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Abstract: Three functionalized thienopyrazines (TPs), TP-MN (1), TP-CA (2), and TPT-MN (3) were designed and
synthesized as self-assembled monolayers (SAMs) deposited on the NiOx film for tin-perovskite solar cells (TPSCs).
Thermal, optical, electrochemical, morphological, crystallinity, hole mobility, and charge recombination properties, as
well as DFT-derived energy levels with electrostatic surface potential mapping of these SAMs, have been thoroughly
investigated and discussed. The structure of the TP-MN (1) single crystal was successfully grown and analyzed to support
the uniform SAM produced on the ITO/NiOx substrate. When we used NiOx as HTM in TPSC, the device showed poor
performance. To improve the efficiency of TPSC, we utilized a combination of new organic SAMs with NiOx as HTM,
the TPSC device exhibited the highest PCE of 7.7% for TP-MN (1). Hence, the designed NiOx/TP-MN (1) acts as a new
model system for the development of efficient SAM-based TPSC. To the best of our knowledge, the combination of
organic SAMs with anchoring CN/CN or CN/COOH groups and NiOx as HTM for TPSC has never been reported
elsewhere. The TPSC device based on the NiOx/TP-MN bilayer exhibits great enduring stability for performance,
retaining ~80% of its original value for shelf storage over 4000 h.

Introduction

With the increasing demand for clean and renewable energy,
photovoltaic technology, which directly converts solar en-
ergy into electricity, has attracted greater attention in recent
years.[1–4] Perovskite solar cells (PSCs) based on metal halide
perovskite materials are one of the most promising photo-
voltaic technologies due to the rapid development of their
power conversion efficiency (PCE), up to 26.1%,[5] with
cheaper and facile solution-based fabrication process. The
promise of low-cost, solution-processed PSCs with such high
efficiencies and their potential impact on the global renew-
able-energy landscape is driving such research efforts
worldwide.[6–7] Significant progress has thus been made in
the up-scaling and stability of PSCs, as they are promising

for commercialization.[8] However, the halide-perovskite
absorber materials in the prevailing high-performance PSCs
still contain toxic lead (Pb), which is a challenging issue and
may limit the future commercial deployment of PSCs.[9–10]

This is primarily because the use of Pb is likely to be
restricted in future electronic devices because of health and
ecological concerns, and the industrial-scale manufacturing
of Pb-containing PSCs will entail additional handling
requirements, which is likely to increase the cost
substantially.[10] As such there is an urgent need to develop
environmentally friendly Pb-free PSCs.[11–21] As part of this
work tin-based halide perovskite solar cells (TPSCs) have
attracted growing attention due to their environmental
friendliness, low cost, and solution manufacturing, with
reported a record PCE of 15.7%.[22]
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We also realize that, in the presence of ammonium-
based compounds, tin may easily bio-accumulate in crops
and enter the human food chain. The bio-toxicity of tin (Sn)
in perovskite materials, specifically those used in perovskite
solar cells, presents several significant issues. While tin is
considered as a safer alternative to lead, its incorporation in
perovskite structures is not free from environmental and
health concerns. Here are the main points: tin ions (Sn2+

and Sn4+) can be toxic to various forms of life, particularly
aquatic organisms. They can interfere with biological
processes at the cellular level. For environmental degrada-
tion and release, one of the major concerns is the stability of
tin-based perovskites. These materials are prone to oxida-
tion and degradation, which can lead to the release of tin
ions or compounds into the environment. If tin perovskite
solar cells are not properly encapsulated or if they degrade
over time, tin can leach into the soil and water causing
environmental issues.[22]

Currently, the performance of TPSC is lag behind its
lead analog. However, the band gap of a tin perovskite is
smaller than that of a lead perovskite, so TPSC ought to
have a higher theoretical PCE than a lead-based PSC.[23–24]

To enhance the performance of TPSCs, various engineering
strategies were implemented to suppress Sn2+ oxidation,
passivate surface defects, and regulate perovskite crystal
formation.[24–30] In most high-efficiency TPSCs, PEDOT:PSS
is typically used as the HTM through a one-step deposition
process.[31–34] However, under humid conditions, the hygro-
scopic nature of PEDOT:PSS can readily lead to the
degradation of TPSC device performance.[35] To address this
issue, a two-step deposition technique was developed,
allowing TPSCs to be compatible with hydrophobic HTMs
such as PTAA and other polymers, thereby improving both
device performance and stability.[36–39]

Recently, successful substitution of PEDOT:PSS with
small organic molecules, which act as SAMs, on an ITO
surface has been accomplished for TPSC.[12,13] Using SAMs
as HTMs to replace PEDOT:PSS offers several benefits.[40–42]

Initially, the synthesis of organic SAMs can be accomplished
with great ease and at a relatively low expense.[43–44]

Furthermore, the energy level of SAM molecules can be
adjusted to align with that of tin perovskite. Ultimately, the
SAM molecule has the ability to create a thin and precisely
arranged layer between tin perovskite and ITO. This layer
enhances the transfer of positive charges from perovskite to
ITO and perhaps decreases the occurrence of charge
recombination.[12,45–46] Several π-conjugated organic dye mol-
ecules such as EDR03,[42] Br2EPT,[46] J2CA[47] have been
explored as potential SAMs for lead-based PSCs, and
exhibit a PCE of 21.2%, 21.8%, and 18.82%, respectively
(Figure 1). Organic SAM molecule OMe-2PACz was ex-
plored for TPSC, and the PCE of 6.5% was reported in 2021
for the first time.[12] Recently, HTMs containing dicyanovi-
nylene or cyano-acrylic acid (anchoring groups) have been
utilized for the development of lead-based PSCs, since cyano
functionality can potentially act as Lewis base to passivate
perovskite surface defects through forming coordination
bonds with the under-coordinated Pb2+ ions.[9,48] In this
regard, Guo and co-workers reported cyano-based BTORC-

NA HTM with an excellent efficiency of 21.10% and device
stability in Pb-based PSCs.[49] Xue and co-workers then
reported a cyano-based D33 HTM exhibiting PCE of
17.85% for Pb-based PSCs.[50] Pola and co-workers designed
and synthesized a dicyanovinylene group containing mole-
cules, ICTH1 and ICTH2, as HTMs to attain a PCE of
18.75% and 17.91% in Pb-based PSCs, respectively.[51]

Nazeeruddin and co-workers reported cyano-based mole-
cules KR321 HTM for Pb-based PSCs exhibiting a PCE of
19%.[52] This significant progress in the development of CN/
CN or CN/COOH functionality containing organic mole-
cules for Pb-based PSCs encourages us to develop new
organic SAMs for TPSC.

Thienopyrazine (TP) is commonly used as an electron-
deficient component in the production of low-bandgap
semiconductors and organic photovoltaics.[53–59] Further-
more, by incorporating two alkylated phenyl rings that are
larger in size and are connected to the TP skeleton, it
became possible to prevent the aggregation of intermolecu-
lar HTM and improve the morphologies of HTM films.[6]

Due to these interesting properties of the TP unit, our team
recently reported an efficient HTM, TP-4D, exhibiting PCE
of 20.18% in Pb-based PSCs.[6]

Because of its low cost, stability, and ease of processing,
inorganic nickel oxide (NiOx) is an ideal HTM for creating
high-efficiency, stable, and large-area inverted PSCs. These
devices have achieved a PCE of 21% for a Pb-based PSC.[60]

Moreover, perovskite solar cells with NiOx HTMs have
demonstrated some of the best stability results under various
stressors, including damp heat tests, thermal cycle tests, and
long-term operational stability under light and heat.[61–64]

However, TPSCs fabricated on NiOx HTLs typically showed
lower open-circuit voltages (Voc) compared to those using
PEDOT:PSS which severely restricts their PV performance
enhancement and scaling of TPSCs.[65] Therefore, it is crucial
to develop effective strategies to enable efficient, reliable,
and scalable NiOx-based TPSCs. Recently, Zhu and co-
workers introduced a 2PADBC organic SAM into the
perovskite� NiOx interface.[65] The 2PADBC anchors under-
coordinated Ni cations through phosphonic acid groups,
suppressing the reaction of highly active Ni�3+ defects with
perovskites, while increasing the electron density and
oxidation activation energy of Sn at the perovskite interface,
reducing the interfacial nonradiative recombination caused
by tetravalent Sn-defects. Passivation of reactive Ni defects
yields a significantly increased open-circuit voltage from
0.712 to 0.825V, boosting the PCE to 14.19% for the small-
area device, and 12.05% for the large-area 2PADBC NiOx-
based TPSC device.[65]

Recently our team has successfully investigated an X-
shaped organic SAM and utilized it as an HTM for TPSC to
achieve the best PCE of 8.3%.[11] Thus, in continuing efforts
and inspired by the above findings to develop TPSCs, in this
work, we studied the modification of a NiOx/HTM layer
with three organic SAMs. Herein, we have synthesized three
new functionalized thienopyrazines, TP-MN (1), TP-CA (2),
and TPT-MN (3) SAMs for TPSC. In the design concept of
these SAMs, TP units are used as the central building block
end-capped with MN or CA to make SAMs 1–3. The
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thermal, optical, and electrochemical properties of SAM 1–3
are investigated. DFT-derived energy levels with electro-
static surface potential mapping of the new SAMs have been
thoroughly investigated to understand the location of high
electron density in the designed SAM structures. In our
further investigation, when we used NiOx as the HTM in
TPSC the device delivered very poor PCE. To improve the
efficiency of TPSC we utilized a combination of new organic
SAMs 1–3 with NiOx HTM, the TPSC devices based on
NiOx/TP-MN, NiOx/TP-CA, and NiOx/TPT-MN combina-
tions exhibited a PCE of 7.7%, 4.8%, and 4.6%, respec-
tively. To the best of our knowledge, the combination of
organic SAMs with anchoring CN/CN or CN/COOH groups,
and NiOx HTM for TPSC, has never been reported. This
method of combining organic SAMs with NiOx HTM thus
provides a good modification methodology for the future
development of SAM-based TPSC. Interestingly, the device
based on the NiOx/TP-MN bilayer exhibits great enduring
stability for the performance, retaining ~80% of its original
values for shelf storage over 4000 h.

Results and Discussion

The synthetic routes for preparing TP-based SAMs; 1–3 are
shown in Scheme 1 (see experimental section in the
Supporting Information for details). Intermediates 4 and 5
were synthesized via Stille coupling of TP/TPT-based
bromo-intermediate 6–7 with stannylated 4,4’-dimeth-
oxytriphenylamine in the presence of Pd(PPh3)4 catalyst in
the good yield. Next, SAMs TP-MN (1) and TPT-MN (3)
are prepared by Knoevenagel condensation of TP-based
aldehydes 4 and 5 with malononitrile and pyridine in
chloroform in a good yield (~75%).[11] Similarly, TP-based
aldehyde 4 was treated with 2-cyanoacetic acid to give TP-
CA (2). The solubility of the new SAMs 1–3 increases due
to the presence of 4,4’-dimethoxytriphenylamine units, and
anchoring groups (CN/COOH or CN/CN). For example,
compounds 1–3 have good solubility in common organic
solvents, such as chlorobenzene, chloroform, and toluene.
The chemical structures of 1–3 were confirmed by 1H and
13C NMR spectroscopy and mass spectrometry (see Support-
ing Information).

Figure 1. (a) Chemical structure of reported self-assembled monolayers (SAMs) for the PSCs. (b) Reported cyano-based HTMs for Pb-based PSCs.
(c) SAMs; TP-MN (1), TP-CA (2), and TPT-MN (3) for Sn-based PSCs studied in this work.
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The optical, thermal, and electrochemical properties of
SAM molecules 1–3 are shown in Table 1. The newly
synthesized molecules show good thermal stability with only
~5% weight loss taking place at 245, 224, 212 °C for 1–3,
respectively, obtained by thermogravimetric analysis (TGA)
(Figure S1, Supporting Information). TGA analysis indicates
molecule 1 with methylenemalononitrile directly attached to
the TP unit and exhibited high thermal stability as compared
to compounds 2 and 3. The ultraviolet-visible (UV/Vis)
absorption spectrum of compounds TP-MN (1) in o-C6H4Cl2
is significantly red-shifted (λmax=670 nm; Figure 2a) as
compared to TP-CA (2) (λmax=651 nm; Figure 2a), indicat-

ing that the presence of methylenemalononitrile function-
ality in molecule 1 is more effective in increasing conjuga-
tion as compared to cyanoacrylic acid in molecule 2. The
absorption spectrum of compound TPT-MN (1) in o-
C6H4Cl2 is slightly red-shifted (λmax=675; Figure 2a) as
compared to TP-CA (2) (λmax=651 nm; Figure 2a), indicat-
ing that the presence of the thiophene unit and the meth-
ylenemalononitrile functionality in molecule 3 enhances the
conjugation significantly as compared to molecule 1.[51]

The electrochemical properties of SAM molecules 1–3
were investigated by differential pulse voltammetry (DPV)
in o-C6H4Cl2 at 25 °C utilizing tetrabutylammonium hexa-

Scheme 1. Synthetic route of TP-based SAMs 1–3.

Table 1: Thermal, optical, and electrochemical properties of the indicated compounds.

SAM Td
[a] [°C] λabs (soln)

[b] [nm] Eox
[c] [V] HOMO[d] [eV] HOMO[e] [eV] Ered

[c] [V] LUMO[d] [eV] LUMO[e] [eV] ~Eg[f ] [eV]

TP-MN (1) 245 670 0.98 � 5.42 � 5.18 � 0.65 � 3.79 � 3.55 1.63
TP-CA (2) 224 651 0.93 � 5.37 � 5.28 � 0.78 � 3.66 � 3.57 1.71
TPT-MN (3) 212 675 0.83 � 5.27 � 5.48 � 0.79 � 3.65 � 3.86 1.62

[a] By TGA. [b] UV-Vis absorption spectra were recorded in o-C6H4Cl2.
[c] By DPV in o-C6H4Cl2 at 25 °C. All potentials are reported with reference to the

Fc/Fc+. [d] Calculated from equation; E(eV)= � (4.44+Eox/Ered (vs NHE)). [e] Energy levels of thin films determined by the UPS. [f ] The energy gap
was calculated from the difference between HOMO and LUMO energy levels.
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fluorophosphate as the electrolyte[66–68] (Figure 2b). The
oxidation potentials of SAMs 1–3 were calibrated employing
ferrocene as an internal standard at +0.64V (vs NHE). The
HOMO/LUMO energy levels of the SAM molecules 1–3
were calculated by the equation E(eV)= � (4.44+Eox/Ered).
The oxidation and reduction (Figure S2) peaks of SAM
molecules 1–3 are located at +0.98/� 0.65V, +0.93/� 0.78V,
and +0.83/� 0.79V, respectively, and the derived
EHOMO/ELUMO of compounds 1–3 are thus estimated as � 5.42/
� 3.79 eV, � 5.37/� 3.66 eV, � 5.27/� 3.65 eV, respectively.[69]

As expected, the longer conjugated TPT-MN (3) exhibits
the highest HOMO and LUMO. With two strong electron-
withdrawing CN groups anchored, TP-MN (1) shows the
lowest HOMO and LUMO among the studied series. The
energy gaps of three TPs derived from DPV are confirmed
in the order of 3 (1.62 eV)<1 (1.63 eV)<2 (1.71 eV), which

the trend is consistent with the absorption spectra shown in
Figure 2a.

In order to gain a more comprehensive understanding of
the electronic structures of 1-3, we conducted DFT calcu-
lations using the Gaussian 03W software with the B3LYP/6-
31G* level of theory. Figure 2c demonstrates that the
HOMOs of SAM 1-3 are mostly concentrated on the TPA
and extend to the phenyl units. On the other hand, the
LUMOs are predominantly located on the CN/COOH
anchoring groups and spread to the thienopyarazine back-
bone. The DFT-derived EHOMO are � 4.91, � 4.79, and
� 4.77 eV for 1–3, respectively, and the ELUMO are � 2.88,
� 2.71 and � 2.90 eV for 1–3, respectively. As calculated,
longer conjugated TPT-MN (3) exhibits the highest HOMO
and LUMO. In contrast, TP-MN (1) anchored by two strong
electron withdrawing CN groups presents the lowest

Figure 2. (a) UV/Vis absorption spectra of compounds 1–3 in o-C6H4Cl2. (b) DPV response curves of 1–3. (c) DFT-derived energy levels and
electrostatic surface potential (ESP) mapping of 1–3.
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HOMO and LUMO. The DFT-derived energy gap trend (3
(1.87 eV)<1 (2.03 eV)<2 (2.08 eV)) is well-matched to that
obtained from the electrochemical DPV measurement (see
above). The energy levels predicted by the DFT calculations
are higher than those determined by the experimentally
measured electrochemical data (DPV) because of two
reasons. First, the DFT results predict the electronic
structures of SAM molecules in gas phase while those
obtained experimentally (DPV) are in solution with 0.1 M
tetrabutylammonium hexafluorophosphate electrolyte. Sec-
ond, the theoretical calculation might involve certain un-
certainty so that only a qualitative comparison should be
made. Due to the varying environmental conditions under
which DFT computations and DPV measurements are
conducted, it is usual to observe slight deviations in energy
trends between these two measurements.[70]

Furthermore, to enhance comprehension of the charge
distribution of the SAMs and determine the appropriate
groups that may securely attach to the ITO/NiOx surface,
we conducted an assessment of the electrostatic surface
potential (ESP) mapping for three TP molecules. Figure 2c
demonstrates that when TPA units are attached to the right
side of the thienopyrazine center, all SAMs exhibit localized
electronic distributions on the TPA units. This allows the
TPA units to supply electrons to the perovskite layer. When
CN or COOH anchoring units are present on the left side of
TP molecules, the electron densities (negative charges) are
mostly concentrated on these terminal groups. This makes
them well-suited for establishing optimal connections with

the ITO/NiOx surface, facilitating the creation of self-
assembled monolayers.

To gain a deeper insight into the structure of these three
quite soluble TP-based SAMs, which with two branched-
C8H17 attached, numerous efforts to obtain their crystals
have been attempted. Fortunately, the crystal of the best
performance TP-MN (1) was obtained from a slow solvent
diffusion method. Thus, understanding the molecular pack-
ing and arrangement of TP-MN on the NiOx/ITO surface
becomes viable. In contrast, the single crystals of 2 and 3
cannot be obtained using the same method and this also
revealed the difficulty of these two molecules forming good
arrangement as SAMs on the NiOx/ITO surface, which
might plausibly lead to their poorer device performance (see
below). The diffraction-derived single crystal structure of
TP-MN (1) molecule is presented in Figure 3 with the
structural parameters summarized in Table S1. These results
indicate that the TP-MN molecule crystallizes in the trigonal
system with R-3 space group. Figure 3a illustrates a wide
dihedral angle of 118.3° between the TPA and alkoxy
phenyl moieties, while the SAM molecule stands upright
with two CN groups serving as the anchoring points.
Moreover, intramolecular interactions of 2.40Å for N� H
and 2.59Å for S� H are revealed, which could induce a highly
ordered one-dimensional assembly that favors a dense,
tilted, highly ordered monolayer on the substrate. As shown
in Figure 3b, the short double bond characteristic of 1.36Å
for CA=CB, along with the relatively small twisted angles of
the TP core to the MN (18.4°) and phenyl (11.8°) moieties,
confirms the good π-conjugation between the central TP

Figure 3. Crystal structure of compound TP-MN (1). (a) Top view of TP-MN molecule with intramolecular interactions and wide dihedral angle
measured between TPA and alkoxy phenyl moieties in space filling model. (b) Top view of TP-MN molecule with various twisted angles in stick
model with bC8H17 and CH3 groups omitted for clarity; (c–d) Front views of TP-MN molecule in space filling and stick models, respectively, with
bC8H17 and CH3 groups omitted for clarity. (e) Proposed packing pattern of SAM on NiOx/ITO substrate.
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core and the two end-anchoring CNs, which facilitates
efficient charge transport. Furthermore, the two alkoxy
phenyl rings on the central TP core exhibit less twisting
(38.4° and 30.1°) compared to the two methoxy phenyl rings
on the TPA core (79.6° and 58.0°). The presence of these
twisted angles in the TP-MN molecule enhances solubility,
enabling facile device fabrication via solution processing,
thus yielding high-quality films for high PCE. In addition,
the wide-angle (115.1°) between the two CN anchoring
groups should benefit the SAM molecule in standing firmly
on the NiOx substrate. Figure 3c–d showcases the front
views of TP-MN molecule with obvious twisted angles of
phenyl rings and anchoring groups to the central TP core.
Based on the isolated crystal structure of TP-MN, a
proposed packing pattern of this SAM on the NiOx
substrate is demonstrated in Figure 3e, promoting efficient
charge transfer for high-performance TPSCs. Nevertheless,
TP-MN might deposit with a different geometry when it
interacts with the NiOx surface.

We hypothesize that NiOx prompts the oxidation of tin
perovskite, primarily occurring at the boundary between
perovskite and NiOx, consequently creating a barrier that
impedes the extraction of holes. Figure 4 illustrates the
wettability and crystal morphology of tin perovskites
deposited on NiOx and on NiOx with various SAMs.

Initially, NiOx/SAM layers were deposited onto ITO
substrates through dipping. NiOx is used with the aim of
enhancing their hydrophilicity. The resultant contact angles
for the SnI2 precursor solution on SAM films, including TP-
MN (19.22°), TP-CA (28.05°), and TPT-MN (24.69°), are
displayed in Figures S3a–c. NiOx modification with SAMs
markedly increased the hydrophilicity for TP-MN (12.31°<
19.22°), TP-CA (21.38°<28.05°), and TPT-MN (7.02°<
24.69°), whereas the contact angle of the NiOx-only film
showed a small value (7.2°), as shown in Figures 4a–d. This
surface modification effect efficiently aids in the subsequent
deposition of FAI to form FASnI3 perovskites with a
desirable morphology. This enhancement in hydrophilicity
and the effect of solution processability of the SAMs on
device efficiency suggests a correlation between the process-
ability of the SAMs and their performance in devices,
highlighting that only those SAMs with optimal process-
ability achieve superior device performance. Among the
SAMs, NiOx/TP-MN and NiOx/TPT-MN exhibited lower
contact angles than that of NiOx/TP-CA.

Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) were employed to examine the morphol-
ogies of the tin perovskite films deposited on various NiOx/
SAMs. Figures 4e–h and Figures 4m–p show top-view and
cross-section SEM images of the perovskite films on differ-

Figure 4. (a–d) Contact angles of perovskite precursor SnI2 on varied substrates as indicated, (e–h) top-view SEM images of the corresponding
perovskite films on varied substrates, (i–l) side-view SEM images of the corresponding perovskite films on varied substrates, and (m–p) AFM
images of the corresponding perovskite films on varied substrates.
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ent NiOx/SAMs, where the film of perovskite on SAM TP-
MN (Figure 4f) showed larger and more uniform crystal
grains than the others, consistent with the AFM findings
shown in Figures 4m–p. These AFM images were analyzed
to evaluate the surface roughness of the tin perovskites on
various NiOx/SAMs, revealing that NiOx with TP-MN-
based perovskites exhibited lower film roughness than the
others. Figure S4 shows AFM images of the SAMs deposited
on ITO (a–d) and on the NiOx/ITO (e–h) substrates. NiOx
is a nanoscale particle that inherently contains some oxygen
vacancies. These vacancy defects can oxidize SnI2, leading to
the creation of SnI4 within the perovskite film. However,
when NiOx is modified with SAM molecules reported in this
work, these surface vacancies are effectively eliminated.
This modification passivates the NiOx, preventing the
oxidation of SnI2 and thereby reducing the formation of
defects. This passivation is critical for improving the overall
stability and performance of the tin perovskite solar cells.
Furthermore, when NiOx is employed to modify ITO, it
effectively fills the small gaps on the ITO surface, thereby
enhancing its overall uniformity and surface roughness. This
modification leads to a more reliable and stable base for
depositing subsequent layers in device fabrication. More-
over, NiOx possesses a higher density of hydroxyl (� OH)
groups compared to ITO. These -OH groups are crucial as
they facilitate better adhesion and interaction with other
materials, which is essential during the fabrication process of
the photovoltaic devices.[71–72]

The XPS spectra of Ni 2p recorded from ITO/NiOx and
the SAM-modified ITO/NiOx films are shown in Figure S5.
The characteristic peaks are present in all the samples,
except with slight variations in the integrated area under the
deconvoluted peaks. Note that some reports based on NiOx
nanoparticles display that presence of Ni4+ at around
857.1 eV,[73] while others do not.[74] In our spectra, we
observed that the Ni4+ peak contribution is either negligible
or completely absent. The contribution from Ni3+ relative to
Ni2+ is beneficial for hole transport, and the deconvoluted
spectra reveal that we have greater Ni3+ component than
Ni2+. Upon SAM modification, we expect greater changes in
the oxygen species and hence O 1s spectra was recorded
from the samples. The normalized XPS spectra of O 1s
recorded from ITO/NiOx and SAM-modified ITO/NiOx are
shown in Figures 5e–h. Significant modulations in the
spectra was observed, especially pertaining to the peak
centered around 531 eV. This peak is assigned to the Ni-OH
bonding, for which the substantial enhancements in the
SAM-modified ITO/NiOx substrates imply the extent of
surface coverage of NiOx with the SAM molecules. Note
that there is a slight peak broadening in NiOx giving rise to
an observable peak doublet at around 532 eV, which is
assigned to Ni3+-O. This peak doublet feature is less obvious
on the SAM-modified samples in comparison to that in
NiOx. It has been reported that NiOx nanoparticles treated
with H2O2 led to significant enhancement in this peak due to
the transition of Ni(OH)2 to NiOOH that resulted in
improved conductivity.[75] However, upon SAM-modifica-
tion, our samples failed to show such an enhanced character-
istic. Thus, the interlayer between the SAM and ITO is

NiOx nanoparticle based, perhaps with very minor amount
of NiOOH, rather than NiOx itself.

The SAM-sensitized ITO substrates display a sheet-like
configuration whereas SAM-sensitized NiOx/ITO substrates
manifest a compact spherical form. This variation in
structure enables the latter to possess an increased specific
surface area to form a compact and uniform interlayer
between NiOx/ITO and perovskite.

X-ray diffraction (XRD) patterns for the tin perovskites
on different SAMs (Figure 5a) suggest a slight shift toward a
small angle when the perovskites were deposited on various
SAMs. This alteration in the diffraction peak initially serves
to negate the impact of the film strain variations due to the
differing thermal expansion coefficients at the buried inter-
face. Given that SAMs possess a lower thermal expansion
coefficient compared to NiOx, it is predisposed to generat-
ing tensile strain within the film, thereby shifting the
diffraction peak towards a lower angle. We deduce that the
modification in the diffraction peak‘s position is attributable
to the oxidation of Sn2+, aligning with findings from previous
studies.[64] The findings indicate that the SAMs engage with
the perovskite by electron donation, successfully preventing
oxidation and defect formation at the buried interface
without compromising the perovskite‘s bulk structures and
optical characteristics. A high-resolution grazing incidence
wide-angle X-ray scattering (GIWAXS) image, demonstrat-
ing the arrangement and crystallinity of perovskites at an
incident angle of 0.02°, is shown in Figure 5b for the NiOx/
TP-MN film. Compared with perovskites based on NiOx,
NiOx/TP-CA, and NiOx/TPT-MN, the perovskite on NiOx/
TP-MN exhibits higher crystallinity as shown in Figures 5b
and S6. This enhanced crystallinity improves carrier trans-
port and boosts device performance for the NiOx/TP-MN
device.

The hole-extraction capabilities were measured using the
time-correlated single-photon counting (TCSPC) technique
with excitation at 635 nm from the glass side for tin
perovskite films deposited on varied SAMs; the correspond-
ing PL decay profiles are shown in Figure 5c. The decay
profiles for all conditions were fitted by a bi-exponential
function. The decay rates demonstrate that NiOx/TP-MN
exhibits the fastest hole-extraction rate, indicating the great
ability of the NiOx/TP-MN film for hole extraction. Space-
charge limited current (SCLC) measurements of the hole
mobilities for the NiOx/SAM thin films revealed that NiOx/
TP-MN has the highest hole mobility (Figure 5d), under-
scoring its superior performance among the other SAMs.

Using a two-step fabrication approach, TPSCs were
assembled with a structure of ITO/NiOx/SAM/FASnI3/C60/
BCP/Ag. J–V characteristic measurements, as depicted in
Figure 5e, reveal that the NiOx/SAMs devices perform in
the following descending order: TP-MN (7.7%) leads,
followed by TP-CA (4.8%), TPT-MN (4.6%), and then
NiOx-only (3.2%) with detailed photovoltaic parameters
listed in Table S3. This performance trend correlates with
the morphological characteristics highlighted in Figure 4,
where devices based on NiOx with TP-CA and TPT-MN
lagged due to their poorer morphology, as evidenced in the
AFM (Figures 4m-4p) and SEM images (Figures 4e–4h).
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The superior efficiency (PCE=7.7%) of the NiOx/TP-MN
device is attributed to its optimal film morphology and
thickness (Figures 4b/f/j/n), rapid hole extraction (Fig-
ure 5c), and improved hole mobility (Figure 5d). The
incident photon-to-current conversion efficiency (IPCE)
spectra for the NiOx with various SAM devices, shown in
Figure S7, along with the integrated short-circuit current
densities (Jsc), consistent with the findings from the J–V
curves (Figure 5e), which aligns with its IPCE response,
especially in the 350–700 nm spectral range, matching its
absorption profile (Figure 5f).

Electrochemical impedance spectroscopy (EIS) was
employed to examine the charge recombination character-
istics in NiOx/SAM TPSCs compared to the NiOx-only
devices, conducted in darkness at the open-circuit condition.
As the Nyquist plots shown in Figure 5g, equivalent circuit-1
was used to fit the NiOx, TP-CA, and TPT-MN data, while
equivalent circuit-2 was used to fit the data obtained from
TP-MN; the corresponding fitted parameters are tableted in
Tables S4–8. The sequence of charge recombination resis-

tances reflects the Voc values, with the order of NiOx/TP-
MN>NiOx/TPT-MN>NiOx/TP-CA>NiOx-only, which is
consistent with the trend of Voc showing the same order.
This indicates the exceptional performance of the NiOx/TP-
MN device due to the large charge recombination resistance,
which also supports its highest Voc value among the other
devices.

To elucidate the valence band maximum (VBM) and
conduction band minimum (CBM) energy levels of each
SAM and NiOx/SAM, ultraviolet photoelectron spectro-
scopy (UPS) and UV/Vis spectroscopy were utilized, with
the UPS results with and without NiOx illustrated in Figures
S8 and S9, respectively. Figure 5h shows the energy-level
diagram for all SAMs with and without NiOx. It is apparent
that the SAMs with NiOx modification show higher HOMO
levels than those without NiOx, with the energy level of the
NiOx/TP-MN film well matching that of FASnI3, thereby
supporting the observed device performances shown in
Figure 5e. The VBM of NiOx is � 5.4 eV, which shows a
significant mismatch with that of tin perovskite (� 5.2 eV).

Figure 5. (a) XRD of tin perovskites on NiOx with various SAMs as indicated, and (b) GIWAXS of tin perovskite on NiOx/TP-MN, (c) PL decay
profiles via TCSPC, (d) SCLC of tin perovskites on NiOx with various SAMs as indicated, (e) J–V characteristic curves, (f) UV/Vis and PL of tin
perovskites on NiOx with various SAMs as indicated, (g) EIS Nyquist plots for the devices made of tin perovskites deposited on NiOx with various
SAMs as indicated; (h) energy-level diagram, (i) long-term stability for the devices made of NiOx with various SAMs as indicated. The best
performance is the NiOx/TP-MN device with PCE of 7.7%.
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This energy level misalignment results in poor hole mobility,
as observed in SCLC measurements, leading to poor device
performance. When comparing energy levels for the NiOx/
SAM samples, the HOMO of NiOx/TPT-MN is � 4.79 eV.
Despite this being a better match than NiOx alone, the
alignment is still less favorable compared to NiOx/TP-MN,
resulting in lower open-circuit voltage (Voc) and reduced
recombination resistance. Furthermore, the HOMO of
NiOx/TP-CA is higher than that of ITO, which further
reduces recombination resistance and Voc, consistent with
the JV curves shown in Figure 5e.

Figure 5i compares the shelf-storage performance stabil-
ity of all NiOx/SAM’s TPSCs, including those based on
NiOx-only device, revealing a gradual performance decline
for the NiOx-based TPSC over 4000 h. The performance of
the NiOx-only device degraded to naught over 2000 h,
whereas the performances of the NiOx/TP-CA and NiOx/
TPT-MN devices gradually declined to naught over 4000 h.
In contrast, the NiOx/TP-MN device demonstrated excep-
tional long-term stability, maintaining around 80% of its
initial efficiency over 4000 h. The remarkable long-term
stability of the NiOx/TP-MN device can be attributed to its
excellent optoelectronic, morphological, crystallinity, and
mobility properties as discussed previously. The reproduci-
bility of these results was confirmed through performance
statistics of 15 devices for each SAM, with the raw data
summarized in Tables S9–S11 and in the boxplot form
presented in Figure S10. The NiOx/TP-MN device also
showed no effect of hysteresis, as the J–V scan curves show
in Figure S11. Additionally, the performance at the max-
imum-power point (MPP) was studied for the all devices
without encapsulation under one-sun illumination in ambi-
ent air conditions. We found that the TP-MN device has
declined to 85% of its initial value while the NiOx device
has declined to 65% of its original value. This MPP tracking
results further confirm the superior stability of TP-MN
under light-soaking conditions. In this work, the NiOx
interlayer plays an important role for SAM functionalization
to grow large perovskite grains with excellent uniformity
and crystallinity for TPSC. The performance comparison for
the SAM devices with and without a NiOx interlayer is
shown in Figure S13, for which SAM devices with NiOx
modification exhibited much greater performance than the
SAM devices without NiOx. In addition, different concen-
tration test is shown in the Figure S14, it clearly demon-
strates that the concentration of 0.02mM yields the best
photovoltaic performance, achieving the highest current
density and operating voltage. This optimized concentration
enhances the crystallinity and carrier transport within the
perovskite layer, leading to superior device performance.
Concentrations higher or lower than 0.02mM result in
reduced efficiency, highlighting the importance of precise
concentration to control tin perovskite solar cell fabrication.

Conclusions

Three thienopyrazines (TP)-based molecules, TP-MN (1),
TP-CA (2), and TPT-MN (3), were designed and synthe-

sized as SAMs for tin-based perovskite solar cells. Func-
tional CN/CN (TP-MN; 1 and TPT-MN; 3) and CN/COOH
(TP-CA; 1) groups are conjugated with TP or π-extended
thienopyrazines (TPT) units to serve as the anchoring group
to bond on the NiOx/ITO surface, while the triphenylamine
(TPA) groups were attached to the other side of TP to
effectively donate electrons to the perovskite layer, and
both were confirmed by the DFT calculations. In addition,
two soluble phenoxy groups attached to TP units are
expected to suppress the aggregation of the dyes to some
extent on the NiOx/ITO substrates. We found that both CN/
CN and CN/COOH were good anchoring groups for the
three organic molecules to form SAMs on the ITO/NiOx
surface, and to form the smooth and uniform tin perovskite
nanocrystals with excellent morphology, crystallinity, and
film roughness. When we used NiOx as HTM in a TPSC, the
device delivered a poor PCE of 4.0%. To improve the
efficiency of the TPSC, we further utilized a combination of
new organic SAMs 1–3 with NiOx HTM. The TPSC devices
based on NiOx/TP-MN, NiOx/TP-CA, and NiOx/TPT-MN
combinations exhibited PCEs of 7.7%, 4.8%, and 4.6%,
respectively. SEM, AFM, XRD, GIWAXS, TCSPC, UPS,
SCLC, and EIS characterizations were performed for the
thin-film samples or devices under investigation to under-
stand the optoelectronic and photovoltaic properties of this
series of SAM and NiOx/SAM combination. The structure
of the single crystal of the TP-MN molecule was obtained to
support that these molecules (1–3) would form uniform
SAM on the ITO/NiOx surface without the issue of dye
aggregation. Finally, a device based on the NiOx/TP-MN
bilayer exhibits great enduring stability for the performance,
retaining ~80% of the original values for shelf storage over
4000 h. Therefore, this method of combining organic SAMs
with NiOx HTM provides a good research direction for
TPSC to achieve high performance with excellent stability.
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Functionalized Thienopyrazines on NiOx
Film as Self-Assembled Monolayer for
Efficient Tin-Perovskite Solar Cells Using a
Two-Step Method

Three thienopyrazine-based organic mol-
ecules as self-assembled monolayers
(SAMs) were developed and deposited
on NiOx films for tin-based perovskite
solar cells. Using NiOx as interlayer can
modify the hydrophilicity and surface
roughness of the ITO substrate. The
two-step method was applied to enable
better quality of the tin perovskite layer
grown on the NiOx/SAM substrates,
ultimately achieving a power conversion
efficiency of 7.7%.
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