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Towards cost-efficient and stable perovskite
solar cells and modules: utilization
of self-assembled monolayers
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Perovskite solar cells (PSCs) have attracted extensive attention in recent years due to their advantages
such as low cost and flexibility. However, the serious charge recombination at the interface of the
perovskite film and charge transport layers limit further improvement of the device performance to date.
Thus, among the many methodologies to solve these issues, self-assembled monolayers (SAMs) are
potential candidates due to their successful application in efficient PSCs. Accordingly, in this review,
we introduce the recent progress of SAMs that have been extensively used as interfacial layers in PSCs
and modules, with the aim to understand how to reduce the energy loss in PSCs by modulating
the interfacial molecular interactions. According to the recent literature, we discuss the roles of the
functional parts in SAMs and highlight the future design challenges/principles of SAMs. Finally, we
emphasize that together with other strategies for interfacial modification, SAMs can push PSCs into
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1. Introduction

Presently, considering global warming and the energy crisis,
the development of new sustainable energy sources has become
urgent and attractive. In this case, photovoltaics (PVs) can cost-
efficiently convert solar energy into electricity, which is ideal
technology for the future society. Among the PV technologies,
perovskite solar cells (PSCs) have emerged as promising candi-
dates, the origin of which dates back to the pioneering work of
Miyasaka in 2009," where a perovskite absorber was firstly used
to sensitize a mesoporous TiO, film with liquid electrolyte.
However, these liquid-based devices exhibited poor stability
with a power conversion efficiency (PCE) of 3.8%. Subsequently,
Park and co-authors® reported the use of Spiro-OMeTAD as a
hole transporting layer to replace the liquid electrolyte for solid-
state PSCs, realizing an increase in the PCE to 9.7%. Snaith
and co-authors® reported mixing Cl in I-based perovskite to
suppress its dissolution, consequently improving the PCE to
10.9%. Due to this rapid development, PSCs have become a
“game changer” in the field of PVs, with a PCE of over 25%
achieved for single-junction devices to date, which is very close
to that of single silicon-based devices.*”
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future practical application, realizing cost-efficient and stable processing.

Nevertheless, PSCs still suffer from the presence of defects
in the bulk and surface of the perovskite film, particularly those
in the surface, which lead to sub-optimal contact for charge
transfer at the electrode/perovskite interface. Additionally, these
defects induce serious charge recombination and instability.
Therefore, the low film quality and energy level mismatch
between the perovskite absorber and charge transport layer
limits the PCE of PSCs.%

Many methods have been developed to address the above-
mentioned issues, such as doping and surface treatment.'®
Among the various methods, the use of SAMs is cost efficient
with wide modulation possibilities. SAMs with anchoring
groups can chemically adsorb on the conductive substrate or
metal oxide-based charge transport layers, which can induce a
dipole moment at the interface, and then shift the work
function. Moreover, the terminal group of SAMs can interact
with the perovskite and improve the quality of the film, redu-
cing the amount of defects at the interface."” Thus, SAM-based
interfacial materials with multifunctional groups can be
regarded as promising candidates for solving the issues asso-
ciated with PSCs.

In this review, we aim to introduce the recent progress in
self-assembled monolayers (SAMs) that have been extensively
used as interfacial layers in perovskite solar cells (PSCs) and
modules. Firstly, the concept and methods for the deposition of
SAMs are introduced. Subsequently, the applications of SAMs
in PSCs are divided into three parts, as follows: (i) as hole
transport layers (or interfacial modification layers) in PSCs;
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(ii) as electron transport layers (or interfacial modification
layers for metal oxide) in PSCs; and (iii) SAMs for large-area
perovskite modules. Additionally, the relationship between the
properties of SAMs and the performance of PSCs is discussed in
detail, such as the role of the anchoring groups, linker, and the
head part of SAMs. After summarizing the concepts of SAMs
and their application in PSCs, the mechanism for SAMs
improving the performance of PSCs will be discussed. Subse-
quently, we provide some guidelines for the further strategy of
designing molecules. Eventually, the conclusions and chal-
lenges associated with SAMs in PSCs are summarized.

2. Perovskite solar cells

The perovskite absorber possesses an ABX; structure, where A
is an organic (MA = CH;NH;", FA = CH(NH,),") or inorganic
cation (Cs*, Rb"); B is a metal ion (Pb>", Sn**); and X is a halide
anion."” The beneficial properties of the perovskite absorber
endow PSCs with a high performance, such as high absorption
coefficient, long carrier lifetime, high trap tolerance, high
dielectric constant, and tunable bandgap.

Two general device structures are used in PSCs, namely,
mesoporous and planar structures. The former is referred to as
mesoporous TiO,-based devices, which are derived from dye-
sensitized solar cells.'® In this structure, the mesoporous TiO,
is the electron transport layer (ETL) and Spiro-OMeTAD is the
hole transport layer (HTL).'*'® In the case of the latter, it
contains n-i-p (regular)- and p-i-n (inverted)-structured
devices. In the n-i-p structure, the ETL is deposited on the
surface of a transparent conductive glass substrate (TCO) and
the HTL is deposited on the top of a perovskite film. Alterna-
tively, in the p-i—n structure, the position of the ELT and HTL is
the reverse."®

3. Concept and deposition method of
SAMs

3.1 Concept of SAMs

SAMs are defined as one or a few layers of molecules with
functional groups, which are naturally formed atop a solid
substrate.’”'® The self-assembly of molecules on the surface
of a substrate is a thermodynamically favorable process."’
Typically, SAMs are vertically aligned on the surface of the
substrate with certain angle relative to the surface normal.
SAMs usually contain three parts,”®*' including anchoring,
linker, and terminal groups, as shown in Fig. 1.

(1) Anchoring group: the role of the anchoring group is to
induce interactions between the SAM molecules and the sub-
strate. In this case, different anchoring groups (-COOH, -PO;H,
-SO;H, -SH, -SiOR, etc.) can bind to specific substrates (FTO,
ITO, NiO, SnO,, ZnO, and TiO,), which affords many options
for the preparation of electrodes and SAMs, respectively.

(2) Linker group: the linker group is the backbone of SAMs,
which bridges the terminal and anchoring groups. The length
of the backbone plays an important role in electronic
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Fig. 1 Schematic diagram of SAMs with functional part inserted on the
substrate and perovskite.

separation and building barrier layers. The linker group can
be divided into non-conjugated (alkyl chain) and conjugated
(aromatic ring) linkers, which can display various charac-
teristics for charge transfer. Additionally, the linker group is
responsible for the adjacent interaction between individual
molecules in the process of self-assembly, which affects the
final packing structure.

(3) Terminal group: the terminal group interacts with the
overlayer or atmosphere. If the terminal group has a functional
group that can interact with the perovskite film, the SAM can
consequently influence the formation and morphology of the
perovskite film. In addition, the terminal group can form a
dipole moment to tune the energy level. Carbazole-based
donors are widely used terminal groups. Energetically, the
choice of terminal group is also important for adjusting the
work function of the target surface.

3.2 Methods for the deposition of SAMs

The methods for the deposition of SAMs for application in PSCs
can be divided into vapor-phase and liquid-phase deposition.**

3.2.1 Vapor-phase deposition. This process requires the
activated surfaces of the conductive substrate to be exposed
to an atmosphere filled with the vapor of organic molecules
under high vacuum, which requires annealing to strengthen
the bonding to the substrate.

Vapor-phase deposition has the advantages of not requiring
a (liquid) solvent and the formed monolayers are more homo-
geneous than that with other methods. However, this process
proceeds under high vacuum pressure, which is necessary
to create the vapor phase, making it less cost-efficient and
scalable.

3.2.2 Liquid-phase deposition. Liquid-phase methods involve
dip- or spin-coating the SAM solution on the substrate. Dip-coating
is a general method for mesoporous surfaces, which refers to the
immersion of a conductive substrate in the SAM solution. The
process of adsorption can be controlled by tuning the solvent
component, solvent concentration, and dipping time. However, the
dip-coating method, in most cases, requires a long time to deposit
the SAM because of the slow process of adsorption. Alternatively,
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spin-coating can be employed to rapidly fabricate a monolayer on a
conductive substrate. Consequently, the dip-coating method is
suitable for mesoporous metal oxide-based substrates, while the
spinning-coating method is more popular for planar-structured
substrates.

4. The mechanism of SAMs in
improving the performance of PSCs
4.1 Energy-level alignment

Under illumination, the perovskite absorber can generate free
charge carriers because of its low binding energy. The free
charge carriers are collected by the electrode or charge trans-
port layers. However, if the energy level between the CTL and
perovskite is mismatched, serious charge recombination
occurs. Due to the existence of dipole moments, SAMs can
easily improve the energy level alignment between the perovs-
kite and charge transport layer (CTL) or electrode, which
facilitates electron or hole transfer. In addition, a shift in
the work function (WF) can also occur under this condition,
which benefits V,,. and/or charge injection. According to the WF
theory, the direction and change in the dipole moment are
related to the variation of the WF.>® The relation between the
change in work function (Ag) and dipole moment can be
expressed by the following equation:

Hisam Hm-s
Ap = —N|Hisam | Kum-s 1
¢ eoksam  e0Km-s @

where N is the density of molecules anchored on the surface,
k is the dielectric constant of the SAM layer, ¢, is the permittiv-
ity of free space and p, sam refers to the component of dipole
moment normal to the surface.”* According to eqn (1), if the
dipole moment of the SAM is positive, the change in WF is
negative. In the case of SAMs as HTLs, the dipole moment of
SAMs should be positive to obtain a high voltage. However, for
SAMs as ETLs, the dipole moments of the SAMs should be
negative.

4.2 Passivation effect

There are abundant traps on the surface of the charge transport
layers (especially metal oxides) and perovskite film. These defects
can act as non-radiative recombination centers, decreasing the
carrier density, charge carrier lifetime, and charge diffusion
length, resulting in severe deterioration of the device perfor-
mance. Accordingly, the bifunctional groups of SAMs can passi-
vate the defects in the charge transport layers (especially metal
oxides) and perovskite films (uncoordinated Pb*"). In addition,
they can adjust the morphology and improve the quality of the
perovskite film. Consequently, these functions can not only
improve the device figure of merit but also the long-term stability
in most cases. After describing the mechanism of SAMs
in improving the performance of PSCs, we present a detailed
introduction about the recent progress of different categories of
SAMs for PSCs in Section 5.
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5. SAMs as hole transport layers or
modifying layers for p—i—n-structured
perovskite solar cells

5.1 SAMs as hole transport layers

5.1.1 Carbazole-based SAMs. In p-i-n-structured PSCs, the
widely used HTLs are PEDOT:PSS, PTAA, and NiO,. These HTLs
have been employed to fabricate many efficient PSCs, but some
major problems still hamper the further improvement in device
performance. Among the HTLs, the instability and mismatched
interfacial energy levels of PEDOT:PSS remain major chal-
lenges. In the case of PTAA-based polymers, the variation in
molecular weight and wettability of the resulting film still have
an adverse impact on the perovskite film formed atop them.
Regarding NiO,-based HTLs, their low hole mobility and
electronic traps lead to devices with a low performance.>*™>”
Considering the challenges associated with the HTLs in
inverted PSCs, SAM-based HTLs can adjust the energy level,
surface energy, and wettability of the substrate, providing an
opportunity to address the main issues.”®

Here, we briefly discuss the use of SAMs as HTLs for p-i-n-
structured PSCs. Firstly, we introduce carbazole-based SAMs,
which are the most widely used SAMs in PSCs, and their
molecular structure is shown in Fig. 2. Magomedov et al.*®
reported the first SAMs as HTLs with carbazole-based phos-
phonic acid anchoring groups for PSCs. The mixed assembled
V1036 with C4 achieved a PCE of 17.8% with a high FF (0.81),
which is comparable to that of PTAA-based HTLs. Then, Al-
Ashouri et al.*° compared different carbazole derivative (V1036,
MeO-2PACz and 2PACz)-based SAMs. Their results showed that
2PACz achieved a PCE of 20.9% with a V,. of up to 1.19 V, which
is higher than that of PTAA-based HTLs (19.2%). 2PACz dis-
played the closest alignment to the valence band maximum
(VBM) of the perovskite, whereas V1036 showed the largest
offset, which is consistent with the direction of their dipole
moment. In addition, to further clarify the effect of band
alignment on the buried interface between the HTL and
perovskite film, they used photoluminescence (PL) and time-
resolved PL for investigation. With an increase in the quasi
Fermi level splitting (PTTA, V1036, MeO-2PACz, and 2PACz),
the V,. and PL lifetime improved. Consequently, the V,. of
2PACz was the highest among the three SAMs because of its
higher quasi Fermi level. Most SAMs are deposited through
solution-processed methods. Alternatively, Farag et al.>" devel-
oped a thermal evaporation method for the preparation of
carbazole-based (2PACz, MeO-2PACz, and Me-4PACz) SAMs,
which could realize near lossless energy at the interface and
enhanced voltage. In addition, the method of vacuum deposi-
tion can improve perovskite wettability for unideal materials
(Me-4PACz). The PCE of the evaporated Me-4PACz SAMs
improved to 19.2%, which is comparable to that of solution-
processed ideal materials (2PACz, 19.0%). Besides the
above-mentioned applications in Pb-based PSCs, SAMs with
carbazole-connected phosphonic acid anchoring groups
also have a positive impact on tin-based PSCs.**** Jen and
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Fig. 2 (a) Molecular structure of carbazole derivative-based SAMs with phosphonic acid anchoring groups. (b) Energy level and photoluminescence

analysis on perovskite with various SAMs as HTLs. Reproduced with permission.*® Copyright 2019, The Royal Society of Chemistry.

co-authors®® reported a strategy of co-assembly to combine SAMs
with an ammonium passivator to construct efficient HTLs with
reduced recombination loss. Additionally, the ammonium salt
could adjust the surface energy and enhance the coverage of the
SAMs. Finally, the modified device achieved a champion PCE of
23.59%. To further improve the performance of carbazole-based
SAMs, they designed asymmetric and helical n-expansion, namely
CbzPh and CbzNaph, respectively, as HTLs for inverted PSCs.>®
The larger molecular dipoles in CbzPh and CbzNaph could more
efficiently tune the work function of ITO, whereas the stronger
n-n interactions ensured a more ordered and denser molecular
assembly. Thus, the PCE could be further improved to 24.1%.
Although the PCEs of SAM-based devices have achieved good
progress, the coverage of SAMs on a large area is still a challenge
to overcome. To improve the wettability of Me-4PACz-treated
surfaces, Magomedov and co-authors®® introduced a second
component (6dPA) in the precursor solution. The results showed
that only a minority of the devices shunted because of low
coverage, while the average PCE of 17.8% with an active area of
1 cm? was achieved. Luther and co-authors used the concept of
co-deposition of SAMs with a perovskite layer to simplify the
device and improve the performance. Me-4PACz was added to the
perovskite precursor solution to improve the wettability of
the perovskite solution on the ITO substrate, and consequently
a PCE of 24.5% was achieved for the device.®” Moreover, the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 3958-3985 |

MeO-2PACz-based SAMs provided a suitable surface for growing
perovskite single crystals for PSCs. Bakr and co-authors®®
reported the growth of mixed-cation perovskite single crystals
on an MeO-2PACz-based HTL, which achieved a record PCE of
23.1% with enhanced operational stability for single-crystal PSCs.
The above-mentioned results confirm that carbazole-based SAMs
are good candidates as the interlayers in PSCs.

Although carbazole-based SAMs have achieved good perfor-
mances in PSCs, the mechanism of charge transfer kinetics and
trapping/de-trapping process are still not fully understood.
Levine et al®*® used transient surface photovoltage (SPV) to
investigate the hole transfer rate and non-radiative recombina-
tion losses in different carbazole-based SAMs (Fig. 3(a)). The
SPV measurements could monitor the variation in surface
potential under photoexcitation and provide evidence about
the type of injected charge (hole or electron).” The timescale of
various dynamic processes for charge transfer and recombina-
tion is shown in Fig. 3(b). It was found that the transfer rate of
holes to the ITO substrate is the fastest process with a timescale
of 0.1-1 ps. In addition, the timescale for the recombination of
holes and electrons is about 1 ps. Different chain lengths and
head groups have a strong influence on the dipole moments
and tunneling lengths for charge transfer. The resulting dipole
moments affect the barrier heights between the energy level
of the SAMs and the perovskite film. Me-4PACz and 2PACz

3961


https://doi.org/10.1039/d3qm00209h

Published on 31 mai 2023. Downloaded on 09.12.2025 02.47.11.

Materials Chemistry Frontiers

) .
(a) —— . Pulsed Excitation
K 50, S0, cylinder
6 e paayenered
% ¢ Wih SnO; F
E. —;—/‘e - w [0 Slectods High-impedance buffer
\ E,  meashoet T —sV(t)
HOMO i~ e o
j Triple-Cation HaP k.
Kie,
W sam
Y o SAM ‘ Perovskite +
o tom
distance ™ 1
O Y Y o
o> . S
oo i e e o
O O On O
pacz wacz epacs MotPACE Meo2PACE
(b) e trapping in ITO/SAM interface (N,)
9 A 7 5 3 1
10° b 10° 10° 10° 10°
1 Y571 Py il L il b " ht

t [sec]

e-h Recombination Recombination of de-
4 e , trapped and back-
4 i transferred (Ky,)
h* transfer to ITO (K,) charge carriers

v
Release of trapped e

Fig. 3

View Article Online

Review
(c)
EP
s e 107
(]
T4
[ = -
L]
‘é £ 10° ) A2
O c n
S 8 ‘\‘\Q Ad [ J
Q2 4 & 7 x
O = ,&
[ 4| % R /]
£ 10 S
7 E 6
O . N
& 7 %,& A
” O\
2O
_ 103 L " . 1
o
£
s
= 1L | | 2.
= 10 o Xy
& E % LG'/- N
‘O ® . (o) &)
e N » g
= s O
o - SN & u
o° o AS Q
o 4qtol = X, <
g 2 A5
5 2 i b
© A 2
8 2 e
©
2
= 109..

10° 10 10° 108 107
hole transfer rate constant, K (s™)

(a) Schematic model and experimental system for SPV and molecular structure of different SAMs. (b) Timescale of various charge transfer and

charge recombination. (c) Hole vs electron transfer rate constant and corresponding interfacial trap density for different SAMs. Reproduced with

permission.>® Copyright 2021, Cell Press.

(~1.7 D) have a higher dipole moment that of MeO-2PACz
(0.2 D), which contributes to the higher work function of
Me-4PACz and 2PACz. Fig. 3(c) reveals that the bare ITO was
prone to accept electrons for recombination, while the SAM-
treated ITO exhibited the capability to block electrons but
facilitate hole transfer. Additionally, different alkyl chain
lengths (n = 2, 4, and 6) in SAMs can affect the width of the
tunneling barriers. With an increase in the length of the alkyl
chain, the hole transfer rate decreased (6PACz < 4PACz <
2PACz). Besides affecting the charge transfer, the interfacial
trap density is enhanced with an increase in the alkyl chain
length. However, Me-4PACz facilitated hole transfer more than
the others, which can be attributed to its functional group
(-CHj,) affecting the formation of a dipole moment and film
morphology in the buried substrate. These results indicate that
it is necessary to comprehensively consider the functional parts
when designing SAMs due to the competing optoelectronic
processes.

According to the above-mentioned review of carbazole-based
SAMs, it can easily be seen that a longer alkyl chain length in
the linker is not beneficial for hole transfer due to the increased
interfacial resistance, which will lead to a low current density
and fill factor in the device. More importantly, to improve the
voltage of the device, it is necessary to modify the terminal
groups of SAMs, which can tune the dipole moment and
improve the trap passivation at the buried interface.

5.1.2 Triphenylamine and phenothiazine derivative-based
SAMs. Generally, carbazole-, triphenylamine- and phenothiazine-
based molecules display excellent ability for hole transfer.
Besides carbazole derivative-based SAMs in PSCs, Ullah et al*!

designed a halogenated phenothiazine-based SAM as the HTL
in inverted PSCs (Fig. 4). In comparison with carbazole-based
SAMs, the phenothiazine-based molecules containing electron-
withdrawing bromide groups displayed better energetic align-
ment with the perovskite layer and good electron blocking ability.
The Br-2EPT (13)-based PSCs obtained a PCE of over 22% with an
FF of up to 0.82. Moreover, they replaced the S atom in phe-
nothiazine with O and Se to form new types of SAMs (14 and 15),

2 Pl
o*Pon 0” “OH 0” “OH
13 (Br-2EPT) 14 (Br-2EPO) 15 (Br-2EPSe)
N
b cN NO,
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Fig. 4 Molecular structure of SAMs containing various terminal groups

\
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respectively. By varying the terminal group heteroatoms of the
SAMs, they found that the Se-based SAM displayed the strongest
interaction energy at the SAM/perovskite interface with a PCE
of 22.73%, which benefited from the reduced interfacial trap
density and enhanced charge-carrier lifetime.

To discuss the impact of SAMs on the work function of ITO,
Singh et al** systematically compared phenylphosphonic
acid-based SAMs containing electron-donating or electron-
withdrawing p-substituents on the surface of ITO. MxPPA
(16), MyPPA (17) and PPA (18) have an electron-donating
substituent and molecular dipole pointing away from the
substrate surface, while CPPA (19) and NPPA (20) have an
electron-withdrawing substituent and dipole pointing toward
the surface. Consequently, the device with electron-withdrawing
substituted SAMs (CPPA and NPPA) achieved a higher voltage.
A similar observation was also reported by Li and co-authors,*
who designed two D-A constructed SAMs (PPA: 21 and PPAOMe:
22) with phosphonic acid as anchoring groups, which realized
face-on m-stacking parallel to the conductive substrate. The
electron-donating (-MeO) group (PPAOMe) decreased the oxida-
tion potential. Consequently, the HOMO energy of PPA was lower
than that of PPAOMe, which is beneficial for achieving a higher
voltage. The PPA-based SAMs achieved a PCE of 23.24% with a V.
of 1.14 V in a small area and about 20% for the perovskite
module with an area of 17 cm® The operational stability of
the PPA-based device also improved. According to the above-
mentioned analysis of triphenylamine and phenothiazine
derivative-based SAMs, it can be concluded that halogenated-
substituted groups can adjust the energy level of SAMs to better
match with the perovskite. In addition, the electron-withdrawing-
substituted SAMs at the terminated group can induce the direc-
tion of the dipole moment to point toward the surface of the
perovskite, which can contribute to a higher voltage. However,
the presence of electron-donating-substituted SAMs in the term-
inal group will lead to the direction of the dipole moment
pointing to the conductive substrate, and thus has an inverse
effect on the photovoltage.

5.1.3 The effect of anchoring group on the performance of
SAMs. The above-mentioned SAMs contained phosphonic acid

View Article Online
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as their anchoring groups, which always affect their coverage,
binding mode and strength on the conductive substrate. Li
et al.** reported the preparation of SAMs with various anchor-
ing groups (TPT-S6, TPT-C6 and TPT-P6) to investigate the
effect of bonding strength on the monolayer quality, as shown
in Fig. 5. Through the DFT calculation, it was found that
—-COOH and -SO;H were favorably chemisorbed on the surface
through dissociative chemisorption with O-H bond breaking
(Fig. 5(a)). However, -POzH could be adsorbed via dissociative
chemisorption or molecule adsorption. In addition, the more
negative adsorption energy of phosphonic acid compared to
sulfonate and carbonate indicated that -POz;H is more easily
attached to ITO than sulfonic acid and carboxylic acid. Further-
more, the results of UV-vis absorption spectra indicated that
the -PO;H-based SAMs have higher absorbance and coverage
after self-assembly (Fig. 5(b)). Besides, sum-frequency genera-
tion vibrational spectroscopy of the -PO;H-based SAMs dis-
played an ordered molecular orientation, which can enhance
the interfacial dipole moment and adjust the interfacial band
alignment in PSCs.*® After washing the SAM-based conductive
substrate, the -PO3zH-based substrate maintained the same
absorbance, while that of the ~-COOH- and -SO;H-based sub-
strate exhibited a decline. The results demonstrated that the
phosphonic acid-based TPT-P6 with the strongest anchoring
strength achieved the best PCE of 21.43%, which is much
higher than that of the -COOH- and -SO;H-based SAMs.
According to the comparison of anchoring groups, it is proven
that the anchoring groups with a stronger bonding strength are
beneficial for enhancing the assembly rate (coverage) and
charge collection and suppressing interfacial recombination.
In addition, the -POzH-based anchoring groups have better
stability than the -COOH and -SO;H groups.

5.1.4 The effect of the terminal group on the performance
of SAMs. To investigate the effect of the terminal group (SAMs)
on the performance of the device, different electron-donating
and withdrawing functional groups (23-27, Fig. 6) were
designed by Demic and co-authors.® The SAMs with terminal
electron-withdrawing groups led to mismatched energy level
alignment and formation of strong hydrogen bonding, which is
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Fig. 6 Molecular structure of SAMs containing various terminal groups with carboxylic acid as the anchoring groups.

harmful for charge extraction, and thus the performance of
PSCs. In addition, they also used various donor groups (28-30)
to compare their photovoltaic performance.*” The EA-58-based
SAM has an appropriate energy level alignment and methoxy
group that can passivate the trap states through coordinative
bonding. The strategy of double anchoring groups was also
applied in SAMs for PSCs. Demic and co-authors reported the
preparation of two SAMs (EA-59:31 and EA-60:32) with double
anchoring groups to attach on the ITO substrate to tune the
work function.*®

Similarly, Palomares and co-authors*® designed dimethoxy-
benzene-substituted carbazole (33 and 34) as a donor for
efficient charge selection and hole transfer, resulting in a
smooth and compact perovskite film. This design enabled the
perovskite devices to surpass 21% stabilized output efficiency.
More importantly, the monolayer-based devices exhibited good
stability compared to the PTAA-based cells. They also designed a

series of triphenylamine derivative-based SAMs (35-39) and
tuned the substituted position on the donor part. It was found
that the para- and ortho-substituted SAMs enabled the for-
mation of a perovskite thin film with large grains grown atop,
increasing the PCE to 20%.°>" Zhang et al.”” introduced three
SAMs with different numbers of F atoms (40-42) in phenyl-
acetic acid to modify the surface work function (WF) of the ITO
substrate with the formation of interfacial dipoles. Due to
the optimized band structure and lower energy loss at the
ITO/MAPDI; interface, the 2TFA-modified device achieved the
highest power conversion efficiency (PCE) of 20.19%. There are
also other examples exploring Spiro-OMeTAD derivative-based
SAMs due to their good performances in regular devices.
For instance, Palomares and co-authors> designed a Spiro-
OMEeTAD derivative with a carboxylic acid unit as the anchoring
group to form SAMs (Spiro-Acid: 43) for inverted PSCs, achieving
a PCE of 18.15%.
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5.1.5 Conjugated SAMs as HTLs in inverted PSCs.
Although non-conjugated molecule-based SAMs have achieved
some progress, conjugated molecule-based SAMs are also pro-
mising candidates for HTLs because of the fast charge transfer
in conjugated structures. In addition, the conjugated part can
improve the stability and delocalize the electrons in SAMs. The
molecular structure of conjugated SAMs is shown in Fig. 7.
According to the former experience in dye-sensitized solar cells
(DSSCs), Guo and co-authors designed a D-n-A-structured
molecule (MPA-BT-CA) as SAMs for HTLs in inverted PSCs.>*
The MPA-BT-CA-based SAMs could induce intramolecular
charge transfer and contribute to fast hole extraction and
reduce the charge recombination rate in PSCs, which achieved
a PCE of 21.24%. Additionally, MPA-BT-CA also displayed a
good performance in eco-friendly alcohol solvent with a PCE of
20.52%. The same group also attempted to optimize MPA-
BT-CA and replace the anchoring groups with benzoic acid or
rhodanine-3-propionic acid to form new SAMs (MPA-BT-BA and
MPA-BT-RA, respectively).>® They found that the SAMs with
cyanoacrylic acid as the anchoring group had large dipole
moments and formed a homogeneous layer on the ITO sub-
strate. However, the SAMs with rhodanine-3-propionic acid as
the anchoring groups tended to severely aggregate in the solid
state due to the existence of sp>-hybridized carbon atoms in the
anchoring group. Moreover, the fluorine atom was introduced
in the donor part to increase the dipole moment in the SAM
(FMPA-BT-CA),”® and consequently a remarkable PCE of
22.37% was achieved. As mentioned, the conjugation and
intramolecular D-A characteristics can alter the carrier deloca-
lization and molecular frontier energy levels. Accordingly, Zhu
and co-authors®” designed different donor units, including
carbazole and triphenylamine, with varying electron-donating
capabilities to gradually tune the energy level and match
the valence band edge of the perovskite. In addition, they
also changed the conjugation length to further manipulate

o) Q

44 (MPA-BT-CA) 45 (MPA-BT-BA)

View Article Online
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the self-assembly behavior of these SAMs. The optimal con-
jugated SAMs (MPA-Ph-CA) achieved a remarkably high PCE of
22.53%, which is even higher than that of the non-conjugated
SAMs (MeO-2PACz, 21.29%). More importantly, the conjugated
MPA-Ph-CA SAMs displayed better long-term stability than
the non-conjugated MeO-2PACz under light excitation. These
results for conjugated SAMs as HTLs in inverted PSCs show that
the conjugated SAMs can help to achieve a good device perfor-
mance and stability.

5.1.6 SAMs containing unpaired electron of N as anchoring
group for the HTL in inverted PSCs. In the functional parts of
SAMs, N (unpaired electrons) can also act as an anchoring
group and interact with Sn in the ITO or FTO substrate (Fig. 8)
because of the unpaired electron in the N atom. The N atom
can be regarded as a Lewis base to interact with the conductive
substrate, which is quite different from acid-based anchoring
groups. Duan and co-authors®® reported the synthesis of a
series of triphenylamine derivatives (55-57) with the non-
conjugated linker of sp>-hybridized oxygen atom. The connec-
tion of the non-conjugated oxygen can simply adjust the
suitable energy level at the ITO/SAM interface. In addition,
the triphenylamine derivatives have small hole-reorganization
energy due to the reduced variation in the torsion angle
between the adjacent donor parts, which results in a matched
energy level alignment, enhanced charge extraction and sup-
pressed carrier recombination at the ITO/perovskite interface.
As expected, the SAMs of DMeTPA-O delivered an increased
performance of up to 20.57%.

A similar investigation was conducted by Curiel and co-
authors,” who developed a convenient two-step procedure
to synthesize a fused polyheteroaromatic (ADAI), which can
spontaneously self-assemble to enhance the molecular
arrangement to form ordered SAMs. Cheng and co-authors®®
reported that TAPC SAMs on ITO can induce the formation
of an interfacial dipole at the ITO surface through the binding
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Fig. 7 SAMs containing a push—pull structure with conjugated unit in their linker.
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Fig. 8 SAMs with unpaired N as anchoring groups for HTL in inverted PSCs.

of Sn—-N. It was found that the interfacial dipole of ITO/SAMs
can increase the effective work function of ITO. By employing
TAPC SAM-modified ITO as the substrate, the perovskite
displayed upward energy band-bending at the interface of
ITO/perovskite with decreased energy loss in the process of
hole transfer from the perovskite to ITO. Consequently, the
efficient hole transfer and extraction at the ITO/perovskite
interface contributed to a PCE of over 19% for the TAPC-based
device.

5.1.7 Polymer- and metal-based 2D materials as SAMs for
HTL in inverted PSCs. Most SAMs are small organic molecules,
while polymer and metal-based materials are rarely reported for
PSCs (Fig. 9). Yan and co-authors®" reported the preparation of
a 2D conjugated metal-organic framework (Cuz(HHTT),) and
that the Cu ion could anchor on the conductive substrate
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through interaction with ~OH. Based on the crystal structure
of the Cu-MOF-based SAMs, they observe the existence of strong
n-n stacking between the adjacent layers. The Cu-MOF-based
SAMs could provide an ultra-smooth surface for the growth of
the perovskite and reduce the amount of defects on the buried
perovskite surface. Consequently, a PCE of over 22% was
obtained. In addition, a similar approach was found to be
suitable for preparing large-area films and a PCE of 19.86%
was achieved for the device with an area of 1 em® Similarly,
Wang and co-authors®® designed self-assembling COOH-
functionalized P3HT (P3HT-COOH) with an ultra-uniform
morphology on the conductive substrate. Additionally, P3BHT-
COOH could form an ordered and homogeneous layer, which
could facilitate the growth of a near single crystal perovskite
thin film with high quality and preferred orientations. According
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to the above-mentioned progress, the 2D metal MOF and
polymer-based SAMs can form ordered and ultrasmooth mole-
cules on the substrate, which is beneficial for the growth of
perovskite films.

Table 1 A summary of SAMs as HTLs in p—i—n-structured PSCs
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A summary of SAMs as HTLs in p-i-n-structured PSCs is
listed in Table 1. It suggests that the SAMs (Me-4PACz) with
carbazole as the terminal group and phosphonic acid as the
anchoring group have the highest performance (PCE = 24.5%)

SAMs Perovskite Voe (V) Jse (MA cm™?) FF (%) PCE (%) Ref.
V1036 + C4 C50.05(MAg.17FA0.83)0.05PD(To.83B0.17)3 1.09 21.4 76.5 17.8 29
V1036 CS0.05(MAg.17FAg 53)0.05PD(To.53BT0.17)3 1.041 21.2 79.3 17.5 30
MeO-2PACz CS0.05(MAg.17FA¢ 83)0.05PD(To.83BT0.17)3 1.144 22.2 80.5 20.4 30
MeO-2PACz FAo.6MA,_4PbI; (Sigle Crystal) 1.07 27.5 0.77 23.1 38
DC-PA + IAHA CS0.0sMAg 15FA goPbl, 1.16 24.66 82.45 23.59 34
2PACz C50.05(MAo17FA0.83)0.95Pb(To.83B0.17)3 1.188 21.9 80.2 20.9 30
4PACz CS0.0sMAg 15FA, goPbl; 1.07 23.20 58.43 14.5 35
Me-4PACz C50.0sMAo 2,FAg 73Pb(I.77BT 23)3 1.195 20.6 79.9 19.6 31
Me-4PACz + 6dPA FA¢.70MAg 16C80.0sPb(I.63BT0.17)3 1.168 21.1 79.2 19.2 36
CbzPh CS0.0sMAg.15FA¢ goPbl, 1.12 23.43 73.06 19.2 35
CbzNaph CS0.0sMAg 15FAg soPbL, 1.17 24.69 83.39 24.1 35
Me-4PACz C50.05(FAo.92MAo 08)0.95PD(T0.02BT0.08)3 1.19 24.78 83.07 24.50 37
Br-2EPT C50.05(FAo.92MAg 08)0.95PD(To.92BT0.05)3 1.09 24.41 81.3 21.63 1
Br-2EPO C50.05(FAo.02MAg.08)0.05PD(T0.02BT0.08)3 1.074 24.25 80.74 21.02 1
Br-2EPSe C50.05(FAo.92MA0,08)0.95PD(T0.02BT0.08)3 1.12 24.49 82.86 22.73 4
MxPPA MAPbDI; 0.68 16.84 0.51 5.92 42
MyPPA MAPbDI; 0.79 16.67 0.57 7.57 42
PPA MAPbDI; 0.94 16.18 0.57 8.81 42
CNPPA MAPDI3 1.06 16.08 0.68 11.65 42
NPPA MAPbDI; 1.07 18.44 0.70 13.94 42
PPA CS0.05FA ssMA, 1 Pbl, 1.14 24.83 82.0 23.24 43
PPAOMe CS0.05FA¢.gsMAg 1 PbI, 1.10 24.70 79.2 21.52 43
TPT-S6 C50.0sMAo.15FAg g3Pb(I.65BT0 15)3 0.998 21.50 75.31 16.16 44
TPT-C6 CS0.05MAg.12FA 53Pb(Io.55BT0.15)3 1.077 23.32 75.46 18.87 44
TPT-P6 CS0,0sMAg.12FAg 53Pb(Io 55BTo.15) 1.125 23.49 81.08 21.43 44
EA-41 MAPbDI; 1.019 16.69 69.86 11.89 46
EA-46 MAPbDI; 1.006 16.37 62.18 10.24 46
EA-49 MAPbDI; 1.024 17.25 68.15 12.03 46
EA-50 MAPbDI; 1.035 15.59 56.30 9.09 46
EA-56 MAPbDI; 1.023 15.05 56.56 8.71 46
EA-54 MAPbDI; 0.982 17.95 63.64 11.22 47
EA-58 MAPbDI; 0.967 18.56 76.37 13.71 47
EA-63 MAPbDI; 1.021 18.13 60.71 11.24 47
EA-59 MAPbDI; 1.043 17.68 71.56 13.19 48
EA-60 MAPbDI; 0.877 18.11 70.02 11.11 48
EADRO3 CS0.05F Ao 70MAg 16Pb(Io 55BTo.16)s 1.156 22.9 80 21.2 49
EADRO4 C50.05FA¢.76MAg 16Pb(I.64BT0 16)3 1.164 22.6 80 21.0 49
TPA MAPbDI; 1.06 19.4 77 15.9 50
MC-43 MAPbDI; 1.07 20.3 80 17.3 50
RC-24 C50.05FA¢.76MAg 16Pb(I.64BT0 16)3 1.123 22.3 79 19.8 51
RC-25 CS0.05FAg.79MAg 16Pb(Ip.54BTo.16)3 1.116 22.1 79 19.6 51
RC-34 C50.05FAo.76MAg 16Pb(I.64BT0 16)3 1.109 22.5 79 19.7 51
FA MAPbDI; 1.069 21.37 74.43 16.99 52
TFA MAPbDI; 1.099 21.86 77.20 18.55 52
2TFA MAPbDI; 1.120 22.24 81.06 20.19 52
Spiro-Acid C50.05(FAo.8sMAo.15)0.95Pb(To.85B0.15)3 0.990 22.20 82.6 18.15 53
MPA-BT-CA (FAo.17MAg 64PbT; 11)0.05(PbCl,)o 05 1.13 22.25 84.8 21.24 54
MPA-BT-BA (FAg.17MAg.04PbI; 11)0.05(PbCl3)o.05 1.12 22.76 81.0 20.58 54
MPA-BT-RA (FA.17MAg 04PbI; 11)0.05(PbCl3)o.05 1.10 22.03 81.1 19.65 55
FMPA-BT-CA (FAo.17MAg.64PbI; 11)0.05(PbCly)o 05 1.151 23.33 83.3 22.37 56
2FMPA-BT-CA (FAg.17MAg.04PbI; 11)0.05(PCl2)o.05 1.143 22.81 83.1 21.68 56
Cz-CA (CS0.05(FAo.92MAg 08)0.95PD(T0.92B0.08))3 1.07 23.2 81.3 20.17 57
TPA-CA (CS0.05(FAo.62MAy,08)0.05PD(T0.2BT0.08))3 1.04 22.8 74.2 17.58 57
MPA-CA (CS0.05(FA0.92MA,08)0.95Pb(To.03BT0.08))3 1.08 23.4 80.6 20.36 57
Cz-Ph-CA (CS0.05(FA0.92MAg.08)0.95Pb(To.92Br0.08))3 1.11 23.0 80.9 20.66 57
TPA-Ph-CA (CS0.05(FA0.92MA,08)0.95Pb(To.02Br0.08))3 1.12 23.1 78.3 20.26 57
MPA-Ph-CA (CS0.05(FA0.92MA,08)0.95Pb(To.02BF0.08))3 1.139 23.55 84.02 22.53 57
DMeOTPA-O C50.05(FAo.ssMAg 12)0.05PbI; 0.97 23.82 80.8 18.67 58
DMeTPA-O C50.05(FAo.5sMAg.12)0.05PbI; 1.01 24.93 81.7 20.57 58
DMeTPA C50.05(FAo.gsMAg.12)0.05PbI; 1.00 24.31 80.5 19.57 58
ADAI MAPbDI; 1.04 19.9 77 15.5 59
TAPC MAPbDI;_,Cl, 1.12 22.07 78.89 19.42 60
P3HT-COOH MAPbDI; 1.10 22.83 82.6 20.74 62
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in organic-inorganic hybrid perovskites via the method of
co-deposition.*” In addition, it can also be found that the SAMs
with phosphonic acid as the anchoring group can achieve
better performance among the various anchoring groups. For
the linker, it should be noted that a too long length in the linker
will create large interfacial resistance. More importantly, the
strategy of using binary SAMs can provide an effective way to
solve the issue of wettability. SAMs as HTLs have also displayed
desirable performances in Sn-based PSCs, as summarized
in Table 2. The devices (Sn absorber) with SAMs as HTLs have
better thermal stability than PEDOT:PSS-based devices.
However, the application of SAMs in lead-free and all-inorganic
perovskite is still rare. Thus, the development of more SAMs with
high-stability suitable energy levels is necessary.

5.2 SAMs as interfacial modification layers for NiO,-or
PEDOT:PSS-based PSCs

NiO, and PEDOT:PSS are commonly used HTLs in inverted
PSCs.%*"°® However, there are still many issues to be solved such
as low hole mobility and instability. Jen and co-authors®” used a
series of benzoic acid SAMs (Fig. 10(a)) with different dipole
moments to passivate the surface defects in NiO, nanoparticles
(NPs) and found that 4-bromobenzoic acid could effectively play a

View Article Online

Review

role in surface passivation. In addition, the V. of the device is
related to the direction and strength of the dipole moments of the
SAMs. The SAM layer reduced the trap-assisted recombination,
minimized the energy offset between the NiO, NPs and perovs-
kite, and changed the wettability of the HTL surface, thus enhan-
cing the crystallization of the perovskite and resulting in more
stable PSCs with an enhanced PCE to 18.4%. Wang and co-
authors®® designed and synthesized two pyridine-terminated con-
jugated small organic molecules (Fig. 10(b)) to link the NiO, and
perovskite layers for NiO,-based perovskite solar cells (PSCs).
Surface modification of the NiO, film with the PTZ molecules
contributed to the efficient hole extraction, reduced defect density
and prohibited interfacial charge recombination. Min and co-
authors® used the bidentate chelating ligand 2,2'-bipyridine
(Fig. 10(c)) to modulate the interfacial properties between NiO,
and perovskite via its strong interactions between the two layers.
The improved interfacial contact is beneficial to the crystal growth
of the perovskite. Similarly, Yang and co-authors”® reported the
use of an ethanolamine molecule monolayer (Fig. 10(d)) to modify
the NiO, nanocrystal layers, which could enhance the hole
extraction/transport, and thus the photovoltaic performance.
Chen and co-authors”" reported the use of p-chlorobenzene-
sulfonic acid (CBSA, Fig. 11(a)) SAMs to simultaneously anchor

Table 2 A summary of SAMs as HTLs in p—i—n-structured PSCs with Sn as the absorber

SAMs Perovskite Voe (V) Jse (MA cm™?) FF (%) PCE (%) Ref.
MeO-2PACz FASNI; 0.458 19.5 67.4 6.02 32
2PACz FASnI, 0.320 11.7 47.0 1.8 32
2PACz C80.025FAg.475MAg 58N 5Pbg 51.025BT0.075 0.86 32.83 0.76 21.39 33
MPA C80.025FAg.475MAg 58N 5Pbg 51 025BT0.075 0.84 32.75 0.77 21.08 33
2PACz + MPA C80.025FA.475MAg 58N 5Pbg 51.025BT0.075 0.88 33.13 0.80 23.23 33
Cu,(HHTT), FAy.53CS0.175N0.35PDo.6515.0BT0 1 0.92 30.13 79.42 22.01 61
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NiO, and perovskite crystals, which could realize bifunctional
passivation. Due to the existence of chlorine, the SAMs afforded
growth sites for the perovskite and contributed to the inter-
facial strain release and filled the iodine vacancies. In addition,
the anchoring group (-SO;H) in the SAMs can passivate the
surface defects of NiO,. More importantly, the formed SAMs
can restrict the unfavorable redox reaction at the NiO/perovs-
kite interface, which is beneficial for improving the charge
carrier extraction and stability. Therefore, the NiO,/CBSA-based
PVSCs obtained a champion PCE of 21.8% with enhanced
thermal stability, which could maintain over 80% of its initial
PCE after tracking at 80 °C for 800 h under an N, atmosphere.
The carbazole phosphonic acid (2PACz, Fig. 11(b)) SAMs could
also be used to modify an NiO, film with a PCE of 22.2%.”>
In addition, 2PACz SAMs on the substrate of PEDOT-PSS
offered an energetically aligned interface at the HTL/Sn-based
perovskite absorber interface (Fig. 11(c)), which contributed to
less lattice disordering and reduced charge recombination in
the perovskite film.”> Due to the absence of direct contact
between PEDOT:PSS and the perovskite film, a perovskite film
with a compact morphology was formed on the substrate and
further improve the stability of the device with a PCE of 8.66%
for the tin based-device. The same strategy was used by Na and
co-authors,”* who reported the preparation of 3-(triethoxysilyl)-
propylamine (TSPA, Fig. 11(d)) SAMs on NiO, through
hydrogen-bonds between the amino group of TSPA and hydro-
xyl group on the surface of NiO,, which can reduce the surface
defects and avoid the direct contact of the hydroxyl groups and
the perovskite to improve the stability. Furthermore, by insert-
ing TSPA SAMs in NiO,, a positive dipole moment was formed
and pointed toward the surface of NiO,, which contributed to
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the suitable work function at the NiO, interface with matched
energy level alignment with the VB of the perovskite grown atop.
Finally, after treatment with TSPA, the interface showed improved
charge extraction/transportation capability and reduced charge
recombination. Zhu and co-authors” reported an interfacial dipole
with -CFs-terminated silane SAMs (Fig. 11(e)) connected to the
NiO,/perovskite interface, leading to well matched energy levels
and notably reduced energy barrier. Additionally, the insertion of
Si-CF; improved the conductivity of NiO, and the formed dipole
interlayer could adjust the builtin electric field, which finally
improved the current density and photovoltage simultaneously.
Eventually, the modified device achieved a PCE of 19.58%, which is
much better than that of 17.98% of the control device.

A summary of SAMs as interfacial layers for NiO-based PSCs
is presented in Table 3. Firstly, to improve the voltage of the
NiO-based device, the SAMs should have their dipole moment
pointed toward the NiO substrate. Secondly, the conjugated
linker of SAMs can increase the charge transfer rate between
the perovskite and NiO. Moreover, the interaction between the
terminal group of SAMs with Pb>" is important for the prepara-
tion of high-quality perovskite films.

6. SAMs as electron transporting
layers or modifying layers for
n—i—p-structured PSCs

6.1 SAMs as electron transporting layers for n-i-p-structured
PSCs

Besides application as the hole transport layers, SAMs can also
be used as electron transport layers for n-i-p-based PSCs (Fig. 12),
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Fig. 11 (a) p-Chlorobenzenesulfonic acid SAMs in NiO,-based device. Reproduced with permission.”* Copyright 2022, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Carbazole derivative SAMs in NiO4-based device. Reproduced with permission.”? Copyright 2022, Elsevier B.V. (c) Carbazole
derivative SAMs in PEDOT:PSS-based devices. Reproduced with permission.”®> Copyright 2022, Elsevier B.V. (d) Silane SAMs in NiO,-based device.
Reproduced with permission.”* Copyright 2022, Elsevier B.V. (e) —CFs group-substituted silane SAMs. Reproduced with permission.”> Copyright 2021,

Elsevier B.V.
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Table 3 SAMs as interfacial layers for NiO- or PEDOT:PSS-based PSCs
SAMs Perovskite Voe (V) Jse (mA em™?) F (%) PCE (%) Ref.
NiO/Br-BA MAPDI; 1.11 21.7 76.3 18.4 67
NiO/NH,-BA MAPDI; 0.99 17.5 74.1 12.8 67
NiO/CH;0-BA MAPDI; 1.02 19.1 70.6 13.8 67
NiO/H-BA MAPDI; 1.05 20.3 76.2 16.2 67
NiO/CIl-BA MAPDI; 1.10 21.0 76.0 17.6 67
NiO/PTZ-1 MAPDI; 1.028 20.91 75.6 16.25 68
NiO/PTZ-2 MAPDI; 1.043 21.45 76.0 17.00 68
NiO/BiPy CsFAMA 1.08 19.81 77.26 16.53 69
NiO/DEA MAPDI;_,Cl, 0.95 20.90 80 15.90 70
NiO/CBSA CS0.05(FA0.02MAqg 05)0.05(T0.92BT0.08)3 1.11 24.01 81.43 21.8 71
NiO/2PACz FAg.70MA 16CS0.05Pb(I5.0Bro 1)3 1.13 23.6 82.5 22.4 72
NiO/MeO-2PACz FAg.76MAg 16CS0.05Pb(Io.0Bro.1)3 1.09 23.4 82.5 21.0 72
PEDOT:PSS/2PACZ Sn perovskite“ 0.74 16.22 73 8.66 73
NiO/Si-CF; MAPDI; 1.10 22.45 79.3 19.58 74
NiO/TSPA CsFAMA 1.11 22.76 80.32 20.21 75
“ Sn perovskite: EDAy o1(GAg.06(FA0.6C80.2)0.94)0.08SNL,BI.
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Fig. 12 Molecular structure of SAMs as electron transport layers for n—i—p-structured PSCs.

which can also play a role in the passivation of defects and
adjusting the energy level. Due to the good conductivity of
fullerene, Petrozza and co-authors designed a self-assembled
siloxane-functionalized fullerene molecule as the ETL for n-i-p-
based PSCs with a PCE of 15%.”® Besides fullerenes, n-type
molecules such as imidazolium iodide-functionalized ionic
liquid also displayed ability to tune the work function of the
FTO substrate, and then increase the PCE to 17.31%.””

Due to their good thermal stabilities and high electron
mobility, naphthalene-imide derivatives are very promising
candidates as electron transporting materials. Zhu and co-
authors’®”® reported a series of naphthalimide derivatives
substituted with electron-rich piperidine (PN-P), 4-trifluoro-
methylphenyl (TN-P), and electron-deficient imide (NDI-P)

3970 |

groups. Because of the improved interfacial energetic alignhment,
NDI-P exhibited the most efficient electron extraction capability
with a PCE of 16%. Compared with NDI, PDI derivatives have
more suitable LUMO energy levels aligned with the CB edge of
perovskites, which reduces the electron transfer barrier and
facilitates the interfacial electron extraction. In addition, the
incorporation of branched anchoring chains can efficiently
address the solubility issue of PDI compounds and increase
their solution processability. Consequently, the PDI-LAS-based
SAM achieved a PCE of 18.77%. Bach and co-authors®® designed
eight naphthalene imide derivatives as SAMs on ITO as ETLs for
PSCs. The pyridines and amines in the terminal group of the
SAMs can coordinate with Pb®" ions, and then stabilize the
perovskite surface. Their results indicated that the more Lewis
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SAMs Perovskite Voe (V) Jse (mA em™?) FF (%) PCE (%) Ref.
Sil-C60 C80.05FA¢7sMA ,PbBr( 315 7 1.04 19.4 74 15.2 76
BIPH-II MAPDI, 1.082 22.40 71.4 17.31 77
PN-P MAPbI, 0.76 10.23 69.68 5.45 78
TN-P MAPbI, 0.94 10.93 52.94 5.41 78
NDI-P MAPDI, 1.05 20.56 73.98 16 78
PDI-LP MAPbI, 1.08 22.57 72.81 17.83 79
PDI-LAS MAPDI, 1.11 22.88 73.98 18.77 79
2a CS0.05FA¢.sMA 15Pbl, 5Br 5 1.03 20.0 0.62 12.6 80
2b C80.05FA¢.sMA, 15PbI, 5Br 5 1.01 19.7 0.62 12.4 80
2¢ CS0.05FA¢.sMA 15PbI, 5B 5 0.95 20.4 0.57 11.1 80
2d CS0.05FA¢.sMAg 15PbI, 5Br 5 1.01 19.8 0.60 12.1 80
3a CS0.05FA¢.sMA 15PbI, 5By 5 0.95 20.5 0.54 10.5 80
3b CS0.05FA¢.sMA 15Pbl, 5B 5 1.01 19.6 0.62 12.2 80
3¢ CS0.05FAg.sMAg 15PbI, 5BIg 5 0.99 19.8 0.56 10.9 80

base SAMs acted as a better passivation agent for the perovskite,
which could reduce the surface recombination velocities and
increase the efficiency. In addition, the two carboxylic acid
anchoring group-based SAMs exhibited better coverage on ITO
than the benzoic acid-based SAMs, which provided better
electronic coupling between ITO and the perovskite. Even-
tually, the naphthalene-imide SAM (3a) could maintain 80% of
the original PCE at the temperature of 85 °C for 800 h. The
above-mentioned reports are summarized in Table 4, where it
can clearly be seen that the fullerene and naphthalene imide
derivative-based SAMs are good candidates as the ETL for
n-i-p-based PSCs because of their high electron mobility and
thermal stability.

6.2 SAMs as interfacial modification layers for TiO,-based
PSCs

As a n-type semiconductor, TiO, has been widely used in PSCs
as the electron transport layers.*’®* However, the presence of
oxygen-based unoccupied sites and their poor UV stability
affect the performance of the device. In the case of planar
PSCs, Snaith and coworkers®® used fullerene-based SAMs
(Ce0-SAM) to modify the compact TiO, surface (Fig. 13(a)) and
investigated the physical processes occurring at the interface
between the ETL and perovskite by photothermal deflection
spectroscopy and photoluminescence analysis. Their results
showed that the Cg-SAM enhanced the electron transfer rate
and reduced the hysteresis behavior. For the mesoporous TiO,-
based device (Fig. 13(b)), the Cqo-SAM acted as an electron
acceptor but inhibited further electron transfer to the mesos-
tructured TiO, due to their energy level misalignment and poor
electronic coupling. The PCE of the Cg-SAM and P3HT-based
device was only 6.7%, but further increased to 11.7% after
applying Spiro-OMeTAD as the HTL.** Hayase and co-authors®®
applied HOOC-R-NH;I-based SAMs (Fig. 13(c)) at the interface
between perovskite and mesoporous TiO,. The SAMs could
retard the charge recombination and enhance the growth of
the perovskite crystal. Consequently, the PCE increased from
8% to 12%. Han and co-authors®” reported the preparation of
an organic silane-based SAM (Fig. 13(d)) on mesoporous TiO,
for hole-conductor-free PSCs with a carbon counter electrode,

leading to optimized interfacial band alignment and enhanced
charge lifetime. The PCE improved from 9.6% to 12.7%.
Thus, these results indicate that C60, amino-acid and organic
silane-based SAMs have a good passivation effect on the inter-
face of TiO,/perovskite and improve the charge lifetime by
reducing the defects.

Besides the above-mentioned SAMs used for TiO,, Meng
and co-authors®® reported the strategy of synergistic SAM
(Fig. 14(a)), which can passivate the defects and enhance the
charge transfer simultaneously. They utilized 3-carboxypropyl-
triphenyl phosphonium bromide (CPTPB) together with a full-
erene derivative (PCBA) to self-assemble at the TiO,/perovskite
interface. They showed that the interaction of hydrogen bond-
ing among CPTPB, PCBA, and TiO, can contribute to the
formation of functionalized C-PCBA SAMs. More importantly,
the appropriate conjugated structure in CPTPB could facilitate
the orderly bonding of the SAMs to the TiO, substrate. Conse-
quently, a maximum PCE of 24.8% could be realized for the
planar TiO,-based PSCs with a high operational stability, which
could maintain 85% of their initial PCE after 700 h continuous
light illumination. Pauporté and co-authors®® reported the
attachment of chloride-functionalized benzoic acid molecules
(CBA) at the TiO, surface through a bridging bidentate mode.
In addition, the Cl in the CBA SAMs has strong binding with the
perovskite. Through the experimental analysis and theoretical
calculation, it can be concluded that the CBA SAMs at the oxide/
perovskite interface contributed to the continuous structure,
reduced defects, and high quality of the perovskite film atop
(Fig. 14(b)). The PCE of the CBA SAM-modified device increased
from 20.3% to 21.35%. Jia and co-authors®® reported the use of
bifunctional SAMs (4-picolinic acid, Fig. 14(c)) as an interface
linker to facilitate the charge transfer and passivate the defects
at the interface of TiO,/perovskite. Zheng and co-authors®*
introduced SAMs with double anchoring groups, i.e., carboxylic
acid and thiol groups (HOOC-Ph-SH, Fig. 14(d)), to link the
interface between the porous TiO, and perovskite layers and
enhance the electron transfer. In addition, modifying the
top surface of perovskite with hydrophobic thiols (HS-PhF5)
could effectively improve the stability of the PSCs because of
the strong binding between S and Pb. Tao and co-authors®
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Fig. 13 SAMs in TiO,-based perovskite solar cells. (a) Co-SAM deposited on planar TiO,-based device. Reproduced with permission.84 Copyright 2014,
the American Chemical Society. (b) Ceo-SAM attached on mesoporous TiO,-based devices. Reproduced with permission.8> Copyright 2013, American
Chemical Society. (c) HOOC—(CH,)3—NHsl on mesoporous TiO,-based device. Reproduced with permission.8® Copyright 2014, the American Chemical
Society. (d) Organic silane self-assembled monolayer on mesoporous TiO,-based device. Reproduced with permission.®” Copyright 2015, the American

Chemical Society.
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Fig. 14 SAMs in TiO,-based perovskite solar cells: (a) 3-carboxypropyl-triphenyl phosphonium bromide with the fullerene derivative in planar TiO,-

based device. Reproduced with permission.®® Copyright 2022, Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim. (b) Benzoic acid and amino acid

derivative-based SAMs in mesoporous TiO,-based devices. Reproduced with permission.®® Copyright 2020, the American Chemical Society. (c) 4-

Picolinic acid in mesoporous TiO,-based device. Reproduced with permissi

on.°° Copyright 2019, Elsevier B.V. (d) Thiol-based SAMs in mesoporous

TiO,-based device. Reproduced with permission.>* Copyright 2015, The Royal Society of Chemistry. (e) Phosphonic acid-based SAMs in mesoporous

TiO,-based device.

designed a series of phosphonic acid-based SAMs (Fig. 14(e))
with different chain lengths and terminal functional groups to
modify the mesoporous TiO, surface and investigate their effect
on charge extraction. It was found that the longer chain length
of the linker led to large tunnelling barrier and decreased

performance. Although the terminal group adjusted the energy
level at the TiO,/perovskite interface, the chemical interaction
between the terminal group and perovskite is more important
to achieve high performance due to its influence on the
morphology of the perovskite film and charge extraction.
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6.3 SAMs as interfacial modification layers for SnO,-based
PSCs

The high performance of TiO,-based ETLs usually requires high
temperature processes to form a mesoporous structure. You
and co-authors®® used SnO,-based nanoparticles to prepare
efficient SnO,-based planar PSCs. Since then, increasing work
has been focused on SnO,-based ETLs.’* Padture and co-
authors™ reported the use of I-SAM (3-iodopropyl trimeth-
oxysilane, Fig. 15(a)) to modify SnO,, which could apparently
increase the interfacial adhesion between SnO, and the per-
ovskite film, and then enhance the mechanical reliability. After
treatment with I-SAM on SnO,, the PCE increased from 20.2%
to 21.4% with low hysteresis and improved operational stabi-
lity. Moreover, after continuous maximum power point tracking
for 4000 h under 1 sun illumination, the I-SAM-based device
could maintain 80% of its initial PCE. In contrast, the control
device showed extensive irreversible morphological degrada-
tion at the SnO,/perovskite interface, including the formation
of voids and delamination. The enhanced stability in the I-SAM-
treated device was attributed to the decreased concentration of
hydroxyl groups at the interface and the higher interfacial
adhesion.

Besides the factor of passivating the defects in the SnO,-
based ETL, the mechanism of SAMs in improving the perfor-
mance of SnO,/perovskite-based devices can also originate
from other factors. For example, the coordination SAM and
Pb** and the improved quality of the film. Hayase and co-
authors®® developed a facile route for interfacial sulfur functio-
nalization by employing xanthate decomposition (Fig. 15(b)) on
SnO,. The sulfur atoms at the interface can coordinate with
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Pb>" in the perovskite film and passivate its surface, which is
favorable for the growth of perovskite crystals, leading to better
surface morphology and enhanced crystallinity with a larger
perovskite grain size. Yang and co-authors®” reported the use of
van der Waals and dipolar interaction based-SAMs (Fig. 15(c))
to modify SnO,. The device performance of the PSCs with
various SAMs was opposite with their corresponding energy
level alignment. The results proved that the interfacial
chemical interactions are the main factor in affecting the
performance of PSCs in this system. Consequently, the PA-
SAM achieved the highest PCE of 18.8% due to the strong
chemical interaction between the terminal pyridine with per-
ovskite, which could reduce the defects and contribute to the
interfacial charge transfer. According to the results in the
above-mentioned reports, the chemical interactions between
SAMs and perovskite should be considered in the molecular
design of SAMs for highly efficient PSCs.

Together with the above-mentioned SAMs, salt-based SAMs
have also been reported. Chen and co-authors®® reported a
novel type of sulfonium salt (2-carboxyethyl) dimethyl sulfo-
nium chloride-based SAMs (CDSC, Fig. 16(a)) to modify the
interface between perovskite and SnO,. Through theory and
experiment, it was revealed that CDSC can chemically interact
with both SnO, and the perovskite layer, which can be regarded
as a bridge to link both layers and reduce the interfacial energy
barrier by improving the energetic alignment. The PCE of the
SnO,/CDSC-based device improved to 22.44%. Besides the
above-mentioned sulfonium salt-based SAM, the use of ammo-
nia acid (HOOC-R-NH,) as SAMs for the ETL/perovskite inter-
face has also been reported in TiO,-based devices. Chang and
co-authors® introduced an amino acid self-assembled layer
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Fig. 15 SAMs as interfacial modification layers for SnO,-based PSCs (a) organic silane-based SAMs with various terminal groups in SnO,-based device.
Reproduced with permission.®> Copyright 2021, Science Press. (b) Thiol-based SAMs in SnO,-based device. Reproduced with permission.’® Copyright

2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Benzoic acid

derivative-based SAMs with van der Waals or dipolar bonds in SnO,-based

devices. Reproduced with permission.®” Copyright 2017, the American Chemical Society.
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Fig. 16 SAMs in SnO,-based perovskite solar cells: (a) sulfonium salt-based SAMs. Reproduced with permission.’® Copyright 2022, Elsevier B.V.
(b) Amino acid SAMs. Reproduced with permission.®® Copyright 2020, Elsevier B.V. (c) Histidine-based ammonia acid (L-His) self-assembled on SnO5.
Reproduced with permission.’°® Copyright 2022, Elsevier B.V. (d) Dopamine SAMs. Reproduced with permission.’°* Copyright 2018, the American
Chemical Society. (e) Thiol silane SAMs with cross-linker on SnO,. Reproduced with permission.2°? Copyright 2021, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (f) Fullerene derivative SAMs in SnO,. Reproduced with permission.’°®> Copyright 2018, The Royal Chemical Society.

(Fig. 16(b)) on SnO, to adjust the lattice mismatch at the SnO,/
perovskite interface, and then reduce the interfacial stress.
In addition, the end group of ammonia acid can link the
SnO, with the perovskite film through hydrogen-bonding or
electrostatic interactions. Yang and co-authors'% reported the
preparation of another ammonia acid (L-His, Fig. 16(c)) SAM on
SnO, ETL to improve the crystal quality of the perovskite film.
The conductivity of the SnO, ETL improved since the carboxyl
groups in L-His coordinated with the tin ion in SnO, and
filled the oxygen vacancy. A dopamine (DA, Fig. 16(d)) SAM
was deposited on the top of the SnO, electron transporting
layer (ETL) to modify the SnO,/perovskite interface, and
then improve the electron extraction and reduce the charge
recombination.'” Zhang and co-authors'®* reported a thiol
silane (MPTMS, Fig. 16(e)) SAM to modify the interface between
the SnO, layer and perovskite film to realize fully air-processed
PSCs. The MPTMS SAM interlayer could slow down the crystal
growth of the perovskite and smooth the surface of the SnO,
ETL, which could induce a high-quality perovskite absorber
with a champion PCE of over 20%. Zhan and co-authors'%?
designed a fullerene derivative (Fig. 16(f)) to anchor on the
surface of SnO,, which could efficiently passivate the oxygen-
vacancy-related defects and enhance the extraction rate of the
charge carriers. Consequently, the fullerene derivative-modified
SnO, could achieve a PCE of 21.3%. According to the progress of
SnO,-based devices, it can be found that SAMs can significantly

reduce the defects in SnO,, and thus the charge recombination.
However, it should be noted that the interaction between the
terminal group of SAMs and Pb*" is vital for forming high-quality
perovskite films. Thus, both factors (SAMs interaction with SnO,
or Pb>") should be considered in the design of molecules for
these devices.

6.4 SAMs as interfacial modification layers for ZnO-based
PSCs

Besides the above-mentioned SAM-modification in the widely
used SnO, and TiO,, a similar strategy was also reported in
ZnO-based ETLs in PSCs.'**'®® ZnO is an ETL with high
electron mobility and low processing temperature. However,
the instability of ZnO-based devices is still an issue to be solved
because of the proton-transfer reactions between ZnO with the
perovskite precursors.'® Vaynzof and co-authors'®” reported
the use of fullerene SAMs (PCBA, Fig. 17(a)) to modify the ZnO/
ZnCsO/ZnLiO ETL to enhance the electron extraction with a
PCE of up to 18% and improved stability. Zuo et al.'®® devel-
oped 3-aminopropanioc acid (C3-SAM, Fig. 17(b)) to modify the
ZnO substrate, which could tune the crystallinity and the
morphology of the perovskite film with a reduced density of
pin-holes and traps. In addition, the work function of the
cathode was better aligned with the CB of the perovskite for
efficient charge extraction and electronic coupling. Conse-
quently, the performance of the PSC remarkably increased
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from 11.96% to 15.67%. Kim and co-authors'® designed
methoxybenzoic acid-based SAMs (Fig. 17(c)) for adjusting the
work function of the ZnO ETL. Specifically, 3,4,5-trimethoxy-
benzoic acid (TMBA) with a strong dipole moment could largely
shift the work function and enhance the built-in voltage of the
device, which resulted in improved electron transfer from the
active layer to the ETL and a higher open-circuit voltage. Jang
and co-authors''® designed and synthesized two SAMs (T2CA
and JTCA, Fig. 17(d)) with high dipole moments and hydro-
phobicity, which could effectively improve the quality of the
perovskite film and enhance the charge extraction. The JTCA
SAM-modified ZnO-based PSCs achieved a PCE of 18.82%.
According to the reports on ZnO in PSCs, it is known that the
performance of ZnO based-devices is still lower than that of
TiO,- and SnO,-based devices. In this case, after treatment with
SAMs, the performance and stability of ZnO-based devices can
be improved.

The comprehensive photovoltaic parameters of SAMs as
interfacial modification layers for n-type metal oxides (TiO,,
SnO, and ZnO) are shown in Table 5. It can be concluded that
amino acid- or fullerene-based SAMs are widely applied in n-
type metal oxide-based devices, which can effectively passivate
the defects (oxygen vacancies) in metal oxide-based ETLs to
reduce the hysteresis and improve the stability of PSCs. More-
over, the electron transfer rate from the perovskite to the ETLs
is enhanced and the charge recombination is reduced after the

modification of metal oxides with SAMs. Regarding the pro-
gress of metal oxide-based ETLs, the SAMs containing full-
erenes exhibit better passivating ability and performance,
especially in TiO,-based devices.

7. SAMs as interfacial modification
layers for perovskite films

The above-mentioned progress on SAMs as interfacial layers for
NiO,—, TiO,—, SnO,- and ZnO-based CTLs is impressive. Due to
the existence of functional groups in SAMs, they can also act
as the passivating layer on top of the perovskite film to improve
the stability of the device. To clarify the difference between
SAMs and small/polymer molecules as interfacial layers in
PSCs, the anchoring group and thickness of the interfacial
layers are two important factors to distinguish them. If there
is no anchoring group in small/polymer molecules, they can be
regarded as a passivation layer or interface modifier by organic
molecules. However, when there are anchoring groups of
organic molecules that can attach to surface of metal oxides
or the perovskite film through chemical binding with an
ultrathin film, they should be regarded as interfacial layers by
SAMs. Wolff et al."™*" used perfluorinated halogenated SAMs
(Fig. 18(a)) to passivate the top surface of a perovskite film.
It was found that the perovskite surface with I-terminated
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Table 5 The SAMs as interfacial modification layers for n-type metal oxides

SAMs Perovskite Voe (V) Jse (mA em™?) FF (%) PCE (%) Ref.
TiO,(c)/Ceo-SAM CH;NH;PbI;_,Cl, 1.04 22.1 75 17.3 84
TiO,(m)/Ceo-SAM CH;NH;PbI;_,Cl, 0.84 19.6 72 11.7 85
TiO,(m)/HOCO-R-NH;I MAPbI, 1.00 19.2 62 12.0 86
TiO,(m)/Silane-SAM MAPbI, 0.873 19.51 75 12.7 87
TiO,(c)/C-PCBA CsFAMA 1.148 26.1 82.8 24.81 88
TiO,(m)/CBA CsFAMA 1.101 24.25 79.81 21.35 89
TiOy(m)/MBA CsFAMA 1.094 23.87 79.29 20.73 89
TiO,(m)/B-ALA CsFAMA 1.096 23.10 76.69 19.43 89
TiOZ(m)/4-PA MAPDI; 1.06 23.15 77 18.90 90
TiO,(m)/HOOC-Ph-SH MAPDI; 1.02 20.66 66.54 14.11 91
TiO,(m)/HOOC~(CH,),-SH MAPbDI, 1.01 20.08 66.38 13.45 91
TiO,(m)/HOOC~(CH,)s-SH MAPbI, 0.98 19.04 63.18 11.80 91
TiO,(m)/HOOC~(CH,){;-SH MAPbDI, 0.97 18.28 57.71 10.32 91
TiO,(m)/IMPA MAPDI; 0.96 23.59 67.15 15.21 92
TiO,(m)/IBPA MAPDI; 0.94 21.75 67.62 13.83 92
TiO,(m)/IHPA MAPDI; 0.92 20.64 58.13 11.04 92
TiO,(m)/BPA MAPDI; 0.90 20.55 63 11.65 92
TiO,(m)/APPA MAPDI; 0.94 22.93 64.27 13.85 92
TiO,(m)/TFBPA MAPDI; 0.98 23.24 70.67 16.09 92
SnO,/H-SAM C80.05(FAg.85MAg 15)0.05Pb(Io.85BT0.15)3 1.143 23.18 76.2 20.19 95
SnO,/I-SAM CS0.05(FAo.85MAg 15)0.05Pb(Io.55BT0.15)3 1.185 23.26 77.8 21.44 95
Sn0,/S MAPDI; 1.06 22.61 76.85 18.41 96
SnO,/BA-SAM MAPDI; 1.11 21.88 74.6 18.11 97
SnO,/PA-SAM MAPDI; 1.10 22.03 77.4 18.77 97
SnO,/CBA MAPDI; 1.08 21.66 78.1 18.27 97
SnO,/ABA MAPDI; 1.04 22.00 72.1 16.50 97
Sn0,/C3-SAM MAPDI; 1.08 21.48 73.8 17.11 97
SnO,/DPAH RbCsFA 1.143 23.11 81.3 21.44 98
Sn0O,/CDSC RbCsFA 1.163 23.18 82.5 22.22 98
SnO,/glycine Cs0.0sMAFA o5_,PbI;_,Cl, 1.10 24.15 78 20.68 99
SnO,/L-His MAPDI; 1.16 22.74 79.76 21.04 100
SnO,/DA MAPDI; 1.05 21.80 73.9 16.87 101
SnO,/MPTMS (FAPDL;)(MAPbBr;), 1.112 23.60 76.32 20.03 102
Sn0,/C9 (FAPDI;),(MAPbBr;), 1.12 24.1 78.9 21.3 103
ZnLiO/PCBA MAPDI; 1.03 19.2 82.1 16.2 107
ZnO/C3-SAM MAPDI; 1.07 22.51 65 15.67 108
ZnO/MBA MAPDI; 0.98 20.95 61.18 12.60 109
ZnO/DMBA MAPDI; 1.01 21.13 60.54 12.97 109
ZnO/TMBA MAPDI; 1.05 21.38 60.96 13.75 109
ZnO/T2CA MAPDI; 1.09 21.34 0.73 17.07 110
ZnO/JTCA MAPDI; 1.13 21.72 0.76 18.82 110

fluorocarbons increased the V,. up to 1.18 V without sacrificing
other photovoltaic parameters. Subsequently, the SAM-
modified perovskite devices could achieve a PCE of over 21%.
Moreover, the champion device exhibited a stable maximum
power point operation at 85 °C for more than 250 h and
maintained about 95% of its initial PCE after storage in humid
air under ambient conditions over 3000 h. Bai et al."*? reported
the preparation of a water-resistant cross-linkable silane-
functionalized fullerene ETL (Fig. 18(b)) to improve the stability
of inverted PSCs under moisture. With the introduction
of molecular (methylammonium iodide) doping in the cross-
linked silane-modified fullerene layer, its conductivity improved.
The combination of crosslinking and doping can simultaneously
improve the PCE and stability of PSCs in an ambient environ-
ment without encapsulation. Guo et al.*** proposed a cholesterol
derivative self-assembly strategy to construct crosslinked and
compact membranes throughout perovskite films. These supra-
molecular membranes (Fig. 18(c)) could act as a robust protec-
tion layer against harsh operational conditions. In addition, the
formed SAMs could effectively passivate the defects from the

surface toward the inner grain boundaries. The SAM (CDCA-
TMA)-modified PSCs exhibited a PCE of 23.34% with an impress-
ive Vo of 1.164 V. The unencapsulated devices retained 92% of
their initial efficiencies after 1600 h storage under ambient
conditions. Additionally, the PCE remained almost unchanged
after heating at 85 °C for 500 h in a nitrogen atmosphere,
showing significantly improved stability. A similar case was
reported by Zhang et al,""* who exploited an insulating alkyl
chain (C,,-silane, Fig. 18(d)) to adsorb on the top surface of the
perovskite layer through the interaction of hydrogen bonding
between Si-OH and I, leaving the long alkyl chain terminal
group out from the surface. Further analysis indicated that the
formed insulating barrier layer with the long alkyl chain can
reduce the interfacial charge recombination and make the
perovskite surface to be more hydrophobic toward moisture.
These results indicated that the deposited SAMs on the top of the
perovskite layer can effectively passivate the defects on the
surface of the perovskite film and increase the hydrophobic
characteristics of its surface, which can contribute to improving
the performance and stability of the device.
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The various dipole moments of SAMs on the top of the
perovskite layer can influence the surface potential and adjust
the energy level of the perovskite film. As shown in Fig. 19(a),
Wang et al.’*® employed 4-chlorobenzoic acid (4CIBA) to form
an SAM layer on the surface of perovskite film. Besides the
function of passivating perovskite surface defects, 4CIBA with
dipole moment can tune the energy level alignment and form a
larger energetic driving force for hole extraction. The V. of the
device increased from 1.08 to 1.16 V with a PCE of 21%. Kong
and co-authors''® used tetrabutylammonium chloride (TBAC,
Fig. 19(b)) to self-assemble on the surface of the perovskite film.
Because of the strong interface dipole pointing outward of the
surface of the perovskite, the formed built-in electric field could
enhance the transfer of holes. The PSCs self-assembled with
TABC could achieve a PCE of 23.50% with an FF of 0.82.
To further discuss the effect of SAMs with various dipole
moments on the WF of perovskite films, Han and co-
authors''” reported the preparation of three SAMs (CA1, CA2
and CA3) with different dipole moments to self-assemble on the
surface of the perovskite film, which could induce the for-
mation of an extra electric field and is consistent with the local
built-in electric field (Fig. 19(c)). The larger dipole moment
could induce a stronger extra electric field to enhance the
electron collection. Consequently, CA-3 with the highest dipole
moment attained a PCE of 21.4% with a voltage of 1.155 V.

To discuss the passivating ability of various SAMs on the
surface of perovskite films, Han and co-authors''® designed
three D-n-A-structured organic molecules (SP1, SP2 and SP3)
with various electron density distributions to anchor on the

® FA o b o1+ Undercoordinatod Pbjons  Undercoordimiod | ioms

|
=, spiro-MeOTAD

Fig. 18 SAMs on the top of perovskite film: (a) perfluorinated aliphatic carbon chains with iodine (X-PFC,,). Reproduced with permission.!tt Copyright
2020, the American Chemical Society. (b) Cross-linkable silane-functionalized fullerene SAMs. Reproduced with permission.*? Copyright 2016, Nature.
(c) Cholesterol derivative SAMs. Reproduced with permission.*** Copyright 2022, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Cy»-silane SAMs.

ty.

perovskite film (Fig. 19(d)). The results indicated that the
strong electron-donating N,N-dibutylaminophenyl unit of SP3
notably increased the electron density on the anchoring group
and make it much more electron-rich, which can provide better
conditions for coordination with the under-coordinated Pb>*
defects. SP3 with strong passivating ability could achieve a PCE
of 20.43% with an improvement in the V. to 1.146 V. According
to the above-mentioned progress of SAMs on the top of the
perovskite film, as summarized in Table 6, SAMs with a dipole
moment are very important for adjusting the energy level on the
surface of the perovskite layer and enhancing the passivating
ability.

8. The application of SAMs in large-
area devices or modules

Besides the above-mentioned application of SAMs in improving
small-area devices, SAMs also have very promising applications
in large-area PSCs because of their uniform film formation and
low temperature processes. Especially in p-i-n-based PSCs, the
ultrathin film of the HTLs restricts its large-area deposition
by doctor-blade coating. However, SAMs are suitable for the
deposition of an ultrathin film on the conductive substrate on a
large scale. Unger and co-authors'’® used 2PACz SAMs
(Fig. 20(a)) to prepare high-quality HTLs on ITO electrodes for
inverted PSCs. The optimized devices maintained about 80% of
their initial average PCE during the maximum power point
(MPP) tracking for >700 h. A PCE of 19.4% was achieved for a
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Fig. 19 SAMs on the top of perovskite film: (a) 4-chlorobenzoic acid (4CIBA) anchored on the perovskite layer. Reproduced with permission.'*®
Copyright 2022, Elsevier B.V. (b) Tetrabutylammonium chloride (TBAC) with large dipole moment on perovskite layer. Reproduced with permission 1
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2.2 em? mini-module. Jen and co-authors'*® used MeO-2PACz-
based SAMs (Fig. 20(b)) as HTLs to prepare a module with an
aperture area of 18 cm?. Also, the module could achieve a PCE
of 14.13%. Zhu and co-authors'®' reported the synergistic co-
adsorption of a hydrophilic ammonium salt CA-Br (Fig. 20(c))
with a triphenylamine derivative-SAM to obtain scalable and
wettable HTLs for inverted PSCs. The mixed self-assembled
route not only enabled the formation of ultrathin HTLs with
high uniformity but also eliminated the non-wetting problem
to facilitate the growth of large-area perovskite films with 100%

coverage. Moreover, the incorporation of CA-Br in SAMs could
maintain a high quality of electronic connection via the passi-
vation of the cation vacancies. Consequently, a high PCE of
17.49% was achieved for small-area PSCs (1.02 cm?), and
the module with an aperture area of 36 cm” showed a PCE of
12.67%. Additionally, Zuo et al."** reported the use of 3-amino-
propanoic acid as a self-assembled monolayer (C3-SAM,
Fig. 20(d)) to modify a (PEDOT:PSS)-based HTL for improving
the crystallinity and coverage of the perovskite film, resulting in
a much smoother perovskite surface morphology together with

Table 6 SAMs as interfacial modification layers on the top of perovskite films

SAMs Perovskite Voe (V) Jse (MA cm™?) FF (%) PCE (%) Ref.
IPFC8 Cs1y.05[FAo.55MA¢.15Pb(To.55BT0.15)3]0.05 1.11 22.80 79 20 111
IPFC10 Cslo.05[FAg.55MAg 15Pb (o 85BT0.15)3]0.95 1.18 22.28 81 21.3 111
IPFC12 Cslo.05[FAg.55MAg.15Pb(Io.85BT0.15)3)0.95 1.16 23.20 78 21 111
CLCS MAPDI; 1.06 22.7 80.0 19.3 112
CDCA-TMN FAo.97MA, o3PbI; 1.164 25.58 78.94 23.34 113
CDCA FAo osMA, o3PbI; 1.170 25.58 75.41 13.75 113
CHOL FA¢.9;MAg o3PbI; 1.112 24.93 78.94 21.87 113
C12-silane MAPDI; 0.959 20.23 67.7 13.74 114
4-CIBA MAPDI; 1.16 22.86 79 21 115
TBAC FAPDI; 1.15 24.80 82.90 23.50 116
SP1 MAPDI; 1.075 22.53 77.42 18.75 117
SP2 MAPDI; 1.094 22.63 77.82 19.27 117
SP3 MAPDI; 1.146 22.69 78.55 20.43 117
CA-1 MAPDI; 1.109 21.9 80.8 19.64 118
CA-2 MAPDI; 1.118 22.1 82 20.3 118
CA-3 MAPDI; 1.155 22.28 83.07 21.4 118
3978 | Mater. Chem. Front., 2023, 7, 3958-3985 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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an increase in PCE from 9.7% to 11.6%. They further used a
roll-to-roll method to prepare large-area flexible PSCs. The
C3-SAM-modified devices increased the PCE from 3.7% to
5.1%. The SAMs displayed ability to achieve large-area PSC
modules and the strategy of synergistic SAMs can adjust the
wettability for the large-area deposition of perovskite films.
However, the PCE of the large-area PSC module is still needs to
be further optimized due to the sub-optimized uniformity of
both the SAMs and perovskites. To further improve the perfor-
mance of the PSC module, the wettability and dipole moment
should be carefully adjusted to satisfy the large-area process
and energy alignment, respectively. Sometimes, it is difficult for
one type of SAM to maintain both characters. Thus, synergistic
SAMs with binary organic molecules are promising candidates
for further improving the performance of PSC modules.

9. Conclusion and perspective

In this review, we introduced the concept of SAMs and sum-
marized their application in PSCs for addressing the current
challenge associated with PSCs. Firstly, we introduced the SAMs
as the HTL for inverted PSCs. It was found that carbazole-based
SAMs achieved good performances as HTLs in inverted PSCs.
In addition, various alkyl chain lengths in the linker of
carbazole-based SAMs can produce tunnel barriers with different
widths. In the case of non-conjugated linkers, the longer the

alkyl chain, the larger the resistance formed at the interface.
The conjugated linker in SAMs shows fast hole transfer and good
stability. Besides carbazole-based SAMs, triphenylamine and
phenothiazine derivative-based SAMs have also shown ability
as HTLs in inverted PSCs. Naphthalene-imide and fullerene
derivative-based SAMs can be regarded as ETLs in n-i-p-based
PSCs with low temperature processes. For the modification
layers, the SAMs can effectively passivate the defects and adjust
the energy level at the interface of the metal oxide/perovskite.
More importantly, SAMs have also shown potential in the PSC
module.

According to the content reviewed above, some strategies
can be summarized for designing novel SAMs in the future.
SAMs as HTLs or ETLs in PSCs: the dipole moments of the SAM
molecules should be considered depending on the device
configuration and types of interlayers. Through molecular
design, optimal charge extraction by adjusting the energy
barrier can be realized. Given that the WF of CTLs can be
regulated by surface dipoles, SAM modification is an effective
way to adjust the energy levels at these interfaces in PSCs.
In addition to charge extraction, the V. is also related to the
WEF of CTLs, which changes the built-in potential in PSCs. The
direction of the dipole moments in SAMs is vital to realize a
high performance. In the case of HTL-based SAMs in inverted
PSCs, the dipole moment should point toward the substrate.
However, for ETL-based SAMs, the direction of dipole moment
should be the opposite. According to the progress of SAMs for
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HTLs in inverted PSCs, some conclusions can be made for the
future design of SAMs. For the terminal group of SAMs, strong
electron-donating groups are more attractive, such as carba-
zole, triphenylamine and phenoxazine derivatives. In addition,
to finely tune the work function and passivate the perovskite
film, halogenated terminal groups are recommended. For the
linker group, although non-conjugated alkyl linkers have
achieved significant progress, their hole-transporting capability
and stability are still lower than that of conjugated linkers.
Thus, to further improve the performance of SAM-based device,
more conjugated linkers can be considered. For the anchoring
groups, various anchoring group-based SAMs have been tried in
PSCs. It seems that phosphonic acid and cyanoacetic acid are
good candidates as the anchoring groups because of their fast
adsorption dynamics and strong bonding strength, which can
increase the coverage and stability of SAMs on the conductive
substrate.

SAMs as interfacial modifying layer for metal oxide in PSCs:
regarding the interfacial modified layers, the main role of SAMs
is to passivate the defects in the metal oxide-based CTLs.
In addition, the terminal group of SAMs should have a group
to interact with the perovskite film to adjust its morphology
(amino acid, organic silane, etc.).

Finally, we should understand that there are different stan-
dards for SAM application in pure charge transport layers and
modifying layers. To prepare high-performance PSCs, the fol-
lowing standards should be considered for selecting SAMs: (1)
the direction of the dipole moment should be pointed toward
the ITO substrate for the SAMs as the HTL or interfacial layer
for p-type metal oxides (NiO,). (2) For SAMs as the ETL or
interfacial layer for n-type metal oxides (TiO,, SnO, and ZnO),
the direction of the dipole moment should point away from the
ITO substrate. (3) The fine adjustment of the energy level for
SAMs can be achieved through the substitution of the terminal
group to match the energy level with the perovskite film. Conse-
quently, more work is required on molecular design and deposi-
tion methods to solve these challenges. For example, more novel
SAMs are required to compare the characteristics of dipole
moments and energy levels. For further application in large-
area PSC modules, SAMs should have suitable wettability on
the perovskite film. More importantly, the UV stability of SAMs
should be considered for molecular design. For example, the
concept of excellent UV stability can be applied to the modifica-
tion of SAMs. In addition, more deposition methods should be
developed for SAMs on the conductive substrate besides the
solution process, such as vacuum evaporation. In summary, we
hope that this review will provide useful insight for the research
community to further improve the performance of SAM-based
PSCs and modules. This cost-efficient methodology should lead
to the practical application of PSCs in daily life and occupy a
significant place in the future energy market.
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