π-π assembly. The primary diffraction peak of fresh 2PACz film was located at 13.8°, accompanied by weak diffraction patterns centered at 9.2°, 14.6°, and 18.4°, indicating the presence of multiple molecular stacking modes. Upon heating, significant changes occurred in the diffraction pattern of 2PACz, with a primary peak appearing at 14.6° and the original primary peak decreasing (Figure 10E). This demonstrated that the π-π stacking structure of 2PACz molecules had changed, indicating instability of the stacking mode under external thermal stress. In contrast, a diffraction peak appeared in the fresh Py3 film and remained almost unchanged after heating, suggesting a strong and dominant stacking mode in Py3 (Figure 10F).
When the perovskite layer was subsequently deposited on these molecular layers to construct devices, their resistance to dimethylformamide (DMF), a commonly used organic solvent for perovskite layer deposition, was further tested. Similar to the thermal test, the XRD peak position of Py3 remained at 11.4° after DMF treatment, while different diffraction patterns appeared in the 2PACz film, indicating structural deformation after DMF treatment (Figures 10E, F). The enhanced resistance of Py3 films to DMF helps minimize structural deformation at the interface during the perovskite film deposition process. This is beneficial for interface contact between molecules and perovskite, thereby suppressing non-radiative carrier recombination. This core structure produces relatively chemically inert and structurally rigid molecular contacts, significantly improving the performance of perovskite solar cells in terms of efficiency and durability. Under various accelerated aging tests, the device efficiency reached up to 26.1% (certified by a third-party institution as 25.7%), with a substantial increase in lifespan.
It is noteworthy that most of the hole-selective SAMs are inherently amphipathic, (Zhang et al., 2023) thus these SAMs tend to form micellar nanoparticles in solution (Figure 11A), (Liu L et al., 2023) and the aggregation phenomenon of SAM molecules on self-adsorbed materials is very serious, which is extremely fatal for solar cells. This also leads to poorer performance in terms of scalability and stability for these devices. The Chen’s team designed and synthesized a novel type of HTM (hole transport material) through the polymerization of carbazole phosphoric acid small molecules, resulting in Poly-4PACz (Figure 11B) (Ren et al., 2023). Compared to the currently popular small molecule PACz HTM, Poly-4PACz possesses several key advantages: excellent hole extraction capability, high electrical conductivity, and good wetting properties. Poly-4PACz can be uniformly coated on large ITO substrates, and when coated on ITO module substrates covered with Poly-4PACz, large perovskite films exhibit a mirror-like surface (as shown in the inset of Figure 4B). Perovskite modules based on Poly-4PACz can achieve an impressive 20.7% PCE on a cell area of 25.0 cm2 (Figure 11C), with VOC of 8.11 V (1.16 V per sub-cell), short-circuit current (ISC) of 82.5 mA, FF of 0.773. Considering a geometric FF (GFF) of 92%, the aperture area efficiency corresponds to an effective area PCE of 22.5% (as shown in Figure 11C). Overall, these results indicate that this polymer material is fully compatible with the scalable manufacturing of perovskite modules, and Poly-4PACz has a promising application in the actual manufacturing of perovskite photovoltaics.
[image: Figure 11]FIGURE 11 | (A) Illustration of micelles formed from the amphiphilic SAM molecules anddisassembled in co-solvent (Liu M et al., 2023). (B) Synthesis route of Poly-4PACz. (C) J-V characteristics of the Poly-4PACz-based perovskite mini-module with an aperture area of 25.0 cm2. Inset shows a picture of Poly-4PACz-based perovskite module (Ren et al., 2023). (D) before and after illumination. The blue asterisks denote the new NMR peaks that emerge. e,f, XRD patterns of 2PACz (E) and Py3 (F) films before and after ageing tests of thermal annealing and organic solvent treatment (Liu S et al., 2024).
The Chen’s team reported the molecular hybridization at the inverted PVSK buried interface, which combined the popular self-assembled molecule [4-({3,6-bis(3,6,9-trimethyl-9H-carbazol-9-yl)propyl}amino)butyl]phosphonic acid (Me-4PACz) with multiple aromatic carboxylic acids, 4,4′,4″-tris(aminotriazine)phenol (NA) (Figure 11D), to improve the heterojunction interface (Liu S et al., 2024). The molecular hybridization of Me-4PACz with NA significantly improved the interface characteristics. The resulting inverted perovskite solar cells exhibited a record certified steady-state efficiency of 26.54% (Figure 11E). Importantly, this strategy seamlessly integrates with large-scale manufacturing, achieving one of the highest certified power conversion efficiencies for inverted mini-modules at 22.74% (with an aperture area of 11.1 cm2, Figure 11F).
Long-term operational stability research is necessary when subjected to environmental stressors, such as exposure to moisture and fluctuations in temperature (Jiang et al., 2023). Li et al. research reveal that to composite the SAMs with NiOx to the nanoparticle as the hole selective layer can significantly improve the device stability to the high temperature (Li Z et al., 2023). This might be due to that introducing the NiOx to the SAMs particles can form a more contact and binding between the hole selective layer and the perovskite as well as the ITO, which promote a strong interface toughening effects under thermal stress. The PCE of the PVSCs has almost comparable with the silicon-based solar cells. Thus, the device stability plays a key role to promote the PVSCs commercialization. Recently research revised that introducing SAMs as the hole selective layer could not only enhance the PCE of the device, but also improve its stability. The chemical structures of most representative variety of SAMs in recent years as well as their corresponding device stability are summarized in Figure 12 and Table 1. Further modification the chemical structures to obtain the high-performance SAMs is always a challenging, which should be focused on: (i) the stability of the SAMs materials; (ii) development novel and useful anchoring groups which might be formation strong binding and a good contact to against the external stress; (iii) interface engineering between the SAMS and the ITOs as well as the perovskite layer; (iv) effective conjugation system of the SAM’s core.
[image: Figure 12]FIGURE 12 | Summarized the most representative variety of SAMs in recent years.
TABLE 1 | Stability of SAMs based PVCs.
[image: Table 1]2 CONCLUSION
Self-assembled monolayers (SAMs) have emerged as a powerful tool in the interface engineering of perovskite solar cells, capable of precisely tuning energy level alignment, enhancing carrier extraction, and improving long-term device stability (Figure 12; Table 1). Through various molecular designs, including the use of different anchoring groups, coadsorption strategies, and the introduction of homogeneity, SAMs have shown great potential in addressing critical challenges such as defect passivation and non-radiative recombination losses. In this review, we explore the progress of strategies based on SAMs, starting with 2PACz, which provides foundational insights into energy level optimization and performance improvement. We then introduce coadsorbed SAMs such as the combination of 2PACz and PyCA-3F, which further improves interface passivation and reduces carrier recombination. Additionally, regulating the molecular arrangement in both crystalline and amorphous SAMs, as well as coassembling 2PACz with glycine, has shown further improvements in carrier transport efficiency and device stability. We emphasize innovative materials such as non-carcinogenic multi-aromatic MeO-BTBT and fully carbonaceous Py3, which can significantly enhance device lifetime and operational performance. Furthermore, we summarize strategies for modifying SAMs from small to large-area modules: Poly-SAM and the introduction of carboxylic acid into the Me-4PACz layer to enhance the wetting of perovskite precursors on NiO/SAM substrates. In addition, although the interface engineering based on SAMs has made significant progress in improving the efficiency and stability of perovskite solar cells, there are still challenges. It is necessary to further explore long-term operational stability under real-world conditions, such as moisture and temperature fluctuations. From the perspectives of high performance, stability, and large-area scalability, we believe that the development of SAMs will move towards the direction of polymeric full-carbon SAMs, attracting more researchers to join due to the selection of suitable energy level conjugated modules. In summary, SAMs represent a flexible and promising approach for advancing the PVSK technology. Continuous innovation in molecular design, coadsorption technologies, and stability assessments is crucial for breaking through the performance limits of the devices and accelerating the pace towards commercialization.
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