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Antisolvent solubilization achieves simultaneous
passivation of shallow and deep defects in
perovskite solar cells¥
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Resolving the inherent defects at the interfaces and grain boundaries of perovskite films is crucial for
achieving highly efficient and stable perovskite solar cells (PSCs). This study introduces an antisolvent
solubilization (AS) approach to enhance the solubilization of the bulk organic ammonium salt
2-Thiophenemethylammonium lodide (ThMAI), which has limited solubility in low-polarity antisolvents.
The results demonstrated that the AS approach could effectively passivate both shallow and deep defects
in organic—inorganic hybrid perovskites (OIHPs). Furthermore, the ThMAI prepared using the AS method
could react with excess Pbl, and facilitate the crystallization of the OIHPs, thereby improving light absorp-
tion, suppressing non-radiative recombination, and enhancing carrier extraction. As a result, PSCs pre-
pared by using the AS method achieved a power conversion efficiency (PCE) of 23.69%, representing a
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1. Introduction

As one of the most promising photoelectric materials,
organic-inorganic hybrid perovskites (OIHPs) and their deriva-
tives have garnered significant attention.'™ The corresponding
devices, known as perovskite solar cells (PSCs), have achieved
certified power conversion efficiencies (PCE) of 26.1%.°
However, the inherent defects in OIHPs, including shallow
and deep defects resulting from the preparation process and
crystallinity, pose notable challenges to the photovoltaic per-
formance and stability of PSCs. These defects contribute to an
increase in non-radiative recombination and a decrease in the
PCE of PSCs.®™®

To minimize the detrimental effects of defects in perovs-
kite materials, researchers have employed various strategies,
such as compositional engineering,” dopant engineering,'*""
passivation,'>"® and the formation of graded junctions.'*
Passivation, in particular, is an essential optimization
approach that can target the bulk, surface, and grain bound-
aries of the material. It effectively reduces non-radiative
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significantly improved heat and humidity stability.

recombination, improves charge carrier transport through
band alignment, and enhances stability by utilizing hydro-
phobic passivation materials.'>™"” Defects have been found to
be abundant at the surface and grain boundaries, with con-
centrations 2-4 orders of magnitude higher than those in the
bulk.’® Consequently, passivating defects at the surface and
grain boundaries has emerged as the most straightforward
and effective method. Additives such as Lewis acids'® or
bases,>® as well as zwitterion molecules,*’ are typically
incorporated into the precursor to passivate deep defects at
grain boundaries. For the passivation of shallow surface
defects, ultrathin layers of polymers,** inorganic molecules,**
layered perovskites,” and small organic amines®® have
been employed. However, there are limited reports on
simultaneously passivating both shallow surface and deep
defects.

In this paper, we investigated the use of an antisolvent solu-
bilization (AS) approach to improve the solubility of bulk
organic ammonium salts, which typically have low solubility
in antisolvents with low polarity. Results demonstrated that
when antisolvent solubilization was employed, the bulk
organic ammonium salt 2-ThiophenemethylammoniumIodide
(ThMAI) could react with excess Pbl, and facilitate the crystalli-
zation of OIHPs during the crystallization process. This
approach induced the simultaneous passivation of defects at
both the shallow surface and deep grain boundaries, leading
to improve PCE and stability of the OIHPs material.
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A common organic solvent, isopropyl alcohol (IPA), was used
to solubilize the bulk organic ammonium salts (ThMAI) in the
antisolvent (chlorobenzene). Since the OIHPs precursor has
not crystallized during the antisolvent drip, the bulk organic
ammonium salts (ThMAI) would penetrate into OIHPs layer,
as cross-sectional energy dispersive spectrometer (EDS)
mapping shown in Fig. 1a and b. Compared with the OIHPs
prepared without AS method, the S element appeared at the
shallow surface and deep domain in OIHPs prepared by AS
method. It indicated that the bulk organic ammonium salts
(ThMATI) had penetrated to the surface and grain boundaries
of OIHPs. X-ray Diffraction (XRD), as shown in Fig. 1c¢, demon-
strated that the AS method facilitated the crystallization of
OIHPs, where two dominant diffraction peaks at 14.1° and
28.4° are enhanced. It could be confirmed by scanning elec-
tron microscope (SEM) in Fig. 1d and e. Compared with the
OIHPs prepared without AS method, the average grain size of
OIHPs prepared with AS method was increased about 70 nm
(from 195 nm to 265 nm, as shown in Table S17}). In addition,
the diffraction peak at 12.7° indicative of the existence of the
excess Pbl, was lower in OIHPs prepared with AS method,
which indicated that the ThMAI could react with the excess
PbL,.>® The enlarged grain size and reduced Pbl, defects in
OIHPs prepared with AS method led to better light absorption
and suppressed recombination (Fig. S1t). The lower PL inten-

(a) (b)

500 nm

(d) (e)

View Article Online

Research Article

sity indicated a faster charge extraction between the modified
OIHPs and carrier transport layer, and the better crystallization
would induce enhanced light absorption.

In order to demonstrate the passivation effect of AS
method, space charge limited current (SCLC) of hole trans-
port layer (HTL) only devices (FTO/PEDOT:PSS/OIHPs/spiro-
MeOTAD/Au) has been carried out. The curves was divided
into three regions. In the range of low voltage, the current
increase linearly with the increase of voltage, representing an
ohmic regime (the slope is 1, as green line shown in Fig. 1f).
The second section is the trap-filled limit regime (yellow
line). The third section, namely the trap-free regime (blue
2VrpLEor

qlL?
density N, can be obtained, where Vrgy, is the trap-filled limit
voltage, L is the thickness of the perovskite film, ¢, is the rela-
tive dielectric constant of perovskite material, and ¢, is the
vacuum permittivity. The calculation of the trap state density
demonstrated that there was less trap state in AS modified
HTL only devices (5.91 x 10"” em™?), compared with devices
without AS modified (6.79 x 10"” cm™?), as shown in Fig. 1f.*’
The lower trap state density came from two aspects: larger
OIHPs grains could effectively reduce the trap state density in
the bulk; the ThMAI treatment in AS method could passivate
defects of both the surface and grain boundaries. In addition,
we compared the differences between AS method and conven-
tional post-treatment method for the passivation of OIHPs
films. Compared with AS method, the post-treatment with

line). According to the equation Ny= , the trap state
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Fig. 1 Cross-section images and EDS mapping of OIHPs films without (a) and with (b) AS method; (c) XRD patterns of OIHPs films without and with
AS method; (d) and (e) were the top SEM of the OIHPs prepared without and with AS method; (f) SCLC curves of pure hole transport devices based

on OIHPs prepared without and with AS method.
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ThMAI could only passivate the surficial defects, where the
ThMAI only left on the surface of the OIHPs, as shown in
Fig. S2.1

The evaluation of photovoltaic performance of PSCs based
on OIHPs prepared without and with AS method were shown
in Fig. 2a, where the amount of ThMAI has been optimized, as
shown in Fig. S3.1 Results demonstrated that 23.69% PCE of
champion device based on AS method was obtained, which
was much larger than that of compared devices (21.53%), the
corresponding detail parameter was shown in Table S2 and
Fig. S4.f The PSCs prepared with AS method showed much
smaller hysteresis. Fig. 2b showed incident photon-to-electron
conversion efficiency (IPCE) spectra of the corresponding
devices. The integrated current densities estimated from the
IPCE spectra are in good agreement with the J,. values
obtained from the j-V curves. The stabilized power outputs
(SPOs) of PSCs prepared without and with AS method are
20.12% and 22.61%, respectively (Fig. 1c), which are consistent
with the j-V measurements. The reproducibility of the device
performance was also evaluated by characterizing about 26
cells. The frequency histogram of the PCE parameters of these
devices (Fig. 1d) indicated that the AS method had good
reproducibility.

(@) (b) 100

View Article Online

Inorganic Chemistry Frontiers

To clarify the mechanism of device performance enhance-
ment, we conducted a series of carrier transport performance
tests on the two devices, as shown in Fig. 3. Nyquist plots of
the PSCs prepared without and with AS method were shown in
Fig. 3a. Two arcs could be seen in each curve in Nyquist's
diagram. The arcs in the high frequency region were closely
related to charge transfer resistance (R), while the arcs in the
low frequency region were related to recombination resistance
(Rree)-?® The electrochemical impedance spectroscopy (EIS)
fitting parameters were summarized in Table S3.7 Compared
with PSCs prepared without AS method, R, of PSCs prepared
with AS method decreased and R,.. increased, indicating that
PSCs prepared with AS method were more conducive to charge
transfer and could effectively inhibit non-radiative recombina-
tion. In order to understand the charge transfer dynamics of
PSCs prepared by different methods, transient photovoltage
(TPV) and transient photocurrent (TPC) decay measurements
were carried out to determine the charge carrier kinetics in
different devices. As presented in Fig. 3b, the photovoltage
decay time of PSCs prepared with AS method (67.4 ps) was
longer than that of PSCs prepared without AS method
(51.6 ps), which was mainly due to the reduction of defects in
OIHPs film after ThMAI modification. And the suppression of
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Fig. 2 (a) J-V curves (reverse scan) of champion devices fabricated without and with AS methods; (b) IPCE curves of champion devices fabricated
without and with AS methods; (c) SPOs of different PSCs was operated at the maximum power point under simulated AM 1.5G sunlight of 100 mW

cm™2; (d) reproducibility of 26 devices fabricated using different methods.
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Fig. 3 (a) Nyquist plot of PSCs fabricated without and with AS methods measured in the dark at V = V,; (b) TPV and (c) TPC decay curves of PSCs

fabricated without and with AS methods; (d) IMVS and (e) IMPS of PSCs fabricated without and with AS methods; (f) dark current curves of PSCs fab-

ricated without and with AS methods.

non-radiative recombination eventually lead to the increase of
Voe and FF. The TPC measurements, as shown in Fig. 3c,
showed that the faster photocurrent decay rate of PSCs pre-
pared with AS method. It implied that its charge transport
efficiency was higher than that of PSCs prepared without
AS method, which would effectively inhibit the charge
accumulation at the OIHPs/HTL interface, resulting in the
enhanced J,..

(a) (b)

Furthermore, we tested intensity-modulated photovoltage
spectroscopy (IMVS) and intensity-modulated photocurrent
spectroscopy (IMPS), which compared the dependence of V.
and J, on light intensity for different PSCs. Typically, if there
is less Shockley-Read-Hall (SRH) recombination, the slope of
Ve versus light intensity will decrease.?® As shown in Fig. 3d,
the PSCs prepared with AS method had a smaller slope of
1.46kT/q compared to PSCs prepared without AS method
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Fig. 4 Long-term stability of PSCs prepared without and with AS method at different ambient atmosphere without any encapsulation (a) 85 °C in
N, environment; (b) 25 °C, 65%RH (the insert image showed the contact angle test of devices without and with AS method).
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(slope of 1.79kT/q). A lower slope meant fewer defect-assisted
recombination centers, which further demonstrated that
ThMAI modification could effectively passivate grain bound-
aries and interfacial defects. In addition, the PSCs prepared
with AS method had a higher J;. under the same lighting con-
ditions, as shown in Fig. 3e. This indicated that more free car-
riers were transferred and collected before recombination in
PSCs prepared with AS method.* Dark state saturation current
density obtained through the dark J-V curve showed that the
saturation current density of PSCs prepared with AS method
under dark conditions was estimated to be 3.65 x 107 mA
em 2, which was found to be one order of magnitude lower
than the device prepared without AS method (4.05 x 1077 mA
cm™?), illustrating the PSCs prepared with AS method exhibi-
ted lower current leakage than the control devices, as shown in
Fig. 3f.

Stability comparison of PSCs based on different methods
is carried out at high temperature (85 °C, N, environment), as
shown in Fig. 4a. Error bars represent the standard deviation
calculated from five devices prepared under the same con-
ditions. The results showed that the efficiency of the PSCs
prepared without AS method was less than 50% of the initial
efficiency after 350 h of storage, while the PSCs prepared with
AS method could maintain more than 80% of the initial
efficiency. In high humidity atmosphere (25 °C, 65%RH), the
PSCs prepared with AS method could keep 82% of their
initial PCE for 1200 h, as shown in Fig. 4b. In order to investi-
gate the reason of PSCs prepared with AS method possessed
better heat and humidity stability, X-ray Photoelectron
Spectroscopy (XPS) test has been carried out. Results showed
that the peak of Pb 4f;, and Pb 4f,, were shifted toward
lower binding energies in the ThMAI modified OIHPs film
(Fig. S5t), which indicated that S in ThMAI had a strong
interaction with Pb, which better stabilized the lattice of
OIHPs. Contact angle measurements demonstrated that the
OIHPs film fabricated using the ThMAI modification had a
better hydrophobic property than OIHPs prepared without AS
method, as shown in Fig. 4b. This prevented moisture from
eroding the OIHPs crystals. Therefore, PSCs prepared with AS
method showed stronger stability.

3. Conclusions

In summary, a bulk organic ammonium salt (ThMAI) has been
solubilized by an AS method, which could simultaneously pas-
sivate the shallow and deep defects in OIHPs. Results demon-
strated that the ThMAI modification in AS method could not
only passivate the defects, but also be conducive to the crystal-
lization of OIHPs. After deeply understand photophysics, PSCs
prepared with AS method showed suppressed non-radiative
recombination, reduced trap state density, and effective car-
rier's extraction, leading to 10% improvement in PCE
(23.69%). PSCs based on AS method also demonstrated much
better heat and humidity stability due to the interaction of
ThMAI and Pb*" and hydrophobic property of the bulk organic
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ammonium salt. This study may extend the possibilities of
passivation method in PSCs and induce high efficiency.

4. Experiments
Materials

Fluorine-doped tin oxide (FTO, ~15 O ') conductive glass
was purchased from Yingkou OPV Tech New Energy Co., Ltd.
Tetrabutyl titanate (97%), diethanolamine (99.5%), dimethyl
sulfoxide (DMSO, 99.9%), N,N-dimethylformamide (DMF,
99.8%) and chlorobenzene (99.8%) were all purchased from
Sigma-Aldrich, respectively. Thiodiglycolic acid (TDGA, 98%)
and concentrated hydrochloric acid (HCl, 25%) were pur-
chased from J&K Chemical Technology. Urea (99.999%) and
SnCl,-H,0 (99.99%) were purchased from Aladdin Biochemical
Technology Co., Ltd. CsI (99.9%), MABr (99.5%), PbBr,
(99.99%), FAI (99.5%) and PbI, (99.99%) were purchased from
Xi’an Polymer Light Technology Corp.

Device fabrication

FTO/CBD SnO, substrate and OIHPs precursor. Ultrasonic
cleaning of FTO conductive substrate (2 cm x 2 cm) was
carried out for 15 min according to the sequence of deionized
water, acetone, and absolute alcohol, respectively. After clean-
ing, the FTO was quickly heated in a 180 °C blast dryer to
vaporize the ethanol quickly. The FTO substrates were then
placed in a UV ozone cleaner for 15 min. 1.25 g of urea
(99.999%), 275 mg of SnCl,-H,O (99.99%) and 54 mg of
TDGA (98%) were added to 100 mL of deionized water and
stirred, and then 1.25 mL of concentrated hydrochloric acid
was added after complete dissolution. The FTO substrate was
immersed in the SnO, sol and deposited in a chemical bath
in an oven at 180 °C for 3 h. After cooling to room tempera-
ture, ultrasonic cleaning was performed with deionized water
and ethanol for 5 min respectively, and then drying was per-
formed with blast drying oven. The OIHPs precursor solu-
tions contained FAI (1.19 M), Pbl, (1.31 M), MABr (0.21 M),
PbBr, (0.21 M) and CsI (0.07 M) dissolved in DMF : DMSO =
4:1(v:v).

PSCs fabricated using different methods

PSCs prepared without AS method. The OIHPs precursor solu-
tion was spin-coated on FTO/SnO, substrate, in a two-step pro-
cedure by spin coating at 1000 rpm for 10 s and 5000 rpm for
30 s respectively. During the second step, 150 pL chloroben-
zene was poured on the spinning substrate 15 s before the end
of the procedure. Next, the devices were annealed at 100 °C for
75 min. Then, the HTL was spin-coated on the OIHPs sub-
strates at 3500 rpm for 30 s which was obtained by adding
72.3 mg of spiro-OMeTAD, 28.8 pL of 4-tert-butylpyridine,
17 pL of Li" salt, and 20 pL of cobalt(m) salt into 1 mL of chlor-
obenzene. Finally, the Au electrode was prepared by a high
vacuum evaporation technology. The active area of the device
was 0.15 cm?, defined by the aperture area of the mask.

PSCs prepared with AS method. The OIHPs precursor solu-
tion was spin-coated on FTO/SnO, substrate, in a two-step

This journal is © the Partner Organisations 2024
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procedure by spin coating at 1000 rpm for 10 s and 5000 rpm
for 30 s respectively. During the second step, 150 pL ThMAI
in chlorobenzene/isopropyl alcohol (v/v = 10:1) mixed solu-
tion was poured on the spinning substrate 15 s before the
end of the procedure. After that, it was put back to the hot
plate and thermally annealed at 100 °C for 75 min. The
following steps were the same as those of PSCs prepared
without AS method.

Post treatment modified PSCs. After the OIHPs film had
cooled to room temperature, then apply 150 pL of ThMATI’s iso-
propyl alcohol solution (0.05 mg mL™") to the top of OIHPs by
spin coating at 4000 rpm for 30 s, annealing at 100 °C for
10 min. The following steps were the same as those of PSCs
prepared without AS method.

Characterization

The cells were irradiated by Peccell-L15 solar simulator
(Peccell, Japan) under AM 1.5G 100 mW cm™>. Keithley 2460
(Keithley, America) was used to record the j-V characteristics
of the cells. The test condition was that active area (0.15 cm?
for PSCs) was defined by a black metallic mask, where scan
rate was 0.2 V s* for both reverse and forward scan. Nyquist
plot measurements were conducted with an electrochemical
workstation (Zennium Zahner, Germany) under light illumina-
tion, under a 0.6 V forward bias voltages and with 20 mV
amplitude of AC perturbation ranging from 100 mHz to
1 MHz. The obtained impedance spectra were fitted with the
ZView software in terms of appropriate equivalent circuit
model. The IPCE was performed employing a xenon lamp
coupled with a monochromator (PEC-S20, Peccell) controlled
by a computer. The morphology of different OIHPs films was
observed by SEM (FEI Nova NanoSEM 450). The structure pro-
perties of OIHPs films were performed by XRD analysis
(XRD-7000S, Shimadzu) from 2° to 65°. UV-vis absorbance
spectra were measured by LAMBDA 950 (PerkinElmer, USA).
PL spectra were obtained with a 517 nm laser using an opti-
cally triggered streak camera system (C5410, Hamamatsu). XPS
was tested on Thermo Scientific, ESCLAB 250Xi, USA. The
TPC/TPV and IMVS/IMPS measurements were conducted on
the controlled intensity modulated photoelectric-chemical
spectrometer of Zennium Zahner. The OIHPs films were tested
for contact angle using a DataPhysics contact angle measuring
instrument (OCAH200).
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