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Hole-Selective Self-Assembled Monolayers Overlaid on NiO,
or PEDOT:PSS for Tin-Based Perovskite Solar Cells - An
Overview of Recent Characterization Methods

Donghoon Song,*@ Seung Wook Shin,™®! Hui-Ping Wu,! and Eric Wei-Guang Diau*(!

Self-assembled monolayers (SAMs) with high hole-selectivity
have seen growing use in the research realm of perovskite
solar cells (PSCs). Even though SAMs can be used solely, their
hole-selective performance is amplifiable on a p-type underlayer
such as nickel oxide (NiOy) or poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS). This is especially prominent
in lead-free tin-based PSCs. Herein, we review recent rele-
vant publications on hole-selective SAMs overlaid on NiO, or
PEDOT:PSS for tin PSCs. We first examine the characteristic fea-
tures of the SAMs introduced in each publication. Since SAMs

1. Introduction

Self-assembled monolayers (SAMs), formed from numerous
molecules to create thin layers in thicknesses ranging from
angstroms to a few nanometers, are effective for engineer-
ing desired surfaces or interfaces, making them suitable for a
wide range of applications and fundamental studies.'! SAMs
are highly appealing due to their up-scalability, high molecular
tunability, and solution-processability. In particular, SAMs allow
conformal deposition onto substrates such as indium tin oxide
(ITO) glass even through solution-processing, whereas other thin
layers are typically formed by vacuum-processing (e.g., atomic
layer deposition). Notably, thin layers conformally deposited with
high packing density can minimize material waste and thus offer
advantages in cost and efficiency compared to those prepared
by conventional material deposition techniques.
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can affect the surface properties, interfacial properties, and
perovskite quality, we focus on how these aspects are char-
acterized and which methods are employed. In particular, the
employed methods are various spanning computational simu-
lations, microscopy imaging and electrochemical, spectroscopic,
and crystallographic measurements. Through this review, we
aim to encourage researchers to explore these aspects and
methodologies in future research on hole-selective SAMs for tin
PSCs.

Recently, SAMs have gained the spotlight in the field of
lead halide perovskite solar cells (PSCs) due to their excellent
suitability as hole-selective layers (HSLs), driving efficiencies of
power conversion (PCEs) exceeding 26%.!*°! Similarly, SAMs offer
a promising outlook for advancing sustainable photovoltaics
such as lead-free halide PSCs.!%”! Among lead-free perovskites,
tin perovskite is a representative candidate for high performance
PSCs.[B01 The development of tin PSCs incorporating hole-
selective SAMs began in late 2021, achieving a PCE of 6.5% in an
inverted planar device architecture. This success is attributed
to the engineering of SAM interfaces with both the substrate and
the perovskite.

In 2024, the efficiency of SAM-based tin halide PSC (STPSC)
was further improved to 9.4%.'"2 This enhancement is due in
large to interfacial engineering at the SAM/perovskite and per-
ovskite/electron selective layer (ESL) interfaces. Notably, SAMs
have been reported to significantly influence both the buried
and top interfaces of tin perovskite layers.>™ While the afore-
mentioned PCEs are sub-10% and achieved with SAM HSLs alone,
they have exceeded 14% when SAMs are combined with a p-type
scaffold such as poly(3,4-ethylenedioxythiophene) polystyrene-
sulfonate (PEDOT:PSS) or NiO,.*™! Importantly, this progress
is owing to the ability of PEDOT:PSS or NiO, to homogenize
the surface properties (e.g., the roughness and composition)
of ITO glass, as well as their roles in surface passivation and
energy level alignment. This improvement is remarkable given
the short development history and has helped narrow the gap
with the best-performing TPSCs (~17%) reported to date.l"®! Nev-
ertheless, the overall progress in the development of TPSCs
remains relatively slow. To further advance these promising
PEDOT:PSS/SAM or NiO,/SAM HSLs, judicious investigation of
SAMs and their interfacial properties, aided by appropriate char-
acterization methods, is pivotal. As part of this effort, this

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH


www.chemeurj.org
https://orcid.org/0000-0001-6113-5679
mailto:dsong2025@scnu.ac.kr
mailto:diau@nycu.edu.tw
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202502461&domain=pdf&date_stamp=2025-09-27

Chemistry

Review Europe
doi.org/10.1002/chem.202502461

European Chemical
Societies Publishing

ChemEur]

review explores SAM molecules and surface and interface char-
acterization methods that have been applied for STPSCs to
date.

2. Characterization Methods for Hole-Selective
SAMs in Tin PSCs

A SAM is comprised of numerous molecules (packing den-
sity: >20 trillion molecules per cm?), which may consist of all
identical molecules or two or more different molecules. Each
molecule contains three different functional groups: an anchor-
ing group, a spacer group, and a terminal group. Typically, the
anchoring group contributes to the formation of a chemical
linkage to the substrate, the spacer group affects intermolecu-
lar interactions and charge tunneling, and the terminal group
determines the key interfacial properties. The explored func-
tional groups in STPSCs are summarized below. For the anchor-
ing group, phosphonic acid, carboxylic acid, siloxane, dicyano
group, cyano phosphonic acid, and cyano carboxylic acid have
been explored. For the spacer group, hydrocarbon chains, aro-
matic group, and thiophene group have been adopted. For the
terminal group, carbazole group, quinoxaline group, phenoth-
iazine group, triphenylamine group, bithiophene imide group,
thienopyrazine group, carboxylic acid, amine group, chlorine
group, methyl group, and trifluoromethyl group have been
used. Especially, the SAMs with p-type moieties could have
the highest occupied molecular orbital (HOMO) energy level
close to the valence band maximum energy level of tin per-
ovskite to modulate hole selection. While our review focuses
on the characterization of SAM-based TPSCs, additional informa-
tion on the functional groups and their roles and effects can be
found in the literature, which may be useful for designing SAM
molecules."7!

Table 1 presents the development history of STPSCs,
summarizing the publication date, PCE, and hole-selective
layer. In specificc among eighteen relevant papers,!"'>20-3"
seven papers have been published with SAMs only while
the remaining employed either PEDOT:PSS or NiO, beneath
SAMs [13-1520222527-29311 Qyerall, high-performance STPSCs adopt
PEDOT:PSS or NiO, as underlays. Both are commercially available
and should demonstrate high performance without SAMs for
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either tin-based or lead-based PSCs. Tin perovskites have shal-
lower energy levels than their lead counterparts,* which could
allow competent hole-selectivity on ITO even without HSLs.1334
However, ITO could be corroded by halide byproducts from the
perovskites layer,°! necessitating the use of HSLs. Even though
SAMs can be used alone, PEDOT:PSS or NiO, underlays can com-
plement SAMs to enhance hole-selective performance,?3¢! and
vice versa, they can be complemented by SAMs in terms of the
hygroscopic and acidic nature (for PEDOT:PSS) and the reactive
Ni=3* species (for NiO,) for accelerating perovskite degradation.
First, the underlays can reduce substrate roughness which is
beneficial for interface contact and perovskite crystallization.
It is worth noting that the issue of substrate roughness would
play a salient role in STPSCs undergoing rapid crystallization
of tin perovskites as well as in the lower interaction strength
of SAMs at the buried interface compared with PEDOT:PSS or
NiO,. Meanwhile, PEDOT:PSS or NiO, could be customized by
minimizing parasitic optical and resistive losses without the
expense of the surface roughness. Second, they help suppress
the formation of SAM defects, which are likely to occur at step
edge of ITO or from unbound SAM molecules. Third, especially,
the NiO4 underlay can augment the density of SAM molecules
to improve their surface coverage;*®! however, we note that
this is affected by combined factors of the substrate surface
states, the degree of aggregation of SAM molecules, and the
SAM deposition methods. The second and third advantages,
which enable the substrate to be effectively hole-selective, could
decelerate recombination, which is crucial for TPSCs suffering
from relatively fast recombination. Fourth, the underlays help
homogenize hole selection as the ITO surface is heterogeneous
due to the presence of various oxide forms of indium and tin.
Fifth, the favorable energy-level alignment is achievable. For
example, complete SAM coverage can form staggered gaps
at the interfaces of PEDOT:PSS or NiO, with SAMs, thereby
enhancing hole selectivity. These advantages can be realized by
appropriately tailoring the SAM surface and interfacial proper-
ties in addition to perovskite quality (Figure 1), for which diverse
related characterization methods have been developed. In this
article, we review the papers on STPSCs employing SAMs over
an underlay such as PEDOT:PSS or NiO, focusing on the char-
acterization methods used beyond molecular structure analysis.
We aim to help readers develop a comprehensive understanding
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Table 1. Summary of the publication history on hole-selective SAMs, either used alone or in combinatioin with PEDOT:PSS or NiOy for tin PSCs.
Publication
date PCE SAM only HSL SAM/PEDOT:PSS HSL SAM/NiO4 HSL Ref.
2021/12/10 6.5% Carbazole-based SAM mi
(MeO-2PACz)
2022/05/15 8.66% Carbazole-based SAM 1201
(2PACz) on PEDOT:PSS
2023/04/25 8.3% Quinoxaline-based (21
SAM (TQxD)
2023/11/01 12.16% Carbazole-based SAM (221
(MeO-2PACz) on
PEDOT:PSS
2023/12/01 7.6% 4-aminobenzoic acid (5]
SAM (AB)
2023/12/08 5.8% Carbazole-based SAM (241
(MeO-2PACz)
2024/01/08 8.6% Bithiophene imide-based SAM 1291
(BTI-MN-b8) on NiOy
2024/02/12 Fluorinated silane-based (28]
14.67% SAM (F3-TMOS) on
PEDOT:PSS
2024/04/12 9.4% Comolecular SAM 02l
(MeO-2PACz/6PA)
2024/04/25 14.19% m-extended carbazole-based 1]
SAM (2PADBC) on NiOy
2024/07/28 2-chloroethylphosphonic 14l
10.65% acid SAM (CEPA) on
PEDOT:PSS
2024/09/23 7.7% Thienopyrazine-based SAM 1271
(TP-MN) on NiOy
2025/01/15 8.1% Triphenylamine-based 1371
SAM (TPAT-CA)
2025/04/07 7.8% Phenothiazine-based 1261
SAM (PTzBr)
2025/04/02 14.7% 7-extended 0al
carbazole-based SAM
(2PADBC) on PEDOT:PSS
2025/05/12 8.7% Triphenylamine-based SAM 1251
(TPA) on NiOy
2025/07/10 8.65% Porphyrin-based SAM 1301
(MC-4)
2025/09/01 8.7% Dithienopyrrole-based SAM 131
(DTP) on NiOy

of how each method contributes to evaluating and interpreting
interfacial and device performance.

Figure 2 summarizes various characterization methods based
on X-ray, electron-beam, scanning probe, and light-based tech-
niques, which are widely used and effective for analyzing
components and interfaces in PSCs.*®! One can refer to the
literature!®®! for technical details on the application of these
methods. In common, these methods are proven surface- or
interface-sensitive and appropriate and applicable for investi-
gating the surfaces or interfaces of hole-selective SAMs (thick-
ness: several nanameters) in TPSCs. Furthermore, electrochem-
ical measurements (e.g., cyclic voltammetry, differential pulse
voltammetry (DPV)), nuclear magnetic resonance (NMR) spec-
troscopy, and molecular simulations have also been utilized (not
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seen in Figure 2). The following sections discuss the specific
types of information that can be obtained from each of these
methods.

2.1. 2PACz SAM on PEDOT:PSS

Figure 3a presents the chemical structure of a [2-(9H-carbazol-
9-yl)ethyllphosphonic acid (2PACz) SAM molecule, which is sub-
jected to anchoring onto PEDOT:PSS using its anchoring group
and interfacing with tin perovskite in STPSCs.[?°! PEDOT:PSS is
shown to be an ionic polymer comprised of positively charged
PEDOT with S* and negatively charged PSS with SO;~. SAM
molecules can be adsorbed onto PEDOT:PSS by electrostatic

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Key properties to be characterized

|
OH

SEDOI:PSS |
o ___ITOglass

1. SAM surface properties
: surface energy, anchoring mode, packing
density, and energy levels, etc.

2. SAM interface properties
: defects, perovskite film lamination, and
hole extraction and recombination rates, etc.

3. Perovskite properties
: crystallinity, lattice strain, crystal size and
orientation, and film thickness, etc.

Figure 1. a) Schematic illustration of a hole-selective SAM-based tin perovskite solar cell with the structure: ITO/NiOy (or PEDOT:PSS)/SAM/tin
perovskite/ESL/bathocuproine (BCP)/Ag. b) Summary of key properties to be characterized in SAM-based tin PSCs.

force between ST of PEDOT and P-O~ of the deprotonated
anchoring group of the 2PACz molecule. Upon the anchoring
process, the terminal group of the carbazole moiety in the 2PACz
molecule comes into contact with tin perovskite to regulate
the interface toward enhanced performance. For example, the
valence band maximum energy level of the PEDOT:PSS/2PACz
(PEDOT-2PACz) HSL becomes lowered by more than 0.6 eV
(Figure 3b). This lowered energy level and the resulting reduced
band offset to the wide bandgap (1.62 eV) perovskite pro-
mote hole extraction. As a result, all photovoltaic parameters
are reinforced, open-circuit voltage Voc (0.68—0.73 V), short-
circuit current Js¢ (13.36—16.28 mA cm—2), fill factor FF (69— 72%),
and PCE (6.27—8.62%), as shown in Figure 3c. The minimal for-
ward and backward J-V hysteresis behavior is accompanied.
Meanwhile, it appears that 2PACz significantly contributes to
improving device stability likely by passivating the PEDOT:PSS
film whose surface is acidic and hygroscopic and capable of
degrading perovskites.

2.2. MeO-2PACz SAM on PEDOT:PSS

[2-(3,6-dimethoxy-9Hcarbazol-9-yl)ethyl]phosphonic acid (MeO-
2PACz), which is a member of the 2PACz family and additionally
embeds methoxy groups at the 3 and 6 positions, was applied
to PEDOT:PSS toward improving hole extraction as Figure 4a
shows.!”?! The hole extraction performance is represented by
the hole transport rate in Figure 4b, where PEDOT:PSS/MeO-
2PACz attains the highest hole transport rate (i.e., the smallest
time component of 221 ps), which is outputted by femtosec-
ond transient absorption spectroscopy (TAS). We note that the
TAS allows exploration of the relaxation kinetics of the pho-
toinduced transient bleach in the perovskite film at different
pump fluences and the corresponding lifetime decay profile.??
It is claimed that the effective defect passivation and improved
work function account for the superior extraction performance
compared to PEDOT:PSS or PEDOT:PSS/2PACz. To probe defect
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passivation, *C liquid state NMR spectroscopy was carried out
with MeO-2PACz, 2PACz and their mixes with tin(ll) iodide. In
the NMR spectra displayed in Figure 4c, the signature peak at
55.68 ppm corresponding to the carbon in the methoxy group
in MeO-2PACz is clearly shifted to 55.75 ppm upon its mixing
with tin(ll) iodide. Figure 4d exhibits the line-cut profiles of per-
ovskite films deposited onto PEDOT:PSS/MeO-2PACz and other
HSLs. Especially, PEDOT:PSS/MeO-2PACz demonstrates preferred
orientation at the (100) and (200) planes with highly prominent
peak intensities. The overall perovskite crystallinity is the best
with PEDOT:PSS/MeO-2PACz according to the X-ray diffraction
measurements. It is therefore claimed that PEDOT:PSS/MeO-
2PACz improves crystal orientation and crystallinity. In Figure 4e,
each HSL is compared at a device level. PEDOT:PSS/MeO-2PACz
enhances all photovoltaic parameters relative to others and
consequently attains the highest PCE of 12.16%.

2.3. BTI-MN-b8 SAM on NiOy

SAM  molecules with the donor moiety of 44'-
dimethoxytriphenylamine interfacing the perovskite, which
is attached to the bithiophene imide (BTI) moiety, and the BTI
moiety is bridged by the thiophene group to the dicyanovinyl
(MN) group anchoring to NiO, have been developed.*! This
molecule is designated as BTI-MN-b8 and its molecular structure
is presented in Figure 5a. The alkyl side chains in the bithio-
phene imide moiety are varied. From atomic force microscopy
(AFM), NiO, is found to modify the surface properties (e.g.,
surface energy and roughness) of the ITO substrate.!”? Alkyl
chains appear to alter solubility and importantly mitigate aggre-
gation of SAM molecules and control the SAM packing on the
NiO,/ITO substrate. Especially, the single crystal structure of
the best-performing SAM molecule - BTI-MN-b8 (2) - exhibits
appropriate dihedral angles and intramolecular interactions and
improves m-conjugation between the bithiophene group and
the dicyanovinyl group (Figures 5b—e). It also could facilitate
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Figure 2. a)-o) Well-known characterization methods which are applied to PSCs and are also applicable to the investigation of SAM surface and interface
properties, as well as perovskite properties in hole-selective SAM-based tin PSCs. Reproduced with permission from American Chemical Society, copyright

20231381

the formation of a SAM with better uniformity and density on
the NiO,/ITO substrate (Figure 5f), promoting efficient charge
transport.

In specific, intramolecular distances of N--S, O--H, and S-H
are calculated to be 3.26, 2.43 — 2.47, and 2.64 — 2.86 A, respec-
tively (Figure 5b), which could promote the formation of highly
ordered SAMs on the substrate with a dense and tilted tex-
ture. As exhibited in Figure 5c, the good m-conjugation between
the BTl and anchoring groups, manifested by the short double-
bond length of C = C (1.36 A) between the thiophene and MN

Chem. Eur. J. 2025, 0, e02461 (5 of 15)

groups and the relatively small twisted angles of the thiophene
spacer relative to the MN (8.2°) and BTI (2.7°), is confirmed, which
is desirable for efficient charge transport. Moreover, the phenyl
rings in the donor moiety attain the twist angles (62.2° and 69.9°)
and improve solubility, easing device fabrication via solution
processing. The two cyano groups in the anchoring group are
widely angled at 120.1°, which would enable the SAM molecule
to stand firmly and perpendicularly on the NiO,/ITO substrate.
The alkyl chain is attached to the BTl moiety with near per-
pendicularity (angle: 87.3°). The alkyl chain interacts with the
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Figure 3. a) Structures of PEDOT:PSS, 2PACz, and perovskite layers. b) Energy diagram (eV, with respect to vacuum) of FTO, various HSLs, perovskite, C60
(buckminsterfullerene), BCP, and Ag. c) Current-voltage characteristic curves of devices fabricated with various HSLs under illumination of 100 mW/cm?. d)

Normalized PCE monitored in the dark (without encapsulation). Reproduced with permission from Elsevier, copyright 2022.!

two cyano groups in the bidentate anchoring mode (Figure 5f)
whereas it interacts with the BTl in the monodentate anchoring
mode. It is noted that moderate alkyl chain lengths can prevent
aggregation and packing hindrance of SAM molecules, thereby
facilitating the formation of a uniform layer on NiO,.

2.4. F3-TMOS SAM on PEDOT:PSS

The SAM molecule whose chemical name is trimethoxy(3,3,3-
trifluoropropyl)-silane (F3-TMOS) is applied to modify the surface
of PEDOT:PSS.[?®! For comparison, two other SAM molecules
coded as NH,-TMOS and CH3;-TMOS are explored as well.
The chemical structure of all SAM molecules is presented in
Figure 6a. In these SAM molecules, the three methoxy groups
are commonly embedded, which are hydrolyzed with ease and
undergo homo-condensation (for polymerization) or hetero-
condensation (for anchoring to a hydroxylated surface) as
Figure 6b shows. The three SAM molecules are distinct in their
terminal groups of -NH,, -CH;, and -CF;, which introduce dif-
ferent molecular dipole moments that affect the energy band
alignment and carrier transport. In addition, it is found that
the terminal groups can alleviate lattice strain, albeit to differ-
ent degrees, in the perovskite layer (Figure 6c, d). Specifically,
the perovskite deposited on PEDOT:PSS tends to give rise to a
large tensile strain mostly along the in-plane direction (Ad)). This
is because the perovskite possesses a positive thermal expan-
sion coefficient and undergoes high temperature annealing and
cooling to room temperature leading to its shrinkage. On the
other hand, the SAM molecules such as F3-TMOS molecules
deposited atop PEDOT:PSS result in the effective regulation of
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20]

the strain by redistributing it not only along the in-plane direc-
tion but also along the out-of-plane direction over a wide range
of temperatures (-40 to 85 °C).

2.5. 2PADBC SAM on NiOy

(4-(7H-dibenzolc,glcarbazol-7-yl)ethyl)phosphonic acid (2PADBC)
is @ SAM molecule that adds m-extension to the mother
molecule of 2PACz as displayed in Figure 7a.™ The phosphonic
acid anchoring group can protect tin perovskite from reactive
Ni=3* defects by sitting on the undercoordinated Ni cations.
Applying 2PADBC on NiO, homogenizes the surface potential
as evidenced by the 3D Kelvin probe force microscopy (KPFM)
images shown in Figure 7b, c. In addition, the 2PADBC molecule
serves as an electron donor and enhances the electron density of
perovskite, concomitantly increasing the activation energy for Sn
oxidation (Figure 7d). This is in stark contrast to the NiO, directly
bonded to Sn, which shows the attenuated electron density
(Figure 7e).

Two key parameters relevant to the trap state density are
trap-filled limit voltage (Vrr) and built-in voltage (V). Figure 7f
shows that, with the 2PADBC SAM, Vi decreases from 0.72
to 0.52 V and V,; increases from 0.58 to 0.77 V. This result
indicates that the defects such as tetravalent Sn defects are sup-
pressed and additionally the carrier separation is promoted, con-
comitantly reducing the nonradiative recombination. Figures 4a
and 4b show the J-V curves, evaluated under forward and back-
ward scans, of the best devices with a small area of 0.04 cm?
and a large area of 1.00 cm?, respectively. In both cases, Voc and
FF are prominently enhanced and the J-V hysteresis is minimal
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as compared to the control device. Hence, PCE reaches 14.19%
for the small-area device and 12.05% for the large-area device.
While heating may accelerate the formation of undesirable sur-
face species of Ni=** on NiO, in the presence of perovskite,
2PADBC likely inhibits this as shown in Figure 7i where the
greater thermal stability of the 2PADBC-based device is pre-
sented with merely a 10% decay at 85 °C for 500 h under a N,
atmosphere whereas the control device results in more than 30%
decay.

2.6. CEPA SAM on PEDOT:PSS

The SAM molecule of 2-chloroethylphosphonic acid (CEPA)
whose chemical structure is presented in Figure 8a is coated
onto PEDOT:PSS.™ The chlorine terminal group modifies
PEDOT:PSS to increase hydrophobicity. Importantly, it is inter-
active with tin perovskite. As revealed by scanning electron
microscope (SEM) imaging and photoluminescence (PL) map-
ping, this suppresses the formation of voids and impurity phases

Chem. Eur. J. 2025, 0, €02461 (7 of 15)

to reduce interfacial defects at the buried interface." Desirably,
the CEPA modification on PEDOT:PSS does not give rise to a loss
in light transmittance over the visible and near infrared light
absorption range, Figure 8b. The Raman spectra exhibited in
Figure 8c verify that CEPA molecules are chemically anchored
onto PEDOT:PSS. Specifically, the peaks at 1258, 1367, 1431, and
1502 cm™' emerge from the symmetric stretching vibration
of C,—C,, stretching deformation of Cgz-Cgz, and symmetric
and asymmetric stretching vibrations of C, = Cz in PEDOT,
respectively. In particular, the symmetric vibration band is
found to be narrower and red-shifted upon CEPA modifica-
tion. This change implies that PEDOT conformation is altered
from benzoid to quinoid, boding well for hole extraction and
interfacial defects reduction. In addition, the peaks at 1539 and
1566 cm™' attributable to the phenyl group of PSS become
weakened likely due to dedoping and decreased PSS upon CEPA
modification.

The strong molecular interaction between Sn?* in Snl, and
the phosphate group in CEPA is identified in Figure 8d where the
spectra obtained from Fourier transform infrared (FTIR) measure-
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ments are presented and show that the IR bands peaked at the
wavenumbers of 1198 and 1237 cm~' for the phosphate group are
shifted to the higher wavenumbers of 1219 and 1249 cm~". The
phosphate group can be deprotonated and chemically attached
to the exterior of the perovskite crystal. In Figure 8e, the C-Cl
functional group in CEPA is represented by a stretching vibration
peak at 728 cm~', which is shifted to a lower wavenumber of 717
c¢m~" upon interaction with Snl,.

Urbach energy can quantify energetic disorder in the band
edges of a semiconductor like perovskite. As shown in Figure 8f,
Urbach energies are calculated for perovskite films on PEDOT:PSS
and PEDOT:PSS/CEPA by fitting the spectra of external quan-
tum efficiency near the absorption onsets. A lower Urbach
energy indicates fewer defects in a perovskite film. The calcu-
lated Urbach energy is reduced by CEPA from 53 to 49 meV. This
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reduction comes from the suppression of sub-gap defects in the
perovskite film on CEPA.

2.7. TP-MN SAM on NiOy

The functionalized thienopyrazines (TPs) with varied anchor-
ing moieties are explored as SAM molecules (TP-MN, TP-CA,
and TPT-MN) following deposition onto NiO,, whose chemical
structures are presented in Figure 9a.”! The TP unit is electron-
deficient and is used for the construction of low-bandgap semi-
conductors. The TPT unit is a thienopyrazine with m-extension
via a thiophene group. The anchoring group is either CN/CN
(MN) or CN/COOH (CA). Interestingly, the anchoring group dif-
ferentiates the surface energy of the SAM, resulting in a change
in the contact angle from 7.20° (for NiOy) to 12.31° (for TP-MN),
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21.38° (for TP-CA), and 7.02° (TPT-MN) as presented in the first row
of Figure 9b. Accordingly, the perovskite film evolves in terms of
crystal size and uniformity and cross-sectional thickness, which
are visualized by SEM and shown in the second row and third
rows of Figure 9b, respectively. In particular, the perovskite film
on TP-MN shows larger and more uniform crystal grains and
increased film thickness (120—255 nm). However, it is arguable
whether the contact angle results can be directly correlated with
the SEM observations.

According to X-ray diffraction patterns of perovskite films in
Figure 9¢, the slight peak shifts take place toward the smaller
angles by SAM molecules. It is deduced that the oxidation of
Sn** is in charge of the shifts. This may be corroborated by
PL spectra in Figure 9d where the PL peak of pristine NiOy
is blue-shifted. Meanwhile, pristine NiO, results in attenuated
absorbance over the entire light absorption range, as shown
in Figure 9d, due to the aforementioned lower quality of
perovskite.

2.8. 2PADBC SAM on PEDOT:PSS
The 2PADBC SAM, which is already used for NiO, as presented

in Figure 6, is applied atop PEDOT:PSS, with the attendant mer-
its of protecting tin perovskite and improving the energy levels
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and the conductivity of PEDOT:PSS.!™®! In this research, the tin
perovskite films are characterized with regards to divalent and
tetravalent Sn ions by the Sn 3d5/2 spectra of X-ray photoelec-
tron spectroscopy (XPS) for their upper surfaces (Figures 10a,b)
and buried interfaces, Figures 10c,d, both with and without the
2PADBC SAM atop PEDOT:PSS. The tetravalent Sn ions are defects
and the oxidation product of divalent Sn ions. Interestingly, the
relative ratio of Sn?* to Sn** increases by the incorporation of
the 2PADBC SAM in both cases. Especially, the ratio increases
more prominently at the buried interface (i.e., the HSL/perovskite
interface) from 28.57 to 80.85%.

Figure 10e presents the representative J-V curves, along with
the hysteresis behavior, of STPSCs adopting either the 2PADBC
SAM or none. The 2PADBC SAM renders a high PCE of 14.7%,
which is the best among NiO,/SAM- or PEDPT:PSS/SAM-based
STPSCs. This is the result of overall increase in photovoltaic
parameters, Voc (0.75—0.84 V), Jsc (22.8—23.5 mA cm™2), and
FF (73.4—74.8%), concurrent with maintaining minimal J-V hys-
teresis behavior. The V¢ rise is most outstanding, for which the
devices are assessed in terms of the ideality factor (Figure 10f)
and electroluminescence external quantum efficiency (EQEg)
(Figure 10g). The ideality factors are computed from measure-
ments of devices at various light intensities between 10 and
100 mW cm~2 that produce the resulting V¢ values. Their val-
ues are 138 (for 2PADBC SAM) and 1.58 (for no SAM). The closer
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the ideality factor value to 1, the better the Shockley-Read-Hall
recombination (i.e., trap-assisted recombination) is mitigated.
The 2PADBC SAM suppresses this recombination, extending the
lifetime of charge carriers and hence enhancing Voc. Meanwhile,
EQEr, measurements under various current densities can offer
more detailed picture of Voc. In specific, the higher EQEg value
(0.018%), with implication of lower nonradiative recombination,
with the 2PADBC SAM leads to nonradiative recombination loss
of 0.223 V (Figure 10h). In contrast, without the 2PADBC SAM,
the EQEg value is as low as 0.006% to result in the greater
recombination loss of 0.252 V.

2.9. TPA SAM on NiO,
Six new SAM molecules are developed to anchor onto NiO,, each
with phosphonic acid (PA) or phosphonic ester (PE) as an anchor-

ing group that is linked via a selenophene (SP), thiophene (T), or
phenyl (P) unit to a triphenylamine (TPA) terminal group. The

Chem. Eur. J. 2025, 0, e02461 (10 of 15)

SAM molecules are dissolved in o-dichlorobenzene and charac-
terized by the UV-Vis absorption spectra (Figure 11a). As the linker
unit is switched from selenophene to thiophene and phenyl, the
absorption peaks exhibit a hypsochromic shift. The absorption
peaks appear at wavelengths of 475 nm for TPA-Sp-PA, 495 nm
for TPA-Sp-PE, 473 nm for TPA-T-PA, 481 nm for TPA-T-PE, 430 nm
for TPA-P-PA, and 439 nm for TPA-P-PE. The heteroatoms in the
linkers show different abilities to donate lone pairs into the x-
system, thus reducing the optical band gap, which accounts for
this peak shift. Meanwhile, DPV was carried out on the SAM
molecules, through which the HOMO energy level was deter-
mined using the oxidation potential (E.,) in Figure 11b and the
relation, Enomo = —(4.44 + E,y); we note that the DPV measure-
ments proceeded with the solutions containing the SAMs and
the standard redox couple (Fc/Fct). The determined Epoumo val-
ues are -5.32 eV for TPA-Sp-PA, -5.38 eV for TPA-Sp-PE, -5.32 eV
for TPA-T-PA, -5.38 eV for TPA-T-PE, -5.31 eV for TPA-P-PA, and -
5.36 eV for TPA-P-PE; we note that the lowest occupied molecular
orbital (LUMO) energy level can be further calculated using the
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absorption onset in Figure 11a. This result suggests that the type
of linker is less influential than the type of anchoring group on
the HOMO energy level.

Leveraging density functional theory (DFT) calculations, the
electronic structures of the six SAM molecules are determined
as shown in Figure 11c. First, it is commonly identified that the
HOMOs are mostly localized on the triphenylamine units and
the LUMOs are mostly found on the linker groups. Second,
the HOMO and LUMO energy levels which are calculated by

Chem. Eur. J. 2025, 0, e02461 (12 of 15)

DFT are in good accordance with those from the DPV results.
Third, according to the electrostatic potential (ESP) analysis,
the phosphonic acid or phosphonate group carries a higher
concentration of negative charges, implying a strong interac-
tion with the NiO, and ITO surfaces and potentially benefit-
ing charge transfer. Meanwhile, using impedance spectroscopy
whose results are presented in Figure 1le, the additional inter-
facial property, namely charge recombination, is revealed; we
note that the measurements were performed in the dark at
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the respective open-circuit voltages. The charge recombination
resistance decreases in the order TPA-Sp-PE > TPA-Sp-PA > TPA-
T-PE > TPA-P-PE > TPA-T-PA > TPA-P-PA > no SAM molecule
(i.e, NiOy only). It is claimed that this result is consistent with
the Vo trend. The STPSC devices were fabricated using a two-
step sequential method, which solved the problem for the rapid
crystallization of the perovskite layer using the conventional
one-step method.

2.10. DTP SAM on NiOy

SAMs, which are comprised of a series of donor-donor-acceptor
type of dithienopyrrole (DTP)-based molecules (DTP-PA, DTP-
PA, DTP-CA, and DTP-CA), have been recently reported, in
which the apostrophe represents the elongated aliphatic chain
(side functional group; see Figure 12a), PA represents the cyano
phosphonic acid (anchoring group), and CA represents the
cyano carboxylic acid (anchoring group). While the two different
anchoring groups are the major variable, the aliphatic chain is
commonly introduced for the solubility of the SAM molecules.
On one side, DTP is conjugated with a triphenylamine (TPA)
unit in a linear structure. On another side, DTP is linked to an
N-substituted phenyl ring for better w-conjugation extension.
While this molecular design is expected to promote efficient hole
transfer, the molecular structure is comprehensively verified by
NMR spectroscopy and mass spectrometry.

Among them, the DTP-PA SAM enables the greatest device
performance. As evaluated by space-charge-limited current
(SCLC) analysis, the DTP-PA SAM exhibits the desired hole-
selective properties, including the highest hole mobility (1) of
549 x 1073 cm? V7' 571, the lowest trap-filling voltage (Vir) of

Chem. Eur. J. 2025, 0, €02461 (13 of 15)

0216 V, and the lowest trap density (M) of 6.8 x 10 cm~3
(see Figure 12b). This contributes to fabricating the STPSC show-
ing a high PCE of 8.7%. The DTP-PA enables high stability, as
demonstrated by a shelf-storage lifetime of 3600 h (T.go, the
time to retain ~90% of the initial value). This is accompanied
by the decent result of maximum power point tracking under
constant standard 1 sun illumination (AM 1.5 G, 100 mW cm™2,
manifested by 5 hours corresponding to the time for the > 90%
retention (T.g) for the DTP-PA SAM (Figure 12c). The principal
reasons for the stability can be corroborated by thermogravi-
metric analysis (TGA, Figure 12d) for SAM molecules and water
contact angles atop perovskite films (Figure 12e). In the TGA
curves, the PA-containing SAM molecules of DTP-PA and DTP-PA
show prominently > 100 °C higher decomposition tempera-
tures (near 340 °C), indicative of higher thermal stability. In the
water contact angle images, the PA-containing SAM molecules of
DTP-PA and DTP-PA lead to perovskite films with strengthened
hydrophobicity. While more investigation is required to under-
stand these interesting results, the strengthened hydrophobicity
could be beneficial for long-term operation of the devices.

3. Summary and Outlook

SAMs constructed on a p-type scaffold such as PEDOT:PSS or
NiO, can be potent for extracting holes in lead-free tin PSCs.
However, their advancement has lagged behind that of other
perovskite photovoltaics. To promote further progress, we review
characterization methods capable of examining the properties of
SAMs and perovskite films, which can guide the development
of new types of SAM molecules and the optimization of their
interfaces. Specifically, for the surface properties of the SAMs,
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the surface energy (by the contact angles), HOMO and LUMO
energy levels (by DPV or UPS together with light absorption
spectroscopy), potential map (by KPFM), roughness (by AFM) and
parasitic light absorption (by light absorption spectroscopy) are
characterized. In addition, molecular simulation is often explored
to predict the optimal geometrical structure, interaction with
perovskite, and anchoring onto substrates of SAM molecules.
We note that the thickness and packing density (or coverage)
of SAMs, essential to evaluate hole-extraction performance in
detail, have been little characterized for tin PSCs. SAM thick-
ness could be evaluated by light absorption spectroscopy,’®”’
ellipsometry!3®? or XPS.1*%! In absorption spectra, the absorbance
of SAM is presented and it could be used, along with the
coverage and the extinction coefficient, for thickness evalua-
tion. Ellipsometry spectra exhibiting the refractive index and the
extinction coefficient over the UV-Vis-NIR range are output by
light reflection, which is often sensitive to substrate roughness.
The thickness is verifiable with the substrate element peaks in
XPS which are attenuated in the presence of SAMs. While these
methods would not be well-suited to thin SAM films, they can
be complemented by AFM being capable of imaging films with
a thickness below 1 nanometer.”"’ SAM packing density could
be estimated by transmission electron microscopy™®! or cyclic
voltammetry!*?! respectively. In addition, the binding of SAM
molecules onto substrates is verifiable with XPS and FTIR.[#!

The interface properties of the SAMs are characterized by
multiple methods. PL spectroscopy or TAS is used to deter-
mine the hole transfer rates. Hole recombination is investi-
gated by impedance spectroscopy, light-illumination-intensity-
dependent photovoltage, or current-density-dependent electro-
luminescence. The origins of the hole transfer and recombination
are revealed in terms of the quality of the buried perovskite
(by XPS, XRD, SEM or PL) and/or the interface interaction (by
IR, Raman, NMR or molecular simulation). Meanwhile, the qual-
ity of bulk and top perovskite — which can eventually affect the
hole generation and transfer — can be characterized in terms
of crystallinity (by XRD or GIWAXS), crystal size or thickness of
perovskite films (by SEM) and/or defects (by XPS or PL). We
note that perovskite defects are also quantifiable with Mott-
Schottky analysis!*! or thermal admittance spectroscopy,*”
both of which are performed at the device level. We further note
that, with the resulting devices, impedance spectra, external
quantum efficiency spectra, and electrochemical measurement
results including J-V curves should be conducted to investi-
gate SAM performance at the device level. Even though not
all of these methods are necessarily applied, we recommend
that researchers make efficient use of them depending on the
characteristics of their research. For example, if new types of
SAM molecules are synthesized, characterization methods focus-
ing on their material properties on substrates should not be
excluded.
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