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ABSTRACT: Perovskite solar cells (PSCs) with superior performance have been recognized as a potential candidate in
photovoltaic technologies. However, defects in the active perovskite layer induce nonradiative recombination which restricts the
performance and stability of PSCs. The construction of a thiophene-based 2D structure is one of the significant approaches for
surface passivation of hybrid PSCs that may combine the benefits of the stability of 2D perovskite with the high performance of
three-dimensional (3D) perovskite. Here, a sulfur-rich spacer cation 2-thiopheneethylamine iodide (TEAI) is synthesized as a
passivation agent for the construction of a three-dimensional/two-dimensional (3D/2D) perovskite bilayer structure. TEAI-treated
PSCs possess a much higher efficiency (20.06%) compared to the 3D perovskite (MA0.9FA0.1PbI3) devices (17.42%). Time-resolved
photoluminescence and femtosecond transient absorption spectroscopy are employed to investigate the effect of surface passivation
on the charge carrier dynamics of the 3D perovskite. Additionally, the stability test of TEAI-treated perovskite devices reveals
significant improvement in humid (RH ∼ 46%) and thermal stability as the sulfur-based 2D (TEA)2PbI4 material self-assembles on
the 3D surface, making the perovskite surface hydrophobic. Our findings provide a reliable approach to improve device stability and
performance successively, paving the way for industrialization of PSCs.

1. INTRODUCTION
Organic−inorganic perovskites have appeared as promising
semiconducting materials in prospective photovoltaic tech-
nologies with low-cost and unique properties.1,2 The power
conversion efficiency (PCE) of three-dimensional (3D)
perovskite solar cells (PSCs) has swiftly improved from 3.8
to 25.7%3 in the early few years, which is close to that of
silicon-based solar cells. To further improve the efficiency of
PSCs, several research approaches including composition
engineering,4−6 perovskite surface passivation,7−9 crystal
growth manipulation,10,11 interface engineering,12,13 and band
alignment14 are extensively investigated. However, poor device
stability under humid, bright, and hot environment conditions
is a major obstacle for practical implementation.15−17

Recently, two-dimensional (2D) Ruddlesden−Popper (RP)
perovskites have stirred research attention for solar cell
applications due to their superior environmental stability and
structural diversity.18−20 The structural variation in 2D
perovskite is achieved by integrating different cations into
the 2D frame.21 The 2D RP perovskite has a chemical formula

L2An−1MnX3n+1, where L is the spacer cation such as n-
butylammonium (BA+), 2-thiophenemethylammonium
(ThMA+), and phenylethylammonium (PEA+) cation, A is
the monovalent cation (e.g., formmamidinum (FA+)), M
represents a divalent metal cation (e.g., Pb2+, Sn2+, Ge2+), X
denotes the halide anion, while n indicates the number of
confined inorganic [MX6]4− octahedra separated by the
spacer. In 2D RP perovskite, the hydrophobic nature of
bulky organic spacers protects the inorganic perovskite layer
from moisture corrosion. Moreover, structure steadiness is
preserved by van der Waals forces in between the large organic
spacers, contributing to excellent environmental stability.1
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These spacer cations also passivate the defects and improve the
ion migration activation energy in 2D perovskites, leading to
the enhancement of thermal stability and photostability.22

Previous reports suggest that solution-processed perovskite
layers are polycrystalline and possess significant structural
disorders like grain boundary defects and crystallographic
defects.23−25 Interface defects are another factor that influences
the performance of PSCs.26 One of the most effective strategies
for reducing defects is to introduce a 2D passivation layer on a
3D perovskite film. The 2D material could efficiently suppress
the film defects and consequently enhance the stability of the
PSC by prohibiting moisture penetration into the working
layer.27,28 This strategy also improves cell efficiency owing to
the minimized charge recombination and surface trap states by
the appropriate band alignment of the 3D/2D perovskite
structure.22,29 Researchers have attempted surface passivation
with low-dimensional perovskite for minimizing surface defects
of PSCs, which efficiently enhances device performance. They
have modified the perovskite surface by depositing 2D
aromatic or aliphatic cations, such as (TEA+),30−32 (PEA+),22

(BA+),33 and so on to prepare the 2D perovskite layer.34,35

Chen et al. reported an organic halide molecule (i.e., PEAI) for
surface defect passivation of triple cation-based perovskite
films. The PEAI itself formed a 2D (PEA)2PbI4 perovskite on a
3D perovskite film that showed 18.51% efficiency in the solar
cell.22 Ning and co-workers synthesized a novel salt 2-
thiopheneethylamine thiocyanate (TEASCN) to modify the
surface of the Sn−Pb-based perovskite, and the resulting 3D/
2D device exhibited an efficiency of 21.26% owing to
remarkably reduced film defects.36 It has been reported that
the thiophene-based quasi-2D RP perovskites show better
photovoltaic performances than the phenylethylammonium
halide-based perovskite, because of the increased charge
mobility provided by the higher polarity of sulfur.37,38

Thiophene-based organic amines usually have a π−π conjugate
structure of aromatic amines. The generation of deep Pb−S
interactions and electron-rich π functional groups in thiophene
can reduce Pb2+ ion defects and inhibit the Pb interstitial
formation.39,40 Moreover, 2D perovskites with aromatic
thiophene ammonium halide cations have stronger hydro-
phobicity than their aliphatic chain. As a result, the deposition
of a thiophene-based 2D perovskite protected the 3D
perovskite from deterioration upon aging or heat.41,42

Herein, we synthesize an organic halide salt, 2-thiophenee-
thylammonium iodide (TEAI), as a basic ingredient for 2D
perovskites. MA0.9FA0.1PbI3/(TEA)2PbI4 (3D/2D) bi-layer
PSCs were fabricated by introducing TEAI into a 3D
perovskite, MA0.9FA0.1PbI3. Our experimental results reveal
that the surface passivation with TEAI appreciably improves
the optoelectronic properties of the 3D/2D hybrid perovskites,
leading to outstanding stability as well as high efficiency of
PSCs.

2. EXPERIMENTAL SECTION
2.1. Materials. 2-Thiopheneethylamine (TEA, 98%),

lead(II) iodide (PbI2, 99.999%, metals basis), isopropyl
alcohol, formamidinium iodide (FAI), methyl ammonium
iodide (MAI, 99.9%), dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), hydroiodic acid (HI), tin(IV) oxide
(SnO2), titanium diisopropoxide bis(acetylacetonate), toluene,
anhydrous ethanol, chlorobenzene, acetonitrile, bis-
(trifluoromethane)sulfonamide lithium salt (Li-TFSI), ethanol,
4-tert-butylpyridine (TBP), tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(III) tris(bis(trifluoromethyl sulfonyl)-
imide) (FK209), 1-butanol, and 2,2′,7,7′-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD)
were purchased from Sigma-Aldrich. All the materials were
utilized without further purification.
2.2. Synthesis of TEAI Powder. 2-Thiopheneethylamine

iodide (TEAI) salts were synthesized by reacting the 2-
thiopheneethylamine (TEA) with HI (Figure 1a). To begin,
equimolar TEA and HI were dissolved in ethanol and stirred
for at least 2 h (Figure 1b). The solution was then rotary
evaporated at 65 °C. After that, TEAI salts were redissolved in
ethanol solution and washed numerous times with diethyl
ether. Finally, the white crystals were heated to 65 °C for 6 h.
2.3. Synthesis of (TEA)2PbI4. A 2D perovskite

(TEA)2PbI4 was prepared following a previous report.
43 We

dissolved 0.2 mmol of TEAI and 0.1 mmol of PbI2 with a
stoichiometric ratio in 100 μL of DMF to obtain a precursor
solution. Fifty microliters of the perovskite precursor solution
was then quickly added to 10 mL of toluene and vigorously
stirred. After centrifugation at 5000 rpm for 30 s, 2D
perovskite, (TEA)2PbI4 was obtained.
2.4. Device Fabrication. Solar cell structures were

fabricated with stack glass/indium-doped tin oxide (ITO)/

Figure 1. (a) Synthetic route of TEAI, (b) schematic diagram of the synthesis process of TEAI. (c) UV−vis absorption and photoluminescence
(PL) spectra, (d) scanning electron microscopy (SEM) image, and (e) XRD pattern of 2D (TEA)2PbI4 perovskite films.
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tin(IV) oxide (SnO2)/MA0.9FA0.1PbI3/(TEA)2PbI4/spiro-
MeOTAD/gold (Au) architecture under an Ar-containing
glovebox. First, detergent water, deionized water, acetone, and
isopropyl alcohol were used for cleaning ITO substrates in an
ultrasonicator consecutively for 20 min. The substrates were
then flushed with N2, placed in an oven, and heated for 2 h at
70 °C before UV-ozone treatment for 20 min. After that, the
substrates were spin-casted for 20 s at 2000 rpm with a 15%
tin(IV) oxide (SnO2) colloidal dispersion in H2O (Alfa-Aesar)
and consequently heated at 150 °C for 30 min to generate a
compact SnO2 electron transport layer (ETL). For preparing
the pristine MA0.9FA0.1PbI3 perovskite film, a precursor
solution was prepared by mixing MAI:FAI:PbI2 (1.35 M:0.15
M:1.5 M) in 4:1 anhydrous DMF:DMSO (1 mL) solvent and
stirred whole night at 60 °C. Next, MA0.9FA0.1PbI3 precursor
solution was spin-cast via an antisolvent technique on the top
of the ITO/SnO2 layer for 10 s at 1000 rpm, and thus formed
perovskite films were annealed at 70 °C for 2 min. As an
antisolvent, 0.4 mL of toluene was dripped over the film during
the last 10 s of coating, and then the perovskite films were
annealed at 70 °C for 2 min. In the TEAI treatment process,
TEAI powder was diluted in toluene with four distinct
concentrations (0.5, 1, 2, and 3 mg TEAI per 1 mL toluene),
and 50 μL of every TEAI solution was used to spin coat onto
the MA0.9FA0.1PbI3 perovskite surface at a spin rate of 4000
rpm for 30 s and dried for 10 min at 125 °C. To fabricate hole
transporting layer (HTL), we doped spiro-OMeTAD (73 mg
mL−1 in chlorobenzene) with FK209 (18 μL; mother solution:
acetonitrile, 300 mg/mL), Li-TFSI (28 μL; mother solution:
acetonitrile, 530 mg/mL), and TBP (28 μL) and deposited it
on the perovskite film via spin coating for 20 s at 3000 rpm.
Finally, 80 nm-thick Au was deposited as a top electrode under
vacuum (<4 × 10−6 Torr) using a mask. We use MAFA and
MAFA/TEAI for representing MA0.9FA0.1PbI3 and
MA0.9FA0.1PbI3/TEAI perovskites in the following sections.

2.5. Characterization. UV−visible absorption and photo-
luminescence (PL) measurements were performed by a
Shimadzu UV-2450 spectrometer and a HORIBA Fluorolog-
3, respectively. We excited the samples at 500 nm for PL
measurement. Field-emission scanning electron microscopy
(FESEM) images were measured using FEI Nova Nano SEM-
450. The roughness of the films was measured using an atomic
force microscope (AFM) instrument (Dimension Icon from
Bruker). X-ray diffraction (XRD) patterns of perovskite films
were acquired by a Rigaku Smart Lab 9 kW rotating anode
diffractometer. Grazing incidence wide-angle scattering
(GIWAXS) measurements were conducted at Pohang Light
Source (PLS-II), South Korea. The GIWAX photographs were
taken at 0.13 incidence angle using 11.57 keV X-rays (λ =
1.0716 Å) as well as an MAR345 imaging plate detector.
Ultraviolet photoelectron spectroscopy (UPS) measurements
were executed using Nexsa base equipment. J−V measure-
ments were carried out by a Keithley 2400 source meter under
irradiation intensity of 1 sun at AM 1.5G (100 mW cm−2) at
room temperature. The external quantum efficiency (EQE)
measurements were conducted employing the EQE instrument
(Zolix Instruments, Inc). Time-resolved photoluminescence
(TRPL) measurements were performed using a HORIBA
DeltaFlex-011x system with a LED source (wavelength 454
nm). The femtosecond transient absorption (TA) measuring
setup uses a Ti-sapphire regenerative amplifier (spitfire ace,
spectra physics) which is seeded by a laser oscillator (Mai Tai
SP, spectra physics). The output of the amplifier (wavelength
∼ 800 nm, pulse width < 35 fs and energy 4 mJ per pulse) was
divided to generate pump and probe pulses. The pump pulse at
532 nm and probe pulse at 750 nm were obtained from the
nonlinear optical parameter amplifier (TOPAS). A small
fraction of 800 nm was used to generate probe light in the
region of 440−770 nm, with the help of a sapphire crystal. TA
spectra were recorded by dispersing the probe beam with a
grating photograph (Acton spectra pro SP 2358) followed by a

Figure 2. Surface passivation of the MAFA (3D) layer by TEAI. (a) Schematic diagram of MAFA/TEAI (3D/2D) perovskite structural growth due
to TEAI surface treatment. Top-view of SEM images of (b) MAFA (3D) and (c) MAFA/TEAI (3D/2D) films. (d) UV−vis absorption spectra,
and (e) PL spectra of MAFA (3D) and MAFA/TEAI (3D/2D) perovskite films. (f) XRD patterns of MAFA (3D), (TEA)2PbI4 (2D), and MAFA/
TEAI (3D/2D) perovskite films.
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CCD array. Group velocity dispersion of the probe beam was
compensated by using a chirp correction program (Pascher
instrument). Two photodiodes of variable gain were used to
detect the transient absorption kinetics. A DSA100 analyzer
was used to measure the contact angle of a water droplet.

3. RESULTS AND DISCUSSION
To obtain aromatic ring-based monovalent TEA+ cations, we
synthesized sulfur-based molecule 2-thiopheneethylamine
iodide (TEAI) from TEA and HI (seeSection 2). We
conducted X-ray diffraction (XRD) of TEAI powder and film
on the glass substrate (Figure S1). Both XRD patterns have a
succession of diffraction peaks with a quasi-equal spacing of
{002}, which implies 2D crystal structure.44 Compared to the
TEAI powder sample, the film exhibits a very low-intensity
diffraction peak. Then, we synthesized 2D perovskite,
(TEA)2PbI4 using TEAI (see the Section 2). UV−visible
absorption and PL spectra were measured to explore the
optical properties of (TEA)2PbI4 thin films. Figure 1c shows
two main absorption peaks located at 401 (3.09 eV) and 521
nm (2.38 eV). The broad peak at 401 nm could be ascribed to
transitions to higher energy levels, whereas the narrow
absorption peak at 521 nm is attributed to the absorption
due to the intrinsic exciton in the generated quantum well

structure.45 The PL peak of (TEA)2PbI4 is centered at 530 nm
(2.34 eV) with a full-width at half-maximum of 21 nm. The
narrow bandwidth of the PL spectrum reveals that the
emission arises from the excitonic recombination.46 We
employed scanning electron microscopy (SEM) to investigate
the surface morphologies of (TEA)2PbI4 crystals. The obtained
2D crystals are typically truncated rectangular shapes having
lateral dimensions up to several micrometers (Figure 1d). XRD
of the thin-film sample was studied to identify the structures of
the (TEA)2PbI4 crystal and is presented in Figure 1e. The 2D
(TEA)2PbI4 shows diffraction peaks with spacings at 5.8°,
11.45°, 17.12°, 22.83°, 28.60°, and 34.44°, which could be
assigned to the (00 ) lattice planes ( denotes an even
number). The XRD result is found to be similar to that
reported for 2D layered perovskite.47,48 Moreover, the as-
prepared TEA2PbI4 crystals exhibit narrow and strong
diffraction peaks, suggesting that the material has high
crystallinity and a large grain size.
In this study, we employed 3D perovskite MA0.9FA0.1PbI3 as

the light-absorbing layer, prepared by the spin-coating method.
Then a facile technique was introduced, where TEAI powder
dissolved in toluene was spin-cast onto the MAFA (3D)
perovskite surface. To test the effect of surface passivation, four
different concentrations (0.5, 1, 2, 3 mg TEAI per 1 mL

Figure 3. (a) Schematic diagram of the device structure, and (b) energy level diagram of every component in the PSC. (c) Typical J−V curve of the
cells with TEAI (1 mg/mL) and without TEAI treatment under one-sun (100 mW cm−2). (d) EQE spectra with integrated current densities for
MAFA (3D), and MAFA/TEAI (3D/2D) PSCs (measurements were done after 2 days gap). (e) Plot of JSC, and (f) VOC versus light intensity for
MAFA (3D), and MAFA/TEAI (3D/2D) PSCs.
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toluene) of TEAI were used to spin coat onto the 3D control
films. Figure 2a shows the possible surface passivation
mechanism of MAFA (3D) layer by TEAI molecules. The
top-view SEM images of MAFA (3D) and MAFA/TEAI (3D/
2D) films coated on ITO/SnO2 are presented in Figure 2b,c.
As compared to the reference 3D film, the TEAI-treated
perovskite film possesses a larger grain size indicating that the
TEAI induces more crystallinity in the perovskite layer. We
optimized the effect of the concentration of TEAI on the
surface morphology of the perovskite film. It is found from
Figure S2 that the grain size grows with increasing
concentration of TEAI, but cracks and holes on the film
surface appear at a concentration of 3 mg/mL. Layered
(TEA)2PbI4 exhibits higher surface potential than 3D
MA0.9FA0.1PbI3 due to lower dimensionality.

49 When a small
amount of TEA+ is employed for passivation, the surface
potential would be slightly increased than that of
MA0.9FA0.1PbI3 perovskite without creating holes in the
perovskite film. However, much increase of the surface
potential due to a higher amount of TEA+ causes holes on
the film surface that are apparent from SEM images (Figure
S2). The AFM image of TEAI passivated (1 mg/mL) film
confirms a smoother surface morphology with a root-mean-
square roughness of 17.8 nm, lower than that of 3D perovskite
(39.4 nm), as shown in Figure S3. It is clear from Table S1 that
the surface roughness increases for higher concentration (>1
mg/mL) of TEAI. The absorption spectra of control and TEAI
passivated films were examined to investigate the semi-
conductor properties of the films, as displayed in Figure 2d.
It is interesting to note that the absorption intensity for TEAI-
modified film is increased over the entire wavelength region
(Figure S4), which could be attributed to the reduced light
scattering caused by the smooth and large grain size of the 3D/
2D film.50 We examined PL spectra of MAFA (3D) and
MAFA/TEAI (3D/2D) perovskite films, as shown in Figure
2e. We observe that the PL intensity of the perovskite film is
increased after TEAI treatment due to increased absorption of
MAFA/TEAI film. Nonetheless, the considerable reduction of
nonradiative recombination in passivated layers cannot be
ruled out.51,52 The PL peaks of TEAI-coated films are slightly
shifted from MAFA (3D) due to the reaction between TEAI
molecule and excess PbI2 in MAFA (3D) (Figure S5).
However, absorption and PL peaks of pure 2D (TEA)2PbI4
are not visible in spectra of MAFA/TEAI (3D/2D) perovskite
films. Because of a tiny amount of TEAI, optical properties of
3D MAFAPbI3 dominate in 3D/2D perovskite films. Figure 2f
reveals XRD patterns of MAFA (3D), (TEA)2PbI4 (2D), and
MAFA/TEAI (3D/2D) perovskite layers. A new peak form at
a smaller angle (approximately 5.8°) that is consistent with 2D
TEA2PbI4 perovskite and no apparent peak is at 8.7°, which
corresponds to the TEAI powder or film (Figure S1). This
result infers the presence of TEA2PbI4 on the surface of the
MAFAPbI3 film after passivating with TEAI. Therefore, TEAI
treatment of the 3D perovskite film leads to the formation of a
3D/2D heterojunction.
The crystallinity difference between MAFA (3D) and

MAFA/TEAI (3D/2D) layers was explored by grazing-

incidence wide-angle X-ray scattering (GIWAXS). Figure S6
presents the GIWAXS profiles of the MAFA (3D) and
interface passivated perovskite films. We observe the isotropic
diffraction peak of the 3D layer at q ≈ 1.0 and 1.99 Å−1,
corresponding to (110) and (220) crystal planes in both
films.53 We also observe another diffraction pattern at qz ≈ 0.9
Å−1 associated with the typical peak of PbI2. With the
incorporation of TEAI, a small amplitude peak at qz ≈ 0.4 Å−1

emerged which is attributed to the formation of 2D perovskite
on the 3D layer. Moreover, several distinct peaks appear in
3D/2D layers along out-of-plane at a lower angle (q < 0.75
Å−1) that also reported to the 2D layered material.54 After
treatment with TEAI, the intensity of the (110) plane of the
perovskite along out-of-plane is significantly increased (Figure
S6d), indicating improved crystallinity of the films, which can
contribute to enhancement of the PCE and stability of PSCs.55

Next, we assessed the photovoltaic performance of the PSCs
without and with TEAI treatment. Figure 3a,b shows the
device structure and energy band diagram of the components
of the PSCs respectively that we adopted in our study. The
valence band maximum (VBM) of TEA2PbI4 perovskite was
estimated by UPS.56−58 As illustrated in Figure S8, the VBM is
5.48 eV and the conduction band minimum is 3.14 eV that we
calculated from VBM and the optical bandgap (2.34 eV). The
energy level diagram suggests that energy levels of the 2D
perovskite match well with the pristine MAFA (3D) perovskite
for facilitation of charge separation. We also compare the
energy levels of TEA2PbI4 and PEA2PbI4 perovskites (Figure
S8) and found that TEA2PbI4 has more suitable energy levels
compared to PEA2PbI4 for charge transport within the solar
cell. This implies that 2D TEA2PbI4 perovskite could be a
potential better photoactive material for MAFA-based 3D/2D
solar cells. We measured the performance of PSCs having
different concentrations of TEAI solution (Table S2) and
observed that the maximum efficiency is achieved at a
concentration of 1 mg/mL of TEAI. Figure 3c presents the
J−V graphs of the best-performing cells without and with
TEAI treatment. The control cell has a maximum PCE of
17.42% with a JSC of 23.74 mA cm−2, a VOC of 1.06 V, and a fill
factor (FF) of 70.56%. After optimizing the 2D-treated devices,
the highest PCE of 20.06% with a JSC of 24.4 mA cm−2, a VOC
of 1.11 V, and 74.82% FF (Table 1) is achieved. The ability of
our fabricated solar cells to collect light over a broad
wavelength range and generate charge carriers with high
efficiency was confirmed by monitoring their EQE spectra.
Figure 3d depicts the impact of TEAI on the EQE spectrum of
fabricated PSCs. The integrated current density (Figure 3d)
for 3D/2D PSC is 22.53 mA cm−2, which is higher than that of
3D PSC (21.70 mA cm−2). These values are in good
agreement with the JSC values in the J−V characteristics. The
device with TEAI treatment shows a significant increase in the
photoresponse over the entire wavelength range, and EQE
approaches the highest value of 93%. The higher EQE for 3D/
2D PSC compared to the control PSC could be attributed to
improved film quality with decreased defects.
To further analyze the carrier recombination in control and

TEAI-treated devices, dependence of J−V features on light

Table 1. Photovoltaic Parameters of Solar Cells without and with TEAI Treatment

perovskite VOC (V) JSC (mA/cm2) FF (%) PCE (%) PCEmax (%)

MAFA (3D) 1.04 ± 0.02 23.58 ± 0.16 69.93 ± 0.63 17.15 ± 0.27 17.42
MAFA/TEAI (3D/2D) 1.10 ± 0.01 24.28 ± 0.12 74.21 ± 0.61 19.82 ± 0.24 20.06
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intensity (I) was assessed (Figure S9). We varied the incident
light intensity from 100 mW cm−2 (1 Sun) to 10 mW cm−2

(0.1 Sun). Figure 3e depicts a relationship (JSC ∝ Iα) between
JSC and I on a double-logarithmic scale. The index α is near to
1 when a PSC exhibits weak space charge effects, and most of
the charges are collected by electrodes before recombination.59

The α-value for both 3D and 3D/2D devices is high (0.992
and 0.985 respectively), indicating smooth carrier transport in
both devices. Despite the addition of insulating TEAI, no
apparent charge barrier at the interface is observed.
Furthermore, the dependence of VOC on I for PSCs with and
without TEAI is illustrated in Figure 3f. The relationship
between VOC and JSC can be expressed as follows

V
k T
q

J

J
ln 1OC

B SC

o

= +
(1)

where β is the ideal factor, kB is the Boltzmann constant, q is
electric charge, T is temperature, and Jo is saturated current
density in the dark. Assuming JSC ∝ light intensity (I) and JSC
≫ Jo, the above formula can be simplified as

V
k T
q

IlnOC
B

(2)

Hence, the plot of VOC with lnI provides a slope of
k T
q
B . It is

known that trap-assisted recombination plays a significant role
if the slope shifts from kBT/q.

60 The MAFA (3D) device
exhibits a slope of 2.03kBT/q, while the TEAI-passivated
device shows a much lower slope (1.68kBT/q), suggesting
reduced trap-assisted recombination in TEAI-treated solar
cells, resulting in enhanced device efficiency.
We conducted TRPL measurements to investigate the

carrier dynamics in a passivated perovskite layer. The decay
curves presented in Figure 4a were fitted by a bi-exponential
function61

F t f t( ) exp( / )
i

i i
1

2

=
= (3)

where f i indicates the contribution of the ith decay component
having lifetime τi. PL decay kinetics are fitted well with eq 3,
and the fitting results are presented in Table 2. According to
previous literature, the fast decay component (τ1) arises from
surface trap density, and the slow time component (τ2) is
associated with the recombination that takes place in the bulk

perovskite structure.62 The average PL lifetime (τavg) can be
calculated from the following equation63

f

f
i i i

i i
avg =

(4)

The average PL lifetime is calculated to be 1.74 and 5.44 ns
for MAFA and MAFA/TEAI films, respectively. The
prolonged carrier life could be explained by the reduced
defect-assisted nonradiative recombination as a consequence of
high crystallinity and low concentration of defects in MAFA/
TEAI.62 In the interface passivated film, τ1 is significantly
decreased indicating the reduction of trap-assisted recombina-
tion. Additionally, the slower recombination caused by
appreciably improved τ2 in 3D/2D film surely contributes to
the device performance with higher FF and JSC due to the
sufficient charge collection as observed from the J−V graphs.
The findings of TRPL measurements confirm that interface
modification of MAFA (3D) by 2D (TEA)2PbI4 perovskite has
a significant effect on charge carrier lifetime in solar cell
devices.
To further examine the effect of TEAI passivation, we

investigated the charge carrier dynamics of MAFA (3D) using
femtosecond TA spectroscopy. Perovskite samples were
photoexcited by a pump pulse at 532 nm and white light
continuum (WLC) was used to probe the sample. Figure S10a
shows TA spectra of the MAFA (3D) film with a negative
absorption band in the wavelength region of 730−770 nm. It
should be noted that we were unable to capture complete TA
band due to weak probe light after 770 nm. As MAFA (3D)
has ground-state absorption in this wavelength region (Figure
2d), the negative TA band could be assigned to the ground
state bleach (GSB) which arises due to the state filling of the
band edge states.64 Next, we measured TA spectra of the
TEAI-passivated 3D perovskite film, which shows a GSB band
(Figure S10b) similar to MAFA (3D). To estimate lifetimes of
photogenerated carriers, we measured TA kinetics of MAFA
(3D) and MAFA\TEAI (3D\2D) films at GSB band (Figure
4b). Clearly, TA decay is slower in MAFA\TEAI (3D\2D)

Figure 4. (a) TRPL of MAFA (3D) and MAFA/TEAI (3D/2D) perovskite films. (b) Comparison of normalized TA kinetics of MAFA (3D) (red)
and MAFA\TEAI (3D\2D) (black) (solid lines are fitting results).

Table 2. PL Lifetimes Extracted from Fitting PL Decay
Curves with a Bi-Exponential Decay Function

perovskite τ1 (ns) f1 (%) τ2 (ns) f 2 (%) τavg (ns)
MAFA (3D) 0.15 94 26.6 6 1.74
MAFA/TEAI (3D/2D) 0.1 87 41.2 13 5.44
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suggesting longer charge carrier lifetime in that sample. TA
kinetics were fitted with a biexponential function to find
average lifetimes (Table 3). The fitting results infer that the

average lifetime of charge carriers in MAFA perovskite
increases after surface passivation with TEAI which is
consistent with the TRPL results. Therefore, the enhanced
performance of the 3D/2D perovskite based solar cells could
be ascribed to the slow relaxation of charge carriers in MAFA
\TEAI (3D\2D).
We examine the thermal stability of the PSCs without and

with TEAI passivation by damp heating test using a hot plate at
80 °C temperature in the ambient atmosphere. We measured
the photovoltaic performances of control and 3D/2D non-
encapsulated PSCs in every 15−25 min, and the values of
different device parameters are presented in Figure 5a−d.

Under continuous heat treatment at 80 °C for 2 h, initial
performance parameters of the 3D device are dropped to a
great extent, while the TEAI-treated device exhibits much
better performance than the untreated one. The treated device
maintains almost constant PCE (79% of the initial PCE) after
an initial drop under similar conditions. The 2D material has a
relatively higher binding energy than 3D, which requires much
more activation energy to stimulate ion migration when
heated.65,66 A previous report also showed that the TEAI-
passivated 3D/2D film is structurally robust and physically
blocks the ion movement at the interface under thermal
conditions.41

As a thermally stable layer, the (TEA)2PbI4 2D layer could
effectively suppress the iodide ion diffusion from the MAFA
(3D) layer to the HTL and electrode, significantly improving
the thermal stability of PSCs. To monitor operational stability,
all devices were subjected to one-sun (100 mW cm−2)
illumination continuously for 500 s. Figure S11 shows the
time-dependent short-circuit current density (JSC) and open-
circuit voltage (VOC) of the PSCs without and with TEAI
passivation. The VOC of PSCs with TEAI-treatment provides a
steady JSC for 500 s under constant light irradiation, whereas it
decays constantly for the MAFA (3D) device. The JSC of

Table 3. Results of Biexponential Fitting of TA Kinetics

perovskite t1 (ps) f1 (%) t2 (ps) f 2 (%) ⟨τ⟩a (ns)
MAFA (3D) 0.25 37 5784 63 3.6
MAFA/TEAI (3D/2D) 0.23 31 5850 69 4

a⟨τ⟩ = ( f1t1 + f 2t2)/( f1 + f 2).

Figure 5. Photovoltaic parameters of unsealed PSCs heating on a hot plate at 80 °C for 2 h. Normalized (a) short circuit current density (JSC), (b)
open-circuit voltage (VOC), (c) FF, and (d) PCE of the photovoltaic devices without and with TEAI. Images showing the contact angles of a water
droplet on (e) MAFA (3D), and (f) MAFA/TEAI (3D/2D) perovskite films.
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TEAI-treated devices drops down from 24 to 13 mA/cm2,
while the JSC of the pristine cell reduces drastically to 7 mA/
cm2 within 500 s. This stability improvement in TEAI-
passivated PSCs under constant light irradiation can be
attributed to the improved film morphology.
Finally, the moisture stability of pristine and TEAI

passivated devices was assessed by contact angle measurement
of water droplets (Figure 5e,f). The contact angle for the
MAFA (3D) film is 62°, whereas it increases to 76° for the
interface passivated film which exhibits the highest device
performance. This result confirms that the wetting of the
passivated perovskite surface by water is substantially
decreased, indicating an enriched hydrophobicity. Therefore,
the TEAI-treated film could exhibit higher moisture stability
than the 3D film because of the hydrophobicity of 2D
materials. Moreover, the contact angle rises gradually up to 83°
when the concentration of TEAI goes up, inferring that the 2D
(TEA)2PbI4 perovskite phase coverage grows.

67 We also tested
the water droplet contact angle on the PEAI-treated perovskite
film for comparison which was found to be 67° (Figure S12).
It is interesting to note that the presence of TEAI on 3D
perovskite significantly improves the hydrophobicity of the
films rather than PEAI on the same 3D perovskite and thus
boosts the stability of PSCs.

4. CONCLUSIONS
In conclusion, we have demonstrated an effective strategy for
passivation of the 3D MA0.9FA0.1PbI3 perovskite surface with a
2D (TEA)2PbI4 layer to acquire highly efficient and stable 3D/
2D PSCs. We have found that the TEAI molecule is
successfully embedded into MA0.9FA0.1PbI3 to grow a 2D
thin layer on the 3D surface. The incorporation of thiophene-
based cations on the perovskite film substantially reduces the
defects, leading to a longer carrier lifetime and lower
nonradiative recombination as confirmed by TRPL and TA
measurements. As a consequence, the TEAI-treated device
achieved a champion PCE of 20.06% along with a high VOC of
1.11 V, exceeding that (PCE = 17.42%, VOC = 1.06 V) of the
control device. Importantly, the enhanced hydrophobicity due
to the thiophene-based 2D perovskite layer could improve
device stability against moisture. The optimized devices
maintained approximately 79% of their earlier PCE after 2 h
under continuous heat treatment at 80 °C, while the 3D
devices lost majority of their initial performance. It is also
observed that (TEA)2PbI4 perovskite has a more suitable band
alignment and higher hydrophobicity compared to the earlier
used (PEA)2PbI4 perovskite. Our findings demonstrate that 2D
(TEA)2PbI4 perovskite could be an excellent candidate for
developing highly stable and efficient PSCs.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c08126.

XRD patterns for TEAI powder and film; FESEM, AFM,
UV−vis spectra, and PL spectra of MAFA (3D)
perovskite films with different concentrations of TEAI;
GIWAXS of 3D and 3D/2D perovskite films; UPS
spectra of the 2D TEA2PbI4 film; energy level diagram;
table of photovoltaic parameters; intensity dependent J−
V curves, TA spectra, time-dependent VOC and JSC of 3D
and 3D/2D PSCs; images of the contact angle of water

droplets on the surfaces of 3D and 3D/2D perovskite
films (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Ranbir Singh − School of Computing and Electrical
Engineering (SCEE) and School of Mechanical and Materials
Engineering, Indian Institute of Technology Mandi, Mandi,
Himachal Pradesh 175005, India; Phone: +91 1905
267040; Email: ranbir@iitmandi.ac.in

Suman Kalyan Pal − School of Physical Sciences and
Advanced Materials Research Centre, Indian Institute of
Technology Mandi, Mandi, Himachal Pradesh 175005,
India; orcid.org/0000-0003-2498-6217; Phone: +91
1905 267040; Email: suman@iitmandi.ac.in

Authors
Milon Kundar − School of Physical Sciences and Advanced

Materials Research Centre, Indian Institute of Technology
Mandi, Mandi, Himachal Pradesh 175005, India

Sahil Bhandari − School of Physical Sciences and Advanced
Materials Research Centre, Indian Institute of Technology
Mandi, Mandi, Himachal Pradesh 175005, India

Sein Chung − Department of Chemical Engineering, Pohang
University of Science and Technology, Pohang 37673, South
Korea

Kilwon Cho − Department of Chemical Engineering, Pohang
University of Science and Technology, Pohang 37673, South
Korea; orcid.org/0000-0003-0321-3629

Satinder K. Sharma − School of Computing and Electrical
Engineering (SCEE), Indian Institute of Technology Mandi,
Mandi, Himachal Pradesh 175005, India; orcid.org/
0000-0001-9313-5550

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c08126

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are thankful to Indian Institute of Technology Mandi for
providing the experimental facilities at Advanced Material
Research Centre (AMRC) and Centre for Design and
Fabrication of Electronic Device (C4DFED). M.K. acknowl-
edges the Ministry of Human Resource Development
(MHRD) for his fellowship. R.S. wishes to thank the Science
and Engineering Research Board (SERB), New Delhi, for the
prestigious Ramanujan Fellowship, 2020 (grant no. RJF/2020/
000005). Portions of this research were carried out at the 3C
and 9A beam lines of the Pohang Accelerator Laboratory,
Republic of Korea.

■ REFERENCES
(1) Lai, H.; Lu, D.; Xu, Z.; Zheng, N.; Xie, Z.; Liu, Y. Organic-Salt-
Assisted Crystal Growth and Orientation of Quasi-2D Ruddlesden−
Popper Perovskites for Solar Cells with Efficiency over 19%. Adv.
Mater. 2020, 32, No. 2001470.
(2) Jiang, X.; Chen, S.; Li, Y.; Zhang, L.; Shen, N.; Zhang, G.; Du, J.;
Fu, N.; Xu, B. Direct surface passivation of perovskite film by 4-
fluorophenethylammonium iodide toward stable and efficient perov-
skite solar cells. ACS Appl. Mater. Interfaces 2021, 13, 2558−2565.
(3) Kim, M.; Jeong, J.; Lu, H.; Lee, T. K.; Eickemeyer, F. T.; Liu, Y.;
Choi, I. W.; Choi, S. J.; Jo, Y.; Kim, H.-B.; Mo, S. I.; Kim, Y. K.; Lee,

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08126
ACS Omega 2023, 8, 12842−12852

12849

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08126/suppl_file/ao2c08126_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08126?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c08126/suppl_file/ao2c08126_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ranbir+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:ranbir@iitmandi.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suman+Kalyan+Pal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2498-6217
mailto:suman@iitmandi.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Milon+Kundar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sahil+Bhandari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sein+Chung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kilwon+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0321-3629
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satinder+K.+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9313-5550
https://orcid.org/0000-0001-9313-5550
https://pubs.acs.org/doi/10.1021/acsomega.2c08126?ref=pdf
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1021/acsami.0c17773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c17773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


H.; An, N. G.; Cho, S.; Tress, W. R.; Zakeeruddin, S. M.; Hagfeldt, A.;
Kim, J. Y.; Grätzel, M.; Kim, D. S. Conformal quantum dot−SnO2
layers as electron transporters for efficient perovskite solar cells.
Science 2022, 375, 302−306.
(4) Kang, D. H.; Park, N. G. On the current−voltage hysteresis in
perovskite solar cells: dependence on perovskite composition and
methods to remove hysteresis. Adv. Mater. 2019, 31, No. 1805214.
(5) Ye, T.; Jin, S.; Singh, R.; Kumar, M.; Chen, W.; Wang, D.;
Zhang, X.; Li, W.; He, D. Effects of solvent additives on the
morphology and transport property of a perylene diimide dimer film
in perovskite solar cells for improved performance. Sol. Energy 2020,
201, 927−934.
(6) Singh, R.; Kumar, M.; Shukla, V. K. Improving the power
conversion efficiency and stability of planar perovskite solar cells via
small molecule doping. J. Electron. Mater. 2018, 47, 6894−6900.
(7) Aydin, E.; De Bastiani, M.; De Wolf, S. Defect and contact
passivation for perovskite solar cells. Adv. Mater. 2019, 31,
No. 1900428.
(8) Jacobsson, T. J.; Correa-Baena, J.-P.; Halvani Anaraki, E.;
Philippe, B.; Stranks, S. D.; Bouduban, M. E.; Tress, W.; Schenk, K.;
Teuscher, J.; Moser, J. E.; Rensmo, H.; Hagfeldt, A. L.; Moser, J.-E.
Unreacted PbI2 as a double-edged sword for enhancing the
performance of perovskite solar cells. J. Am. Chem. Soc. 2016, 138,
10331−10343.
(9) Zheng, X.; Chen, B.; Dai, J.; Fang, Y.; Bai, Y.; Lin, Y.; Wei, H.;
Zeng, X. C.; Huang, J. Defect passivation in hybrid perovskite solar
cells using quaternary ammonium halide anions and cations. Nat.
Energy 2017, 2, 17102.
(10) Zhao, Y.; Tan, H.; Yuan, H.; Yang, Z.; Fan, J. Z.; Kim, J.;
Voznyy, O.; Gong, X.; Quan, L. N.; Tan, C. S. Perovskite seeding
growth of formamidinium-lead-iodide-based perovskites for efficient
and stable solar cells. Nat. Commun. 2018, 9, 1607.
(11) Alsalloum, A. Y.; Turedi, B.; Zheng, X.; Mitra, S.; Zhumekenov,
A. A.; Lee, K. J.; Maity, P.; Gereige, I.; AlSaggaf, A.; Roqan, I. S.;
Mohammed, O. F.; Bakr, O. M. Low-temperature crystallization
enables 21.9% efficient single-crystal MAPbI3 inverted perovskite
solar cells. ACS Energy Lett. 2020, 5, 657−662.
(12) Boyd, C. C.; Shallcross, R. C.; Moot, T.; Kerner, R.; Bertoluzzi,
L.; Onno, A.; Kavadiya, S.; Chosy, C.; Wolf, E. J.; Werner, J.; Raiford,
J. A.; de Paula, C.; Palmstrom, A. F.; Yu, Z. J.; Berry, J. J.; Bent, S. F.;
Holman, Z. C.; Luther, J. M.; Ratcliff, E. L.; Armstrong, N. R.;
McGehee, M. D. Overcoming redox reactions at perovskite-nickel
oxide interfaces to boost voltages in perovskite solar cells. Joule 2020,
4, 1759−1775.
(13) Hu, J.; Wang, C.; Qiu, S.; Zhao, Y.; Gu, E.; Zeng, L.; Yang, Y.;
Li, C.; Liu, X.; Forberich, K.; Brabec, C. J.; Nazeeruddin, M. K.; Mai,
Y.; Guo, F. Spontaneously self-assembly of a 2D/3D heterostructure
enhances the efficiency and stability in printed perovskite solar cells.
Adv. Energy Mater. 2020, 10, No. 2000173.
(14) Ansari, F.; Shirzadi, E.; Salavati-Niasari, M.; LaGrange, T.;
Nonomura, K.; Yum, J.-H.; Sivula, K.; Zakeeruddin, S. M.;
Nazeeruddin, M. K.; Grätzel, M.; Dyson, P. J.; Hagfeldt, A.
Passivation mechanism exploiting surface dipoles affords high-
performance perovskite solar cells. J. Am. Chem. Soc. 2020, 142,
11428−11433.
(15) Leguy, A. M.; Hu, Y.; Campoy-Quiles, M.; Alonso, M. I.;
Weber, O. J.; Azarhoosh, P.; Van Schilfgaarde, M.; Weller, M. T.;
Bein, T.; Nelson, J. Reversible hydration of CH3NH3PbI3 in films,
single crystals, and solar cells. Chem. Mater. 2015, 27, 3397−3407.
(16) Cho, Y.; Soufiani, A. M.; Yun, J. S.; Kim, J.; Lee, D. S.; Seidel,
J.; Deng, X.; Green, M. A.; Huang, S.; Ho-Baillie, A. W. Mixed 3D−
2D passivation treatment for mixed-cation lead mixed-halide perov-
skite solar cells for higher efficiency and better stability. Adv. Energy
Mater. 2018, 8, No. 1703392.
(17) Chen, Y.; Yu, S.; Sun, Y.; Liang, Z. Phase engineering in quasi-
2D Ruddlesden−Popper perovskites. J. Phys. Chem. Lett. 2018, 9,
2627−2631.
(18) Lai, H.; Kan, B.; Liu, T.; Zheng, N.; Xie, Z.; Zhou, T.; Wan, X.;
Zhang, X.; Liu, Y.; Chen, Y. Two-dimensional Ruddlesden−Popper

perovskite with nanorod-like morphology for solar cells with efficiency
exceeding 15%. J. Am. Chem. Soc. 2018, 140, 11639−11646.
(19) Blancon, J.-C.; Tsai, H.; Nie, W.; Stoumpos, C. C.; Pedesseau,
L.; Katan, C.; Kepenekian, M.; Soe, C. M. M.; Appavoo, K.; Sfeir, M.
Y.; Tretiak, S.; Ajayan, P. M.; Kanatzidis, M. G.; Even, J.; Crochet, J.
J.; Mohite, A. D. Extremely efficient internal exciton dissociation
through edge states in layered 2D perovskites. Science 2017, 355,
1288−1292.
(20) Chen, J.; Seo, J. Y.; Park, N. G. Simultaneous improvement of
photovoltaic performance and stability by in situ formation of 2D
perovskite at (FAPbI3) 0.88 (CsPbBr3) 0.12/CuSCN interface. Adv.
Energy Mater. 2018, 8, No. 1702714.
(21) Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.;
Wasielewski, M. R.; Stoumpos, C. C.; Kanatzidis, M. G. Hybrid
Dion−Jacobson 2D lead iodide perovskites. J. Am. Chem. Soc. 2018,
140, 3775−3783.
(22) Chen, P.; Bai, Y.; Wang, S.; Lyu, M.; Yun, J. H.; Wang, L. In
situ growth of 2D perovskite capping layer for stable and efficient
perovskite solar cells. Adv. Funct. Mater. 2018, 28, No. 1706923.
(23) Wetzelaer, G. J. A.; Scheepers, M.; Sempere, A. M.; Momblona,
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