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Abstract: Perovskite solar cells (PSCs) are considered as one of the most promising new generation
solar cells with a low-cost manufacturing process and impressive power conversion efficiency (PCE).
In particular, inverted PSCs show good prospects for commercialization due to their relatively mild
preparation conditions, simple process, and easy preparation into flexible large-area devices. In
recent years, self-assembled monolayers (SAMs) have been widely applied as superior hole transport
layers (HTLs) for state-of-the-art inverted PSCs to enhance the device performance. This review
introduces the recent studies on SAM-based hole transport layers (SAM-HTLs), summarize and
comment on their properties, and discuss the relationship between molecular structure and
performance parameters of devices. The classification and analysis are conducted according to both
the types of anchoring groups and the number of anchoring groups in SAMs. Finally, based on the
current research, the future design of new efficient SAMs is prospected.

Keywords: perovskite solar cells; self-assembled monolayers; hole transport layers; anchoring
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1. Introduction

With the rapid development of technology and economy, the global level of intelligent
mechanization has increased, leading to a continuous rise in energy demand. As fossil fuel resources
become increasingly depleted and the associated global environmental crisis intensifies, solar
photovoltaic (PV) power generation has emerged as one of the most sustainable renewable energy
solutions due to its zero-carbon emission characteristics [1,2]. However, the current high
manufacturing costs of solar cells and the need to improve photoelectric conversion efficiency (PCE)
continue to constrain the development of solar PV technology[3]. To address the dual demands of
enhancing energy conversion efficiency in photovoltaic devices and reducing industrial costs,
research on thin-film photovoltaic technologies based on novel semiconductor materials has
deepened. Current major research directions include dye-sensitized solar cells (DSCs), organic solar
cells (OSCs), and organic-inorganic hybrid lead halide perovskite solar cells (PSCs). Among these,
PSCs based on perovskite semiconductors have demonstrated particularly outstanding performance.
This is attributed to the unique advantages of organic-inorganic hybrid perovskite materials,
including their high light absorption coefficient, long carrier diffusion lengths [4], low exciton
dissociation barriers [5], and tunable direct bandgap properties, while also exhibiting high defect
tolerance [6].

Since their debut in 2009, the PCE of PSCs has skyrocketed from an initial 3.8% to a certified
27%, setting a new record for emerging solar cell technologies in just over a decade [7-9]. This
groundbreaking progress is closely tied to their unique device architecture: as illustrated in Figure 1,
high-efficiency PSCs typically adopt a sandwich configuration, with the perovskite light-absorbing
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layer as the core, flanked by an electron transport layer (ETL) and a hole transport layer (HTL) on
either side [10-13]. In the current mainstream n-i-p (conventional, Figure 1a) and p-i-n (inverted,
Figure 1b) structures, the HTL not only plays a critical role in facilitating hole extraction/migration
and suppressing interfacial carrier recombination but also significantly influences the optoelectronic
performance and long-term stability of devices through band alignment optimization. Key factors
include the matching of HOMO/LUMO energy levels with those of the electrodes and perovskite
layer [14-17]. As well as interface engineering strategies, such as surface wettability modulation of
the HTL in inverted architectures [18,19]. Additionally, PSCs can be fabricated via low-temperature
solution-processing methods, offering advantages like low production energy consumption and
simplified manufacturing workflows, which highlight their substantial potential for industrial-scale
applications [20].

(a) (b)

Electrode

Electrode

Figure 1. Two typical architectures of PSCs: (a) planar heterojunction conventional architecture; (b) planar

heterojunction inverted architecture.

In the conventional structure of PSCs, the most classic and efficient hole transport material
(HTM) is 2,2°,7,7'-tetra[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD). Its
unique spiro-conjugated molecular core with orthogonal conformation facilitates good contact with
perovskite films, while its high glass transition temperature and uniform charge transport properties
enable it to maintain the highest PCE in conventional PSCs for extended periods. However, the low
hole mobility caused by the stacking arrangement of its spiro-conjugated molecules necessitates
performance enhancement through additives like Li-TFSI and TBP, which limits device stability [21-
24]. Additionally, the high cost of spiro-OMeTAD and the requirement for a thick deposition layer
(>100 nm) to achieve high efficiency significantly hinder its commercial viability [25].In contrast,
inverted PSCs demonstrate stronger industrialization potential due to their compatibility with
flexible substrates, applicability in perovskite-silicon tandem devices, support for dopant-free HTL,
and compatibility with low-cost metal electrodes [26]. Recent advances in perovskite crystallization
optimization and novel HTL development have enabled inverted devices to surpass the performance
of conventional structures. Early inverted HTLs primarily used materials like poly[bis(4-phenyl)
(2,4,6-trimethylphenyl) amine] (PTAA) and PEDOT: PSS [27,28], but these suffer from issues such as
low mobility, high cost, and high material consumption. In this context, self-assembled monolayers
(SAMs) technology has emerged as a breakthrough due to their molecular-level thickness (<1 nm),
ultra-low material consumption, compatibility with green solvent processing, and exceptional
interface passivation capabilities [29-31]. SAMs not only circumvent the hole mobility limitations of
traditional thick films but also enable precise energy-level alignment through tailored molecular
design, significantly enhancing the performance of single-junction PSCs. Moreover, SAMs exhibit
unique advantages in multi-junction devices such as perovskite-perovskite and perovskite-silicon
tandems: their ultrathin nature minimizes parasitic absorption, and their flexible film-forming
capability adapts well to textured substrate surfaces, offering new pathways for large-scale
manufacturing [32,33].

2. Self-Assembled Monolayers
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The formation of SAMs involves selective anchoring of organic molecules onto substrate
surfaces through characteristic functional groups, constructing ordered films with a precisely
controlled thickness down to a single molecular layer. The self-ass represents a thermically driven
spontaneous, on intermolecular to achieve self-alignment. Typically, within SAMs vertically relative
to the, often exhibiting a characteristic tilt angle with respect to the surface normal. By strategically
modulating the configuration of molecular backbones, intermolecular interactions can be effectively
optimized, thereby enabling precise regulation of layer packing orientation [34].

2.1. Structural Composition and Anchoring Mechanisms of SAMs

As illustrated in Figure 2a, in PSCs, SAMs serving as the core molecular design for HTLs
typically comprise three key structural units: terminal group, linker unit and anchor group. Their
overall architecture shares a high resemblance to small-molecule dyes in DSCs, with some systems
even directly adopting DSC-derived dye molecules [35]. These three structural units synergistically
regulate interfacial physicochemical properties, directly determining device performance. Anchor
group: Through specific chemical moieties (e.g., phosphonic acid, carboxylic acid), stable interfacial
binding with the metal oxide substrate is achieved, governing the molecular surface coverage
density, orientation, and interfacial dipole distribution. The interaction mode between anchoring
groups and substrates (e.g., coordination bonds or hydrogen bonds) critically impacts the magnitude
of substrate work function adjustment, contact resistance, and carrier recombination behavior.
Variations in binding strength and stability among anchoring groups further influence long-term
operational reliability. Linker unit: Serving as the molecular backbone to connect anchoring and
terminal groups, its chemical structure (e.g., aliphatic chains or conjugated aromatic rings) dictates
the spatial arrangement of the monolayer. Non-conjugated linker units form densely ordered
molecular layers through weak intermolecular interactions, acting as physical barriers or tunneling
layers for carrier transport. In contrast, conjugated linker units establish lateral charge transport
pathways via molecular orbital overlap, significantly enhancing film conductivity. The electronic
structure of linkers also affects charge transport decay, with conjugated systems typically exhibiting
superior charge retention capabilities. Terminal group: As the direct contact interface with the
perovskite active layer, its electronic characteristics and chemical activity determine interfacial
energy level alignment and charge extraction efficiency. By designing electron-rich heterocyclic
systems (e.g., carbazole, phenothiazine derivatives), terminal groups can form chemical coordination
with the perovskite surface while fine-tuning the band bending direction. This interaction not only
reduces interfacial defect density but also induces an energy-level gradient favorable for hole
transport, thereby suppressing charge recombination and enhancing carrier collection efficiency.
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Figure 2. (a) Chemical structures of SAMs; Schematic diagram of the anchoring mechanism of (b) phosphonic

acid and (c) carboxylic acid on substrates.

In SAMs research, carboxylic and phosphonic acid anchoring groups have garnered significant
attention due to their diverse binding modes with conductive substrates (e.g., ITO, FTO) or metal
oxide charge transport layers (NiOy, SnO,, Al;Os, etc.). As illustrated in Figure 2b, phosphonic acid
groups, leveraging the synergy of two hydroxyls and a phosphoryl group, enable mono-, bi-, or even
tridentate binding. Tridentate binding involves hydrogen transfer to form oxygen vacancies, thereby
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establishing a third bond. Carboxylic acid groups utilize dual binding sites —hydroxyl and carbony]l
groups—to form mono- or bidentate bonding with metal oxide surfaces: monodentate bonding
involves the condensation of anchoring -OH with surface hydroxyls to generate C-O-M bonds, while
bidentate bonding is triggered by hydrogen transfer-induced secondary condensation [36]. Chemical
interactions such as chelation, bridging coordination, and hydrogen bonding directly govern the
interfacial stability between SAMs and substrates.

Current research predominantly employs ITO, FTO, and their composite substrates with NiOy
as carriers for SAMs. ITO dominates due to its high transparency, excellent conductivity, and surface
flatness [37]. However, its smooth surface leads to significant optical losses in inverted PSCs. To
address this, Edward H. Sargent’s team introduced FTO substrates [38], where the textured surface
morphology reduces reflection losses and prolongs the light path, markedly enhancing the short-
circuit current density (Jsc). Nevertheless, the rough surfaces of FTO result in non-uniform SAM
coverage, an issue also observed in ITO-based systems. Recent studies reveal that incorporating a
NiOy interlayer effectively promotes heterocondensation and optimizes SAMs’ morphological
uniformity. For instance, Liu’s team [39] utilized an ITO/NiO,/2PACz structure to prevent direct
contact between perovskite and ITO. DFT calculations confirmed higher binding energy between
2PACz and NiOy, along with interface defect passivation. Mariadriana Creatore’s team [40]
constructed an ITO/NiO,/MeO-2PACz architecture, demonstrating that NiOy surfaces facilitate more
uniform SAM growth. Additionally, You’s team [41] employed H,O, modification to modulate NiOy
dispersion, suppress particle agglomeration, and elevate Nie' content to form a highly conductive
NiOOH phase. Coupled with an FTO/NiO,/Me-4PACz configuration, this approach achieved a
certified efficiency of 25.5% (25.2%).

2.2. Deposition Methods of SAMs

In PSCs, fabrication methods for SAMs include chemical bath deposition (CBD) (dipping
method), spin-coating, perovskite co-deposition, and vacuum evaporation [42-45]. Chemical bath
deposition involves immersing the substrate in a SAM solution to allow molecular self-assembly and
adsorption onto the surface. Precise control over adsorption density can be achieved by adjusting
solvent type, solution concentration, and immersion time. This method is particularly suited for
large-area or textured substrates. Subsequent annealing strengthens molecular-substrate binding,
followed by solvent rinsing to remove unanchored molecules and clusters, thereby ensuring the
formation of a dense monolayer fil [46,47]. Spin-coating, on the other hand, employs a spin coater to
rapidly spread SAM precursor solutions across the substrate. Post-annealing enhances interfacial
binding, and residual molecules are rinsed away [48]. Due to its operational simplicity and high-
throughput film formation, spin-coating has become the preferred method for laboratory-scale
studies.

Recent studies have advanced co-deposition techniques for SAMs and perovskite, where self-
assembling molecules are directly blended into the perovskite precursor solution [49]. During spin-
coating and subsequent annealing, SAMs molecules spontaneously migrate and accumulate at the
substrate interface, simultaneously forming both the perovskite active layer and the bottom SAMs
modification layer. This approach significantly simplifies the complexity of traditional stepwise
processes while enabling synergistic optimization of interface passivation and energy-level
alignment. For example: Luther’s team achieved a high efficiency of 24.5% using the Me-4PACz co-
deposition process [49] . Li’s team realized a certified efficiency of 26.7% through in situ self-assembly
of LS2 molecules [50] . However, only a limited number of specific molecules currently demonstrate
superior performance with this method, and its general applicability requires further exploration.
Additionally, vacuum evaporation via physical vapor deposition (PVD) enables the formation of
conformal and uniform SAMs layers on rough substrates, offering advantages in reproducibility and
scalability. For instance, Jen’s team reported a certified efficiency of 23.50% using thermally
evaporated CbzNaphPPA [51] . Despite its potential, this method demands specialized equipment
and remains less utilized in current research [45].
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In summary, chemical bath deposition and spin-coating, as mainstream techniques, have
reached a relatively mature stage. Co-deposition technology exhibits industrialization potential due
to its simplified workflow, while vacuum evaporation offers novel strategies for specialized substrate
processing. Moving forward, further optimization of co-deposition molecular design and the
development of low-temperature, high-efficiency evaporation processes are imperative to advance
the application of SAMs in the scalable manufacturing of PSCs.

3. Role of SAMs in PSCs

In inverted PSCs, p-type SAMs optimize device performance through multi-level interfacial
engineering. Their mechanisms of action revolve around interface modulation, charge transport, and
stability enhancement, demonstrating unique advantages distinct from traditional hole transport
materials. The four main roles of SAM in PSCs are as follows (Figure 3): (1) Interfacial Dipole and
Energy Level Alignment. Molecular design of p-type SAMs enables flexible energy level tuning.
Through dipole effects from terminal functional groups, SAMs create work function gradients
between the hole transport layer and perovskite active layer, bridging their energy level mismatches.
For instance, SAMs with electron-rich groups induce dipole fields pointing toward the perovskite
layer at the interface, significantly reducing hole extraction energy barriers and laying the foundation
for efficient photogenerated carrier separation [52]. (2) Perovskite Crystallization and Defect
Passivation. During perovskite film formation, molecular frameworks of p-type SAMs directionally
couple with perovskite precursors via non-covalent interactions (e.g., m-m stacking, hydrogen
bonding), guiding grain growth along specific orientations [53]. This molecular-scale templating
effect suppresses random nucleation, promoting the formation of dense, large-grain perovskite films.
Simultaneously, anchoring groups in SAMs bond with uncoordinated metal ions on the substrate
surface, reducing interfacial dangling bonds and thereby lowering non-radiative recombination
channel density [54]. (3) Hole Transport Pathway Optimization: The conjugated backbone structures
of p-type SAMs provide continuous molecular orbital channels for carrier transport. Their ultrathin
nature not only shortens hole tunneling distances but also enhances lateral charge mobility through
intermolecular m-electron delocalization, enabling efficient and selective hole transport [55].
Compared to traditional polymeric hole transport materials, the low thickness of SAMs avoids carrier
scattering losses caused by bulk defect accumulation. (4) Interfacial Stability Enhancement: Chemical
modifications of p-type SAMs can introduce hydrophobic groups (e.g., fluorinated groups),
constructing dynamic barriers at the perovskite/electrode interface. These barriers simultaneously
block environmental moisture/oxygen penetration and suppress halide ion migration within the
perovskite layer, thereby delaying interfacial delamination and chemical degradation [56,57].

Interfacial Dipole

Perovskite
Cryst:::l:atlon and Energy Level
Defect Passivation Allgnment
The Role
of SAMs
Hole Transport {Interfacial Stability
Pathway Optimization Enhancement

Figure 3. The function of SAMs in PSCs.

4. Application of SAMs in Perovskite Solar Cells

In 2018, Vytautas Getautis and colleagues proposed that the phosphoric acid structure in HTL
molecules can be anchored by transparent conductive oxides to form ultra-thin SAMs [58]. SAM-
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based PSCs demonstrated performance comparable to those using traditional organic HTMs. Recent
studies have shown that SAMs, when employed as HTLs in p-i-n structured PSCs, effectively
passivate interface defects, thereby enhancing the stability and performance of PSCs while facilitating
hole extraction [59-62]. Compared to HTMs, SAMs offer advantages such as a simpler fabrication
process, strong molecular structural flexibility, low parasitic absorption, and reduced material
consumption[63,64]. In recent years, the rapid development of p-type PSCs has greatly benefited from
the application of SAMs.

This review summarizes the latest research progress on SAMs-based hole transport layer (SAMs-
HTLs), and discuss the relationship between molecular structure and performance parameters of
devices in detail. The chemical structures of SAMS are shown in Figures 4, 8, 10, and 13, with the
corresponding photovoltaic parameters summarized in Tables 1-3. The classification and analysis are
conducted according to both the types of anchoring groups and the number of anchoring groups in
SAMs, distinguishing this work from previous reviews that primarily focused on functional group
classifications [65]. Finally, based on the current research, the future design of new efficient SAMs is
prospected.

Table 1. The energy level of SAMs with phosphonic acid as the anchor group and their performance parameters

in the PSCs.
HOMO Jsc
SAMs (V) Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref.
)
V1036 a7 ITO/V1036+C4/Cso.05(M Ao.17F Ao:s3)0.9sPb(lo.ssBro.17)s/C 1.09 214 76.5 178 [58]
60/BCP/Cu
ITO/MeO-
MeO-2PACz -5.1  2PACz/Cso005(MAo.17F Ao:s3)0.95Pb(lo.s3Bro17)s/Ceo/BCP/  1.144 21.9 80.2 20.8  [66]
Cu (Ag)
ITO/DC-
bC-rA 38 PA+IAHA/CsoisMAo.15F AosoPbls/P1/Ceo/BCP/Ag 116 2466 8245 2359 [67]
ITO/BrNH3-
BrNH3-4PACz -5.18 4PACz/Cso.0sFA070MAo.255n05Pbosls/EDA/Ceso/BCP/A 0.88 32 82 23 [68]
g
2PACz -5.44 ITO/ 2PACz / Cso2F AosPbls/Ceo/BCP/Ag 1.01 21.87 7923 175  [70]
C-2PACz -5.46 ITO/ C-2PACz / Cso2FAosPbls/Ceo/BCP/Ag 1.05 2245 7737 1816 [70]
S-2PACz -5.48 ITO/ S-2PACz / Cso2F AosPbls/Ceo/BCP/Ag 1.05 22.66 7865 18.65 [70]
0-PhPACz -5.00 FTO/ o-PhPACz / perovskite/Ce/BCP/Ag 1.16 25.81 83.5 24.7  [71]
m-PhPACz -5.01 FTO/ m-PhPACz / perovskite/Ceo/BCP/Ag 1.18 25.8 85.4 262 [71]
p-PhPACz -5.22 FTO/ p-PhPACz / perovskite/Ceo/BCP/Ag 1.17 25.78 82 255  [71]
FTO/ SAB / FAossMAo.11Cso.05
AB -5.57 1.174 26.2 . 26. 72
S 55 Pb(lo.gs7Bro.i3)s/Ceo/BCP/Ag 6 855 63 1721
Br-2EPT -5.47 TCO/Br-2EPT/F A092M Ao.0sPb(l0.92Br0.0s)3/Ceo/BCP/Cu  1.09 25.11 82 2244  [55]
ITO/2BrPTZAP/Cso.05(F AossM Ao.15)095Pb(lo.ssBro.1s)s/
2BrPTZAP 5.77 PCBM/BCP/Ag 1.18 2229  80.02 22.06 [73]
ITO/2BrPXZAP/Cso.05(F Ao.ssM Ao.15)095Pb(lo.s5Bro.15)3/
2BrPXZAP -5. 1.1 22.51 1. 22. 7
r 5.59 PCBM/BCP/Ag 9 5 81.69 93  [73]
Table 1 (Continued)
HOMO Jsc
SAMs (V) Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref.
)
DMACPA -5.98 ITO/(DMACcPA)Perovskite/PEABr/PCBM/BCP/Ag 1.187 2569 8473 25.86 [74]
ITO/MeO-
MeO-BTBT  -539 BTBT/Cso.0sMAo.1sF AosoPbls/PI/Ceo/BCP/Ag 116 2487 828 2455 7]
CbzPh -5.36  ITO/CbzPh/CsoisMAo.1sF AosoPbls/PI/Ceo/BCP/Ag  1.12 2343 73.06 192 [76]
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CbzNaph -5.24 ITO/CbzNaph/CsoosMAo.1sF AosoPbls/P1/Ceo/BCP/Ag  1.17 24.69 8339 241  [76]
ITO/BCB10Br-C4PA/F Ao.sCso2Pb(lo.cBro.4)s/Ceo/ ALD- 1986 1754 061 18.63
SnO2/Cu
BCB10Br- 563 four-terminal TSC:ITO/BCB10Br- [77]
C4PA ' C4PA/FAo8Cso2Pb(lo.6Bro.)s/Ceo 1264 / / 26.24
/ALD-SnOx/transparentelectrode/glass/ITO ' ’
/PEDOT:PSS/(F ASnlIz)o.6(MAPbI3)0.4/Ceo/BCP/Cu
ITO/DCB-BPA/FA0sCs02Pbl1.sBri.2/Cso/BCP/Cu 1.33 17.75 8270 19.53
four-terminal TSC:ITO/DCB-
BPA/FAo0sCso02Pbl1.8Bri1.2/Cs0/SnO2
DCB-BPA -5. 7
¢ 556 /1ZO/transparentelectrode/glass/ITO/PEDOT:PSS/(  / / / 26.90 (78]
FASnIs)os
(MAPDIs)0.4/Ceo/BCP/Cu
CbzBF -5.50 ITO/CbzBF/Cso.0sM Ao.1sF AosoPbls/PI/Ceo/BCP/Ag  1.09 24.00 83.04 21.72 [79]
CbzBT -5.54  ITO/CbzBT/CsoisMAo.1sFAosoPbls/P1/Ceo/BCP/Ag  1.16 2454 8441 24.04 [79]
ITO/4PACz /Cso.05(F Aogs MAo.02)095Pb To.s Bro.oz
4PACz -5.43 Js/LiF/Ceo /BCP/Ag 1.14 25.2 78.1 224 [80]
Table 1 (Continued)
HOMO Jsc
SAMs (V) Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref.
)
ITO/SAX/Cs0.05(F Ao.ss MA0.02)0.95Pb Io.9s Bro.o2
SAX -5.49 Js/LiF/Co /BCP/Ag 1.17 25.7 83.4 25.1 [80]
ITO/MeO-
-PhPA -5.61 1.14 24. 2. 23.24 1
MeO Cz 56 PhPACz/Cs0.0sF AosMAo.15Pb(lo.7sBro.s)s/Ceo/BCP/Ag 83 82.0 3 [81]
PPA 508 ITO/PPA/CSO.osFAo.ssMAo.;PbIs/OABr/PCBM/BCP/A 110 24.70 792 2152 [82]
ITO or FTO/1PATAT-
1PATAT- -5.4 1. 24. 2 21.1
3 546 C3/Cso.0sF AossMAo.15Pbl275Bro2s/ EDAL/Ceo/BCP/Ag 06 00 8 [83]
ITO or FTO/2PATAT-
ZPATAT-C3 549 C3/Cso.0sF AosoM Ao15Pbl275Bro2s/ EDAIL/Ceo/BCP/Ag 114 233 83 222 [83]
ITO or FTO/3PATAT-
PATAT- -5.4 1.1 24. 23.
3 3 548 C3/Cso.0sF AossMAo.15Pbl275Bro2s/ EDAL/Ceo/BCP/Ag 3 > 83 30 183
ITO or FTO/3PATAT-
PATAT-C4 -5. 1.14 23. 22.1
3 C 55 C4/Cso.0sF AosoM Ao15Pbl275Bro2s/ EDAIL/Ceo/BCP/Ag 33 83 [83]
IDCz-1 -494  FTO/IDCz-1/Cs0.0sF AossMAo1Pbls/PI/Ceo/BCP/Ag  1.01 2527 8192 20.97 [84]
IDCz-2 -5.11  FTO/ IDCz-2/Cso.05F AossMAo1Pbls/PI/Ceo/BCP/Ag  1.11 2543  81.61 2311 [84]
IDCz-3 -526  FTO/ IDCz-3/Cso05F AossMA01PbIs/PI/Ceo/BCP/Ag  1.16 25,59 8474 2515 [84]
D-3PACz -5.06 ITO/NiOx/D-3PACz/FAPbILs;/PCBM/ BCP/Ag 1.14 25.29 82.5 23.8 [85]
Table 2. The energy level of SAMs with carboxylic acid as the anchor group and their performance parameters
in the PSCs.
HOMO Jsc
SAMs (eV) Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref
)
TPA -5.33 ITO/TPA/MAPDI;/PCBM/BCP/Ag 1.06 19.4 77 15.9 [86]
MC-43 -5.11 ITO/MC-43/MAPDI;/PCBM/BCP/Ag 1.07 20.3 80 17.3 [86]
ITO/RC-
RC-24 513 24/Cso.05F Ao7sM Ao.16Pb(lo.s4Bro.16)3/Ceo/BCP/Cu 1123 223 79 19.8 (871
ITO/RC-
RC-25 522 25/Cs0.05F Ao.79M Ao.16Pb(lo.84Bro.16)3/Ceo/BCP/Cu 1116 221 7 19.6 (871
ITO/RC-
RC-34 -5.32 O/RC 1.109 22.5 79 19.7  [87]
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ITO/MC-
-4 -5.12 1. 20. 74. 16.
MC-45 > 45/Cso.05F Ao7sMAo.16Pb(lo.s4Bro.16)s/Ceo/BCP/Ag 09 056 35 669 [88]
ITO/MC-
MC-54 -5.1 1.1 2232 79.1 19.52
C5 516 54/Cso.05F Ao7sMAo.16Pb(lo84Bro.16)3/Ceo/BCP/Ag 0 3 915 95 [88]
IT -
MC-55 -5.26 OMC 1.09 2190 79.32 18.99 [88]

55/Cso.05F Ao7sM Ao.16Pb(lo.s4Bro.16)3/Ceo/BCP/Ag
ITO/2F/F AosCso2Pb(lo.sBroa)s/TEACI/Ceo/SNO2/Cu  1.31 1793 8231 19.33
ITO/2F/F A0sCs0.2Pb(lo.9sBro.0s)s/ TEACI/Ceo/SnO2/Cu  1.15 23.59 8242 22.36

2F -5.42 [89]
ITO/ ZF/FAo.eMAo.sCso.1Pbi)l.55n0.513/ EDAI2/Ce0/SnO2/C 0872 3055 8189 3.4

ITO/TBT-BA /Cso.04(F Ao.96MAo.04)096Pb(lo.96Bro.os)s
TBT-BA -5.10 /PEAI/PCBM/BCP/Ag 1.19 24.9 83.7 24.8  [90]

ITO/TBT-FBA /Cs0.04(F A0.96M A0.04)0.96Pb(lo.96B10.04)3
TBT-FBA -5.15 /PEAI/PCBM/BCP/Ag 1.17 24.8 82.4 24.0  [90]

Table 2 (Continued)
Jsc
H

SAMs ((Zi\;l )O Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref

)
1.13 25.0 81.5 231 [90]

TBT-DBA 591 ITO/TBT-DBA /Cso.04(FAo.96M Aoc.04)096Pb(lo.96Bro.os)s

/PEAI/PCBM/BCP/Ag
MP‘:iFBT- -4.91 ITO/ MPA-2FBT-BA /MAPbIs/PCaBM/BCP/Ag  1.13 22,79 7895 20.32 [91]
ITO/3CATAT-C3
SCATAT-C3  -546 /Cso.0sF AosoM Ao.1sPbl2.75Bro2s/ED AlL/Ceo/BCP/Ag 111 251 83 231 [92]
9ICPA -5.19  FTO/9CPA/Cso1FAosMAo0sPbosSnosls/Ceo/BCP/Ag  0.89 32.5 76 22.1 [93]
9CAA -5.35 FTO/9CAA/Cso.1FAosMAo3PbosSnosls/Ceo/BCP/Ag  0.89 32.8 79 23.1  [93]
NaPA -6.68  ITO/ NaPA /FAosMAoosCsoosPbls/LiF/Ceo/BCP/Ag  0.928 24.5 69.8 159  [94]
AnPA -6.07  ITO/ AnPA /FA0sMAo.0sCso.0sPbls/LiF/Ceo/BCP/Ag  1.017 24.6 76.5 19.1  [94]
Pyl -5.92 ITO/ Py1/FAosMAoosCso05Pbls/LiF/Ceo/BCP/Ag 1.095 25.0 81.3 22.3  [94]
Py2 -5.56 ITO/ Py2/FAosMAo.0sCs0.05Pbls/LiF/Ceo/BCP/Ag 1.151 26.1 84.1 25.2  [94]
Table 3. The energy level of SAMs with cyanoacetic acid as the anchor group and their performance parameters
in the PSCs.
HOMO Jsc
SAMs (V) Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref
)
ITO/MPA-BT-
PA-BT-CA -5.2 1.1 22.2 4. 21.24
M C 529 CA/(FA017MA0.94Pbls11)095(PbCl2)0.05/ Ceo/BCP/Ag 3 > §4.8 9]
FMPA-BT-CA -545 ITO/FMPA-BT-RA/perovskite/Ceo/BCP/Cu 1.151  23.33 833 2237 [56]
2FM22-BT- -5.37 ITO/2FMPA-BT-RA/perovskite/Cso/BCP/Cu 1.143 2281 83.1 21.68 [56]
ITO/Cz-

Cz-CA -5.72  CA/Cs0.05(MAo0.0sF A0.92)095Pb(l0.92Bro.0s)s/PEAI/PCBM/  / / / 20.17  [96]

Cao/BCP/Ag

ITO/TPA-

TPA-CA -5.87  CA/Cs0.05(MAo0.0sF Ao.92)095Pb(lo.92Bro.os)s/PEAI/PCBM/  / / / 20.66  [96]

Ceo/BCP/Ag

ITO/MPA-
MPA-CA -5.45 CA/Cso0.05(MAo.0sF A092)095Pb(lo.92Bro.os)s/ PEAI/PCBM/ / / / 17.58  [96]

Cso/BCP/Ag


https://doi.org/10.20944/preprints202505.0128.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2025

9 of 28

ITO/Cz-Ph-
Cz-Ph-CA -5.53 CA/Cs0.05(MA0.0sF A0.92)095Pb(l0.92Bro.os)s/PEAI/PCBM/  / / / 20.26  [96]

Cao/BCP/Ag

ITO/TPA-Ph-CA/Cso.05(MAo.0sF Ao.92)095Pb(I0.92Bro.0s)3
TPA-Ph-CA  -5.61 /PEAI/PCBM/Ca/BCP/Ag / / / 20.36  [96]
ITO/MPA-Ph-
MPA-Ph-CA  -5.39 CA/Cs0.05(MAo0.0sF Ao.92)0.9sPb(T0.92Bro.0s)s 1.139 23,55  84.02 2253 [96]
/PEAI/PCBM/Ce0/BCP/Ag
Table 3 (Continued)
HOMO Jse

SAMs (eV) Device structure Voc (V) (mA)/cm2 FF(%) PCE(%) Ref
TPAT-CA -5.24 ITO/TPAT-CA/FASnIs/Ceo/BCP/Ag 0.58 19.2 72.6 8.1 [97]
FNE29 -5.04 ITO/FNE29/MAPbI;/PCBM/BCP/Ag 1.038  22.68 712 1675 [98]
DT-1 -5.37 ITO/DT-1/MAPbIs/PCBM/BCP/Ag 1.11 23.00 80.9 20.65 [98]

4.1. SAMs Anchored with Phosphonic Acid

Phosphoric acid, as a mainstream anchoring group, has been widely utilized in SAMs for PSCs.
In existing studies, its terminal groups encompass carbazole-based, triphenylamine-based, and
acridine-derived moieties, while the molecular linkers typically employ alkyl chains or aromatic ring
structures as bridging units. These SAMs demonstrate exceptional interfacial modulation capabilities
in perovskite photovoltaic devices across varying bandgap values. As illustrated in the Figure 4, we
summarize the molecular structures of phosphate-anchored SAMs, with the corresponding device
performance parameters listed in the accompanying Table 1.

Getautis et al. [58] used SAM named V1036 with phosphate anchor group for HTL of p-i-n PSCs
to achieve PCE equivalent to PTAA-based devices, showing for the first time the great potential of
SAM for HTL application. Then, the research group [66] simplified the end group of V1036 to obtain
MeO-2PACz, and both single-junction PSCs and laminated PSCs based on MeO-2PACz achieved
excellent performance. The position of the methoxy substituent on MeO-2PACz also affects its
properties. Alex K.-Y. Jen et al. [67] synthesized DC-PA by adjusting the position of the MeO-2PACz
methoxy substituent on the carbazole unit. They combined DC-PA with 5-aminocaproate hydro
iodate (IAHA) as HTL. IAHA further facilitated the interaction with the top perovskite layer. The
maximum PCE of the PSC was 23.59% and the stability was also improved.
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Figure 4. SAMs anchored with phosphonic acid.

Building upon the MeO-2PACz framework, Zhumagali et al. [68] developed BrNHs-4PACz
through Bromo ammonium modification. This novel molecule features a carbazole head group
connected via an alkyl phosphonic acid anchoring group, which creates an optimal dipole moment
at the ITO electrode surface. This configuration enables favorable energy level alignment, thereby
significantly enhancing hole extraction efficiency from the narrow-bandgap (NBG) perovskite.
Furthermore, the ionic Bromo ammonium moiety on the carbazole head group serves dual functions:
effectively passivating defects at the perovskite bottom surface and regulating crystal growth during
perovskite formation (Figure 4a). When integrated into an inverted p-i-n NBG PSCs (bandgap 1.24
eV), the device achieved a remarkable PCE of 23.0% with an open-circuit voltage (Voc) of 0.88 V (
Figure 4b). This performance ranks it among the highest-performing NBG PSCs reported to date
(Figure 4c).

Building upon the MeO-2PACz framework, Zhumagali et al. [68] developed BrNH:-4PACz
through Bromo ammonium modification. This novel molecule features a carbazole head group
connected via an alkyl phosphonic acid anchoring group, which creates an optimal dipole moment
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at the ITO electrode surface. This configuration enables favorable energy level alignment, thereby
significantly enhancing hole extraction efficiency from the narrow-bandgap (NBG) perovskite.
Furthermore, the ionic Bromo ammonium moiety on the carbazole head group serves dual functions:
effectively passivating defects at the perovskite bottom surface and regulating crystal growth during
perovskite formation (Figure 5a). When integrated into an inverted p-i-n NBG PSCs (bandgap 1.24
eV), the device achieved a remarkable PCE of 23.0% with an open-circuit voltage (Voc) of 0.88 V (
Figure 5b). This performance ranks it among the highest-performing NBG PSCs reported to date
(Figure 5c).

Similar to the HTLs in formal PSCs, molecular properties can also be optimized by extending
molecular conjugation length [69]. In 2024, Wan et al. [70] introduced additional benzene rings or
thiophene to 2PACz to prepare C-2PACz and 5-2PACz. Compared with 2PACz, the incorporation of
benzene rings and thiophene significantly enhanced the dipole moment of SAMs. This structural
modification effectively regulated the work function of indium tin oxide (ITO) electrodes and
achieved favorable energy level alignment with the perovskite light-absorbing layer. Due to
electrostatic interactions between sulfur atoms in thiophene and undercoordinated Pb?  ions in
perovskite, both C-2PACz and S-2PACz demonstrated enhanced defect passivation capabilities at
perovskite interfaces. The two materials improved conductivity through reinforced conjugation
effects, effectively promoting charge transport. Furthermore, the C-2PACz and S-2PACz-based HTLs
served as crystallization templates for perovskite layers, resulting in more compact and uniform
grains and higher-crystallinity films. Compared with 2PACz-based control devices, solar cells
employing C-2PACz and S-2PACz exhibited reduced non-radiative recombination losses, higher
power conversion efficiencies (18.1% and 18.65% respectively), and significantly improved device
stability. Wu et al. [71] synthesized 0-PhPACz, m-PhPACz, and p-PhPACz by introducing methoxy
groups at different positions (ortho, meta and para) of the benzene ring based on C-2PACz. These
functional groups not only significantly increased binding sites with the perovskite layer but also
effectively regulated the molecular dipole moments. Among the series of SAMs, the meta-substituted
m-PhPACz demonstrated optimal performance: it achieved a maximum dipole moment of 2.4 Debye,
while the oxygen-oxygen spacing in the molecule showed an exact match with the diagonal spacing
of adjacent lead ions in the perovskite lattice. This precise molecular design substantially enhanced
the SAM-perovskite interfacial interaction, facilitating efficient charge transport while significantly
improving interfacial stability. Consequently, m-PhPACz-based PSCs attained a PCE of 26.2% (a
12.9% improvement over the baseline) alongside exceptional environmental stability, retaining 96%
of initial efficiency after 1000-hour thermal aging at 85°C and maintaining 90% efficiency retention
after 300-hour UV irradiation.
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Figure 5. (a) Device architecture and cross-sectional SEM image of narrow bandgap p-i-n solar cells; (b) |-V scans
of narrow bandgap single-junction solar cells fabricated on different ITO/SAM HTLs; (c) literature summary of
PCE of narrow bandgap devices fabricated on different HTLs over the last 4 years. Copyright 2025 Wiley-VCH
GmbH.

Dong et al. [72] synthesized SAB by connecting phosphorylated SAMs with triphenylamine. SAB
not only exhibits excellent thermal stability, maintaining integrity without degradation for 200 hours
at 100°C, but also demonstrates strong adhesion energy, which is 1.7 times higher than that of
traditional SAMs-perovskite interfaces. The PSCs fabricated using SAB achieved a PCE exceeding
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26% (certified efficiency), with champion devices showing exceptional performance under harsh
environmental testing: they retained over 96% of their initial efficiency after 2,000 hours of damp-
heat aging at 85°C and 85% relative humidity, and experienced less than 3% efficiency loss after 1,200
thermal cycling tests between -40°C and 85°C.

In addition to carbazole units, the end groups of SAMs can also use other donor structures. Ullah
et al. [55] synthesized a promising new SAM Br-2EPT based on phenothiazine (PTZ) unit and used it
as a hole selective contact for p-i-n PSCs. It can form a good energy interface bond with the perovskite
absorber and minimize the non-radiative interface recombination loss, thus significantly improving
charge extraction and device performance. The resulting PSCs have a high PCE of up to 22.44%, along
with excellent operational stability. In 2023, He et al. [73] synthesized 2BrPTZPA, and 2BrPXZPA
using bromo-substituted phenothiazine and phenoxazine (PXZ) as terminal groups. Due to the
stronger electron-donation, non-planar configuration and presence of lone pairs of electrons of PTZ
and PXZ, the devices based on 2BrPTZPA and 2BrPXZPA have more matched energy levels, lower
charge complex losses and trap densities, and achieve high PCEs of 22.06% and 22.93%, respectively
(certified PCE of 22.38%). In addition, the 2BrPXZPA-based PSC devices exhibit excellent stability.
Furthermore, He et al. [74] regulated the structure of the terminal group and reported DMAcPA
based on bromo dimethyl acridine. The two methyl groups in the end group aim to establish spatial
effects to prevent aggregation at grain boundaries during film formation and to reduce the generation
of complex centers. The molecule acted as an HTL to construct a good energy level match and achieve
full passivation of the perovskite and grain boundaries, obtaining an optimal PSC with a PCE of
25.86%. Recently, Jen et al. [75] synthesized a SAM named MeO-BTBT with 7-methoxybenzo[b]benzo
[4,5]thieno[2,3-d]thiophene as the terminal group. Compared to MeO-2PACz, MeO-BTBT has higher
planarity and stronger conjugation, which enhances intermolecular interactions. Meanwhile, the
sulfur atoms in MeO-BTBT can coordinate with Pb?ions, which can passivate the defects at the
buried interface of perovskite. As a result, the MeO-BTBT-based PSC achieved a high FF of 85.3% and
a PCE of 24.53%.

Expanding the conjugation of terminal functional groups is also an effective strategy to improve
the performance of SAMs. Jen et al. [76] prepared CbzPh and CbzNaph via asymmetric or helical 7t-
extended carbazole units, and they concluded that this m-extended design not only improves the
molecular dipole moments, but also enhances the -t interactions. The helical -extended CbzNaph
has a large dipole moment and forms a dense and ordered monolayer film. This modulates
chalcogenide crystallization and optimizes the ITO functional. As a result, PSC with CbzNaph
obtained 24.1% PCE and improved stability. Tang et al. [77] introduced bromine on the above
mentioned asymmetric m-extended carbazole of CbzPh (BCB-C4PA) to obtain BCB10Br-C4PA. It was
shown that the molecule has higher transmittance and lower energy levels compared to PTAA, which
enhances interfacial charge transport and suppresses non-radiative recombination losses. Excellent
performances have been exhibited in wide bandgap (WBG) PSCs and all-perovskite tandem solar
cells (TSCs) based on BCB10Br-C4PA, as well as in bulk heterojunction OSCs. Tang’s group [78] also
further obtained DCB-BPA by symmetrically introducing bromine on the CbzNaph (4PADCB) of
helical m-expanded carbazole, which has a significantly lower HOMO compared to PTAA, matches
well with the perovskite energy levels, suppresses carrier nonradiative recombination at the interface,
and promotes the subsequent growth of wide-bandgap perovskite and enhances the inter-interfacial
interactions. The certified Voc of WBG PSCs based on DCB-BPA reached 1.339 V, resulting in a PCE
of 18.88%. Besides, the PCE of DCB-BPA-based TSCs is up to 26.9%.

Recently, Jen’s group [79] designed and synthesized two new multifunctional SAMs: CbzBF and
CbzBT by introducing Lewis basic oxygen and sulfur heteroatoms through asymmetric molecular
design (Figure 6a). It was experimentally demonstrated that these two SAMs could enhance the
filling, modulate the work function of ITO, and passivate the defects at the buried interface of
perovskite (Figure 6b). Finally, the champion PSC based on CbzBT achieved a PCE of 24.04%, an FF
of 84.41% and excellent stability. In addition, this work demonstrated the feasibility of introducing
passivation groups into high-performance SAMs. Based on 4PACz, Zhou et al. [80] synthesized a
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SAM (SAX) featuring an orthogonal m-skeleton structure, exhibiting markedly enhanced tolerance to
external stimuli over conventional conjugated molecular frameworks. SAX forms a unique
disordered amorphous structure that not only exhibits high stability but also exceptional charge
selectivity and transport properties. PSCs fabricated using SAX showed breakthrough long-term
stability in accelerated aging tests, achieving a 23% improvement in open-circuit voltage retention
compared to conventional systems. The devices retained 92% of their initial efficiency after 1000
hours of continuous operation under harsh 85°C/85% RH conditions. The champion SAX-based
device achieved a PCE of 25.1%, with an FF of 83.4% and a Voc of 1.17 V.
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Figure 6. (a) Molecular structures, calculated dipole moments and HOMO energy levels of CbzPh, CbzBF, and
CbzBT; (b) The molecular packing patterns in single crystals of the mt-scaffolds of CbzPh (7H-benzo[c]carbazole),
CbzBF (5H-benzofuro[3,2-c]carbazole), and CbzBT (5H-benzo[4,5]thieno[3,2-c]carbazole). Copyright 2024 The
Royal Society of Chemistry.

The linkers of SAMs mentioned above are all alkyl chains, and it is also feasible to design SAMs
using other linkers, such as benzene and benzothiadiazole. In 2023, Peng Gao et al. [81] synthesized
MeO-PhPACz by replacing the linker of MeO-2PACz with a benzene ring. Compared with MeO-
2PACz, the modification of the benzene ring led to a significant increase in the dipole moment and
work function of the substrate. In addition, the benzene ring linker promotes the formation of a dense
and highly ordered monomolecular layer on the substrate, which plays a key role in facilitating the
growth of homogeneous perovskite films. As a consequence, a high PCE of 21.1% was obtained with
a WBG PSC of 1.68 eV based on MeO-PhPACz. Li et al. [82] designed and synthesized PPA molecules
by introducing benzothiadiazole as a linking unit into SAMs. The benzothiadiazole and the terminal
triphenylamine group in PPA formed a D-A type structure to achieve efficient hole extraction and
transport, and the PCE of PPA-based devices reached 23.24%.

The number of anchoring groups is a critical parameter for regulating the structure and
performance of SAMs. In 2023, the Wakamiya team investigated the influence of anchoring group
density on molecular adsorption behavior at TCO substrate surfaces by designing a multidentate
molecular strategy [83]. They synthesized SAMs molecules with varying numbers of phosphonic acid
groups and different alkyl chain lengths (3PATAT-C3, 2PATAT-C3, 1PATAT-C3, 3PATAT-C4) to
study structure-property relationships. Results revealed that tridentate 3PATAT-C3 molecules,
adopting a parallel substrate-aligned configuration, effectively optimized hole transport pathways
and demonstrated superior charge recombination suppression compared to mono- or bidentate
analogues. PSCs fabricated with 3PATAT-C3 achieved a PCE of 23.0% with excellent operational
stability under continuous illumination. Conversely, extending the linker group from propyl (C3) to
butyl (C4) increased intermolecular steric hindrance, impeding charge transport and reducing device
efficiency. Wu et al. [84] designed three bisphosphonic acid-anchored IDCz-derived SAMs (IDCz-1,
IDCz-2, IDCz-3; Figure 7a) by tuning the relative positions of dual nitrogen atoms in indolocarbazole
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(IDCz) units. The ITO/IDCz-3/perovskite interface exhibited pronounced upward band bending with
minor band offsets (Figure 7b), enhancing hole extraction efficiency while blocking electron back-
recombination. Inverted PSCs based on IDCz-3 achieved a PCE of 25.15%, with unencapsulated
devices retaining 95% initial performance after 1800-hour storage under ambient conditions. In 2024,
Su et al. [85] developed a bisphosphonic acid-anchored SAMs molecule, D-3PACz. This material not
only improved NiOx surface properties and energy-level alignment for enhanced hole extraction but
also regulated perovskite crystal growth through strong interfacial interactions. D-3PACz-based
PSCs exhibited reduced non-radiative recombination losses and defect densities, achieving a PCE of
23.8% and retaining 97% initial efficiency after 150 h of continuous illumination.

(a)

uo-;?
Ho
k\\; 9 L 0y 3,,0
foon oH  HO OH “oH HO" OH
IDCz-1 IDCz-2 exS
(b)
FTO/IDCz-1 g
= v e w i wm
VAC ] -
| 1
| I
1
463eV : 470eV a97ev| 1 |470ev
' 1
@2 cB &x!)_c'
1 T = [ " A
; - 1.28eV| 1.300V 4 U [1.30ev
1.37.Vl’ao—vn
vB

Figure 7. (a) Molecular structures of the indolocarbazole-derived SAMs. (b) Energy-level diagrams for
FTO/IDCz-1/perovskite, FTO/IDCz-2/perovskite, and FTO/IDCz-3/perovskite. Copyright 2024 Wiley-VCH
GmbH.

4.2. SAMs Anchored with Carboxylic Acid
SAMs employing carboxylic acid as the anchoring group are also widely reported in existing
studies. The corresponding molecular structures are illustrated in Figure 8, with their device

performances detailed in Table 2.
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Figure 8. SAMs anchored with carboxylic acid.

In 2018, Palomares et al. [86] synthesized two SAMs (TPA and MC-43) with triphenylamine
derivatives as terminal groups and carboxylic acid as an anchoring group, of which the MC-43-based
PSC obtained a PCE of 17.3%. In 2022, they investigated the effect of terminal methoxy substitution
position on SAMs and developed RC24, RC25, and RC34 by changing the position of methoxy on the
molecular structure [87]. PSCs based on all three SAMs achieved PCEs nearly 20%. It is found that
perovskites deposited on RC24 substituted by para- and ortho-substitutions could form large-grained
films and thus enhanced PCE. Besides, Density-functional theory calculates suggested that the para-
and ortho-substituted SAMs may form a well-ordered structure by improving the alignment of the
SAMs, thus enhancing their stability on ITO. Recently, Palomares et al. [88] prepared MC-45
containing monocarboxylic acid and MC-54 and MC-55 containing dicarboxylic acid, in which the
SAM of dicarboxylic acid has better charge transport ability, resulting in better device performance.

In 2023, Zhao's team [89] developed a D-A-type molecular material, MPA2FPh-BT-BA(2F), and
successfully applied it as an HTL in both wide-bandgap and narrow-bandgap PSCs. In wide-bandgap
devices, 2F exhibited efficient hole extraction capability and passivation of interfacial defects,
effectively suppressing non-radiative recombination. In narrow-bandgap devices, 2F not only
minimized interfacial energy loss but also regulated the crystal growth of Sn-Pb perovskites to
enhance film quality. The study showed that 2F-optimized wide-bandgap devices achieved a PCE of
19.33% (independently certified 19.09%), while narrow-bandgap devices reached a PCE of 23.24%.
Subsequently, Zhou’s team [90] further optimized 2F to develop three novel SAMs: TBT-BA, TBT-
FBA, and TBT-DBA. Their research revealed that TBT-BA, with the simplest molecular structure,
formed the densest SAMs on NiOx surfaces, optimizing the NiOx/SAMs/perovskite interface. This
interface enhanced charge collection efficiency while passivating perovskite defects and suppressing
interfacial reactions and carrier recombination. TBT-BA-based inverted PSCs achieved a champion
PCE of 24.8% and retained 88.7% of their initial efficiency after 2635 hours in a 60°C glovebox
environment. In the same year, Sun et al. [91] employed a distinct strategy to modify 2F, synthesizing
two new SAMs: MPA-BT-BA (identical to TBT-BA) and MPA-2FBT-BA (Figure 9a). Results
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demonstrated that fluorinated MPA-2FBT-BA exhibited a lower HOMO level, higher hole mobility,
enhanced hydrophobicity, and stronger interfacial interaction with the perovskite active layer
compared to non-fluorinated MPA-BT-BA (Figure 9b-c). Perovskite layers in MPA-2FBT-BA-based
PSCs displayed higher crystallinity and more uniform morphology, characterized by enlarged grain
sizes and reduced non-radiative recombination. PSCs using MPA-2FBT-BA as the HTL achieved a
PCE of 20.32% and demonstrated exceptional stability: unencapsulated devices retained 93% of their
initial efficiency after 116 days in a nitrogen glovebox, and exhibited less than 9% efficiency
degradation after 43 days of continuous exposure to air with 30+5% relative humidity, highlighting
remarkable moisture resistance.
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Figure 9. (a) Molecular structures of MPA-BT-BA and MPA-2FBT-BA; (b)The calculated distributions and energy
levels of HOMO and LUMO in MPA-BT-BA and MPA-2FBT-BA; (c) The calculated electrostatic potential surface
and dipole moment of MPA-BT-BA and MPA-2FBT-BA. Copyright 2024 Wiley-VCH GmbH.

In 2025, Truong et al. [92] developed a tripodal carboxylic acid-based SAM, termed 3CATAT-
C3. Compared to its phosphonic acid-containing tripodal analog (3PATAT-C3), the 3CATAT-C3
molecules formed hydrophilic monolayers on transparent conductive oxide (TCO) surfaces,
facilitating perovskite film deposition in conventional layer-by-layer fabrication processes. Notably,
its larger diffusion coefficient and higher surface energy enabled 3CATAT-C3 to be compatible with
simplified, low-cost one-step co-deposition processes. After spin-coating, 3CATAT-C3 preferentially
accumulated at the bottom interface of the perovskite film, effectively enhancing charge extraction
efficiency. 3CATAT-C3-incorporated PSCs fabricated via co-deposition demonstrated outstanding
performance, achieving a record PCE exceeding 23%. Unencapsulated devices exhibited excellent
stability, retaining 90% of their initial performance after 100 hours of operation, preserving 95% of
their initial efficiency after heating in air at 105°C, and showing no performance degradation during
8000 hours of storage.

In 2024, Li’s team reported novel SAMs with carbazole terminal groups and carboxylic acid
anchoring groups, termed 9CPA and 9CAA [93] . Studies revealed that compared to traditional
phosphonic acid-anchored SAMs, carboxylic acid-modified SAMs achieved a more ordered
molecular orientation on conductive substrates. This ordered structure strengthened molecular
interactions with perovskites, effectively suppressing non-radiative recombination and enhancing
the crystallinity of perovskite films. Additionally, the short-chain linkers optimized energy level
alignment between the SAMs and perovskite layers, thereby improving hole extraction efficiency.
Ultimately, PSCs fabricated with 9CAA achieved a PCE of 23.1%. To investigate the impact of -
conjugation on the PCE and stability of PSCs, Zhao et al. [94] synthesized a series of SAMs with
extended m-conjugated structures: NaPA. AnPA. Pyl and Py2. Their research demonstrated that
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as the m-conjugation of the molecules expanded, the SAMs progressively enhanced hole
extraction/transport efficiency and improved device performance. Concurrently, strengthened
intermolecular m-7t interactions significantly boosted the stability of PSCs. Py2, the structurally
optimized molecule in the series, yielded PSCs with a remarkable PCE of 25.2% and outstanding
stability.

4.3. SAMs Anchored with Cyanoacetic Acid

Cyanoacetic acid was used as an anchoring group of SAMs in PSCs with equally good results,
the molecular structure is shown in Figure 10, and the device parameters are listed in Table 3.

In 2020, Guo et al. [95] prepared a D-A type SAM, named MPA-BT-CA. Due to the introduction
of cyanoacetic acid, MPA-BT-CA are not only able to effectively regulate the orbital energy levels of
the frontier molecules, but also modify the interfaces of the ITO electrodes, effectively passivate
defects in the perovskite layer, and have a good solubility for alcohols. The MPA-BT-CA based PSCs
achieved 21.24% PCE and has good long-term stability under ambient conditions. In addition, when
the MPA-BT-CA films were treated with the green solvent ethanol, the corresponding PSCs also
exhibited a PCE of 20.52%.
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Figure 10. SAMs anchored with cyanoacetic acid.

This group further reported two SAMs FMPA-BT-CA (1 F) and 2FMPA-BT-CA (2 F) using
fluorination strategy [56]. The fluorination strategy can improve the optoelectronic and film surface
properties of the SAMs. First, a deeper HOMO energy level is obtained, which can well match the
valence band of the perovskite layer. Second, FMPA-BT-CA and 2FMPA-BT-CA have higher dipole
moments compared to the fluorine-free MPA-BT-CA, thus favoring carrier extraction. Thirdly, the
fluorinated SAMs have a significant passivation effect on perovskite, thus allowing the formation of
high-quality perovskite films. The FMPA-BT-CA-based devices treated with green solvent
(isopropanol) achieved 22.37% PCE and good photostability.
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In 2022, Zhu et al. [96] reported a series of conjugated SAMs Cz-CA, TPA-CA, MPA-CA, Cz-Ph-
CA, TPA-Ph-CA, and MPA-Ph-CA with excellent photostability and electrical stability (Figure 11a).
The conjugated molecular structure not only enhances charge transport but also stabilizes electron-
rich aromatic amines through electron/charge delocalization. In addition, it can conveniently
modulate the frontier orbital energy levels for interfacial energy level matching (Figure 11 b).
Ultimately, the PSC based on the optimally conjugated MPA-Ph-CA achieved a PCE of 22.53%
(certified as 22.12%) and good stability.In 2024, Afraj et al. [97] synthesized a Y-shaped TPA-based
SAMs molecule (TPAT-CA) for tin-based PSCs, where the thiophene group facilitated the formation
of tin-based perovskite nanocrystals with superior morphology, crystallinity, and surface roughness.
The Y-shaped structure enhanced hole mobility and suppressed charge recombination. The TPAT-
CA-based tin-based PSCs achieved a PCE of 8.1% and exhibited exceptional stability, retaining 90%
of their initial efficiency after 3000 hours of storage.

Cheng’s team developed two D-mt-A-structured SAMs (FNE29 and DT-1) as HTLs for inverted
PSCs, modifying ITO substrates via covalent self-assembly [98]. FNE29 employed a hexyl-substituted
terthiophene mt-bridge, while DT-1 utilized a fused-ring system (dithienopyrrolobenzotriazole) as the
linking group, leading to significant performance differences. SAMs-modified devices showed
remarkable improvements: the control device (unmodified) had a PCE of 9.36%, which increased to
16.75% for FNE29 and 20.65% for DT-1. This enhancement was attributed to DT-1's large conjugated
fused-ring m-bridge, which improved hole transport and yielded a higher fill factor. Additionally, the
hydrophobic nature of both SAMs granted the devices excellent environmental stability: they
retained over 80% of their initial efficiency after 1000 hours of unencapsulated storage in ambient air
and demonstrated robust photostability under continuous illumination for 1000 hours.
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Figure 11. (a) conjugated SAMs developed in this work; (b) Mechanism of conjugated structure for improving
the stability of SAMs. For alkyl-linker based SAMs, the isolated and localized electron-rich arylamine is prone
to oxidation and the high LUMO level increases reaction activity of excited state species. In contrast, conjugated
SAMs featuring delocalized electron distribution and stabilized LUMO level decrease the activity of both ground
and excited states. Copyright 2022 American Chemical Society.

4.4. SAMs Anchored with Other Functional Groups

Previous sections have introduced the commonly used anchoring groups for SAMs in PSCs. We
now present SAMs synthesized with uncommon anchoring groups, as illustrated in Figure 12 and
Table 4.

Table 4. The energy level of SAMs with other acid as the anchor group and their performance parameters in the
PSCs.

Jsc
SAMs H(Oe‘l\,/[)O Device structure Voc (V) (mA/cm? FF(%) PCE(%) Ref
)
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ITO/MTPA-

MTPA-BA -5.48 BA/Cs0.05(FA09sM A0.05)0.95Pb(lo.9sBro.0s)s/PCBM/Ceo/B  1.14 23.24 85.2 22.62  [99]
CP/Ag

ITO/MPA-

MPA-CAP -5.4 CAP/Cs0.05(F Ao.9sM Ao.05)0.95Pb(10.95Br0.05)3/F- 1.21 24.78 84.7 254  [37]
PEAI/Ceo/BCP/Ag

XS8 -5.53 ITO/ XS8/perovskite/PCBM/BCP/Ag 1.05 21.29 7316 16.11 [100]
XS9 -5.49 ITO/ XS9/perovskite/PCBM/BCP/Ag 1.02 2227 7132 15.77 [100]
XS10 -5.37 ITO/ XS10/perovskite/PCBM/BCP/Ag 1.09 22.71 81.85 20.28 [100]

As an acidity-weakened acid, boric acid can also be used as the anchor group of SAM. Wu et al.
[99] reported a SAM MTPA-BA with boric acid as the anchor group to construct efficient SAM-based
hole-selective contact (HSC) for PSCs. Theoretical evaluation revealed that boric acid spontaneously
chemisorbs onto indium tin oxide (ITO) surface with oxygen vacancies facilitating the adsorption
progress. Spectroscopy and electrical measurements indicate that boric acid anchor significantly
mitigates ITO corrosion. Besides, a certain amount of free boric acid containing SAMs improves
perovskite deposition and results in a coherent and well-passivated bottom interface, which boosts
the fill factor (FF) performance for a variety of perovskite compositions. As a result, the optimal PSC
based on MTPA-BA obtained PCE close to 23% with a high FF of 85.2%. More importantly, PSCs
based on MTPA-BA show better stability than those based on SAM with phosphonic acid anchoring
groups, indicating the huge potential of boronic acid anchoring groups for passivating interfaces and
improving device stability.
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Figure 12. SAMs anchored with another anchor group.

The cyanovinyl phosphonic acid group has good hydrophilicity and can be used as an anchoring
group for SAMs in PSCs to demonstrate excellent performance. Wu et al. [37] reported an amphiphilic
molecular hole transporter MAP-CAP with cyanovinyl phosphonic acid as an anchoring group. Due
to the introduction of multifunctional hydrophilic cyano phosphonic acid, MPA-CPA can be soluble
in high and low polarity solvents. In addition, it minimizes interfacial defects, resulting in high-
quality perovskite films. As a result, the MAP-CAP-based PSCs showed a certified PCE of 25.4%.
Moreover, PCEs of 23.4% and 22.0% were achieved in 1-square centimeter cells and 10-square
centimeter minimodules, respectively, with good stability. Guo et al. [100] proposed constructing
novel fused carbazole-based SAMs by extending the m-conjugated system of carbazole units. They
designed and synthesized three SAMs molecules—XS8, XS9, and XS10. These new SAMs feature a
highly rigid and planar fused carbazole as the terminal group and a conjugated alkene linkage unit.
This conjugated structural expansion effectively enhanced molecular planarity, stability, and dipole
moment (Figure13) . Among them, XS10, with the largest conjugated system, demonstrated the best
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performance in perovskite devices. XS10-based PSCs achieved a PCE of 20.28%, significantly
surpassing the 17.19% PCE of classical 2PACz-based devices.

XS8 - XS9 XS10
3.63D 257D 3.94D

Figure 13. The optimized geometric molecular configuration and dipole moments of SAMs. Copyright 2024
Wiley-VCH GmbH.

5. Conclusions and Perspectives

The application of SAMs has improved the performance of p-i-n PSCs by leaps and bounds and
injected new vigor into the development of PSCs. Due to its advantages of flexible structure, low
material consumption and easy processing, it has been widely used as an HTL, demonstrating good
application prospects. We have classified and categorized the SAM-HTLs through the differences in
both the types of anchoring groups and the number of anchoring groups in SAMs, and discussed in
detail the relationship between the SAMs structures and their chemical-physical properties, as well
as the effects of the SAMs structures on the PSCs.

Although SAMs show great potential in PSCs, their commercial applications still face some
challenges. For example, how to achieve uniform deposition of SAMs over large areas and how to
improve the stability and durability of SAMs still need further investigation. We envision that future
SAM development will be based on the following two aspects to accelerate the commercialization of
perovskite solar cells: design of molecular structure and device commercial production.

5.1. Design of Molecular Structure

The SAM is mainly composed of an anchoring group, a linker unit and a terminal group.
Although excellent device performance and stability have been reported for SAM-based PSCs, the
terminal donor groups of SAM molecules are dominated by structures such as carbazole,
triphenylamine, phenothiazine, etc., and most of the connecting units are alkyl groups, benzene rings,
and thiophene, which are relatively homogeneous molecular systems. Some excellent donor units in
optoelectronic materials have not yet been introduced into the SAM structure, for example, indoline
and fluorene units should also be able to be used as terminal groups of SAMs by rational molecular
structure design. Besides, phosphonic, carboxylic, and cyanoacetic acids are commonly used as
anchoring groups in the structure of SAMs, and SAMs with these anchoring groups exhibit excellent
performance in PSCs. Currently, the anchoring groups in SAMs are mainly phosphoric acid,
carboxylic acid and cyanoacetic acid, in addition, SAMs with boric acid and cyanovinyl phosphonic
acid as anchoring groups have also been reported recently. SAMs with these anchoring groups have
achieved excellent performances in chalcogenide solar cells. However, according to the development
of photosensitive dye molecules in DSSCs, other excellent anchoring groups such as hydantoin,
anhydrides, trimethyl silanes, etc., also have a great potential to be applied in SAMs. Currently, the
main linkers of SAMs are alkyl and benzene rings, while other units such as pyridine, thiophene,
furan and thiazole are expected to further enhance the properties of SAMs. The rational design of the
three components of the SAM can help to improve the energy level matching between the HTL and
the perovskite, reduce non-radiative recombination, lower the voltage loss and increase the open-
circuit voltage and fill factor, thus enhancing the performance and stability of PSCs. In addition, the
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photothermal stability of SAMs is generally poor, which can lead to reduced device stability. How to
improve the photothermal stability of SAMs by molecular design is an urgent problem.

5.2. Device Commercial Production

The preparation of high-quality SAM films is one of the main factors affecting the
commercialization of SAM-based PSCs. Ideally, high-performance PSCs can be realized by rational
molecular design to achieve a dense and uniform film of SAM on the substrate; however, the
backbones of the currently commonly used SAMs are easy to aggregate; in addition, the size of the
SAMs is large, and the substrate still has vacancies that are not adsorbed by anchoring groups, which
increases non-radiative recombination. Introducing the appropriate additives (e.g., surfactants, co-
adsorbents, etc.) into the SAM solution improves the uniformity, crystalline quality, and performance
of the film. These additives optimize the arrangement and distribution of the SAMs, thereby
improving the overall quality of the film. At present, the spin-coating method is widely used in the
laboratory and is clearly not suitable for the fabrication of large-area devices. The development of
deposition processes suitable for commercial applications is key to the wide range of applications of
SAMs.

In summary, the application of SAMs in PSCs has broad prospects and important research value.
By continuously optimizing the structure of SAMs and developing new film preparation and
deposition methods, the performance and stability of PSCs can be further improved, and their
application and development in the field of renewable energy can be promoted.
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