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High-quality perovskite films are crucial to realizing high-efficiency stable perovskite solar cells. Doping
is a direct and effective strategy to passivate defects and improve the crystal quality of perovskite films.
Herein, we introduce pseudohalide-based ionic liquid TEAPFg into perovskite films as an excellent
additive. TEAPF¢ doping has multiple effects: the PFg~ anion could fill the halide vacancies, which helps
to suppress ion migration through vacancies. The highly electronegative PFg~ could bind with
uncoordinated Pb®* and organic cations to passivate defects. TEAPFs doping improved the crystal

Received 23rd March 2023, quality and suppressed the charge recombination in perovskite films. More importantly, the TEA* with
Accepted 30th May 2023 long alkyl groups and PFg~ could enhance the hydrophobicity of the perovskite films. As a result, the
DOI: 10.1039/d3tc01028g device with TEAPFg achieved a PCE of 22.13%. Moreover, TEAPFs doping enhanced the stability of PSCs.

This work demonstrates the excellent effect of pseudohalide-based ionic liquid doping on improving the
rsc.li/materials-c crystal quality of perovskite films.

1. Introduction

Over the past few years, metal halide perovskites have been
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reaching the theoretical limit of efficiency.
to be challenging for PSCs to achieve the necessary stability for
commercialization. High-quality perovskite films are the key to
improving the efficiency and stability of PSCs. It is well known
that perovskite films prepared by the solution process are
polycrystalline, and contain a large number of defects. The
defects as the recombination center will cause nonradiative
recombination of the carrier. On the other hand, ion migration
between defects under an electric field also causes perovskite
decomposition. Therefore, defect passivation of perovskite
films is an effective strategy to further improve the efficiency
and stability of PSCs.">™"°

Ionic liquids (ILs) are a class of low-melting salts composed
of anions and cations, and can achieve different properties by
adjusting the combination of anions and cations. ILs have been
widely used in perovskite defect passivation due to their
excellent electrical conductivity and stability.”°>® Liu et al
doped CsPbl; perovskites with 1-ethyl-3-methylimidazolium
hydrogen sulfate (EMIMHSO,) ILs to manage the defects,
energy alignment, and stability of perovskite films fabricated
via blade-coating.”” The PSCs doped with EMIMHSO, achieved
a PCE of 20.01%, and the encapsulated PSCs retained 95% of
their initial PCE after 1000 hours under ambient conditions.
Akin et al introduced 1-hexyl-3-methylimidazolium iodide
(HMII) ILs as an additive into FAPbI; perovskites.*® They found
that HMII ILs could facilitate the grain coarsening of FAPbI;
crystals and reduce the grain-boundary migration activation
energy. The grain size of HMII-doped perovskites reached the
micrometer scale. The PSCs with HMII achieved a PCE of 20.6%
with a notable increased open-circuit voltage (Voc) of about
80 mV. Moreover, the HMII-doped PSCs retained over 80% and
about 90% of their initial PCE at 60 + 10% relative humidity
and 65 °C, respectively. Due to the high chemical activity, the
I" in perovskite films is prone to form vacancies and other
defects. The defect density, crystal quality, and stability of
perovskite films can be effectively regulated by introducing
other halide anions such as Br~ and Cl~.>° Besides, some
pseudohalide anions with similar properties to halide anions,
such as BF,, PFg, SCN~, NO;, and CH;COO™, are also
introduced into perovskites.>**°**> Among them, BF, and
PFs~ not only have a similar ionic radius to I but also have
stronger electronegativity than single halide anions, which
could substitute the I and suppress the defects related to
halides. ILs with pseudohalide anions can combine multiple
advantages to improve the properties of perovskite films.
Snaith et al. incorporated 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIMBF,) ILs into perovskites thereby increasing
the efficiency and long-term stability of PSCs.** The most stable
packaged PSCs degraded by only about 5% over 1800 hours of
continuous simulated full-spectrum sunlight at 70 to 75 °C, and
they also estimated that it will take about 5200 hours for the
PSCs to drop to 80% of their peak performance. Furthermore,
they doped perovskite films with BMPBF, ILs and found
that BMPBF, ILs could retard impurity phase inversion and
pinhole formation during aging.** The unencapsulated and
encapsulated PSCs retained 80% and 95% of their peak PCE
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for 1010 and 1200 hours under full-spectrum simulated sun-
light in an ambient atmosphere.

In this work, we introduced a pseudohalide-based IL tetra-
ethylammonium hexafluorophosphate (TEAPF;) into Csy 0sMAg 65"
FA,,,PbL; ,Cl, perovskite films as a multifunctional additive.
TEAPF, contains a large structurally stable organic cation (TEA")
and a pseudohalide anion (PF, ). The PFs~ could fill the halide
vacancies and bond with Pb** and organic cations. The TEA" with
long alkyl groups and PFs~ could enhance the hydrophobicity of
the perovskite film. The TEAPF, additive has an excellent effect on
improving the crystal quality and effectively passivating the
defects of perovskite films. As a result, the PSCs with TEAPF,
achieved the highest PCE of 22.13% with a significantly increased
Voc from 1.10 V to 1.15 V. Moreover, TEAPF¢ ILs increased the
stability of the PSCs.

2. Results and discussion

Fig. S1 (ESIt) shows the chemical structure of the TEAPF, IL,
and the TEAPF, contains an organic cation (TEA') and a
pseudohalide anion (PFe ). The TEA® cation has four alkyl
groups, which are larger than MA", FA", and Cs’ cations in
perovskites. The pseudohalide anion PFs~ has similar proper-
ties and ionic radius to I" in the perovskite. The perovskite film
acts as both a light absorption layer and a charge transport
layer, and its surface morphology, crystalline quality, and other
characteristics have a great impact on the efficiency and
stability of PSCs. We first clarified the effect of TEAPF¢ doping
on the morphology of perovskite films, and we measured the
top-view and cross-sectional scanning electron microscopy
(SEM) images of perovskite films without and with TEAPF,.
As shown in Fig. 1a-d and Fig. S2 (ESIt), the grain size of the
perovskite films without and with TEAPF, is similar. The
pristine perovskite film shows wider grain boundaries, and
the cross-section of the pristine perovskite film is unordered
and has some holes, which may lead to charge recombination
and device leakage, and it is also easier for water and oxygen to
enter the interior and cause the decomposition of the perovs-
kite film. While the perovskite films with TEAPF, have denser
grains and smaller grain boundaries, the cross-section exhibits
more compact and vertically aligned crystal growth, which
is beneficial to reducing the charge recombination at the
grain boundaries and suppressing the decomposition of the
perovskite film.

We further characterized the effect of the TEAPF, additive
on the crystal quality of perovskite films by X-ray diffraction
(XRD). As shown in Fig. 1e, the perovskite films doped with
different concentrations of TEAPFs show three significant XRD
diffraction peaks at 20 of 14.49°, 28.73° and 32.15°, corres-
ponding to the (110), (220), and (310) crystal planes of the
perovskite film, respectively.***” The perovskite films with
TEAPFs do not show any new peaks in the XRD patterns
compared to the pristine film, indicating that the TEAPF¢
additive did not change the crystal structure of the perovskite
film, which is due to that the larger TEA" cation cannot be
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Fig. 1 (a)-(d) SEM images of perovskite films with different concentrations of TEAPFe. () XRD pattern and (f) UV-vis spectra of perovskite films with

different concentrations of TEAPFe.

embedded into the lattice of the perovskite. This phenomenon
has also been demonstrated by Yang et al.® For the perovskite
films with 1 mg mL™' and 2 mg mL ' TEAPFg, the XRD
diffraction peak intensity is enhanced compared to that of
the pristine perovskite film, and the XRD peak intensity of
the perovskite film with 2 mg mL~"' TEAPF, is the highest.
Meanwhile, the full width at half maximum (FHWM) of the
(110) peak decreases slightly after TEAPFs doping, as shown in
Fig. S3 (ESIT). The increased XRD peak intensity and decreased
FHWM indicate that TEAPFs doping could improve the crystal
quality of the perovskite film, which helps to enhance light
absorption, reduce defect density, and reduce charge recombi-
nation. Notably, TEAPFs doping can suppress the formation of
PbI, in perovskite films, corresponding to the disappearance of
the XRD diffraction peak at a 26 of 13.08°, which contributes
to improving the stability of the perovskite film.” When the
doping concentration of TEAPF; is increased to 4 mg mL™ ", the
XRD peak intensity of the perovskite film is decreased and the
peak intensity of Pbl, is increased, indicating that the crystal
quality of the perovskite film is decreased.

The crystal quality of the perovskite film affects its optical
properties, and we further recorded the ultraviolet-visible
(UV-vis) absorption spectra of perovskite films without and

9146 | J Mater. Chem. C, 2023, 11, 9144-9152

with TEAPF.. As shown in Fig. 1f, TEAPF, doping enhances
the light absorption of the perovskite films, which is associated
with the improved morphology of the perovskite films after
TEAPF, doping. The enhanced light absorption is beneficial to
improving the short-circuit current of the device. The bandgap
of the perovskite can be calculated from UV-vis spectra, as
shown in Fig. S4 (ESIt). The bandgap (E,) of the perovskite
slightly decreases from 1.58 eV to 1.57 eV after TEAPF, doping,
which is due to the decreased Pbl, in the perovskite film after
TEAPF, doping.

To investigate the charge recombination of the perovskite
film without and with TEAPFs, we obtained the steady-state
photoluminescence (PL) and time-resolved PL (TR-PL) spectra.
As shown in Fig. 2a, the PL intensity of the perovskite film with
1 mg mL ' and 2 mg mL ™' TEAPF, is increased compared to
that of the pristine perovskite film. The increased PL intensity
indicates the decreased defects and suppressed charge recom-
bination in perovskite films after TEAPF, doping. As the doping
concentration of TEAPF; is further increased, the PL intensity
of perovskite films is decreased, which is due to the deterio-
rated crystal quality of the perovskite film, corresponding to the
XRD results. We also carried out the PL mapping measurements
as shown in Fig. 2b and c and Fig. S5 (ESIT). The TEAPFs-doped

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Steady-state PL spectra of perovskite films. PL mapping of (b) pristine and (c) TEAPF¢ doped perovskite films (2 mg mL™). (d) TR-PL spectra of
perovskite films. (e) The full XPS spectra of perovskite films without and with TEAPFg. The high-resolution XPS spectra of (f) F 1s, (g) C 1s, (h) Pb 4f, and

(i) I 3d of perovskite films.

perovskite film shows higher PL intensity and lifetime compared
to the pristine perovskite film, indicating the improved film
quality. Fig. 2d shows the TR-PL spectra of perovskite films with
different concentrations of TEAPF¢. The curves are fitted by a
double exponential decay model as reported in our previous
work,*>*® and the fitting results are listed in Table S1 (ESIf).
The pristine perovskite film exhibits a carrier lifetime of
52.95 ns. After TEAPF, doping, the carrier lifetime increases
to 109.68 ns, 176.87 ns, and 145.41 ns for the perovskite film
with 1 mg mL™, 2 mg mL ™", and 4 mg mL ™' TEAPF, doping,
respectively. The TR-PL results of the perovskite films corre-
spond to their PL results, indicating that TEAPF, doping can
suppress the charge recombination in perovskite films caused
by defects.

To clarify the interaction between TEAPF¢ and the perovs-
kite, the X-ray photoelectron spectra (XPS) of perovskite films
without and with TEAPF, are obtained. Fig. 2e and f show the
full XPS spectra and Fi1s spectra of perovskite films without
and with TEAPF,, respectively. The presence of the F1s peak
indicates the successful incorporation of TEAPF, into the
perovskite film. As shown in Fig. 2g, the C 1s spectra contain

This journal is © The Royal Society of Chemistry 2023

three peaks corresponding to the C-C, C-N, and C=O0O peaks.
Among them, the C=O0 peak is considered to be related to the
decomposition of organic cations in the perovskite film under
the action of oxygen and moisture. The C—O peak of the
perovskite film is suppressed after TEAPF, doping, indicating
that TEAPF doping could improve the stability of the perovs-
kite film."”*! Fig. 2h and i show the Pb 4f and I 3d XPS peaks.
The Pb 4f peaks located at 138.13 eV and 143.00 eV shift
to higher binding energies of 138.26 eV and 143.13 eV,
respectively. The two peaks of I 3d shift from 618.87 eV
and 630.38 eV to higher binding energies of 619.00 eV and
630.54 eV, respectively. The shift of Pb 4f and I 3d is because of
the strong interaction between TEAPF, and the perovskite film.
The PFs  can form a covalent bond with Pb*" and hydrogen
bonds with organic cations due to its strong electronegativity.
On the other hand, PF; can fill halide vacancies in the
perovskite film. The strong interaction can suppress the ion
migration caused by defects in the perovskite film. It is worth
noting that the Pb 4f spectra of the pristine perovskite film
exhibit two peaks corresponding to Pb° and the Pb° in the
perovskite film affect the optoelectronic characteristics and

J. Mater. Chem. C, 2023, 11, 9144-9152 | 9147
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stability of the perovskite film.42 The Pb°® peak disappeared in
the perovskite film with TEAPF,, indicating that TEAPF, doping
could suppress the formation of Pb® defects. Furthermore,
we recorded the Fourier-transform infrared spectra (FTIR) to
confirm the interaction between the PFs~ and perovskite, as
shown in Fig. S6 (ESIT). The TEAPF, film exhibits a peak at a
wavenumber of 863.49 cm ™', which corresponds to the P-F
peak;** the TEAPF¢-doped perovskite film also shows a P-F
peak at 828.77 cm ™', which confirms the presence of PF,~ in
the perovskite film; the shift of P-F stretching vibration mode
peaks indicates a strong interaction between the PFs~ and
perovskite. Moreover, the red-shift of the C-H bending vibra-
tion (from 1456.98 cm™' to 1443.96 cm™ ') is due to the
formation of hydrogen bonds caused by the large electronega-
tivity of PFg .**

Next, we selected the pristine and 2 mg mL ™' TEAPF, doped
perovskite films to further study the effect of TEAPF, doping on
the defect density of perovskite films. We measured the defect
density of the perovskite film without and with TEAPF, by the
space charge limited current (SCLC) method. The electron-only
device with a structure of ITO/SnO,/MAFA (TEAPF)/PCBM/Ag
was fabricated. Fig. S7 (ESIT) shows the dark current-voltage
(I-V) curves of devices without and with TEAPF,. The defect
density is defined by the equation: Ngefeer = (2¢80VireL)/(eL?),
where ¢ is the dielectric constant of the perovskite, g, is the
vacuum dielectric constant, Vg, is the trap-filled limit voltage
obtained from I-V curves, e is the electron charge, and L is the
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thickness of the perovskite film. The Vg, decreases from 0.93 V
to 0.15 V after TEAPF¢ doping, corresponding to the decreased
Nefeee Of the perovskite film from 2.68 x 10" em ™ to 4.32 x
10" cm 3. The decreased defect density is due to that TEAPF
doping improved the crystal quality and passivated the defects
of the perovskite film, which will be conducive to suppressing
the charge recombination.

To investigate the effect of TEAPFs doping on the PSC
performance, we fabricated planar PSCs with a structure of
ITO/SnO,/perovskite (TEAPF;)/Spiro-OMeTAD/Ag. The details
of the fabrication process are shown in the Experimental
section in the ESI.{ Fig. 3a shows the current density-voltage
(J-V) curves of PSCs with different concentrations of TEAPF,
doping, and the corresponding parameters are listed in
Table S2 (ESIT). The pristine PSCs exhibit a champion PCE of
20.23%, with a Jsc of 23.89 mA cm ™2, a Vo of 1.10 V, and an FF
of 0.77. In contrast, the PSCs with 2 mg mL~" TEAPF4 achieves
the highest PCE of 22.13%, with a Jsc of 24.26 mA cm ™2, a Vog
of 1.15 V, and an FF of 0.79. The PSCs with 1 mg mL ™ TEAPF,
exhibit a slightly increased average Jsc and FF compared to the
pristine PSCs due to the low doping concentration. When
the doping concentration of TEAPF; is further increased, the
average PCE of PSCs is decreased, which is because the high
concentration of TEAPFy leads to the deterioration of the
perovskite film quality and improvement of charge recombina-
tion, as proved by XRD and TR-PL. The increase in the PCE is
mainly due to a significant increase in V¢ and a slight increase
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Fig. 3 (a) J-V curves of PSCs with different concentrations of TEAPFe. (b) J-V curves in different scan directions. (c) EQE spectra and (d) steady-state

output Jsc of PSCs.
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in Jsc and FF. The increased Jsc and FF are due to the improved
crystal quality and reduced grain boundary. The increased Voc
is mainly related to passivated defects by TEAPF¢ doping.
Fig. 3b shows the forward and reverse -V curves of the PSCs
without and with 2 mg mL™' TEAPFe. It is worth noting
that hysteresis is suppressed after TEAPF¢ doping. As listed in
Table S3 (ESIt), the hysteresis index (HI) of PSCs, calculated
using HI = (PCEeyerse-PCEforward)/PCEreverse, decreases from
21.65% to 14.23% after TEAPF, doping. Research shows that
hysteresis is related to defects and ion migration,45 and the
suppressed hysteresis indicates that TEAPFs doping could
effectively passivate defects in the perovskite film. To further
investigate the effect of TEAPF, doping on Jsc, the external
quantum efficiency (EQE) spectra are recorded. As shown in
Fig. 3c, the integrated Js¢ of PSCs increases from 22.42 mA cm >
to 23.41 mA cm 2 after TEAPFs doping, which is consistent
with the J-V measurements. The steady-state output of PSCs at
maximum power point is also measured, as shown in Fig. 3d.
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Fig. 4
measurements of the PSCs without and with TEAPFg.
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The device with TEAPF, exhibits a steady-state current density
of 20.53 mA cm ™%, which is higher than the 20.31 mA cm™? of
the pristine device. Moreover, the photocurrent of the device
with TEAPFs shows a shorter stabilization time compared to
that of the pristine device, which is consistent with suppressed
hysteresis in the TEAPFs-doped device.

To analyze the effect of TEAPF, doping on charge transfer
and recombination in the device, we carried out the transient
photovoltage (TPV) and transient photocurrent (TPC) measure-
ments. The photovoltage decay lifetime is associated with the
charge recombination process in the device.*>*” As shown in
Fig. 4a, the photovoltage decay time of the device increases
from 18.39 ps to 81.05 us after TEAPF, doping, indicating that
TEAPF, doping can passivate defects and suppress the charge
recombination in the device, which will contribute to improv-
ing the V¢ of the device. The photocurrent decay lifetime is
associated with the charge transfer process in the device.
As shown in Fig. 4b, the photocurrent decay time of the device
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Fig. 5 (a) and (b) The water contact angle of perovskite films without and with TEAPF¢. (c) The long-term stability of PSCs.

decreases from 1.45 ps to 1.11 ps after TEAPF, doping, indicat-
ing that TEAPF, can improve the charge extraction and transfer
in the device, which helps to improve the Jsc of the device.
Fig. 4c shows the dark J-V curves of devices, and the dark
current density of the device after TEAPF, doping is 1 order of
magnitude lower than that of the pristine devices. Dark current
is related to charge recombination. The lower dark current
further demonstrates the suppressed charge recombination by
TEAPF, doping. The relationship between V¢ and light inten-
sity (P) is also used to clarify the charge recombination process
in devices. As shown in Fig. 4d, Voc and P exhibit a linear
relationship that obeys the equation: V¢ = nKT/q In (P), where
K is the Boltzmann constant, T is the absolute temperature, and
q is the elementary charge, respectively. The slope of Voc-P
curves (nKT/q) reflects the nonradiative recombination in the
device.48 The slope of the device with TEAPF¢ (1.27 KT/q) is
much lower than that of the undoped device (1.45 KT/q),
indicating that TEAPF, doping can suppress the nonradiative
recombination in the device. The electrical impedance spectra
(EIS) are also recorded to investigate the charge transfer and
recombination in the device. Fig. 4e shows the Nyquist plots of
the device without and with TEAPF,; the curves are fitted by
the equivalent circuit shown in Fig. S8 (ESIt), and the fitting
parameters are listed in Table S4 (ESIt). The pristine device
shows a series resistance (Rs) of 60.93 Q and a recombination
resistance of (Re) of 2.08 x 10° Q, and the device with TEAPF
shows a Rg of 41.48 Q and a R.. of 3.09 x 10° Q. The increased
Ry indicates that TEAPF doping effectively suppresses charge
recombination in PSCs. We further carried out the capacitance-
voltage (C-V) measurement to clarify the effect of TEAPFg
doping on built-in potential (V};). The relationship between
capacitance and Vp; obeys the Mott-Schottky formula.'”*
As shown in Fig. 4f, the V;; of the device increases from
0.98 V to 1.04 V after TEAPF, doping. The increased V;,; of the
device after TEAPFs doping is due to the suppressed charge
recombination and helps to improve the charge extraction and
transfer in the device.

The stability of PSCs is critical for their commercial application.
The stability of PSCs is not only affected by the properties of the
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perovskite itself but also related to external factors such as
moisture, oxygen, and heat. We have demonstrated that TEAPF
can improve the crystal quality of perovskite films and passivate
defects. The pseudohalide PFs~ can bond with Pb*>" and organic
cations and fill the halide vacancies, which can enhance the
crystal structure of perovskite films. Moreover, the larger TEA"
cation cannot be embedded into the lattice of the perovskite but
can be absorbed onto the perovskite surface by a hydrogen bond,
thus the hydrophobic TEA" and PFs  help to improve the
stability of the perovskite in moisture. First, we measured the
water contact angle of perovskite films without and with TEAPF,.
As shown in Fig. 5a and b, the water contact angle of the
perovskite films is improved from 52.53° to 67.73° after TEAPF,
doping. The improved hydrophobicity prevents perovskite
decomposition caused by water in the environment. Then, the
PSCs without encapsulation are stored in an ambient environ-
ment with a relative humidity of 40% at room temperature in the
dark. As shown in Fig. 5c, the pristine device retains 61% of its
initial PCE after 750 h of storage, and the device with TEAPF¢
retains a remarkable 86% of its initial PCE under the same
conditions. The increased long-term stability of PSCs is due to
the improved crystal quality and hydrophobicity of the perovs-
kite film after TEAPF, doping.

3. Conclusion

In conclusion, we have introduced the multifunctional IL
TEAPF, as an additive into the perovskite film. The pseudoha-
lide PFs can enhance the crystal structure and passivate the
defects in the perovskite film by bonding with uncoordinated
Pb>" and the organic cation and filling the halide vacancies,
which helps to suppress the ion migration and charge recom-
bination in the perovskite film. Meanwhile, the TEAPF, doping
can also improve the hydrophobicity of the perovskite film.
As a result, the PSCs with TEAPF, achieve a PCE of 22.13%, with
a significantly increased Vo from 1.10 V to 1.15 V. Remarkably,
TEAPFs doping enhances the stability of devices, and the
unencapsulated device with TEAPF, retains 86% of its initial

This journal is © The Royal Society of Chemistry 2023
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PCE after aging in an ambient environment with a relative
humidity of 40% for 750 h. This work provides an excellent
strategy based on multifunctional pseudohalide-based ionic
liquid doping to improve the efficiency and stability of PSCs.
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