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ibits intrinsic ion migration for
efficient and stable perovskite solar cells

Lijun Su, * Xiaoran Chen, Xinyu Wu and Jing Pan

An efficient perovskite solar cell (PSC) has the following characteristics: (1) large perovskite grain size; (2)

small ion migration; (3) low defect density states. Here, benzoic acid was employed as an additive to

a perovskite solution to improve the thin film quality. Surprisingly, 1.0%-BA can implement all of these

features. Therefore, the power conversion efficiency (PCE) of the champion PSC is 18.05%, which is

superior to that of the control device (15.42%). In addition, BA-doped PSC kept 86% of its primary PCE

after 30 days (RH: 35%), but the control device only retained 75% under the same conditions. The

improvement of its stability is because of the inhibition of the cation migration of perovskite by the

addition of BA and the passivation of perovskite defects. The results can acquire a better understanding

of the potential applications of small organic molecules in improving the PCE and stability of PSC devices.
1 Introduction

Owing to the low cost of materials, high efficiency and easy
preparation processability, perovskite solar cells (PSCs) have
attracted considerable attention in the eld of photovoltaics.1–3

Nowadays, PSC has realized a power conversion efficiency (PCE)
of 26.1%, comparable with those of the market silicon solar
cells, which is mainly attributed to the low excitation energy,
excellent light absorbency and long carrier lifetime of halide
perovskite materials.4–9 Although the PSC has made some
progress in recent years, the defects of grain boundary, I
vacancy (VI) and Pb vacancy (VPB) in hybrid perovskite lms are
still striking.1,3,10 The above defects and the grain boundaries
can be named as trap states, trapping/recombining photo-
generated carriers,11–14 which severely affects the PSC effi-
ciency and device stability.15–18

The grain boundary is an important part of the trap state,
a channel for ion migration and the specic location of water-
etched perovskite. Therefore, it is very important to prepare
high quality perovskite lms with a larger grain size and smaller
grain boundary to reduce trap state density, inhibit ion migra-
tion and reduce external water and oxygen erosion. There are
many defects in a perovskite besides grain boundary. These not
only cause non-radiative recombination of photocarriers, but
also adsorb water and oxygen molecules from the air, thus
reducing the efficiency and stability of the devices.

Some efforts have been made to passivate or eliminate these
defects.19 At present, the two-step solution method is regarded
as an effective method for preparing perovskite lms, which has
a controllable morphology and better reproducibility than the
gineering, Taiyuan University, Taiyuan,
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one-step solutionmethod. In addition, additive engineering has
been proved to be another way to solve these defects.20–24 The
universally used passivators include inorganic metal salts,25,26

organic small molecules,27 and polymers.28 There are some
passivators, including carbonyls and the benzene ring, which
are rich in electron functional groups, that can bind to unco-
ordinated Pb2+ ions/halide anions in the perovskite,20,23 thus
effectively reducing deep-level defects. In addition, uncoordi-
nated Pb2+ ions are more sensitive to moisture than to halogen
anions.29,30 Therefore, it is urgent to use an effective passivation
strategy to eliminate the uncoordinated Pb2+ ions. 3,5-Bis(tri-
uoromethyl)benzoic acid was used as an additive in
(FAPbI3)0.85(MAPbBr3)0.15 to suppress trap-assisted nonradiative
recombination.31 Bark et al. employed trimesic acid in a PSC to
reduce carrier recombination.32 Mishra et al. used BA post-
treatment in CsPbBr3 PNCs to improve the PL and long-term
stability.33 However, there are few reports on the improvement
of PSC performance by an additive two-step method.

For the above research situation, a benzoic acid (BA) additive
was introduced into the perovskite precursor solution to crea-
tively prepare high quality lms. BA has many functions: (1) to
stabilize the composition of the perovskite and inhibit the
internal ion migration; (2) to induce the growth of large
perovskite grains, reduce the defects and inhibit the erosion of
the perovskite by water and oxygen. Ultimately, the efficiency
and stability of the PSCs are greatly enhanced.
2 Experimental section
2.1 Materials and reagents

FTO glass, Ti(iPrO)2(acac)2 and spiro-OMeTAD were ordered
from LumTec. Lithium bis-(triuoromethylsulfonyl)imide
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a)–(d) Top-view SEM images of MAPbI3, 0.5, 1.0, and 1.5% BA
additive films. (e) Cross-sectional SEM image of the MAPbI3 films, (f)
XRD patterns of the MAPbI3 films and MAPbI3 with 1.0% BA additive,
respectively.
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(>99.95%), CH3NH3I (MAI), lead iodide, TiCl4, and benzoic acid
(BA, 99%, Mw = 122.12 g mol−1) were provided from Aldrich.

2.2 Device fabrication

Distilled water and isopropanol were used to clean the FTO
glass, sequentially. The FTO was dried with a N2 stream and
treated with UV ozone for 20 minutes. The compact TiO2 was
spin-coated at 2000 rpm, 1000 rpm s−1 for 35 s using
Ti(iPrO)2(acac)2 (0.3 M) in 2-propanol, which was heated at 125 °
C for 10 minutes and 450 °C for 40 minutes. Aer the substrates
cooled down, the TiCl4 solution was used to immerse the
substrates at 70 °C for 25minutes. Themesoporous TiO2 (30 nm
particle size) layer was prepared with 5000 rpm for 40 s, then
annealed at 125 °C for 10 minutes and 450 °C for 40 minutes.

MAPbI3 was deposited in a glovebox by a two-step deposi-
tion. First, PbI2 solution (1 M) was made by dissolving in DMF :
DMSO (7 : 3 volume ratio). Then, 60 mL of the solution was spun
at 5000 rpm for 60 s. Subsequently, the MAI (dissolved in IPA)
without or with different amounts (0.5, 1.0, and 1.5%, mass
ratio of BA vs. MAI) of BA was spun onto the PbI2 lm at
4000 rpm for 30 s and annealed at 120 °C for 45 minutes. Also,
40 mL of a spiro-OMeTAD (60 mM) solution was dropped at
2000 rpm for 35 s onMAPbI3, where 30 mM Li-TFSI and 200mM
4-tert-butyl-pyridine was added in spiro-OMeTAD. Finally,
100 nm of Au was evaporated to complete the device fabrication.

2.3 Measurements and characterization

The UV-Vis measurements were done using a Cary 60 UV-Vis
Spectrophotometer. The XRD patterns were obtained to
describe the crystalline structure of the perovskite lms by an
XRD Rigaku DMAX 2200. FTIR spectra were recorded by a Vertex
7 infrared spectrometric analyzer. The cross-section and top-
view images were done by FEI Quanta 600 microscopy. The
steady-state PL was determined using an FLS980 spectrometer.
The J–V was tested under 100 mW cm−2, AM 1.5 (1 Sun condi-
tions), using a Solar Simulator (ABET 11000). The size of the
devices was 0.09 cm2. The EQE was measured under wave-
lengths from 300 nm to 900 nm.

3 Results and discussion

To study the effect of BA additive on the morphology of the
perovskite, SEMwas conducted. With the increase of BA content
from 0 to 1.0%, the grain size of MAPbI3 becomes larger
(Fig. 1a–c). While if the BA content is further increased to above
1.5%, a perovskite lm with many pinholes can be observed
(Fig. 1d). Moreover, the grain size of the perovskite improved
with the increase of BA amount. However, the 1.5%-BA lm
showed poor quality, which was attributed to the agglomeration
of excess BA in theMAPbI3 lm. This result indicates that the BA
additive could affect the growth manner of the MAPbI3 lm. In
detail, delayed crystallization is an effective way to control the
crystallization process to obtain high quality perovskite lms.
Aer adding quantitative BA into MAI, the BA, which has
a carboxyl group and a benzene, has a strong interaction with
Pb2+ by a chelation effect to form an intermediate phase. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
intermediate phase turned into the perovskite phase with the
removal of solvents during the heating process and prolonged
the crystallization time. As the reaction progresses, the BA could
crosslink adjacent perovskite grains, which promoted the inter-
connectivity of the lm and obtained the large grain size lm.
However, when an excess amount of BA was added, the excess
intermediate phase might in turn hinder the formation of
perovskite lms, resulting in a poor perovskite lm quality with
many small particles. The cross-sectional SEM image of a PSC
based on a bare perovskite lm with an advantageous thickness
of 400 nm is shown in Fig. 1e, ensuring adequate light
absorption due to a reduced recombination.

The BA additive effect on the perovskite crystallinity was
measured using XRD. XRD spectra of the photoactive lm
without and with 1.0% BA additive are shown in Fig. 1f. The
peaks at 2q of 14.11, 19.91, 23.28, 24.47, 28.15 and 42.86 can be
indexed to the (1 1 0), (1 1 2), (2 1 1), (2 0 2), (2 2 0) and (3 1 4) of
the perovskite lm, respectively. The peaks at 26.45 and 37.69
might belong to the FTO glass. No new peak appears or a clear
peak shi aer BA passivation, implying BA did not inuence
the perovskite lattice. The typical diffraction peaks at 14.11° can
be indexed to the (1 1 0) plane of BA-perovskite grains which is
stronger than that of pristine MAPbI3, indicating that the BA
additive can improve the crystallinity of the perovskite. The
peak at 12.32° in the MAPbI3 lms and MAPbI3 with 1.0% BA
additive may be due to the incomplete reaction between MAI
and PbI2.

Fig. 2 analyzes the interactions between BA and perovskite
using Fourier transform infrared (FTIR) spectra. The C]O
vibration band of BA in the photoactive lm shied from 1687
to 1631 cm−1, indicating that the –COOH group in perovskite
lms formed a chemical bond with Pb ions (Scheme 1).32

The UV-Vis absorption spectra of the MAPbI3 lm are pre-
sented in Fig. 3A without and with different amounts of BA
additive. With the increase of BA amount from 0 to 1.0%, the
optical absorption strength of the perovskite lms increases
gradually, which is due to the increase of crystallinity and
perovskite grain size. However, the light absorption of the 1.5%
BA-doped perovskite lm decreased because of the large
amount of small perovskite grains. For Fig. 3B, the intensity of
PL increased signicantly for the MAPbI3 lm with 1.0%-BA in
comparison to the bare MAPbI3 lm, which may be ascribed to
RSC Adv., 2024, 14, 11872–11876 | 11873
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Fig. 2 FTIR spectra of BA and MAPbI3 + 1.0% BA, respectively.

Scheme 1 Diagram of perovskite and BA.

Fig. 3 (A) UV-Vis absorption and (B) steady-PL spectra of PSCs based
on Fig. 1(a)–(d) 0, 0.5, 1.0, and 1.5% BA additive films, respectively.

Table 1 The photovoltaic parameters of the champion PSCs based on
the J–V curves in Fig. 4

PSC JSC (mA cm−2) VOC (V) FF PCE (%)

a 21.71 1.03 0.69 15.42
b 22.72 1.06 0.71 17.10
c 23.00 1.09 0.72 18.05
d 22.79 1.03 0.71 16.66

Fig. 4 J–V curves of PSCs based on 0, 0.5, 1.0, and 1.5% BA additive-
MAPbI3 films, respectively.

Fig. 5 Statistics for the different parameters of the measured solar
cells (20 samples) for 0, 0.5, 1.0, and 1.5% BA additive-MAPbI3 films,
respectively. It presents the distribution of device parameters. It can be
observed that the Jsc increases obviously for the 1.0%-BA PSC. The
enhancement of the Jsc can be attributed to the improved film quality.
Moreover, the statistics of the parameters show a narrow distribution
for 1.0% BA-MAPbI3, which indicates the great reproducibility of the
devices.

Fig. 6 EQE spectra and integrated current density of MAPbI3 and
MAPbI3 + 1.0% BA.

Fig. 7 Normalized PCE values of PSCs versus aging time (room
temperature, RH: 35%, time: 30 days).
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the passivation effect of BA. This could be due to a high-quality
crystallinity and fewer defects of the MAPbI3 with BA.

To further investigate the effect of BA on the photovoltaic
performance of the PSC, J–V curves were tested. The perovskite
lm containing 1.0% BA additives showed a champion PCE =
11874 | RSC Adv., 2024, 14, 11872–11876
18.05%, VOC = 1.09 V, JSC = 23.00 mA cm−2, and FF = 0.72,
indicating an optimal BA content of 1.0% (Table 1 and Fig. 4).
The improvement in PSC efficiency due to the increased VOC
and JSC can be attributed to the improved optical properties and
good quality of the photoactive lms (Table 1). With the
increase of BA content to 1.5%, the PCE decreased to 16.66%,
which may be due to the formation of rough perovskite lms
with multiple pinholes (Fig. 5).

Fig. 6 shows the EQE spectra of PSCs with BA in contrast to
that of the bare cell. The light response from the EQE spectra
was signicantly increased in the wavelength range of 300–
800 nm and the BA-doped PSC was approximately 80%. This
could be attributed to the enhanced lm quality, as shown in
the SEM images. The integrated current densities for the
MAPbI3 and MAPbI3 + 1.0% BA devices were calculated to be
© 2024 The Author(s). Published by the Royal Society of Chemistry
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19.2 and 22.7 mA cm−2, respectively, matching the Jsc measured
from the J–V curve.

Apart from the efficient photovoltaic performance, we also
explored the humidity stability. The time evolutions of PCE for
PSCs without and with BA are shown in Fig. 7. The unencap-
sulated devices were stored in ambient air with a RH of 35%.
The PSCs with a BA additive maintained over 86% of the orig-
inal PCE aer 30 days, versus pristine PSCs, which only retained
75% under the same conditions. The BA improves the stability
of the composition due to the structure of BA, which has
a carboxyl group and a benzene ring. The hydrogen bond
(hydroxyl group and iodide) suppresses the migration of iodine
ions, preventing the perovskite from decomposing. Also, the
benzene ring as the hydrophobic alkyl chain could prevent the
reaction of the perovskite with water.

4 Conclusions

To sum up, we introduce a multifunctional BA molecule into an
MAPbI3 lm to passivate the defect. BA with a –COOH group can
bind to uncoordinated Pb2+ and I− ions, reducing the defect
density and inhibiting the internal ion migration. The PCE of
a BA-doped PSC was 18.05%, which is higher than that of the
control device. Moreover, the BA passivated devices showed an
improved device stability. Aer being stored in ambient air for
30 days (temperature: 25 °C and RH: 35%), the unencapsulated
devices retained 86% of the initial PCE, versus the PCE of the
control device at only about 75%.
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