
Review of Materials Research 1 (2025) 100017
Contents lists available at ScienceDirect

Review of Materials Research

journal homepage: www.sciencedirect.com/journal/review-of-materials-research
Self-assembled monolayers for perovskite solar cells

Weifei Fu a,b, Ahmed I.A. Soliman a,c, Yiran Zheng a, Yu Zhou a, Yiqing Zhang a, Shiqi Shan a,
Hongzheng Chen a,b,*

a State Key Laboratory of Silicon and Advanced Semiconductor Materials, Department of Polymer Science and Engineering, Zhejiang University, Hangzhou, 310058, China
b Zhejiang University-Hangzhou Global Scientific and Technological Innovation Center, Hangzhou, 311200, China
c Chemistry Department, Faculty of Science, Assiut University, Assiut, 71516, Egypt
A R T I C L E I N F O

Keywords:
Self-assembled monolayers
Perovskite solar cells
Interfaces
Stability
* Corresponding author. State Key Laboratory of
versity, Hangzhou, 310058, China.

E-mail address: hzchen@zju.edu.cn (H. Chen).

https://doi.org/10.1016/j.revmat.2025.100017
Received 22 March 2025; Received in revised form
Available online 8 April 2025
3050-9130/© 2025 The Authors. Published by Else
license (http://creativecommons.org/licenses/by-nc
A B S T R A C T

Self-assembled monolayers (SAMs) have emerged as an effective and promising interface engineering approach to
enhance the performance and stability in perovskite solar cells (PVSCs). In recent years, they have gained sig-
nificant attention due to their advantages of minimal light absorption, low material consumption, simple pro-
cessing, and conformal coating. By optimizing the energy level alignment, suppressing interface defects, boosting
charge extraction, and improving resistance to moisture and oxygen, highly efficient and stable PVSCs have been
successfully achieved. In this review, we provide a comprehensive summary of the development and progress of
SAMs for interfacial engineering in PVSCs. We specifically discuss strategies for growing high-quality SAM films
on various interfaces with desired properties, highlighting the key principles for selecting, designing, and opti-
mizing SAMs for different interfaces in the context of device fabrication. Finally, we offer perspectives on the
future development of SAMs to further enhance PVSC performance and stability, thereby advancing their
commercialization.
1. Introduction

Due to the advantages of high performance, low cost, and simple
manufacturing process, perovskite solar cells (PVSCs) are among the
most promising new-generation solar technologies [1]. In the past years,
the power conversion efficiencies (PCEs) of PVSCs have increased rapidly
up to 27.0% [2]. Further increasing the performance and enhancing the
stability of the devices are significantly important for their commercial-
ization [3]. Optimizing the properties of interfaces such as electro-
de/perovskite and charge transporting layer (CTL)/perovskite in PVSCs
is one of the efficient strategies to achieve this goal [4,5].

Poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS)
[6], poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) [7], metal
oxides such as molybdenum oxide (MoO3) [8], nickel oxide (NiOx) [9,10]
are widely used as hole-transporting layers (HTLs), while TiOx [11], ZnO
[12], SnO2 [13] and conjugated polyelectrolytes [14] are widely used as
electron-transporting layers (ETLs) in PVSCs. On the other hand,
self-assembled monolayers (SAMs) are another kind of promising alterna-
tives for traditional charge transporting materials due to the electronic
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properties tuning ability of the interfaces,minimal absorption, lowmaterial
consumption and simple processing [15]. Furthermore, these SAMs are
beneficial to the morphology control, defects passivation for electrodes,
CTLs and perovskite layers to further improve the device performance and
stability, and thus are widely used in PVSCs [16]. They have also been
investigated extensively as efficient interface layers for highly efficient
electronics such as organic solar cells (OSCs) [15,17,18], organic
light-emitting diodes [19] and organic field-effect transistors [19,20]. For
example, Guan et al. [18] recently achieved OSCs with a PCE of 20.17%
(19.79% certified) using 2-(9H-carbazol-9-yl) (2PACz) SAM-modified in-
dium tin oxide (ITO).

In this review, we provide a comprehensive summary of the devel-
opment and progress of SAMs for interfacial engineering in PVSCs. We
focus on strategies for growing high-quality SAMs on different interfaces,
emphasizing the key principles for selecting, designing, and optimizing
SAMs with desired properties, in the context of device fabrication. We
also provide insights into the future development of SAMs to further
enhance PVSC performance and stability, paving the way for their
commercialization.
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Fig. 1. The evolution of PCEs of PVSCs based on SAMs modified ITO.
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2. Modification of ITO by SAMs in PVSCs

Due to the work function (WF) tuning ability, SAMs could provide
Ohmic contact at ITO (or fluorine-doped tin oxide (FTO))/perovskite
interfaces to ensure the efficient charge extraction for high short-circuit
current density (JSC) and fill factor (FF). It is also necessary to match
the WF of the modified ITO with the valence band maximum (VBM) of
perovskite to realize maximum open-circuit voltage (VOC). In recent
research of PVSCs, SAMs have been widely used to modify ITO for hole/
electron extraction, achieving rapid progress (Fig. 1). The chemical
structures of the reported molecules used to modify ITO in n-i-p and p-i-n
PVSCs are shown in Figs. 2 and 3, respectively. The device structures,
photovoltaic parameters and stabilities are listed in Table 1 and Table S1.

2.1. The development of SAMs for ITO modification in PVSCs

Hou et al. [21] modified ITO with C60-based phosphonic acid
(C60-C6-PA) and 3-iodophenylphosphonic acid (I-Ph-PA) co-assembled
monolayer (co-SAM) for n-i-p PVSCs in 2017. In their work, the mixed
phosphonic acids yielded a complete and well-organized surface
coverage on ITO, with a sufficient fullerene density for improved elec-
tronic properties due to the balanced chain length of C60-C6-PA and the
support I-Ph-PA. Thus, the PVSCs based on the co-SAM show higher PCE
with reduced hysteresis compared to the device based on TiO2. There are
only a fewworks on SAMs as electron extraction layers in PVSCs [22–26].

The most successfully and widely used SAMs for p-i-n PVSCs are
based on carbazole-based phosphonic acids. Magomedov et al. [27]
synthesized (2-(3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl)
ethyl)phosphonic acid (V1036) with a phosphonic acid anchoring group
Fig. 2. Chemical structures of SAM molecules used to modify ITO in n-i-p PVSCs:
4-fulleropyrrolidine (Sil-C60) [23], hydroxyethyl-functionalized imidazolium iod
naphthalene-1,8-dicarbox-imide-4,5-dicarboxylic acids (NMI 2a-d) [25], N-(2,5-di-te
phonic acid (PANDI) and 3-[(9,10-dioxo-9,10-dihydroan-thracen-2-yl)oxy]propyl ph
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and dimethoxydiphenylamine substituted carbazole fragment to modify
ITO in p-i-n PVSCs in 2018. By changing the molar ratio of V1036 and
butylphosphonic acid (C4), the surface properties such as WF, wettability
of the modified ITO could be tuned. The optimized device shows a PCE of
17.8%, which is lower than that of the device with PTAA (19.2%) as HTL
[27]. Later, they developed [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]
phosphonic acid (MeO-2PACz) and 2PACz, who are energetically more
hole-selective than PTAA due to the higher energetic barrier for elec-
trons, while still allowing for an efficient extraction of holes (no barrier)
(Fig. 4a). Thus 2PACz based PVSC shows a highest PCE of 20.9% [28].
Later, they compared methoxy and methyl substituents in p-i-n PVSCs
with MeO-2PACz and ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phos-
phonic acid) (Me-4PACz), which show advantages of the methyl substi-
tution with respect to both passivation and hole extraction [29]. This was
also demonstrated by Levine et al. by utilizing steady-state and transient
surface photovoltage (Fig. 4b) [30]. The fast charge extraction and good
passivation ability of Me-4PACz improve the device performance and
enhance the phase stability of 1.68 eV wide-bandgap (WBG) perovskite
with 23% Br [29].

After years of development, the PCEs higher than 25% have been
achieved for p-i-n PVSCs, with excellent operational stability [32–34,42,
51]. In the following sections, strategies for growing high-quality SAM
films on ITO with desired properties will be discussed.
2.2. Wettability

Although the Me-4PACz based devices showed excellent perfor-
mance, the wide use of Me-4PACz is hindered by the rather poor
coverage of perovskite films due to the wettability issue. Several strate-
gies have been developed to overcome this disadvantage. Kulkarni et al.
[83] found that the incorporation of N-methyl-2-pyrrolidone (NMP) into
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) could
improve the interaction between the perovskite ink and Me-4PACz
coated substrate and thus a uniform perovskite layer could be ob-
tained. Tockhorn et al. [84] found that when the perovskite is
spin-coated onto nanotextured silicon bottom cells covered with
Me-4PACz, the occurrence of macroscopic holes is strongly reduced,
improving the sample yield from ~50% to ~95%. Taddei et al. [85] and
Perera et al. [86] employed Al2O3 nanoparticles on top of Me-4PACz
layer to improve the perovskite solution wetting. Ashouri et al. [54]
found that adding a second component, 1,6-hexylenediphosphonic acid
(6dPA), to the Me-4PACz precursor could substantially improve the
wetting, leading to only 8% of the pixels being shunted from 67%
(Fig. 4c). Farag et al. [87] found that evaporated Me-4PACz surface ex-
hibits significantly lower contact angle compared to the
solution-processed counterpart. This enhanced surface wettability leads
to improved surface coverage for solution-processed perovskite films and
thus ~100% fabrication yield. Hossain et al. [88] reported a mixing
engineering strategy which adds poly(9,9-bis(3’-(N,
C60-C6-PA and I-Ph-PA [21,22], N-[3-(triethoxysilyl)propyl]-2-carbomethoxy-3,
ide (BIPH-II) [24], naphthalene-1,8:4,5-bis(dicarboximide)s (NDI 3a-d) and
rt-butylphenyl)-N0-(methyl)-1,4,5,8-naphthalene tetracarboxylic di-imide phos-
osphonic acid (PAAQ) [26].
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Fig. 3. Chemical structures of SAM molecules used to modify ITO in p-i-n PVSCs: V1036 and C4 [27], MeO-2PACz and 2PACz [28], Me-4PACz, 6PACz, and Me-6PACz
[29], 4PACz [30], Br-2PACz [31], MeO-4PACz, GM-4PACz [32], Ph-4PACz [33], I-2PACz [34], CbzPh (BCB-C4PA) and CbzNaph (4PADCB) [35–37], BCBBr-C4PA
[38], (4-(5,9-dibromo-7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (DCB-BPA) [39], CbzBF and CbzBT [40], MeO-PhPACz [41], Me-PhpPACz [42],
Poly-4PACz [43], Cbz2S and Cbz2SMe [44], AMP [45], DC-PA and IAHA [46], TPT-H6, TPT-S6, TPT-C6, and TPT-P6 [47], Br-2EPT [48], Br-2EPO and Br-2EPSe [49],
TDPA-Cl [50], MPA-CPA [51], MPA [52], MeO-BTBT [53], 6dPA [54], 4-methoxyphenylphosphonic acid (MxPPA), 4-methylphenylphosphonic acid (MyPPA),
phenylphosphonic acid (PPA), 4-cyanophenylphosphonic acid (CPPA), and 4-nitrophenylphosphonic acid (NPPA) [55], 3PATAT-C3, 2PATAT-C3, 1PATAT-C3 and
3PATAT-C4 [56], 4PATTI-C3 and 4PATTI-C4 [57], Cz-CA, Cz-Ph-CA, TPA-CA, TPA-Ph-CA, MPA-CA and MPA-Ph-CA [58], MPA-BT-CA, MPA-BT-BA and MPA-BT-RA
[59], MPA-2FBT-BA [60], EA-41, EA-46, EA-49, EA-50 and EA-56 [61], EA-54, EA-58 and EA-63 [62], EA-59 and EA-60 [63], 4-fluorophenylacetic acid (FA),
4-(trifluoromethyl)phenylacetic acid (TFA), and 3,5-bis(trifluoromethyl)phenylacetic acid (2TFA) [64], 3-MPA [65], DC-TMPS [66], TPA and 4’-[bis(20,40-dime-
thoxybiphenyl-4-yl)amino]-biphenyl-4-carboxylic acid (MC-43) [67], 4-(3,6-bis(2,4-dimethoxyphenyl)-9H-carbazol-9-yl)benzoic acid (EADR03) and 4’-(3,6-bis(2,
4-dimethoxyphenyl)-9H-carbazol-9-yl)-[1,10-biphenyl]-4-carboxylic acid (EADR04) [68], SAM1, SAM2 and SAM3 [69], 4-nitrobenzoic acid (NBA) [70], 4-aminoben-
zoic acid (AB), 4-(2-aminomethyl)benzoic acid (AM) and 4-(2-aminoethyl)benzoic acid (AE) [71], PQx, TQx, PQxD and TQxD [72], spiro-acid [73], TT1 [74], AC-1,
AC-3 and AC-5 [75], RC24, RC25 and RC34 [76], MC-45, MC-54 and MC-55 [77], FEN29 and DT-1 [78], 9CPA and 9CAA [79], 1F-SAM, 2F-SAM and 3F-SAM [80],
MTPA-BA, MeOTPA-BA and TPA-BA [81].
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N-dimethyl)-N-ethylammonium-propyl-2,7-fluorene)-alt-2,7-(9,9-dio-
ctylfluorene)) dibromide (PFN-Br), to the Me-4PACz to obtain a uniform
perovskite film. Liu et al. [89] found that incorporation of PFN-Br be-
tween MeO-2PACz and perovskite could also improve the reproducibility
of PVSCs. Zheng et al. [90] and Wang et al. [36] demonstrated that
incorporating SAM molecules into perovskite precursors could solve the
critical wetting issues when processing perovskite on SAMs, and this
strategy could also simplify the manufacturability. Zhou et al. [32] syn-
thesized [4-(3,6-glycol monomethyl ether-9H-carbazol-9-yl)butyl]phos-
phonic acid (GM-4PACz) by introducing glycol monomethyl ether side
chains at carbazolyl unit to improve the wetting ability of SAM modified
ITO. Furthermore, the glycol monomethyl ether chain in GM-4PACz
successfully passivate the buried surface defects of perovskite by Lewis
acid-base interaction and hydrogen bond, and further release the residual
interface stress. In addition to Me-4PACz, other carbazole-based SAMs
Table 1
A selected summary of the device structures, photovoltaic parameters and stabilities

Device Structure PCE [%] St

ITO/PTAA/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/PCBM/Ag 19.2 w
ITO/V1036:C4/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/PCBM/
Ag

17.8 w

ITO/V1036/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/C60/BCP/
Cu

16.9 N

ITO/MeO-2PACz/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/C60/
BCP/Cu

20.2 N

ITO/2PACz/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/C60/BCP/
Cu

20.8 (20.44%
certified)

N

Si solar cell/ITO/PTAA/Cs0.05(MA0.23FA0.77)0.95Pb(I0.77Br0.23)3/
LiF/C60/SnO2/IZO/Ag/LiF

26.79 w

Si solar cell/ITO/Me-4PACz/
Cs0.05(MA0.23FA0.77)0.95Pb(I0.77Br0.23)3/LiF/C60/SnO2/IZO/
Ag/LiF

29.05 (certified,
1.064 cm2)

w
h

ITO/GM-4PACz/Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3/
PC61BM/BCP/Ag

25.52 w
ke

FTO/Me-4PACz/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/PDI/
PCBM/BCP/Ag

23.19

FTO/Ph-4PACz/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/PDI/
PCBM/BCP/Ag

25.01 w
ke

FTO/Ph-4PACz/Al2O3/Cs0.05(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3/
PDI/PCBM/BCP/Ag

25.60 (24.48
certified, 1 cm2)

w
ke

ITO/2PACz/Cs0.05FA0.85MA0.1Pb(I0.97Br0.03)3/LiF/C60/BCP/Ag 24.11 w
ITO/I-2PACz/Cs0.05FA0.85MA0.1Pb(I0.97Br0.03)3/LiF/C60/BCP/
Ag

25.39 w

ITO/Me-4PACz/Cs0.05FA0.85MA0.1PbI3/PC61BM/C60/BCP/Cu 24.14 IS
31

ITO/Me-PhpPACz/Cs0.05FA0.85MA0.1PbI3/PC61BM/C60/BCP/Cu 26.12 (certified) IS
31

ITO/MPA-CPA/Cs0.05(MA0.05FA0.95)0.95Pb(I0.95Br0.05)3/C60/
BCP/Ag

25.40 (certified)
22.00 (9.66 cm2) en

85
ITO/ALD ITO/MeO-2PACz/
Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3/C60/ZnO/Au

24.0 IS
IS
12

ITO/ALD ITO/DC-TMPS/
Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3/C60/ZnO/Au

24.8 (24.6
certified)

IS
IS
12
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also suffer from the wettability issue. Cassella et al. [91] used the opti-
mized solvent rinsing protocol to overcome the dewetting issue of
MeO-2PACz. Vidyasagar et al. [92] found that treatment of 2PACz using
high donor number solvents, such as DMSO, could leave surface-bound
DMSO molecules on 2PACz to enhance the wettability. Song et al. [93]
found that a tin-based perovskite layer could be deposited by a two-step
procedure on the hydrophobic MeO-2PACz SAM. Pitaro et al. [31]
introduced a layer of a carbazole alkylammonium iodide derivative
(4CzNH3I) on top of (2-(3,6-Dibromo-9H-carbazol-9-yl)ethyl)phos-
phonic acid (Br-2PACz) to increase the hydrophilicity of the surface and
also passivate the buried interface of perovskite films, thus improving the
fabrication yield and enabling the large-area devices.

In most cases, the SAMs modification will increase the hydropho-
bicity of ITO, and thus larger grains and enhanced crystallinity of
perovskite were observed in some reported works [21,23,46], while
of PVSCs based on SAMs modified ITO.

ability Ref

/o encapsulation, N2, dark, keep ~95% after 180 days [27]
/o encapsulation, N2, dark, keep ~94% after 180 days

2, MPP tracking, 40 �C, keep ~88% after 11 h [28]

2, MPP tracking, 40 �C, keep ~97% after 11 h

2, MPP tracking, 40 �C, keep >97% after 11 h

/o encapsulation, MPP tracking, 25 �C, 30–40% humidity, keep 74.5% after 90 h [29]

/o encapsulation, MPP tracking, 25 �C, 30–40% humidity, keep 75.9% after 300

/o encapsulation, 25 �C, 30% humidity, keep 93.29% after 2000 h; 85 �C, N2,
ep 88.13% after 500 h; encapsulated, MPP tracking, keep 91.75% after 1000 h

[32]

[33]

/o encapsulation, 85 �C, N2, keep 72.2% after 1000 h; 65 �C, N2, MPP tracking,
ep ~83% after 1000 h
/o encapsulation, 85 �C, N2, keep 90.5% after 1000 h; 65 �C, N2, MPP tracking,
ep 91.7% after 1000 h
/o encapsulation, N2, ~45 �C, MPP tracking, keep 70% after 1000 h [34]
/o encapsulation, N2, ~45 �C, MPP tracking, keep 96% after 1000 h

OS-L1: w/o encapsulation, N2, 50 � 10 �C, MPP tracking, keep 74.07% after
00 h

[42]

OS-L1: w/o encapsulation, N2, 50 � 10 �C, MPP tracking, keep 98.70% after
00 h

[51]
capsulated, 30–40% humidity, ~45 �C, MPP tracking, keep >90% after 2000 h;
�C, 85% humidity, keep >95% after 500 h

OS-D-3: encapsulated, 85 �C, 85% humidity, dark, keep 95.0% after 1000 h;
OS-L-2: encapsulated, 85 �C, 85% humidity, MPP tracking, keep 93.5% after
00 h

[66]

OS-D-3: encapsulated, 85 �C, 85% humidity, dark, keep 98.9% after 1000 h;
OS-L-2: encapsulated, 85 �C, 85% humidity, MPP tracking, keep 98.2% after
00 h



Fig. 4. Several factors should be considered to grow high-quality SAMs on ITO, including energy alignment, carrier extraction, wettability, coverage and SAM-
perovskite interactions. (a) Schematic representation of the band edge positions of PVSCs with different SAMs. Reproduced from Ref. [28] with permission from
the Royal Society of Chemistry. (b) Hole transfer rate constants versus interfacial trap density. The numbers 2, 4, and 6 denote the chain length in the nPACz series.
Reproduced from Ref. [30] with permission from the Elsevier Inc. (c) Optical images of the representative PVSCs with Me-4PACz (left) and Me-4PACzþ6dPA selective
contact layer. Highlighted in red are the active cell areas not covered by perovskite film. Scale bar ¼ 5 mm. Reproduced from Ref. [54] with permission from the
American Chemical Society. (d) Contact angles of the perovskite precursor solution on different HTLs and the top-view SEM images of the bottom surface of pe-
rovskites deposited on different HTLs. Scale bars, 1 μm. Reprinted with permission from Ref. [51]. Copyright 2023, The American Association for the Advancement of
Science. (e) Schematic diagram for evolution of SAMs configuration adjustment deposited from IPA or co-solvent. Reprinted with permission from Ref. [82]. Copyright
2023, Wiley-VCH GmbH. (f) The coverage of TPT-S6, TPT-C6 and TPT-P6 on ITO substrates. Reprinted with permission from Ref. [47]. Copyright 2021, Wiley-VCH
GmbH. (g) Schematic of the SAMs with two carboxyl groups which can anchor to the ITO surface and passivate defects on the perovskite surface. Reprinted with
permission from Ref. [75]. Copyright 2023, Wiley-VCH GmbH.
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others reported that the perovskite morphology will not be affected by
the substrate with different hydrophobicity because the crystallization by
one-step solution processes is initiated at the top surface [28,29,47,48,
51,84,94]. On the other hand, Zhang et al. [51] found that the
5

hydrophobic surface of the modified ITO may lead to poor buried
perovskite-substrate interface with voids, and thus they synthesized an
amphiphilic SAM molecule [(2-(4-(bis(4-methoxyphenyl)amino)
phenyl)-1-cyanovinyl)phosphonic acid (MPA-CPA) which shows much
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Fig. 5. Chemical structures of SAM molecules used to modify metal oxide ETLs in n-i-p PVSCs: C60-SAM [105,106], fullerene derivatives [107], C60 pyrrolidine
tris-acid (CPTA) [6,6,108]-4-fluorophenyl-C61-butyric acid (FPAC60) [109], PCBA [129], β-glycine HI salt (GlyHþI�), alanine HI salt (AlaHþI�), and γ-amino butyric
acid HI salt (GABAHþI�) [116], HOOC-R-SH [117], 4-aminobenzoic acid (PABA) [119], benzoic acid (BA), 4-cyanobenzoic acid (CBA), 4-aminobenzoic acid (ABA)
and 4-pyridinecarboxylic acid (PA) [136], 4-(trifluoromethyl) benzoic acid (BA-CF3), p-toluic acid (BA-CH3) and 4-methylnicotinic acid (NA-CF3) [143], 4-bromoben-
zonic acid (BBA) [154], aminopropyltrimethoxysilane (APTMS) [118], 3-aminopropyltriethoxysilane (APTES) [137], 4-methoxyphenylboronic acid (1-OMe), 3,
5-methoxyphenylboronic acid (2-OMe) and 3,4,5-methoxyphenylboronic acid (3-OMe) [120], 2-pyridinesulfonic acid (2-PA) and 3-pyridinesulfonic acid (3-PA)
[121], 3-aminopropanioc acid (C3-SAM) [128], glycine [139], γ-mercaptopropyltrimethoxysilane (γ-MPTS) [122], propyltrimethoxysilane (H-SAM) and 3-iodopropyl
trimethoxysilane (I-SAM) [142], 3-chloropropyl trimethoxysilane (-C3-Cl) and 3-(triehtoxysilyl)propionitrile (-C3�N) [151], N-[3-(trimethoxysilyl) propyl]ethyl-
enediamine (EDPTMS) [123], methyltrimethoxysilane (C0), propyltrimethoxysilane (C2) and butyltrimethoxysilane (C3) [126], 1,2-ethanedithiol (EDT) [130], T2CA
and JTCA [131], dopamine (DA) [138], iodomethylphosphonic acid (IMPA), 4-iodobutylphosphonic acid (IBPA), and 6-iodohexylphosphonic acid (IHPA), n-butyl-
phosphonic acid (BPA), 3-aminopropylphosphonic acid (APPA), and 4,4,4-trifluorobutylphosphonic acid (TFBPA) [125], ethylphosphonic acid (EPA) [154],
4-methoxybenzoic acid (MBA), 3,4-dimethoxybenzoic acid (DMBA), and 3,4,5-trimethoxybenzoic acid (TMBA) [132], creatine [140], (2-aminothiazole-4-yl)acetic
acid (ATAA) [133], choline chloride [141], HO2C-PP-NH3Cl, HO2C-PP-CH2-NH3Cl and HO2C-CH2-PP-CH2-NH3Cl [134], 2-thiophene acetic acid (2-TA) and 3-thio-
phene acetic acid (3-TA) [135], L-carnitine hydrochloride (L-ch) [144], L-histidine (L-His) [145], (3-dimethylamino propionic acid hydrochloride (DPAH) and
((2-carboxyethyl) dimethyl sulfonium chloride (CDSC) [146], DL-carnitine hydrochloride [147], 1-[3-(trimethoxysilyl)propyl]urea (TMPU) [148], 3,5-bis(fluorosul-
fonyl)benzoicacid (FBA) [149], oxalic acid (OA), propanedioic acid (PA) and succinic acid (SA) [150].
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enhanced hydrophilicity compared to 2PACz, arising from the polar and
electron-withdrawing cyano group adjacent to the phosphonic acid. They
further used a bilayer stack which consists of a chemically anchored SAM
and an unabsorbed, disordered overlayer to deposit perovskite films. The
bilayer stack exhibits superwetting characteristics with a small contact
angle (~5�), thus a compact and homogeneous morphology without
voids could be achieved at the bottom surface (Fig. 4d). Due to the
minimized defects at the buried interface, the p-i-n PVSCs achieve a
certified PCE of 25.4%.
2.3. Coverage

A dense and compact monolayer is critical for high performance and
high stability of devices because it can minimize the direct contact be-
tween active layer and electrode. The above discussed co-SAM strategy
was also demonstrated as an efficient way to achieve a dense monolayer.
Kapil et al. [52] found that the co-absorption of 2PACz and methyl
phosphonic acid (MPA) on ITO could lead to a high performance Sn-Pb
PVSC due to the higher SAM packing density and enhanced passivation
at the interface. Deng et al. [46] synthesized a carbazole-based hole--
selective SAM molecule, ((2,7-dimethoxy-9H-carbazol-9-yl) methyl)
phosphonic acid (DC-PA) with increased molecular dipole compared to
MeO-2PACz which ensures good energy level alignment with the VBM of
the perovskite, while an alkyl ammonium SAM, 6-(iodo-λ5-azanyl) hex-
anoic acid (IAHA) was used as the second component in the
hole-selective SAM matrix to improve the coverage of monolayer and
simultaneously passivate the perovskite on top. Zheng et al. [45]
demonstrated that the (aminomethyl)phosphonic acid (AMP) in the
precursor solution could spontaneously sinks and anchors to the buried
interface to fill the voids of SAM for dense HTL. Mishima et al. [95] found
that the surface coverage of 2PACz is larger than that of MeO-2PACz due
to the steric effect, and the mixture of 2PACz and MeO-2PACz could
achieve the highest surface coverage and thus the best device perfor-
mance. Wu et al. [96] used the hydrofluoric acid and the subsequent
UV-ozone treatment to reconstruct the ITO surface by selectively
removing the undesired terminal hydroxyl and hydrolysis product. This
can significantly increase the ITO surface activity and area, thus facili-
tating the adsorption of high-density SAMs. Hu et al. [17] found that
benzylphosphonic acid (BnPA)/pentafluorobenzylphosphonic acid
(F5BnPA)mixture could form an compact and ordered SAM on ITO due to
the strong arene-perfluoroarene interaction, thus significant improving
the stability of OSCs, but this strategy has not been applied in PVSCs. It's
noticed that SAMs with short linkers have difficulty forming a dense
monolayer because of strong steric hindrance, thus extension of the
length of conjugation linker always results in improved device perfor-
mance [58]. It was also demonstrated that the hydrogen bonding be-
tween SAM molecules may induce the self-aggregation which leads to a
rough surface and thus poor device performance [59].
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Introducing electron-donating or electron-withdrawing groups at
terminal or near anchoring groups to tune the molecular dipoles of the
SAMmolecules are widely used to optimize the energy level alignment at
the interfaces [33,38,39,48,55,60–62,64]. However, this strategy may
induce steric hindrance which destroys their capabilities in forming or-
dered and compact SAMs [21,63]. Jiang et al. [35] thus synthesized two
carbazole-based SAMs, CbzPh and CbzNaph, with increased dipole
moment and π-π interactions through asymmetric and helical π-expan-
sion of carbazole, respectively. The compact π-π stacking facilitates the
formation of the densest assembly, achieving a champion PCE of 24.1%
for CbzNaph-based p-i-n PVSCs with improved stability.

The amphiphilic nature of SAM molecules will lead to the formation
of micelles in the commonly used alcoholic processing solvents, which
introduces an extra energetic barrier to disassemble the micelles during
the binding on the substrate, limiting the formation of a compact SAM.
Liu et al. [82] thus developed a co-solvent strategy to disassemble the
micelles of carbazole-based SAM molecules in the processing solution,
effectively enhancing the reactivity of the phosphonic acid anchoring
group to allow densely packed SAMs on ITO (Fig. 4e). Park et al. [65] also
found that the cluster formation during phosphonic acid adsorption leads
to incomplete SAM coverage by molecular dynamics simulations. They
thus developed a co-adsorbent strategy that disassembles high-order
clusters by introducing 3-mercaptopropionic acid (3-MPA) into 2PACz
solution, homogenizing the distribution of phosphonic acid molecules.
Tang et al. [66] found that the hydrophilic OH groups weakly bonded to
ITO and the SAM anchored to these unstable sites can be desorbed by
strong polar perovskite solvents. They thus prepared an additional ITO
layer by atomic layer deposition (ALD) with a fully covalent OH-covered
surface to reinforce the anchoring sites of SAM. Furthermore, they syn-
thesized (3,6-dimethoxy-9H-carbazol-9-yl)trimethoxyphenylsilane
(DC-TMPS) with a trimethoxysilane group which shows high binding
energy with the chemisorbed OH surface through tridentate anchors, as
opposed to the more commonly used SAM with phosphonic acid groups
with bidentate anchors. The corresponding p-i-n PVSCs maintained 98%
of their PCE after operating at maximum power point (MPP) tracking at
85 �C for 1200 h. Phung et al. [97] also demonstrated that
plasma-assisted ALD processed NiO could improve the coverage of
MeO-2PACz compared to that on bare ITO.

In additions to phosphonic acids, carboxylic acids [25,58,59,61,63,
64,67–79], boronic acids [80,81], sulfonic acid [47], cyano group [72],
silane [23,66], hydroxy group [24] have also been used to modify ITO.
The anchoring group can remarkably affect the adsorption dynamics,
loading density, and binding strength of the SAMmolecules on substrates
and subsequently determine the device performance and stability. Li
et al. [47] synthesized a series of phenothiazine-based SAM molecules
with various anchoring groups, -SO3H (TPT-S6), -COOH (TPT-C6), and
-PO3H2 (TPT-P6), and found that TPT-P6 is more easily and faster
anchored onto ITO with a higher loading amount than TPT-C6 and



Fig. 6. Chemical structures of SAM molecules used to modify metal oxide HTLs in p-i-n PVSCs: 2PACz and MeO-2PACz [158], MeO-4PADBC [162], Me-4PACz [159],
Br-2PACz [165], para-substituted benzoic acid (R-BA) [152], p-chlorobenzenesulfonic acid (CBSA) [157], 4-bromobenzylphosphonic acid (Br-BPA) [153], phenyl-
phosphonic acid (PPA), 4-methoxyphenylphosphonic acid (MPPA), and 4-cyanophenylphosphonic acid (CNPPA) [155], ethylphosphonic acid (EPA) [154], 2-cya-
no-3-(4-(diphenylamino) phenyl) acrylic acid (LS1) [156], LS2 [160], ascorbic acid (AA) [161], 2PADBC [170], 2-cyano-3-(4-(7-(4-(diphenylamino)phenyl)benzo
[c] [1,2,5]thiadiazol-4-yl)phenyl)acrylic acid (BT-T) [163], octadecylphosphonic acid (ODPA) [164], PC [166], HC-A1 and HC-A4 [167], 3-thenoic acid (3-TA) and
4-pyrazolecarboxylic acid (4-PCA) [168], TBT-BA, TBT-FBA and TBT-DBA [169].
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TPT-S6, thus leading to improved coverage of the monolayers (Fig. 4f).
Furthermore, higher built-in potential which facilitates carrier collection
and suppressed interfacial non-radiative recombination for TPT-P6-based
devices were also demonstrated, thus higher PCEs were achieved. The
device stability is also highly related to the anchoring group, 90% of the
initial PCE was kept after three months storage in air with a humidity of
30% for TPT-P6-based device. However, later they found that the strong
phosphonic acidic anchors is detrimental to device stability, thus
MTPA-BA with acidity-weakened boric acid was synthesized. The cor-
responding devices show improved stability which retained 90% of their
PCE after 2400 h of storage (ISOS-D-1) or 400 h of operation (ISOS-L-1),
which are 5-fold higher than those of phosphonic acid SAM-based de-
vices [81].
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2.4. Linkers

Most of the reported well-established PACz series SAM molecules are
with an alkyl linker which may suffer charge-transport issue. Ren et al.
[43] found that increasing the concentration of Me-4PACz from 1 to 3
mg mL�1 causes the PCE to dramatically drop from 21.9% to 11.6%. The
polymeric SAM molecules, Poly-4PACz, exhibit high conductance and
consequently demonstrate good tolerance to layer thickness. Zhang et al.
[58] synthesized a series of SAM molecules of cyanoacetic acids with
benzene ring as conjugated linkers and demonstrated that the conjugated
structure could improve the charge-transport. The SAM molecules also
show higher intrinsic photostability of molecular structures and the so-
lution stocks than MeO-2PACz. Afraj et al. [72] synthesized



Table 2
A selected summary of the device structures, photovoltaic parameters and stabilities of PVSCs based on SAM modified CTLs.

Device Structure PCE [%] Stability Ref

ITO/ZnO/MAPbI3/spiro-OMeTAD/MoO3/Ag 11.96 [128]
ITO/ZnO/C3-SAM/MAPbI3/spiro-OMeTAD/MoO3/Ag 15.67
ITO/SnO2/Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3/spiro-
OMeTAD/Au

20.15 w/o encapsulation, N2, MPP tracking, T80 ¼ ~692 h [142]

ITO/SnO2/H-SAM/
Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3/spiro-OMeTAD/
Au

20.19 w/o encapsulation, N2, MPP tracking, T80 ¼ ~714 h

ITO/SnO2/I-SAM/Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3/
spiro-OMeTAD/Au

21.44 w/o encapsulation, N2, MPP tracking, T80 ¼ ~3921 h

FTO/SnO2/(FAPbI3)0.992(MAPbBr3)0.008/spiro-OMeTAD/
Au

23.7 encapsulated, 25 �C, 20–40% humidity, MPP tracking, keep 50% after 310 h [151]

FTO/SnO2/-C3-Cl/(FAPbI3)0.992(MAPbBr3)0.008/spiro-
OMeTAD/Au

24.7 encapsulated, 25 �C, 20–40% humidity, MPP tracking, keep 77% after 500 h

FTO/SnO2/-C3-C � N/(FAPbI3)0.992(MAPbBr3)0.008/spiro-
OMeTAD/Au

25.3 encapsulated, 25 �C, 20–40% humidity, MPP tracking, keep 97% after 1000 h

FTO/NiOx/FAPbI3/PC61BM/SnO2/Cu 22.2 [159]
FTO/NiOx/Me-4PACz/FAPbI3/PC61BM/SnO2/Cu 25.5 (25.2

certified)
50 �C, MPP tracking, keep 85.4% after 1000 h; 85 �C, keep 85.1% after 500 h

21 (14.65 cm2) 50 �C, MPP tracking, keep 90% after 400 h
ITO/NiOx/MeO-4PADBC/
Cs0.05FA0.8MA0.15Pb(I0.76Br0.24)3/C60/BCP/Ag

25.6 (certified) ISOS-L-2I: encapsulated, 65 �C, MPP tracking, keep 90% after 1200 h; encapsulated, 85 �C,
MPP tracking, keep 74% after 1200 h

[162]

ITO/NiOx/Cs0.04(FA0.96MA0.04)0.96Pb(I0.96Br0.04)3/PCBM/
BCP/Ag

20.8 w/o encapsulation, N2, 60 �C, keep 41.2% after ~2000 h; w/o encapsulation, N2, 85 �C,
keep 19.6% after 150 h; ISOS-L-1: 50 � 5% humidity, keep 61.9% after ~35 h

[169]

ITO/NiOx/TBT-BA/
Cs0.04(FA0.96MA0.04)0.96Pb(I0.96Br0.04)3/PCBM/BCP/Ag

24.8 w/o encapsulation, N2, 60 �C, keep 88.7% after 2635 h; w/o encapsulation, N2, 85 �C, keep
85.8% after 200 h; ISOS-L-1: 50 � 5% humidity, keep 81.2% after 240 h

ITO/NiOx/TBT-FBA/
Cs0.04(FA0.96MA0.04)0.96Pb(I0.96Br0.04)3/PCBM/BCP/Ag

24.0 w/o encapsulation, N2, 60 �C, keep 82.4% after 2635 h; w/o encapsulation, N2, 85 �C, keep
80.1% after 200 h

ITO/NiOx/TBT-DBA/
Cs0.04(FA0.96MA0.04)0.96Pb(I0.96Br0.04)3/PCBM/BCP/Ag

23.1 w/o encapsulation, N2, 60 �C, keep 83.2% after 2635 h; w/o encapsulation, N2, 85 �C, keep
72.5% after 200 h
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quinoxaline-based SAM molecules with benzene or thiophene as conju-
gated linker for tin-based PVSCs. The device based on TQxD with thio-
phene linker as SAM showed a PCE of 8.3% based on FASnI3 which
outperforms the device based on MeO-2PACz (6.5%), and the device also
showed excellent stability, retaining ~90% of the initial PCE after 1600
h. Hung et al. [75] synthesized a series of hole-selective SAMs based on
ZnII porphyrin, namely AC-1, AC-3, and AC-5, in which the π-conjugated
porphyrin core serves as an ideal conduit for efficient charge carrier
transport. The dual carboxylic acid groups in AC-3 and AC-5 facilitate
effective anchoring to the ITO surface while passivating the buried
interface of perovskites (Fig. 4g). As a result, PVSCs with a PCE of 23.19%
and excellent device stability were achieved. Recently, Li et al. [41] and
Qu et al. [42] synthesized novel fully aromatic carbazole-based SAMs
(4-(3,6-dimethoxy-9H-carbazol-9-yl)phenyl)phosphonic acid (MeO-Ph-
PACz) and [4-(3,6-dimethyl-9H-carbazol-9-yl)phenyl]phosphonic acid
(Me-PhpPACz) respectively by replacing the flexible alkyl linker in
MeO-2PACz and Me-4PACz with a rigid, planar, and conjugated phe-
nylene linker. Due to the larger dipole moment, enhanced hole extraction
kinetics, and improved hole transport characteristics of MeO-PhPACz
and Me-PhpPACz, the corresponding devices showed improved PCEs
compared to those based on the classic MeO-2PACz and Me-4PACz. The
Me-PhpPACz-derived PVSCs exhibit an unprecedented PCE of 26.17%
(26.12% certified) with an extremely high FF of 86.79% and exceptional
long-term stability [42].

Hole extraction is expected to be more efficient when the π-cores are
oriented face-on with respect to the surfaces. Truong et al. [56] thus used
multiple phosphonic acid anchoring groups to control the molecular
orientation of a series of triazatruxene derivatives chemisorbed on FTO.
They found that multipodal derivatives align face-on to the electrode
surface, while the monopodal counterpart adopts a more tilted configu-
ration. The face-on orientation was found to facilitate hole extraction,
leading to p-i-n PVSCs with enhanced stability and high PCE of 23.0%. To
increase the hydrophilicity of the SAM modified electrode, they further
synthesized a multipodal molecule with a non-planar π-conjugated core,
some anchoring groups would be forced to point upward while not
binding to the FTO surface. These top-facing functional groups would
lead to a more hydrophilic surface and improve wettability [57].
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2.5. Terminal groups

The interaction of the SAM molecules, usually by the terminal groups
of the SAMs, with the perovskite, is also crucial for the device perfor-
mance and stability and should be carefully designed. Ashouri et al. [29]
and Levine et al. [30] demonstrated the advantages of the methyl sub-
stitution with respect to both passivation and hole extraction in PACz
derivatives. Deng et al. [46] used an alkyl iodine-terminated ammonium
SAM molecule (IAHA) as the second component in the hole-selective
SAM matrix to passivate the perovskite on top. Ullah et al. [48,49]
investigated the effects of terminal group heteroatoms (O, S, Se) of
phosphonic acids-based SAMs on device performance. The stronger
interaction between Br-2EPSe and perovskite reduces interfacial trap
density and thus a higher PCE of 22.73% was achieved for Br-2EPSe
based p-i-n PVSCs compared to 21.63% and 21.02% for Br-2EPT and
Br-2EPO based PVSCs. The unencapsulated PVSC with Br-2EPSe also
showed excellent stability, retaining up to ~96% of its initial PCE after an
MPP tracking of >500 h under ambient conditions. Almasabi et al. [98]
demonstrated that the stronger binding of MeO-2PACz than PTAA to-
wards FAPbI3 could result in enhanced mechanical adhesion of the
single-crystal films on the substrate, enabling the fabrication of PVSCs
with substantially enhanced operational stability. Dai et al. [34]
demonstrated that an iodine-terminated 2PACz (I-2PACz) increases the
interfacial mechanical adhesion dramatically (2.6-fold) and contributes
to the improved interfacial morphology, photocarrier transport, and
operational stability. The corresponding PVSCs show a high PCE of
25.39%. Additionally, the enhanced adhesion suppresses nucleation and
propagation of pores/cracks during operation, resulting in the retention
of 96% of the initial PCE after 1000 h of MPP tracking. Jiang et al. [44]
designed Cbz2S and Cbz2SMe with cyclic disulfide or two flanking thi-
omethyls by modifying the 4,5-position of carbazole. Cbz2S with
more-exposed sulfur atoms exhibited inferior device performance due to
excessive reactivity, leading to an overpopulation of PbI2 crystallites at
the buried perovskite interface. In contrast, the screening effect from the
methyl groups of Cbz2SMe optimized SAM reactivity, exquisitely inte-
grating buried interface passivation and hole selection together. Conse-
quently, Cbz2SMe-based PVSCs achieve a PCE of 24.42% with excellent



Fig. 7. The SAM modification at metal oxide CTLs could optimize perovskite morphology, increase interfacial toughness and stabilize interface. (a) Schematic diagram
of PVSC device structure, SAM induced permanent dipole formation, and involvement of the SAM in the crystalline structure of perovskite crystals. SEM images of
MAPbI3 perovskites on bare ZnO and ZnO/C3-SAM. Reprinted with permission from Ref. [128]. Copyright 2015, American Chemical Society. (b) Toughness of
SnO2/perovskite interface without SAMs and ones with H-SAM or I-SAM. The histograms and error bars represent average and standard deviation, respectively, of 12
specimens each. Reprinted from Ref. [142] with permission. Copyright 2021, The American Association for the Advancement of Science. (c) Kelvin probe force
microscope (KPFM) images and WF distributions obtained from the KPFM data of surface B, and surface A before and after operation of PVSCs with -C3-Cl and -C3�N
SAMs. The “surface A00 and “surface B00 are the bottom of the perovskite film and the upper surface of the SnO2 film respectively. Reprinted from Ref. [151] with
permission. Copyright 2024, Elsevier Inc.
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stability. Recently, an increasing number of new SAM molecules with
terminal groups capable of passivating the buried interface of perovskite
films, such as CbzBF, CbzBT [40], TDPA-Cl [50], MeO-BTBT [53], were
synthesized for PVSCs.

In addition to the terminal groups, the anchoring groups of the SAM
molecules could also be used to construct interfaces with desired prop-
erties during perovskite film deposition. For example, Azmi et al. [99]
utilized the phosphonic acid group of the 2PACz to react with 4-hydrox-
ybenzylamine (HBzA), enabling the formation of 2D ligands that are
resilient to subsequent processing through the creation of an ionic bond.
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With this, p-i-n PVSCs with double-side 2D/3D heterojunctions were
successfully constructed with a PCE of 25.6% (certified 25.0%), retaining
95% of their initial PCE after 1000 h of operation at 85 �C in air.

2.6. Application in tandem and large-area solar cells

Due to the advantages of energy level tunability, conformal coverage
and low temperature processing, SAMs are promising in flexible [64] and
tandem solar cells [28,29,37,84,95,100,101]. The MeO-2PACz SAM was
firstly integrated into a monolithic CIGS/perovskite tandem solar cell by



Fig. 8. Chemical structures of SAM molecules used to modify perovskites: 345FAn [178], C12-silane [179], OTS [180], C3H4Cl3F3Si [181], C13-FAS [182], MPTMS
(MPTS) [183], PTS (PTMS) and CPTS [184], CPS and CMS [185], APTMS [186], 2,4,6,8-tetramethylcyclotetrasiloxane (TMCTS), MPTMS, FPTMS, 1H,1H,2H,
2H-perfluorodecyltriethoxysilane (PFDTES) and N-[3- (trimethoxysilyl)propyl]-N,N,N-trimethylammonium chloride (TMAPTMS) [187], X-PFCn [188], PFDT [189],
4-chlorobenzoic acid (4Cl-BA) [190], cis-diisothiocyanato-(2,20-bipyridyl-4,40-dicarboxylic acid)-(2,20-bipyridyl-4,40-dinonyl) ruthenium (II) (Z907) [191], C [4]P
[192], ThPCyAc [193], PRMA [194], thiols [117], AETCl and APTCl [195], 2-mercaptopyrimidine (DMI) [196], 2PACz [197], [4-methylbenzenesulfonate (4CH3-BZS)
and 4Cl-BZS [198].
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Ashouri et al. [28], which shows the ability to conformally create a
hole-selective layer on a rough surface, and a stabilized, certified PCE of
23.26%with an active area of 1.03 cm2 was achieved. Later, they utilized
Me-4PACz to enable a certified PCE of 29.15% for Si/perovskite tandem
solar cell. The tandem solar cell also shows high stability, retaining 95%
of its initial efficiency after 300 h of operation in air without encapsu-
lation [29]. Datta et al. [100] used Me-4PACz and 2PACz to minimize the
energetic loss at the hole-transporting interface in front WBG subcell in
all-perovskite tandem solar cell, and a >23% efficient monolithic
all-perovskite tandem solar cell was achieved. Lai et al. [101] used 2PACz
as a hole extraction layer to effectively suppress the VOC loss and to
enable the growth of high-quality uniform 1.77 eV WBG perovskite
absorber on a flexible PEN/ITO. Thus, a maximum efficiency of over 15%
with a VOC of 1.29 V for a flexible WBG PVSC was achieved.
Two-terminal and four-terminal flexible all-perovskite tandem cells were
also successfully fabricated with PCEs of 23.8% and 22.6%, respectively
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[101]. Later, they further demonstrated a high VOC of 1.31 V in a 1.77-eV
WBG PVSC, corresponding to a very low VOC deficit of 0.46 V by inte-
grating (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid
(4PADCB, CbzNaph in Ref. [35]). With these WBG perovskite subcells,
monolithic all-perovskite tandem solar cells for a PCE of 27.0% (26.4%
certified) with an aperture area of 1.044 cm2 were achieved [37].

SAMs also show great potential as efficient HTLs for upscaling PVSCs
and producing large-area perovskite films with high-quality buried
interface due to the better and tunable wettability compared to the most
widely used HTL PTAA [102,103]. Zeng et al. [102] fabricated
MeO-2PACz SAMs and perovskite films by blade-coating, and the
perovskite mini-module shows a PCE of 14.13% with an aperture area of
18.0 cm2. Zhang et al. [51] utilized a superwetting underlayer for
perovskite deposition by a bilayer stack of amphiphilic SAM molecule
MPA-CPA, thus a PCE of 22.0% was achieved for a spin-coated mini-
module with an area of ~10 cm2. Zheng et al. [90] incorporated SAM



Table 3
A selected summary of the device structures, photovoltaic parameters and stabilities of PVSCs based on SAMs modified perovskites.

Device structure PCE [%] Stability

FTO/2PACz/Cs0.05MA0.05FA0.9PbI2.85Br0.15/345FAn/
C60/BCP/Ag

24.09
(certified)

ISOS-L-3: encapsulated, 85 �C, 50% humidity, T85 ¼ ~1560 h [178]

FTO/c-NiO/perovskite/PC61BM/BCP/Ag 20.15 w/o encapsulation, N2, 85 �C, MPP tracking, keep 46.2% after 500 h; w/o encapsulation, 85�
10% humidity, keep ~100% after 500 h

[189]

FTO/c-NiO/PFDT@perovskite/PC61BM/BCP/PFDT@Ag 21.79 w/o encapsulation, N2, 85 �C, MPP tracking, keep 90.1% after 500 h; w/o encapsulation, 85�
10% humidity, keep ~35% after 500 h

ITO/MTPA-BA/FA0.8Cs0.2PbI3/PC61BM/C60/BCP/Ag 22.5 ISOS-L-1: 45 �C, N2, 0% within 200 h; ISOS-D-2: 85 �C, N2, 0% within 350 h [192]
ITO/MTPA-BA/FA0.8Cs0.2PbI3/C [4]
P/PC61BM/C60/BCP/Ag

23.4 ISOS-L-1: 45 �C, N2, keep 90% after 2000 h; ISOS-D-2: 85 �C, N2, 90% after 2100 h; 25 � 5%
humidity, MPP tracking, keep 80% after 700 h; 85 �C, dark, keep 89% after 700 h; 85 �C, light,
keep 87% after 500 h

FTO/SnO2/Cs0.05FA0.85MA0.10Pb(I0.97Br0.03)3/spiro-
OMeTAD:F4TCNQ/Ag

21.88 w/o encapsulation, 75 � 5% humidity, 30 � 5 �C, keep 58% after ~1800 h; w/o
encapsulation, N2, 65 �C, keep 52% after 800 h

[194]

FTO/SnO2/Cs0.05FA0.85MA0.10Pb(I0.97Br0.03)3/PRMA/
spiro-OMeTAD:F4TCNQ/Ag

24.03 w/o encapsulation, 75 � 5% humidity, 30 � 5 �C, keep 85% after ~1800 h; w/o
encapsulation, N2, 65 �C, keep 81% after 800 h

FTO/4PADCB/FA0.85MA0.1Cs0.05PbI3/C60/BCP/Ag 22.60 w/o encapsulation, N2, 85 �C, keep 58% after 500 h; N2, MPP tracking, keep 63% after 500 h [195]
FTO/4PADCB/FA0.85MA0.1Cs0.05PbI3/2AETCl/C60/
BCP/Ag

25.00 w/o encapsulation, N2, 85 �C, keep 82% after 500 h; N2, MPP tracking, keep 95% after 500 h

FTO/4PADCB/FA0.85MA0.1Cs0.05PbI3/2APTCl/C60/
BCP/Ag

24.08

FTO/2PACz/Cs0.05FA0.85MA0.10PbI3/C60/SnOx/Ag 24.0 ISOS-D-2I: 85 �C, keep 89% after 1500 h; ISOS-l-3: encapsulated, 50% humidity, 65 �C, MPP
tracking, T85 ¼ 1200 h

[198]

FTO/2PACz/Cs0.05FA0.85MA0.10PbI3/4Cl-BZS/C60/
SnOx/Ag

26.3 (26.15
certified)

ISOS-D-2I: 85 �C, keep 95% after 1500 h; ISOS-l-3: encapsulated, 50% humidity, 65 �C, MPP
tracking, T95 ¼ 1200 h
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molecules into perovskite precursors when blade-coating which could
solve the wetting issue and simplify the device fabrication, and a PCE of
22.5% was achieved for a 1 cm2 blade-coated device.

3. Modification of metal oxide CTLs by SAMs in PVSCs

Ideal CTLs should efficiently extract photogenerated charge carriers
from the perovskites and provide stable interfaces for high stability. The
modification of the metal oxide CTLs using SAMs to improve the device
performance and stability has been widely applied in OSCs [15,104], and
this strategy is also extensively used in PVSCs today after the first re-
ported work of TiO2 modification with fullerene based SAMs by Jen et al.
[105,106], which could improve the device performance with reduced
hysteresis [107–109]. TiO2 is one of the most widely used ETL in n-i-p
devices. However, a critical instability in mesoporous TiO2-sensitized
solar cells was reported, arising from light-induced desorption of
surface-adsorbed oxygen [110]. ZnO and SnO2 are other metal oxides
explored as alternative ETLs, but ZnO can react easily with perovskites
during thermal annealing (>100 �C) due to the proton-transfer reactions
at the ZnO/perovskites interface [111], thus SnO2 appears to be the most
promising candidate and can be processed at low temperatures [13,112].
For p-i-n devices, now NiOx has been demonstrated to be one of the most
promising HTLs [113], but the undesired reaction between perovskite
and the highly active Ni� 3þ species, and charge carrier recombination at
the NiOx/perovskite interface limit the device performance and stability
[114,115]. The modification of these metal oxide CTLs, TiO2 [116–127],
ZnO [128–135], SnO2 [136–151], NiOx [152–169], by SAMs has been
demonstrated to be an efficient way to address these discussed issues, and
also passivate the surface defects and tune the energy level alignment.
Recently, Li et al. [162] improved and stabilized the NiOx/perovskite
interface with modification of (4-(3,11-dimethoxy-7H-dibenzo[c,g]car-
bazol-7-yl)butyl)phosphonic acid (MeO-4PADBC). The resulting PVSCs
achieved a certified PCE of 25.6% and maintained >90% of their initial
efficiency after continuously operating at 65 �C for 1200 h. The principles
of SAM design for metal oxides modification can be referred to the
modification of metal oxides in OSCs [15] and the ITO modification in
PVSCs as discussed in the above section, thus the discussion will be more
briefly in this section.

The chemical structures of the molecules used to modify metal oxide
ETLs and HTLs in PVSCs are shown in Figs. 5 and 6, respectively, while
the device structures and photovoltaic parameters of PVSCs based on
SAM modified metal oxide CTLs are listed in Table 2 and Table S2.
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The morphology control is one of the major challenges to achieve
high efficiency devices especially in the early stage of the perovskite
research. The modification of metal oxide CTLs with SAMs facilitates the
crystal growth of perovskite films. Zuo et al. [128] developed a facile but
efficient method to modify ZnO with 3-aminopropanioc acid (C3-SAM) to
direct the crystalline evolution and achieve the optimal morphology of
MAPbI3 perovskite film with reduced pinholes and trap states density.
Furthermore, the WF of the modified cathode was better aligned with the
conduction band minimum (CBM) of perovskite for efficient charge
extraction, thus the PCEs remarkably increased from 11.96% to 15.67%
(Fig. 7a). Later, they applied this strategy into semi-roll-to-roll processing
for flexible PVSCs to achieve enhanced performance [171]. Many SAM
molecules with an anchoring group to metal oxide CTLs and a functional
terminal group such as thiol [117], amnio group [118,119,137] as a
growth site of the perovskite crystals are developed later. Yang and Dai
et al. [127,142] demonstrated the substantial toughening of the brittle
interface between the perovskite film and the underlying metal oxide
CTLs using an iodine-terminated silane SAM which acts as a “molecular
glue” (Fig. 7b). The device shows enhanced PCE and improved opera-
tional stability.

The SAM modification with different terminal groups changes the
energy level alignment at the interface which may affect the device
performance. Zuo et al. [136] found that the device performance of
PVSCs shows an opposite trend to that of the energy level alignment
theory which works well in OSCs. The chemical interactions are the
predominant factor governing the interfacial optoelectronic properties
and thus the performance of PVSCs. Zhang et al. [151] demonstrated that
the energy-level alignment at the weak adhesion homojunction interface
is critical, as the enhanced ion migration caused by the built-in electric
field at this interface may lead to instability (Fig. 7c). Tuning the WF of
the homojunction with different terminal groups in the SAM molecules
could significantly reduce the built-in electric field, and thus PVSCs with
a high PCE and excellent stability were achieved.

The significance of the SAM coverage on ITO surface has been
demonstrated and many strategies have been developed to increase the
coverage, however this is less investigated onmetal oxide CTLs. Cao et al.
[166] employed a co-SAM strategy by mixing Me-4PACz and phos-
phorylcholine chloride (PC) to modify NiOx surface with improved
monolayer coverage and reduced leakage current. Furthermore, the
quaternary ammonium ions and Cl� in PC can fill organic cations and
halogen vacancies in the perovskite film to enable defects passivation.
Consequently, the Co-SAM modified devices show a PCE of 25.09% with



Fig. 9. The SAM modification on perovskite could protect the underneath perovskite films from water, oxygen attacking, and affect charge extraction. (a) A picture
showing the PVSC with fluoro-silane layer had a 1.089 V photovoltage output in water. Reprinted from Ref. [181] with permission. Copyright 2016, Wiley-VCH
GmbH. (b) Schematic showing the device configuration of PFDT-modified p-i-n PVSC, and the effect on environment-related degradation, defect chemistry and
lead leakage issues. Reprinted from Ref. [189] with permission. Copyright 2021, Wiley-VCH GmbH. (c) Schematic illustration of the assembly process and interfacial
operating mechanism about SAM-CL. Unmodified device interface has numerous defects and severe water-oxygen erosion occurs, causing Liþ aggregation and ion
migration. The device with SAM-CL has better carrier transport capability, defect passivation, moisture barrier and ion migration inhibition abilities due to an ordered
cocrystal structure formed by intermolecular interaction. Reproduced from Ref. [194] with permission, the Royal Society of Chemistry.
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excellent device stability with 93% initial efficiency after 1000 h of
operation. You et al. [159] modulated the NiOx nanoparticles solution by
adding H2O2, improving the dispersion of nanoparticles and surface
hydroxyl groups for bonding. The modulated NiOx surface enables ho-
mogeneous Me-4PACz growth which was more favorable for the growth
of the perovskite and deposition of uniform large-area films. As a result,
the corresponding devices exhibit an efficiency of 25.5% (certified
25.2%), and retain 85.4 and 85.1% of the initial efficiency after 1000 h of
operation at 50 �C and 500 h of continuous thermal stress at 85 �C,
respectively. Recently, Zhou et al. [169] investigated the coverage of
SAMs on NiOx with a series of methoxy-substituted triphenylamine
functionalized benzothiadiazole (TBT) based molecules with benzoic
acid, 2-fluorobenzoic acid and isophthalic acids as anchoring groups.
TBT-BA with the simplest structure is demonstrated to form the densest
SAM on NiOx, thus the corresponding PVSCs show a high PCE of 24.8%
with excellent thermal and operational stability.

4. Modification of perovskites by SAMs in PVSCs

Due to the soft ionic crystal nature of perovskite, defects are inevi-
table during film processing and are mainly located at grain boundaries
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and surfaces. They can damage the device performance by acting as traps
for photogenerated free carriers and provide primary channels for ion
migration and act as initiation sites for moisture, oxygen and light-
induced degradation [172,173]. These defective surface layers could be
removed by adhesive tapes [174], or a nanosecond pulsed ultraviolet
laser [175]. On the other hand, forming thin layers of two-dimensional
(2D) perovskites on top of the three-dimensional (3D) perovskite film
is the most commonly used strategy to fill the cation/anion vacancies to
suppress charge recombination to improve the device performance and
stability [176,177]. However, the reactivity of ammonium ligands with
3D perovskites may lead to further penetration into the bulk perovskite
film and may contribute to deterioration in device performance [178].
Park et al. [178] found that aniliniums could minimize reactivity with
perovskite, thus were only detected at the top surface of the perovskite
film and no 2D phases were observed. Suppressing ligand intercalation
into 3D perovskites could significantly improve interface stability under
thermal stress. Finally, a certified PCE of 24.09% for p-i-n PVSCs was
achieved with modification of 3,4,5-trifluoroanilinium (345FAn). The
encapsulated device shows a 1560-h T85 at MPP operating at 85 �C and
50% relative humidity.

SAMs have also been demonstrated as an efficient strategy for
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modifying the perovskite surface to suppress interface nonradiative
recombination, thereby improving device performance and stability. The
structures of reported molecules used to modify perovskite in PVSCs are
shown in Fig. 8. The device structures, photovoltaic parameters and
stabilities are listed in Table 3 and Table S3.

Among the SAMs, the organosilanes were firstly used to modify pe-
rovskites and were the most promising candidates due to their unique
cross-linking ability by forming Si–O–Si bonds, which makes a robust
layer to protect the underneath perovskite films from water attacking. In
2015, Zhang et al. [179] used dodecyltrimethoxysilane (C12-silane) to
modify perovskite to block electron recombination and resist moisture
simultaneously. Li et al. [180] used trichloro(octyl)silane (OTS) to
effectively eliminate the interfacial defects of FAPbBr3, enabling a
champion PCE of 30% under 520 nm monochromatic light irradiation
(4.8 mW cm�2). Silanes containing C-F bonds show
super-hydrophobicity compared to alkane silanes and are thus used to
protect perovskite films against moisture and water [181,182]. Wang
et al. [181] demonstrated that the fluoro-silane trichloro(3,3,3-tri-
fluoropropyl)silane (C3H4Cl3F3Si) will automatically undergoes a
cross-linking process to form a robust layer to protect the underneath
perovskite films fromwater attacking. The PVSCs with fluoro-silane layer
without encapsulation showed negligible color change after soaking in
water for 3 min, while the control device with 20 nm PCBM changed to
yellow color after it was immersed in water for less than 5 s (Fig. 9a).
Xiong et al. [182] used a fluoroalkyl silane triethoxy-1H,1H,2H,2H-tri-
decafluoro-n-octylsilane (C13-FAS) to modify the perovskite films which
were prepared in the full open space with a relative humidity of ~30%.
The PVSCs reached a PCE of over 12.0 � 0.4% and the PCE was main-
tained at ~12% for a duration of more than 500 h in air with a humidity
of ~50%, while the efficiency of those without hydrophobic coating
sharply decreased from ~12% to 1% in a duration of 250 h. The robust
layer of organosilanes could also facilitate a post-treatment on the
perovskite film. For example, Perumbalathodi et al. [183] demonstrated
that (3-mercaptopropyl)trimethoxysilane (MPTMS) modified perovskite
allows for the further deposition of CuSCN using diethyl sulfide.

On the other hand, SAMs formed by PACz derivatives [197], halo-
genated perfluorocarbons [188], thiols [117,196], perfluoroalkyl thiols
[189] and carboxylic acids [190,191,193] have also been demonstrated
to effectively reconstruct the perovskite surfaces to enhance device per-
formance and stability simultaneously. For example, Mussakhanuly et al.
[197] found that 2PACz at the interface induces favorable band bending
at the interface, which prevents the funneling of carriers toward I-rich
clusters. Instead, charge carriers funnel toward SAM, preventing the
accumulation of polaron-induced strain on the lattice, and thus sup-
pressing the phase segregation in Br/I mixed perovskite. Wolff et al.
[188] introduced a SAM made of perfluorinated aliphatic carbon chains
terminated with an iodine- or bromine-anchoring group (X-PFCn) to
modify perovskite films. The corresponding p-i-n cells exhibit PCEs above
21% with significantly improved stabilities against heat, light, and
moisture. Zhang et al. [189] used 1H,1H,2H,2H-perfluorodecanethiol
(PFDT) with a thiol headgroup and a perfluorocarbon tail-chain to form a
closet-packed superhydrophobic SAM on the surface of perovskite and
metal electrode. The thiol headgroup in SAMs can efficiently passivate
the undercoordinated surface lead centers by forming Pb-S bond, leading
to reduced defect densities on the perovskite film, while the rigid helical
perfluorocarbon chains can tailor the surface properties of perovskite
film and metal electrode, resulting in hydrophobic feature to physically
impede moisture and oxygen permeation. These two advantages simul-
taneously immobilize lead ions and suppress lead leakage (Fig. 9b).

In addition to changing the hydrophobicity, the terminal groups of
the SAM molecules also significantly affect other properties of the
modified surfaces or grain boundaries, thereby subsequently influencing
the performance and stability of PVSCs. This is particularly important in
the cases of silane modification, as their terminal groups may point to-
ward perovskites [184,185]. Xie et al. [184] introduced MPTMS in pre-
cursors to form a cross-linking siloxane network on the grain boundary
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which could modulate the crystallization, passivate the defects, and
improve the thermal and moisture stability, outperforming the devices
with modification of methoxysilane with -CH3 (PTS) and -CN (CPTS) as
terminal groups. The thiol group in MPTMS could also strongly interact
with the undercoordinated Pb2þ at the perovskite surface, effectively
minimizing interfacial charge recombination [183,199]. The presence of
Cl atom in chloromethyltrimethoxysilane (CMS) and 3-chloropropyltri-
methoxysilane (CPS) could efficiently passivate the iodine-vacancy trap
states, thus prolonged photoluminescence lifetime could be achieved
compared to the perovskite treated with methylsilane [185,200]. The
polar Cl-terminated SAM molecules also modulate the energy-level
alignment at perovskite/CTL interface for better charge extraction
[185,190]. Therein, (3-Aminopropyl)trimethoxysilane (APTMS) with
ammino as terminal groups was also demonstrated to efficiently reduce
surface recombination velocity and thus enhance PCE in PVSCs by Shi
et al. [186]. Recently, Soliman et al. [187] systematically investigated
the influence of terminal groups of organosilanes on the device perfor-
mance and stability by modifying the perovskites with a series of orga-
nosilanes with different chain lengths, fluorination, and different
interactions toward perovskite. Terminal groups that show passivation
ability toward perovskite are demonstrated to effectively reduce trap
densities and thus improve the PCEs, while the fluorinated functional
groups are beneficial for high stability. Finally, the PVSCs modified with
3,3,3-trifluoropropyltrimethoxysilane (FPTMS) achieved a high PCE of
23.0%. These devices also demonstrated the best operational stability,
with the encapsulated device maintaining 85% of the initial PCE after
1725 h of operation in air.

The coverage of SAMs on ITO and metal oxide CTLs has been shown
to be important for the device performance and stability, and the SAM
packing properties such as orientation at ITO/perovskite interface have
also been demonstrated to affect the charge extraction, but this has been
less investigated. Liu et al. [195] found that, with the same terminal
groups, 2-aminoethane-1-thiol hydrochloride (2AETCl), which has
shorter alkyl chains compared to 2-aminopropane-1-thiol hydrochloride
(2APTCl), exhibited a preference for parallel orientations, facilitating
stronger interactions with surface defects through coordination and
hydrogen bonding. Wang et al. [194] constructed a self-assembled coc-
rystal layer (SAM-CL) on perovskite by utilizing the intermolecular π-π
interactions and hydrogen bonds between a 1-pyrenemethyl-amine hy-
drochloride (PRMA) monolayer on the perovskite surface and 2,3,5,
6-tetrafluoro-7,70,8,80-tetracyanoquinodimethane (F4TCNQ) doped in
spiro-OMeTAD (Fig. 9c). The SAM-CL optimizes interfacial energy level
alignment to eliminate the interfacial charge accumulation. The large
pyrene rings and fluorine atoms in SAM-CL also effectively hinders ion
migration and moisture invasion, significantly improving the stability of
PVSCs. The passivating ligands usually bind to a single active binding site
on perovskite, and the dense packing of electrically resistive molecules
perpendicular to the surface may limit the FF in PVSCs. To address this,
Chen et al. [198] recently used 4-chlorobenzenesulfonate (4Cl-BZS) as
passivating ligand, which binds two neighboring Pb2þ defect sites in a
planar ligand orientation on the perovskite. The corresponding PVSCs
show a certified PCE of 26.15% with a T95 of 1200 h under continuous 1
sun MPP tracking at 65 �C.

5. Conclusions and outlook

We have systematically summarized the development and progress
on applications of SAMs for interfacial engineering in PVSCs at different
interfaces.

Strategies such as co-SAM, processing solvent optimization, surface
pretreatment and molecular design could improve the density and
coverage of monolayers on ITO. Strong acid-based molecules such as the
widely used PACz derivatives are favorable for dense monolayers, but
unfavorable for the long-term stability of ITO. The inherent difficulty in
achieving stable and uniform SAM coverage on ITO remains a challenge.
The co-SAM strategy by mixing molecules with different anchoring
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groups may be suitable for achieving the balance of dense and stable
SAMs for long-term stability of the ITO interface in PVSCs. Designing
SAM molecules with multiple anchoring groups may also enhance
binding affinity to ITO, resulting in more stable and uniform coverage.
For practical implementation, an integrated approach combining mo-
lecular design, surface pretreatment, solvent optimization, and the co-
SAM strategy is recommended.

The orientation of the SAM molecules on electrode and perovskite
surfaces shows significant impact on the charge extraction, transport and
recombination. However, research on this aspect remains limited.
Additionally, SAM orientation at the CTLs interface may also influence
the WF tuning, interfacial charge transfer, and the adhesion between
CTLs and the overlying perovskite layers. Studies focusing on SAM mo-
lecular orientation at these interfaces may further improve the device
performance and stability by improving charge extraction, reducing en-
ergy losses and minimizing recombination.

Although lots of SAM molecules have been synthesized to achieve
interfaces with desired properties, the traditional approach to designing
SAMs involves trial-and-error experiments, which can be slow, costly,
and inefficient. Artificial Intelligence (AI)-assisted SAM design offers
tremendous potential to optimize the interface properties in PVSCs.
However, challenges remain, including the need for high-quality data,
accurate modeling of complex SAM-interface interactions, and integra-
tion with experimental validation. Moving forward, a hybrid AI-
experimental approach, combined with advanced simulations and a
more comprehensive dataset, will be critical to accelerating the devel-
opment of high-performance, stable, and commercially viable PVSCs.

Spin-coating is the most used processing method for SAMs in current
PVSC research. However, upscaling deposition methods, such as roll-to-
roll or spray coating, should be investigated and developed, as they are
essential for large-area PVSC fabrication. The challenges related to uni-
formity, repeatability, and cost-effectiveness must be addressed. Addi-
tionally, the principles for achieving SAMs with the desired properties
through spin-coating may need to be adjusted.
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