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Abstract

This review provides a comprehensive overview of the utilization of self-assembled
monolayers (SAMs) in perovskite solar cells (PSCs), with a specific focus on their
potential as hole transport layers (HTLs). Perovskite materials have garnered
significant attention in photovoltaic technology owing to their unique optoelectronic
properties. SAMs present a promising solution as efficient and stable HTLs by forming
well-ordered thin films on transparent conductive oxide surfaces. This review
commences with an introduction to the structure and properties of perovskite materials,
followed by a discussion on the operational principles and compositions of functional
layers in PSCs. It subsequently delves into the structure, preparation methodologies,
and applications of SAMs in PSCs, highlighting their role in enhancing cell efficiency
as HTLs. We also discuss their application as electron transport layers. The paper
concludes by exploring the potential integration of SAMs into commercial PSC
production processes and suggesting future research avenues.

Keywords
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1. Introduction
1.1. Background to perovskite solar cells

In recent years, the increasing depletion of natural energy sources has compelled us
to seek new renewable energy alternatives. Solar energy, as a vital component of
renewable energy, is essential in reducing reliance on fossil fuels, lowering greenhouse
gas emissions, and mitigating climate change. Currently, common types of solar cells
include silicon-based cells (c-Si), copper indium gallium selenide (CIGS) cells, organic
photovoltaics (OPV), and solar cells in multi-junction devices (tandem cells).
Perovskite solar cells (PSCs) have become an attractive alternative energy option due
to their high photovoltaic conversion efficiency (PCE) and low production costs [1, 2,
3, 4]. Remarkably, single-junction PSCs have thus far achieved a PCE exceeding 26.1%
and can compete with the most advanced c-Si-based solar cells in the traditional
photovoltaic market [5].

Many researchers are dedicated to improving PSCs’ power conversion efficiency and
comprehending the perovskite structure is essential in this pursuit. The typical crystal
structure of perovskite is depicted in Fig. 1. Here, A-site cations occupy the cubic
vacancies of corner-sharing frameworks, while B-site cations and X-site anions form
the octahedral structure (BXes). Common A-site cations include methylammonium
(MA"), formamidinium (FA"), and cesium (Cs"). B-site cations typically comprise lead
(Pb?"), tin (Sn*"), and germanium (Ge*"). Halogen ions such as iodide (I"), bromide
(Br"), and chloride (CI") are commonly employed as X-site anions [6, 2, 7].

To assess the structural stability of perovskite materials, researchers always use the

tolerance factor (¢), which is computed using the following equation [9, 10, 11, 12]:
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where, ra, B, and rx denote the A-site, B-site, and X-site ions’ ionic radii. The ionic

radii of elements constituting ABX3 perovskites are summarized in Table 1 [13, 14].

b

Fig. 1. (a) ABXs perovskite structure, showing BX¢ octahedral and larger A cation
occupying the cuboctahedra site. (b) Unit cell of cubic CH3NH3Pbls perovskite [8].

Copyright 2015, Elsevier.

Table 1. Estimation of A-cation, B-cation, and X-cation radii in ABX3.

Site ionic radii (A) Site ionic radii (A)
A B

MA* 217 Ge* 0.73

FA* 2.53 Sn** 0.93

Lit 113 Pb2* 1.19

Na* 139 X

K 1.64 cr 1.81

Rb* 1.72 Br- 1.96

Cst 1.88 r 22

Generally, materials with a 7 ranging from 0.9 to 1.0 exhibit an ideal cubic structure.
Between 0.71 and 0.9 leads to a distorted perovskite structure with tilted octahedra.
Structures deviating from the perovskite arrangement occur when the ¢ exceeds 1 or
falls below 0.71 [13]. Another approach to estimating the structural stability of the

perovskite is to examine the octahedral factor (), which can be expressed as:[15, 16,
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17]
u= T (2)
If p increases from 0.414 to 0.592, 7-coordinated octahedra would be more suitable,

while p values below 0.592 would be better for stabilizing the BXe octahedra [13, 11].

Table 2 summarizes different perovskite materials’ # and p values [18].

Table 2. The ¢ and p factors of MABX3, FABX3, and CsBXs.

Compound t I Compound t u
MAPDI; 0.912 0.541 FAPbI, 0.987 0.541
CsPbl, 0.851 0.541 MAPDI; 0.927 0.607
FAPbBr;3 1.008 0.607 CsPbBr; 0.862 0.607
MAPDLCI; 0.938 0.657 FAPDLCl; 1.023 0.657
CsPbCls 0.870 0.657 MASnI; 0.987 0.423
FASnl, 1.069 0.423 CsSnlj 0.922 0.423
MASnBr3 1.011 0.474 FASnBr; 1.099 0.474
CsSnBr; 0.940 0.474 MASNCI, 1.027 0.514
FASnCly 1.120 0.514 CsSnCl;, 0.952 0.514
MAGel; 1.055 0.332 FAGel, 1.142 0.332
CsGel, 0.985 0.332 MAGeBr; 1.086 0.372
FAGeBr; 1.180 0.372 CsGeBr; 1.009 0.372
MAGeCl; 1.108 0.403 FAGeCl; 1.208 0.403
CsGeCly 1.027 0.403 - - -

1.2. Functional layers in PSCs

Understanding the device structure is crucial for developing new functional layers,
such as the hole transport layer (HTL) and electron transport layer (ETL), and for
comprehending the conditions for modifying the device interface. Consequently, the
device structure is introduced next.

In general, two typical structures of PSCs can be constructed: inverted-type (inverted
planar) and regular-type (direct planar), illustrated in Fig. 2a [19]. Direct planar PSCs
have functional layers arranged from bottom to top: a transparent conductive oxide
(TCO, such as indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)), ETL,
perovskite layer, HTL, and metal electrode (such as gold (Au), silver (Ag), etc.). In
inverted planar PSCs, the positions of the ETL and HTL are reversed compared to their

locations in direct planar devices. Typically, sunlight illuminating the perovskite layer
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triggers photon-induced transitions from the valence band to the conduction band,

forming holes and electrons. Subsequently, holes and electrons diffuse to the interface
and are extracted by the hole transport materials (HTM) and electron transport materials
(ETM), respectively. Finally, they are collected by the cathode and anode electrodes

and transmitted to the external circuit (Fig. 2b).
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Fig. 2. (a) The device architectures of both inverted and regular perovskite solar cells
[20]. (b) The operational mechanism of PSCs involves the following steps: Generation
of photo-generated charge carriers. Extraction of charge carriers to the HTL and ETL.
Transport of charge carriers to the electrodes [21]. Copyright 2020, American Chemical
Society. (c¢) The energy diagram and charge transport mechanism of photovoltaic
devices with bathocuproine [22]. (d) Proposed mechanisms for improved
electroluminescence with thin-film LiF [23]. Copyright 2020, American Chemical
Society.

The ETL is crucial in extracting and transmitting photo-generated electrons. A
suitable ETL can facilitate electron transport and is a hole-blocking layer to suppress

electron—hole recombination. The characteristics of the ETL, particularly its charge
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mobility, energy-level alignment, trap state, morphology, and related interface
properties, are vital in determining the final performance of PSCs [24]. Various
materials have been chosen as ETLs, including TiO2, SnOz, and C60. Inverted-structure
PSCs have additional requirements for selecting the ETL layer compared to normal-
structure PSCs [25, 26, 27, 28]:

(1) The deposition process must not damage the perovskite film; hence, the choice of
solvent is critical.

(2) The selected ETL material should not react with PSC components like Sn**, Pb**,
MA, or FA", as such reactions could degrade performance and stability.

(3) Optimal energy-level alignment and charge mobility as well as minimized trap states
are essential to enhance PSCs’ overall efficiency and longevity.

For inverted PSCs, C60 and some C60 derivatives (such as PC60BM, PC71BM, and
ICBA) have long been selected as ETLs due to their contribution to charge separation
and excellent PSC performance [29]. McNeill et al. utilized PCBM/P3HT double ETL
layers to complement trap states in PSCs. Bathocuproine (BCP) and LiF have also been
used to form multilayer ETLs with fullerenes to block holes (Figs. 2¢ and 2d) [30].

HTL also plays a crucial role in achieving high PCE and stability in PSCs, facilitating
the transport of photo-generated holes from the perovskite layer to the TCO. To date,
several materials have been adopted as HTLs, such as 2,2°,7,7’-Tetrakis(N, N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD), Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), poly(3,4-ethylene-dioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS), and others. Ideally, the HTM should meet the
following requirements [37, 38]:

(1) Alignment of the highest occupied molecular orbital (HOMO) energy level with the

valence band (VB) of the perovskite.
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(2) Sufficient hole mobility to ensure effective hole transport and collection.
(3) Demonstrable chemical and thermal stability.
(4) Cost-effectiveness and scalability for commercial applications.

In inverted PSCs, PEDOT:PSS is commonly used as the HTL due to its favorable
morphology, high conductivity, and low-temperature solution processing [39, 40, 41,
42, 43]. However, it has several persistent disadvantages. On the one hand, the natural
acidity of PEDOT:PSS solutions can lead to the severe corrosion of ITO electrodes and
perovskite. On the other hand, the energy level of PEDOT:PSS does not perfectly match
that of perovskite, resulting in significant interfacial recombination [44, 45, 46, 47].

Table 3 lists the potential limits of the common functional layers.

Table 3. Summary of potential limits of the functional layers used in PSCs.

Materials Function Limits

TiO, ETL 1. Band structure mismatch [31].

2. Pronounced hysteresis of the current—voltage curve [32].

3. Complex preparation processes lead to higher manufacturing costs [33].
4. Poor UV stability [34].

5

. Relatively slow electron transfer rate [35].

. Poor solubility in common organic solvents.
. The preparation and purification costs are relatively high.
. The interface stability between Cq and the perovskite layer may not be ideal.

W N =

SnO, ETL 1. Difficulties in adjusting the band structure.

. Interface defect sensitivity [36].

3. Tin can be toxic to living organisms.

. Volatility of organic materials.

. Sensitive to doping.

. The production cost is relatively high.

. The properties are unstable under light exposure or high-temperature conditions.

NS

W N —

. Acidity and alkalinity.

. Difficulty in controlling thickness.

. High manufacturing cost.

. PEDOT:PSS is sensitive to moisture and prone to moisture absorption.

W N —

. Instability of doping.

. Volatility of organic materials.

. Complex preparation and high cost.

. Superhydrophobicity makes it unsuitable for inverting PSC.

W =

Inverted PSCs have emerged as a significant advancement in photovoltaic technology,
offering notable benefits over traditional configurations. These cells are distinguished

by their operational stability and minimal hysteresis, making them suitable for low-
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temperature manufacturing processes. Inverted PSCs support the production of flexible
solar cells due to their robust structure and performance under varying environmental
conditions. With efficiencies surpassing 25%, achieved through optimized
nanocrystalline films, effective interfaces, and electrode material management, inverted
PSCs present a cost-effective solution for scalable solar energy applications. The
simplicity of their fabrication process and enhanced stability position inverted PSCs as
promising candidates for commercialization, especially in large-area solar modules [48,
49].

While the HTL and ETL are pivotal for the efficient functioning of PSCs, their roles
and requirements are distinct. HTLs primarily support hole transport and must align
closely with the HOMO level of the perovskite. In contrast, ETLs focus on electron
mobility and barrier properties to optimize electron flow and minimize recombination.
Recognizing and addressing these distinct roles is critical for designing more efficient
and stable PSCs.

This review focuses on integrating self-assembled monolayers (SAMs) on inverted
PSCs, particularly in novel selective-contact HTLs, to guide researchers wishing to
enhance the efficiency and stability of PSCs. The review begins with an overview of
SAMs, covering their structure, preparation techniques, and potential benefits.
Subsequently, it explores SAMs as innovative selective-contact HTLs and their
implementation in PSCs, with a brief mention of SAMs in ETLs. We then
comprehensively address the potential integration of SAMs into the commercialization
process of PSCs, along with challenges related to SAM technology and future research
directions. The conclusion discusses the potential applications of SAMs in perovskite
solar cells and outlines future research directions to address critical challenges in PSC

technology.
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2. A preliminary understanding of SAMs

SAMs of organic molecules are molecular assemblies formed spontaneously on
surfaces by adsorption and are organized according to the size of their ordered domains
[50]. In some cases, the molecules that form the monolayer do not interact strongly with
the substrate. This phenomenon is observed in two-dimensional supramolecular
networks, such as porphyrins on gold or perylene-3,4,9,10-tetracarboxylic dianhydride
on highly oriented pyrolytic graphite. Conversely, in other scenarios, molecules feature
a head group with a strong affinity for the substrate, anchoring them firmly onto the
surface.
2.1. Composition and molecular design of SAMs
2.1.1. Composition of SAMs

Generally, SAMs consist of three components: the headgroup or anchoring group,
the spacer or linker, and the terminal or functional group, as shown in Fig. 3a. The
headgroup/anchoring group and terminal/functional group play the most critical roles
among these components. Anchoring groups are pivotal in SAM design, as they dictate
the bonding strength between the substrate and the SAM. Various anchoring groups can
form covalent bonds through chemical reactions and/or noncovalent bonds via physical
adsorption. However, SAMs formed through physical adsorption often necessitate
unique structural designs and processing methods, posing structural stability and
reproducibility challenges. Consequently, anchoring groups based on chemical bonding
are generally favored for solution-processed thin-film electronic devices. In addition,
the anchoring group’s chemical properties largely dictate the SAM’s coverage ability
[54]. Based on the substrate type for SAM deposition, anchoring groups capable of

establishing chemical bonding can be categorized into two kinds: suitable for metals



@Science

and suitable for oxides. Commonly used headgroups include the thiol anchoring group,
carboxylic acid anchoring group, phosphonic acid anchoring group, 2-cyanoacrylic
acid (CA), or silane anchoring group.

The linker group in SAMs, which serves as a crucial backbone connecting anchoring
and terminal groups, is primarily composed of non-conjugated alkyl chains or
conjugated aromatic rings. These linkers control supramolecular structures through van
der Waals interactions, influence molecular packing, and adjust the tilt angle during
assembly. The choice between inactive aliphatic and photoactive conjugated linkers
affects charge transfer properties, dipole moments, and tunneling lengths, which are
vital for SAMs’ electronic conductivity and optical properties, enhancing the
performance and stability of devices like PSCs [55, 56].

The tail or functional group typically constitutes the functional end of the molecule,
with its functionality determined by the head group itself. By varying the type of tail
group, the surface energy of the device can be modified to either inhibit or promote the
accumulation of moisture on the sample surface, thus altering its hydrophilicity and
hydrophobicity. In PSCs, the most commonly used end groups include ammonium

cation, hydroxyl, thiophene, thiol, and pyridine.



‘@@Science

a b

R R R
) | | | | h
Rncton®l  1suae il 0=P~oH Ho-F~on  OSp HO~p B
Gvoup Caosp + 1 (|)/ \(I) (?// \(') O// (,)\0\
: {1
M M M M M M MMM
(1) (2) (3) (4) (5)
R R}
osp HO~p P
Y
d o % Qo
\ / \ / A
M M M
(6) 7 8)
R R R R R
/F', /'_l, | ) ,':
OF| “ORHiO= I Yoh  HMOSR O 070
(FTe or o o O oo H H
407 | | | [ [ 1 P :
I M M M MM O MM _O_ M O_
¢ © (10) ) (12)
Spacer
HO. I
Anchor PSR Thil
HO" 4
[ 7N | § A B T
1ITO
Metal Oxide Metal Oxide Glass

Fig. 3. (a) Schematic representation of SAMs. (b) Some possible binding modes of
phosphonic acids to a metal oxide surface, where M = metal; monodentate (1 and 2),
bridging bidentate (3 and 4), bridging tridentate (5), chelating bidentate (6 and 7),
chelating tridentate (8), and some possible additional hydrogen bonding interactions
(9-12) [51, 52]. Copyright 2008 American Chemical Society. (c) Surface modification
with a phosphonic acid to increase the adhesion of a deposited organic on the surface
[53, 51]. Copyright 2011 American Chemical Society.

2.1.2. SAM design strategy on PSCs

As discussed earlier, the molecular structure of SAMs consists of anchoring groups,
linker groups, and terminal groups. Each component plays a crucial role in designing
effective SAMs for PSCs. Table 4 lists the reported high-efficiency PSCs based on a

SAM-HTL.

Table 4. The latest high-performance inverted PSCs achieving PCEs of over 23% based
on a SAM as the HTL.

SAM-HTL Jse (MAcm?) Voo (v) FF (%) PCE (%) pop
MeO-2PACz 25.58 118 84.9 25.6 [57]
2PACz+3-MPA 25.5 115 84.5 248 (58]
[59]
MPA-CPA 2438 121 84.7 254
[60]

DMACcPA 25.69 1.19 84.7 259
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Me-4PACz 2478 1.19 83.1 245 [61]
DC-PA 24.45 1.19 84.2 24.5 [62]
DC-PA+IAHA 24.66 1.16 82.5 236 [63]
CBzNaph 24.69 117 834 241 [64]
Me-4PACZ+Br-EPA 554 1200 83.54 2516 109

By analyzing the current HTL selections for high-efficiency PSCs, we can see that
these molecules have the following characteristics:
(1) Structural core units: Predominantly, these molecules comprise cyclic aromatic
frameworks, including benzene and various heterocycles (e.g., carbazole, ethylene,
hydrazone). These ring structures are pivotal for enhancing molecular stability and
potentially modulating electronic characteristics.
(2) Phosphate group: Each molecule incorporates a phosphate moiety (phosphonic
acid)—a ubiquitous functional group employed to augment the molecule’s polarity,
enhance aqueous solubility, or facilitate binding with other entities, including
biomolecules.
(3) Functional substituents: Various substituents, such as methoxy groups and bromine
atoms, are present. These groups influence the electronic properties and the
lipophilicity/hydrophilicity balance, thereby impacting molecular behavior and
suitability across different applications.
(4) Alkyl chain linkages: Certain molecules feature alkyl chain segments, typically to
boost intermolecular flexibility or alter the molecules’ aggregation state.

Based on the above structural analysis, we need to consider the following aspects
when designing new SAMs:
(1) Enhance hole mobility:

e Extend the conjugated system: Hole mobility can be enhanced by increasing the
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molecule’s conjugated length. For example, the molecule’s conjugated system
can be enhanced by introducing more conjugated connections in basic structures,
such as carbazole or benzene rings, or by designing polycyclic structures.

Optimization of molecular planarity: Maintaining high planarity when
designing molecules can help with stacking and charge transport between
molecules—for example, by introducing rigid ring structures or designing side

groups that promote planar alignment.

(2) Maintain a balance between electron donors and acceptors:

Adjustment of the electron donor structure: Introducing strong electron donor
groups such as methoxy and amino groups into the molecular structure can
increase the molecule’s hole density.

Controlling the characteristics of the electron acceptor: Properly adjusting the
strength and position of the electron acceptor group (such as by introducing
cyano and nitro groups) can help balance the charge distribution inside the

molecule and optimize the hole transport performance.

(3) Optimize intermolecular interactions:

Enhance intermolecular interactions through side chains or functional groups:
Designing side chains to increase -1 interactions or hydrogen bonding between
molecules helps improve the molecules’ order and transport properties in the
film.

Design of spatial arrangement: Consider the molecule’s three-dimensional
structure to optimize the stacking and arrangement of molecules, such as by
introducing structural features that make the molecules stack in a specific

direction.

(4) Utilize phosphate groups:
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e Improvement of interfacial properties: Phosphate groups can provide a good
polar interface, which helps the adsorption and arrangement of molecules on the
electrode surface, thereby improving the injection and collection efficiency of
charges.

(5) Make synthesis feasible and stable:

e Ensure synthesis feasibility: Consider the synthetic route of the molecule, and
choose a structure that is easy both to synthesize and cost-effective.

e Thermal and photostability: Select a molecular structure with good thermal and
photostability to meet battery materials’ long-term use and environmental
stability requirements.

2.2. Adsorption mechanism of SAMs

A SAM’s adsorption mechanism relies on the anchoring group’s chemical nature.
For example, the phosphonic acid anchoring group consists of two hydroxyl groups and
one phosphonyl group. Depending on the type of metal oxide surface and reaction
conditions, it allows for single, bidentate, and tridentate binding modes, as exhibited in
Fig. 3b. The -OH group binds to the metal oxide surface through protonation and then
condenses to form a strong P-O-M bond, resulting in single and double bonds (Fig. 3c¢).
For tridentate bonding, hydrogen atoms are transferred to the surface hydroxyl groups;
this is followed by hetero-condensation, which generates oxygen vacancies in the SAM,
forming an additional third bond. Therefore, various binding configurations based on
surface type and conditions will facilitate the simultaneous connection of oxygen atoms
to the same or different metal atoms [53, 51].
2.3. Characterization of SAM binding mode (phosphonic acid group as the
example)

So far, although various techniques have been used to observe the vibration modes
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and states of molecules, understanding the adsorption modes of SAMs remains

challenging due to SAMs’ unique properties, and only a few methods have been adopted.
Armstrong et al. investigated the adsorption behavior and molecular orientation of
SAMs on ITO surfaces using various phosphonic acids, including n-hexyl phosphonic
acid (HPA), n-octadecyl phosphonic acid (ODPA), and others (see Fig. 4a). They
employed photonic modulation infrared reflection—absorption spectroscopy (PM-
IRRAS) for in-depth analysis, contrasting it with conventional Fourier-transform
infrared spectroscopy (FT-IR) to demonstrate the former’s superior signal-to-noise ratio
and resolution. Initially, PM-IRRAS was used to analyze an unmodified ITO surface
for a baseline spectrum. Subsequent analyses on ODPA-modified ITO surfaces revealed
distinct vibrational modes, such as the v(P=0) vibration at 1230 cm ! and P-O—(H)
stretching vibrations at 955 cm™' and 930 cm™!, indicating significant differences
between surface-bound and bulk materials. These findings suggest a predominantly
bidentate binding of ODPA, with some monodentate attachment evident by the weak
signals from free P-O—H moieties (Fig. 4b). Additionally, different binding modes of
SAMs are illustrated in Fig. 4c. For TFBdiPA-modified surfaces, PM-IRRAS showed
vibrational differences indicative of unique molecular orientations compared to their
powder form, suggesting two potential adsorption orientations (Fig. 4d) [66]. Marder
et al. employed IRRAS to examine the formation of an ODPA monolayer on zinc oxide
(ZnO) surfaces, focusing on chain conformation and surface interactions. Using
dodecyl phosphate-d25 modified ZnO/Au substrates as a background, they observed
distinct methylene C—H stretching vibrations consistent with an anti-conformation of
alkyl chains, indicative of a dense and stable monolayer. Analysis of the binding mode
of ODPA to the ZnO surface revealed tridentate bonding of phosphonic acid, with a

broad peak at 1016 cm™' and a shoulder representing va(P0O3°7), without any P=0 or
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P—O-H bands, confirming the tridentate attachment (Fig. 4c) [67]. These studies

demonstrate that IRRAS and PM-IRRAS are vital for elucidating SAMs’ molecular
orientation and binding modes on surfaces, establishing the techniques’ effectiveness

in revealing detailed molecular interactions.
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Fig. 4. (a) Structures of several phosphonic acid modifiers. (b) Comparison of the
ODPA transmission FT-IR spectrum (top spectrum) and the PM-IRRAS spectrum for
an ODPA-modified DSC/OP-treated ITO surface (bottom spectrum) in the 2(P-O)
region. Inset: Same spectral comparisons for the z(C-H) region. (c) Proposed reaction
steps for OP-treated ITO with ODPA, based on the PM-IRRAS characterization data.
(d) Most probable conformations for TFBdiPA bonded to ITO [66]. Copyright 2008

American Chemical Society.
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Fig. 5. (a) Common adsorption modes of SAMs on ITO surfaces. (b) Experimental
oxygen (Ols) core-level XPS spectrum for ODPA adsorbed on the ITO surface is
represented by dots, with components fitted using DFT calculations illustrated by
colored lines [68]. Copyright 2008 American Chemical Society.

X-ray photoelectron spectroscopy (XPS) coupled with density functional theory
(DFT) calculations has been established as a robust method to study the adsorption
patterns of SAMs on metal oxide substrates [68, 69, 70]. Bredas et al. highlighted that
this combination can provide deep insights into the binding modes of phosphonic acids
[68]. Initially, comparing the O 1s XPS spectra of ODPA powder and ODPA-modified
ITO films revealed shifts in O 1s binding energies, indicating a chemical interaction
between ODPA and ITO. DFT calculations were instrumental in further elucidating
these binding modes and comparing core-level binding energy shifts. The XPS and DFT
results, which were in excellent agreement, identified bidentate and tridentate binding
as the predominant attachment geometries of phosphonic acids on the ITO surface, as
shown in Figs. 5a and 5b. Recent studies also corroborate the alignment between DFT-
calculated shifts in O Is core-level binding energies and XPS observations for ODPA
surface modifiers on ZnO and gallium-doped ZnO substrates. Tempel et al. noted that
the peak at +3.2 eV in the XPS spectrum, indicative of oxygen atoms in a non-surface-
bound bidentate configuration, corresponded closely to the +3.75 eV predicted by DFT

calculations, highlighting the method’s accuracy [71].
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Wakamiya et al. developed a series of SAMs with selective contact sites, labeled as
1PATAT-C3, 2PATAT-C3, 3PATAT-C3, and 3PATAT-C4, showcasing a straightforward
synthesis process with significant yields: 1PATAT-C3 at 45%, 2PATAT-C3 at 37%,
3PATAT-C3 at 77%, and 3PATAT-C4 at 74%, as depicted in Fig. 6a [72]. They analyzed
the vibration bands of 3PATAT-C3 in both film and powder forms on Si/ITO substrates
using IRRAS and attenuated total reflection (ATR) spectroscopy. Compared with DFT
calculations, the IRRAS results identified each vibration peak, showing a notable
decrease in the P-O-H stretching vibration intensity that was indicative of the
deprotonation of phosphonic acid groups-critical evidence of SAM adsorption on the
substrate, as illustrated in Fig. 6b. Furthermore, an increase in the intensity of the P=O
stretching band relative to P-O-H bands suggested all three phosphonic acid groups are
bidentate bound to the ITO surface without chemical interaction from P=O groups. To
verify the molecular orientation of 3PATAT-C3 on the ITO surface, ultraviolet
photoelectron spectroscopy (UPS) and metastable atom electron spectroscopy (MAES)
were employed. UPS assessed the valence states’ density of states (DOS), while MAES
targeted the outermost atomic orbitals, providing insights into the molecular surface
orientation. The disparities between the UPS and MAES spectra and the calculated
DOS helped deduce the molecular orientation, as shown in Fig. 6¢c. The MAES results
highlighted a pronounced contribution from 7 states compared to o states, indicating
that 3PATAT-C3 molecules are vertically aligned on the ITO surface. This preferred
vertical orientation was further supported by DFT calculations, confirming that the most
stable configuration for all three phosphonic acid groups is their vertical anchorage to

the ITO surface, as shown in Figs. 6d and 6e.
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Fig. 6. (a) The molecular structures of triazatruxene-based materials for hole
collection; (b) the IRRAS spectrum of 3PATAT-C3 on a S/ITO substrate, obtained
with p-polarized light at an 80° angle alongside the ATR spectrum of 3PATAT-C3 in
powder form; (c) the DOS and MO energies, as determined through DFT calculations;
(d) a comparative analysis of the helium I ultraviolet photoelectron spectroscopy (He
I UPS) and metastable atom electron spectroscopy (He* MAES) spectra of 3PATAT-
C3 on the ITO substrate; and (e) a schematic of the face-on orientation of 3PATAT-
C3 molecules on ITO, illustrating typical distributions of molecular orbitals [72].

Copyright 2023 American Chemical Society.

In summary, although many techniques have been used to characterize the orientation
of SAMs, the mechanism of action of SAMs remains controversial, so developing and
exploring more precise characterization methods to detect SAM orientations and action
mechanisms is a matter of urgency.

2.4. Why choose SAMs?

Compared to traditional first- and second-generation solar cells, PSCs’ significant
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advantages are their low cost and ease of fabrication. Although the perovskite layer is
low-cost, the functional layer is expensive, challenging to synthesize, and complex with
respect to influencing factors, reducing PSCs’ advantages. For example, it has been
noted that the molecular weight of polymers like P3HT and PTAA, HTMs widely used
as inverted PSCs, significantly impacts device performance [73, 74, 75]. Another
commonly used HTM, Spiro-OMeTAD, undergoes a complex synthesis process,
involves expensive raw materials, and requires multiple additives, contributing to the
slow commercialization of PSCs [76]. In contrast, SAMs offer significant advantages:
(1) The reported effective SAM structures are relatively simple, with synthesis steps
that do not require expensive noble metal catalysts or complex reaction conditions.

(2) The molecules of a SAM-based HTL can be purified through recrystallization
instead of traditional column chromatography.

(3) Only a small concentration of SAMs is required to fabricate efficient devices, mainly
due to the thinness of the SAM layer. These cost advantages become even more
pronounced when scaled up for commercial production.

In addition to the abovementioned advantages, the tremendous thinness of SAMs
utilized as HTLs effectively reduces optical losses and enhances device performance.
Commonly used hole transport materials like PEDOT:PSS, NiOx, etc. typically have
greater thicknesses (>10nm), leading to reduced light absorption in the perovskite layer
(Fig. 7a). According to reports illustrated in Fig. 7b, using SAMs as HTLs does not
compromise the optical transparency of the substrate (ITO or FTO), which is crucial
for enhancing the device’s current [80, 77].

SAMs’ high carrier transfer performance and conductivity contribute to reduced
device resistance, minimizing unnecessary losses. Researchers generally aim to reduce

material resistance and enhance conductivity through doping. However, the uniformity
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and controllability of doping are challenging, and ion migration induced by doping can

impact the quality of the perovskite thin film. SAMs effectively address these issues.
Levine’s group investigated charge transfer rates and electron capture in buried
interfaces in SAM-based PSCs using photoelectron spectroscopy (PES) (Fig. 7¢) [78].
They found that SAMs maintain excellent selectivity, achieving faster transfer rates and
lower trap density. This study reasonably explains the record-breaking 29.2% efficiency
in perovskite/c-Si tandem cells.

Finally, as exhibited in Figs. 7d and 7e, since SAMs can easily form uniform thin
films, they are conducive to preparing large-area perovskite solar cells, thereby

promoting the commercialization process of perovskite photovoltaics [78, 79].
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Fig. 7. (a) A schematic representation of the varying thicknesses in different HTLs; (b)
transmittance spectra for perovskite film developed on ITO glass/different HTMs [77];

(c) the energy-level alignment at the interface between 3Hal-PI and 3Hal- PI-C60, as
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determined through UPS and a complementary fitting system (CFSYS) [78]; (d)
depiction of a tandem module’s front side, featuring seven cell strips and an aperture
area measuring 12.25 cm?; and (e) a schematic outlining the tandem modules’ scalable
fabrication sequence, which utilizes a blend of blade-coating and vacuum-deposition

techniques [79].
2.5. Challenges of SAM

Characterizing the microstructure of SAM-based HTLs, which are composed of thin,
organically adsorbed molecules on metal oxides, is complex due to their fine structure.
Techniques like XPS, atomic force microscopy, and water contact-angle measurements
are typically used to confirm SAM formation, while sum-frequency generation
vibrational spectroscopy helps understand the adsorption and molecular ordering at
interfaces [81, 82]. However, these methods fail to reveal the monolayers’ detailed state
on such complex surfaces, particularly issues like defects and continuity. Furthermore,
due to monolayer thinness, understanding the charge transport within these HTLs
remains challenging, engendering ongoing debates about their function in modifying
work functions or assisting with charge extraction and transport [83, 84, 85, 86].
Consequently, more advanced surface- and interface-sensitive techniques are necessary
to explore the properties and mechanisms of SAM-based HTLs thoroughly.

The structural simplicity and low molecular weight of SAM-based HTLs contribute
to their unique properties but also raise concerns regarding their thermal and light
stability, especially for the SAM-based HTL in single-junction inverted PSCs, wherein
the SAM layer is located at the light incident side. Efforts to enhance stability have led
to the exploration of various anchoring groups. Wu et al. revealed that the —PO3H2
group bonds more robustly to ITO in a tridentate fashion than the —-SO3H and -COOH

groups, with notably higher adsorption energy [87]. DFT analysis reveals that the
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adsorption energy for —-PO3H2 on the most stable ITO (111) surface is measured at —

2.71 eV. Comparatively, the corresponding values for -SO3H and -COOH are —2.49 and
—2.15 eV, respectively. Further testing demonstrated that ITO/TPT-P6’s excellent
adhesion enhances film quality and charge collection efficiency while reducing
complexation at the interface. The study also discovered that MeO-2PACz, commonly
used for photostability, undergoes significant degradation under light and
electrochemical conditions. The molecule was modified to enhance stability by
substituting alkyl linkers with a conjugated phenylene group. This adjustment promotes
charge delocalization and spatial separation between the HOMO and LUMO orbitals,
enhancing the light and electrochemical stability of the SAM. This has led to the
development of conjugated SAM-based hole-selective contacts, which contribute to
more efficient and durable inverted PSCs. In a similar vein, the Palomares group
improved the thermal stability of carbazole carboxylic acid (EADRO04) by incorporating
an additional phenyl linker, increasing its decomposition temperature significantly from
180 to 354 °C. Conversely, acid-based solid anchors were detrimental to ITO’s
longevity, leading to a milder boric acid anchoring approach that demonstrated covalent
solid bonding and resistance to environmental degradation, substantially enhancing
interfacial stability and extending device operational life.
3. SAMs as HTLs to enhance the performance of PSCs
3.1. SAM-HTL of phosphonic acid anchoring groups

Molecules with phosphonic acid anchoring groups are recognized for their ability to
form bidentate solid/tridentate bonds with oxide surfaces. This results in dense, uniform
monolayers forming on various oxides, ITO or FTO, even at room temperature. These
monolayers have applications in multiple fields, such as dye-sensitized solar cells

(DSSC) and electrochromic devices [53, 88, 68]. Table 5 presents recent efficiency
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statistics for PSCs utilizing phosphonate-based SAMs as HTLs; Fig. 8 provides the

chemical structures of common phosphonic acid-based SAMs.

In 2018, Gauthet et al. pioneered the utilization of phosphonic acid-based SAMs as
HTLs in PSCs [89]. They successfully synthesized a novel hole-transporting material,
V1036 (2-{3,6-bis[di-(4-methoxyphenyl) amino]-9H-carbazol-9-yl} ethyl) phosphonic
acid (Fig. 9a), featuring a phosphonic acid anchoring group and a carbazole core, a
known efficient hole transporter. The carbazole core’s dimethoxy substituent group
enhances molecular solubility and facilitates SAM formation in solution. UV-vis
spectroscopy indicated that compared to PTAA (Amax =387 nm), V1036 (Amax = 304 nm)
exhibits maximal absorption in a shorter wavelength range and weaker absorption in
the visible range, along with higher optical transparency. Additionally, as shown in
Figure 9b, V1036 demonstrates excellent thermal stability with a high decomposition
temperature (Ta = 343°C). Furthermore, by blending SAMs (V1036 and n-
butylphosphonic acid (C4)), they further reduced the SAM interface contact angle (Fig.
9c). Vibrational sum-frequency generation spectroscopy confirmed a single-layer
molecule structure on ITO surfaces, with the mixed SAM containing approximately 62%
of the surface coverage of a pure V1036 SAM. Adding a small molecule, resulting in
mixed SAMs, positively impacted the overall performance of SAM-based HTL devices.
Finally, a PCE of 17.8% for a 10% V1036 and 90% C4 mixture SAMs-based HTL
device was achieved.

Subsequently, Albrecht and his collaborators synthetically developed two
phosphonic acid-based SAMs, [2-(3,6-dimethoxy-9H-carbazol-9-yl) ethyl] phosphonic
acid (MeO-2PACz) and [2-(9H-carbazol-9-yl)ethyl] phosphonic acid (2PACz) [90].
They achieved high coverage using a simple spin-coating process. As a molecular-

specific surface-sensitive technique, IRRAS was further used to uncover the structure



@Science

and bonding mode of adsorbed molecules on metal substrates. IRRAS results indicated

that the phosphonic acid-based SAM-HTLs prepared by spin-coating were single-layer
rather than multilayer structures, with the peak at 1010cm™" assigned to the P—O species
bound to ITO (Fig. 9d). The appearance of the P-O peak, along with the disappearance
of the prominent P-OH peak around 950 cm™! in the raw material, provided more
evidence for the deprotonation of the phosphonic acid anchoring group and the
formation of a single layer. Due to improved perovskite film quality and reduced
nonradiative recombination in devices, the three-cation PSCs based on 2PACz
exhibited a high open-circuit voltage (Voc) of 1.19 V and a PCE of 20.9% (certified as
20.28%). Moreover, the PCE of the reverse PSCs based on MeO-2PACz increased by
21.1%. Applying MeO-2PACz to single-junction CIGS/perovskite tandem solar cells

achieved a certified stable PCE of 23.26% over an effective area of 1.02 cm?.
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Fig. 8. Summary of SAM molecules with phosphonic acid as an anchoring group.

Subsequently, they further investigated the impact of alkyl chain length and different
substitutions of carbazole units on the performance of PSCs and found that Me-4PACz
([4-(3,6-dimethyl-9H-carbazol-9-yl) butyl] phosphonic acid) exhibited optimal
performance among a series of carbazole-based molecules [91]. The introduction of
Me-4PACz improved the thin film quality and enhanced charge extraction at the
interface, thereby minimizing nonradiative recombination (Fig. 9¢). Consequently, the
fill factor (FF) of the single-junction PSCs integrated with Me-4PACz approached 84%.

Simultaneously, a single-junction perovskite/silicon tandem solar cell achieved a record
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FF of up to 80% and a remarkable PCE of 29.15%.
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Fig. 9. (a) The synthesis of a phosphonic acid functionalized carbazole derivative,
V1036; (b) the thermogravimetric analysis heating curve of V1036; (c) the water
contact-angle measurements for a perovskite solution on various surfaces, including
a 100% C4 SAM, PTAA, and a 100% V1036 SAM [89]; Copyright 2018 Wiley. (d)
The spectra analysis for V1036, MeO-2PACz, and 2PACz following spin-coating on
SI/ITO substrates and subsequent washing with ethanol and chlorobenzene. This
includes comparing bulk V1036 material versus SAM formation through spin-coating
and dip-coating techniques and the impact of the washing step on the RAIRS spectra
of spin-coated SAMs. Notably, MeO-2PACz and 2PACz exhibit monolayer
characteristics without the need for a washing step [90]; (¢) an evaluation of loss

mechanisms that reduce the FF of the cell below the detailed balance limit,
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comparing PTAA and Me-4PACz cells. This includes the identification of
nonradiative loss in the neat material, nonradiative interface loss, and transport loss,
which collectively influence the discrepancy between the predicted fill factor (pFF)

of the neat film and the full cell, and the measured FF of the solar cell [91].

The same year, they successfully applied MeO-2PACz to PSCs prepared via co-
evaporation [92]. The results demonstrated that MeO-2PACz offers a wider processing
window than PTAA. Particularly, MeO-2PACz surpassed PTAA performance-wise,
exhibiting higher FF and Voc. Ultimately, combining vapor-deposited perovskite with
SAMs achieved a stable PCE of 20.6% for a co-evaporated p-i-n solar cell structure.

A set of SAMs derived from the phenothiazine moiety and featuring different
anchoring groups, namely TPT- S6, TPT-C6, and TPT-P6, were examined by Zhu and
colleagues, as shown in Fig. 10a [87]. Among these molecules, TPT-P6 exhibited the
quickest adsorption rate and the highest loading amount on the ITO substrate, attributed
to the phosphonic acid group’s strong adsorption energy on the ITO surface. Employing
a triple-cation perovskite Cso.osMAo. 12FA0.83Pb(lo.ssBro.15)3, they achieved a PCE of
21.43% (active area = 0.09 cm?, Voc = 1.125 V, FF = 0.811). In light of the poor
wettability of TPT-P6, caused by its large hydrophobic triphenylamine group and long
aliphatic chain, Hong et al. designed a novel SAM named 2-(3,7-dibromo-10H-benzo[d]
[1,2] thiazin-10-yl)ethyl phosphonic acid (Br-2EPT) by introducing halogen groups
[93]. UPS revealed that Br-2EPT has a bandgap more aligned with CsSFAMA than two
commonly used HTLs, PTAA and MeO-2PACz (Fig. 10b). Additionally, the perovskite
film quality based on Br-2EPT was significantly enhanced, while bulk and interface
nonradiative recombination of the devices were notably suppressed. Finally, they

demonstrated Br-2EPT to be an excellent HTL, effectively improving the performance
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of PSCs composed of Cso.0sFA0.874MA0.076Pbl2.76Bro.24 (referred to as CsFAMA). This
design concept resulted in PSCs with an average PCE exceeding 22%, surpassing the
current standard polymer PTAA and commercial MeO-2PACz. Importantly, the Br-
2EPT-based unencapsulated PSCs demonstrated excellent long-term stability, with no
initial PCE loss after continuous maximum power point (MPP) tracking for 100 hours
(Fig. 10c).

Following that, they also synthesized two variants of Br-2EPT, namely 2-(3,7-
dibromo-10H-phenoxazine-10-yl)ethyl) phosphonic acid (Br-2EPO) and 2-(3,7-
dibromo-10H-phenoselenazine-10-yl)ethyl) phosphonic acid (Br-2EPSe), by
incorporating O or Se into the tricyclic aromatic head group, and reported their
applications as hole-selective interlayers in inverted PSCs [94]. They investigated the
impact of different head atoms on the electronic structure of the molecules and device
performance. The results revealed that varying the core heteroatom from O to Se could
finely control the folding angle of the peripheral benzene rings along the fused aromatic
ring X...N vector and influence the photovoltaic performance of inverted PSCs due to
differences in atomic size and orbital overlap. The different core heteroatom effects
resulted in subtle differences in the optical bandgap and energy alignment with the
perovskite layer (Figs. 10d—f). They found that the interface interaction energy between
the Br-2EPX series SAM and the perovskite layer was strongly influenced by the
polarization of the core heteroatoms, increasing in the order of Se > S > O. Adopting
the Br-2EPX series SAM decreased the interface of the device trap density, prolonging
the perovskite film lifetime of charge carriers. These favorable factors simultaneously
improved the PSCs’ efficiency and long-term stability. As a result, the PSC based on
Br-2EPSe exhibited excellent performance, with a maximum PCE of 22.73% and

almost no initial PCE loss even after 500 hours of continuous MPP tracking tests under
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environmental conditions.

Jen et al. successfully developed high-efficiency, large-area blade-coated PSCs using
MeO-2PACz as HTLs (Fig. 10g) [95]. In contrast to the hydrophobic PTAA, the more
hydrophilic surface of MeO-2PACz promotes the nucleation and growth of a perovskite
thin film, resulting in a dense and uniform buried interface. Additionally, better energy
alignment between the HOMO level of MeO-2PACz and the VBM of the perovskite
also benefits device performance. Due to the high-quality embedding of perovskite on
the MeO-2PACz substrate, champion devices prepared via the blade-coating method in
high-humidity air (50% RH) achieved PCEs of 18.47% and 14.64% for devices with
effective areas of 0.105 and 1.008 cm?, respectively (Fig. 10h). Furthermore, MeO-
2PACz-based devices exhibited good stability, maintaining 90% of the initial efficiency
after continuous operation for over 500 hours at 40 °C in an inert atmosphere.
Additionally, the PCE of perovskite mini-modules based on MeO-2PACz reached

14.13%, with an aperture area of 18.0 cm?.

Table 5. Performance statistics of SAMs based on phosphonic acid groups as single-

junction PSCs for HTLs
SAM-HTL ETL Jie (mA em™2) Voo (V) FF (%) PCE (%) pp
10% V1036+90% C4 C60+BCP 21.4 109 765 17.8 89
MeO-2PACz C60+BCP 22.2 1.144 805 202 [
2PACz C60+BCP 21.9 1188 802 208 [
Me-4PACz Coo, BCP, LiF 20.3 1.150 84.0 200 [
MeO-2PACz C60+BCP 22.43 1150 79.6 205 [
MeO-2PACz Ce0+BCP 24.96 106 800 2099 [
Br-2EPT C60+BCP 25.11 1.09 820 2244 [
Br-2EPO C60+BCP 24.25 1.074 8074  21.02 [
Br-2EPT C60+BCP 24.41 1.09 813  21.63 |
Br-2EPSe C60+BCP 24.49 112 8286 2273 [
MeO-2PACz (0.1 cm?) C60+BCP 21.57 1.081 789 1839 |

MeO-2PACz (1.0 cm?) C60+BCP 19.83 1.073 68.8 14.64
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21.39
21.08
23.23
18.63
23.24
21.52
19.6
18.2

21.59
22.93
21.57
22.89
22.73
24.02
24.5
20.9
22.1
23.1
20.22
21.72
22.08
17.62
17.30
16.10
222
18.2
6.6
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[104]
[104]
[104]
[104]
[104]
[105]
[106]
[106]
[106]
[107]
[107]
[107]
[108]
[108]
[108]
[109]
[109]
[109]
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(sc)BCB-C4PA C60+BCP 22.6 1.09 73 17.9 [109]
2PACz 345FAn+Ce60+BCP 259 1.14 823 243 [58]
2PACz+3-MPA F-PEAI+C60+BCP 5.9 L16 %42 253 [58]
MPA-CPA 345FAn+Coo+BCP 2427 1192 8091  23.41  [59]
4dp3PACz C60+BCP 24.95 1.150  82.00  23.53 [110]

In our group, we also synthesized novel SAMs based on phosphonic acid groups,
namely [3-[4-(diphenylamino) phenyl]-9H-carbazol-9-yl) propylphosphonic acid
(4dp3PACz), as effective SAMs in wide-bandgap PSCs [96]. In this work, inspired by
the structure of PTAA, we selected PTAA monomers as functional groups to improve
the molecular structure of 2PACz. Considering the hydrophilic and hydrophobic
properties of the material, we discarded the hydrophobic functional groups (methyl
groups). 4dp3PACz improved the quality of the perovskite film by reducing its defect
density, thereby minimizing nonradiative recombination and enhancing -carrier
transport. Finally, a high efficiency of 17.71% was achieved for wide-bandgap PSCs
(1.77 eV). The efficiency of all the perovskite tandem solar cells, with WBG PSCs as
the top cell and narrow-bandgap PSC as the bottom cell, reached 26.47%. Our working
site molecular design suggested that combining reported effective HTMs as modified
functional groups should further improve the performance of SAMs. Zhao et al.
developed a SAM named 4-(7H-dibenzo[c,g]carbazole-7-yl) butylphosphonic acid
(4PADCB), aimed at enhancing the coverage and surface wetting of the perovskite film
by incorporating a new 7H-dibenzo[c,g]carbazole (DCB) terminal group [97]. This
modification facilitated rapid hole extraction and suppressed interface nonradiative
recombination, ultimately leading to impressive PCE improvement in the devices. The

all-perovskite tandem cells utilizing 4PADCB achieved a remarkable PCE of 26.90%.
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Fig. 10. (a-left) shows a schematic of p-i-n structured perovskite solar cells with ASA
HTLs. (a-right) the chemical structures of phenothiazine-based molecular HTMs. (a-
bottom) the theoretical SA, CA, and PA adsorption model on the ITO (111) surface.
[87] Copyright 2021 Wiley. (b) The energetic alignment of various HTL contacts and
CsMAFA perovskite around the vacuum level is depicted, with the dashed red lines
indicating the Fermi energy levels measured via UPS. (c) The long-term continuous
MPPT of PSCs utilizing the explored HTLs under ambient conditions with controlled
humidity (RH 15-25%) and without encapsulation [93]. Copyright 2021 Wiley. (d)
UPS spectra showing the secondary electron cutoff region of bare FTO and
FTO/SAMs. (e) A schematic representation of the energy-level diagram at the
FTO/perovskite interface before and after Br-2EPSe modification, detailing the

interface energy levels of (f-left) FTO/perovskite and (f-right) FTO/Br-
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2EPSe/perovskite [94]. Copyright 2023 American Chemical Society. (g) A

photograph of a SAM-based perovskite mini-module (5 cm X 5 cm) fabricated
using the blade-coating method. (h) The J-V characteristics of the blade-coated,

SAM-based perovskite mini-module with an aperture area of 18 cm? [95].

Lidzey et al. creatively eliminated the annealing step typically used during the
deposition of SAM molecules as HTLs [98]. Upon omitting the annealing process for
MeO-2PACz, only a slight loss in device performance was observed. By combining
unannealed MeO-2PACz film with unannealed 1:9 THF:2-ME perovskite layers,
devices with a high PCE stability of up to 17.1% were created. This represents the
highest device performance demonstrated by a fully unannealed PSC. Lidzey et al. also
introduced a novel binary solvent system for fabricating fully annealing-free PSCs
except for the non-annealed SAM layer [98]. A mixture of 2-methoxyethanol and
tetrahydrofuran was used to deposit high-quality perovskite films at room temperature,
eliminating the need for post-deposition annealing. This approach yields p-i-n devices
with stabilized PCEs up to 18.0%. By integrating MeO-2PACz as the HTL without
annealing, they further advanced the fabrication of fully annealing-free devices,
achieving PCEs up to 17.1% and thereby marking a significant achievement in

annealing-free PSC production compatible with roll-to-roll manufacturing processes.
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Fig. 11. (a) A schematic illustrating the potential for 2PACz/MPA bilayer formation

on the substrate. (b) An energy diagram providing insights into the HOMO and
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LUMO levels of different components within the constructed PSCs. (c) The J-V
characteristics of the best-performing PSC fabricated using the 2PACz/MPA bilayer

[100]. Copyright 2022 American Chemical Society.

He et al. developed three novel SAMs: 2BrCzPA, 4-(3,7-dibromo-10H-phenothiazin-
10-yl) butyl phosphonic acid (2BrPTZPA), and 4-(3,7-dibromo-10H-phenoxazin-10-yl)
butyl phosphonic acid (2BrPXZPA) [99]. The thermogravimetric analysis result
demonstrated the superior thermal stability of these SAMs, with decomposition
temperatures substantially surpassing the annealing and operating temperatures of PSCs,
which is very important for the PSC commercialization process. The decomposition
temperatures (Ta) for 2BrCzPA, 2BrPTZPA, and 2BrPXZPA were 264, 234, and 225 °C,
respectively. UV-vis absorption spectroscopy showed that these SAMs exhibit similar 7t-
n* absorption characteristics in dilute tetrahydrofuran (THF) solutions (107> M), with
absorption peaks at 304, 349, and 363 nm for 2BrCzPA, 319 nm for 2BrPTZPA, and 334
nm for 2BrPXZPA, indicating minimal light absorption in the visible spectrum. Notably,
2BrPTZPA and 2BrPXZPA demonstrated enhanced energy-level alignment with the
perovskite layer, facilitating reduced energy losses in PSCs. Furthermore, ITO substrates
coated with 2BrPTZPA and 2BrPXZPA were found to promote the growth of high-quality
perovskite films (Fig. 11d). Inverted PSCs incorporating these SAMs achieved PCEs of
22.06% for 2BrPTZPA and 22.93% for 2BrPXZPA, with the latter certified at 22.38%.
Encapsulated devices based on 2BrPXZPA maintained 97% of their initial efficiency after

600 hours under continuous illumination, demonstrating exceptional durability.
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In addition to employing single-layer SAMs as HTLs, integrating mixed SAMs has
been identified as a strategy to enhance the efficiency of devices. Our study incorporated
a mixed solution of 2PACz+MPA as the HTL, leading to an increase in the PCE of SnPb-
PSCs to 23.23% (Figs. 1la—c) [100]. Conventionally, PEDOT:PSS serves as the
ubiquitous HTL in SnPb PSCs. However, our findings indicate that not only a
considerable energy band gap between PEDOT:PSS and the perovskite material but also
the added thickness of the PEDOT:PSS layer further obstruct light absorption,
consequently diminishing the devices’ short-circuit current density (Jsc) and Voc (Fig.
11g). Substitution of the HTL with 2PACz+MPA markedly enhanced device efficiency,
alongside significant improvements in various photovoltaic parameters. This
enhancement is primarily attributed to the optimized band alignment, which facilitated
smoother carrier transport and reduced nonradiative recombination due to improved film

quality.

Sargent et al. introduce a novel conformal SAM as a hole-selective contact on textured
substrates, which significantly enhanced the efficiency and stability of inverted PSCs [58].
By employing molecular dynamics simulations, the research identified the phosphonic
acid cluster formation issue that leads to incomplete SAM coverage. To address this, a
co-adsorbent strategy was developed, effectively disassembling high-order clusters and
achieving a more uniform distribution of the SAM, minimizing interfacial recombination,
and optimizing the electronic structure. This method achieved a remarkable laboratory-
measured PCE of 25.3% and a certified quasi-steady-state PCE of 24.8%. The

encapsulated device demonstrated exceptional stability, retaining 95% of its performance
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after over 1,000 hours under stress conditions, making this one of the most stable PSCs
to date, with a PCE exceeding 24%. This work paves the way for using engineered
adsorption strategies on textured substrates to enhance the efficiency and durability of

PSCs and potentially other optoelectronic devices.

Seok-In Na et al. presented a groundbreaking approach for enhancing the efficiency
and stability of PSCs [111]. By employing a novel mixed SAM that combines MeO-
2PACz and Me-4PACz, the research demonstrates significant advancements in the
interface engineering of PSCs. This mixed SAM optimizes the hole-transport properties
by maintaining favorable wettability and adjusting the energy levels for efficient charge
transfer, features crucial for high-quality film formation and effective charge extraction.
Notably, the stability of the PSCs is remarkably improved, showing less efficiency loss
over extended operational hours and under thermal stress; this is attributed to the
synergistic effects of the mixed SAM components, which mitigate the individual
weaknesses of each component. The approach leads to a robust design that enhances the

longevity and performance of PSCs, a critical step towards their commercial viability.

3.2. SAM-HTL of carboxylic acid anchoring groups

In addition to employing phosphonic acid groups, numerous SAMs also incorporate
carboxylic acid as anchoring groups. The preference for carboxylic acid groups stems
from their ability to engage in dehydration esterification reactions with hydroxyl groups
on metal oxides’ surfaces, thus securely affixing the SAMs to the metal oxide substrates.
Table 6 presents the efficiency statistics from recent studies of PSCs that utilize

carboxylic acid-based SAMs as HTLs; Fig. 12 lists the chemical formula structures of
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common carboxylic acid-based SAMs.

Table 6. Performance statistics of SAMs based on carboxylic acid groups as single-

junction PSCs for HTLs

SAM-HTL ETL Jse MAcm™) Voo (V) FF (%) PCE (%) Ref.

TPA-PT-C6 PCBM+BCP 21.8 1.04 77.4 17.19 [80]

MC-54 C60+BCP 22.32 1.10 79.15 19.52 [112]
MC-45 C60+BCP 20.56 1.09 74.35 16.69  [112]
MC-55 C60+BCP 21.90 1.09 79.32 18.99 [112]
Spiro-Acid chC60+BCP 22.20 0.990 82.6 18.15  [113]
RC-24 C60+BCP 22.3 1.123 79 19.8 [114]
RC-25 C60+BCP 22.1 1.116 79 19.6 [114]
RC-34 C60+BCP 22.5 1.109 79 19.7 [114]
P3HT-COOH PCBM+BCP 22.07 1.09 81 19.21 [115]
AC-3 PCBM+BCP 24.27 1.108 82.56 22.2 [116]
AC-5 PCBM+BCP 24.42 1.130 84.05 23.19  [116]
AB C60+BCP 19.92 0.534 71.9 7.6 [117]
AM C60+BCP 17.83 0.530 56.1 53 [117]
AE C60+BCP 15.46 0.522 64.1 5.2 [117]
NB C60+BCP 13.96 0.532 61.0 4.5 [117]
EADRO3 Ce0+BCP+LiF 22.9 1.156 80 21.2 [85]

EADRO4 Ce0+BCP+LiF 22.6 1.164 80 21.0 [85]
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TPA PCBM 19.4 1.06 76.9 15.9 [118]
MC-43 PCBM 20.1 1.08 80.0 173 [118]
EA-41 PCBM+Ca 16.69 1.019 69.86 11.89  [119]
EA-46 PCBM+Ca 16.37 1.006 62.18 1024 [119]
EA-49 PCBM+Ca 17.25 1.024 6815 1203 [119]
EA-51 PCBM+Ca 15.59 1.035 56.30 9.09 [119]
EA-53 PCBM+Ca 15.05 1.023 56.56 8.71 [119]
EA-54 PCBM 17.95 0.982  63.64 1122 [120]
EA-63 PCBM 18.13 1.021 60.71 1124  [120]
EA-58 PCBM 18.56 0.967  76.37 1371 [120]
SAMI PCBM+BCP 21.70 1.109 78.3 18.86  [121]
SAM2 PCBM+BCP 20.32 1.093 79.3 17.61 [121]
SAM3 PCBM+BCP 21.03 1.130 73.8 17.55  [121]
EADRO3 PCBM+BCP 21.89 1.149 80.24 20.18  [121]
TTI C60+BCP 17.92 1.049 69.7 13.11 [122]
2F C60+BCP 17.93 1.31 82.31 19.33 [123]

2F C60+BCP 32.55 0.872 81.89 23.24 [123]
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Fig. 12. Summary of SAM molecules with carboxylic acid as an anchoring group.

Zhu’s team created a new SAM-based HTM, TPA-PT-C6, featuring carboxylic acid as
its anchoring group, depicted in Fig. 13a [80]. This HTM was combined with CA-Br to
produce ultra-thin, evenly wettable films that effectively covered extensive perovskite
surfaces. The HOMO and LUMO energy levels of TPA-PT-C6 were —5.20 and —2.34 eV,
respectively, compatible with the perovskite film energies. CA-Br integration improved
mechanical and electronic interactions at the HTL/perovskite interface, increasing
stability by mitigating ionic vacancies. PSCs incorporating this HTL recorded a PCE of

17.49% and maintained 89% of their efficiency after 120 days, without encapsulation, in
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30% RH conditions. Their practical application was confirmed by producing smaller

modules with a 36 cm? aperture, which achieved a PCE of 12.67%.
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Fig. 13. (a) Molecular structures of the self-assembling HTM TPA-PT-C6 and the co-
adsorbent CA-Br [80]. (b) Molecular structures of TPA (top) and MC-43 (bottom).
(c) Schematic outlining the synthesis pathway of SAMs [85]. Copyright 2023
American Chemical Society. (d) Synthesis pathway of SAMs (EADRO0O3 and EADR04)
[85]. (e) Field emission scanning electron microscopy (FESEM) images and grain size
distributions of perovskite films before and after SAM modification of the ITO surface

[112]. Copyright 2019 American Chemical Society.

E. Palomares et al. synthesized two SAMs, 4,-[bis(2’,4,-dimethoxybiphenyl-4-yl)
amino] biphenyl-4-carboxylic acid (MC-43) and 4,4’ ,-bis(diphenyl amino)-1, 1,:3°, 1”’-
terphenyl-5,-carboxylic acid (TPA), as shown in Figs. 13b and 13d [118, 124]. These
SAMs were applied to ITO substrates using immersion, resulting in uniform adsorption.

Electrochemical analysis indicated that MC-43 had a lower HOMO energy level than
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PEDOT:PSS, enhancing hole transport to the HTL. The introduction of SAMs increased
the contact angle at the interface, which did not negatively impact device performance
and confirmed the uniform coverage of SAMs on ITO. The MC-43-coated ITO also
facilitated perovskite deposition by means of more defined grain boundaries and larger
grains, reducing nonradiative recombination. Devices with MC-43 reported an average
PCE of 16.8% and a peak PCE of 17.3%. These devices displayed stable J-V
characteristics with minimal hysteresis. Encapsulated devices maintained 90% of their

initial efficiency after 20 days in dark, low-humidity conditions.

Two new SAMs, EADRO04 (4’-(3,6-bis (2,4-methoxyphenyl)-9H-carbazol-9-yl)-[1,
I’-biphenyl]-4-carboxylic acid) and EADRO3 (4-(3,6-bis(2,4-methoxyphenyl)-9H-
carbazol-9-yl)benzoic acid), feature carboxylic acid groups and carbazole as the electron-
donating unit, as shown in Fig. 13d [85]. These SAMs were modified by adding electron-
rich groups to the carbazole structure to better match energy levels with perovskite
materials and enhance solubility in organic solvents. Water contact-angle tests showed
lower angles than PTAA, promoting denser and more uniform perovskite film formation.
XPS analysis identified ester bond formations between the SAMs, carboxylic acid groups,
and ITO or solvent residues, confirming a SAM presence on the ITO. TRPL
measurements indicated that the photoluminescence lifetimes of EADR03 and EADR04
were longer than those of the perovskite alone, suggesting better film quality and lower
defect density. Devices incorporating these SAMs achieved PCEs of 20.5% for EADRO03
and 20.6% for EADRO4, surpassing PTAA’s peak efficiency of 18.9%. Enhanced Voc

and FF were observed, affirming the superior electron-blocking properties of the SAMs
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compared to PTAA.
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Fig. 14. (a) The molecular structure of phthalocyanine TT1. (b) An energy-level
diagram of the materials employed in constructing MAPI-based solar cells [122]. (¢)
The molecular structure of SAM molecules. (d) The XPS high-resolution survey

spectra of C 1s and O 1s for ITO/EA-49 [119]. Copyright 2020 Elsevier.

In 2023, the same group reported three new molecules capable of forming SAMs as
alternatives to the commonly used p-type contact material, PTAA [112]. Two of these
molecules feature bidentate anchoring groups (4’,4°-([1,1°-biphenyl]-4,4’-diylbis(m-
tolylazanediyl)) bis([1,1,-biphenyl]-4-carboxylic acid) (MC-54), and 4°,4’”- ([1,1°-
biphenyl]-4,4’-diylbis(naphthalene-1-alkanediyl)) bis([ 1, 1’-biphenyl]-4-carboxylic acid)
(MC-55)), while the last one is monodentate (4’-(bis(4-methoxyphenyl)amino)-[1, 1’-
biphenyl]-4-carboxylic acid (MC-45)). The qualities of perovskite films on different
substrates (bare ITO, PTAA, and SAMs) were found to be significantly different,
including their grain size and bulk defects, as shown in Fig. 13d. Devices fabricated using
MC-54 and MC-55 exhibited significantly higher FF (approximately 80%) and JSC,

resulting in higher solar cell efficiencies than MC-45 and PTAA. SAM-based PSCs also
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demonstrated higher stability and reproducibility than PTAA-based ones.

Zhao et al. engineered a donor—acceptor molecule, MPA2FPh-BT-BA (2F), combining
a hole-transporting 4-methoxy-N-(4-methoxyphenyl)N-phenylaniline (MPA) donor and
a structurally planar benzo[c][1,2,5]thiadiazole (BT) acceptor [123]. The molecular
structure optimizes photoelectric performance through improved intermolecular stacking,
facilitated by the flatness of BT and the electron-donating properties of MPA. The
presence of sulfur and fluorine in 2F enhances interaction with under-coordinated ions,
aiding in surface defect passivation and perovskite growth control. Carboxylic acid
groups anchor ITO, promoting face-up orientation for better hole transport and multilayer
formation potential for further perovskite interactions. Fluorine inclusion lowers the
HOMO Ilevel, reducing unwanted absorption and improving defect passivation. The
simple four-step synthesis of 2F makes it economically viable. For tin—lead perovskite
cells, 2F mitigates Sn>" oxidation and slows crystal growth, enhancing film quality and
interface performance. In practical applications, 2F-based single-junction and tandem
perovskite solar cells achieved PCEs of 19.33% and 23.24% for wide and narrow
bandgap cells, respectively, with all-perovskite tandems reaching up to 27.22% (certified
at 26.3%). Tandem devices maintained 80% of their initial efficiency after 301 hours,

indicating notable stability improvements over conventional PTAA-based cells.

Emilio Palomares and colleagues reported a synthesis method for the common zinc
phthalocyanine (ZnPc) molecule TT1 (Fig. 14a), widely used in dye-sensitized solar
cells.[122] TT1, with a carboxylic acid as a linker group, can firmly adsorb onto the ITO

surface. The introduction of TT1 slightly reduces the optical transparency of ITO and
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increases the surface water contact angle. However, the significantly improved film
quality and better bandgap matching resulted in a higher PCE, and the tested devices
even exhibited voltages exceeding 1 V, while the control PEDOT:PSS devices showed
lower Voc due to the higher HOMO energy level (Fig. 14b). Ultimately, devices based

on TT1 achieved a maximum efficiency of 13.11% with a voltage of 1.049 V.

Serafettin and colleagues explored the impact of five different SAMs on ITO electrode
properties, focusing on how these modifications influence perovskite film formation and
solar cell performance (Fig. 14c) [119]. Using Kelvin probe force microscopy, they
observed a significant increase in the work function (WF) of ITO after SAM modification,
with values ranging from 5.03 to 5.30 eV for the different SAMs, compared to 4.62 eV
for unmodified ITO. The results indicated that SAMs with electron-donating groups
enhanced hole collection more effectively than those with electron-withdrawing groups,
which suffered from poor energy alignment and problematic hydrogen bonding,
potentially impairing charge extraction and photovoltaic performance. XPS surface
chemistry analysis revealed changes due to SAMSs, particularly for ITO modified with
EA-41, where bonding interactions involving carboxylic and hydroxyl groups were
evident. XRD analysis further confirmed that SAM-modified ITO showed improved film
characteristics, such as larger grain sizes and more compact coverage, compared to
traditional PEDOT:PSS. Among the tested SAMs, EA-49 significantly improved solar
cell performance, achieving a peak PCE of 12.03%, with advantageous photovoltaic
parameters such as a Voc of 1.024 V and a Jsc of 17.25 mA cm 2. This improvement was

attributed to better energy barrier management and the ability of the methoxy groups on
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EA-49 to passivate trap states through coordination bonding.

Spiro-OMeTAD has long been widely used as the benchmark HTM for traditional
PSCs. However, due to its intrinsic low conductivity and hole mobility, Spiro-OMeTAD
requires chemical dopants to enhance hole mobility, and these often compromise the
long-term stability of solar cells. Palomares et al. synthesized SAM HTMs of Spiro-Acid,
comprising spiro-OMeTAD derivatives with carboxylic acid units serving as anchor
groups [113]. By introducing carboxylic acid anchoring groups into the Spiro-OMeTAD
molecule, Spiro-Acid can form a stable self-assembled monolayer on the surface of ITO.
This self-assembly process does not require additional chemical dopants, simplifying the
manufacturing process and reducing costs. Moreover, Spiro-Acid is expected to improve
the selective transport of holes by optimizing the molecular structure to reduce the energy
loss of holes between the perovskite layer and the HTL, thereby enhancing the efficiency
of solar cells. PSCs based on spin-coated Spiro-Acid achieved a PCE of 18.15% and an
FF of 82.6% without encapsulation or interface passivation. These devices exhibited

improved stability under illumination due to the removal of PbI2 from the perovskite.

3.3. SAM-HTLs with other additional anchoring groups

In addition to phosphonic acid and carboxylic acid groups as anchoring groups, other

anchoring groups have also been used to design SAM-HTLs (Table 7).

Table 7. Performance statistics of SAMs based on other acid groups as single-junction
PSCs for HTL

FF (%) PCE (%)

SAM-HTL ETL Jee (mA cm™2) Vo (V) Ref.

MPA-BT-CA C60+BCP 22.37 1.13 82.2 20.7 [125]
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MPA-BT-CA C60+BCP 23.18 1.15 82.0 21.81 [126
MPA-BT-BA C60+BCP 22.76 1.12 81.0 20.58 [126
MPA-BT-RA C60+BCP 22.03 1.10 81.1 19.65 [126
MPA-BT-CA Cé0+BCP 22.73 1106 823 2070
FMPA-BT-CA C60+BCP 23.33 1151 833 2237
2FMPA-BT-CA  C60+BCP 22.81 1.143 83.1 21.68 [
NBA PCDTBT:PC70BM 14.65 0.98 76.5 10.93 [128
ADAI PCBM+LiF 19.9 1.04 77 15.9 [129
ADA (p-i-n) PCBM 16.28 0.94 51 8.49

ADALI (p-i-n) PCBM 19.88 1.04 77 15.5 [130]
ADA (n-i-p) Sn02+PCBM 18.77 0.89 44 6.61  [130]
ADAI (n-i-p) $n02+PCBM 20.46 1.07 70 153 [130]
MTPA-BA-R PCBM+Ce60+BCP 23.24 1.14 85.2 22.62 [77]
MTPA-BA-R PCBM+C60+BCP 23.00 1.10 83.2 21.04 [
MTPA-BA-R PCBM+C60+BCP 20.09 1.16 82.9 19.28 [77]
EA-59 PCBM+Ca 17.98 1.043 71.56 13.19 [131]
PDL C60+BCP 28.8 0.78 71 16

PDAI C60+BCP 29.0 0.77 72 16 [132]

Guo and colleagues synthesized a novel SAM, named MPA-BT-CA, using 4-
methoxy-N-(4-methoxyphenyl) benzylamine (MPA) as the donor unit, benzo[c] [1,2,5]
thiadiazole (BT) as the acceptor unit, and acrylic acid (CA) as the anchoring group (Fig.
15a) [125]. In MPA-BT-CA, MPA as the donor unit exhibits good oxidation capability
and high hole transport ability, while BT as the acceptor unit enhances intermolecular
stacking due to its planar structure, with the sulfur (S) atom in BT interacting with
under-coordinated Pb*" ions via coordination bonds. As the anchoring group, CA is
attached to one end of the molecule, introducing multifunctionalities on the perovskite
active layer, such as solubility adjustment, level modulation, interface modification, and
passivation effects. UV-vis analysis shows that MPA-BT-CA does not affect photon
transmittance, although it exhibits weak absorption in the visible range. Thermal
analysis confirms the excellent thermal stability of SAM, which is crucial given the

impact of operating temperature on the commercialization of perovskite solar cells.
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UPS reveals that after modification with MPA-BT-CA molecules, the WF of ITO glass

increases to 4.79 eV, compared to 4.40 eV for bare ITO glass, indicating better
alignment of the ITO electrode with the valence band of the perovskite, which should
facilitate efficient hole collection. The effective adjustment of ITO WF can be attributed
to the high dipole moment of MPA-BT-CA, which may induce interfacial dipoles,
thereby enhancing the ITO’s work function. MPA-BT-CA interacts strongly with ITO
and the perovskite layer, greatly suppressing interface charge recombination,
passivating interface defects, and promoting interfacial charge transfer. Finally,
inverted PSCs based on MPA-BT-CA achieve an impressive PCE of 21.24%, with good
long-term and thermal stability. More importantly, PSCs based on MPA-BT-CA
processed with ethanol as a non-toxic solvent achieve an extremely high PCE of
20.52%, indicating significant progress in developing a new category of HTM
combining low-cost synthesis, environmentally friendly processability, and high
performance.

They then synthesized a series of D-A type SAMs, namely MPA-BT-CA, MPA-BT-
BA, and MPA-BT-RA, incorporating different functional groups to enhance the
interface properties on ITO substrates [126]. Using XPS, they confirmed successful
SAM deposition, highlighted by specific peaks such as C 1s at 284.7 eV and S 2p at
165.6 eV. MPA-BT-RA SAMs exhibited a propensity for aggregation, resulting in
thicker and rougher multilayer films as deduced from Beer—Lambert law calculations.
DFT analyses suggested that the sp3 hybridized carbon in the RA group of MPA-BT-
RA allows high molecular rotation, which disrupts monolayer uniformity. In contrast,
the BA group in MPA-BT-BA creates a 32.7° dihedral angle with the BT unit, reducing
the planarity and n-n stacking essential for ordered self-assembly and hence leading to

uneven and less stable films. The CA group in MPA-BT-CA demonstrated the strongest
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performance, enabling strong chemical adsorption with the ITO surface due to covalent

bonds formed between its carboxylic acid group and ITO’s hydroxyl groups. This
interaction and the large dipole moment introduced by the CA group facilitated a tight,
ordered monolayer, which is crucial for uniform film formation. UPS revealed that the
work function of MPA-BT-CA-modified ITO was significantly higher (4.79 eV) than
that of bare ITO (4.40 eV), aligning well with the perovskite’s valence band to yield
improved hole transfer and Voc. As a result, devices incorporating MPA-BT-CA
achieved an impressive PCE of 21.81%, maintaining high efficiency even as the device
area expanded to 0.80 cm?. This indicates the potential of MPA-BT-CA SAMs for
optimizing photovoltaic device performance through enhanced molecular ordering and
interface engineering.

Huang et al. synthesized two novel fluorinated molecules, FMPA-BT-CA and
2FMPA-BT-CA [127]. Methoxy-substituted triphenylamine (MPA) and benzo[c][1,2,5]
thiadiazole (BT) were utilized as donor and acceptor building blocks, respectively. At
the same time, polar cyanoacetic acid (CA) served as an interface modifier and
solubility-enhancing functional group in environmentally friendly solvents. DFT
calculations were conducted to investigate the structure and electronic properties of the
fluorinated molecules. The results revealed that the introduction of fluorine atoms led
to slightly larger dihedral angles between the phenyl moiety and the BT unit in FMPA-
BT-CA (31.2°) and 2FMPA-BT-CA (31.0°) compared to MPA-BT-CA (27.7°),
primarily due to increased steric hindrance of the fluorine atoms compared to hydrogen
atoms (Fig. 15d). Additionally, computational results indicated that fluorine atoms
played a crucial role in lowering the HOMO levels of FMPA-BT-CA (—4.99 eV) and
2FMPA-BT-CA (—4.97 eV) to below that of MPA-BT-CA (—4.89 eV). Deeper HOMO

levels typically lead to higher open-circuit voltages in PSCs. Fluorine atoms also
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increased the maximum negative potential of the CA group in FMPA-BT-CA, affecting
hole contact and interactions with the perovskite surface. Due to its better energy level
alignment with perovskite, FMPA-BT-CA achieved a higher PCE. An inverted PSC
device based on FMPA-BT-CA processed with environmentally friendly solvents

demonstrated efficient and stable performance, with a PCE of 22.37%.
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Fig. 15. (a) Chemical structures and a schematic diagram, highlighting the
multifunctionality of MPA-BT-CA [125]. Copyright 2020 American Chemical
Society. (b) A schematic diagram of SAMs as hole contacts in PSCs, alongside the
chemical structures of newly designed SAMs. This includes optimized ground-state
molecular configurations and dipole moments for MPA-BT-CA, MPA-BT-BA, and
MPA-BT-RA. (c) Optimized stacking models derived from DFT calculations, plus
a schematic diagram outlining potential molecular organization behaviors in the self-
assembled films for the three SAMs, and a schematic illustration of the device’s
energy-level diagram [126]. Copyright 2022 Elsevier. (d) Geometry-optimized
structures of hole contact molecules adsorbed onto perovskite surfaces [127].

Copyright 2022 American Chemical Society.
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4. Other applications

As the foregoing sections have shown, SAMs are effective as HTMs in PSCs. Their
potential application as ETMs has also been explored. However, in n-i-p structures,
SAMs used as ETMs tend to yield lower performance than traditional metal oxide
substrates like TiO2 and SnOz. Fig. 16 exhibits the molecular structures of some SAMs

used as ETMs.
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Fig. 16. The molecular structures of SAMs as ETMs.

Hou et al. significantly enhanced the mitigation of hysteresis in PSCs by applying
SAMs [133]. Specifically, using a phosphonic acid-based mixed C60/organic SAM on
transparent conductive oxide substrates notably reduced the hysteresis effect. Their key
findings indicate that SAM-treated devices exhibit substantially less hysteresis than
TiO2-based devices, with transition thresholds for hysteresis observed at approximately
1 kHz. This reduction is attributed to the strong phosphonate bond formed with the ITO
substrate, which effectively suppresses ion migration, the primary cause of hysteresis,

stabilizing the interface and reducing the density of ionic defects. Impedance studies
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also highlighted that SAM-based devices show considerably lower capacitance at low
and intermediate frequencies, suggesting a minimized ionic defect migration, which
correlates directly with the observed stability improvements. They also emphasize the
effectiveness of SAMs in enhancing operational stability and improving efficiency, with
a demonstrated maximum PCE of 17.1%. These results underscore the potential of
SAMs to significantly improve the long-term performance and reliability of perovskite
solar cells by addressing fundamental issues related to ionic migration and electronic
interface stability. A similar effect has been proven by Topolovsek et al., who employed
the siloxane-functionalized C60 SAM Sil-C60 [134].

Cheng et al. presented an innovative approach to enhance the stability and
performance of PSCs by using a self-assembled ionic liquid on the conductive substrate
[135]. This method addresses the critical challenges associated with ETL-free PSCs by
improving interfacial electron extraction and reducing charge recombination rates.
They found that when a SAM was used as the ETL, the PCE of the PSC increased from
9.01% to 17.31%. This significant improvement is attributed mainly to the enhanced
electron extraction capabilities and minimized interfacial charge recombination
facilitated by the strong chemical interaction between the ionic liquid and the
conductive substrate. Moreover, PSCs in ambient conditions with a relative humidity
of 10-15% showed notable stability and durability, maintaining high efficiency over
extended periods. This self-assembled ionic liquid approach simplifies the device
architecture by eliminating the need for an ETL, thereby lowering production costs and
complexity and offering a promising avenue for scalable, cost-effective PSC production.

Li et al. explored a naphthalene-imide compound to adjust the energy level,
improving the PCE of devices employing NDI-P (3,3°-(1,3,6,8-tetraoxo-1,3,6,8-

tetrahydrobenzo[lmn][3,8] phenanthroline-2,7-diyl) dipropionic acid) to 16% [136].
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Additionally, Fiirer et al. introduced naphthalene-imide-based SAMs (NDI-2a, 2c, 3a)
as a surface modification to enhance device thermal stability [137].
5. Device stability with SAMs

Several challenges need to be addressed to achieve effective PSC utilization.
Degradation caused by oxygen, light, and water is a major factor contributing to their
reduced stability. For instance, UV exposure produces Pbl> at the perovskite layer
interface, which diminishes device stability; additionally, water and oxygen infiltration
degrades the perovskite layers. This results in inefficient charge transport at the
interfaces and a substantial decrease in the PCE [134]. Introducing SAMs as the HTL
at the PSC layer interfaces can help mitigate these degradation factors, thus enhancing
PSC performance during exposure to environmental conditions such as air and light
over time.

Magomedov et al. provided significant insights into improving the stability of PSCs
through the use of a novel HTM [89]. Their SAM, comprising a phosphonic acid-based
molecule V1036, is directly applied to ITO substrates, bypassing the need for high-
temperature processes and reducing parasitic absorption. The study shows that devices
incorporating V1036 exhibit less degradation over time than traditional approaches.
This was evidenced by the extended operational stability witnessed in their study, with
devices retaining over 95% of their initial efficiency after 1000 hours of stress testing
under illumination and thermal conditions. Introducing mixed SAMs, particularly with
butyl phosphonic acid, further enhanced this effect by optimizing the interfacial layer’s
coverage and uniformity, reducing recombination losses, and providing a more robust
barrier against environmental factors. Azmi et al. introduced significant advancements
in PSC stability by using boronic acid-based fluorine-terminated SAMs on ITO [138].

Applying these SAMs was shown to significantly enhance ITO’s work function and
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overall device stability. Key stability improvements were quantitatively evident, as the
device efficiency of the 2F-SAM modified cells exhibited only a 20% decrease after 30
days of testing, compared to a 75% efficiency loss in non-modified devices under
similar conditions. The marked improvement in stability is attributed to the SAMs’
ability to create a permanent dipole on the ITO surface, effectively increasing its work
function and improving the interface with the hole transport layer (PEDOT:PSS). This
modification enhances charge collection efficiency and acts as a protective barrier that
mitigates the degradation typically induced by the acidic nature of PEDOT:PSS and
environmental factors. Additionally, the optimized interfacial energy alignment
facilitated by the SAMs reduces recombination losses and stabilizes the device’s
electrical characteristics over time. Including fluorinated SAMs significantly alters the
surface wettability and energy barrier at the ITO/PEDOT:PSS interface, improving hole
extraction and reducing device performance hysteresis. Overall, their study showcases
a novel approach to improving the longevity and efficiency of planar heterojunction
PSCs, suggesting that SAMs can be a viable solution for enhancing the operational
stability of these devices in practical applications.

Chih-Yu Chang et al. addressed the stability of PSCs through innovative surface
engineering.[139] Using thiol-functionalized SAMs on nickel oxide nanoparticles
enhanced the interface between the perovskite layer and the electrode, a crucial change
for improving device stability. Specifically, they reported on the employment of two
SAM  molecules, 3-mercaptopropyltrimethoxysilane (MPTMS) and (11-
mercaptoundecyl) trimethylammonium bromide (MUTAB), which contributed
significantly to device stability. These SAMs enhanced the adhesion and uniformity of
an ultrathin Ag film used as the transparent electrode, leading to a PCE of up to 16.2%

and maintaining high PCEs (approximately 16%) for large-area devices (1.2 cm?).
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Meanwhile, the devices also exhibited good ambient stability without rigorous
encapsulation. The improved device stability was mainly due to two factors: (1) the
thiol-functionalized SAMs, specifically MPTMS and MUTAB, played a crucial role in
enhancing the interfacial properties. They improved the adhesion and uniformity of the
ultrathin Ag film, which served as the transparent electrode. This optimized interface
contributed to reduced degradation pathways for the perovskite material; and (2) the
SAMs helped tailor the work function of the electrodes and optimize the energy level
alignment at the interface, which reduced recombination losses and enhanced charge
carrier extraction. This optimization was critical for maintaining efficiency under
ambient conditions. These findings represent a significant step towards practically
applying stable, large-area, ITO-free PSCs.

6. Concluding remarks and perspectives

The SAM has recently emerged as a promising type of molecule for wide use as the
HTL of high-performance PSCs. However, understanding the impact of such molecules
on perovskite material and device performance remains elusive and requires further
investigation. In the pursuit of more efficient perovskite solar cells for eventual use at
the interface of tandem solar cells with silicon films or organic semiconductor films,
countless new SAMs have been synthesized.

To aid in this pursuit, we have provided a comprehensive overview of the rational
design and synthesis of all molecules used, to date, as SAMs in PSCs, from original
pioneering work employing commercial molecules to the most complex structures
prepared in this field. Undeniably, numerous organic chemists and materials scientists
have made many efforts to develop new SAMs, but they still face several key challenges.
Here, we provide some suggestions on how to design high-performance SAMs:

(1) Anchoring groups: Choosing an anchoring group that forms a strong covalent bond
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with the surface of the TCO is vital. Phosphonic acid and carboxylic acid are common
anchoring groups because they form stable monolayers with metal oxide surfaces.
Consider introducing functional groups with strong affinity, such as thiol or silane
groups, to enhance the binding force with TCO.
(2) Functional groups: When designing functional groups, consider their impact on
electronic structure and energy levels. For example, introducing heterocyclic structures
containing nitrogen or sulfur (such as thiophene, pyridine, etc.) can increase the
molecule’s electron affinity and facilitate hole transport. At the same time, the selection
of functional groups should also consider their impact on film morphology and stability.
(3) Molecular configuration: Molecular planarity and intermolecular interactions (such
as m-w stacking) are crucial for forming ordered SAMs. Molecular configuration should
be considered during design to promote the close packing and orderly arrangement of
molecules.
(4) Intermolecular interactions: Groups with strong intermolecular interactions (such as
hydrogen bond donor or acceptor groups) can enhance the stability and uniformity of
SAMs.
(5) Environmental stability: Since PSCs may be used outdoors, SAMs molecules should
have good thermal and photostability to ensure long-term performance.

At the same time, we believe that SAMs are very promising when applied as HTLs
for PSCs, because SAMs can achieve the following:
(1) Better efficiency: By optimizing the electronic structure and energy level of SAMs,
interface recombination can be reduced, and hole transmission efficiency can be
improved, thereby boosting the overall photoelectric conversion efficiency of PSCs.
(2) Better stability: SAMs can serve as an interface layer to protect the perovskite layer

from moisture and oxygen, thereby improving PSCs’ environmental stability and
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service life.
(3) Simplified manufacturing process: Compared with traditional HTL materials, SAMs
can be prepared through a straightforward solution-processing method, which helps
simplify the PSC manufacturing process and reduce production costs.
(4) Scalability: SAMs’ self-assembly properties allow their application on large areas
and flexible substrates, providing new opportunities for PSC commercialization and
scalability.
(5) Environmental friendliness: The development of SAMs based on green solvents and
low-toxic materials can reduce the environmental impact of PSC production and meet
the requirements for sustainable development.
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1. The composition, advantages, and potential problems of self-assembled molecules (SAMs)

are summarized.

2. The application of SAMs as hole transport layers is reviewed, focusing on common

functional groups such as phosphonic acid and carboxylic acid.
3. The application of SAMs as electron transport layers is briefly reviewed.

4. The challenges of using SAMs as a functional layer in perovskite solar cells are laid out, and

suggestions are made for the future design and development of SAMs.
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