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1. Introduction

Self-assembled molecules as selective contacts
for efficient and stable perovskite solar cells

Wenhui Li, ©*2 Eugenia Martinez-Ferrero (2@ and Emilio Palomares () *2°

The charge-selective contacts play a crucial role in the charge dynamics of solar cells. In the fast race
to achieve higher power conversion efficiencies in perovskite-based devices, the avoidance of the
detrimental effects due to interfacial charge recombination and/or poor charge extraction is the key to
achieving high performance devices. The unique molecular structure of self-assembled molecules
(SAMs) offers the possibility to tune the different parts of the molecule by precise design of its
components to achieve desirable energy levels and molecular dipoles to facilitate the charge transfer.
Therefore, the application of the SAMs as selective contacts emerges as a promising route to achieve
high performance perovskite solar cells with the advantage of low material consumption, longer
lifetimes and reduced interfacial non-radiative recombination. In this review, we summarize the recent
literature about SAMs applied as selective hole or electron contacts. The objective of the present review
is to unravel the open questions related to these molecules and propose our perspective about the
development of SAMs for the development of cost-efficient and stable perovskite solar cells.

silicon solar cells."™ The improvement of PSCs is mainly attri-
buted to the unique photoelectric properties of perovskite

Perovskite solar cells (PSCs) have attracted intensive attention semiconductors such as large absorption coefficient,” long
due to their rapid development with currently certificated carrier lifetime,” low binding energy,® and tunable bandgap.’
power conversion efficiency (PCE) of 26.0% comparable to However, charge-selective contacts play a critical role as well
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regardless of the architecture of the device (shown in Fig. 1a)
influencing the charge extraction and improving the device
performance. Typically, for high-performance n-i-p devices, tin
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amine)-9,9'-spirobifluorene) (spiro-OMeTAD) are used as
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Fig. 1 (a) Configuration of typical p—i—n or n—i—p structure PSCs. (b) Schematic diagram of SAMs used as p-type or n-type charge selective contacts

assembled onto ITO or FTO.

electron selective contact (ESC) and hole selective contact (HSC),
respectively.>*® In turn, for high-performance p-i-n devices,
poly[bis(4-phenyl)(2,5,6-trimethylphenyl)-amine] (PTAA) and
[6,6]-phenyl-C61-butyric acid methyl ester (PCs;BM) or Cg, full-
erene are used as HSC and ESC, respectively.” > Among them,
the charge selective contacts deposited onto the substrate show
a significant effect on the perovskite crystal growth, as well as
the device stability."*™> However, despite the impressive per-
formance of the PSCs, the commonly used charge selective
contacts deposited onto the transparent conductive oxide are
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still subject to the high cost of the material, degradation under
ambient conditions, instability under UV light and harsh
processing, hindering the commercialization of PSCs."®"”
Self-assembled molecules (SAMs) have recently shown great
potential as alternatives to the commonly used charge-selective
contacts. Herein, we use the term of self-assembled molecules
instead of the widely used self-assembled monolayers, owing to
the difficulty of achieving a monolayer by the widely used
current deposition process (e.g. spin coating). Additionally,
such a charge-selective layer is formed by molecules. Thus,
we select the term of self-assembled molecules to describe the
abbreviation of SAMs precisely. SAMs can bond to the surface of
the transparent conductive oxide chemically to the surface of
the transparent conductive oxide (e.g. indium doped tin oxide -
ITO - or fluorine-doped tin oxide - FTO) and spontaneously
form ultrathin layers of a few nanometers. A SAM typically
consists of three parts, namely an anchoring group, spacer
(or bridge), and functional group (Fig. 1b). The combination of
these three groups allows for the tuning of the molecule design
to match the energy levels, charge mobility, and wettability to
the properties of the perovskite solution dispersion.'*>*%1°
SAMs form ordered arrays that, according to their structure,
show a dipole moment able to modify the work function of
the substrate, facilitating the charge extraction at the inter-
faces.””*' Furthermore, SAMs offer the possibility to passivate
the buried surface of perovskite polycrystalline film and reduce
the interfacial non-radiative recombination.?® Finally, SAMs
have the advantages of minimal parasitic absorption, low
material consumption, and simplified fabrication which are
convenient in the preparation of large-area and stable PSCs.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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This review summarizes these novel types of charge-selective
contacts, including hole selective SAMs and electron selective
SAMs used in p-i-n and n-i-p devices, respectively. After
describing their structure and deposition methods, we have
reviewed the application of the hole selective SAMs as a func-
tion of their anchoring groups, followed by the revision of the
electron selective SAMs. We have also analyzed the interfacial
charge transfer studies and discussed the influence of the
molecular design and composition on the final efficiency of
the devices.

2. The structure of SAMs

As mentioned above, the structure of the SAMs is made of three
differentiated parts (Fig. 1b). Understanding the role of each
part will help to rationally design molecules for high-perfor-
mance devices.
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2.1. Anchoring group

The anchoring groups are responsible for the interaction
between the molecules and the substrate by chemical bonds,
allowing the formation of films of molecules onto the substrate
(typically ITO or FTO).>® Various anchoring groups have been
reported in the high-performance SAM-based PSCs, including
carboxylic acid, phosphonic acid and cyanoacetic acid, among
others.'®**?* The anchoring group acts as an internal molecu-
lar acceptor to balance the charge distribution within the
molecule, modulating its molecular dipole and the energy
levels of the molecule.

2.2. Spacer

The spacer (also called linker and bridge) is the backbone of the
molecule connecting the anchoring group and the functional
group. Both insulating alkyl groups and conjugated phenyl
groups have been widely used in SAMs for high-performance
devices. The alkyl spacers control the supramolecular
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Fig. 2 (a) The dipping process to deposit SAMs onto ITO substrate. Reproduced with permission.2® Copyright 2019, RSC. (b) The processes of spray- and
airbrush-coated SAMs. Reproduced with permission.*® Copyright 2022, Wiley.
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structures via van der Waals interaction, therefore, the length
of the alkyl chain influences these interactions between mole-
cules, as well as the vertical alignhment during the self-
assembled process. Moreover, different chain lengths have a
strong influence on the dipole moments and tunnelling lengths
for interfacial charge transfer.”?® On the other hand, the
conjugated phenyl spacer stabilizes the electron-rich functional
group through effective charge delocalization and energy level
modulation, which allows for electrochemically stable
molecules.”

2.3. Functional group

The functional group, also called the terminal or head group,
acts as a donor with electron-rich nature in hole-selective SAMs
or as an electron acceptor in electron-selective SAMs. These
groups are responsible for the interfacial reaction with perovskite
enhancing the charge extraction, as well as influencing the
molecular dipole that modulates the work function of the
substrate.>”*® The most used groups are carbazole and tripheny-
lamine cores in the hole-selective SAMs, which are electron-rich

View Article Online
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structures that facilitate the hole extraction and transfer. In
electron-selective SAMs, it is the fullerene core of the group of
choice, being responsible for the electron extraction and transfer.
On the other hand, the addition of functional groups such as
methoxy or methyl groups can modulate the interfacial charge
transfer rates and charge trapping.'®*°

3. Deposition processes of SAMs

Various processes have been applied to deposit SAMs onto the
ITO or FTO substrates to form selective electrodes, including
solution process and vacuum deposition. In the next sections,
there is a description of the most reported deposition techniques.

3.1. Dipping process

The substrates are immersed into a solution containing the
molecule with a certain concentration, during a determined
dipping time and temperature to allow the chemical adsorption
and bonding of the SAM.*"?*° Subsequently, the substrates
are rinsed with the same solvent to remove the unbonded

Table 1 The device performance based on hole selective SAMs with different anchoring groups

Anchoring Jsc Voc FF PCE

groups SAMs Device configuration (mA ecm™?) (V) (%) (%) Ref.

TPA ITO/TPA/MAPbI,/PCs;BM/Ag 19.4 1.06 77 159 29

MC-43 ITO/MC-43/MAPDbI;/PCs;BM/Ag 20.3 1.07 80 17.3 29

EADRO3 ITO/EADRO3/Cs0,05FA¢ 70MAg 16Pb(Io.54BI0.16)3/Ceo/BCP/Cu 22.9 1.156 80 212 24

EADRO4 ITO/EADRO4/CS0,05FA 7oMAg 16Pb(I.84BT0 16)3/Ceo/BCP/Cu 22.6 1.164 80 21.0 24

,k RC24 ITO/RC24/CS¢ 05FAg.76MAg 16Pb(Io.64BT0 16)3/Ceo/BCP/CU 22.3 1123 79 19.8 33

HO™ "0 gcas ITO/RC25/CS0.05FAg 76MAg 16Pb(Io.54BT0 16)3/Ceo/BCP/CU 22.1 1116 79 19.6 33

RC34 ITO/RC34/CS0 05FAo.76MAg 16Pb(Io.64BT0 16)3/Ce0/BCP/CU 22.5 1.109 79 19.7 33

Spiro-acid ITO/Spiro-acid/Csg.osFAo.s1MAg 14Pb(Io.85Br0.15)3/Ce0/BCP/Ag 22.2 0.990 82.6 18.2 34

TPT-C6 ITO/TPT-C6/CS0,0sMAg.12FAg g3Pb(Io 4580 15)3/Ceo/ BCP/Ag 23.3 1.077  75.5 189 35

V1036 ITO/V1036/Css5(MA;;FAg3)osPb(Ig;Br1,)3/Ceo/BCP/Cu 21.2 1.041  79.3 17.5 19

MeO-2PACz  ITO/MeO-2PACz/Css(MA,,FAg;)osPb(IgzBr;)3/Ceo/BCP/Cu 22.2 1.144  80.5 204 19

2PACZ ITO/2PACz/Cs5(MA,7FAg3)o5Pb(Ig3Br15)3/Ceo/ BCP/CU 21.9 1.188  80.2 20.8 19

Me-4PACz ITO/Me-4PACz/Cs5(MA,3FA5)osPb(I,7BI23)3/Coo/SNO,/Ag 20.7 1.224  82.0 20.8 26

Br-2EPT FTO/Br-2EPT/CS0,05(FAo.02MAo 08)0.95PD(Io.92BT0.08)3/Ce0/BCP/Cu 25.11 1.09 82.0 224 36

Br-2EPSe FTO/Br-2EPT/CSg.05(FA¢.02MAo 08 )0.05Pb(Io.02BT0.08)3/Ceo/BCP/Cu 24.49 1.12 82.86  22.73 37

2BrPXZPA ITO/2BrPXZPA/CS0,05(FAg.5sMAo 15)0.0sPb(Io.g5BI0.15)2/PCe:BM/BCP/Ag  23.59 1.19 81.7 22.9 38

CbzNaph ITO/CbzNaph/Csg osMAg 15FA¢ 5oPbl/Ceo/BCP/Ag 24.69 1.17 83.4 241 27

o=1|>—on DC-PA + IAHA ITO/DC-PA + IAHA/Cs,.0sMAq 15FAo 5oPbls/Ceo/BCP/Ag 24.66 1.16 82.5 23.6 39

on BCBBr-C4PA  ITO/BCBBr-C4PA/FA, 4Cso.,Pb(Io 4B 4)s/Ceo/ALD-SNO,/Cu 17.54 1.286  82.6 18.6 40

PPA ITO/PPA/Cs0 05FAg ssMA, 1 PbI;/PCBM/BCP/Ag 24.83 1.140  82.0 232 41

PPAOMe ITO/PPAOMe/CS, 5FAo.5sMAo , PbI;/PCBM/BCP/Ag 24.70 1.10 79.2 215 41

MPA-CPA ITO/MPA-CPA/Csg.05(FAo.0sMAo.05)0.95Pb(To.05BT0.05)3/Ceo/ BCP/AZ 24.8 1.20 84.5 252 15

1PATAT-C3  FTO/1PATAT-C3/Csg 05FA¢ s0MAg 15PbI, 75BI »5/EDAL/Ceo/BCP/Ag 24.0 1.06 82 211 42

2PATAT-C3  FTO/2PATAT-C3/Csg 0sFAq 50MAg 15PbI, 75BI 25/EDAL/Ceo/BCP/Ag 23.3 1.14 83 222 42

3PATAT-C3  FTO/3PATAT-C3/CSg 05FAg.50MAg 15PbL, 55Bro »5/EDAL/Cgo/BCP/Ag 24.5 1.13 83 23.0 42

3PATAT-C4 FTO/3PATAT-C4/Csg 05FA¢ s0MA¢ 15PbI, 75BI »5/EDAL/Ceo/BCP/A 23.3 1.14 83 221 42

DMACPA ITO/DMACPA/CS0,05(FAo.0sMAo.05)0.05Pb(Io.05BI0.05)3/Ceo/ BCP/AZ 25.69 1.187  84.73 259 43

MPA-BT-CA  ITO/MPA-BT-CA/(FA¢1,MAg 04PbI; 01)0.05(PbCl,)0.05/Ceo/BCP/AE 22.25 1.13 84.8 21.2 44

FMPA-BT-CA  ITO/FMPA-BT-CA/(FA.1,MAo.04PbI; 11)0.05(PbCl,)o.05/Ceo/BCP/Cu 23.33 1151  83.3 224 45

2FMPA-BT-CA  ITO/2FMPA-BT-CA/(FA¢.1,MAg 04PbI; 11)0.05(PDCL)0.05/Ceo/BCP/Cu 22.81 1.143  83.1 217 45

MPA-Ph-CA  ITO/MPA-Ph-CA/Cs0.05(FA¢.92MAq,08)0.05Pb(To.02BT0.08)3/Ceo/ BCP/AE 23.55 1139 84.0 225 25

ch/) Cz-CA ITO/Cz-CA/CS0,05(FAo.02MAy, 08)0.95Pb(I0.92BT0.08)3/Coo/BCP/AZ ~22.5 ~1.03 ~82 ~19 25

loon TPA-CA ITO/TPA-CA/CSg.05(FAo.02MAg 08)0.05Pb(Io.02BT0.0)3/Ceo/ BCP/AZ ~21.8 ~0.98 ~77 16.5% 25

MPA-CA ITO/MPA-CA/CS0.05(FAo.92MAo,08)0.95Pb(I0.02BT0.08)3/Ceo/ BCP/AZ ~23 ~1.03 ~81 ~19.5 25

Cz-Ph-CA ITO/Cz-Ph-CA/CS0.05(FA¢.0:MAo,08)0.05Pb(Io.02BT0.08)3/Ceo/ BCP/A ~23 ~1.05 ~82 ~19.8 25

TPA-Ph-CA ITO/TPA-Ph-CA/CS0,05(FAo.92MAo,08)0.05Pb(I0.02BL0.08)3/Coo/BCP/AZ ~22.6 ~1.08 ~82.5 ~20 25

Jsc: current density (mA ecm™2), Voc: open-circuit voltage (V), FF: fill factor (%).
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molecules to form the monolayer or ultrathin layer (Fig. 2a).
A post-annealing step is usually necessary to strengthen the
bonding between molecules and substrates.

3.2. Spin coating

Spin coating is a common method to deposit SAM layer, due to
the simple, convenient, and rapid characteristics of the deposi-
tion process.> Similar to the dipping process, a post-annealing
process is usually necessary in the spin coating method to
strengthen the molecule bonding. However, the washing step is
not required.

3.3. Slot-die coating, spray coating and airbrush coating

Slot-die coating is used to deposit SAMs in the fabrication of
minimodules.*' Moreover, spray coating and airbrush coating have
also been applied as effective methods to deposit SAMs, following
new protocols for rapid, widely accessible and high-throughput
deposition, as shown in Fig. 2b.*° These coating techniques have
the potential to be scaled up for the preparation of large-area PSCs.

3.4. Vacuum deposition

In contrast to solution processes, the vacuum method to
deposit SAMs avoids using solvents which may have a negative
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(8) RC25 (PCE=19.6%)
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impact on the environment. The vacuum-based deposition
methods can be incorporated into PV production lines for
large-scale PSCs. Furthermore, evaporation facilitates confor-
mal and uniform coatings on different types of substances,
including flat and textured surfaces, which is expected to
improve the process yield and reproducibility.*?

4. Hole selective SAMs

SAMs can be used as hole-selective contacts due to their
suitable energy level alignments with perovskite, facilitating
the hole extraction and transfer, as well as blocking the
electrons to avoid non-radiative recombination and current
leakage. Rationally designed SAMs can modulate the molecular
dipole and modify the work function of ITO or FTO. In this
case, the work function can be aligned with the energy level of
the photo-excited quasi-Fermi levels of the perovskite improv-
ing the photovoltage of the devices.

In this part, we will review the SAMs used as hole-selective
contacts in high-performance PSCs according to the nature of
the anchoring groups. Table 1 summarizes the performance of
hole-selective SAM-based p-i-n devices.

HO i0

(3) EADRO3 (PCE=21.2%)

HO™ ~O

(4) EADR04 (PCE=21%)
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Q Q
O Oy O O

OH
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(9) RC34 (PCE=19.7%)

Fig. 3 Reported SAMs with carboxylic acid anchoring groups applied as hole selective contacts and the corresponding PCE achieved in the PSCs.
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4.1. Carboxylic acid-based SAMs

Our group first reported carboxylic acid-based SAMs as hole-
selective electrodes in p-i-n PSCs.”® A summary of the
reported SAMs containing carboxylic acid as the anchoring
group is summarized in Fig. 3 together with the indication of
the PCE.

The carboxylic acid anchors to the ITO surface either by
mono- or bidentate binding modifying its work function.*®
Typically, monodentate bonds are formed by condensation of
-OH groups of the SAM with surface hydroxyl groups of the
ITO followed by the elimination of a water molecule to form a
C-O-M bond. The bidentate binding takes place with a second
condensation by transferring the hydrogen to the surface
hydroxyl group and the subsequent release of a second water
molecule.

The first reported results consisted of two carboxylic acid-
based molecules, TPA and MC-43, that were directly assembled
at the ITO electrode to modify the surface and enhance hole
extraction in p-i-n PSCs.?° The best device made with TPA

Bare ITO

ITO/PEDOT PSS

View Article Online
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showed a PCE of 15.9% with Jsc of 19.4 mA cm ™2, Voc of 1.06 V
and FF of 77%. Meanwhile, MC-43 SAM-based device showed a
PCE of 17.3% with Jsc of 20.3 mA cm ™2, Vo of 1.07 V and FF of
80% (Fig. 4a), among the highest efficiency at the time of
publication. The improvement was ascribed to the suitable
energy alignment of the MC-43 modified ITO with the perovs-
kite, as well as the formation of homogeneous perovskite layers
that enable good charge extraction, giving rise to the high FF
and V¢ values. Later, the performance was further improved
by two carbazole-based SAMs, EADR03 and EADR04 with car-
boxylic acid anchoring groups.** Stable efficiencies above 21%
were obtained with Voc up to 1.19 V for the triple cation
perovskite of 1.63 eV bandgap. Remarkably, the devices
retained 80% of their initial efficiency after 250 h, demon-
strated by the tracking of the maximum power point (MPP)
under AM 1.5G illumination at 85 °C, as shown in Fig. 4b. The
excellent stability was ascribed to the delocalization of elec-
trons on the phenyl moiety and the robustness in front of the
UV light of the SAMs.
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permission.?® Copyright 2019, RSC. (b) Device performance of EADRO3 and EADRO4 and their variation with time. Reproduced with permission.?*

Copyright 2021, RSC. (c) The synthesis process of spiro-acid SAM and the corresponding device performance. Reproduced with permission.>*
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Recently, our group modified the commercial and inexpen-
sive unsublimed spiro-OMeTAD by introducing a carboxylic
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acid as an anchoring group, allowing the formation of the
SAM layer onto ITO (Fig. 4c) by an easy-to-use methodology.**
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Fig. 5 Molecular structure of the reported SAMs with phosphonic acid as anchoring groups acting as hole selective contacts in PSCs and their

corresponding PCE.
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The device performance showed a best efficiency of 18.15%
with ultralow energy loss, which is comparable to the PTAA-
based PSCs, showing the highest efficiency among spiro-
OMeTAD-based p-i-n PSCs. Significantly, the spiro-acid-based
devices have a remarkable fill factor of over 82%, as well as
excellent long-term stability under illumination, demonstrating
the possibility to modify the commercial molecules as SAMs
by simply introducing an anchoring group. In this case, the
improved performance of the spiro-acid PSC compared to
traditional spiro-OMeTAD PSC was due to the formation of
an ultrathin layer combined with reduced charge transfer
resistance.

4.2. Phosphonic acid-based SAMs

Getautis et al. first reported a SAM with phosphonic acid as an
anchoring group, namely V1036, in 2018.'® Later, the same
group proposed a series of SAMs based on carbazole bodies
with phosphonic acid anchoring groups, increasing the effi-
ciency in single junction PSC up to 21%, which is comparable
to record-efficiencies in the p-i-n architecture at that time,
as shown in Fig. 6a."® Interestingly, the interfacial density of
defects between the 2PACz SAM and perovskite decreases, as
observed from the photoluminescence (PL) lifetime decay
study, indicating that the bare carbazole is chemically compa-
tible to the perovskite and able to form well-passivated surface.
Tan et al. further proved that the defect passivation effect is
ascribed to the chemical bonding between Pb and O from the
phosphoryl of the 2PACz, which restores the six-coordinate
local chemical environment for Pb.””*® More details will be

V1036 — PTAA MeO-2PACz —— 2PACz

(a)
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discussed about interfacial charge transfer in the following
part. Fig. 5 summarizes the SAMs with the phosphonic acid
anchoring group and the corresponding device performance.

After the successful application of the 2PACz, several SAMs
were synthesized by modifying this molecule with different
aliphatic chain lengths (), without the functional nPACz group
or adding methyl substitution (Me-nPACz). The molecules were
tested in combination with wide bandgap perovskites (1.68 eV)
for single junction PSCs and in perovskite/silicon tandem cells
(Fig. 6b). A PCE of 20.8% and a certified PCE of 29.15% were
reported by using Me-4PACz SAM as the hole selective contact
in the wide bandgap PSC and the perovskite/silicon tandem
cell, respectively, ascribing the increase in efficiency to the fast
hole extraction and minimized nonradiative recombination at
the hole-selective interface.>®

Hong et al. designed and synthesized a novel halogenated
phenothiazine-based SAM (Br-2EPT) as hole selective contact in
p-i-n PSCs.*® In this molecule, the phenothiazine of the func-
tional group contains electron-withdrawing bromide groups, an
aliphatic chain acts as a linker and the phosphonic acid is the
anchoring group. This combination allows for a better ener-
getic alignment with the perovskite layer and superior electron-
blocking ability. This molecule leads to a maximum PCE of over
22% with FF up to 82%. Remarkably, the Br-2EPT-based PSC
showed good stability, retaining its initial efficiency during
MPP tracking for over 100 h under AM 1.5G illumination in air
without encapsulation. Similar functional groups were later
added to SAMs by He et al., named 2BrPXZPA, with bromine-
substituted phenoxazine doped with an O atom as a functional
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Fig. 6 (a) The device performance of carbazole-based SAMs with phosphonic acid anchoring group. Reproduced with permission.’® Copyright 2019,
RSC. (b) Structure of the perovskite/silicon tandem cell made with SAMs as hole selective contacts. Reproduced with permission.?® Copyright

2020, AAAS.
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group and a butyl chain as the spacer.*® The phenoxazine group
has strong electron-donating ability, allowing it to match
energy levels with the perovskite decreasing the energy loss
for 2BrPXZPA-based devices. The corresponding p-i-n PSC
achieved a high PCE of 22.93% (certified 22.38%), as well as
good stability retaining 97% of the initial efficiency after 600 h
of MPP tracking under one sun continuous illumination.

Jen et al. designed two carbazole-based SAMs, CbzPh and
CbzNaph, through asymmetric or helical n-expansion from the
original 4PACz to improve the molecular dipole moment and
strengthen the n-r interaction (Fig. 7a). The helical t-expanded

CbzPh 4PACZ
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Ho-‘:f
OH

CbzNaph
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CbzNaph has the largest dipole, forming densely packed and
ordered monolayers that significantly improve the perovskite
crystallization. Moreover, the monolayer effectively modulates
the ITO work function that facilitates the interfacial charge
transfer, allowing an excellent 24.1% efficiency and improved
stability (Fig. 7b and c).”” The same group later proposed a
strategy to co-assemble molecules by combining a carbazole-
based hole-selective SAM molecule (DC-PA) with an alkyl
ammonium SAM (IAHA) as the second component in the
hole-selective SAM matrix.>®* This combination gives rise to
uniform and dense hole-selective films that avoid the leakage
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(a) The n-expanded carbazole-based molecules and their calculated molecular dipole. (b) Device architecture of the CbzPh and CbzNaph-based

p—i—n PSC and (c) their corresponding device performance. Reproduced with permission.’ Copyright 2022, Wiley. (d) Device performance is based on
the co-assembled DC-PA and IAHA monolayer substrates. Reproduced with permission.*® Copyright 2022, Wiley.
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current at the interface and the degradation of the device. The
resulting p-i-n PSCs can reach a PCE of 23.59% with improved
device stability (Fig. 7d). Wakamiya et al. also proposed SAMs
with functionalized n-conjugated structures by introducing
multiple phosphonic acids as anchoring groups (named
1PATAT-C3, 2PATAT-C3, 3PATAT-C3, and 3PATAT-C4).*> Among
them, the molecule with three phosphonic acids aligns face-
on to the electrode surface. The preferred orientation of the
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n-core facilitates the hole extraction and results in the PCE up
to 23.0%.

Tang el al. designed a new SAM called BCBBr-C4PA, exhibit-
ing simultaneously improved solubility and large dipole
moment by combining an asymmetric conjugation bone and
bromination strategies in the molecular design.*® The molecule
is beneficial for the interfacial charge transfer in wide bandgap
(Eg > 1.75 eV) PSCs. The target PSC has an impressive PCE of

' “00 s

S 697D
-0.03m mm (.03

PPA PPAOMe
(b) / MPA-CPA
o 4.9°
@ Superwetting overlayer
OH
NA@W’\P\“OH e.eee 9””’0 Self-assembled monolayer
o R ———
] - il
@ N/ Glass/ITO j P et
o
\
P MPA-CPA
hydrophobic hydrophilic - A ilic hole-transporter
o 26 86
“.‘E 25 This work
S o= °
> *
E 20 24 = 84l o % °
>15 9 ) ¥ g 3
G < P = °
c —«—PTAA w22 A T °
8107 —«—2pacz Q ) 821 = ® . '
€ —e— MPA-CPA ’
g5 20 . °
3o 80 °
00 02 04 06 08 10 1.2 18 § . 112 114 116 1.18 120 1.22
Voltage (V) PTAA 2PACz MPA-CPA Ve (V)

Fig. 8

(a) The molecular structures of PPA and PPAOMe and the corresponding calculated HOMO/LUMO levels. Reproduced with permission.**

Copyright 2023, Wiley. (b) Schematic depiction of the bilayer stack of MPA-CPA molecules on an ITO—-glass substrate and the corresponding device

performance. Reproduced with permission.!> Copyright 2023, AAAS.
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18.63% with improved operation stability (over 90% PCE reten-
tion after 250 h continuous working), being one of the highest
PCEs for wide bandgap PSCs. Li et al. designed multifunctional
phosphonic acid-based SAM (PPA and PPAOMe) with the
donor-acceptor subunit for hole transporting, realizing face-
on n-stacking parallel to the ITO and allowing to grow high-
quality perovskite films (Fig. 8a). The highly efficient p-i-n PSC
was obtained with a best PCE of 23.24%.*" Recently, Wu et al.
modified the phosphonic acid anchoring group by adding a
cyano group, forming a hydrophilic cyanovinyl phosphonic acid
group."® The newly designed SAMs, called MPA-CPA, can form a
bilayer stack consisting of a chemically anchored monolayer
plus an unadsorbed, disordered overlayer (Fig. 8b). This special
design results in a super wetting top surface that facilitates the
deposition of the perovskite solution, particularly, in large
substrates. The molecule also acts passivating defects reducing
the interfacial non-radiative recombination loss and achieving
a certified PCE of 25.4% with an open-circuit voltage of 1.21 V
and a fill factor of 84.7%. Most recently, He et al. proposed the
use as a dopant in the perovskite solution of a promising di-
methylacridine-based molecule called DMAcPA."* The DMAcPA
tunes the crystallinity of perovskite, and simultaneously, chelates
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with PbI, that is extruded to the film bottom surface, tailoring the
interface between perovskite and ITO. This has resulted in a
record device efficiency of 25.86%. This work indicates that the
phosphonic acid anchoring group has the function of bonding to
ITO surface, and in addition and more importantly, of passivating
the perovskite.

4.3. Cyanoacrylic acid-based SAMs

Fig. 9 summarizes the reported SAMs containing cyanoacrylic
acid as an anchoring group and the corresponding device
performance. The cyanoacrylic acid anchoring groups have been
widely used in molecules for dye-sensitized solar cells,**>" since
the D-A-type backbone was found to be beneficial for inducing
intramolecular charge transfer. Such D-A-type structure is also
useful in the hole-selective molecules for increasing the hole
extraction and reducing exciton recombination in PSCs.
Moreover, the cyanoacrylic acid can be used to passivate
perovskite defects owing to their Lewis base nature to coordi-
nate Pb** defects.”> Based on these concepts, Guo et al.
designed a new SAM, called MPA-BT-CA, involving an anchor-
ing group-assisted D-A-type structure with 4-methoxy-N-
(4-methoxyphenyl)-N-phenylaniline (MPA) as the donor unit,
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Fig. 9 Molecular structures of the reported SAMs containing cyanoacrylic acid as anchoring groups and the corresponding PCE when they are used as

hole selective electrodes in PSCs.
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benzo[c][1,2,5]-thiadiazole (BT) as the acceptor unit, and
2-cyanoacrylic acid (CA) as the anchoring group.** The tunable
energy level and defect passivation capability of MPA-BT-CA
lead to a PCE of 21.24% (V¢ = 1.13 V, Jsc = 22.25 mA cm ™ 2, FF =
84.8%) and excellent long-term and thermal stability in p-i-n
PSCs. Later, the same group modified the MPA-BT-CA by
introducing a fluorine atom in the molecule (FMPA-BT-CA).*>
The fluorination strategy deepened the HOMO level to —5.45 eV
matching the energy level of the perovskite layer and enhancing
the molecular dipole moment to 13.4 D (Fig. 10a). FMPA-BT-CA
passivates the interfacial defects as well, resulting in an effi-
cient PCE of 22.37% in p-i-n PSC. The spacer in the SAM is also
crucial for the stability of the molecule. In this sense, the

View Article Online

Materials Chemistry Frontiers

nonconjugated spacer is not beneficial neither for the stability
of the electron-rich functional group in SAM nor for the charge
transfer due to the localization of charge. Zhu et al. thus
designed a series of molecules with conjugated spacers and
cyanoacrylic acid anchoring groups named Cz-CA, Cz-Ph-CA,
TPA-CA, TPA-Ph-CA, MPA-CA, and MPA-Ph-CA. The conjugated
spacers enhance the intrinsic photo- and electrical stability of
the molecules.?® Moreover, the intermolecular donor-acceptor
groups stabilize the electron-rich functional group through
electron/charge delocalization and energy level modulation,
resulting in the suitable energy alignment with the perovskite
layer. Therefore, the SAM called MPA-Ph-CA achieved a PCE of
22.53% with excellent long-term stability of over 95% of their
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Fig. 10 (a) The calculated dipole moments of the MPA-BT-CA and FMPA-BT-CA SAMs. Reproduced with permission.*® Copyright 2022, ACS.
(b) Measurements to characterize the molecular stability of the CZ-CA SAM and the device performance based on the MPA-Ph-CA molecule.

Reproduced with permission.2> Copyright 2022, ACS.
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initial PCE under MPP tracking for 800 h, owing to the high
tolerance to UV light of the conjugated SAMs (Fig. 10b).

5. Electron selective SAMs

Compared with the literature related to the hole-selective SAMs,
the use of SAMs as the electron selective contacts are less
reported, owing to the limited n-type molecules with suitable
energy levels for electron transfer and hole-blocking properties.
Currently, fullerene-based molecules are mainly used as SAMs
with different anchoring groups for electron-selective electro-
des in n-i-p PSCs. Petrozza et al. reported that self-assembled
siloxane-functionalized fullerene molecules could modify FTO,
eliminating the need for the traditional TiO, layer or any other
additional electron-transporting layer, as shown in Fig. 11a.>®
Similar to hole selective SAMs, the fullerene-based SAMs can
also be formed in a mild condition process that is easy to scale,
with low temperature and low material consumption. The
devices reach 15% of stabilized PCE in n-i-p structures. Brabec
et al. found that a direct surface functionalization of ITO by
mixed Cgp-based SAMs with phosphonic acid as anchoring
groups can significantly reduce hysteresis when compared
to the TiO, electron transport layer (Fig. 11b).>* The mixed
Ceo-based SAM layer assists the growth of high-quality perovs-
kite films and improves the interfacial charge transfer.
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In addition to the fullerene-based electron selective SAMs,
other n-type small molecule SAMs have been reported by a few
groups, as shown in Fig. 12.>*°® However, the efficiency is low
with these electron-selective SAMs, most probably owing to
the mismatching energy alignment to the perovskite layer.
Naphthalene diimide (NDI) and perylene diimides (PDI) core-
based molecules can lower the LUMO level aligned to the
conduction band of perovskite, facilitating electron extraction
at the interface. However, the HOMO level of these molecules is
not deep enough to effectively block the hole, inducing the
interfacial non-radiative recombination when compared to the
traditional metal oxide based ESCs. Currently, the PDI-based
SAM achieved the highest efficiency of 18.77% with excellent
reproducibility and long-term stability.>” Moreover, Bach et al.
reported that the chemical and thermal stabilities of the NDI-
based SAMs could improve the thermal stability of the devices,
reaching Ty, lifetimes exceeding 800 h for devices at 85 °C in
air.>®

The research about n-type SAMs still lags that of p-type hole
selective SAMs. Thus, designing new electron-selective SAMs
based on small molecules would be desirable to simplify the
fabrication process of n-i-p devices and improve the device
performance.

We summarize the SAMs used as electron selective contacts
in PSCs, as shown in Table 2 based on p-i-n devices.
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(@) Illustration of the siloxane-functionalized fullerene self-assembled monolayer fabrication process, and the calculated molecule length.

Reproduced with permission.>® Copyright 2017, RSC. (b) Device structure with fullerene-based SAM electron selective contact and corresponding device

performance. Reproduced with permission.>* Copyright 2017, Wiley.
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PSCs.

Table 2 The device performance based on electron selective SAMs for n—i—p devices

SAMs Device configuration Jsc (mA cm™?) Voc (V) FF (%) PCE (%) Ref.
Sil-C60 FTO/Sil-C60/Csg 05FA¢.7sMAg ,PbB, 51, ,/spiro-OMeTAD/Au 19.4 1.04 74 15.2 53
Mix C60 SAM ITO/30%C60-C6-PA + I-Ph-PA/MAPDI;/spiro-MeOTAD/Ag 21.2 1.05 69 15.4 54
PN-P ITO/PN-P/MAPDI;/spiro-OMeTAD/Au 10.23 0.76 69.68 5.45 56
TN-P ITO/TN-P/MAPbI;/spiro-OMeTAD/Au 10.93 0.94 52.94 5.41 56
NDI-P ITO/NDI-P/MAPbI;/spiro-OMeTAD/Au 20.57 1.05 73.98 16.01 56
PDI-LP ITO/PDI-LP/MAPDI;/spiro-OMeTAD/Au 22.57 1.08 72.81 17.83 57
PDI-LAS ITO/PDI-LAS/MAPbI;/spiro-OMeTAD/Au 22.88 1.11 73.98 18.77 57
NMI 2a ITO/NMI 2a/Csg 5FAg gMA 15PbI, sBr, 5/spiro-OMeTAD/Au 20.0 1.03 62 12.6 55
NMI 2b ITO/NMI 2b/Cs 05FA¢ sMAo 15PbI, sBr, 5/spiro-OMeTAD/Au 19.7 1.01 62 12.4 55
NMI 2¢ ITO/NMI 2¢/Csg,05FAg gMA, 15PbI, 5B, 5/spiro-OMeTAD/Au 20.4 0.95 57 111 55
NMI 2d ITO/NMI 2d/Cs¢ osFAg.sMAo,15PbI, sBr 5/Spiro-OMeTAD/Au 19.8 1.01 60 12.1 55
NDI 3a ITO/NDI 3a/Cs.05FAg sMAg 15PbI, sBr, 5/spiro-OMeTAD/Au 20.5 0.95 54 10.5 55
NDI 3b ITO/NDI 3b/Csg.05FA¢ §MA, 15PbI, 5Brg 5/spiro-OMeTAD/Au 19.6 1.01 62 12.2 55
NDI 3¢ ITO/NDI 3¢/Csq.5FAg gMA, 15PbI, 5Br, 5/spiro-OMeTAD/Au 19.8 0.99 56 10.9 55

6. Interfacial charge transfer

The interfacial charge transfer between SAMs and the perovs-
kite film is influenced by the three active functional parts of
the SAM which induces additional features not observed in the
traditional hole selective contacts (e.g. PTAA and PEDOT:PSS).
However, its study is limited. Understanding the interfacial
charge transfer and the identification of the charge transfer
processes are crucial for the further design of novel SAMs that
improve the device’s performance. As reported by Albrecht

694 | Mater. Chem. Front., 2024, 8, 681-699

et al., MeO-2PACz and 2PACz showed completely different
photoluminescence (PL) lifetime decays in the study of the
interface between SAM and the perovskite film, although they
showed similar device performance.'® Specifically, MeO-
2PACz allows for PL decay times of over 650 ns, while 2PACz
has a value of 2 us. The longer decay time is ascribed to the
well defect passivation of buried interfaces by the carbazole
groups in 2PACz, lowering the interfacial defect density.
Therefore, the passivation effect of SAMs on buried surfaces

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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(a) Schematic description of the SPV measurement setup. (b) The different phenomena occurring at the ITO/SAM/perovskite interface are seen

by SPV transients over a wide time range. (c) Illustration of the photoinduced charge transfer dynamics. (d) Voc versus the density of interface traps and FF
versus the hole transfer rate constant of different PACz-based SAM-based PSCs. Reproduced with permission.??> Copyright 2021, Elsevier. (e) and (f)
Charge density as a function of voltage and charge lifetime as a function of charge density under operando conditions for devices made with spiro acid

SAM. Reproduced with permission.>* Copyright 2023, ACS.

of perovskite can be further improved through the molecular
design strategy.

The effect of SAMs on the defect passivation of the perovs-
kite buried surface has been further supported by transient
surface photovoltage (SPV), which is proposed by Levine and
coworkers, as shown in Fig. 13a and b.>*> The SPV technique
allows us to analyze the differences in the quality and selectivity
of the passivation, together with the hole transfer rate depend-
ing on the structure of the SAMs. Unlike measurements of the
transient photoluminescence (TrPL), the SPV measurements
track the change in the surface potential upon photoexcitation
allowing to determine the direction of charge separation, pre-
cisely understanding the charge carrier dynamics in a specific

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

interface over a wide time domain, from the generation of the
electron-hole pairs to their separation in space and the differ-
ent electron-hole recombination paths. The analysis of the
results of the SPV with a minimalistic kinetic model shows
that the structure of SAMs has significant effects on the
concentration of defects at the interface. For example, Me-
4PACz provided the fastest hole transfer rate constant (4.7 x
10° s ") and the lower density of interfacial electron traps (~2
x 10° em™?), as shown in Fig. 13c and d, when compared to
similar 2PACz, 4PACz, 6PACz or MeO-2PACz.

In addition to the analysis of interfacial charge transfer
based on film level, it is also crucial to study the interfaces
under operando condition at the device level. Our group has

Mater. Chem. Front., 2024, 8, 681-699 | 695
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studied the interfacial charge recombination kinetics compar-
ing spiro-acid SAM and PTAA-based devices, using advanced
transient techniques, such as charge extraction (CE), transient
photovoltage (TPV), and transient photo-current (TPC) under
operando conditions.** The spiro-acid-based devices showed
faster recombination lifetimes than PTAA-based devices under
the same charge density, probably resulting from the unsuita-
ble energy alignment between spiro-acid and perovskite layer,
as shown in Fig. 13e and f.

7. Conclusion and perspectives

SAMs have recently emerged as promising molecules to act as
selective contacts for high-performance PSCs with low material
consumption. Understanding the function of each part of the
SAM, including the anchoring group, spacer and functional
group, is essential for the molecule design to facilitate inter-
facial charge transfer, modify the work function of the electrode
and grow high-quality perovskite crystals. Unfortunately, there
are few works focused on the fundamental research on the role
and function of each of the parts of the molecule, all of them
based on SPV or transient photoelectronic techniques. More
advanced characterization is necessary to deepen the under-
standing of interfacial reaction and charge transfer dynamics,
such as solid-state nuclear magnetic resonance (NMR) and
impedance spectroscopy (IS). The combination of theoretical
modelling, SPV, transient absorption, solid-state NMR, Kelvin
probe force microscopy and IS are powerful and fundamental
techniques that would improve the characterization of the
interfacial charge transfer and reaction between SAMs and
perovskite. Moreover, the coverage of SAMs on the substrate,
which is important to confirm the morphology of the SAMs, is
rarely reported. Electrochemical and microscopic techniques,
such as cyclic voltammetry (CV), high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM)
and high-resolution transmission electron microscopy (TEM),
are powerful tools to calculate or visualize the molecules
covered on the substrates. Hence, studies of surface coverage
will contribute to unveil the mechanism of the formation of the
self-assembled molecular film and its influence in the growth
of the perovskites.

In this review, we have analyzed the application of SAMs in
efficient PSCs giving suggestions for the design of hole-selective
SAMs. First, among various anchoring groups, carboxylic acid
and phosphonic acid interact with the substrate creating strong
bonds that are responsible for the formation of uniform layers
and of large dipoles able to modify the work function of
substrate. In addition, the phosphonic acid anchoring group
can passivate the buried interfaces to increase the charge
extraction rate. Second, both non-conjugated alkyl chains and
conjugated spacers can be used to design SAMs for high-
performance devices. The spacer can modulate the energy level
and the dipole moment of the molecule that affects the work
function of the substrate. The selection of the spacer should be
systematically considered in combination with the anchoring
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group and the functional group to balance the charge distribu-
tion of the molecule. Finally, the carbazole, triphenylamine and
phenoxazine derivatives are commonly used functional groups
with strong electron-donating nature that facilitates the charge
extraction and transfer. Fine tuning of the functional group
with appropriate substituents such as methoxy or methyl
molecules or halogen atoms is a useful method to modulate
the molecular dipole and induce high quality perovskite films.

Currently, most of the studies focus on p-type SAMs for p-i-
n devices, whereas there are very few n-type SAMs for the
preparation of n-i-p devices. Therefore, the design and synth-
esis of n-type small molecule SAMs is necessary to further
extend the application of SAMs in PSCs. Similar with the hole
selective SAMs, phosphonic acid is an excellent candidate to be
used as the anchoring group. As for the electron-accepting
group, naphthalene-imide has shown promising results as
the functional group in charge of the electron extraction and
transfer.

Furthermore, an all SAM-based PSCs made with SAMs in
both the hole selective contact and the electron selective
contact will be desirable to reduce the non-radiative recombi-
nation at top and bottom interfaces, as well as enhance the
device stability.
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