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ABSTRACT: A multisite interface passivation material named 2-mercapto-4-methyl-5-
thiazoleacetic acid (MMTA) is used to optimize the perovskite film top interface. DFT
calculations and experiments show that MMTA can effectively passivate interface defects.
Finally, the champion device’s photoelectric conversion efficiency reached 23.44%, which
possessed long-term stability

Over the past decade, organometallic halide perovskite
materials have found extensive applications in solar cells,

light-emitting diodes, and memory devices. This popularity is
attributed to their remarkable attributes, including an excellent
light absorption coefficient, long carrier diffusion length, and
high tolerance to defects.1,2 Among them, single-cell perovskite
solar cells (PSCs) certified photoelectric conversion efficiency
(PCE) has reached 26.1%, which is regarded as the mainstay of
the third-generation photovoltaic market.3 However, weak
interface contacts and numerous film defects result in a poor
efficiency. Therefore, interface engineering is essential for
optimizing devices.
Various molecules have been explored in the broader field of

PSCs to passivate and repair interface defects.4−6 These
include Lewis acids, Lewis bases, salts, 2D perovskites,
quantum dots (QDs), and more.7−9 The Lewis base molecule
has been proven effective in passivating interfacial defects
through coordination interactions with undercoordinated Pb2+
(halide vacancies) defects at the interface. Our previous work
has also proven that modifying perovskite films can improve
device efficiency and stability.10,11 Nevertheless, the majority of
passivating molecules feature only a single active site (N, O, or
S electron donor) capable of interacting with uncoordinated
Pb2+. Even molecules with multiple active sites, such as
polymers,12 face challenges simultaneously passivating defects
due to steric hindrance. To fully harness the capabilities of
Lewis base defect passivation, it is crucial to develop and fine-
tune multiactive-site passivating molecules that effectively
reduce interfacial nonradiative recombination losses.
Here, 2-mercapto-4-methyl-5-thiazoleacetic acid (MMTA)

is employed as a multisite interface modification molecule to
modify the top interface of perovskite. Experimental results
show that through introducing MMTA, the quality of the

perovskite film is improved. Meanwhile, the enhanced interface
connection significantly reduces the nonradiative recombina-
tion at the interface and improves the transport of interface
carriers. Moreover, the density-functional theory (DFT) results
further proved the multisite advantages of MMTA. Finally, the
PCE based on MMTA modification reached 23.44% and
demonstrated excellent stability. This work guides the rational
design of multiple sites to passivate film defects and optimize
device performance.
The device structure employed in this study is listed in

Figure 1a. MMTA was introduced into the top interface of the
perovskite film. Figure 1b shows the electrostatic potential
diagram (ESP) of the MMTA. Rich electronegativities in
MMTA are expected to combine with the cationic defects
(e.g., undercoordinated Pb or halide vacancies) and further
improve the film quality. X-ray photoelectron spectroscopy
(XPS) was used to explore the chemical interactions between
MMTA and perovskite film.13 As shown in Figure 1c, the Pb
4f7/2 and Pb 4f5/2 of the perovskite film shift toward higher
binding energy while MMTA modified, which suggests that
there is indeed a strong chemical interaction between MMTA
and perovskite. Interestingly, the Pb0 XPS signal disappears
while the perovskite film was modified with MMTA, indicating
that MMTA could effectively interact with the under-
coordinated Pb2+ and reduce defects in the perovskite film.
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Further study was carried out to understand the multisite in
the MMTA (Figure S1). Figure 1d shows the N 1s of the
control and target film. For target film, the 402.01 eV peaks are
designated as N−H vibrations. In addition, a significant peak
shift while perovskite film modified with MMTA suggests that
N in the MMTA can generate a coordination bond with
undercoordinated Pb2+.14 As illustrated by S 2p spectra in
Figure 1e, MMTA powder possesses two obvious peaks
belonging to the vibration of the C−S and C�S.15 The peaks
of the C−S and C�S in the target film shift toward high
binding energy after MMTA modification. This result indicates
a strong chemistry between S in MMTA and undercoordinated
Pb2+ in the perovskite. The XPS O 1s spectra in Figure 1f
illustrate that the O 1s spectrum of the modified sample can be
deconvoluted into two peaks at 532.76 and 533.51 eV,
corresponding to C�O and C−O−H, respectively. The
binding energy of C�O shifted from 531.35 to 532.76 eV
after MMTA modification serves as confirmation of the
interaction between C�O in MMTA and undercoordinated
Pb2+. This coordination bond is established, as the oxygen in
C�O of the MMTA provides a lone electron pair to
undercoordinated Pb2+. Additionally, the peak position of O
1s in C−O−H in MMTA shifts when deposited on a
perovskite film, indicating a chemical interaction between O
in C−O−H and undercoordinated Pb2+. In summary, the XPS
results suggest that multiple active sites in MMTA can

chemically interact with undercoordinated Pb2+ in the
perovskite.
In addition, we conducted DFT calculations to investigate

the interface structures and binding energies on the atomic
level. Here, we selected a simple perovskite model (the (001)
surface of FAPbI3) to uncover the unknown interaction
between MMTA and perovskite. We conducted a systematic
study on two typical of interfaces involving FAPbI3 perovskite
adsorbing MMTA ligands. These interfaces encompassed the
inorganic PbI2 and organic FAI planes in contact with the
MMTA ligands. The optimized ground-state structures are
shown in Figure S2a−h. The PbI2 and FAI planes exhibit
distinct active sites, including iodine atom vacancy, iodine
dangling bonds, bare FA cations, etc. We use differential charge
density further to visualize the strong chemical interaction
between MMTA and perovskite. As shown in Figure 2a−e,
while different active sites contact the PbI2 surface, obvious
charge transfer occurs, which means that different active sites
can form a strong chemical interaction with the PbI2 surface.
This chemical interaction can effectively passivate possible
defects in the film. In addition, the charge transfer between
FAI and MMTA was also evaluated, and an obvious charge
transfer can be observed, as shown in Figure 2f−j. The
differential charge density visually shows the direct strong
chemical interaction between the different interfaces of
MMTA and perovskite, consistent with the XPS results.

Figure 1. (a) The device structure employed in this study. (b) ESP and the molecular formula of the MMTA. Perovskite film XPS spectra of (c)
Pb 4f and (d) N 1s without (control) or with (target) MMTA modification. (e) S 2p and (f) O 1s XPS spectra of the perovskite films with MMTA
modification and pure MMTA powder.
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Figure 2. Interfaces for the inorganic PbI2 plane and FAI plane with the iodine defect in contact with the different sites of MMTA. PbI2 interface
with (a) N1, (b) O1, (c) O2, (d) S1, and (e) S2 of MMTA. FAI interface with (f) N1, (g) O1, (h) O2, (i) S1, and (j) S2 of MMTA. (i) Binding
energies of these interfaces.

Figure 3. T-TRPL of the perovskite film (a) without or (b) with MMTA modification deposited on glass. Dark I−V curves of the device with the
structures of (c) FTO/PTAA/perovskite/Spiro-OMeTAD/Ag and (d) FTO/PTAA/perovskite/MMTA/Spiro-OMeTAD/Ag.
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Furthermore, we calculated the binding energy (Eb) of the
MMTA and perovskite’s structure to evaluate the total
structure stability and the different chemical interactions with
different structures of the MMTA with perovskite. Different
sites on MMTA are named N1, O1, O2, S1, and S2 (Figure
S3). As shown in Figure 2k, various Eb values for the different
configurations are exhibited. The binding energies of FAPbI3
with the PbI2 planes adsorbing MMTA ligands are
considerably higher than those with the FAI plane. Moreover,
the adsorption of multiple active sites of MMTA ligands
exhibits the maximum binding energy, indicating that this
multiactive-site adsorption style is the most thermodynamically
favorable. Among all the single-active-site adsorption config-
urations, PbI2-MMTA_O1 demonstrates the highest Eb of
8.08 meV/Å2, signifying that the C�O group has the strongest
chemical interaction with undercoordinated Pb2+. As pre-
viously discussed, our experimental findings have confirmed
that the multiple active sites (including N1, O1, O2, S1, and
S2) in the MMTA ligand can indeed chemically interact with
perovskite films, specifically undercoordinated Pb2+, as
supported by XPS.
The robust chemical interaction observed prompted us to

further investigate the impact of MMTA on the quality of the
perovskite film. Time-dependent time-resolved photolumines-
cence (T-TRPL) with the structure of glass/perovskite and
glass/perovskite/MMTA was tested and presented in Figure 3a
and b, respectively. For the control film, the obvious
fluorescence lifetime appears between 775 and 825 nm, and
the longest lifetime occurs at 800 nm and shows the tail to
1000 ns. For the target film, the obvious fluorescence lifetime
appears between 783 and 816 nm, and the longest lifetime
occurs at 797 nm and shows a tail of 2000 ns. A longer tail

means that the perovskite film modified with MMTA has a
longer carrier lifetime. Meanwhile, the target film shows a
narrower half-width PL peak and lower PL wavelength
obtained by T-TRPL. Here, we fitted the TRPL curve at
800 nm; the results are shown in Figure S4. The target
perovskite film exhibits a longer carrier lifetime of 1818.55 ns,
while the control film is only 1384.46 ns. These results indicate
that the MMTA interface modification can passivate surface
defects of perovskite films and improve the quality of the film.
Furthermore, space charge limited current (SCLC) measure-
ments were conducted to assess the defect densities within the
perovskite films quantitatively. The typical current−voltage
(I−V) curves obtained in the absence of light are presented in
Figure 3c and d. The defect density was quantified using the
following equation:16−18

n
V

eL
2

t
0 TFL

2=
(1)

where ε0 represents the vacuum dielectric constant, ε is the
dielectric constant of the perovskite, VTFL corresponds to the
trap-filled limit voltage, e denotes the elementary charge, and L
represents the thickness of the perovskite film.16,17 The defect
density in the control perovskite film is 2.58 × 1015 cm−3,
higher than the 1.65 × 1015 cm−3 observed in the target
perovskite film. T-TRPL and SCLC results collectively indicate
that MMTA effectively reduces the defects of the perovskite
films and improves the quality of the perovskite film.
As reported, improved film quality can reduce nonradiative

recombination of the device.19 Transient photocurrent (TPC)
measurement was employed to investigate the charge transfer.
As presented in Figure 4a, the carrier lifetime of the control
device is 1.34 ns while the target is 0.96 ns, suggesting that the

Figure 4. (a) Transient photocurrent decay curves of the control and target devices. (b) VOC vs light intensity for the control and target devices. (c)
Mott−Schottky curves of the control and target devices. The voltage intercept of the 1/F2 curves determined Vbi. (d) The control and target
device’s Nyquist plots were measured at a bias of 0.5 V under dark conditions.
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interfacial charge transfer improved after MMTA modification.
Furthermore, the device’s nonradiative recombination were
evaluated via the built-in potential (Vbi) and ideality factor
(m).20,21 As shown in Figure 4b, the target device exhibits a
lower m of 1.16 than the control device (m = 1.74), showing
that the surface nonradiative recombination is significantly
decreased by MMTA modification. Then, Mott−Schottky
curves were measured to calculate Vbi, as shown in Figure 4c.
The Vbi of the target device is 1.09 V, while the control is only
0.99 V, proving the improved interfacial charge extraction.
Transient photovoltage (TPV) results show that the carrier
lifetime of the control device is 9.17 ns while the target is
10.48 ns, indicating that the MMTA can indeed reduce the
nonradiative recombination of the device (Figure S5).
Additionally, electrochemical impedance spectroscopy (EIS)
was employed to explore the effect of MMTA passivation on
interfacial charge transfer and recombination. Figure 4d
exhibits the Nyquist plots of the control and target devices
obtained at a bias of 0.5 V. The series resistance (Rs) and
recombination resistance (Rrec) in parallel with a chemical
capacitance (Cμ) were extracted from the EIS spectra (the
fitting model is exhibited in Figure S6). Compared with the
control device, there is an apparent Rs decrease and Rrec
increase of the MMTA modification device. This result
suggests that the MMTA can effectively reduce nonradiative
recombination and accelerate carrier transmission, further
improving the PSCs’ FF and VOC.

Increased charge transfer, improved film quality, and
reduced nonradiative recombination encouraged us to
investigate the effect of MMTA modification on PSC
performance. The photovoltaic parameters of the PSCs with
different concentrations of MMTA modifications are com-
pared and displayed in Figure S7. Compared with the control
device, all photovoltaic parameters of the PSCs with 0.5 mg/
mL MMTA modification are improved. Given that the control
and target perovskite films exhibit nearly identical absorption
intensities (Figure S8), the enhanced interfacial charge transfer
is presumed to be the primary factor responsible for the
increased JSC. Furthermore, the suppressed interfacial non-
radiative recombination is expected to significantly contribute
to the improved VOC and FF. Figure 5a shows the J−V curves
of the best device with or without MMTA modification. The
champion target device delivered a JSC of 24.94 mA/cm2 and
25.22 mA/cm2, a VOC of 1.155 and 1.165 V, an FF of 0.792 and
0.798, and a PCE of 22.81% and 23.44% in FS and RS,
respectively. In contrast, the control device achieved a JSC of
24.82 mA/cm2 and 25.14 mA/cm2, a VOC of 1.059 and 1.101
V, an FF of 0.761 and 0.765, and a PCE of 20.00% and 21.17%,
in FS and RS, respectively. External quantum efficiency (EQE)
spectra were tested to prove the current density of the device
further, as shown in Figure 5b; the current density of the
device modified by MMTA is 24.67 mA/cm2 while that of the
control device is 24.02 mA/cm2, consisting of the J−V curves.
In addition, we conducted an extensive assessment of the

effect of MMTA treatment on N2 and light stability of

Figure 5. (a) J−V curves and (b) EQE spectra of the champion control and target devices. (c) N2 and (d) light stability of unpackaged devices
stored in N2-filled glovebox.
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perovskite solar devices. We placed unpackaged devices in a
glovebox filled with N2. After 1000 h of aging, the target device
maintained 87% of its original efficiency, while the control
maintained only 65%, as shown in Figure 5c. Additionally, the
unencapsulated device was placed under light for continuous
aging. After 1500 min, the control device degraded to 60.5% of
the original efficiency, while the target was retained at 97%
(Figure 5d). Such significant stability improvement can be
attributed to the improved film quality and reduced non-
radiative recombination in the device. This result highlights
that employing a multiactive-site interfacial engineering
strategy can enhance both efficiency and long-term operational
durability.
In summary, we have introduced a novel strategy for

passivating interface defects in MA-free perovskite films
through a multiactive site Lewis base molecule (MMTA).
Our combined experimental and theoretical findings demon-
strate that the multiple active sites in MMTA molecules can
chemically interact with undercoordinated Pb2+ defects on the
perovskite film’s surface. Moreover, DFT results suggest that
multiactive site adsorption is thermodynamically more
favorable than single-active site adsorption, maximizing the
defect passivation effect of MMTA. The modification with
MMTA enhances film quality and reduces nonradiative
recombination within the device. Consequently, the PCE of
the MMTA-modified device increases from 21.17% to 23.44%
compared to the reference. This work underscores the
significance of utilizing multiactive site molecules for
passivating interface defects. We firmly believe that reducing
nonradiative recombination losses on the surface of perovskite
films, achieved by developing innovative multiactive site defect
passivation molecules, is essential to achieving the efficiency
and stability required for commercialization.
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