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ABSTRACT: Overcoming the negative impact of residual ionic

liquids (ILs) on perovskite films based on an in-depth understanding s

of chemical interactions between ionic liquids and preparing o;_*ﬂ“‘
perovskite precursor solutions is a great challenge when aiming to " 3
simultaneously achieve long-term stability and high efficiency within oo T
IL-based perovskite solar cells (PSCs). Herein, 1-butyl-3-methyl- © C -

imidazolium tetrafluoroborate (BMIMBEF,), a type of IL, was
introduced into the perovskite precursor solution, and carbon m%h.
quantum dots (CQDs) were further introduced into the antisolvent
to enhance the photovoltaic properties of PSCs. Both ILs and CQDs
synergistically manipulate the crystallization process and passivate
defects to obtain high-quality perovskite films. Besides serving as
passivation sites to strengthen the collaboration between additives
and perovskite materials, the cointroduction of CQDs further promotes the carrier transport process since it not only provides
carrier channels at grain boundaries but also forms better energy alignment, which effectively overcomes the charge transfer loss
caused by the steric hindrance of ILs. Based on such a synergistic effect of ILs and CQDs, the n-i-p MAPbI;-based PSCs achieve the
highest efliciency of 20.84% with improved stability. This simple and low-cost synergistic integration method will subsequently
provide direction for optimizing ILs to improve the photovoltaic performance of PSCs.
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1. INTRODUCTION

The outstanding optoelectronic characteristics exhibited by
perovskite materials have fueled a surge in research on
perovskite solar cells (PSCs), positioning them as one of the
most promising photovoltaic technologies."”” Although PSCs
have reached a maximum certified power conversion efficiency

high efficiency and guaranteeing stability during operational
conditions.

Recently, environmental-friendly ionic liquids (ILs) have
been used as additions in precursor solutions to allow the
perovskite films to resist ion migration.'*~"” Since Snaith et al.
added large molecular ILs of 1-butyl-3-methylimidazolium

(PCE) of 25.8%, their successful commercialization still lacks
reliable long-term stability.’ ® Generally speaking, the
recognized reasons for the rapid PCE decline are ascribed to
the self-decomposition caused by water and oxygen molecules
penetrating into the perovskite grain gap, ion migration along
the grain boundary, etc.”® The issues caused by water and
oxygen can be solved by encapsulation technology, while the
ion migration cannot be synchronously solved since it
originates from the characteristics of perovskite materials
themselves.”'® The lower activation energies of organic and
halide ions make them tend to transition from the lattice to the
grain boundary (GB) or interface in response to external
stimulation, which can cause serious self-doping effects and
collapsing of the perovskite structure. Obviously, the good
encapsulation of hybrid perovskite materials cannot prevent
such an intrinsic ion migration phenomenon.z’n_n Hence,
inhibiting ion migration in PSCs is crucial to achieving both
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tetrafluoroborate (BMIMBF,) into the perovskite precursor
solutions and significantly enhanced both the device’s
characteristics and its long-term stability in 2018, different
kinds of ILs such as small molecular, macromolecular
imidazolium, and macromolecular pyridine have been applied
into PSCs.'87%° Among them, the ILs of macromolecular
imidazolium have attracted great attention since the unique
properties of low vapor pressure, high viscosity, and strong
polarity can provide a good liquid region between perovskite
grains and advantageously regulate high-quality perovskite
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growth, which have been also proved to possess the ability to
interact with the perovskite precursor solution throu§h
chelation and hydrogen bonding to inhibit ion transfer.”' ~>

While the ILs may enhance interaction with the perovskite
precursor and potentially function as either electron acceptors
or donors, they can also form adducts with the additive rather
than forming complexes with the solvent.”’ It has been
reported that the ILs cannot be volatilized after high-
temperature annealing due to their low vapor pressure, and
hence, a certain amount of ILs remain in the as-deposited
perovskite, forming a low-dimensional complex with
PbL, '****” Due to the low conductivity of such a low-
dimensional complex, the steric hindrance effect will appear,
which may in turn adversely affect the charge separation and
transport processes, and even result in energy band mismatch
between the perovskite film and the transport layer.'*° Thus,
even though the stability of a PSC can be improved by using
ILs as additives, its efficiency is usually sacrificed. To overcome
this issue, Chen et al. recently used hydrochloric acid (HCI) to
make the methylammonium acetate (MAAc) ionic liquid
escape from the perovskite film by a substitution reaction.”®
However, this method is not suitable for large molecular ILs
with more passivation sites. Therefore, as for the macro-
molecular imidazolium ILs, developing efficient charge trans-
port channels at the grain boundaries to reduce the steric
hindrance effect proved to be a promising approach for
overcoming the limitations of ILs, leading to achieving both
efficient and stable PSCs.

Selecting appropriate high-conductive inorganic materials to
construct a charge transfer channel at perovskite grain
boundaries is a promising approach to reduce the steric
hindrance effect of polymers, promote charge transport across
grain boundaries, and achieve higher PCE in PSCs. 73!
Carbon quantum dots (CQDs) have been proven to possess
great advantages such as a large absorption coeficient,*” a wide
absorption spectrum, and good photoinduced electron trans-
fer/charge separation ability,33 which is essential in photo-
voltaic applications since they can effectively transfer electrons
and prevent the recombination of electron—hole pairs.”**
Moreover, they can also participate in the perovskite growth
process to delay the crystal growth rate of perovskite
grains.g’{’_39 Therefore, if we combine the CQDs and ILs to
co-optimize the perovskite film, the following advantages can
be realized: (1) both CQDs and ILs have diversified
passivation sites to coordinate with Pb-related defects, leading
to enhancements in the crystal quality of perovskite films; (2)
carbon quantum dots can anchor at the grain boundary of
perovskite to serve as carrier transport channels; and (3) the
band alignment of devices can be further tuned to achieve a
much better matching status. Thus, we can expect that this
strategy can achieve the purpose of simultaneously enhancing
device efficiency and improving stability.

Herein, we developed a simple and low-cost molecule
targeted anchoring grain boundary (TAGB) strategy via
synergistic effects between zero-dimensional material CQDs
and macromolecular imidazolium ILs BMIMBE,. In detail, as
illustrated in Scheme S1 (Supporting Information), ILs were
incorporated into the perovskite precursor solution and CQDs
were introduced into perovskite films via a chlorobenzene
(CB) antisolvent process. The synergistic effects of BMIMBE,
and CQDs additives on perovskite films and devices were
systematically studied. The cointroduction of CQDs further
strengthens the interaction between additives and the perov-

skite and promotes the carrier transport process since CQDs
not only serve as passivation sites but also provide carrier
channels at grain boundaries. Thereby, besides exerting the
role of ionic liquids in inhibiting ion migration to improve the
stability, it is also conducive to solving the hindrance effect
caused by macromolecular ILs to some extent to enhance the
PCE of PSCs. Therefore, with exceptional stability, we
ultimately achieved a maximum PCE of 20.87%, which is the
champion PCE of large-molecule IL-based MAPbI; n-i-p PSCs
to the best of our knowledge (Table S1).

2. MATERIALS AND METHODS

2.1. Materials. All of the materials and reagents were used as
received without any purification. Lead iodide (Pbl,), methylammo-
nium iodide (MAI), SnO, (15% in a water colloidal dispersion), and
chlorobenzene (CB) were purchased from Sigma-Aldrich. ITO-coated
glass substrate, Spiro-OMeTAD, and all anhydrous solvents were
obtained from YOUXUAN Tech (China). Carbon quantum dots
(CQDs) and 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) were purchased from Beijing Beida Jubang Technology
Co., Ltd. and Aladdin Shanghai, respectively.

2.2. Preparation of Perovskite Precursor Solutions. We
prepared the MAPbI; perovskite precursor solution using 463 mg of
Pbl, and 162 mg of MAI in 1 mL of N,N-dimethylformamide
(DMF)/dimethyl sulfoxide (DMSO) (7/3) mixed solvents. For the
perovskite precursor solution containing BMIMBF,, we added
BMIMBE, with a lead atom ratio of 0.2—0.5 mol % to the perovskite
precursor. Blending and filtering (0.4S ym, PTFE) were performed in
a glovebox before use.

2.3. Preparation of Antisolvent. 1 mg of CQD was dissolved by
20, 10, 7, and S mL of CB, separately. That is, the concentration of
CQDs can be determined to be 0.05, 0.1, 0.15, and 0.2 mg mL™},
respectively.

2.4. Synthesis of Perovskite Films. The ITO glass substrates
underwent a 20 min sonication process sequentially with deionized
water, ethyl alcohol, acetone, and ethyl alcohol, followed by a 20 min
treatment under ultraviolet (UV)-ozone. The SnO, precursor solution
was prepared through a 12 h stirring of the SnO, colloidal dispersion
with deionized (DI) water at a 1:1 volume ratio. Subsequently, the
SnO, was spin-coated onto the ITO substrates at S000 rpm for 30 s,
and the resulting electron transport layers (ETLs) were obtained by
annealing on a hot plate at 150 °C for 30 min in an ambient
atmosphere.

The process began by transferring the ITO/SnO, substrates into a
nitrogen-filled glovebox to facilitate the deposition of the perovskite
film. Next, 85 uL of the MAPbI; precursor solution was dipped at
4500 rpm for 35 s on the SnO, substrates. At the 18 s mark after
starting this procedure, 350 uL of antisolvent was gently poured onto
the rotating substrate. The resulting film was subsequently annealed at
60 °C for S min and then at 100 °C for 10 min to yield the perovskite
film. It is worth noting that the entire perovskite film fabrication
process occurred within a controlled nitrogen environment in the
glovebox. We named the film produced using the IL “MAPbI,—IL”
and the film created using IL/CQDs “MAPbI;—IL/CQDs”.

2.5. Device Fabrication. The preparation of hole transport layers
(HTLs) involves the following steps. First, a mixture was created by
combining 72 mg of Spiro-OMeTAD with 29 uL of a solution
containing 550 mg mL™" Li-TFSI in acetonitrile, along with 19 uL of
4-tert-butylpyridine in 1 mL of chlorobenzene (CB). Subsequently, 70
uL of this mixture solution was applied onto the previously prepared
MAPDI; films by using a spin-coating process at 3000 rmp for 35 s.
Lastly, a 100 nm-thick layer of Ag was deposited under vacuum
conditions.

3. RESULTS AND DISCUSSION

In order to enhance the concentration of the BMIMBE,
additive, various perovskite thin films deposited on SnO,/
ITO substrates were prepared by adding 0—0.5 mol % (relative
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Figure 1. (a) XRD patterns of perovskite films treated with different IL concentrations. (b) Enlarged XRD patterns of (110) diffraction peaks. (c)
Enlarged diffraction profile of Pbl, in the range of 10—14°. (d) J—V curves of perovskite devices treated with and without 0.4 mol % IL. (e)
Statistical results of the PCE for the devices without and with different amounts of ILs. (f) Forward-scan and reverse-scan J—V curves of champion
MAPbI;, MAPbI;—IL, and MAPbI;—IL/CQDs-based PSCs. (g) EQE spectra and integrated current curves.

to lead atoms) BMIMBEF, into the precursor solution, which
were named 0.2 mol % IL, 0.3 mol % IL, 0.4 mol % IL, and 0.5
mol % IL. To evaluate the efficacy of BMIMBEF, on the
crystalline properties of perovskite films, X-ray diffraction
(XRD) patterns are initially captured. As shown in Figure 1a,
the formation of the tetragonal perovskite phase is indicated by
the presence of characteristic XRD peaks at 14.4, 28.7, and
32.1°, which correspond to the crystal planes of (110), (220),
and (310), respectively. Figure S1 shows the variation in the
intensity and fwhm (full width at half-maximum) of the (110)
diffraction peak as the concentration of BMIMBE, increases.
At 0.4 mol %, the intensity reaches its maximum value and
fwhm reaches its minimum value, indicating that the crystal
quality is optimal at this concentration. However, when we
further increase the BMIMBF, concentration to 0.5 mol %, the
crystal quality turns worse again. This is mainly because
excessive ILs can lead to higher viscosity in the precursor
solution, which may affect the intermediates in the perovskite
precursor.’” Moreover, as shown in the enlarged XRD patterns
in Figure 1b, a weak diffraction peak appears at 12.7° in the
MAPbDI; perovskite films. This can be attributed to Pbl,*
With the addition of BMIMBF,, the signal of Pbl, disappeared,
suggesting that the crystallization of perovskite has been
improved. As shown in Figure lc, the XRD peak shifts to a
small angle via adding ILs, implying the potential incorporation
of BMIMBF4 molecules into the perovskite crystal lattice.””**
Therefore, the best MAPbI;—IL perovskite films with less
defect density and higher crystallinity have been achieved when
the concentration of BMIMBE, is 0.4 mol %.

Subsequently, a series of PSCs based on 0.2 mol % IL, 0.3
mol % IL, 0.4 mol % IL, and 0.5 mol % IL perovskite films with
the n-i-p structure of ITO/SnO,/MAPbI;/Spiro-OMeTAD/
Ag are fabricated. Figure S2 displays the corresponding J—V
curves, while Table S2 presents the statistical key photovoltaic

48306

parameters with varying amounts of ILs. Obviously, the
variation tendency of PCE via IL adding an amount exhibits
good agreement with the XRD results. Furthermore, a bunch
of 20 devices for each adding amount of ILs has been
fabricated, and the corresponding statistical distribution image
of PCE has been illustrated in Figure le, clearly proving the
repeatability of effects of ILs on the photovoltaic performance
of PSCs. Regarding the MAPDbI; PSCs, they initially
demonstrated a low Ve of 1.11 V, a Jc of 22.59 mA cm™,
and an FF of 72.29%, leading to a PCE of 18.14%. However,
upon introduction of BMIMBE,, the PCE of the optimized
device increased to 19.32% for 0.4 mol % IL-based PSCs. This
improvement was accompanied by a Jsc of 22.36 mA cm ™2, a
Voc of 1.15 V, and an impressive FF of 74.95%. Notably, even
though the crystal quality of IL-based perovskite films
improves, the Jsc in the corresponding PSCs exhibits a very
slight decrease on the contrary. As previously reported, it is
mainly attributed to the residual ILs gathering at the perovskite
grain boundary, which prompts the formation of a complex
between ionic liquids and lead iodide to increase the steric
hindrance of devices and then hinder the charge trans-
port, 152044

To overcome the above issue, the CQDs were further
introduced into the perovskite films via an antisolvent method.
Figure S3a displays the transmission electron microscope
(TEM) image and the diameter distribution of CQDs.
Evidently, the CQDs exhibit a uniform size and a nearly
spherical morphology. Statistical analysis of over 300 particles
using Image]J software determined that the average size of the
CQDs is approximately 2.1 nm (Figure S3b). Furthermore,
Figure S3c illustrates the UV—visible (UV—vis) absorption and
steady-state photoluminescence (PL) spectra of CQDs in
water. The absorption range of 300—400 nm originating from
CQDs will improve the UV light utilization of PSCs. The PL
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Table 1. Photovoltaic Parameters and Hysteresis Index of Champion MAPbI;, MAPbI;—IL, and MAPbI;—IL/CQDs PSCs

perovskite layer scan direction Voc(V)
MAPDI, forward 1.09
backward 1.11
MAPbL,—IL forward 1.12
backward 1.15
MAPbDI;—IL/CQDs forward 1.17
backward 1.17

Jsc (mA cm™) FF (%) PCE (%) HI
21.06 72.07 16.54 0.08
22.59 72.29 18.14
22.32 73.78 18.49 0.04
22.36 74.95 19.32
22.92 75.81 20.26 0.03
2323 76.86 20.84
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Figure 2. (a—c) Scanning electron microscopy (SEM) images of corresponding perovskite films with a scale of S00 nm. (d) XRD patterns of the
respective films deposited on SnO,/ITO substrates. (e) Peak intensity and fwhm variation of the (110) crystal plane for corresponding perovskite
films. 1, MAPbL,; 2, MAPbI;—IL; and 3, MAPbI,—IL/CQDs. (f) Absorption spectra pertaining to the respective films. (g) PL spectra and (h)
TRPL spectra obtained from films deposited on glass substrates. (i) Trap density of corresponding films obtained from the SCLC method.

spectrum of CQDs aqueous solution (0.15 mg mL™") with 350
nm excitation exhibits an emission of 450 nm in blue color,
indicating that CQDs can convert ultraviolet light into visible
light to improve their light absorption capacity. Fourier
transform infrared spectroscopy (FTIR) (Figure S3d) was
used to identify the functional groups on the surface of CQDs.
The characteristic peaks at 1080, 1709, and 3443 cm™ are
related to the vibration of C—O, the stretching vibration of the
C=O0 bond, and the vibration of OH, respectively, suggesting
that a large number of carboxyl groups are functionalized on
the surface of CQDs,”®*” which can serve as coordination sites
for passivation defects to further improve the crystal quality of
perovskite films.

Accordingly, a series of PSCs based on 0.4 mol % IL
perovskite films by further adding different amounts of CQDs
(0.05—0.20 mg mL™") with the architecture of ITO/Sn0O,/
MAPDbI;/Spiro-OMeTAD/Ag are fabricated. Figure S4 dis-
plays the J—V curves for the respective PSCs, while Table S3
provides a summary of the detailed photovoltaic parameters as
a function of the CQD additive concentration. At a CQDs
concentration of 0.15 mg mL™’, the highest PCE of 20.84%
was achieved with a J,. of 23.23 mA cm ™%, a V. of 1.17 V, and
an FF of 76.86. The obvious enhancement in each photovoltaic
parameter of MAPbI;—ILs/CQDs PSCs compared to those of
MAPbDI; PSCs and MAPbI;—IL PSCs implies that CQDs make
a positive contribution here and might form a synergistic effect
with ILs. To further prove it, we presented the forward-scan

48307 https://doi.org/10.1021/acsami.3c11370

ACS Appl. Mater. Interfaces 2023, 15, 48304—48315


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11370/suppl_file/am3c11370_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11370/suppl_file/am3c11370_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c11370/suppl_file/am3c11370_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11370?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

and reverse-scan J—V curves of optimized MAPbI; PSCs,
MAPDBI;—IL PSCs, and MAPbI;—IL/CQDs PSCs in Figure 1f
to clearly see their difference. Their corresponding photo-
voltaic parameters are shown in Table 1. Figure le exhibits the
corresponding external quantum efficiency (EQE) spectra and
integral photocurrent curves. The obtained integrated photo-
currents for MAPbI; PSCs, MAPbI;—IL PSCs, and MAPbI;—
IL/CQDs PSCs are 22.34, 22.08, and 23.07 mA cm>,
respectively, which is consistent with the J—V results. The
hysteresis index (H-index) values were then calculated
according to the equation H-index = (PCEpeyerse
PCEproryard)/PCEReverse to be 0.09, 0.04, and 0.003 for
MAPbDI;, MAPbI;—IL, and MAPbL;—IL/CQDs PSCs, respec-
tively. Generally, the hysteresis is usually ascribed to the ion
movement, charge transfer imbalance, and accumulation at the
interfaces.” The step using reduced hysteresis for MAPbI,—IL
PSCs and MAPDI,—IL/CQDs PSCs further proves the
positive synergistic effect of both additives on ion movement,
charge transfer, and then device performance.

Figure 2a—c shows the scanning electron microscopy (SEM)
images of MAPbI;, MAPbI;—IL, and MAPbI;—IL/CQDs films
to reveal the synergistic effect of ILs and CQDs on the
perovskite surface morphology. Compared to the control
sample, the introduction of IL/CQDs leads to a reduction in
the formation of unfavorable pinholes in perovskite films,
resulting in a more compact and homogeneous morphology.
The grain size statistical distribution images in Figure SS show
that the average grain sizes are 224.1, 285.4, and 354.89 nm for
MAPbDI;, MAPbI,—IL, and MAPbI,—IL/CQDs films, respec-
tively. To unveil the crystal growth mechanism of gradually
enlarged grain sizes, the color changes of the photos taken on
the perovskite films during a 60 °C postannealing process are
shown in Figure S6. Obviously, the crystallization process is
gradually delayed by adding IL and IL/CQDs in contrast with
MAPDI; films. The introduction of IL into the solvent system
leads to an elevation in viscosity, consequently causing a
reduction in the rate of solvent evaporation. This decrease in
evaporation rate, in turn, leads to a diminished concentration
increment, thereby resulting in a lower nucleation rate for
MAPbL,—IL films.**® Further addition of CQDs then makes
further efforts to delay the crystallization process of perovskite
films. Compared with the unannealed MAPbI; films, the XRD
patterns of the unannealed MAPbL;—IL and MAPbI;—IL/
CQD:s films exhibited a greater presence of amorphous signals,
thereby affirming the preceding discussion (Figure S7).
Therefore, the best crystal quality can be achieved in
MAPbBI;—IL/CQDs films.

XRD patterns were used to reveal the effect of mixed
additives on the crystallization characteristics of the perovskite
films. Figure 2d illustrates that the MAPbI;—IL/CQDs films
exhibit the highest diffraction intensity and the narrowest full
width at halfmaximum (fwhm) (Figure 2e), demonstrating
that the mixed additives of ILs/CQDs indeed improve the
crystallinity of perovskite films. Moreover, on further adding
CQDs, the peak shift did not happen for the MAPbI;—IL/
CQDs films in comparison with that of the MAPbI;—IL films,
indicating that CQDs molecules failed to integrate into the
perovskite crystal lattice, potentially resulting in their
accumulation at the grain boundaries, which is consistent
with previous reports that CQDs can passivate perovskite grain
boundaries and provide nucleation sites.”” In addition to the
morphology and crystallization of perovskite films, the
corresponding photophysical properties are also key factors

to achieve high photovoltaic performance within PSCs.”"

Therefore, in Figure 2f, the absorption spectra of the
corresponding films are depicted. In comparison to the
MAPDI; films, one can readily observe a significant enhance-
ment in absorption throughout nearly the entire visible-light
range for both the MAPbI;—IL films and MAPbI;—IL/CQDs
films. This enhancement can be attributed to the beneficial
effects of additives on increasing grain size and improving
crystal quality, as illustrated in Figure SS.

Meanwhile, the perovskite films were further studied by
steady-state photoluminescence (PL) and time-resolved photo-
luminescence (TRPL) spectra. Similarly, as shown in Figure
2g, the MAPbL;—IL/CQDs films possess the strongest PL
intensity and an obvious blue shift in peak position compared
to the MAPbI; films and MAPbI;—IL films, once more proving
that the synergistic effect of ILs and CQDs greatly improved
the crystal quality and reduced the trap-state density within
perovskite films. The TRPL decay curves in Figure 2h can be
fitted by a biexponential decay function: f(£) = A, exp™"/™) +
A, exp™™), where A, and A, are the decay amplitudes and 7 is
the decay time constant. In general, the fast decay time of 7,
can be attributed to the trap-assisted recombination, and the
low decay time of 7, can be attributed to the radiation
recombination of photogenerated carriers.”® The fitted
parameters are summarized in Table S4. As expected, the
average charge lifetime (7,,) is greatly extended from the
original 126 to 182 and 194 ns via sequentially introducing ILs
and CQDs, confirming that ILs/CQDs strongly suppressed the
trap-assisted recombination. In order to verify the suppression
impact of IL/CQDS on defect density suppression, we
conducted measurements of dark I-V curves using hole-only
devices and the pulsed-voltage space charge-limited current
(SCLC) technique. The pulsed voltage was applied with a 200
ms delay time, ranging from 0 to 3 V. Figure S8 illustrates the
results, which exhibit three distinct regions corresponding to
low bias (ohmic region), medium bias (trap-filled region), and
high bias (SCLC region) voltages.”” The trap-filled voltage
(Virp) is defined as the voltage at the kink point between the
ohmic region and the trap-filled region. This parameter enables
the determination of the trap-state density (yjtrap) using the
following formula

2eey Vg,

rltrap qLZ ( 1)
where g is the elementary charge, L is the thickness of the
perovskite film, € is the relative vacuum permittivity of MAPbI,
(e = 28.8), and &, is the vacuum permittivity.”’ The calculated
hole trap-state densities for the hole-only devices are as follows
in Figure 2i: 4.60 X 10" cm™ for the MAPbI, film, 3.54 X 10'¢
cm™ for the MAPbL,—IL film, and 3.19 X 10" cm™ for
MAPbBI;—IL/CQDs films. In addition, we also carried out a
transient photovoltaic (TPV) test on the MAPbI,, MAPbI,—
IL, and MAPbI,—IL/CQDs PSCs (Figure S9). The results also
show that the photovoltaic decay time of MAPbI;—IL/CQDs
PSCs is longer than that of MAPbI; and MAPbI;—IL PSCs.
The life prolongation further proves the effective trap
passivation of IL/CQDs.*”*

To explore the synergetic influence mechanism of ILs and
CQDs on the crystal quality of perovskite films, we then
studied the interaction between each additive and the
perovskite precursor solution. The Fourier transform infrared
spectroscopy (FTIR) spectra of pure IL, MAPbI, films, and
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Figure 3. (a) FTIR spectra of IL, MAPbI, films, and MAPbI;—IL films. (b) 'H NMR spectra of IL, MAI, MAI + Pbl, + IL, MAI + IL, and Pbl, +
IL. The corresponding H atoms of BMIMBF, and MAI that appeared in the spectra are highlighted as colored bars. (c) "H NMR spectra of MAI
and CQDs + MAI and the enlarged region around 7.5 ppm. (d) 1H NMR spectra of MAI + Pbl, + IL and MAI+ Pbl, + IL + CQDs.

MAPDL;—IL films are shown in Figure 3a. The stretching
vibration peaks of C—N bonds detected at 1171 cm™" can be
ascribed to the BMIMBE, liquid."”*® It shifts to a lower
wavenumber of 1159 cm™" in the MAPbI,—IL films, indicating
the presence of BMIMBE, within the perovskite films. The
interaction between the perovskite precursor and ionic liquids
(ILs) was examined by using 'H nuclear magnetic resonance
("H NMR) spectroscopy. Figure 3b illustrates that upon the
addition of ILs to solutions containing Pbl,, MAI, and Pbl,-
MAI in DMSO-d6, the 'H NMR signal of the C—N bond
within ILs located at 9.07 ppm shows an obvious downfield
shift. The largest peak shift happened in the ILs-Pbl, solution,
which demonstrated that the imidazole group of ILs forms a
complex with Pbl, through the interaction of a Pb—N
coordination bond. The FTIR spectra of the pure IL and IL-
Pbl, are shown in Figure S10. Notably, after the addition of
Pbl, to the pure IL, the C—N stretching vibration of the IL
shifts to the right. This is attributed to the interaction between
the nitrogen atoms in IL and Pb.** Meanwhile, the sharp single
'"H NMR peak of MA" locates at 7.50 ppm in MAL>' It
becomes broader in ILs-MAI and ILs-MAI-PbI, solutions
(Figure 3b), and the width of the peak in the ILs-MAI solution
is wider than that in ILs-MAI-Pbl,. Meanwhile, as for the '‘H
NMR peak of the imidazole group within the IL, no shift
appeared for pure MAI + IL solutions compared to that of pure
IL, indicating that it should be the BF,™ to interact with the
MA" cations by forming a hydrogen bond. In summary, the
formation of strong coordination between the imidazole group
and Pb** and the reinforcement of hydrogen bonding between
BF,” and MA" in the solution phase hinder the creation of
MA" or I” vacancies and metallic Pb clusters. Moreover, they
aid in retaining more MAI within the system to prevent its loss
during the fabrication and annealing stages, which are essential
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for maintaining a balanced reaction with Pbl,. These multiple
benefits contribute to the production of high-quality perovskite
films characterized by minimal trap density and the
suppression of ion migration.

Similarly, the interaction between CQDs and perovskite
precursors in solution was also characterized by 'H NMR. As
shown in Figure 3¢, compared with the pure MAI, the
characteristic peak of MAI broadens when the CQDs are
mixed into the MAI solution, indicating that MA" interacts
with the carboxyl group by forming a typical hydrogen bond.®
Based on the above discussion results, we further investigate
the interaction between the mixed additives of IL/CQDs and
the perovskite precursor by '"H NMR. Figure 3d presents the
"H NMR spectra of IL alone and IL/CQDs with a perovskite
precursor. When IL and CQDs are simultaneously added to
the perovskite precursor solution, the 'H NMR peak of MA*
turns wider than that of adding IL alone, indicating that a
synergistic effect happened here, that is, MA" interacts with
both the carboxyl group in CQDs and BF,” within ILs.

The elemental compositions of the prepared perovskite
samples were further characterized by X-ray photoelectron
spectroscopy (XPS). In Figure S11a, we can observe that the
Pb 4f spectrum of the MAPDI; perovskite films displays two
distinctive peaks at 138.4 and 143.2 eV. These peaks
correspond to the spin—orbit splittin3g of the Pb 4f7/2 and
Pb 4f5/2 components, respectively.’>>> As for the MAPbI,—IL
and MAPbI,—IL/CQDs films, the Pb 4f peak of MAPbI,—IL
films gradually shifts to a lower binding energy, which indicates
a gradual increase in the electron cloud density of Pb atoms,
proving the coordination between the ILs and the uncoordi-
nated Pb®* defects. Additionally, the further introduction of
CQDs can enhance the coordination ability to Pb** defects. In
addition, no change in the binding energy was detected in I 3d
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XPS spectra. In conclusion, we presented a schematic of the
mechanism for multiple passivation of defects by the hybrid
additive (Figure 4).

(CC N @H CPb ©1 ©0)

Figure 4. Schematic illustration of the interactions between IL and
Pb» (N—Pb) through the cationic imidazole group, the hydrogen
bonding between IL and MA+ through the anionic BE,”, the
interactions between CQDs and Pb» (O = C—Pb) through the
carbonyl group, and the hydrogen bonding between CQDs and MA”*
through the carbonyl group.

To further explore the interfacial charge transfer dynamics
between the perovskite films and charge transport layers,
steady-state PL and time-resolved PL (TRPL) measurements
were executed. Figure 5a shows the PL spectra of the SnO,/
MAPbL,, $SnO,/MAPbL—IL and SnO,/ MAPbI,—IL/CQDs
films. Unsurprisingly, compared to the SnO,/perovskite films,
there was no significant PL quenching observed in the SnO,/
MAPDBI;—-IL films, which was attributed to the poor
conductivity of the polymers generated by ILs. After
modification by IL/CQDs mixed additives, an obvious

quenching happened, indicating an enhanced electron
extraction process between the perovskite and SnO,. Such a
PL quenching effect can be confirmed by the lifetime variation
tendency of the TRPL spectra shown in Figure Sb. An
obviously decreased average carrier lifetime is obtained in the
SnO,/MAPbDL;—IL/CQDs films, suggesting that the electron
extraction property is improved. Moreover, as shown in Figure
5¢,5d, similar phenomena happen in the PL and TRPL spectra
of MAPDI;/Spiro-OMeTAD, MAPbI;—IL/Spiro-OMeTAD,
and MAPbI;—IL/CQDs/Spiro-OMeTAD samples. With IL/
CQDs treatment, an accelerated photoinduced hole transfer
from the perovskite to Spiro-OMeTAD is suggested by this
observation. As a result, both efficient electron and hole
collection processes are responsible for the improved Jyc.

To gain a deeper comprehension of the interface dynamics
of PSCs, we conducted electrical impedance spectroscopy
(EIS) measurements at open-circuit voltage under dark
conditions. Figure S12 shows the EIS spectra of MAPbI;,
MAPbBI;—IL, and MAPbI;—IL/CQDs PSCs, and the fitting
parameters are shown in Table SS. Compared with MAPDI;
PSCs, MAPbI;—IL PSCs exhibit a larger charge recombination
resistance (R,,.), which indicates that the carrier recombination
is reduced, resulting in the increased FF and V.. However,
MAPDBL;—IL PSCs exhibit a large charge transfer resistance
(R,), which further indicates that the residual organic
macromolecules hinder charge transport and reduce the J.
Notably, we found that MAPbI,—IL/CQDs PSCs exhibit the
largest R, and the lowest R . These results indicate that the
synergistic effect of the mixed additive ILs/CQDs overcomes
the drawbacks of the additive of BMIMBE,, further proving
that the CQDs provide a carrier transport channel at the grain
boundary and reduce the steric hindrance (Figure 6). Such
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Figure 5. (a) Steady-state PL spectra and (b) TRPL spectra of perovskite films on SnO,. (c) Steady-state PL spectra and (d) TRPL spectra of

perovskite films covered by Spiro-OMeTAD.
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Figure 7. (a) OCVD curves. (b) J—V curves under the dark condition. (c) Cutoff region and (d) onset edge of UPS spectra of MAPbI;, MAPbI,—
IL, and MAPbL,—IL/CQDs films. (e) Energy band diagram of PSCs based on MAPbI;, MAPbI,—IL, and MAPbL,—IL/CQDs films.

results are consistent with the smallest hysteresis for MAPbI;—
IL/CQDs PSCs (Figure 2a).

To prove the above results, we then characterize the open-
circuit photovoltaic attenuation (OCVD) curves of MAPbI,-,
MAPbBI;—IL-, and MAPbI;—IL/CQDs-based devices. In
Figure 7a, the OCVD measurements are depicted, providing
insights into the carrier recombination process. The high
voltage area and the index change area offer a means to
comprehend this process. The MAPbI;—IL/CQDs PSC
exhibits a higher V¢ value and a more gradual decay in
Voc, indicating a reduced carrier recombination rate and an
extended carrier lifetime, and evidencing that the recombina-
tion loss in the MAPbL;—IL/CQDs PSC is suppressed. In
addition, Figure 7b shows the corresponding dark J—V curves.
The leakage currents of MAPbI;—IL and MAPbI;—IL/CQDs
PSCs decrease gradually compared to the control device, which
also indicates that the nonradiative recombination process in
these devices has been suppressed.

The dynamics of charge transfer is also dependent on the
energy-level structure of the device.””*® The estimation of the
conduction band minimum (CBM) and valence band

maximum (VBM) for the MAPbI, films, MAPbI,—IL films,
and MAPbL;—IL/CQDs films was deduced from the ultraviolet
photoemission spectroscopy (UPS) spectra and band gap
energy, as depicted in Figures 7c—e and S13. Specifically, the
CBM for the MAPDI, films was estimated to be —3.86 eV, with
a corresponding VBM of —5.45 eV. In the case of the
MAPDL;—IL films, the CBM was estimated to be —4.18 €V,
while the VBM was calculated to be —5.78 eV. Similarly, for
the MAPbL,—IL/CQDs films, the CBM and VBM were
estimated at —3.90 and —5.50 eV, respectively. Obviously, the
MAPDI;—IL films form an unfavorable energy-level alignment
at the interface, which can be attributed to the presence of
highly electronegative BF,” anions on the surface of the
MAPbBL,—-IL films (Figure S14). It is well-known that the
deposition of acceptor materials with strong electronegative
characteristics on the surface of films can cause partial electron
transfer, increase or create dipoles, and increase the work
function (W5), VBM, and CBM.*® Therefore, the MAPbI,—IL
films hinder the transport of charge carriers, ultimately leading
to a decrease in the device performance of the J,. (Figure 1d).

Compared to MAPbI;—IL films, the MAPbI;—IL/CQDs films
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Figure 8. Normalized efficiency variation curves (a) under S0—60% high relative humidity and (b) under 85 °C in a N, environment of MAPbI,,

MAPbIL,—IL, and MAPbI,—IL/CQDs PSCs.

form a better energy-level alignment, which is beneficial for
achieving efficient charge transport and collection. We
attribute the improvement in energy-level alignment to the
possible depolarization phenomenon that may occur after the
introduction of CQDs, which changes the dipole effect on the
surface of the film.””

To investigate the stability of PSCs, we first test the stability
performance of nonencapsulated devices at room temperature
with RH of 50—60%. As shown in Figure 8a, the stability of
MAPDBI;—IL/CQDs PSCs also dramatically improved and only
a slight decay of less than 9% was found after 1600 h, which is
significantly superior to that of the 80% decay of MAPbI;
PSCs. The presence of the F element on the surface of the
films is the primary reason for the significant enhancement in
humidity stability,””*® which increases the water contact angle
and hinders the decomposition of perovskite by water
molecules (Figures S14 and S1S5). Meanwhile, the MAPbI;—
IL/CQDs PSCs also showed the best stability in N, and 85 °C
environments (Figure 8b). Due to the sensitivity of grain
boundaries in perovskite films to thermal stress and their
function as high-speed pathways for atomic, ionic, and
molecular diffusion, the degradation of perovskites primarily
propag tes along the weakest grain boundaries in the
films.°" %" Therefore, the MAPbI,—IL/CQDs PSCs exhibit
better thermal stability than MAPbI; PSCs and MAPbI,—IL
PSCs due to the high-quality perovskite films and the
multipinning defect effects.

4. CONCLUSIONS

Separately introducing small amounts of BMIMBE, and CQDS
to the perovskite precursor and antisolvent has been proven to
be an effective simple approach for improving the crystal-
lization of perovskite films and enhancing the photovoltaic
performance of PSCs. Even though BMIMBE, can inhibit ion
migration in the films and improve the stability of the PSCs.
However, the large molecular ionic liquid BMIMBF, forms
low-dimensional complexes with lead iodide, increasing steric
hindrance and generating energy levels that do not match the
functional layer, hindering charge carrier transfer and leading
to decreased J in the device. Carbon quantum dots, as highly
conductive inorganic materials, contribute to passivating grain
boundaries and promoting charge carrier transfer. By
optimizing the content of CQDs and BMIMBE, additives, a
synergistic effect of dual passivation of defects and promotion
of charge carrier transport can be achieved in devices, resulting
in a maximum efficiency of 20.84% in n-i-p MAPbI;-based
PSCs. The simplified manufacturing process provides a

48312

straightforward method for improving the efficiency and
stability of perovskite solar cells.
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