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Simple I-Shaped Aryl-Based Dyes for Tin Perovskite Solar
Cells with Selenophene Core Moiety as Self-Assembled
Monolayers on NiOx Using Two-Step Fabrication

Yun-Sheng Shih, Arulmozhi Velusamy, Chun-Hsiao Kuan, Pei-Yu Huang, Che-Hsin Kuo,
De-You Zeng, Cheng-Liang Liu, Shao-Huan Hong, Xianyuan Jiang, Ming-Chou Chen,*

and Eric Wei-Guang Diau*

Six novel organic small molecules, TPA-Sp-PA (1), TPA-Sp-PE (1E), TPA-T-PA
(2), TPA-T-PE (2E), TPA-P-PA (3) and TPA-P-PE (3E) are developed and applied
to NiOx films as self-assembled monolayers (SAMs) for tin perovskite solar
cells (TPSCs). The linker between acceptor (phosphonic acid (PA) or
phosphonic ester (PE)) and donor (triphenylamine (TPA)) plays an important
role in facilitating the growth of high-quality perovskite films using a two-step
method. Three different types of linkers, phenyl ring (P), thiophene (T), and
selenophene (Sp), are studied, for which the Sp-based SAMs provide the best
device performance with TPA-Sp-PE (1E) achieving a PCE 8.7%, and its acidic
analog, TPA-Sp-PA (1), reaching a maximum PCE of 8.3%. Single crystal
structures of TPA-Sp-PE (1E) and TPA-T-PE (2E) are successfully obtained,
with the expectation that a uniform SAM would form on the NiOx/ITO
substrate. The research introduces a novel approach to enhance TPSC
performance by integrating organic SAMs with NiOx HTMs, offering a
promising avenue for future progress in TPSC technology through a two-step
fabrication technique.

1. Introduction

Perovskite solar cells (PSCs) have received
substantial interest in the last 10 years
due to their notable benefits, such as so-
lution processability, low manufacturing
costs, and remarkable power conversion
efficiency (PCE).l"! PSCs have recently
achieved a PCE of 26.7%,/%°! highlighting
their potential as the next-generation pho-
tovoltaic technology.! Hole transport ma-
terials (HTMs) are essential for effectively
enabling electron-hole pair dissociation
in PSCs by conveying holes while ob-
structing electrons.l>~] NiOx,[#°] poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA),*1 and  poly-(3,4-ethylene
dioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS)[1>14] are commonly used
HTMs for inverted planar PSCs. To obtain
homogeneous films, these HTMs usually
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need to be deposited at a thickness of only a few nanometers.
Additionally, for effective charge transport, their HOMO levels
and hole mobilities must be properly tuned.['>7] In contrast,
self-assembled monolayers (SAMs)-based HTMs can be applied
in very thin layers on transparent conductive oxide (TCO) elec-
trodes. This can alter the work function of the TCO by generating
permanent dipole at the interfaces.'®2! Furthermore, the pres-
ence of anchoring groups in the SAMs interacts strongly with the
electrode surfaces, reducing charge recombination at the HTM
and perovskite interface. The SAM treatment also produces hy-
drophobic surfaces that promote perovskite crystal formation and
enhance the PSC performance.[?22]

SAMs generally consist of three components: a head group
(donor), a linker (core), and an anchoring (acceptor) group. The
anchoring group significantly influences the binding energy to
electrode surfaces, as well as affects the charge transport, inter-
facial dipole moment, and recombination in devices.[?*2%] Com-
mon anchoring groups include phosphonic acid (PA), carboxylic
acid (CA), cyanoacetic acid (CAA), dicyano (MN), boronic acid
(B(OH),), and sulfonic acid (SO;H). Among these, PA, CA,
and CAA are predominantly used for developing SAM-based
HTMs in PSCs. Compounds that are hydrophobic and conju-
gated, such as triphenylamine, carbazole, and phenothiazine, are
frequently used as head groups. Connecting the head and anchor-
ing groups is the linker, which can be either an aliphatic or aro-
matic group.?”l The PA group, in particular, consists of two hy-
droxyl units and a phosphonic group, enabling it to bind in three
different ways based on the surface and reaction parameters.[?]
PA exhibits the greatest binding energy with TiO, surfaces com-
pared to other anchoring groups.?®] It provides exceptional sta-
bility to the SAM, making PA the best anchoring group for SAMs.
Consequently, many SAMs incorporating PA have been devel-
oped for use as HTMs in PSCs.

So far, several SAMs have been reported using PA as an an-
choring group with aliphatic linkers. For example, Magome-
dovetal. first designed dimethoxydiphenylamine-substituted car-
bazole V1036 as a hole-transporting SAM and used as the dopant-
free hole-selective contact in Pb-PSCs and obtained a PCE of
17.8%,1%1 as shown in Figure 1a. Similarly, Ashouri et al. de-
signed and synthesized carbazole-based 2PACz SAM with a C2
alkyl chain attached to phosphonic acid groups, which exhib-
ited PCE of 20.9% when implemented in the Pb-based inverted
PSCs.3% Lj et al. synthesized TPT-P6 with PA as an anchoring
group and a phenothiazine head group, which demonstrated a
higher PCE of 22% and greater stability.?!) Ullah et al. devel-
oped Br-2EPT, a phenothiazine-based SAM that shows mini-
mized nonradiative recombination loss and thus makes it pos-
sible to improve PCE up to 22.44%.321 Additionally, Jiang et al.
designed a helical z-expanded carbazole-derivative, CbzNaph,
which self-assembled into a densely packed and well-ordered
monolayer, achieving a maximum PCE of 24.1%.1%}] Recently,
Wu et al. reported inverted PSCs employing a bisphosphonate-
anchored indolocarbazole (IDCz)-derived SAM, IDCz-3, as the
hole-extraction layer and a champion PCE of 25.15% was
achieved.?* The SAM MPA-CPA, reported as the only SAM us-
ing cyanovinyl phosphonic acid as the anchoring group with-
out any linker groups achieved a PCE of 25.2%.] This am-
phiphilic SAM was developed by Zhang et al., with a versatile an-
choring group cyanovinyl PA that creates a super wetting under-

Small 2025, 2500642

2500642 (2 of 13)

www.small-journal.com

layer for perovskite deposition. This results in high-quality per-
ovskite films with fewer interface defects, leading to MPA-CPA-
based PSCs with a PCE of over 25% and excellent stability in Pb-
PSCs. According to these findings, SAMs with PA/CPA anchor-
ing groups are highly suitable as HTMs for high-performance
PSCs.

Currently, tin-based PSCs (TPSCs) are gaining attention as
a viable lead-free alternative, having achieved notable PCEs of
15.79%3¢1 and 15.38%.1”] These results were accomplished by in-
corporating 4-fluorophenethylamine hydrobromide as an inter-
facial dipole and isomeric fulleropyrrolidines as additives. While
TPSCs still trail behind lead-based perovskites in terms of per-
formance, tin perovskites possess a narrower bandgap compared
to lead-based counterparts, indicating the potential for TPSCs to
reach a higher theoretical PCE than Pb-PSCs.383% To mitigate is-
sues such as Sn?*/Sn** oxidation, enhance surface passivation,
and control crystal formation in TPSCs, various strategies involv-
ing additives have been explored.!***8] For example, our team re-
cently utilized SAMs of MeO-2PACZz*! in TPSCs, resulting in
a PCE of 6.5% (Figure la). More recently, we developed a TP-
MN SAM based on a thieno[3,4-b]pyrazine core, which achieved a
maximum PCE of 7.7% when combined with NiOx in TPSCs.!"]
In addition, our group developed new quinoxaline-based SAMs,
TQx and TQxD, which exhibited PCEs of 8.0% and 8.3%, respec-
tively, in TPSCs.>Y Triphenylamine-based Y-shaped organic sen-
sitizers were also developed, with the TPAT-CA achieving a PCE
of 8.1% as p-type SAM for TPSCs.[>2!

Motivated by these seminal studies and prior investigations,
we have developed a series of simple and novel “I-shaped” aryl-
based TPA-Ar SAMs as highly effective and cost-efficient sur-
face modifiers. These SAMs feature various heterocyclic rings
(benzene, thiophene, and selenophene) as aromatic linkers,
dimethoxy-substituted triphenylamine groups as donor (head)
groups, and cyanovinyl PA and PE as anchoring groups. In
contrast to conventional dye-based SAMs, which often involve
complex synthesis processes and high material costs, our Ar-
based SAMs are straightforward to synthesize and offer signif-
icant material cost reductions.*®! This simplicity and affordabil-
ity make them particularly attractive for large-scale production,
where cost-efficiency is critical. The use of simple aryl rings as
core moieties in SAMs for TPSCs provides several advantages,
including reduced steric hindrance, enhanced charge injection,
and improved efficiency. Additionally, these simple aryl rings
facilitate better molecular packing and ease of processing.>*>]
Their cost-effectiveness, stability, and ease of functionalization
further enhance their potential as an optimal choice for improv-
ing TPSC performance.>®

To achieve high-quality perovskite films, we utilize a two-step
spin coating technique to fabricate the tin perovskite layer, as op-
posed to the traditional one-step method commonly employed by
research teams worldwide. While the one-step process is widely
used, the rapid crystallization of perovskites makes it challenging
to precisely control nucleation and growth, leading to less uni-
form films. In our two-step approach, we incorporate a cosolvent
system as the antisolvent in the second spin coating step. Typi-
cally, isopropyl alcohol serves as the antisolvent in this phase, but
it can degrade tin perovskite films. To address this, our lab devel-
oped a cosolvent system in 2020, combining isopropyl alcohol,
hexafluoroisopropanol, and chlorobenzene, which enables the
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Figure 1. Chemical structures of the a) reported SAMs for Pb-PSCs and TPSCs, and b) TPA-Ar-PE and TPA-Ar-PA SAM molecules for TPSCs, as presented

in this study.

formation of high-quality tin perovskite films.l>’] For the SAMs
used in this study, the one-step method failed to produce a uni-
form perovskite film, highlighting the necessity of using a two-
step approach to make a TPSC in this study.

Figure 1b depicts the chemical structures of six newly de-
signed and examined SAM molecules in this study: TPA-Sp-PA
(1), TPA-Sp-PE (1E), TPA-T-PA (2), TPA-T-PE (2E), TPA-P-PA
(3) and TPA-P-PE (3E). In these SAMs, the anchoring groups
(PA and PE) are located at one end of the aryl linkers, while the
donor moiety, 4,4’-dimethoxytriphenylamine is located at the op-
posite end. This configuration strengthens the attachment to the
NiOx/ITO surface, promoting optimal molecular orientation and
better interaction with the perovskite layer. This is supported by
the successful formation of single crystals of TPA-Sp-PE (1E) and
TPA-T-PE (2E) through a slow solvent evaporation technique. In-
tramolecular interactions within these SAMs aid in creating a
consistent and tightly packed monolayer on the NiOx/ITO sub-
strate, enhancing charge transport efficiency. Furthermore, the
introduction of this “I-shaped” Ar-based SAM resulted in the
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highest reported PCE of 8.7% for TPA-Sp-PE (1E)-based TPSC,
with its acidic analog, TPA-Sp-PA (1), achieving a maximum
PCE of 8.3%. These results surpass the performance of previ-
ous dye-based SAMs, demonstrating the potential of this cost-
effective approach to significantly enhance TPSC performance.
The unique molecular design and its well-defined geometry play
a crucial role in optimizing the interface between the perovskite
layer and the NiOx/ITO substrate, reducing charge recombina-
tion and improving charge transport, which ultimately boosts the
efficiency of the devices.

2. Results and Discussion

2.1. Synthesis

TPA-Ar-based SAM molecules were synthesized as shown in
Scheme 1. First, 5-bromoaryl-2-carbaldehydes 4-6 were coupled
with stannylated 4,4’-dimethoxy triphenylamine via Stille cou-
pling to obtain intermediate aldehydes 7-9 using Pd(PPh,),

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Scheme 1. Synthetic route to TPA-Ar-based SAM molecules.

catalyst. Further, a Knoevenagel-Horner reaction between these
intermediates and diethyl cyanomethylphosphonate, carried out
in the presence of piperidine, under reflux in chloroform gave the
TPA-Ar-PE compounds (1E-3E). Finally, TPA-Ar-PE compounds
were converted to cyanovinyl phosphonic acid derivatives, TPA-
Ar-PA (1-3), in good yields (>90%). These SAMs demonstrate
excellent solubility in chlorobenzene, chloroform, and tetrahy-
drofuran. Furthermore, structural characterizations of all the fi-
nal molecules were analyzed using 'H, *C, and *'P NMR spec-
troscopy, as well as mass spectrometry (see Figures S1-526, Sup-
porting Information).

2.2. Physical Characterizations

Table 1 outlines the physical properties of SAM molecules based
on TPA-Ar. Thermogravimetric analysis (TGA) was used to evalu-
ate the thermal stability of the newly synthesized SAM molecules
(Figure S27, Supporting Information). These SAMs exhibit better
thermal stability, with ~5% weight loss occurring at 201/295 °C,
317/295 °C, and 319/302 °C for compounds 1/1E, 2/2E, and 3/3E
respectively. All six compounds possess good thermal stability

Table 1. Physical properties of TPA-Ar SAMs.

TPA-Ar-PA

(i] = TPA-Sp-PA (1)

' (_7 — TPA-T-PA (z)

NC OH
@3 TPA-P-PA (3)

(1-3)

and the results are provided in Table 1. The UV-vis absorption
spectra of all TPA-Ar SAMs were measured in o-dichlorobenzene
solutions and are shown in Figure 2a. The order of 4, is ob-
served to be selenophene > thiophene > phenyl-based com-
pounds. This trend is due to the increasing ability of the het-
eroatoms to donate lone pairs into the z-system, thereby reduc-
ing the optical energy gap and absorbing at longer wavelengths.
Consequently, the order of absorption maxima is 1E (495 nm)
> 2E (481 nm) > 3E (439 nm) and 1 (475 nm) > 2 (473 nm)
> 3 (430 nm) for TPA-Ar-PE and TPA-Ar-PA, respectively. At
25 °C in 0-DCB, differential pulse voltammetry (DPV) was con-
ducted to analyze the electrochemical properties of all TPA-Ar
SAM molecules (Figure 2b and Figure S28, Supporting Informa-
tion), employing tetrabutylammonium hexafluorophosphate as
the electrolyte. The oxidation potentials of SAMs were calibrated
using ferrocene as an internal standard, with the reference po-
tential fixed at +0.64.°81 The HOMO energy levels of TPA-Ar
SAMs were determined using the equation Ej oo = —(4.44 +
E_,). The first oxidation potentials of SAMs are located at +0.94
and +0.88 V, resulting in E};y,o values of —=5.38 eV and —5.32 eV
for TPA-Ar-PE and TPA-Ar-PA, respectively. The obtained results
suggest that variations in chalcogens have a negligible impact

Compound T, [°C] 7.2 [°C) Anax (501)€) [nm] AEY [eV] E.° V] HOMO" [eV] LUMO?® [eV] AE [eV]
TPA-Sp-PA (1) 201 81 475 2.09 0.88 -5.32 -3.22 2.56
TPA-Sp-PE (1E) 295 174 495 2.12 0.94 —5.38 -3.26 2.62
TPA-T-PA (2) 317 83 473 2.16 0.88 —5.32 =3.1 2.61
TPA-T-PE (2E) 295 146 481 2.18 0.94 —5.38 -3.19 2.68
TPA-P-PA (3) 319 135 430 233 0.87 —5.31 —2.99 2.61
TPA-P-PE (3E) 302 68 439 2.34 0.92 —5.36 -3.01 2.72

* Measured using TGA; *) Determined with a meltln% point apparatus; 9 Assessed in 0-DCB; 9 Calculated using 1240/4,,, (onset); ) DPV results in 0-DCB; I Homo =

~(4.44 + E,) vs. NHE; ¥ LUMO = HOMO + AE,;
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AE, obtained from DFT calculations.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) UV-vis absorption profiles; b) DPV plots; c) DFT-computed energy levels and ESP visualization for TPA-Ar SAMs.

on the electrochemical properties of their corresponding analogs.
All three SAMs anchored with cyanovinyl phosphonic acids (PAs;
1-3) are easier to be oxidized at lower oxidation potentials than
their phosphonate (1E-3E) analogs, i.e. PAs with higher HOMO
than PEs.This can be attributed to the PA group’s ability to form
hydrogen bonds, which stabilizes the molecule and lowers the
overall electron density around the phosphorus atom compared
to the PE group. Thus, the electron-withdrawing nature of the PA
group might be less effective than that of the PE group. Further-
more, the corresponding E; ;o values are calculated by adding
Eiomo 1o the optical energy gap, and the obtained results are pro-
vided in Table 1 and Figure S28 (Supporting Information).

2.3. Theoretical Calculations

DFT calculations at the B3LYP/6-31G” level, performed using the
Gaussian 09W program (Figure 2c), were utilized to examine
the electronic structures of TPA-Ar SAMs. The HOMOs of all
the SAM molecules are mainly localized on the triphenylamine
units. At the same time, the LUMOs are observed on the aryl
groups (selenophene, thiophene, and phenyl) and slightly ex-
tended to the cyanovinylene units. The DFT-derived Ey;qyo and
E, ymo of all the compounds range from —5.17 to —5.31 eV and
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—2.45 to —2.75 eV, respectively. A trend similar to the optical en-
ergy gap is observed in the energy gap obtained through DFT
calculations: TPA-Ar-PE > TPA-Ar-PA. Furthermore, an electro-
static potential (ESP) analysis was conducted on TPA-Ar-based
SAMs to assess the distribution of molecular charges and inves-
tigate the NiOx/ITO surface interactions with the sites of anchor-
ing groups (Figure 2c). The DFT analysis and ESP visualization
results for the six TPA-Ar SAMs show that the phosphonic acid
and phosphonate groups have a large concentration of negative
charges. This supports the robust interaction with the NiOx/ITO
surface, aiding the SAM formation and potentially boosting the
transfer of charges at the SAM/NiOx interface in TPSCs.

2.4. Single Crystal Structures

To gain a better understanding of the SAM molecules’ struc-
ture, single crystals of TPA-Sp-PE (1E) and TPA-T-PE (2E) were
grown. The single crystal structures, determined through diffrac-
tion, are displayed in Figures 3 and S29 (Supporting Informa-
tion), with the corresponding crystal data provided in Tables S1
and S2 (Supporting Information). Both compounds crystallize
in the triclinic system with a P-1 space group. Figure 3a,b,e,f
show the stick model, while Figure 3c,d,h are presented in the

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Single crystal structures of TPA-Sp-PE (1E) and TPA-T-PE (2E) SAMs. a,e) Top views of molecules 1E and 2E showing intramolecular interactions
and interplanar angles; b,f) side views of molecules 1E and 2E illustrating interplanar angles; c,d,g) proposed packing patterns of the SAMs on a NiOx/ITO
substrate (ethyl groups are excluded for clarity). Figure a—d corresponds to TPA-Sp-PE (1E), while Figure e-g corresponds to TPA-T-PE (2E).

space-filling model. In Figure 3a, the intramolecular distances
are 3.31 A (Se—N), 2.72 A (Se—H), and 2.61 A (O—H), with
the SAM molecule oriented vertically, where three oxygen atoms
(attached to phosphorus) serve as anchoring points. Figure 3e,
in contrast, shows intramolecular distances of 3.36 A (S—N),
2.70 A (S—H), and 2.54 A (O—H). These interactions probably
promote the creation of well-ordered SAMs on the substrate, fea-
turing compact and angled textures. As illustrated in Figure 3a,e
illustrates the short C=C double bond (~1.36 A) between se-
lenophene/thiophene and PE groups, along with a short C— P
distance of 1.78 A. Furthermore, the small interplanar angles
of selenophene/thiophene to PA (8.6°/8.7°) and the TPA moiety
(11.7°/10.3°) indicate effective z-conjugation between the central
selenophene/thiophene and the PE groups, promoting effective
charge transfer. Additionally, the larger interplanar angles of 2E
(82.2°/61.7°, as shown in Figure 3e) determined for the phenyl
rings in the TPA groups, compared to those of 1E (77.8°/60.2°,
Figure 3a), suggests that 1E exhibits better planarity, which fa-
cilitates charge transport. The wide angles (~116°; Figure 3a,e)
formed by the three oxygen atoms bonded to phosphorus in both
compounds likely help the SAM molecules remain firmly an-
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chored to the NiOx substrate. Additionally, Figure 3b,f presents
side views of both molecules, highlighting distinct interplanar
angles of the phenyl rings, with the P-OEt groups positioned
nearly perpendicular to the core plane (97.4°-107.3°). The pro-
posed packing arrangement of 1E (side and front views) and 2E
(front view) SAM molecules on the NiOx substrate is illustrated
in Figure 3c,d,g), contributing to efficient charge transport for
greater TPSC performance. The bending angle between the TPA
and anchoring units is larger for 1E (121°, Figure 3d) than 2E
(118.8°, Figure 3g), indicating better molecular linearity of 1E,
which enhances molecular conjugation and enables more SAM
molecules to absorb onto the substrate. These results suggest
that chalcogen variation affects the structural parameters, and
the presence of intramolecular interactions,®! along with the
smallest interplanar angles in compound 1E, indicates favorable
charge transport unless major morphological defects are noted.

2.5. Hole Transport Layer Characterizations

We adopted X-ray photoelectron spectroscopy (XPS) to provide
evidence that SAM and nickel oxide nanoparticles (NiOx) are
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Figure 4. XPS spectra of the TPA-Sp-PE (1E) compound. a) Nickel spectrum (Ni2p) of 1E molecule; b) Oxygen spectrum (O1s) of 1E molecule; ¢) tin
spectrum (Sn3d) of 1E molecule; d) different excitation energy carbon spectrum (C1s) of 1E molecule; e) C—O ratio of C1s in different excitation energy

f) IR spectrum of 1E molecule.

indeed bonded to ITO substrates. In order to examine NiOx,
we first emphasize the nickel spectra. TPA-Sp-PE (1E) and other
TPA-Ar-based SAM have three peaks at 853.4, 855.1, and 856.3
eV, as shown in Figures 4a and S30 (Supporting Information),
which correspond to the Ni**, Ni**, and Ni** species, respectively.
The Ni** peak is the main signal of nickel oxide, and Ni* has a
strong oxidizing ability that will destroy tin perovskite films.[>"!
Ni* is generated from the nickel vacancy, which is advantageous
for the hole transport.[®*) The proportions of the three species
(Ni?*, Ni**, Ni**) within the nickel spectra across all series of
SAMs and NiOx-only, as depicted in Table S3 (Supporting In-
formation), clearly indicate that the Ni** species in the TPA-Ar-
based SAMs exceed that of NiOx-only film, while the Ni** species
in the TPA-Ar-based SAMs is found to be lower than that of NiOx-
only film. It demonstrates that the SAM-modified NiOx can have
a higher Ni** content, which improves hole transport capacity.

Next, we examine the XPS spectra of oxygen illustrated in
Figure 4b and Figure S31 (Supporting Information). This spec-
trum shows four peaks at 529.1, 530.6, 531.7, and 532.9 eV, cor-
responding to the species of NiO, NIOOH, Ni**-O, and Ni**-O,
respectively. The quantity of the NiO, Ni**-O, and Ni**-O is in
the same order as the Ni**, Ni**, and Ni** species in the nickel
spectrum. The discovery of NiIOOH not only increases conduc-
tivity but also aids in the SAM’s connection.[*"®?] Even with the
SAM confirmation, we may still analyze the perovskite film qual-
ity by obtaining the tin spectra. According to Figure 4c and Figure
S32 (Supporting Information), TPA-Sp-PE can have the highest
Sn?* /Sn** ratio (95.8%), which also implies that the SAM can
prevent tin perovskite from oxidization.
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We also conduct TPA-Sp-PE (1E) XPS spectra at various exci-
tation energies, including 600, 650, 700, and 750 eV. The carbon
spectra (Cls) exhibit four peaks at 283.6, 284.4, 285.6, and 287.3
eV, as indicated in Figure 4d. The proportions of the three species
(C=C, C—C, C—N, and C—O0) within the carbon spectra across all
series of SAMs and NiOx-only film, as depicted in Table S4 (Sup-
porting Information). These peaks correspond to the species of
C=C, C—C, C—N, and C—0. The peak ratios of the C1s spectra are
illustrated in Figure 4e and Figure S33 (Supporting Information).
Among the four peak ratios, the C—O ratio increases with energy
increasing, as shown in Figure 4e. In theory, we can measure
deeper SAM information when the excitation energy increases.
Figure 3 shows the single crystal structure of the TPA-Sp-PE (1E),
the PE anchoring group attached to the NiOx is the deepest SAM
layer, and only the PE group has the most C—O bonding. Accord-
ingly, the C—O bond ratio will increase as the excitation energy
rises, consistent with the results displayed in Figure 4e.

To understand the anchoring effect between the self-assembly
monolayer and NiOx, we employed the Fourier Transform In-
frared (FTIR) spectroscopic technique. In our study, we employed
synchrotron radiation as the light source instead of the conven-
tional IR light source. This synchrotron radiation allows us to
reduce the spot size from ~50x30 um? (as seen with commercial
FTIR) to ~13x10 pm?, thereby enhancing our spatial resolution.
In our specific application, the interaction between TPA-Sp-PE
(1E) and the NiOx surface was studied. The FTIR spectra re-
vealed a redshift of 5.2 cm™' in the P=O stretching vibration as
shown in Figure 4f, indicating chelation of TPA-Sp-PE (1E) to the
NiOx surface. Notably, there was no shift observed in the C—N
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Figure 5. Thin film characterization tin perovskite made on 1/NiOx, 1E/NiOx, NiOx-only surfaces. a—c) AFM images; d—f) KPFM potential images; g—i)

SEM top-view images; j—I) contact angles by using Snl, precursor solution.

stretching vibration when compared to pure TPA-Sp-PE (1E),
further supporting the specific interaction at the P=0 site.[>-6]

2.6. Thin-Film Characterizations

The morphology of the tin perovskite is significantly related to the
fill factor of the solar cell, and it will also determine the device’s
performance. We utilized atomic force microscopy (AFM) and
scanning electron microscopy (SEM) to observe the morpholo-
gies of the tin perovskite films deposited on various NiOx/SAMs.
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Figure 5a—c show AFM images of the SAMs 1/NiOx, 1E/NiOx,
and NiOx-only films, respectively, while Figure S34 (Supporting
Information) shows AFM images of 2/NiOx, 2E/NiOx, 3/NiOx,
and 3E/NiOx films, respectively, all deposited on the ITO sub-
strates with the 3D images shown in the lower right corners. We
can examine the roughness of the tin perovskite by the AFM
analysis, for which the roughnesses of SAMs 1, 1E, 2, 2E, 3,
and 3E on NiOx/ITO are 13.4, 12.6, 17.2, 13.5, 17.7, and 17.1
nm, respectively. The roughness of only NiOx/ITO film is 20.1
nm, demonstrating that NiOx with perovskites based on TPA-
Sp-PE (1E) had less roughness film than the others. Figure S35
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(Supporting Information) displays AFM images of the SAMs de-
posited on the ITO without NiOx, the roughnesses of SAMs 1, 1E,
2, 2E, 3, and 3E on ITO are 20.5, 19.2, 25.0, 20.6, 24.5, and 21.3
nm, respectively. The results indicate that TPA-Sp-PE (1E) also
has less roughness than the others. It's worth mentioning that tin
perovskite sensitized by SAM on ITO substrates exhibits a sheet-
like structure, and after adding the NiOx, tin perovskite will dis-
play a spherical configuration. In a comparison of the two condi-
tions aforementioned, the latter had a more specific surface area
to support the forming of a homogeneous and regular interlayer
between NiOx/ITO and perovskite. The KPFM results of SAMs
1/NiOx, 1E/NiOx, and NiOx-only films are shown in Figure 5d—f
while those of 2/NiOx, 2E/NiOx,3/NiOx, and 3E/NiOx films are
shown in Figure S36 (Supporting Information), respectively; the
corresponding potentials of SAMs on NiOx/ITO are 4.28, 5.63,
4.50, 5.45, 3.24, and 5.54 mV, respectively; the potential of the
NiOx/ITO only film is 3.44 mV. It is apparent that the poten-
tial of TPA-Sp-PE (1E) is higher than those of the other SAMs,
and the strong potential roughness is thought to be less favor-
able for electron accumulation, which makes the surface a su-
perior location for hole accumulation to be the ideal hole trans-
port layer. Figures S37 and S38 (Supporting Information) pro-
vide KPFM images of SAMs deposited on NiOx/ITO (Figure S37,
Supporting Information) and ITO (Figure S38, Supporting In-
formation) substrates, the nanoscale size of NiOx allows it to fill
the microscopic gaps and irregularities present on the ITO sur-
face effectively. This modification can obtain a uniform and high-
quality tin perovskite layer, which is key to the optimal perfor-
mance of TPSCs. Top-view SEM images of the perovskite films
on various NiOx/SAMs are depicted in Figure 5g-i and Figure
S39 (Supporting Information), respectively. Cross-section SEM
images of the perovskite films on various NiOx/SAMs are il-
lustrated in Figure S40 (Supporting Information). In compari-
son to the perovskites grown on other SAMs, it is evident that
the perovskite produced by TPA-Sp-PE(1E) has larger and more
densely packed grains with greater film thickness (360 nm).
Additionally, the grain sizes match those shown in the AFM
images.

The hydrophobicity of the SAM film plays a pivotal role in the
fabrication of the solar cell. However, SAMs do not consistently
exhibit hydrophilic properties. To tackle this challenge, our team
has introduced NiOx as a modifying layer, we expect that it can
promote the oxidation between the boundary of the NiOx and the
perovskite layer, and generate an impediment that will obstruct
the hole extraction. We employed NiOx in order to reinforce the
hydrophilicity of the SAMs. The contact angles for the SAM with-
out NiOx are illustrated in Figure S41 (Supporting Information).
After the pretreatment of the NiOx deposition, the contact an-
gles decrease for TPA-Sp-PA (9.32°), TPA-Sp-PE (11.77°), TPA-
T-PA (11.02°), TPA-T-PE (12.16°), TPA-P-PA (10.30°), and TPA-
P-PE (13.82°) as shown in Figure 5j,k and Figure S42 (Support-
ing Information); the contact angle of the NiOx-only film (23.86°)
is displayed in Figure 51. The significant decrease in contact an-
gles proves that NiOx can improve the hydrophilicity of the SAM
films. The values of the contact angle can be considered to the ac-
cessibility of the precursor solution. If it has a large value, it will
be unfavorable for the deposition of perovskite because of the sur-
face tension effect. The proper hydrophilicity of the surface can
ameliorate the deposition of FAI to form FASnI, which can attain
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better film morphology, consequently giving better performance
of the device.

2.7. Electronic and Photovoltaic Properties

It is commonly known that the perovskite active layer’s struc-
ture can be utilized to control solar cell quality. We applied X-
ray diffraction (XRD) patterns to ascertain the shift of the diffrac-
tion peaks and the change in intensity. The XRD patterns of
tin perovskites with different SAMs deposited on NiOx are dis-
played in Figure 6a. The primary peak of the perovskites is lo-
cated at 14° representing the miller index (100). TPA-Sp-PE(1E)
has the maximum magnitude of this peak, indicating that its
quality is superior to those of the other tin perovskites. In order
to obtain additional validation, we conducted grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements. Figure 6b
illustrates the organization and crystallinity of perovskites de-
posited on NiOx/TPA-Sp-PE(1E) sheet at a GIWAXS incidence
angle of 0.02°; the GIWAXS results for other materials are shown
in Figure S43 (Supporting Information). The predominant crys-
tallographic orientation with regard to the substrate is indicated
by diffraction intensity condensed in spots, whereas arbitrarily
oriented crystals are indicated by diffraction intensity dispersed
out over rings.[®) The improved crystallinity observed in the
NiOx/TPA-Sp-PE (1E) film suggests its enhanced carrier trans-
port and better overall device performance.

The process that turns the carrier into an electron or a hole
is called charge extraction. To measure this property, tin per-
ovskite films formed on various SAMs from the glass side with
excitation at 635 nm using the time-correlated single-photon
counting (TCSPC) technique; the corresponding PL decay pro-
files are shown in Figure 6¢ and the fitting parameters are dis-
played in Table S6 (Supporting Information). The decay profiles
show that NiOx/TPA-Sp-PE(1E) has the greatest hole-extraction
rate, demonstrating the film’s excellent hole-extraction capa-
bility. Charge extraction effects, radiative recombination (bi-
exponential decay), and nonradiative surface-bulk recombination
(monoexponential decay) can all be used to estimate how the pho-
toluminescence will decline. In the first period, electron trans-
port from the bulk into the C,, was dominant for shorter delay
durations, whereas interfacial recombination dominated the sec-
ond interval.[”] Even with the quickest hole-extraction rate, hole
mobility must be taken into account. Using space-charge lim-
ited current (SCLC) measurements, we calculate the hole mobil-
ity. For steady-state electron beam transfer over solar cells, the
highest current density permitted is referred to as space-charge-
limited electron flow.[®! Figure 6d shows that NiOx/TPA-Sp-PE
(1E) has the best hole mobility among the other NiOx/SAM films,
indicating its superior performance over the other SAMs.

We performed electrochemical impedance spectroscopy (EIS)
measurements in the dark with open circuit voltage (Vo) as
a bias to determine the charge recombination characteristics.
The barrier of charge recombination is indicated by the sin-
gle semicircle of impendence, displayed in Figure 6e. It implies
that the device will have better performance when the charge
recombination resistance is greater, indicating the retarded
charge recombination. The charge recombination resistances
show the order of NiOx/TPA-Sp-PE(1E) > NiOx/TPA-Sp-PA(1)
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Figure 6. a) XRD patterns of tin perovskites on NiOx using various SAMs as described; b) GIWAXS figure of tin perovskite with TPA-Sp-PE(1E); c¢) TCSPC
result for PL decay; d) SCLC investigations of tin perovskites based on a variety specified SAMs over the NiOx surface; e) EIS Nyquist plots for devices

made of the SAM-deposited tin perovskites on NiOx.

> NiOx/TPA-T-PE(2E) > NiOx/TPA-P-PE(3E) > NiOx/TPA-T-
PA(2) > NiOx/TPA-P-PA(3) > NiOx-only as shown in Figure 6e,
which is consistent with the trend of their V. values.

Matching the energy levels between perovskites and the hole
transport layer is crucial for determining material suitability. We
utilized ultraviolet photoelectron spectroscopy (UPS) to calculate
the valence band maximum (VBM) energy levels of NiOx/SAM
and only SAM as shown in Figures 7a and S44 (Supporting Infor-
mation), respectively. The UPS raw data, with and without NiOx,
are illustrated in Figures S45 and S46 (Supporting Information),
respectively. The energy level of the VBM of the hole transport
layer should be between the VBM of the ITO substrate and tin
perovskite. Our findings indicate that the VBM of the SAMs
increases after NiOx modification. Notably, the energy level of
the NiOx/TPA-Sp-PE(1E) film perfectly matches the energy level
of the tin perovskite, which accounts for its exceptional perfor-
mance of the device.

The device performances made of NiOx/SAMs are shown as
the J-V characteristic in Figure 7b and the corresponding pho-
tovoltaic parameters are displayed in Table S5 (Supporting In-
formation). NiOx-only was selected as the reference HTM in or-
der to compare with the other TPA-Ar-based series HTMs. The
device performances follow the following order with the trend
TPA-Sp-PE (8.73%) > TPA-Sp-PA (8.32%) > TPA-T-PE (6.59%)
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> TPA-P-PE (5.66%) > TPA-T-PA (5.15%) > TPA-P-PA (4.18%)
> NiOx-only (3.05%). As shown in Figure S47 (Supporting In-
formation), the champion device TPA-Sp-PE (1E) exhibits nearly
no hysteresis. Figure S48 (Supporting Information) shows the
incident photon-to-current conversion efficiency (IPCE) spectra
and the integrated short-circuit current densities (J5c) for the
TPA-Ar-based devices, which provides strong support for the re-
sults obtained from the J-V curves (Figure 7a). The high short-
circuit current density of the NiOx/TPA-Sp-PE(1E) device is espe-
cially noteworthy because it corresponds with its IPCE responses
and represents its absorption profile, notably in the 350-700 nm
spectral range (Figure S49, Supporting Information). Similarly,
the morphology of the tin perovskite film allows us to deter-
mine its performance. According to the AFM figure (Figure 5a—c)
and SEM image (Figure 5g—i), the devices containing selenium
had less roughness and greater grain sizes, which contributed to
their high performance. Moreover, we can observe by KPFM that
TPA-Sp-PE (1E) has a higher potential to transfer holes than
the others. Furthermore, TPA-Sp-PE(1E) reinforces hole mobility
(Figure 6d) and possesses quick hole extraction (Figure 6c¢).
Stability is crucial for solar cell performance. In this study,
we assess two types of stability to evaluate efficiency stability.
Figure 7c shows the shelf-storage performance of tin perovskite
solar cells with different NiOx/SAMs. Among all TPA-Ar-based
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Figure 7. a) Energy-level diagram for NiOx/ SAM devices; b) IV curve of devices with various SAM on NiOx as described; c) long-term stability of the
devices with various SAMs on NiOx; d) MPPT results of devices with different SAMs on NiOx.

TPSCs, the NiOx/TPA-Sp-PE and NiOx/TPA-Sp-PA devices ex-
hibit exceptional long-term stability, retaining ~80% of their orig-
inal efficiency for over 3600 h. This stability correlates with their
superior morphology, crystallinity, hole mobility, and optoelec-
tronic properties. Another stability test was performed at the
maximum power point tracking (MPPT), using a solar simulator
under one sun illumination in ambient conditions. It shows that
the TPA-Sp-PE(1E) device remains 93% of its original PCE for 5
h, as depicted in Figure 7d. Figure S50 (Supporting Information)
compares the performance of SAM devices with and without a
NiOx interlayer. Results reveal that NiOx-modified SAM devices
outperform those without the NiOx layer. The reproducibility of
these results was confirmed through performance statistics of 25
devices for each SAM, with the raw data summarized in Tables
S7-S12 (Supporting Information) and boxplots shown in Figure
S51 (Supporting Information).

3. Conclusion

Six novel aryl and end-group-functionalized small organic
molecules—TPA-Sp-PA (1), TPA-Sp-PE (1E), TPA-T-PA (2),

Small 2025, 2500642
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TPA-T-PE (2E), TPA-P-PA (3), and TPA-P-PE (3E)—were synthe-
sized as SAMs for TPSCs. DFT computations demonstrated that
the strategic placement of triphenylamine units on one side of
the aryl units promoted effective charge transfer in TPSCs. Mean-
while, the PE and PA units on the other side ensured strong inter-
actions with the NiOx/ITO surface. NiOx played a crucial role in
enhancing the surface texture and hydrophilicity of the ITO sub-
strate, supporting the formation of uniform SAMs. Single-crystal
structures of TPA-Sp-PE (1E) and TPA-T-PE (2E) revealed en-
hanced z-conjugation, noncovalent confirmational locks, and op-
timal interplanar angles that promoted uniform and dense SAM
layers, thereby improving charge transport. The anchoring abil-
ity of PE and PA groups across all six molecules enabled the for-
mation of high-quality and uniform tin perovskite films with ex-
ceptional morphology and crystallinity. Devices using only NiOx
as the HTM yielded a low PCE of 3.05%. However, the integra-
tion of the novel organic SAMs with NiOx significantly improved
device performance, achieving remarkable PCEs of 8.32% and
8.73% for NiOx/TPA-Sp-PA (1) and NiOx/TPA-Sp-PE (1E), re-
spectively. Notably, devices with selenophene as the core moiety
outperformed those with thiophene or benzene, with PE proving
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to be a superior anchoring group compared to PA. The superior
performance of NiOx/TPA-Sp-PE (1E) devices was driven by op-
timized surface structure, efficient charge transport, enhanced
charge mobility, and retarded charge recombination. A two-step
approach was employed to achieve a smooth and uniform tin per-
ovskite layer on the SAM-modified surface to overcome the chal-
lenges of the traditional one-step deposition method. This study
introduces a promising strategy for leveraging innovative organic
SAM molecules integrated with NiOx HTMs to attain superior
TPSC performance and enhanced stability.

[CCDC 2363466 and CCDC 2363465 contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif ]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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