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Ever since self-assembled monolayers (SAMs) were adopted as hole-transporting layers (HTL) for perovskite solar cells
(PSCs), numerous SAMs for HTL have been synthesized and reported. SAMs offer several unique advantages including
relatively simple synthesis, straightforward molecular engineering, effective surface modification using small amounts of
molecules, and suitability for large-area device fabrication.
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| 1. Introduction

Perovskite crystals are one of the hottest materials for solution-processible electronic devices such as solar cells,
photodetectors, transistors, and light-emitting diodes due to their high performance, which is comparable to that of existing

silicon-based devices WIIBIAIBIEIZIBIRILAIL3I14] Among the various applications, perovskite solar cells (PSCs) have
achieved remarkable progress, and the power conversion efficiency (PCE) of PSCs has dramatically increased over the
past decade, now reaching a PCE value of 25.2%, which is comparable to that of commercialized silicon solar cells [3]118]
(17I[18][19][201[21][22](23][24] ' After the first report on PSCs in 2009 (23] there have been many attempts to improve the

efficiency and long-term stability of PSCs, such as interface engineering, perovskite composition optimization and

encapsulation techniques, and so on [2811271128129130] Among those attempts, modifying interfacial layers such as the hole-
transporting layer (HTL) and the electron-transporting layer (ETL) has also been widely studied. These modifications

enhance the charge transfer at the interface of the electrodes and directly affect the growth of perovskite crystals on the
active layer [BH[321[33][34]

Both inorganic and organic materials have been developed as hole-transporting materials (HTMs) for inverted PSCs. In
the case of inorganic HTMs, copper(l) iodide (Cul), copper(l) thiocyanate (CuSCN), copper oxides (Cu,O and CuO), and
nickel oxide (NiO) are currently being developed, with the great advantages of low production costs, high hole mobility,
and chemical stability B%. However, there are some limitations related to adjusting energy levels and solution
processability B8, In the case of organic HTMs, they require multiple synthetic steps from commercially available organic
chemicals, but it is easy to diversify the molecular structures of materials, which allows for the fine-tuning of energy levels.
In addition, they have the unique advantages of being light-weight, having a less-adverse environmental impact, and
solution processability BZ. There are roughly two types of organic HTMs: (1) one comprises conventional polymer or
small-molecule HTMs forming their own energy levels, and (2) the other includes small-molecule HTMs making self-
assembled monolayers (SAM) capable of modifying the energy levels of electrodes. The well-known polymer-type HTMs
are PTAA and PEDOT:PSS, which all possess excellent electrical conductivity with proper HOMO energy levels,
facilitating hole transport from the perovskite layer to the electrode [B8I32[40[41]  However, those HTMs should be
deposited to a thickness of several tens of nanometers for film uniformity, and their HOMO levels and hole mobilities must
be well controlled for the efficient transport of charge #243l44] O the contrary, SAM-based HTMs are extremely thinly
coated on the transparent conductive oxide (TCO) electrodes, forming a permanent dipole moment at the interfaces,
which effectively modulates the work function (WF) of the electrode 4246147][48]

| 2. SAM-Based HTMs
2.1. Structure and Characteristics of SAM-Based HTMs

The structure of the HTMs forming SAMs is categorized into three components, as shown in Figure 1. The first part is a
head group in direct contact with the perovskite layer. Head groups are typically composed of hydrophobic conjugated
molecules, such as triphenyl amine, carbazole, and phenothiazine, which improve contact with the perovskite layer
compared to bare TCO 9. The second part is an anchoring group that binds to the TCO electrodes, such as indium tin



oxide (ITO) or fluorine-doped tin oxide (FTO). The interaction between the anchoring group and the TCO creates an
induced electric field at the interfaces, which down-shift the WF (increase the effective WF, ¢be) of the TCO for efficient
hole transport 2439, There are various anchoring groups, such as PA, CA, CAA, B(OH),, and -SO3H.
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Figure 1. (a) The general device structure of inverted PSCs, (b) three components of HTMs forming SAM and their
location in the PSCs, and (c) the modification of WF by SAM.

The synthesis of SAMs starts with the design of the core head group, which primarily employs electron-donating moieties.
After that, the anchoring group is introduced into the head group with a proper space linker. The synthetic routes required
to build SAM-based HTMs are mainly determined depending on the anchoring groups, and, thus, scholars categorized
them by the anchoring groups, as follows. (1) PA anchoring group: First, the electron-donating core unit is brominated,
and then it reacts with triethylphosphate to produce phosphonate. Then, a hydrolysis procedure is subsequently used to
convert it to phosphonic acid. (2) CA anchoring group: CA anchoring groups can be incorporated into SAM-based HTMs in
two different ways. The first way is introducing a benzoic acid group at the end of the HTMs. The head and linker are
connected first, and then alkyl benzoate is reacted with by C-C coupling in the presence of a palladium catalyst.
Subsequently, the resulting compound undergoes hydrolysis, followed by an acid treatment, to ultimately convert the ester
group into a CA group. The second way consists of introducing an aliphatic CA to the HTMs. The aliphatic ester is
alkylated to the electron-rich head group, usually including amine derivatives. The ester group is transformed into a CA
group through a saponification reaction. (3) CAA anchoring group: Initially, an aromatic aldehyde is linked to the electron-
rich head group via palladium-catalyzed C-C coupling. And then, a CAA group is easily introduced into the resulting
compound through Knoevenagel condensation.

2.2. PA-Based SAMs

The PA group has been demonstrated to create strong and stable bindings on TCO surfaces, enabling efficient WF
modifications 152 This group contains two hydroxy groups and one phosphonic group, allowing for three different
binding modes depending on the substrate surfaces and reaction conditions €. Among various anchoring groups, the PA
group exhibited the highest bond energy, especially with TiO, surfaces 23 These strong bonds contribute to an
exceptional monolayer stability. Consequently, the PA group is considered to be one of the most powerful anchoring
groups for SAMs, and numerous SAMs have been synthesized with this group in order to be used as HTMs for PSCs
(Figure 2). The photovoltaic properties of PSCs are summarized in Table 1.
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Figure 2. General synthetic routes and molecular structures of PA anchoring group-based SAMs.

Table 1. Photovoltaic properties of PSCs using PA-based SAMs.
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