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Triphenylamine-Based Y-Shaped Self-Assembled
Monolayers for Efficient Tin Perovskite Solar Cells

Shakil N. Afraj, Chun-Hsiao Kuan, Hsu-Lung Cheng, Yun-Xin Wang, Cheng-Liang Liu,
Yun-Sheng Shih, Jhih-Min Lin, Yi-Wei Tsai, Ming-Chou Chen,* and Eric Wei-Guang Diau*

Triphenylamine-based Y-shaped organic sensitizers, specifically
TPA-MN (1), TPA-CA (2), TPAT-MN (3), and TPAT-CA (4), are synthesized and
utilized as p-type self-assembled monolayers (SAMs) for tin-based perovskite
solar cells (TPSCs). These SAMs are developed using low-cost starting
materials, primarily from triphenylamine (TPA) components. An extensive
analysis is conducted to examine the crystalline, morphological, thermal,
optical, electrochemical, and optoelectronic characteristics of SAMs 1–4,
and the results are compared. A two-step method is employed to successfully
develop tin perovskite layers on all four SAM surfaces. The resulting devices
demonstrates PCE in the following order: TPAT-CA (8.1%) > TPAT-MN (6.1%)
> TPA-MN (5.0%) > TPA-CA (4.2%). The TPAT-CA molecule, which contains a
thiophene spacer, performed better than the other three SAMs in terms of rapid
hole extraction rate, high hole mobility, and retarded charge recombination.
Consequently, SAM TPAT-CA exhibited the highest device performance
with excellent stability over time, retaining ≈90% from the beginning values
after storage for 3000 h. The innovative Y-shaped SAMs describe in this
study, characterized by their simple and efficient design, have the potential
to contribute significantly to the advancement of perovskite photovoltaics,
particularly in the development of cost-effective TPSC technology.

1. Introduction

Given that solar energy offers the greatest promise for carbon-
free energy, developing and implementing advanced, economi-
cally feasible, and tremendously efficient solar cells is viewed as
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a successful strategy for transforming
sunlight into electricity.[1–3] Perovskite
solar cells (PSCs) have immense potential
to replace traditional energy sources and
fulfill the need for carbon-free electricity
in the future.[3,4] This is due to their ex-
ceptional performance, cost-effectiveness,
low-temperature processing ability, and
outstanding optoelectronic properties.[5–7]

Single-junction PSCs have already at-
tained an efficiency of power conversion
(PCE) of 26.1%, which is similar to that
of crystalline silicon cells,[8] indicating
a favorable outlook for the practical ap-
plication of PSCs in commercial use.

An excellent technique for increasing
the efficiency and stability of metal-halide
PSCs involves modifying the perovskite
compositions,[9] controlling the crystalliza-
tion kinetics,[10,11] and optimizing interfa-
cial engineering.[12–14] Specifically, recent
advancements in hole transporting ma-
terials (HTMs) used between the per-
ovskite absorber and indium tin oxide
(ITO) anode have resulted in notable

improvements in the efficiency of inverted PSCs.[4,15] However,
the presence of hazardous lead in Pb-PSCs continues to be a sig-
nificant environmental concern.[16–19] As a result, the lead-free
TPSC has emerged as an appealing alternative, achieving a PCE
of 15.7%.[20] Although TPSC’s performance is currently inferior
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Figure 1. a) The chemical structures of the SAMs that have been reported for TPSCs; b) Triphenylamine-based Y-shaped SAMs for TPSCs studied in this
work.

to its lead-based counterpart, the lower band gap of TPSC sug-
gests a higher theoretical PCE compared to Pb-PSC. To optimize
the performance of TPSCs, many strategies have been investi-
gated, including the development of new HTMs, reduction of
Sn2+/Sn4+ oxidation, surface passivation of defects, and manipu-
lation of crystal formation in TPSCs.[21–26]

Presently, PEDOT: PSS has served as HTM for high-
performance TPSCs, and the tin perovskite layer was fabricated
using a single-step technique.[27–30] Because the reaction of SnI2
with FAI (where FA represents formamidinium) is rapid, the
hydrophilic HTM, such as PEDOT: PSS, is required to facili-
tate rapid nucleation.[31] Due to the hygroscopic nature of PE-
DOT:PSS, the performance and stability of the device can be eas-
ily hindered in a humid atmosphere. To substitute hydrophilic
PEDOT: PSS with other HTMs that offer good stability and well-
aligned energy levels with tin perovskites, a deposition with two
steps approach using hydrophobic HTMs like PTAA was success-
fully developed.[32–36]

Self-assembled monolayers (SAMs) are another candidate
to replace PEDOT:PSS as highly efficient HTMs because of

their advantageous characteristics, involving the ability to eas-
ily tune energy level alignment with perovskite, the parasitic ab-
sorption reduction, and in particular, the inexpensive and scal-
able production.[36–40] Typically, these SAMs structures include
an anchor group that interacts with ITO substrates, an adjustable
spacer that allows molecular rotation for better SAM arrange-
ment and stacking, and a functional head group that aids in
efficient hole extraction from PSC layers.[41] In inverted TP-
SCs, highly efficient SAMs will stand on the ITO anode to
reduce charge transport losses, resulting in increased short-
circuit current density (JSC) and open-circuit voltage (VOC). As
a result, these TPSCs exhibit high PCEs and exceptional dura-
bility in single-junction,[42,43] tandem,[44] and flexible Pb-based
PSCs.[45]

To achieve the best performance in highly efficient PSCs, it is
necessary to have a densely packed SAMs with few imperfections.
This is important because it prevents direct contact across the ac-
tive layer and the electrode, resulting in increased hole extraction
and retarded charge carrier recombination at the interface.[46]

Despite significant progress in finding new SAMs for lead-based
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Scheme 1. Synthetic routes of Y-shaped SAMs 1–4.

perovskite solar cells (PSCs),[15,47,48] there is a strong need to
develop new SAMs for tin-based PSCs that are less harmful.

Initially, our team investigated the use of carbazole-based
SAMs with MeO-2PACz and successfully obtained a PCE of 6.5%
for TPSC.[36] Subsequently, novel SAMs based on quinoxaline
were synthesized. Among them, TQx and TQxD exhibited PCEs
of 8.0% and 8.3%, respectively, under the most favorable con-
ditions for TPSC.[49] Recently, thienopyrazine-based SAMs were
synthesized and applied on a NiOx film for TPSC using a two-step
process.[50] The TP-MN/NiOx HTM demonstrated a significant
PCE of 7.7% (Figure 1a).

The triphenylamine (TPA) group, extensively used as a donor
unit in the preparation of organic HTMs for Pb-based PSCs, is
known for its beneficial electrochemical, photophysical, and pho-
tochemical properties, cost-effective synthesis, and excellent pho-
tovoltaic performance.[51] However, the potential of using inex-
pensive TPA as a primary framework for creating economical
organic SAMs for highly efficient TPSCs has not yet been in-
vestigated. Herein, a TPA moiety is utilized as the central core,
incorporating with two electron-rich methoxy-TPA donors at its
apexes, and anchored with CN/CN and CN/COOH groups at
the other end to afford four Y-shaped TPA-based SAMs for the
first time, labeled as TPA-MN (1), TPA-CA (2), TPAT-MN (3),
and TPAT-CA (4), and their structures are shown in Figure 1b.
As per our expectation, the innovative Y-shaped SAMs effi-
ciently interact with the perovskite layer, enabling rapid photo-
induced charge transfer and efficient hole injection toward the
ITO substrate, resulting in enhanced PCEs up to 8.1% for
TPSC.

2. Results and Discussion

Scheme 1 depicts the synthesis approaches for SAM 1–4. The
potential precursors 7 and 8 were synthesized according to the
experimental procedure reported elsewhere.[52–54] The key alde-
hydes TPA-CHO (5) and TPAT-CHO (6) were obtained by Stille-
coupling of dibromo-intermediates 7 and 8 with tin-compound
in the satisfactory yields (85%). Knoevenagel condensation of
aldehydes 5–6 with propanedinitrile using pyridine in chloro-
form generates molecules TPA-MN (1) and TPAT-MN (3) in high
yields (≈78%). Similarly, Knoevenagel condensation of aldehydes
5–6 with cyanoacetic acid/piperidine in chloroform furnishes the
target compounds TPA-CA (2) and TPAT-CA (4) in good yields
(≈71%).

Furthermore, because of the inclusion of methoxy-TPA
moiety and end-capping units (CN/COOH or CN/CN), the
novel molecules 1–4 are highly soluble in common organic
solvents. The chemical structures of 1–4 were verified with 1H
and 13C NMR and other techniques (see Supporting Informa-
tion). Moreover, molecules 1–4 can be readily synthesized from
affordable starting materials, and the cost of compound 4 has
been estimated to be $54 g−1 (see Scheme S2 and Table S1 of
the Supporting Information). The physical and electrochemical
characteristics of 1–4 are displayed in Table 1. Thermogravi-
metric analysis (TGA; Figure S1, Supporting Information)
confirmed that molecules 1–4 are thermally stable, having 5%
weight loss at 249, 196, 225, and 254 °C, respectively, for 1–4.
The TGA results indicate that molecule 4, which has rigid
TPA frameworks connected to the thiophene unit with the
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Table 1. Thermal, optical, and electrochemical characteristics of 1–4.

SAM Td
a)[°C] 𝜆onset

b)

[nm]
Eox

c)[V] HOMOd)

[eV]
LUMOe)

[eV]
△Egf)

[eV]

TPA-MN (1) 249 572 0.82 −5.26 −3.09 2.17

TPA-CA (2) 196 529 0.82 −5.26 −2.92 2.34

TPAT-MN (3) 225 625 0.82 −5.26 −3.28 1.98

TPAT-CA (4) 254 572 0.80 −5.24 −3.09 2.15
a)

By TGA;
b)

UV-vis spectra were measured in o-C6H4Cl2. 𝝀onset = onset absorption;
c)

By DPV in o-C6H4Cl2 at 25 °C. All potentials reported to Fc/Fc+ internal reference
(at +0.64 V);

d)
Using E(eV) = – (4.44 + Eox (vs NHE));

e)
Calculated using equation;

E(eV) = HOMO + △Eg;
f)

Optical band gap calculated by 1240/𝝀onset.

CN/COOH anchoring group, exhibits superior thermal stability
compared to molecule 3. The UV–vis spectrum (Figure 2a) of
molecule 1 in o-C6H4Cl2 is significantly red-shifted by 43 nm
(𝜆onset = 572 nm) as compared to 2 (𝜆onset = 529 nm). Similarly,
the UV–vis absorption spectrum of compound 3 in o-C6H4Cl2 is
also highly redshifted by 49 nm (𝜆onset = 625 nm) compared to
molecule 4 (𝜆onset = 576 nm). This indicates that the presence of
electron-deficient groups (CN/CN) in molecules 1 and 3 affects
their optical properties differently from molecules 2 and 4, which
are linked to CN/COOH anchoring groups.[49]

In addition, the short wavelength absorption (∼350 nm) was
attributed to localized 𝜋–𝜋* transitions, whereas the extended
wavelength absorption (529–570 nm for 1–4) was assigned to
intramolecular charge transfer (ICT) states. The electrochemi-
cal characteristics of 1–4 were derived by employing differen-
tial pulse voltammetry (DPV) in o-C6H4Cl2 at 25 °C (Figure 2b).
Oxidation potentials of 1–4 were calibrated using internal stan-
dard ferrocene, set at +0.64 V (vs NHE). The HOMO levels of
SAMs 1–4 were estimated by E(eV) = −(4.44 + Eox) equation
(vs NHE). The oxidation peaks of molecules 1–4 occur at poten-
tials of +0.82, +0.82 V, +0.82 V, and +0.80 V, respectively. Con-
sequently, the estimated EHOMOs of SAMs 1–4 are −5.26, −5.26,
−5.26, and −5.24 eV, respectively. The results suggest that the
two electron-deficient/anchoring groups (CN/CN or CN/COOH)
exert a comparable downward influence on the electrochemical
characteristics of the Y-shaped TPA-based SAMs series. SAM 4,
with extended 𝜋-conjugation, exhibited the slightly higher EHOMO
compared to SAMs 1–3.[49] Next, the calculated optical bandgaps
of 1–4 were in the sequence of 3 (1.98 eV) < 4 (2.15 eV) < 1 (2.17
eV) < 2 (2.34 eV). As anticipated, the inclusion of an additional
thiophenyl spacer in SAMs 3 and 4 results in lower energy gaps
compared to 1 and 2. This trend aligns with the values obtained
from DFT calculations (see below). The LUMO levels are calcu-
lated by equation; (E(eV) = HOMO + ▵Eg), and thus values esti-
mated are −3.09, −2.92, −3.28, and −3.09 eV for 1–4 molecules,
respectively.

Furthermore, the Gaussian 03W software was used to compute
DFTs for 1–4 (Figure 2c) to get insights into the structural geom-
etry of these new SAMs. The HOMOs of 1–4 are mainly situated
on the two methoxy-TPA units and the central TPA backbone.
The LUMOs are located on the phenyl unit of the central TPA
and the thiophene units connected to CN/COOH groups. The
EHOMO values obtained using DFT calculations are −4.71, −4.67,
−4.66, and −4.60 eV for molecules 1–4, respectively. The corre-
sponding ELUMO values are −2.35, −2.18, −2.70, and −2.49 eV for

molecules 1–4, respectively. The energy bandgap trend is 3 (1.96
eV) < 4 (2.11 eV) < 1 (2.36 eV) < 2 (2.49 eV) estimated by DFT,
which is consistent with the UV–vis measurements.[50]

We also conducted electrostatic surface potential (ESP) surface
mapping of molecules 1–4 to provide a more comprehensive
understanding of the charge distribution and to identify po-
tential areas that could interact with ITO surface (Figure 2c).
The upper part of molecules 1–4 have two methoxy TPA side
chains linked to the central TPA component to supply electrons
to the perovskite absorber, as corroborated by DFT calculations,
which show that the HOMO distributions are concentrated in
the methoxy-TPA region for all SAM molecules. The lower part
of molecules 1–4, which includes either phenyl (TPA-MN and
TPA-CA) or thiophene units (TPAT-MN and TPAT-CA), is linked
to thiophene/benzene unit of the triphenyl/biphenyl moieties.
This framework enables interaction with the ITO substrate.
through the CN/COOH groups, forming a SAM for TPSC. The
computational data indicate that the ESP analysis images of 1–4
show a high concentration of electrons mainly located on the
cyano/carboxylic acid anchoring groups delivering a favorable
environment for effective interactions between anchors and the
ITO surface to form SAM.[49]

The XPS of each sample depicted in Figure 3a–d confirm the
bonding of the molecules to the ITO substrate in the thin-film
analyses. The spectra exhibit distinct features corresponding to
various functional groups, including C═C, C─N, and C─O. No-
tably, the presence of the ─COOH group is observed only in the
TPA-CA and TPAT-CA samples. Subsequently, a layer of tin per-
ovskite was applied to these substrates coated with SAMs us-
ing a previously documented two-step process.[33] Figure 3e–h
depict the wettability of different SAMs. The contact angles ob-
served for the SnI2 precursor solution on SAM films are 15.70°,
15.25°, 14.97° and 11.86° for TPA-MN, TPA-CA, TPAT-MN and
TPAT-CA, respectively. This surface modification significantly
enhances the subsequent deposition of FAI, leading to the for-
mation of FASnI3 perovskites with the desired morphology. The
increase in hydrophilicity and the impact of SAMs on solution
processability and device efficiency highlight the connection be-
tween the processability of SAMs and device performance, em-
phasizing that only SAMs with optimal processability can achieve
the highest performance levels.

The structures of tin perovskite films deposited on different
SAMs were analyzed using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). Figure 3i–l present top-view
images of the perovskite films on various SAMs. Among them,
the film on SAM TPAT-CA (Figure 3l) exhibits larger and more
uniform crystal grains compared to the other films. This obser-
vation aligns with the AFM results depicted in Figure 3m–p.
The AFM images were analyzed to evaluate the surface rough-
ness of the tin perovskites on various SAMs. The analysis re-
vealed that the perovskites based on TPAT-CA had reduced
film roughness compared to the other perovskites. Figure S2
(Supporting Information) presents AFM images and Kelvin
Probe Force Microscopy (KPFM) data of SAMs on ITO sub-
strates. The surface roughness measurements for ITO coated
with SAMs TPA-MN, TPA-CA, TPAT-MN, and TPAT-CA are 3.42
nm, 3.46 nm, 3.22 nm, and 3.40 nm, respectively; the corre-
sponding surface potentials are 2.64, 2.47, 2.64, and 3.14 mV,
respectively.
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Figure 2. a) UV–vis spectra of 1−4 in o-C6H4Cl2; (b) DPV response curves of 1−4; (c) DFT and ESP analysis of 1–4.
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Figure 3. a–d) XPS spectra of SAMs 1–4; e–h) contact angles of the perovskite precursor SnI2 on various substrates as indicated; i–l) top-view SEM
images of the respective perovskite films on these substrates; m–p) AFM images of the same perovskite films on different substrates showing the
roughness values.

Figure 4a depicts the X-ray diffraction (XRD) patterns of per-
ovskite nanocrystals synthesized using four distinct SAM sub-
strates. These XRD patterns highlight the remarkable quality of
the TPAT-CA film in terms of crystal structure. The crystallinity
and perovskite arrangement in the TPAT-CA film, which en-
hances carrier transport and device performance, are confirmed
by grazing incidence wide-angle X-ray scattering (GIWAXS) im-
age (Figure 4b).

Regarding optical characteristics, Figure 4c illustrates the UV–
vis absorption and PL spectra of the four perovskite films, show-
ing comparable band gaps and PL peaks for all samples. The TC-
SPC results are shown in Figure 4d, where the temporal profiles
of PL are modeled using a bi-exponential decay function. The fit-
ted kinetic parameters are presented in Table S2 (Supporting In-
formation). The results indicate the order of SAMs in terms of
hole-extraction ability as TPAT-CA (2.8 ns) > TPAT-MN (5.1 ns)
> TPA-MN (6.6 ns) > TPA-CA (7.2 ns), highlighting the supe-
rior hole-extraction capacity of TPAT-CA SAM compared to the
others.

Figure 4e displays the energy levels for all the components
required to construct a TPSC. The valence band (VB) and con-
duction band (CB) levels of the SAM samples were identified
through the analysis of Ultraviolet Photoelectron Spectroscopy
(UPS) spectra (Figure S3, Supporting Information). The energy
levels of the SAMs closely match those of the tin perovskite,
facilitating the effective transfer of holes from the VB of the
perovskite to the HOMO of the SAM, and electrons from the
CB of the perovskite to the LUMO of C60. The TPSC devices
were using the ITO/SAM/perovskite/C60/BCP/Ag structure,
as depicted in Figure 4e. Figure 4f shows the J–V curves of the
four SAM devices, with the efficiencies listed in the following
order: TPAT-CA (8.1%) > TPAT-MN (6.1%) > TPA-MN (5.0%)
> TPA-CA (4.2%). Table S3 (Supporting Information) provides
a comprehensive comparison of the relevant photovoltaic prop-
erties. All SAM devices had comparable JSC, but varied in VOC
and fill factor (FF), following the same order for VOC vs. PCE.
Figure S4 (Supporting Information) shows the IPCE spectra
of the most effective devices along with the integrated current
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Figure 4. a) XRD of tin perovskites on different SAMs as indicated; b) GIWAXS of tin perovskite on TPAT-CA; c) absorption and PL spectra; d) TCSPC
decay profiles of tin perovskites on various SAMs; e) the energy diagrams for TPA-SAMs; f) J–V curves for TPA-CA, TPA-MN, TPAT-CA and TPAT-MN
devices; g) the long-term stability data; h) the EIS Nyquist plots; i) the space-charge limited current (SCLC) results.

density corresponding to the J–V scan results shown in Figure 4f.
Fifteen devices were fabricated for each SAM (Tables S4–S7,
Supporting Information), with performance boxplots displayed
in Figure S5 (Supporting Information). Figure S6 (Supporting
Information) shows the standard forward and reverse J–V
scans for the TPAT-CA device, demonstrating the absence
of a hysteresis effect. Figure 4g demonstrates the extended
durability of the four devices stored in a glovebox under dark
conditions, with the TPAT-CA device maintaining over 90%
of its initial efficiency for more than 3000 h. In ambient air
without encapsulation, the TPAT-CA device maintained effi-
ciencies above 85% for 5 h at the maximum power point (MPP)
under one-sun illumination, as shown in Figure S7 (Supporting
Information).

To investigate the superior performance of the TPAT-CA
device compared to the others, we conducted electrochemical
impedance spectroscopy (EIS) measurements on all four devices
under open-circuit conditions with the bias voltage at VOC in the
absence of light. The Nyquist plots for the devices display distinct
semicircular characteristics shown in Figure 4h. The models

were constructed using a single RC equivalent circuit model,
where the resistance represents the charge recombination pro-
cess. The recombination resistance followed the sequence TPAT-
CA > TPAT-MN > TPA-MN > TPA-CA, consistent with the trend
in VOC and FF. Furthermore, the four SAM films underwent
space-charge-limited current (SCLC) measurements to evaluate
charge mobility. According to the Mott-Gurney law,[55] the SCLC
plots in Figure 4i show that hole mobility follows the order: TPAT-
CA > TPAT-MN > TPA-MN > TPA-CA. This is consistent with
TCSPC, EIS, and device performance measurements. Thus, the
exceptional efficiency of the TPAT-CA device can be attributed
to minimal charge recombination (evaluated through EIS), im-
proved hole mobility (evaluated through SCLC), and outstanding
hole-extraction capability (evaluated through TCSPC), as demon-
strated in the respective studies. Our findings indicate that both
the cyano group and carboxylic acid are effective in connecting
the SAM molecules to the ITO substrate. Additionally, the
thiophene unit in this series of SAMs plays a crucial role, as
demonstrated in the success of the TPAT-CA and TPAT-MN
devices.
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3. Conclusion

Four Y-shaped TPA-based molecules, namely TPA-MN, TPA-
CA, TPAT-MN, and TPAT-CA, were synthesized and used as
SAMs to replace the commonly used PEDOT:PSS as HTM in
the fabrication of TPSC using a two-step technique. The CN/CN
or CN/COOH anchors are chemically linked to the phenyl
ring (TPA-MN and TPA-CA) or thiophene unit (TPAT-MN and
TPAT-CA). These groups are potential anchoring locations for
bonding with the ITO surface. Additionally, the two methoxy-
triphenylamine groups are connected to the central TPA to ef-
ficiently donate electrons to the perovskite layer. These connec-
tions have been verified through DFT calculations. Our research
discovers that both cyano and carboxylic acids groups serve as
effective anchoring groups for the four organic molecules to
create a SAM on the ITO surface. Moreover, the presence of
the thiophene group in TPAT-MN and TPAT-CA is essential for
the formation of tin perovskite nanocrystals with outstanding
characteristics in terms of morphology, crystallinity, and surface
roughness. The SAM devices demonstrate varying performance
levels in terms of PCE, with TPAT-CA exhibiting the highest
PCE (8.1%), followed by TPAT-MN (6.1%), TPA-MN (5.0%), and
TPA-CA (4.2%). These results align with the trends observed in
hole mobility (SCLC), charge recombination rate (EIS), and hole-
extraction rate (TCSPC). It is noteworthy that the device con-
structed using Y-shaped TPAT-CA as a SAM with a PCE of 8.1%
outperforms the device built with a carbazole-based SAM (6.5%)
reported in another study.[36] Additionally, the performance of
the Y-shaped TPAT-CA device is comparable to that of a device
made with an X-shaped quinoxaline-based material (8.3%).[49]

Currently, this is the most superior device based on SAM for
TPSC, offering the benefits of cost-efficiency and having anchor-
ing single-handed CN/COOH groups. TPAT-CA SAM devices ex-
hibited exceptional and enduring stability, maintaining ≈90% of
their initial performance values during 3000 h of shelf storage.
Therefore, our study provides valuable insights for the develop-
ment of more sophisticated SAM molecules to be used for TP-
SCs.
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