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Abstract: Self-assembled monolayers (SAMs) have gained significant attention as an in-
terfacial engineering strategy for perovskite solar cells (PSCs) due to their efficient charge
transport ability and work function tunability. While solution-based methods such as
dip-coating and spin-coating are widely used for SAM deposition, challenges such as non-
uniform coverage, solvent contamination, and limited control over molecular orientation
hinder their scalability and reproducibility. In contrast, vacuum deposition techniques,
including thermal evaporation, overcome these limitations by enabling the formation of
highly uniform materials with precise control over thickness and molecular arrangement.
Importantly, the chemical interactions between SAM materials and perovskite layers, in-
cluding coordination bonding with Pb2+ ions, play an important role in passivating surface
defects, modulating energy levels, and promoting uniform perovskite crystallization. These
interactions not only enhance wettability but also improve the overall quality and stability
of perovskite films. This review highlights the advantages of vacuum-deposited SAMs,
promoting strong chemical interactions with perovskite layers and improving interfacial
properties critical for scalable applications.

Keywords: perovskite; self-assembled monolayer; evaporation; interface properties;
chemical interaction

1. Introduction
Perovskite solar cells (PSCs) have drawn widespread interest for next-generation pho-

tovoltaic devices due to their high-power conversion efficiencies (PCEs) and cost-effective
fabrication processes [1–5]. Despite these advantages, several challenges remain in enhanc-
ing their performance and long-term stability, particularly with respect to charge transport
efficiency [6–10]. Among the strategies employed to address these issues, incorporating
a self-assembled monolayer (SAM) has been shown to effectively enhance the interfacial
charge transport properties, leading to notable improvements in PSC performance [11–14].
The application of SAMs, especially at the interfaces between the transparent metal oxide
electrode and perovskite layer, plays a crucial role in perovskite solar cells [15–21].

SAMs act as molecular bridges that modify the interfacial properties of charge transport
interfaces [22–26]. This modification improves charge extraction, minimizes non-radiative
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recombination losses, and ultimately enhances the power conversion efficiency (PCE) of
PSCs [27–29]. Notably, carbazole-based SAMs and phosphonic acid functional group-based
SAMs have gained significant attention due to their ability to form strong chemisorption with
metal oxide and capable charge extraction from the perovskite layer [30–33].

This review aims to systematically examine the chemical interaction with the SAMs
layer at the perovskite interfaces. SAMs are typically composed of molecules with a
functional terminal group and an anchoring group, which can form a chemical interaction
with the perovskite surface [34–36]. These interactions play a vital role in the passivation
of surface defects, consequently reducing trap states and enhancing carrier lifetimes [37].
Additionally, SAMs can modulate surface energy, promoting uniform perovskite crystal
growth and improving film morphology [38,39]. However, a comprehensive review on this
topic has not yet been conducted.

From other perspectives, the deposition of SAMs via vacuum thermal deposition
processes offers distinct advantages for precisely controlling monolayer formation. Com-
pared to solution-based methods, vacuum deposition enables the fabrication of highly
uniform and well-ordered SAMs with minimal contamination, which is critical for ensuring
consistent interfacial properties in perovskite devices [40,41]. This approach also enables
better control over the thickness and orientation of the SAMs, which are essential for
effective charge transport optimization [42]. Furthermore, vacuum deposition processes
are compatible with fabrication workflows involving vapor-phase deposition techniques,
reducing potential cross-contamination and enhancing process continuity [43]. These bene-
fits make vacuum-deposited SAMs particularly suitable for advanced perovskite-based
optoelectronic applications. Ultimately, the purpose of this review is to explore the poten-
tial of SAMs in perovskite solar cells fabricated through vacuum deposition processes to
maximize the utility of SAM by investigating the effects of chemical interactions between
SAMs and perovskite materials.

2. Background
2.1. Structural Components of SAM

SAMs comprise three main structural components: a terminal group designed to
tailor surface properties and interactions with the perovskite, a linker group that regulates
the interfacial characteristics of the monolayer, and an anchoring group that facilitates
chemical attachment to the substrate surface (Figure 1) [44,45]. The terminal group typically
comprises arylamine derivatives with hole-selective transport properties, including triph-
enylamine, carbazole, and phenothiazine [46,47]. Due to the hydrophobic nature of these
molecular backbones, the contact characteristics with the perovskite can vary significantly
depending on functional groups, which can be introduced by organic synthesis [48–50].
This functionalization allows for the modulation of the surface energy, which enhances the
quality of the subsequently deposited perovskite film, with better charge extraction and
suppression of charge recombination at the perovskite interface [51,52].

The linker group is the molecular backbone connecting the anchoring group and the
terminal group, controlling the molecular structure through van der Waals interactions [55].
Two main types of molecules are typically used: non-conjugated alkyl chains and conjugated
aromatic groups, each exhibiting distinct charge transport characteristics [56,57]. These linker
groups are crucial in determining the molecular alignment during self-assembly. Depending
on the length of the alkyl chain or the structure of the aromatic groups, they can influence the
dipole moment and tunneling effects at the interface [58–60].
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Figure 1. (a) The composition and structure of SAM material in perovskite solar cells. Reproduced 
with permission from ref. [53], copyright 2025 Wiley. (b) Schematic of the p-i-n structure PSCs, in-
cluding the molecular structures of carbazole-based MeO-2PACz and Me-4PACz. Reproduced with 
permission from ref. [54], copyright 2024 Wiley. 
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layer, which is essential for achieving desirable interfacial properties in various applica-
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Figure 1. (a) The composition and structure of SAM material in perovskite solar cells. Reproduced
with permission from ref. [53], copyright 2025 Wiley. (b) Schematic of the p-i-n structure PSCs,
including the molecular structures of carbazole-based MeO-2PACz and Me-4PACz. Reproduced with
permission from ref. [54], copyright 2024 Wiley.

The anchoring group interacts with metal oxides and binds to the metal oxide elec-
trode surface through the chemical adsorption process [61,62]. They interact with hydroxyl
groups on the surface of metal oxides, forming mono-, bi-, or tridentate bonds via a con-
densation reaction between the oxygen atoms of the anchoring group and the metal oxide
surface [63,64]. In the case of tridentate bonding, hetero-condensation occurs, with hydro-
gen atoms migrating to the surface hydroxyl groups, leading to the formation of oxygen
vacancies and further bonding interactions. As a result, various binding configurations
exist between the SAM and the substrate [65].

2.2. Binding Modes of SAM

The formation of SAM layers involves both chemical adsorption and physical adsorp-
tion mechanisms [66]. Chemical adsorption occurs through the formation of covalent bonds
between the functional anchoring groups of SAMs and the metal oxide electrode surface,
ensuring strong and stable attachment compared to physical interactions (Figure 2) [67].
Concurrently, physical adsorption, driven by weak interactions such as van der Waals forces
or electrostatic interactions, is randomly covered on the metal oxide surface [68]. These
dual adsorption processes collectively result in the self-assembly of a monolayer, which
is essential for achieving desirable interfacial properties in various applications [69–71].
In solution-based processes, SAMs generally have sufficient time and energy to interact
with the electrode surface, enabling strong chemical adsorption through mono-, bi-, or
tridentate bonding between anchoring groups and metal oxides. Additionally, physically
adsorbed SAMs can form overlayers when non-anchored molecules remain on the substrate
surface [72]. On the other hand, SAMs with a high degree of order can spontaneously
self-assemble during vacuum deposition [73,74].

The bonding modes of SAM materials vary depending on the chemical properties of
the anchoring group and the hydroxyl (-OH) group density on the metal oxide surface.
Phosphonic acid (-PO(OH)2) is one of the most commonly used anchoring groups, forming
strong chemical bonds with metal oxide surfaces and creating monodentate, bidentate,
or tridentate bonds [63]. The phosphoryl oxygen of phosphonic acid is directed toward
the free acid binding section, increasing the P atom’s electrophilicity. This structural
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arrangement facilitates the formation of high-energy phosphorus-oxygen-metal oxide
bonds through condensation reactions between neighboring hydroxyl groups and surface
hydroxyl groups [75–77]. Typically, metal oxide surfaces with extensive hydroxyl groups,
such as SnO2, TiO2, and indium tin oxide (ITO), favor bidentate or tridentate bonding,
providing strong bonding strength and chemical stability [78–81]. In the case of tridentate
bonding, three oxygen atoms of phosphonic acid simultaneously bond with hydroxyl
groups on the metal oxide surface, improving charge transfer characteristics at the interface
and significantly enhancing structural stability [82–85].
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modes. Reproduced with permission from ref. [63], copyright 2008 American Chemical Society.

2.3. Processing of SAMs

The properties and quality of the monolayer formed by SAMs highly depend on the
specific variables (Figure 3). SAM structure, deposition method, and processing time can
potentially affect the formation of chemical bonds or physical adsorption at the substrate
interface [86]. Additionally, the nature of the electrode, including its functional groups
and chemical composition, plays a critical role in determining the extent of adsorption
and molecular organization [87–89]. Variations in these factors can result in significant
differences in interfacial properties, such as defect passivation efficiency and surface energy
modulation. These disparities ultimately affect the performance, stability, and repro-
ducibility of devices relying on SAM-modified interfaces, highlighting the importance of
optimizing the fabrication process to achieve the desired monolayer characteristics [86].

SAM processes are primarily categorized as vapor-phase and liquid-phase deposition
techniques. Vapor-phase deposition involves exposing the substrate to a vaporized SAM
atmosphere, with post-process thermal annealing employed to enhance the chemical inter-
action and rapid adsorption of SAM molecules onto the substrate [90]. A notable advantage
of this method is to achieve the formation of uniform layers without rinsing. This eliminates
additional processing steps and minimizes the risk of disrupting the molecular assembly,
thereby ensuring a uniform layer. This process enhances precision and reproducibility by
reducing potential contamination and simplifying the deposition process [91].

In contrast, liquid-phase deposition can be further classified into immersion and
spin-coating methods. The immersion method, or dip-coating, involves submerging the
substrate into a SAM solution, allowing uniform and controlled deposition by a strong
chemisorption mechanism [92]. Precise control of SAM solution concentration and immer-
sion time is critical for achieving uniform SAM formation. Low concentrations necessitate
longer immersion times, while high concentrations can induce aggregation between SAM
molecules, disrupting molecular arrangement and reducing surface properties [88,93].
Thus, optimizing solution concentration and immersion time is essential for produc-
ing highly ordered SAMs. The spin-coating method, on the other hand, enables rapid
and uniform SAM deposition by regulating the deposition speed of the SAM solution
onto the substrate, followed by thermal treatment to remove residual solvent [40,94,95].
Post-annealing treatment further strengthens SAM–substrate bonding, enhancing chem-
ical adsorption. The optimization of an appropriate annealing temperature is crucial
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for achieving ordered molecular assembly and controlling the SAM deposition rate and
packing density [15,96].
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3. Promising for Vacuum Deposition of SAM
The solution processing technique, including dip-coating, spin-coating, and spray-

coating, is widely used for SAM deposition [74]. However, solution-based methods face
challenges, including inconsistent layer uniformity, potential solvent contamination, and
difficulty in controlling the molecular orientation and packing density, which can nega-
tively impact the quality and reproducibility of the SAM layers [58,97]. To address these
limitations, vacuum deposition techniques such as thermal evaporation provide a superior
alternative. Thermal evaporation is the earliest developed and most widely adopted film-
coating technology [98,99]. It is a physical–chemical process by which the raw materials
are heated, vaporized, and then deposited onto the substrates under high-vacuum condi-
tions. The maturity and reliability of thermal evaporation make it a competitive route for
large-area and scale-up industry fabrication [100–102]. Additionally, thermal evaporation
offers distinct advantages for perovskite preparation: it is a solvent-free method that is
ideal for inorganic perovskites, enabling precise control over film thickness and uniformity
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and providing a high vacuum environment suitable for the fabrication of oxygen-sensitive
or metastable perovskites [103,104]. Additionally, the sublimation process during ther-
mal evaporation ensures high purity by reducing impurities and trap density, while its
reproducibility addresses challenges such as rapid reaction and crystallization rates seen
in solution-based methods [105]. Most importantly, the thermal evaporation of SAM is
suitable as a preceding process for vacuum-processed perovskite deposition [106,107].

Building on these advantages, recent advances in vacuum-deposited SAMs have
demonstrated significant improvements in PSC performance, highlighting the potential of
this approach. In 2023, Farag et al. first investigated the vacuum deposition 2PACz and
achieved a PCE of 19.5% [106]. Then, Kore et al. incorporated thermal evaporated 2PACz
and Me-4PACz in tandem devices and obtained PCEs of 28.6% and 28.0%, respectively [108].
In addition, Qi et al. compared spin-coating to the thermal evaporation method for 2PACz
and achieved a PCE of 19.72% with the latter method [109]. Jen et al. introduced a highly
crystalline self-assembled multilayer (SAMUL), and a PCE of 23.50% was achieved by
adopting the thermal evaporation method [110]. In 2025, Diercks et al. introduced the
sequential evaporation method by using MeO-2PACz; they obtained a PCE of 17.2% [111].

Recent studies have demonstrated the effectiveness and highlighted the advan-
tages of vacuum deposition techniques for the deposition of SAM layers. For instance,
Farag et al. reported the first application of vacuum-deposited SAM hole-transport lay-
ers in inverted perovskite solar cells (p–i–n architecture). By employing widely used
SAMs such as [2-(9H-Carbazol-9-yl)ethyl]phosphonic acid (2PACz), [2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz), and [4-(3,6-Dimethyl-9H-carbazol-9-
yl)butyl]phosphonic acid (Me-4PACz), the study demonstrated that vacuum deposition
preserves or even improves interfacial properties, including wettability and energy level
alignment compared with solution-processed 2PACz (Figure 4a). In addition, evaporated
SAMs exhibit enhanced interface qualities, leading to minimal non-radiative recombination
and improved stability. Furthermore, they demonstrated that the evaporated SAMs formed
a covalent bond with the TCO (transparent conductive oxide), and the presence of P-O
species observed using the reflection–absorption infrared spectrum provides clear evidence
that the interfacial bonding between evaporated 2PACz and ITO is consistent with that of
solution-processed 2PACz [106]. Notably, this approach exhibited compatibility with tex-
tured surfaces and scalability for industrial production, making it a promising alternative
to solution processing.

In addition, Qi et al. expanded the scope of vacuum deposition by comparing it with
spray-coating and spin-coating for 2PACz deposition. They demonstrated that thermal
evaporation not only improves layer uniformity and thickness control but also enhances the
overall morphology and interfacial dipole alignment [109]. Such precision enables better
energy level matching between SAMs and perovskite layers, improving device performance
and scalability for larger modules [110]. From the perspective of processability over a
textured surface, Kore et al. demonstrated the effectiveness of thermally evaporated SAMs
in fully textured perovskite-silicon tandem devices. The study demonstrated the ability
of vacuum deposition to produce conformal and defect-free SAM layers on challenging
textured surfaces, which is critical for achieving high efficiency in tandem architectures
(Figure 5c). By optimizing the thickness of evaporated SAM layers, they achieved PCEs
exceeding 30% in lab-scale tandem devices, highlighting the scalability and industrial
potential of this approach [108].

SAMs, such as 2PACz with its large dipole moment, are widely used as hole trans-
port layers in inverted perovskite solar cells (PSCs) due to their efficient charge transfer
properties, but their energy level alignment at interfaces remains underexplored [112].
In this context, Chen et al. comprehensively investigated the energy level alignment of
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2PACz molecules on various substrates, leveraging the advantages of vacuum deposition
to gain precise control over molecular orientation, which is critical for minimizing inter-
facial recombination and enhancing charge extraction (Figure 4b). This research found
an influence on dipole moment, depending on molecule configuration. For example, on
solvent-cleaned and plasma-treated ITO substrates, the SAM molecules assemble vertically,
leading to an increase in work function. However, on sputtered ITO, the SAM molecules
adopt an inverted orientation, significantly reducing work function (Figure 4c). These
findings confirmed that vacuum-deposited SAMs provide superior interfacial properties to
their solution-processed counterparts, especially when combined with surface treatments
such as plasma cleaning or sputtering [110].
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copyright 2024 Wiley. (b) Work function and valance band spectra of MAPbI3/2PACz interface with 
energy level diagram of MAPbI3 and 2PAC. (c) 2PACz molecule arrangement on various substrates 
and dipole interactions. Reproduced with permission from ref. [110], copyright 2025 Wiley. 
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In the case of vacuum deposition, fine control over the deposition thickness is achiev-
able. However, the absence of a washing step often leads to the formation of disordered
overlayers. These disordered layers, consisting of loosely packed SAM molecules, con-
tribute to substrate coverage, improved wettability, and defect passivation [113]. However,
a thicker overlayer should have efficient charge transporting ability for maintaining ef-
fective carrier extraction and minimizing recombination losses at the interface [114]. In
this context, to enhance the performance of PSCs, a comprehensive understanding of the
molecular structure–property–performance relationship is essential. Jen et al. introduced a
novel self-assembled multilayer (SAMUL) structure fabricated using thermal evaporation,
achieving highly ordered molecular packing and enhanced hole transport (Figure 5a). The
SAMUL architecture demonstrated a significant increase in fill factor and power conversion
efficiency (PCE), offering new opportunities for advanced PSC applications (Figure 5b).
Specifically, the SAMUL structure was fabricated utilizing (4-(7H-dibenzocarbazol-7-yl)
phenyl) phosphonic acid (CbzNaphPPA), a molecule with a rigid conjugated core and
H-aggregation properties. This design improved molecular rigidity and intermolecular
interactions, resulting in superior hole mobility and stability. Their work emphasized that
the crystalline molecular arrangement within SAMULs is crucial for optimizing interfacial
charge transport properties [111]. Additionally, the device-based CbzNaphPPA showed
excellent device stability (94% of its initial PCE retained after continuous operation for
1200 h under 1-sun irradiation) compared to the solution-processed method (77% of its
initial PCE retained after continuous operation for 1200 h under 1-sun irradiation). Another
study on the stability of SAMs was conducted by Na et al., who demonstrated that vacuum
deposition-based Me-4PACz promotes the formation of uniform perovskite films and en-
hances charge extraction and transfer at the perovskite interface. This approach resulted in
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improved efficiency and stability compared to the solution-processed method. The PCE of
the device with vacuum deposition-based Me-4PACz reached 20.31% and retained 87% of
its initial PCE after 1144 h at 65 ◦C in an N2 atmosphere. In contrast, the solution process
device showed 18.44% PCE and retained 63% of its initial PCE after 1144 h at 65 ◦C in an
N2 atmosphere [53].

In conclusion, these studies thoroughly highlight the pioneering potential of vacuum-
deposited SAMs in perovskite solar cells. By addressing the limitations of solution-based
methods, vacuum deposition offers a robust, scalable, and high-precision approach to
fabricating SAM layers with superior interfacial properties [115]. Additionally, the recent
advancements in vacuum-deposited SAMs demonstrate their effectiveness in improving
device performance, particularly in enhancing charge transport and interfacial stability.
However, despite these advantages, several challenges must be addressed to fully un-
lock their potential. One of the critical challenges is the thermal stability of SAMs under
high-temperature processing conditions. In particular, certain inorganic perovskite compo-
sitions necessitate a high-temperature annealing process above 200 ◦C, posing a significant
challenge due to the thermal instability of SAMs [95]. For example, it is reported that
Me-4PACz undergoes liquefaction at 200 ◦C, followed by a dehydration condensation
reaction that transforms phosphonic acid groups into –P–O–P– bonds [116,117]. Therefore,
future work should focus on optimizing vacuum deposition conditions and exploring the
thermal stability of SAMs to fully realize their potential in advancing PSC technology.

4. Importance of Interaction Between SAM and Perovskite
The functional groups present in the molecular structure of SAMs play a crucial role in

interfacial interactions with perovskite [88]. Specifically, groups such as methyl or methoxy
can significantly impact the interfacial charge transfer rates, as well as charge extraction
efficiency [12,20,118]. These modifications enable fine-tuning of the electronic properties
at the interface, which is essential for optimizing the performance of perovskite-based
devices. In addition, the interaction between the terminal group of SAM and perovskite is
critical, as it directly affects the perovskite’s lattice structure, crystallization, and surface
properties, all of which influence device performance [14,76,119]. These interactions,
including coordination bonding, van der Waals forces, and electrostatic interactions, enable
SAMs to integrate into the perovskite lattice, improving wettability, crystallinity, and defect
passivation [120]. By reducing trap states and minimizing non-radiative recombination,
SAMs can enhance charge transport and promote uniform crystal growth, ultimately
improving the stability and efficiency of perovskite-based technologies [74].

4.1. Surface Contact Behavior Between SAM and Perovskite

In perovskite solar cells, hydrophobic PTAA HTL introduces challenges due to its
poor surface wettability upon exposure to the perovskite precursor solution [121–124]. To
address the issue of interfacial defects, SAM-based HTL with tunable functional groups
can be introduced to improve wettability and enhance interactions with the perovskite
layer [125–128]. In this regard, the hydrophilic SAM can alter the surface properties of the
SAM-based substrate by modifying the terminal groups of the SAM, thereby adjusting its
hydrophilicity to enhance coating efficiency [128,129]. This modification also improves the
quality of the coating of the perovskite.

To explore this strategy in detail, studies have focused on developing novel SAMs
to enhance surface wettability and improve the deposition quality of perovskite films.
Zhu et al. synthesized a new SAM—TPA-PT-C6—which contains two triarylamine groups
on the phenothiazine core unit (both of which are excellent hole-extraction/transportation
building blocks, but inherently hydrophobic) and a CA-Br, hydrophilic ammonium salt
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containing co-adsorbent. In this study, the CA-Br, with its hydrophilic nature, modulated
the surface properties of the hole-extracting layer (HEL) and improved the wettability
of perovskite precursor on the self-assembled HEL, thus improving the morphology and
quality of perovskite films (Figure 6a). They found that CA-Br mitigates the poor wettability
issue that hampers large-area uniform perovskite deposition [129].
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Similar strategies have also focused on improving the wettability of self-assembled
monolayers (SAMs) for enhanced perovskite deposition. For example, Magomedov et al.
addressed the poor wettability of Me-4PACz, a widely used hole-selective monolayer in
PSCs, by introducing 1,6-hexylenediphosphonic acid (6dPA) as an additive to the monolayer
precursor solution (Figure 6b). This modification significantly improved the surface energy
of the SAM layer, particularly by increasing its polar component, which resulted in better
surface coverage and reduced the contact angle of the perovskite precursor solution (from
42◦ for Me-4PACz monolayer to 28◦ for Me4PACz+6dPA monolayer). The improved
wettability facilitated the formation of high-quality perovskite films with uniform coverage,
even on large-area substrates (67% shunts onto the Me-4PACz monolayer vs. 8% shunts
onto the Me4PACz+6dPA monolayer). Furthermore, the study demonstrated that the
addition of 6dPA did not negatively impact device performance. As a result, devices
fabricated with the Me-4PACz+6dPA monolayer achieved a PCE of 20.9% for small-area
PSCs, while devices with a 1 cm2 active area achieved a PCE of 18.7% [113]. These results
highlight the potential scalability of the approach for larger-area devices, addressing a
critical challenge in the commercialization of PSC technology.
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Another study improved the amphiphilic properties of SAMs without the use of
separate coadsorbents or additives. Wu et al. demonstrated the effectiveness of an
amphiphilic molecular hole transporter, 2-(4-(bis(4-methoxyphenyl)amino) phenyl)-1-
cyanovinyl)phosphonic acid (MPA-CPA), which has a hydrophilic CPA anchoring group
and a hydrophobic methoxy-substituted triphenylamine (MPA) hole-extraction group.
When a solution of MPA-CPA was spin-coated onto a glass–ITO substrate, it formed a
bilayer structure comprising a chemically anchored SAM and an unabsorbed, disordered
overlayer (Figure 6c). This overlayer exhibited super wetting properties towards the
perovskite precursor solution, with a small contact angle (~5◦), enhancing perovskite depo-
sition, which was beneficial on larger-area substrates. In comparison, the contact angles for
perovskite solutions on PTAA and 2PACz HTLs were higher, measuring 33.5◦ and 17.9◦,
respectively [114]. In this study, the overlayer played a crucial role in achieving super
wetting properties, while a higher concentration of MPA-CPA in the spin-coating solution
decreased the contact angle, enhancing wettability.

4.2. Perovskite Crystallization Depending on SAM

SAMs can also influence the growth process and quality of the perovskite film [52,130].
The crystallization of perovskite films generally occurs in two stages. The first phase
involves perovskite nucleation, where perovskite seeds form on the substrate. During the
subsequent drying and thermal annealing processes, these seeds undergo inter-diffusion,
promoting the growth of perovskite grains through seed interactions [131]. To enhance
grain size, it is essential to maintain sufficient spacing between perovskite seed crystals
and ensure high mobility at the grain boundaries. SAMs can reduce the drag between the
substrate and perovskite solution, facilitating the formation of larger grains [132,133]. In
short, SAMs play a critical role in guiding the nucleation and growth processes, ultimately
influencing the morphology and performance of perovskite films.

Building on the above understanding, Jen et al. designed two sulfur-substituted car-
bazole SAMs (Cbz2S and Cbz2SMe). Cbz2S incorporates a cyclic disulfide bond at the
carbazole 4,5-positions, forming a heptacyclic ring. This structural configuration ensures
that two sulfur atoms are positioned atop the SAM molecule, maximizing their exposure
and creating a sulfur-rich surface on the ITO substrate. On the other hand, Cbz2SMe was
derived through in situ ring opening and methylation of the disulfide bond, resulting in
fewer exposed sulfur groups due to the steric hindrance from the methyl groups. In this
study, the excessive exposure of Lewis-basic sulfur atoms in Cbz2S adversely affects per-
ovskite crystallization, leading to suboptimal device performance (Figure 7a). The strong
interaction between S and uncoordinated Pb2+ led to the accumulation of excessive Pb2+ at
the buried interface, changing the compositional balance of the precisely formulated pre-
cursor. On the other hand, the surface created by Cbz2SMe, which is structurally tuned by
masking partially exposed areas of sulfur atoms, effectively addressed this issue by partially
shielding the exposed sulfur atoms. This modification delicately balances the crystallization
of perovskite and the passivation of extra Pb2+, thereby synergistically combining buried
interface passivation with efficient hole-selective functionality. As a result, the optimized
surface properties of Cbz2SMe enabled the fabrication of high-performance inverted per-
ovskite solar cells (PSCs), achieving a remarkable power conversion efficiency of 24.42%
along with enhanced long-term stability over 900 h under the ambient environment with
74% relative humidity [134].

Research has also been conducted in which SAMs complement existing HTLs by
addressing their limitations and improving lattice disordering in the perovskite layer.
Chen et al. utilized a bilayer of 2PACz on PEDOT:PSS in high-bandgap tin-based PSCs.
Poly(3,4-ethenedioxythiophene): poly(styrenesulfonate) (PEDOT-PSS) is the most widely
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used HTL in p-i-n structure PSCs because of its high optical transmittance and low-
temperature fabrication process. However, its stability is far from satisfactory because
of PSS’s acidity, which damages the perovskite layers. They introduced a 2PACz mono-
layer deposited on the PEDOT-PSS layer, which energetically aligned the interface of the
SAM/Sn-based perovskite, resulting in the lower lattice disordering and reduced non-
radiative recombination in the perovskite layer (Figure 7b). Device stability was improved
by the compact surface morphology of the Sn perovskite deposited on a bilayer structure
of 2PACz monolayer on PEDOT-PSS, which effectively suppressed direct contact between
PEDOT-PSS and perovskite film [135].
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The impact of chemical interactions between SAMs and perovskite precursors on
crystallization and charge transfer has also been explored using various approaches by other
research groups. Kim et al. used three methoxybenzoic acid derivatives as a SAM to modify
the perovskite crystallization. Among the derivatives, 3,4,5-trimethoxybenzoic acid (TMBA)
showed strong dipole moment and hydrogen bonding with ammonium cations. This
interaction improved charge transfer characteristics, enhanced perovskite crystallization,
and facilitated interfacial charge transfer [64]. Chen et al. introduced 3-aminopropanoic
acid (C3-SAM) to modify the substrate in perovskite solar cells (PSCs). The incorporation
of C3-SAM not only improved the crystallinity of the perovskite film by reducing pinholes
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and charge traps but also created an energetically aligned surface that enhanced charge
extraction. This modification led to a significant performance enhancement, with the device
efficiency increasing by 31%, from 11.96% to 15.67% [137].

Research has also been conducted on utilizing halogen functional groups to regulate
crystallization behavior. Han’s research team demonstrated that iodine atoms in 4-iodo-
benzoic acid (I-BA) and 4-iodo-2,3,5,6-tetrafluorobenzoic acid (I-TFBA) form strong halogen
bonds with I− ions in the perovskite layer. This interaction suppresses I2 formation under
continuous light exposure and prevents void formation at the interface (Figure 7c). Ad-
ditionally, the directional halogen bonding promotes the oriented crystallization of the
perovskite, enhancing charge transfer behavior. As a result, devices treated with I-TFBA
achieved a high efficiency of 22.02% and maintained 91.9% of their initial PCE after 1000 h
of light soaking at 55 ◦C, demonstrating improved stability [77].

Lastly, the impact on large-area applications has also been investigated. For example,
Jen et al. used a blade-coating process to study the nucleation and growth of perovskite
films, highlighting the influence of substrate wettability. On hydrophobic PTAA surfaces,
nucleation is delayed, resulting in sparsely distributed nuclei with large gaps, leading
to incomplete horizontal crystal growth. In contrast, hydrophilic SAM surfaces facilitate
dense nucleation and uniform crystal growth in both vertical and horizontal directions
(Figure 7d). Additionally, methoxy functional groups of MeO-2PACz SAMs improve
adhesion by forming coordination bonds with Pb2+ ions [136].

4.3. Defect Passivation by SAM

The interaction between the terminal groups of SAM molecules and the perovskite
layer affects the passivation of the perovskite interface [138–141]. The perovskite layer often
contains surface or bulk defects, such as dangling bonds and ion vacancies, which can act as
trap states, leading to charge recombination and reduced device efficiency [142–145]. SAMs
can passivate these defects by chemically interacting with the perovskite surface, filling
vacancies, and neutralizing surface states [120,146]. Through these defect-passivating
interactions, SAMs contribute to improved stability by preventing degradation processes
at the surface and enhancing the long-term durability of perovskite.

The overall result is a more efficient and stable interface, leading to better device per-
formance in terms of both power conversion efficiency and operational lifetime [119,147].
Jen et al. reported MeO-BTBT-based SAMs with more extended conjugation and larger
sulfur atoms compared to MeO-2PACz. These features induce strong intermolecular in-
teractions with the perovskite layer and enable a more compact SAM layer on the ITO
substrate. During the crystallization, the Lewis-basic sulfur atoms in the BTBT fused ring
can coordinate with Pb2+ ions to effectively passivate the defects at the perovskite interface
(Figure 8a). As a result, the incorporation of MeO-BTBT in PSCs achieved a PCE of
24.53% [139]. In addition, Takhellambam et al. introduced a C10-BTBT (2-decyl[1]benzothieno
[3,2-b][1]benzothiophene) interlayer with improved charge transfer at the perovskite interface,
resulting in a high PCE of 20.50% [27]. He et al. synthesized a dimethylacridine-SAM,
DMAcPA, which contains two bromine (Br) substituents. DMAcPA was used for passi-
vating grain boundaries and improving the perovskite/ITO contact. During the crystal-
lization process, DMAcPA was extruded to the grain boundaries, where the steric effect of
two methyl groups prevented aggregation and jamming at grain boundaries. The per-
ovskite film doped with DMAcPA reduced deep-level hole trap density by suppress-
ing defect states at the grain boundaries and surface (Figure 8b). As a result, PSCs
with DMAcPA achieved a power conversion efficiency (PCE) of 25.86%, with a certi-
fied value of 25.39% [148]. Chen’s group developed a self-assembled monolayer based on
p-chlorobenzenesulfonic acid (CBSA) to reduce interfacial defects. The sulfonic acid groups
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passivate surface oxygen defects in metal oxide, while chlorine atoms fill iodine vacancies
in the lower perovskite layer (Figure 8c). This interlayer also relieves lattice strain in the
bottom perovskite layer, reducing interfacial strain and preventing undesirable reactions at
the perovskite interface [119].
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5. Perspective
Self-assembled monolayers (SAMs) undoubtedly represent an innovative approach

to the cost-effective and high-performance development of PSC, owing to their versa-
tile structural tunability and superior processing characteristics. Nevertheless, despite
their numerous advantages, SAM materials still face significant challenges, especially re-
garding their deposition processability and stability, particularly for vacuum-processed
SAMs. Additionally, the intricate chemical interactions between SAMs and perovskite
layers, particularly their role in defect passivation and energy level alignment, have not
been thoroughly explored. A deeper understanding of these fundamental mechanisms is
essential for unlocking the full potential of SAMs and further enhancing their contribution
to PSC efficiency improvements.

1. Vacuum deposition processability: Evaporation techniques for SAMs and perovskites
have demonstrated significant potential in enhancing the performance of perovskite
solar cells. Vacuum-deposited SAMs enable precise molecular ordering and uniform
thin layers formation with physical adsorption. Therefore, it is suitable as a preceding
process for vacuum-processed perovskite deposition. Despite these advantages, the
SAM vacuum deposition process remains underexplored, requiring further investi-
gation to address several critical challenges. In particular, the thermal stability of
SAMs is a major concern, as the SAM layer tends to decompose at high tempera-
tures. Therefore, studies focusing on enhancing the thermal stability of SAMs are
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essential. Additionally, due to the formation of weaker physisorption compared to
solution-based processing, post-deposition treatments are essential to improve the
bonding strength.

2. Functional group interaction with perovskite: The interaction between the termi-
nal group of the SAM and the perovskite directly influences the perovskite’s lattice
structure, crystallization process, and surface properties, which are key to enhanc-
ing the performance of perovskite-based devices. These interactions, which include
coordination bonding, van der Waals forces, and electrostatic interactions, enable
SAMs to integrate into the perovskite lattice structure. This incorporation can modify
the perovskite’s surface wettability and lattice crystallinity, affecting key factors like
crystallization and defect passivation. Despite these advantages, the mechanisms
underlying the enhancement of perovskite crystallinity, contact behavior, and pas-
sivation effects induced by the SAM layer remain poorly understood. Specifically,
the interaction between the SAM layer and perovskite varies depending on the func-
tional groups in the SAM. Therefore, developing functional groups that can enhance
perovskite device performance is essential.

This review emphasizes that future research should prioritize the optimization of SAM
deposition processes to achieve more uniform, compact, and stable layers that can significantly
enhance the performance of perovskite solar cells. Furthermore, it is crucial to focus on the
development of SAM functional groups that can effectively modify the perovskite crystallinity,
surface contact behavior, and passivation effect. These interaction mechanisms are vital for
improving interfacial charge transport, minimizing charge recombination, and ultimately
enhancing the overall efficiency and stability of the device. By designing SAMs with vacuum
processability and a range of functional groups, we can significantly improve the performance
of perovskite solar cells and overcome some of the existing limitations of PSCs.
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