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Bulk and interfacial nonradiative recombination hinder the further
enhancement of the power conversion efficiency (PCE) and stability of
SnO,-based planar perovskite solar cells (PSCs). To date, it is still
a huge challenge to minimize the bulk and interfacial nonradiative
recombination losses, and thus maximize the potentials of PCE and
stability. Herein, a novel and effective multifunctional modification
strategy through incorporating Girard's Reagent T (GRT) molecules
with multiple functional groups to modify SnO, nanoparticles (NPs),
which significantly reduces the bulk and interfacial nonradiative
recombination losses through the simultaneous achievement of
suppressing nanoparticle agglomeration, improving the electronic
property of SnO; films, facilitating the vertical growth and enlarging
the grain size of perovskite crystals, and passivating interfacial defects
is reported. As a result, the device based on GRT modification delivers
a much higher PCE of 21.63%, along with significantly suppressed
hysteresis, as compared to the control device (19.77%). The device
stability is ameliorated after GRT modification. The unencapsulated
device with GRT maintains 99.5% of its initial PCE after aging at 60 °C
for 720 h and 58.5% after illumination for 672 h under one sun,
respectively. The present work provides guidance for the design of
multifunctional modification molecules toward efficient and stable
PSCs.
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Introduction

Since the first report on all-solid-state perovskite solar cells
(PSCs)," extremely rapid development in the past few years has
been experienced.”® The continuous improvement of the power
conversion efficiency (PCE) enables PSCs to compete with
silicon-based photovoltaics, which currently dominate the
photovoltaic market. To date, a record-certified PCE as high as
25.5% has been achieved, which is approaching a PCE value of
26.1% for single crystal silicon solar cells.” Although great
achievements have been made, there is huge room in PCE
enhancement, considering the theoretical Shockley—Queisser
limit efficiency over 30% for single-junction PSCs.® Moreover,
the current poor operational stability of PSCs hinders its large-
scale commercial application. It has been extensively demon-
strated that the bulk and interfacial nonradiative recombina-
tion should be mainly responsible for PCE and stability losses.*®
Consequently, it is highly desirable to further improve both PCE
and stability through maximizing the bulk and interfacial
nonradiative recombination losses.

Compared with mesoporous TiO,-based PSCs, SnO,-based
PSCs have received increasing attention due to its low-
temperature fabrication, low hysteresis, and excellent ultravi-
olet (UV) stability.***** SnO, films can be fabricated by different
approaches, such as sol-gel method," chemical bath deposi-
tion,"”'* quantum dot,”” and commercial nanoparticles
(NPs).***? Presently, much higher PCEs have been demonstrated
in PSCs based on commercial SnO, NPs as compared to other
approaches.'>*> However, PSCs prepared by commercial SnO,
NPs usually suffer from poor reproducibility due to the easy
nanoparticle  agglomeration, which always perplexes
researchers and impedes its further development.*>'*° In past
several years, some molecules (e.g., ethylene diamine tetraacetic
acid (EDTA),"” NH,CL* heparin potassium,"” polyethylene
glycol*®) have been developed to modify commercial SnO, NPs,
which led to improved PCE and stability, as well as reproduc-
ibility. Above results strongly indicate that it is a feasible and
effective approach to improve the electronic properties of SnO,
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NP electron transport layers (ETLs) and the reproducibility of
corresponding devices via developing appropriate molecules to
modify SnO, NPs. Therefore, it is urgently needed to design and
develop more efficient molecules to modify SnO, NPs for the
purpose of further enhancement of the efficiency and stability.

Except for SnO, ETL, the quality of perovskite films plays
a critical role in achieving efficient and stable PSCs. To date,
various strategies have been adopted to modulate perovskite
crystallization and thus improve its quality, such as composi-
tion engineering,>** additive engineering,>?* non-
stoichiometric engineering,”® dimensionality engineering,*
precursor and antisolvent engineering,”*** and perovskite
growth substrate engineering.’®* Among these, perovskite
growth substrate engineering has been certified to be one very
effective  method for modulating perovskite crystalliza-
tion.'>'*3%3 Apart from the regulation of perovskite crystalliza-
tion, defects at the SnO,/perovskite interface from either the
surface of SnO, or the surface of the perovskite films are closely
related to the stability, PCE and hysteresis of the SnO,-based
PSCs. Some interfacial molecules have been developed to
passivate defects at the SnO,/perovskite interface without
improving the perovskite morphology.>”** It is worth noting that
some interfacial modifiers have been developed to modify the
SnO,/perovskite interface, resulting in the simultaneous reali-
zation of improving the perovskite crystallization and passiv-
ating the interfacial defects/trap states.'** However, it is still
a big challenge to enhance the electronic properties of SnO,
NPs, passivate interfacial defects, and improve perovskite crys-
tallization simultaneously only through a simple and effective
strategy. Interestingly, You et al. improved the quality of the
SnO, films and perovskite films, as well as the interfacial
contact, leading to an enhancement in the PCE and stability.*?
This work suggests that it is feasible and effective to improve the
electronic properties of the SnO, NPs, passivate the interfacial
defects, and improve the perovskite crystallization simulta-
neously via incorporating a proper multifunctional modifica-
tion molecule into the SnO, film. Consequently, further
improvement of the stability and PCE of the SnO, NP-based
PSCs is highly expected by rationally designing and devel-
oping more efficient multifunctional modifiers.

In the present work, we have developed a novel multifunc-
tional modification strategy, where a bio-hormone extractant
named as Girard's Reagent T (GRT) is incorporated into the
SnO, NP colloidal solution, resulting in the simultaneous
achievement of suppressing nanoparticle agglomeration,
improving the electronic property of the SnO, films, facilitating
the vertical growth and enlarging the grain size of the perovskite
crystals, and passivating interfacial defects. The multiple
different kinds of functional groups in the GRT molecules
enable the realization of the above multiple functions. As
a result, the PCE is increased from 19.77% to 21.63% after GRT
modification, which is mainly a result of the significantly
improved open-circuit voltage (Voc), along with slightly
enhanced short-circuit current density (Js¢) and fill factor (FF).
The unencapsulated device with GRT maintains 99.5% of its
initial PCE after aging at 60 °C for 720 h, and 58.5% after aging
for 672 h under one sun illumination, respectively. Improved
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charge extraction, charge transport, and suppressed bulk and
interfacial nonradiative recombination should be responsible
for the above improved PCE and stability.

Results and discussion

In order to further improve the PCE and stability of the SnO,-
based PSCs, we designed and incorporated GRT molecules to
modify the SnO, NPs. The effect of GRT modification on the
dispersion of SnO, NPs, perovskite film growth, and interface
between the SnO, ETL and perovskite film is schematically
illustrated in Fig. 1a. Since GRT molecules contain several
different kinds of functional groups, it is expected to achieve
multiple functions by the modification of GRT for SnO, NPs.
First, the carbonyl group is expected to be able to block the
agglomeration of SnO, NPs, promote their uniform dispersion
and passivate oxygen vacancy defects from SnO, through
bonding to the surface of the SnO, NPs via the coordination
reaction between -C=0 and Sn*'. Second, the quaternary
ammonium chloride salt is anticipated to facilitate the crystal
growth of perovskites, and thus improve the perovskite film
quality. It was reported in our previous work that the incorpo-
ration of organic ammonium salts at the ETL/perovskite inter-
face can improve the quality of the perovskite films by
facilitating the perovskite crystal growth.'® Third, it is antici-
pated that the quaternary ammonium cation and chloride
anion could passivate anionic defects (e.g., Pb-I antisite defects
and formamidinium (FA') or methylammonium (MA") vacan-
cies) and cationic defects (e.g., undercoordinated Pb) at the ETL/
perovskite interface. Organic or inorganic salts as interfacial
modifiers*?*>3*** or additives®*** have been extensively demon-
strated to be capable of passivating anionic and cationic
defects. In addition, it was widely revealed that Cl™ can effec-
tively increase the carrier lifetimes, carrier diffusion length, and
passivate the grain boundary (GB) defects.**® Finally, the
hydrazine functional group in the GRT molecules is expected to
be able to improve the SnO, NP dispersion and interfacial
contact between ETL and the perovskite layer via formation of
hydrogen bonds either with -OH at the surface of the SnO, NPs
or cations from perovskites. All in all, multiple functions are
anticipated to be achieved through the modification of the GRT
molecules for SnO, NPs.

As expected, the chemical interaction between the GRT
molecules and SnO, NPs was observed from the photographs of
the deionized water solutions with GRT, SnO, NPs, and SnO,
NPs modified by GRT (Fig. 1b). Obviously, both SnO, and GRT
solutions were transparent, while the SnO, solution with GRT
was cloudy milky white, which indicates that a strong chemical
interaction probably existed between GRT and the SnO, NPs.
Fourier-transform infrared (FTIR) and X-ray photoelectron
spectroscopy (XPS) were performed to further study the chem-
ical interaction between GRT and SnO,. As shown in Fig. 1c and
S1,T the characteristic peak at 1689 cm ™" of -C=0 in GRT"> was
shifted to a lower wavenumber of 1679 cm ™" after the modifi-
cation of GRT for SnO,. Moreover, the peak of Sn-O-Sn was
shifted from in the SnO, film to GRT-modified SnO, film. The
above results suggest that the coordination reaction happened
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Fig. 1 (a) Schematic diagram of the preparation process of perovskite films deposited on the SnO; films without and with GRT modification,
which shows that GRT can facilitate the uniform dispersion of SnO, NPs, promote the vertical growth of perovskite crystals, and passivate
interfacial defects at the SnO,/perovskite interface. (b) Photographs of the water solutions with pure GRT, SnO,, or SnO, + GRT. (c) FTIR spectra
of GRT and SnO; films without and with GRT modification. (d) XPS spectra of SnO, films without and with GRT modification. (e) Zeta potential of
SnO, and SnO, modified by GRT. DLS spectra of fresh and aged (f) SnO, and (g) SnO, with GRT colloidal dispersions.

between -C=0 in GRT and SnO,. The full XPS spectra is pre-
sented in Fig. S2a.f It was found clearly from Fig. 1d that the
binding energies of the Sn 3ds,, (494.3 eV) and Sn 3ds/, (486.0
eV) peaks of SnO, were shifted to higher binding energies of
494.6 and 486.3 eV after GRT modification, respectively, indi-
cating the strong chemical interaction between GRT and SnO,,
which is consistent with the conclusion from FTIR results. In
addition, the Cl 2p was found in the GRT modified SnO, film,
but not in the SnO, film (Fig. S2bt). In one word, both FTIR and
XPS results confirmed the existence of GRT in the final SnO,
films and the strong chemical interaction between GRT and
SnO,. Zeta potential measurements were conducted to gain
insight into the effect of GRT modification on the dispersion of
SnO, NPs. As shown in Fig. 1e, the increased Zeta potential from
51.14 mV to 63.14 mV after GRT modification suggests that the
incorporation of GRT can effectively facilitate the uniform
dispersion of SnO, NPs by suppressing their agglomeration.
Subsequently, dynamic light scattering (DLS) measurements
were performed to investigate the effect of GRT modification on
the colloidal particle sizes in the fresh solution and aged for 10
days. As exhibited in Fig. 1f, the average colloidal particle size of
the bare SnO, solution was increased from 48.14 nm to
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130.54 nm after aging for 10 days. In contrast, almost identical
colloidal particle sizes were found in the fresh GRT modified
SnO, solution (35.01 nm) and aged for the same time (36.10 nm)
(Fig. 1g).

GIXRD measurement was carried out to investigate the effect
of GRT modification on the crystallinity and crystal structure of
SnO, films. As exhibited in Fig. S3,f GRT modification was
found to not affect the crystal structure of the SnO, film.
However, the peak intensity of SnO, modified by GRT was
higher than unmodified SnO,, which means that the GRT
modification increased the crystallinity of SnO, films. The
improved crystallinity should be attributed to the suppressed
agglomeration. Since the roughness and wettability of the
substrates are key to the crystallization and growth of perov-
skite, we investigated the effect of GRT modification on the
roughness and wettability of the SnO, films. First, atomic force
microscopy (AFM) was measured to reveal the morphology of
the SnO, films without and with GRT modification. The root
mean square (RMS) roughness was reduced from 2.84 nm of the
control film to 2.01 nm of the target film with GRT modification
(Fig. 2a and b), which is due to the suppressed agglomeration
and thus reduced colloidal size resulting from the chemical

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 AFM images of (a) SnO, and (b) SnO, with GRT films spin-coated on the ITO substrates. Contact angle test of water on (c) SnO, and (d)

SnO, + GRT films.

interaction between GRT and SnO, NPs. This shows that
a smoother surface of the SnO, film with GRT was obtained, as
compared to the reference film. Subsequently, we conducted
contact angle measurements to study the effect of GRT modi-
fication on the wettability of the SnO, films. As revealed in
Fig. 2c and d, the contact angle was reduced after GRT modi-
fication, which is ascribed to the excellent hydrophilic nature of
the GRT molecules. It is inferred that the reduced roughness
and improved wettability of the SnO, film substrates could be
beneficial for the crystallization and growth of perovskites. The
electron mobility was slightly increased for the GRT-modified
film in comparison with the control film (Fig. S47), which is
because of the improved quality of SnO, films through sup-
pressing the nanoparticle agglomeration and passivating the
possible oxygen vacancy defects. Improved electron mobility
will be conducive to the electron transport in SnO, films,
leading to reduced nonradiative recombination. The above
results imply that the GRT-modified SnO, is appropriately used
as ETL in PSCs.

The reduced roughness, improved wettability, and enhanced
electronic property of the SnO, film after GRT modification
encouraged us to further gain insights into the effect of GRT
modification on the quality of perovskite films. The perovskite
film based on SnO, with GRT showed a slightly improved UV
absorption intensity, as compared to the control film (Fig. 3a).
As exhibited in Fig. 3b, improved perovskite crystallinity was
realized after GRT modification compared to the control
perovskite film. The ameliorative crystallinity should be
responsible for the increased light harvesting, as discussed
above. Fig. S5a and ct present the scanning electron microscopy
(SEM) images of the perovskite films deposited on the SnO, film
and SnO, film modified by GRT. The grain size was increased

This journal is © The Royal Society of Chemistry 2021

from 1.21 pm of the control film to 1.52 um of the target
perovskite film based on the GRT modification (Fig. S5b and
dt). After GRT modification, the roughness of the perovskite
films was decreased from 36.97 nm to 21.18 nm (Fig. S67). As
revealed by cross-sectional SEM images in Fig. 3c, large holes
can be seen in the perovskite film deposited on the unmodified
SnO, film. The cross section of the control film was formed
through the random stack of the unordered perovskite grains.
In contrast, the cross section of the perovskite films prepared on
GRT-modified SnO, was composed of the vertically oriented
large grain, which was across the whole cross section (Fig. 3d).
Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
carried out to further gain insight into the orientation of the
perovskite grains. As presented in Fig. S7,f the perovskite film
deposited on the SnO, + GRT substrate showed brighter scat-
tering rings corresponding to the (101) and (202) planes of the
perovskite in comparison with the one deposited on the bare
SnO, substrate, indicating that the crystallinity and the orien-
tation of the perovskite film were improved after GRT modifi-
cation, which was in good agreement with the cross-sectional
SEM results. Li et al. also demonstrated that the improved
crystallinity and the orientation of the perovskite film can be
achieved by modifying the SnO, ETL.** The improved grain size
and crystallization could be attributed to the reduced surface
roughness of SnO, ETL and improved substrate wettability. In
order to further investigate the effect of GRT modification on
the perovskite film quality, space charge limited current (SCLC)
technology was employed to quantitatively calculate the defect
densities of the perovskite films. Fig. 3e and f exhibit the typical
dark current-voltage (I-V) curves of the electron-only devices
with the structure of ITO/SnO,/perovskite/PCBM/BCP/Ag and
ITO/SnO, + GRT/perovskite/PCBM/BCP/Ag. Two clear regions
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Fig. 3 (a) UV-Vis absorption spectra and (b) XRD patterns of the perovskite films prepared based on SnO, films without and with GRT modi-
fication. Cross-sectional SEM images of (c) ITO/SnO,/perovskite and (d) ITO/GRT-modified SnO,/perovskite samples. The scale bar is 450 nm.
Dark -V curves of the electron-only devices with the structures of (e) ITO/SnO,/perovskite/PCBM/BCP/Ag and (f) ITO/SnO, + GRT/perovskite/
PCBM/BCP/Ag. PL mapping images of the perovskite films prepared on the (g) glass and (h) glass + GRT substrates.

were observed, including the Ohmic region at low bias. This filled limit voltage (Virgr).* It is well known that the trap density
result exhibits a linear correlation between the current and can be calculated according to the following equation:**>

electric field and the trap-filled limited region at the interme-
diate bias region, which shows a sharp increase in the current.
In the trap-filled limited region, the trap density levels are
continuously filled, and all of the traps are filled until the trap-
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(a) SSPL and (b) TRPL spectra of the perovskite films deposited on non-conductive glass, SnO,, and GRT-modified SnO, substrates. PL

mapping image of the perovskite films prepared on the (c) SnO,, and (d) GRT-modified SnO, substrates (500 pm x 500 pm). (e) Transient
photocurrent and (f) transient photovoltage decay curves of the PSCs based on SnO, and GRT-modified SnO, GRT ETLs. (g) Voc as a function of
light intensities for the devices based on SnO, and GRT-modified SnO, GRT ETLs. (h) Nyquist plots of the PSCs based on SnO, and SnO, with

GRT modification, which was measured at a bias of 0.8 V in the frequency range of 1 MHz to 0.1 Hz under one sun illumination.

where ¢, is the vacuum dielectric constant, ¢ is the dielectric
constant of the perovskite, e is the elementary charge, and L is
the thickness film of the perovskite. Vg, was obtained through

This journal is © The Royal Society of Chemistry 2021

fitting the dark j-V curves. The perovskite film based on SnO,
with GRT presented a much lower defect density of 3.17 x 10"

cm 3

, as compared to 5.96 x 10" cm

-3

of the control
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perovskite film, which was put down to the improved crystal-
linity and effective passivation of the quaternary ammonium
cations and Cl™ anions in the GRT molecules for the anionic
defects (e.g., Pb-I antisites and FA vacancy) and cationic defects
(e.g., undercoordinated Pb or halide vacancies). Fig. 3g and h
illustrate the PL mapping images of the perovskite films
deposited on the non-conductive glass and GRT-coated glass
substrates. Significantly enhanced photoluminescence (PL)
intensities were found in the GRT-coated glass-based sample
compared with the pure glass-based sample. This again
confirmed that GRT can effectively passivate the defects at the
surface of the perovskite films, which was consistent with the
above SCLC result. In one word, high-quality perovskite films
were fabricated after GRT modification for the SnO, NPs. This
indicates that the incorporation of GRT into the SnO, NPs
solution can improve the quality of not only the SnO, ETL films,
but also perovskite films.

To uncover the effect of GRT modification on the interfacial
electric contact, some effective characterization techniques
were performed to gain deep insights into the interfacial carrier
dynamics and recombination. Fig. 4a and b illustrate the steady
state photoluminescence (SSPL) and time-resolved photo-
luminescence (TRPL) spectra of the perovskite films deposited
on the non-conductive glass, SnO,, and GRT-modified SnO,
substrates. As shown in Fig. 4a, much better PL quenching was
observed in the perovskite film based on GRT-modified SnO,, as
compared to the one based on SnO,, which could be owing to
the improved electronic property of the SnO, ETL and improved
interfacial contact due to the chemical bridging between the
SnO, ETL and perovskite layer by GRT molecules. The TRPL
spectra in Fig. 4b were fitted by the following double exponen-
tial decay equation:**

I(t) = Iy + A4, exp (—i> + A, exp (—L) (2)
T 2

where 7, and 7, represent the fast attenuation component and
slow attenuation component, respectively. It is generally
recognized that 7, is related to the nonradiative recombination
by defects/traps, and 7, is related to the radiative recombination
from bulk perovskite.'**** The average carrier lifetime (taye)
was calculated according to the following quation:***°

Tave = (4177 + A0 )(Ay7) + A1) 3)

The fitted lifetimes and the corresponding parameters are
given in Table S1.1 The perovskite film based on SnO, with GRT
modification (t; = 402.7 ns, 7, = 1129.5 ns, Tae = 1002.2 ns)
presented a much lower carrier lifetime than the one based on
SnO, (t; = 498.06 ns, 1, = 2002.8 ns, Tae = 1809.7 ns), which
indicates that the interfacial charge extraction was improved
after GRT modification. Furthermore, the electron-transport
yield (@) of ETLs can be estimated by using the following
formula:*®

D =1 — Tp/Tglass (4)
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where 1, is the average lifetime of the perovskite deposited on
different substrates, and 7,4, is the average lifetime of the
perovskite film deposited on a glass substrate. The electron
transport yield was prominently increased from 24.6% of SnO,
ETL to 58.2% of GRT-modified SnO, ETL, which is consistent
with the previous electron mobility measurement result. This
indicates that GRT modification can effectively improve the
quality and electronic properties of SnO, ETL. It was seen clearly
that the TRPL results are in good accordance with the SSPL
results. PL mapping images (500 pm x 500 um) of the perov-
skite films prepared on the SnO, and GRT-modified SnO,
substrates are shown in Fig. 4c and d. Obviously, PL intensities
were significantly decreased in a large area range for the
perovskite film with GRT-modified SnO, compared with the
control film, which reflected the uniformity of our perovskite
films and confirmed the reliability of the above SSPL and TRPL
results. It is well-known that the interfacial charge extraction
and transfer are greatly dependent on the built-in potential (V)
of the devices.”" In order to further study the interfacial carrier
dynamics, we measured the Mott-Schottky curves of the devices
based on SnO, and GRT-modified SnO, ETLs, as shown in
Fig. S8.f Vi can be obtained by linearly fitting the Mott-
Schottky curves. The V;,; was increased from 561 mV of the
control device to 604 mV of the target device with GRT.
Enhanced Vy; helped to promote the charge transfer and
transport, which led to the reduced interfacial charge accumu-
lation and interfacial nonradiative recombination. Then, the
transient photocurrent (TPC) and transient photovoltage (TPV)
were performed to investigate the charge transfer and recom-
bination of the devices with SnO, and GRT-modified SnO,,
respectively. As exhibited in Fig. 4e, the device with SnO, (6.83
us) gave a much higher carrier lifetime than the device with
GRT-modified SnO, (2.33 us), indicating the improved charge
extraction and transfer, which is in excellent agreement with
TRPL and built-in potential results. These results suggest that
the GRT modification markedly improved the electron-selective
contact of the SnO,/perovskite interface. As presented in Fig. 4f,
the carrier lifetime was enhanced from 3.32 us of the control
device to 5.27 us of the device with GRT addition, which was
indicative of the remarkably suppressed nonradiative recom-
bination. The reduced nonradiative recombination should
mainly originate from the improved interfacial selective
contact, and the improved quality of the SnO, ETL and perov-
skite layer. The ideality factor (m) was extensively proposed to
reliably evaluate the recombination in PSCs.*** Since it is so, we
calculated the m values of the devices based on SnO, ETL and
GRT-modified SnO, ETL through measuring the light intensity-
dependent Vpc, as shown in Fig. 4g. As m approaches closer to 1,
there is less trap-assisted nonradiative recombination in the
devices.*** Consequently, the much lower m of 1.02 of the GRT-
modified device than 1.38 of the control device with pristine
SnO, indicated that GRT modification can effectively suppress
nonradiative recombination, which was consistent with the TPV
results. The electrochemical impedance spectroscopy (EIS)
technique has been widely used to characterize the interfacial
charge transfer and recombination.®*® Fig. 4h exhibits the
Nyquist plots of the devices based on SnO, and GRT-modified

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ta12612h

Published on 28 January 2021. Downloaded by Chongging University on 8/2/2023 4:38:51 PM.

Communication

SnO,, which was measured at a bias of 0.8 V in the frequency
range of 1 MHz to 0.1 Hz under one sun illumination. The
equivalent circuit diagram in Fig. S91 was utilized to fit the EIS
spectra, and the corresponding fitting results are presented in
Table S2.7 Two semicircles were clearly observed. It was re-
ported that the semicircle in the high-frequency region is
closely related to the charge transfer and transport resistance
(Rct), and the semicircle in the low-frequency region is put down
to the recombination resistance (Ry..).*** After GRT modifica-
tion, the series resistance (Ry) and R, were slightly reduced, and
R, increased significantly from 1356 Q to 2526 Q, as shown in
Table S2.1 Reduced R; is ascribed to the improved quality of
SnO, and perovskite films after GRT modification. Reduced R
is related to the improved electric property of SnO, ETL and
improved interfacial extraction, as confirmed by TRPL and TPC
results. The increased R, is attributed to the suppressed
interfacial nonradiative recombination due to the effective
passivation of interfacial defects and improved interfacial
contact. Obviously, compared to PSCs based on SnO,, the device
with SnO, + GRT shows a smaller R, and larger R... The small
R is beneficial for electron extraction, and the large Ry
effectively resists charge recombination, which agrees with the
observations discussed above. These indicate that the electron
extraction is improved, and the interface recombination is
reduced by the introduction of GRT in SnO,.

Since the improved quality of SnO, and perovskite films
together with improved interfacial contact, we fabricated the
planar devices with a structure of ITO/SnO, or SnO, + GRT/
Rby.05(FA¢.9sMAg 05)0.95PDI; g5Br 15/Spiro-OMeTAD/Au to eval-
uate the effect of GRT modification on the device performance.
First, the effect of GRT concentrations on device performance
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was compared, as shown in Fig. S10,7 and the average and best
photovoltaic parameters are exhibited in Table S3.1 Evidently,
the optimal device performance was obtained at the concen-
tration of 0.5 mg mL ™' GRT. The average Jsc, Voc, FF, and PCE
were increased from 21.98 + 0.19 mA cm™ 2, 1.083 + 0.009 V,
0.803 £ 0.004, and 19.23 + 0.32% of the control device to 22.67
+ 0.20 mA cm ™2, 1.139 =+ 0.004 V, 0.817 =+ 0.003, and 21.19 =+
0.22% of the device based on 0.5 mg mL™~ " GRT, respectively.
Much improved Voc along with slightly enhanced Jsc and FF
contributed to the improved PCE. The improved Jsc could be
ascribed to the slightly enhanced light harvesting ability, as
confirmed by the slightly increased UV absorption intensity,
electron extraction efficiency, as confirmed by the TRPL and
TPC results, and charge collection efficiency, as revealed by
improved charge transport due to the improved quality of SnO,
ETL and perovskite films. The improved carrier transport in
both SnO, ETL and perovskite films should be mainly respon-
sible for the enhanced FF, which was supported by the reduced
Rs. Finally, the improved Voo was mainly put down to the
reduced bulk and interfacial nonradiative recombination,
which resulted from the improved charge transport in the SnO,
and perovskite films, and effective passivation of GRT for
interfacial defects, as confirmed by reduced defect density
(SCLC result) and increased carrier lifetime (PL mapping). The
enlarged perovskite grain size and vertically orientated perov-
skite grains should be conducive to carrier transport. Excellent
reproducibility was observed for the device with GRT modifi-
cation (Fig. 5a). The hysteresis index (HI) was calculated by the
formula

HI = (PCERS - PCEps)/PCERS [5)

(a)12 p (€)o.06
. SnO, £
101 o SNO,+GRT S b 0.05
8 £ R
8 > 15} —=—SnO,Rs g 0.04
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Fig. 5 (a) Statistical distribution of PCE of the PSCs based on the SnO,

and SnO,-modified by GRT of 0.5 mg mL~* calculated from individual 20

cells. (b) Statistical hysteresis index (HI) distribution calculated from individual 20 cells. (c) J-V curves and (d) corresponding IPCE spectra of the
best-performing devices based on SnO, and GRT-modified SnO,. J-V curves were measured in the reverse scan (RS) and forward scan (FS) at
a scan rate of 100 mV s~* under simulated AM 1.5 G one sun illumination of 100 mW cm™2. The steady-state current density and PCE versus time
for the best-performing devices employing (e) SnO, and (f) GRT-modified SnO, measured at the maximum power point.
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where PCErs and PCEgs represent the PCE in the reverse scan
(RS) and the PCE in forward scan (FS), respectively. The J-V
curves of the PSCs based on SnO, and SnO, + GRT (0.5 mg
mL ') are exhibited in Fig. S11.f As shown in Fig. 5b, the
average HI was substantially reduced from 0.038 + 0.005 to
0.014 =+ 0.003 after GRT modification. Presently, the interfacial
charge accumulation originating from the poor charge extrac-
tion and interfacial trap-assisted nonradiative recombination
has been considered to be the main reason for J-V hyster-
esis.>** Therefore, the improved charge extraction and effective
interfacial defect passivation could be responsible for the
significantly suppressed hysteresis after GRT modification.

The J-V curves and incident photon-to-current conversion
efficiency (IPCE) spectra of the champion control device and the
target device with 0.5 mg mL ™" GRT are exhibited in Fig. 5c and
d, respectively. The corresponding photovoltaic parameters are
shown in Table 1. The best-performing control device gave a Jsc
of 22.45 and 22.64 mA cm ™2, a V¢ of 1.068 and 1.075 V, a FF of
0.798 and 0.812, and a PCE of 18.77% and 19.77%, in RS and FS,
respectively. In contrast, the best-performing device with the
optimal concentration of GRT delivered a Jg¢ of 22.91 and 22.92
mA cm ™2, a V¢ of 1.141 and 1.146 V, a FF of 0.812 and 0.823,
and a PCE of 21.26% and 21.63%, in RS and FS, respectively.
The integrated current density was estimated to be 22.24 mA
cm ™2 for the SnO,-based devices and 22.88 mA cm > for the
GRT-modified device, which were in excellent agreement with
the Jsc from the J-V curves. Fig. 5e and f shows the stable output
current density and PCE of the devices based on SnO, and GRT-
modified SnO,, respectively. The current density and PCE of the
device with SnO, were degraded from 20.46 mA cm > and
19.64% to 18.49 mA cm > and 17.75% after 500 seconds,
respectively (Fig. 5e). In comparison, a current density of 21.36
mA cm > and a PCE of 21.3% of the device with GRT modifi-
cation were still retained after 500 seconds (Fig. 5f). This indi-
cates that GRT modification can improve the photostability of
the device.

In order to reveal the effect of the GRT modification on the
device stability, the moisture, thermal and light stabilities of the
unencapsulated devices without and with GRT modification
were measured and compared systematically. As shown in
Fig. 6a and S12,f the device with GRT retained 96.4% of its
initial PCE after exposure to the humidity of 5-10 RH% at room
temperature in the dark for 1440 h, while 87.5% was retained
for the control device under the same condition. This indicates
that slightly improved moisture stability was achieved after GRT
modification. Fig. 6b and S131 show the thermal stability of the

Table 1 Photovoltaic parameters of the best-performing devices
without and with GRT modification measured in reverse and forward
scan under AM 1.5 G 1 sun illumination of 100 mW cm™2

Devices Sweep Jsc(mMAcm ?)  Voc (V) FF PCE (%)

SnoO, FS 22.64 1.075 0.812 19.77
RS 22.45 1.068 0.798 18.77

SnO, + GRT FS 22.92 1.146 0.823 21.63
RS 22.91 1.141 0.812 21.26
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Fig. 6 (a) PCE evolution of the unencapsulated devices based on SnO,
without and with GRT modification exposed to the humidity of 5-10
RH% at room temperature in the dark. (b) PCE evolution of the
unencapsulated devices based on SnO, without and with GRT modi-
fication aged at 60 °C in the dark, where the unencapsulated devices
were located in the glovebox filled with nitrogen. (c) PCE evolution of
the devices based on SnO, without and with GRT modification aged
under one sun illumination at room temperature, where the devices
were located in the glovebox filled with nitrogen.

unencapsulated devices based on SnO, without and with GRT
modification aged at 60 °C in the dark, where the unencapsu-
lated devices were located in the glovebox filled with nitrogen.
After aging for 720 h, up to 99.5% of its original PCE was
maintained for the device with GRT, whereas only 46.5% was
retained for the control device. Fig. 6¢ and S14f exhibit the
photostability of the devices based on SnO, without and with
GRT modification aged under one sun illumination at room
temperature, where the devices were located in the glovebox
filled with nitrogen. The PCE of the control device was degraded
by 80.7% after aging for 672 h, while the PCE of the device with
GRT was degraded only by 41.5%. Trap-assisted nonradiative
recombination has been widely considered to be one of the
important reasons of device degradation.®*'***” In our case,
the enlarged grain sizes, reduced interfacial defects, and
improved electron mobility of SnO, led to significantly reduced
bulk and interfacial nonradiative recombination losses, which
should be mainly responsible for the improved stability.

Conclusions

In summary, we have demonstrated a novel simple and effective
multifunctional modification strategy, where GRT molecules
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with multiple functional groups are employed to modify the
SnO, nanoparticles (NPs). The GRT modification has achieved
the following three functions: first, the electrical property and
the quality of the SnO, films are improved due to suppressed
nanoparticle agglomeration via the strong chemical interaction
between GRT and SnO,. Second, the enlarged grain size and
vertical growth of the perovskite crystals are realized, which are
owing to the improved wettability and reduced roughness of the
SnO, substrate. Finally, interfacial defects are reduced through
the effective passivation of the quaternary ammonium cation
and chloride in GRT for anionic and cationic defects at the
surface of the perovskite films. As a result, the PCE is increased
from 19.77% to 21.63% after GRT modification, along with
significantly suppressed hysteresis. The improved stability is
demonstrated for the device with GRT modification, as
compared to the control device. The unencapsulated device
with GRT retains 99.5% of its initial PCE after aging at 60 °C for
720 h, and 58.5% after aging for 672 h under one sun illumi-
nation. The improved efficiency, suppressed hysteresis, and
enhanced stability are ascribed to the more suppressed bulk
and interfacial nonradiative recombination. This result strongly
suggests that it is feasible and effective to simultaneously
enhance the efficiency and stability of PSCs by the rational
engineering of multifunctional modification molecules. This
work provides a guidance for the design of multifunctional
modification molecules containing multiple functional groups
toward the realization of highly efficient and stable PSCs.

Experimental section
Materials

The SnO, colloid precursor was obtained from Alfa Aesar (tin(wv)
oxide, 15% in H,O colloidal dispersion). Girard's reagent T
(98%) and rubidium iodide (RbI, 99.9%) were purchased from
Aladdin. Lead(n) iodide (PbI,, 99.99%) and methylamine
hydrochloride (MACI, 99.5%) were purchased from Xi'an Poly-
mer Light Technology Corp. Lead (1) bromide (PbBr,, 99.999%),
and spiro-OMeTAD (99.86%) were purchased from Advanced
Election Technology Co., Ltd. Methylammonium bromide
(MABr) and formamidine hydroiodide (FAI) were purchased
from GreatCell Solar. N,N-Dimethylformamide (DMF, 99.8%),
dimethyl sulfoxide (DMSO, 99.9%), and chlorobenzene (CB,
99.8%) were bought from Sigma Aldrich. All chemical reagents
were used as received without further purification.

Device fabrication

ITO-coated glass substrates were etched by laser. The etched
ITO glass was ultrasonically cleaned for 20 min using detergent,
deionized water, and ethanol, sequentially. After the ITO
substrates were treated by UV ozone (UVO) for 20 min, the
colloidal solution of SnO, was spin-coated on the ITO substrates
at 4000 rpm for 30 s, and then the as-prepared SnO, films were
annealed at 150 °C for 30 min. The SnO, colloidal solutions
without GRT were prepared by diluting the SnO, colloidal
solution of 15 wt% to 2.14 wt% with deionized water. In the case
of the GRT-modified solution, different concentrations of GRT
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(0, 0.25, 0.5, 0.75, and 1 mg mL ') were added to the above
diluted SnO, colloidal solution. After the films were cooled
down to room temperature, the SnO, films were exposed to UVO
for 10 min. The 1.5 M perovskite precursor solution was
prepared by dissolving FAI of 232.8 mg, MABr of 8.0 mg, RbI of
15.9 mg, MACI of 36 mg, PbI, of 656.9 mg, and PbBr, of 27.5 mg
in the mixed solvents of DMF and DMSO (Vpme : Vbmso = 8 : 1).
The perovskite films were prepared through spin-coating the
above as-prepared perovskite precursor solution on the SnO,
films at 4000 rpm for 30 s, where 80 puL CB antisolvent was
dripped on the perovskite films at 14 s before ending the
program. The wet perovskite films were annealed at 155 °C for
23 min. The spiro-OMeTAD solution was prepared by dissolving
72.3 mg spiro-OMeTAD in 1 mL chlorobenzene, which was
followed by adding 28.8 pL of 4-ter¢-butyl pyridine (¢BP) and 17.5
puL of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI)
stock solution (520 mg Li-TSFI in 1 mL acetonitrile) into the
above solution. Finally, a 80 nm-thick gold counter electrode
was thermally evaporated on the top of the spiro-OMeTAD film
under a vacuum of 3 x 10~ * Pa by using a shadow mask.

Characterization

J-V curves were measured using a solar simulator equipped with
150 W Xenon lamp (150 W, SolarIV-150A) and a Keithley 2400
source meter. The light intensity was calibrated to AM 1.5 G one
sun (100 mW cm ™ ?) with a NIM calibrated standard Si solar cell
(QE-B1). The effective active area of the device was defined to be
0.07 cm?® by using a black metal mask. The J-V curves were
measured from —0.1 V to 1.2 V (forward scan) or from 1.2 V to
—0.1 V (reverse scan) with a scan rate of 100 mV s~ . The inci-
dent photon-to-current conversion efficiency (IPCE) measure-
ment was conducted on an IPCE measurement system.
Impedance spectroscopy was measured by an Electrochemical
Workstation (China), and the data were analyzed by the Z-View
program. UV-Vis absorption spectra were measured on a UV-Vis
spectrometer (Shimadzu UV-1800, Japan). The contact angle
goniometer (YIKE-360A model; Chengde Precision Test Instru-
ment Factory, China) was employed to measure the contact
angles. The SEM images were acquired using field-emission
scanning electron microscopy (JSM-7800F, Japan). The FTIR
spectra were recorded with a Nicolet iS50 Infrared Fourier
transform microscope by Thermo Fisher Scientific (America).
Time-resolved photoluminescence (TRPL) and steady-state
photoluminescence (SSPL) spectra were measured using Edin-
burgh FLS1000 (UK), where the excitation wavelength of TRPL
was provided by a 450 nm laser. Atomic force microscopy (AFM)
measurements were carried out on Asylum Research MFP-3D-
BIO (US) in tapping mode. The zeta potential and DLS
measurement were tested on a Brookhaven NanoBrook Omni
(US). XPS spectra were obtained using a Thermo-Fisher ESCA-
LAB 250Xi system with a monochromatized Al Ko (for XPS
mode) under the pressure of 5.0 x 10~ Pa. X-ray diffraction
(XRD) spectra were recorded by a PANalytical Empyrean (Neth-
erlands), and the incident angle of GIXRD was 0.5°. TPV and
TPC measurements were performed as follows: the devices were
illuminated by laser pulses (532 nm, 100 mJ, 6 ns width from an
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Nd:YAG laser), and then the decay of signals was recorded by a 1
GHz Agilent digital oscilloscope (DSO-X3102A) with input
impedance of 1 MQ/50 Q. PL mapping spectra were recorded
using a micro-confocal Raman spectrometer (LabRAM HR
Evolution, France) with an excitation wavelength of 532 nm.
Two-dimensional GIWAXS images were conducted at BLIW1A
at Beijing Synchrotron Radiation Facility (BSRF) (1 = 1.54 A).
The incidence angle is 0.16° and the exposure time is 100 s.

Author contributions

H. B.and]. C. conceived the idea and designed the experiments.
H. B. fabricated the devices and conducted the characterization.
All authors participated in data analysis and discussion. J. C.
supervised the project. H. B. and ]J. C. wrote the paper. All
authors reviewed the paper.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by a research start-up fund
of Chongqing University (Grant No. 02100011044126), the
Fundamental Research Funds for the Central Universities
(Grant Nos. 2020CDJQY-A028, 2020CDJ-LHZZ-074), Natural
Science Foundation of Chongqing (Grant No. cstc2020jcyj-
msxmX0629), Support plan for Overseas Students to Return to
China for Entrepreneurship and Innovation (Grant No.
¢x2020003) and Henan Ed Era New Energy Science & technology
Co., Ltd. (Grant No. H20200282). This work was partially
financially supported by the National Natural Science Founda-
tion of China (Grant Nos. 11774293, 12074321). We would like
to thank the Analytical and Testing Center of Chongqing
University for various measurements. We also thank Beijing
Synchrotron Radiation Facility (BSRF) for GIWAX measurement
under the assistance of Hua Yang.

References

1 H. S. Kim, C. R. Lee, J. H. Im, K. B. Lee, T. Moehl,
A. Marchioro, S. J. Moon, R. Humphry-Baker, J. H. Yum,
J. E. Moser, M. Gratzel and N. G. Park, Sci. Rep., 2012, 2, 591.

2 G.Kim, H. Min, K. S. Lee, D. Y. Lee, S. M. Yoon and S. I. Seok,
Science, 2020, 370, 108-112.

3 M. Kim, G.-H. Kim, T. K. Lee, I. W. Choi, H. W. Choi, Y. Jo,
Y. J. Yoon, J. W. Kim, J. Lee, D. Huh, H. Lee, S. K. Kwak,
J. Y. Kim and D. S. Kim, Joule, 2019, 3, 2179-2192.

4 H. Min, M. Kim, S. U. Lee, H. Kim, G. Kim, K. Choi, J. H. Lee
and S. I. Seok, Science, 2019, 366, 749-753.

5 M. Jeong, I. W. Choi, E. M. Go, Y. Cho, M. Kim, B. Lee,
S. Jeong, Y. Jo, H. W. Choi, J. Lee, J. H. Bae, S. K. Kwak,
D. S. Kim and C. Yang, Science, 2020, 369, 1615-1620.

6 Y. Chen, S. Tan, N. Li, B. Huang, X. Niu, L. Li, M. Sun,
Y. Zhang, X. Zhang, C. Zhu, N. Yang, H. Zai, Y. Wu, S. Ma,

3950 | J Mater. Chem. A, 2021, 9, 3940-3951

View Article Online

Communication

Y. Bai, Q. Chen, F. Xiao, K. Sun and H. Zhou, joule, 2020,
4, 1961-1976.

7 NREL, Best Research-Cell Efficiency Chart,
www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20200925.pdf.

8 J. Chen and N. G. Park, Adv. Mater., 2019, 31, 1803019.

9 J. Chen and N.-G. Park, ACS Energy Lett., 2020, 5, 2742-2786.

10 Q. Jiang, Y. Zhao, X. Zhang, X. Yang, Y. Chen, Z. Chu, Q. Ye,
X. Li, Z. Yin and ]. You, Nat. Photonics, 2019, 13, 460-466.

11 P. Wang, R. Li, B. Chen, F. Hou, ]J. Zhang, Y. Zhao and
X. Zhang, Adv. Mater., 2020, 32, 1905766.

12 S. You, H. Zeng, Z. Ku, X. Wang, Z. Wang, Y. Rong, Y. Zhao,
X. Zheng, L. Luo, L. Li, S. Zhang, M. Li, X. Gao and X. Li, Adv.
Mater., 2020, 32, 2003990.

13 J. Chen, X. Zhao, S. G. Kim and N. G. Park, Adv. Mater., 2019,
31, 1902902.

14 L. Zuo, H. Guo, D. W. deQuilettes, S. Jariwala, N. De Marco,
S. Dong, R. DeBlock, D. S. Ginger, B. Dunn, M. Wang and
Y. Yang, Sci. Adv., 2017, 3, 1700106.

15 E. H. Anaraki, A. Kermanpur, L. Steier, K. Domanski,
T. Matsui, W. Tress, M. Saliba, A. Abate, M. Gritzel,
A. Hagfeldt and J.-P. Correa-Baena, Energy Environ. Sci.,
2016, 9, 3128-3134.

16 T. Bu, X. Liu, Y. Zhou, J. Yi, X. Huang, L. Luo, J. Xiao, Z. Ku,
Y. Peng, F. Huang, Y.-B. Cheng and J. Zhong, Energy Environ.
Sci., 2017, 10, 2509-2515.

17 G. Yang, C. Chen, F. Yao, Z. Chen, Q. Zhang, X. Zheng, J. Ma,
H. Lei, P. Qin, L. Xiong, W. Ke, G. Li, Y. Yan and G. Fang, Adv.
Mater., 2018, 30, 1706023.

18 D. Yang, R. Yang, K. Wang, C. Wu, X. Zhu, J. Feng, X. Ren,
G. Fang, S. Priya and S. F. Liu, Nat. Commun., 2018, 9, 3239.

19 J. Wei, F. Guo, X. Wang, K. Xu, M. Lei, Y. Liang, Y. Zhao and
D. Xu, Adv. Mater., 2018, 30, 1805153.

20 Z. Liu, K. Deng, J. Hu and L. Li, Angew. Chem., Int. Ed., 2019,
58, 11497-11504.

21 J. Chen, Y. Rong, A. Mei, Y. Xiong, T. Liu, Y. Sheng, P. Jiang,
L. Hong, Y. Guan, X. Zhu, X. Hou, M. Duan, J. Zhao, X. Li and
H. Han, Adv. Energy Mater., 2016, 6, 1502009.

22 M. Saliba, T. Matsui, K. Domanski, J. Y. Seo,
A. Ummadisingu, S. M. Zakeeruddin, J. P. Correa-Baena,
W. R. Tress, A. Abate, A. Hagfeldt and M. Gratzel, Science,
2016, 354, 206-209.

23 J. Chen, S.-G. Kim, X. Ren, H. S. Jung and N.-G. Park, J. Mater.
Chem. A, 2019, 7, 4977-4987.

24 S. Bai, P. Da, C. Li, Z. Wang, Z. Yuan, F. Fu, M. Kawecki,
X. Liu, N. Sakai, J. T. Wang, S. Huettner, S. Buecheler,
M. Fahlman, F. Gao and H. J. Snaith, Nature, 2019, 571,
245-250.

25Y. H. Lin, N. Sakai, P. Da, J. Wu, H. C. Sansom,
A. J. Ramadan, S. Mahesh, J. Liu, R. D. ]. Oliver, J. Lim,
L. Aspitarte, K. Sharma, P. K. Madhu, A. B. Morales-
Vilches, P. K. Nayak, S. Bai, F. Gao, C. R. M. Grovenor,
M. B. Johnston, J. G. Labram, J. R. Durrant, J. M. Ball,
B. Wenger, B. Stannowski and H. J. Snaith, Science, 2020,
369, 96-102.

https://

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0ta12612h

Published on 28 January 2021. Downloaded by Chongging University on 8/2/2023 4:38:51 PM.

Communication

26 Y. C. Kim, N. J. Jeon, J. H. Noh, W. S. Yang, J. Seo, J. S. Yun,
A. Ho-Baillie, S. Huang, M. A. Green, J. Seidel, T. K. Ahn and
S. I. Seok, Adv. Energy Mater., 2016, 6, 1502104.

27 J. W. Lee, Z. Dai, T. H. Han, C. Choi, S. Y. Chang, S. J. Lee,
N. De Marco, H. Zhao, P. Sun, Y. Huang and Y. Yang, Nat.
Commun., 2018, 9, 3021.

28 W. Xu, Y. Gao, W. Ming, F. He, J. Li, X. H. Zhu, F. Kang, J. Li
and G. Wei, Adv. Mater., 2020, 32, 2003965.

29 J. Chen, Y. Xiong, Y. Rong, A. Mei, Y. Sheng, P. Jiang, Y. Hu,
X. Li and H. Han, Nano Energy, 2016, 27, 130-137.

30 C. C. Zhang, S. Yuan, Y. H. Lou, Q. W. Liu, M. Li, H. Okada
and Z. K. Wang, Adv. Mater., 2020, 32, 2001479.

31 R. Azmi, W. T. Hadmojo, S. Sinaga, C.-L. Lee, S. C. Yoon,
I. H. Jung and S.-Y. Jang, Adv. Energy Mater., 2018, 8,
1870022.

32 X. Liu, Y. Zhang, L. Shi, Z. Liu, J. Huang, J. S. Yun, Y. Zeng,
A. Py, K. Sun, Z. Hameiri, J. A. Stride, J. Seidel, M. A. Green
and X. Hao, Adv. Energy Mater., 2018, 8, 1800138.

33 T. Cao, K. Chen, Q. Chen, Y. Zhou, N. Chen and Y. Li, ACS
Appl. Mater. Interfaces, 2019, 11, 33825-33834.

34 S.You, H. Wang, S. Bi, J. Zhou, L. Qin, X. Qiu, Z. Zhao, Y. Xu,
Y. Zhang, X. Shi, H. Zhou and Z. Tang, Adv. Mater., 2018, 30,
1706924.

35 X. P. Zheng, B. Chen, J. Dai, Y. J. Fang, Y. Bai, Y. Z. Lin,
H. T. Wei, X. C. Zeng and J. S. Huang, Nat. Energy, 2017, 2,
17102.

36 Y. Tidhar, E. Edri, H. Weissman, D. Zohar, G. Hodes,
D. Cahen, B. Rybtchinski and S. Kirmayer, J. Am. Chem.
Soc., 2014, 136, 13249-13256.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Journal of Materials Chemistry A

37 S. T. Williams, F. Zuo, C. C. Chueh, C. Y. Liao, P. W. Liang
and A. K. Jen, ACS Nano, 2014, 8, 10640-10654.

38 M. 1. Dar, N. Arora, P. Gao, S. Ahmad, M. Gratzel and
M. K. Nazeeruddin, Nano Lett., 2014, 14, 6991-6996.

39 J. Chen, J.-Y. Seo and N.-G. Park, Adv. Energy Mater., 2018, 8,
1702714.

40 D.-Y. Son, J.-W. Lee, Y. J. Choi, I.-H. Jang, S. Lee, P. J. Yoo,
H. Shin, N. Ahn, M. Choi, D. Kim and N.-G. Park, Nat.
Energy, 2016, 1, 16081.

41 O. Almora, K. T. Cho, S. Aghazada, I. Zimmermann,
G. J. Matt, C. J. Brabec, M. K. Nazeeruddin and G. Garcia-
Belmonte, Nano Energy, 2018, 48, 63-72.

42 K. Choi, ]J. Lee, H. I. Kim, C. W. Park, G.-W. Kim, H. Choi,
S. Park, S. A. Park and T. Park, Energy Environ. Sci., 2018,
11, 3238-3247.

43 T. Bu, J. Li, F. Zheng, W. Chen, X. Wen, Z. Ku, Y. Peng,
J. Zhong, Y. B. Cheng and F. Huang, Nat. Commun., 2018,
9, 4609.

44 D. H. Kang and N. G. Park, Adv. Mater., 2019, 31, 1805214.

45 N. Ahn, K. Kwak, M. S. Jang, H. Yoon, B. Y. Lee, J. K. Lee,
P. V. Pikhitsa, J. Byun and M. Choi, Nat. Commun., 2016, 7,
13422.

46 J. Chen, S. G. Kim and N. G. Park, Adv. Mater., 2018, 30,
1801948.

47 C. Ran, J. Xu, W. Gao, C. Huang and S. Dou, Chem. Soc. Rev.,
2018, 47, 4581-4610.

J. Mater. Chem. A, 2021, 9, 3940-3951 | 3951


https://doi.org/10.1039/d0ta12612h

	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h

	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h
	Multifunctional organic ammonium salt-modified SnO2 nanoparticles toward efficient and stable planar perovskite solar cellsElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ta12612h


