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ABSTRACT: A high-quality perovskite film with interconnected
perovskite grains was obtained by incorporating terephthalic acid
(TPA) additive into the perovskite precursor solution. The presence
of TPA changed the crystallization kinetics of the perovskite film and
promoted lateral growth of grains in the vicinity of crystal boundaries.
As a result, sheet-shaped perovskite was formed and covered onto the
bottom grains, which made some adjacent grains partly merge
together to form grains-interconnected perovskite film. Perovskite
solar cells (PSCs) with TPA additive exhibited a power conversion
efficiency (PCE) of 18.51% with less hysteresis, which is obviously
higher than that of pristine cells (15.53%). PSCs without and with
TPA additive retain 18 and 51% of the initial PCE value, respectively,
aging for 35 days exposed to relative humidity 30% in air without
encapsulation. Furthermore, MAPbI; film with TPA additive shows

N
o
2

Current density (mA cm?)

—o— MAPDI,
—o— MAPDbL+TPA PCE=18.51%

PCE=15.

53%

0.4

0.6 0.8 1.0
Voltage (V)

superior thermal stability to the pristine one under 100 °C baking. The results indicate that the presence of TPA in perovskite
film can greatly improve the performance of PSCs as well as their moisture resistance and thermal stability.
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B INTRODUCTION

Organic—inorganic metal halide perovskites have attracted
enormous attention to photovoltaic technologies due to the
high-performance and low-cost solution-based fabrication
routes."~* The growth in efficiencies of perovskite solar cells
(PSCs) has been unprecedentedly rapid,”~* and a world record
power conversion efficiency (PCE) of 22.1% was achieved in
2016.° Crucially, accurate control over the morphology and
electronic properties of perovskite layer and the device
architecture play important roles to achieve high-performance
and stable PSCs.'° However, like most ionic materials, the
organic—inorganic metal halide perovskite has a reasonable
quantity of noncoordinated ions, especially the I anions can
rather easily migrate into perovskite grains'' and even further
migrate out of the perovskite layer and corrode the metal
electrode, which can form a lot of defects in the perovskite layer
and accelerate the deterioration of perovskite film.'” These
defects are more easily formed at the surfaces and grain
boundaries of perovskite film, which can act as nonradiative
recombination centers, reducing the charge carrier lifetime and
thus decreasing the power conversion efficiency (PCE) of
PSCs."? On the other hand, defects-formed regions and grain
boundaries are easily attacked by corrosive moisture or oxygen,
promoting the disintegration of perovskite film.'*"* Therefore,
developing a high-quality perovskite film with expected merits,
including proper stoichiometry, full surface coverage, large
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grain size, and less grain boundaries, can reduce the bulk defect
density and carrier recombination and thus improve the PCE
and stability of PSCs.

Many efforts have been made to obtain high-quality
perovskite film. Grain size, crystallinity, and surface coverage
of perovsklte films can be greatly improved by solvent
engmeerm§ ¢ solvent annealmg, gas treatment, 718 Ogtwald
ripening, ~ and incorporating additives. 20 Among these
methods, incorporating additives plays an important role in
assisting perovskite crystal growth for improving the PCE and
stability of PSCs. Li et al. introduced butylphosphonic acid 4-
ammonium chloride into the neighboring perovskite grains,
which greatly improved the moisture resistance of PSCs
because the hydrogen-bonding interaction promoted grain
growth.”’ Coincidentally, 2-aminoethanethiol was used as a
ligand to bridge methylammonium iodide (MAI) and Pbl,,
which realized the synchronous growth environment of MAI
and Pbl, crystals and formed a compact and stable perovskite
film.>* Besides, poly(methyl methacrylate),”® poly(ethylene
glycol),24 1,3:2,4—di—O—methylbenzylidene—D—sorbitol,25 and
many other additives were incorporated into perovskite films,
which also achieved large grain size and stability due to the
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Figure 1. Schematic procedure for the preparation of MAPbI; (a) and MAPbL, + TPA (b) films.

“cross-link” or chelation effects between the perovskite grains
and functional groups. In these typical additives, functional
groups, such as hydroxyl group (—OH), carboxyl group
(—COOH), and ammonium group (—NH,), were linked
with flexible carbon chain, which usually interacts with Pb ions
or Iions of perovskite and changes the crystallization process of
perovskite grains. Concomitantly, hydrogen bonds of these
groups can effectively suppress the migration of ions in
perovskite film, which may reduce the hysteresis and improve
the stability of PSCs.*

Although there are great achievements in improving the
crystallization process to get high-quality perovskite films
possessing uniform morphology and large grain size by
incorporating additives into perovskite, previous reported
works are mostly devoted to the flexible molecular cross-link
or chelation with perovskite to increase the perovskite grain size
and smoothen the morphology of perovskite film.”'~** The
exposed grain boundaries are still a key scientific challenge to
get high-performance and long-term stable PSCs because the

grain boundaries are highly susceptible to moisture and
27,28

oxygen.
To remedy the exposed grain boundaries of perovskite film,

terephthalic acid (TPA) as an additive was first incorporated
into perovskite precursor solution, where the rigid benzene ring
is linked to two carboxyl groups at 1,4-symmetrical position.
Benzene ring has a high cohesive energy”” compared to the
previously reported flexible carbon-chain-based additives due to
its rigidity properties and the strong interaction of 7—z bonds,
which make TPA easily gather at the vicinity of perovskite grain
boundaries and grain surface during film formation. The
gathered TPA molecules at grain boundaries can act as
templates’ and possibly promote the lateral growth of
perovskite grains in grain boundaries because of the
heterogeneous nucleation lowering the nucleation free-energy
barrier in the grain boundaries.”’ The formed sheet-shaped
perovskite remedied some exposed grain boundaries and were
covered onto the bottom grains, which can partly merge
adjacent grains to form interconnected perovskite grains.
Simultaneously, the strong coordination between I” and
hydrogen bonds of hydroxyl groups in TPA can suppress the
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ion migration of perovskite. As a result, PSCs with TPA
additive exhibited a PCE of more than 18.5% with robust
moisture resistance and thermal stability, which is obviously
superior to that of pristine PSCs.

B MATERIALS AND METHODS

Materials. All of the reagents and materials were commercially
available and used without purification. Fluorine-doped tin oxide
(FTO) glass (thickness: 2.2 mm, sheet resistance: 14 Q/[] ) was
purchased from Nippon Sheet Glass, Japan. Lead(II) iodide (PbL,
99.9%), lithium-bis(trifluoromethanesulfonyl)imide (Li-TFSI, 98%),
and 4-tert-butylpyridine (TBP, 98%) were purchased from Aladdin
Reagents. CH;NH;I (MAI) was purchased from 1-Material-Organic
Nano Electronic (1-Material Inc.). TiO, paste (Dyesol 18-NRT) was
purchased from Dyesol Company. 2,2',7,7'-Tetrakis(N,N-di-p-me-
thoxy-phenylamine)-9,9’-spirobifluorene (spiro-OMeTAD, >99%)
was purchased from Xi'an Polymer Light Technology Corp., Xi'an,
China.

Cell Fabrication. A compact TiO, layer with 40 nm thickness was
first spin-coated on a precleaned FTO substrate. Then, a mesoporous
TiO, layer was deposited on top of the compact TiO, layer by spin-
coating TiO, paste (Dyesol 18-NRT, diluted with ethanol at 1:6 by
weight) at 4000 rpm for 30 s, followed by annealing at S00 °C for 30
min in air. Finally, the substrate was immersed into 40 mM TiCl,
aqueous solution for 30 min at 70 °C and washed with deionized water
and ethanol, followed by annealing at 500 °C for 30 min in air. The
perovskite layer was spin-coated on the TiO, layer via a solvent-
modified engineering-assisted one-step spin-coating procedure. Specif-
ically, 30 uL of premixed solution containing 159 mg of MAI, 462 mg
of Pbl,, 78 mg of dimethyl sulfoxide (DMSO), 600 mg of
dimethylformamide, and a certain amount of TPA was dropped on
the substrate and then the substrate was spun at 4000 rpm for 40 s.
Within the first 6 s of spinning, 0.5 mL of anhydrous diethyl ether was
continuously dropped on the substrate. Then, the substrates were
heated at 100 °C for 10 min. After cooling to room temperature, the
mixture solution containing 72.3 mg of spiro-OMeTAD, 28.8 uL of
TBP, and 17.5 uL of Li-TFSI in acetonitrile (520 mg mL™") was
dissolved in 1 mL of chlorobenzene and then spin-coated onto the
perovskite layer to form a 60 nm thick hole transport layer (HTL).
Finally, an 80 nm thick AgAl alloy electrode was thermally evaporated
onto the spiro-OMeTAD layer.

Characterization. The morphology and structure of samples were,
respectively, investigated by scanning electron microscopy (SEM,
Hitachi $-4800) and X-ray diffraction (XRD, Holland Panalytical PRO

DOI: 10.1021/acsami.7b08488
ACS Appl. Mater. Interfaces 2017, 9, 35200—35208


http://dx.doi.org/10.1021/acsami.7b08488

ACS Applied Materials & Interfaces

Research Article

d

1
1 MAPbI_+20TPA

3

s J ) MAPbI,+10TPA

2

2 1 MAPbI +5TPA

: ) 3

= | A MAPbI_+2TPA
1 o MAPbI,

10 20 30 40 50 60 70
2 Theta (degree)

Figure 2. Top view SEM images of MAPbI3 films without (a) and with (b) 2, (c) 5, (d) 10, and (e) 20 mg mL~" TPA additive. (f) XRD patterns of

perovskite films.
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Figure 3. (a) FTIR spectra of TPA, pristine MAPbI, film, and MAPbI; + TPA film. (b, c) Magnification spectra from the part wavenumbers of (a).

(d) Representation of the interaction between perovskite and TPA.

PW3040/60) with Cu Ka radiation (V = 30 kV, I = 25 mA). Light
absorption spectra were measured using a UV—vis spectrophotometer
(Hitachi U-3900). IR spectra were measured using a Bruker Vertex
80v Fourier transform infrared spectrometer. The photocurrent
density—voltage (J—V) curve was measured using a Keithley model
2440 SourceMeter under the illumination of AM 1.5 G and 100 mW
cm™? simulated solar light from a Newport solar simulator system.
During the photovoltaic measurements, all devices were covered with a
mask to define the active area of 0.10 cm” The incident photon-to-
current conversion efficiency (IPCE) was measured using a Newport
Optical Power Meter 2936-R controlled by TracQ Basic software.

B RESULTS AND DISCUSSION

MAPbDI; films were prepared using a one-step spin-coating
method, as shown in the schematic of Figure 1. Briefly, MAPDI;
precursor (MAI/PbL,/DMSO = 1:1:1, mole ratio) solutions
containing different amounts of TPA additives (0, 2, S, 10, and
20 mg mL™") were spin-coated onto the mesoporous TiO,
scaffold layer individually. Figure 2a—e shows the top view
scanning electron microscopy (SEM) images of MAPbI; films
with different concentrations of TPA additive. The pristine
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Figure 4. (a) UV—vis absorption spectra of perovskite films with different concentrations of TPA additive. (b) J—V curves of PSCs measured with

AM 1.5 G irradiation at 100 mW cm™2 simulated solar light.

MAPDI; grain sizes are about 300—800 nm, and the grain
boundaries can be clearly observed, which is consistent with the
previously reported morphology of MAPbI; film prepared by
one-step method.”> However, the surface morphologies of
MAPDI; films with TPA additive have another vision. Due to
the rigidity property caused by benzene ring in TPA, the high
cohesive energy makes TPA easily gather in the vicinity of
perovskite grain boundaries during film formation. The
gathered TPA molecules at grain boundaries can serve as a
support template® and induce perovskite nucleation with
lateral growth in grain boundaries because the heterogeneous
nucleation can obviously lower the nucleation free-energy
barrier in the grain boundaries.”’ Thus, some small bar-shaped
grains were formed in the vicinity of crystal boundaries and
bridged the two sides of bottom perovskite grains after adding 2
mg mL™! TPA, as shown in the red circles in Figure 2b.
However, the grain sizes of perovskite film with 2 mg mL™
TPA were slightly reduced because TPA can provide more
nucleation sites. By further increasing the TPA concentration to
5—10 mg mL™!, the abundant nucleation sites caused by TPA
promote the bar-shaped bridges grown up to sheet-shaped
grains, which can partly remedy the exposed grain boundaries,
and some bottom grains are merged into interconnected
perovskite communities. However, a coarse perovskite film with
a lot of small perovskite grains surrounding the original
perovskite grains was formed after further increasing the TPA
concentration to 20 mg mL™', as shown in Figure 2e. The
excessive nucleation sites of TPA along the grain boundaries are
responsible for the formation of small perovskite grains, which
further supports the fact that the TPA molecules are easily
segregated in the vicinity of grain boundaries.

Fourier transform infrared (FTIR) transmission spectra of
TPA, MAPbL;, and MAPbI; + TPA films were collected to
verify the interactions between TPA and perovskite, as shown
in Figure 3a. The C=O0 vibration band of TPA in perovskite
film was moved to 1688 from 1684 cm™', as shown in Figure
3b, which is attributed to coordinate effects between the oxygen
lone pairs of —COOH group and Pb ions of perovskite.” In
addition, three emerging peaks at 1180, 1141, and 1074 cm™!
were observed, as shown in Figure 3c. Although the formation
factors of these three peaks need to be investigated in the
future, this result can confirm that TPA molecules have strongly
interacted with perovskite grains, which is expected to affect the
crystallization process and the morphology of perovskite layer.
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The conceivable interactions between perovskite and TPA are
further shown in Figure 3d.

X-ray diffraction (XRD) patterns were measured to evaluate
the effect of TPA on perovskite crystallinity. XRD patterns of
perovskite films with different concentrations of TPA additive
are shown in Figure 2f. The clear diffraction peaks at 14.16,
28.48, and 31.92° for all perovskite films can be indexed to the
(110), (220), and (310) diffraction of perovskite grains,
respectively.”® The absolute intensities of the (110) and
(220) peaks of MAPbI; with TPA compared to pristine
MAPDI; become stronger, implying that TPA additive can
improve the crystallinity of perovskite.”> Furthermore, the
(310) peak of MAPbI; films with TPA additive become
significantly weakened, suggesting that TPA additive can affect
the growth direction of perovskite crystal.’* However, the
intensities of the (110) and (220) peaks for MAPbI,
incorporated with 20 mg mL™" TPA became lower than
those of 10 mg mL™" TPA additive, which is mainly caused by
the inferior perovskite film with a lot of small grains.

To further investigate the crystallization of perovskite film
with TPA additive, SEM images and XRD patterns of
preperovskite film with and without TPA additive before
annealing are shown in Figure SI. The more compact and
rodlike morphology of the preperovskite film with TPA additive
was observed from the SEM images. The relatively strong
(110) peak of the perovskite film with TPA additive from XRD
patterns suggests that TPA additive has good capability of
inducing crystallization of perovskite film without further
annealing. Antisolvents also play an important role in
improving the crystallization of perovskite film.*> Figure S2
shows SEM images and XRD patterns of perovskite films
without antisolvent treatment but annealed at 100 °C. The very
strong peaks of perovskite films and the compact morphology
without obvious cracks after incorporating TPA further suggest
that TPA additive is an effective material to improve the
compactness and crystallization of perovskite film without
further antisolvent treatment.

Figure 4a presents the UV—vis absorption spectra of MAPbI;
film without and with different concentrations of TPA additive.
The light absorption intensities of perovskite films with TPA
concentration increasing from 2 to 10 mg mL™" were gradually
enhanced due to the integrated effects of better crystallinity and
larger sizes of perovskite grains. However, the light absorption
of perovskite film with 20 mg mL™' TPA additive was
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deteriorated, which is attributed to the coarse perovskite film
including a lot of small perovskite grains.

Figure S3a,b shows the cross-sectional SEM images of PSCs
based on perovskite films without and with 10 mg mL™" TPA
additive. Two types of perovskite films show similar thickness
of ~500 nm. The J—-V curves of PSCs with different
concentrations of TPA under AM 1.5 G irradiation at 100
mW cm™? are shown in Figure 4b, and the relevant
photovoltaic parameters are listed in Table 1. The pristine

Table 1. Photovoltaic Parameters of PSCs with Different
TPA Concentrations

cells Voc (V) Jsc (mA ecm™)  FF (%) PCE (%)
MAPbI, 0.99 22.09 71.02 15.53
MAPbI, + 2TPA 0.99 21.68 68.12 14.62
MAPbI, + STPA 1.02 22.51 69.77 16.02
MAPbI, + 10TPA 1.05 23.49 75.06 18.51
MAPbI, + 20TPA 0.78 19.83 57.59 8.91

MAPDI; PSCs show the best PCE of 15.53% with a Vi of 0.99
V, Jsc of 22.09 mA cm ™, and FF of 71.02%. After adding 2 mg
mL™' TPA, the MAPbI; + 2TPA device shows a PCE of
14.62%, which is slightly lower than that of the pristine PSCs
due to the decreased grain size. The performance of PSCs
gradually improved with TPA concentration increasing from §
to 10 mg mL™', and PSCs with 10 mg ml™' TPA additive

obtained the highest PCE of 18.51% with a V¢ of 1.05 V, Jsc
of 2349 mA cm™? and FF of 75.06%, indicating that
incorporating proper amount TPA into MAPbI; can signifi-
cantly improve the performance of PSCs. However, PSCs with
20 mg mL™" TPA additive were severely deteriorated due to the
formation of a lot of small perovskite grains.

The characteristics of PSCs with 10 mg mL™" TPA were
further investigated due to their superior performance, and they
were named as MAPbI; + TPA cells. Anomalous hysteresis
phenomenon through J—V testing was widely observed in
PSCs. Previous results showed that this phenomenon is related
to the properties of the perovskite layer and device
configuration.” Because PSCs without and with TPA had the
same contact materials and configurations, the differences
derived only from the coverage and crystallinity of perovskite
layers. The typical J=V curves of PSCs without and with TPA
recorded at a scanning rate of 0.1 V s™" are shown in Figure Sa,
and the detailed photovoltaic parameters are summarized in
Table 2. The pristine MAPbI; PSCs showed PCE values of
15.53 and 12.96% under reverse and forward scanning,
respectively, which yielded a difference of 16.54% in PCE
values. By contrast, for PSCs with TPA additive, the reverse-
and forward-scanning PCE values are 18.51 and 15.87%,
respectively, showing weak hysteresis effect and yielding a PCE
difference of 14.26%. The alleviated J—V hysteresis is mostly
related to less traps and grain boundaries of TPA-induced
MAPbI, film.*® Besides, the carboxyl of TPA can help to hold
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Table 2. Photovoltaic Parameters of PSCs without and with
TPA

scan Voc FF PCE

cells direction (V) Joc (mA cm™) (%) (%)
MAPbDI, forward 0.98 21.69 60.97 12.96
reverse 0.99 22.09 71.02 15.53

MAPbDI; + TPA forward 1.03 23.35 66.01 15.87
reverse 1.08 23.49 75.06 18.51

some mobile iodide ions in MAPbI; due to hydrogen-bonding
interactions, which is beneficial to alleviate the J—V hysteresis
phenomenon of PSCs.””**

The incident photon-to-electron conversion efficiency
(IPCE) spectrum of PSCs with TPA compared to the pristine
cell was obviously increased in the wavelength range of 350—
780 nm, as shown in Figure Sb, which is attributed to better
light absorption and charge transport and collection abilities.
The integrated Js values calculated from the IPCE spectra for
PSCs without and with TPA are 21.42 and 23.36 mA cm™,
respectively, which are almost consistent with the values
measured from the J—V curves.

To validate results, we have also recorded the steady-state
current density of PSCs without and with TPA additive by
holding the potential at about the maximum output point (0.8
V). As shown in Figure Sc, both PSCs with and without TPA
quickly responded and their current densities stayed at about
23.33 and 21.72 mA cm™? respectively, which confirm the
accuracy of our performance measurement. The good

reproducibility was exhibited by statistic 36 devices for each
type of PSCs, as shown in the histograms of Figure 5d. The
average PCE value for PSCs with TPA is about 17.45%, which
is obviously higher than that of pristine PSCs (14.51%).

The photoluminescence (PL) emission intensity of perov-
skite film without electron transport layer (ETL) and/or hole
transport layer (HTL) is primarily from the recombination of
the excitons. As shown in Figure 6a, the significantly enhanced
PL intensity for MAPbI; film with TPA compared to the
pristine MAPbDI; film indicates that the nonradiative carrier
recombination has been effectively retarded because of less
defects and high-quality crystallinity of MAPbI; with TPA,***
which have been supported by SEM and XRD analyses above.

Figure 6b shows the photocurrent density (J,;) of PSCs
without and with TPA additive. ], is defined as J,, = Jigne —
Jaaro where Jygne and Jy,q are the current densities under 1 sun
illumination and in the dark, respectively. The effective voltage
(Vo) is defined as Vg = V, — V,, where Vj is the voltage at
which ], = 0 and V, is the applied bias voltage.”* Noticeably,
Jon of two cells linearly increased with Vg at the low V4 range
(P<0.45 V) and gradually approached a saturated photocurrent
(Jeae) at the high V. range. In general, J,. correlates to the
maximum exciton generation rate (Gpay), €xciton dissociation
probability, and carrier transport and collection probability at
the high-V,¢ region. The relatively larger J,. for PSCs with TPA
additive indicates better light absorption for MAPbI; layer with
TPA, which is supported by the absorption spectra in Figure 4a.
Assuming that all photogeneration excitons for one cell are
dissociated into free carriers at a high Vg, J,, is only limited by
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Normalized light absorption intensities at 550 nm of the corresponding perovskite films with different annealing times.

the carrier transport and collection abilities. Therefore, carrier
transport and collection probabilities at any V¢ can be directly
obtained from the ratio J;/J The calculated carrier transport
and collection probabilities of PSCs without and with TPA
additive are 89.03 and 96.58%, respectively, indicating that cells
with TPA additive have better carrier transport and collection
abilities.

The enhanced performance of PSCs with TPA is further
supported by the dark J—V characteristics, as shown in Figure
6¢. The obviously lower reversed saturation current and higher
rectification ratio of PSCs with TPA compared to pristine cells
further demonstrate the reduced carrier recombination and the
enhanced carrier transport and collection abilities. The reduced
leakage current and carrier recombination current can
contribute to improving the FF and V,_ of cells,*~** which is
consistent with the obtained higher values of FF and V. for
PSCs with TPA additive.

Electrochemical impedance spectroscopy is a useful tool to
investigate the interfacial charge transport and recombination
behaviors in photovoltaic devices. Figure 6d presents the
Nyquist plot measured in a frequency range of 0.1—10° Hz at a
forward bias voltage of 0.9 V under dark condition. A clear
semicircle can be distinguished in the intermediate-frequency
region for each type of cells, which is related to the charge
transfer at FTO/ETL/MAPDIL;/HTL interfaces, mainly owing

D 19,43 L
to the recombination of electrons.””"” The recombination
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resistances (Rct) of PSCs with TPA are clearly larger than
those of pristine PSCs, which further supports the superior
performance of PSCs with TPA.

Due to their ionic character, metal halide perovskites are
sensitive to moisture, and unsealed PSCs degrade rapidly in a
humid environment.*** The time evolutions of PCE for PSCs
without and with TPA derived from the J—V curves are shown
in Figure 7a. The unsealed devices were stored in air with a
relative humidity (RH) of 30%, and the pristine PSCs only kept
18% of the original PCE after 35 days, whereas PSCs with TPA
additive still retained 51% of the original PCE value. Figure 7b
exhibits the XRD patterns of MAPbI; films without and with
TPA additive aging for 35 days. The peak at 12.7° is
characteristic of the formation of the Pbl, phase during the
perovskite degradation process. The stronger intensity of Pbl,
peak indicates that the pristine MAPDI; film was severely
corroded and produced more Pbl, due to moisture invasion. An
accelerated test of stability under high humidity (RH ~ 100%)
was also performed, as shown in Figure S4. The PCEs of
pristine PSCs and their absorption intensity of 550 nm became
quickly invalid within 1 h, whereas the PSCs with TPA additive
can resist for 2.5 h. Figure S5 shows the UV—vis absorption
spectra of MAPDI; films without and with TPA additive
exposed at RH ~ 100% for different times. The obviously stable
absorption spectra of MAPbI; films with TPA additive further
support that MAPDI; films with TPA additive show better
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moisture resistance. The enhanced moisture resistance of
MAPDI; films with TPA is possibly attributed to the
compensative effects of the sheet-shaped perovskite covered
onto the grain boundaries and the robust crystallization of
perovskite film caused by TPA.'**

Thermal stability of PSCs is an important parameter as the
cells have to undergo a heat test at 85 °C, and perovskite layer
can be easily decomposed under such high temperature.
Furthermore, the typical spiro-OMeTAD-based HTL would be
quickly deteriorated due to accelerated diffusion of doped TBP
and Li-TFSI under the heat test.*® Therefore, MAPbI,
photoactive layers with and without TPA additive were tested
under a high temperature of 100 °C in a N,-filled glovebox
before spin-coating HTL to rule out the deterioration of spiro-
OMeTAD. The PCEs of PSCs with and without TPA additive
were decreased to 80 and 20% of the original PCEs,
respectively, after heating for 10 h at 100 °C, as shown in
Figure 8a. The attenuation of PSCs is mainly attributed to the
decomposition of perovskite layer,””** which can be supported
by the deterioration of the absorption intensity of perovskite
films with annealing time, as shown in Figure 8b. The
absorption intensity of MAPDI; films with TPA in the
wavelength range of 450—600 nm is obviously stronger than
that of pristine MAPDI; film after annealing at 100 °C for 10 h,
as shown in Figure S6. The results indicate that the MAPbI,
layer with TPA additive shows superior thermal stability due to
the remarkable crystal morphology and the strong interaction
between carboxyl group in TPA and perovskite grains.zs’26

B CONCLUSIONS

The grains-interconnected perovskite film was obtained for the
first time by incorporating TPA additive into perovskite
precursor solution, which results in a morphology obviously
different from that of the previously reported perovskite films.
The right-concentration TPA additive can be enriched in the
vicinity of crystal boundaries and grain surface, which can act as
nucleation sites to form sheet-shaped perovskite covered onto
the bottom grains. Therefore, some of the bottom perovskite
grains were connected into communities, which can improve
electrical interconnection between grains and reduce effects of
grain boundaries. PSCs using TPA-induced interconnected
perovskite grains exhibited a PCE of 18.51%, which is much
higher than that of PSCs based on pristine MAPbI;. PSCs
without and with TPA additive kept 18 and 51% of the original
PCEs, respectively, aging for 35 days at RH 30%, indicating that
PSCs with TPA show better moisture resistance. Furthermore,
PSCs with TPA still kept 80% of the original PCE value after
annealing at 100 °C for 10 h, whereas the PCEs of pristine
PSCs were almost decreased to 20% of the original PCE value,
demonstrating that MAPbI; films with TPA additive have
superior thermal stability. The remarkable morphology and
superior crystallization of perovskite film caused by TPA
additive are responsible for improved light absorption, carrier
transportation, and collection probability, as well as superior
thermal stability and moisture resistance of PSCs. This special
morphology of perovskite layer would guide a direction to
fabricate efficient and stable PSCs for commercial applications.
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