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ARTICLE INFO ABSTRACT

Keywords: We developed a new combined method in which quinolinic acid (QA) passivation and DMF solvent annealing are
Inverted planar perovskite solar cell carried out sequentially to enhance the performance of inverted perovskite solar cells. Upon systematic inves-
Passivation

tigation, we found that: 1). One QA molecule not only passivates more than one defects within lattice or
neighboring lattices, creating a multi-passivation effect, but also enhances the interactions between lattices, due
to pyridine ring and dicarboxylic acid functional groups in the molecule; 2). By combining with DMF solvent
annealing post-treatment sequentially, high quality perovskite films with very large grain size over 1 ym are
obtained on the substrate of PEDOT: PSS. As a result, the PSC fabricated with the combined method demonstrates
an excellent humidity stability and yields a PCE of 18.56% with 20% and 11.6% increment of V,. and J,
respectively. To the best of our knowledge, it is the highest reported PCE for inverted PSCs with undoped PEDOT:
PSS as hole transporting layer. Therefore, our work indicates that the combined strategy of multi-passivation
with QA and solvent annealing with DMF sequentially has a significant potential for highly-efficient and sta-

Solvent annealing
Dual strategies
Quinolinic acid

ble inverted planar PSCs.

1. Introduction

Perovskite solar cells (PSCs) based on organic-inorganic lead halide
perovskite (OIHP) [1-9] have attracted extensive attention during the
last decade because of their great advantages such as: remarkable light
absorption coefficient [10], adjustable energy level [11,12], long carrier
diffusion length [13], very good defect tolerance [14] and solution-
processed fabrication at room temperature [15,16]. The champion
certified power conversion efficiency (PCE) of PSCs has been over 25%
so far [17-19], which is comparable to that of silicon-based solar cells.
However, non-radiative recombination mainly originating from the
crystal defects, limits the performance of PSCs [20,21]. The defects in
OIHP materials cause uncoordinated ions escaping from the perovskite
structure [22], or grain boundaries and surface defects [23,24]. These
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defects create shallow level or deep level traps inside the bandgap
depending on their formation energy. Although the trapped charges at
the shallow levels can be re-emitted back to the band edges via phonon
absorption, those at the deep levels cannot easily escape with the ther-
mal activation and recombined with opposite carriers by non-radiative
recombination as suggested by Shockley-Read-Hall theory. Neverthe-
less, the shallow defects still can accelerate the ion migration due to the
ionic nature of OIHP materials and hence influence the device perfor-
mance. Therefore, it is important to suppress defect states in perovskite
solar cells to approach the radiative limit of efficiency and to guarantee
the stability required under operational conditions.

The defect states in OIHP materials can be suppressed by the
passivation with additives, which can be incorporated into perovskite
films via adding them into precursor solutions [25], or anti-solvent [26],
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Fig. 1. (a) Chemical structure of quinolinic acid (QA). (b) Possible interactions between QA and perovskite precursors. (c) Fabrication chart of perovskite film with

dual strategies and the passivation mechanism.

or post treatment [27]. Various additives such as Lewis acid, Lewis base,
ammonium salts, ionic liquids, cations, anions, zwitterions etc. have
been demonstrated to passivate different types of defects [25,28-32].
For instance, Lewis acid such as fullerene is effective to passivate the
Pb-I antisite defects (Pbl3") and undercoordinated I ions, or to suppress
ion migration at grain boundaries by accepting a lone pair of electrons
[33,34]. In contrast, conjugated polymers or compounds with functional
groups containing S, N, O donors act as Lewis base to passivate the
undercoordination Pb2* jons or metallic Pb cluster by donating a lone
pair of electrons [35]. Cations and ammonium salts are suitable for
passivation of negatively charged defects such as undercoordination I',
Pb-I antisite, and cations (MAT) vacancies via ionic or hydrogen
bonding and electrostatic interactions with defects [36-38], while an-
ions can be employed for positively charged defects such as under-
coordination Pb%* ions and I vacancies [39,40]. In the past few years,
our group demonstrated the passivation of perovskite by employing
various passivation agents including fluorinated conjugated polymer
[41], organophosphorus ligand [42] and cyclooctatetrathiophene-based
small molecule [43], which passivate the undercoordination Pb%* de-
fects by donating a lone pair electron from S, O atoms or formation of
bonding. In addition to the passivation effect, some additives, for
example sulfonate zwitterion demonstrated by Huang and co-workers,
tune the crystallization behavior of perovskite, showing a dual role of
additives [44].

The additives reported so far, however, usually contain only single
active site for passivation, which means that one additive molecule can
passivate only one defect site, and hence, they cannot efficiently
passivate the multiple defect sites. Moreover, most of the additives are
difficult to render the large grain size over 1 pm, but which is desirable
because it can reduce grain boundaries and suppress the grain boundary
defects. To overcome these limitations, firstly, we introduce quinolinic
acid (QA) into precursors of methylammonium lead iodide (MAPbI3)
perovskite. As shown in Fig. 1, QA contains dicarboxylic acid (-COOH)
group and one pyridine group, in which the O donor in carboxyl group
can passivate defect sites associated with undercoordination Pb?* ions,

and trap MAI by forming hydrogen bonding to avoid it escaping the
system during fabrication and annealing process, while N donor in
pyridine group can passivate another defect site associated with I va-
cancies, or vice versa, via the lone pair electrons which facilitate the
formation of a coordinate or dative covalent bond. All of these can
effectively suppress the formation of vacancies and metallic Pb clusters.
Hence, multi-passivation effects are induced by additive with bi-
functional groups. As a result, the PCE of PSCs passivated with QA is
higher than that of PSCs passivated with acetic acid or pyridine alone,
especially in V,., due to the multi-passivation effects. Secondly, the
passivated perovskite is further treated by solvent-annealing with
dimethylformamide (DMF) to enlarge the grain sizes for obtaining high-
quality perovskite films. As shown in Fig. 1c, the combined method of
multi-passivation with QA and solvent-annealing with DMF leads to a
high-quality films with very less pinhole but bigger grain sizes (over 1
um), and a high PCE of 18.56% in inverted planar (p-i-n) PSCs with
PEDOT:PSS as a hole transporting layer (HTL), which is higher than that
of PSCs fabricated by passivation or solvent-annealing alone. In general,
p-i-n PSCs with PEDOT:PSS HTL exhibits about 200 mV loss in V,
compared to conventional n-i-p ones [45], but our champion device
yields a very high V, of 1.07 V, which is close to the highest reported V,.
of p-i-n structure (~1.1 V) [46]. The high V, verifies that non-radiative
recombination is effectively suppressed by multi-passivation effect and
the large grain size. To the best of our knowledge, the PCE of 18.56% is
the highest among the PSCs with undoped PEDOT:PSS, although a little
higher PCE of 20.22% [45] and 19.66% [46] have been reported with
doping PEDOT:PSS as summarized in Table S1. Additionally, the com-
bined method of multi-passivation and solvent-annealing dramatically
improves the stability of the device, and the devices fabricated by the
combined method exhibit a much better humidity stability (90% of
initial PCE is retained after keeping for more than 200 h in air with RH
~ 50% without any encapsulation) than that of the control device (90%
of the initial value is retained after keeping only 25 h in the same con-
dition). This synergistic combined method of multi-passivation and
solvent-annealing opens a new way for improving the efficiency and
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Fig. 2. 1H NMR spectra of QA and perovskite precursors in DMSO-dg: (a) Peak changes of carboxylic acid group. (b) Peak changes of MAI + QA. (c) Peak changes of

H* of MA™. (d) Full spectrum of QA and perovskite precursors.
stability of perovskite solar cells in the future.
2. Results and discussion

2.1. Interaction between QA and perovskite, and the passivation
mechanism

The interaction between perovskite precursor and solvent is impor-
tant to control over the dynamics of nucleation and grain growth of
perovskite. It is recognized that the polar solvent such as DMF and
dimethyl sulfoxide (DMSO) can interact with Pbl, and form intermedi-
ate phase of MAI-PbI,-solvent to seed nucleation [47]. However, the
solvent escape is retarded due to the interaction between the perovskite
precursors and high-boiling point solvent, so usually a high annealing
process is required to obtain perovskite crystals. The high annealing
temperature can cause damage to MAIL resulting in its absence in
perovskite and producing more defects [48]. Additives of Lewis acids or
bases, which are expected to strengthen the interaction with the
perovskite precursor by acting as electron acceptors, donors or forming
hydrogen bonding, can generate adducts of precursor-additive instead of
precursor-solvent complexes [49]. Therefore, the perovskite crystals
can be obtained at an appropriate temperature. Herein, phthalates de-
rivative quinolinic acid (QA) is selected as additive, and the roles of
carboxylic acid and pyridine ring groups is scrutinized.

Firstly, 'H nuclear magnetic resonance (\H NMR) spectroscopy was
performed to investigate how the additive interacted with the perovskite
precursor. As shown in Fig. 2, when QA is added into a solution of Pbl,,
MALJ, and Pbl, + MAI in DMSO-ds, respectively, just a very little shift of
the peaks of -COOH at 13.55 ppm is observed, but the peaks become
weaker and broader than that of original QA. The weakest and broadest
peak at 13.55 ppm is observed in PbI; solution. The corresponding peak
in PbIy + MAI solution is a little stronger than that in Pbly, but it still

weaker than that in MAI solution. All these demonstrated that the car-
boxylic acid groups have very strong interaction with PbI; by formation
of Pb-O-coordination, while the interaction becomes weaker in Pbl; +
MAI, which may be caused by much more I vacancies in Pbl, solution
than in Pbl, + MAIL Meanwhile, the sharp single peak of MA™ at 7.49
ppm is drastically weakened into two broad peaks at 7.49 and 7.38 ppm
in QA + MAI and QA + MAI + Pbl, solutions (Fig. 2c), while the two
peaks in QA -+ MAI solution seems no difference from these in QA + MAI
+ Pbly. These indicate that MA™ has very strong interaction with the
carboxyl group and pyridine ring by forming a typical hydrogen bond.
All in all, the interactions between QA and perovskite precursors by
forming strong coordination with Pb?* and forceful hydrogen bond with
MA™ in solution phase will suppress the formation of MA™ or I vacancies
and metallic Pb cluster, and also trap more MAI in the system to
avoiding it escaping out during the fabrication and annealing process for
balance reaction with Pbly, all these advantages facilitate the formation
of high-quality perovskite film with low trap density and large grain size
[50].

Secondly, X-ray photoelectron spectroscopy (XPS) was conducted to
further verify the change of core level binding energy of various ele-
ments in perovskite film after passivating with QA (Fig. S1, Supporting
Information). Comparing with the control film, the passivated one re-
veals an existence of -C = O in the high resolution spectra of C 1s core
level, indicating the successful incorporation of QA into the perovskite
films and not escape (Fig. S1a, b, Supporting Information). Furthermore,
the high resolution spectrum of N 1 s core level in passivated film dis-
plays an obvious shift (ca. 0.98 eV shift to low binding energy) compared
to the control film due to the incorporation of QA (Fig. S2, Supporting
Information). The spectra of I 3d and Pb 4f core level (Fig. Slc, d,
Supporting Information) also reveal the shifts from low energy binding
to high energy binding (0.25 eV and 0.15 eV, respectively) in the pres-
ence of QA, suggesting that defects associated with Pb2t and I such as
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Fig. 3. Two-dimensional transient absorption spectra of perovskite films. (a) The control film. (b) The QA passivated film. (c) Deconvoluted species of TA spectra of
the passivated film. (d) The dynamic lifetime curves of transient band edge bleaching of different films at 753 nm.

the incoordination Pb?* jons and I vacancies are effectively passivated.
It is worth noting that the peaks of metallic Pby almost disappeared
completely in the passivated film while they are very obvious in the
control one. According to the lit. reported [51,52], the existence of
metallic Pby indicates the presence of iodide vacancies in the crystal
lattice, which act as the non-radiative centers and also cause the insta-
bility of perovskite-based devices [53,54]. Hence, the QA may suppress
the volatilization of component and retard the formation of metallic Pb,
by a chemical interaction or passivate the defects originate from metallic
Pbg clusters and I vacancies, all of which benefit for the formation of
high-quality perovskite layer.

Based on the experimental data, we proposed the passivation
mechanism of QA as following: In MAPbI3 perovskite, various crystal
imperfections such as undercoordination I' ions, MA™" vacancies, Pb-I
antisites, undercoordination Pb%>" ions, I" vacancies and metallic Pb,
clusters can be populated on the surface and grain boundaries during
crystallization process. Due to the nature of ions, undercoordination I
ions, MA™" vacancies and Pb-I antisites carry net negative charge while
undercoordination Pb2* ions, I vacancies and metallic cluster carry net
positive charge. Owing to carrying net charge, these defect sites can
easily capture the opposite photogenerated charge carriers and cause
non-radiative recombination in the material. However, the net charge at
the defect sites can be neutralized by creating a favorable condition for
coordination or bond formation with electron-rich or electron-deficient
molecules depending on the charge polarity of defect sites. Hence, the
net negative charge carrying defect sites such as undercoordination I
ions, MA™ vacancies and Pb-I antisites can be passivated by coordination
with electron acceptor (Lewis acid) while the net positive charge car-
rying defect sites such as incoordination Pb2* ions, I vacancies and

metallic Pb clusters can be passivated by electron donor (Lewis base).

QA is comprised of pyridine ring and dicarboxylic acid groups, the
former can act as Lewis base, and latter not only can act as Lewis base by
giving lone pair of electrons of O, but also can act as Lewis acid by giving
H of C(O)OH to form hydrogen bonding (Fig. 1a, b). Hence, QA acts as
Lewis base which is able to donate lone pair of electrons to defect sites
with net positive charge such as undercoordination Pb2" ions, I" va-
cancies and metallic Pb clusters, which agree well with XPS result. The
electrostatic attraction between the positive charge on the defect sites
and lone pair of electrons from functional groups facilitates the forma-
tion of coordination or dative covalent bond, and hence, defect sites are
neutralized and passivated. Since QA has three functional groups, one
molecule can passivate several defect sites within lattice or neighboring
lattices, creating the multi-passivation effect, which is different from
other additives as reported before.

2.2. Effect of passivation on carrier lifetime and photovoltaic properties

Defect passivation of perovskite generally reduces trap density and
increases carrier lifetime. So, the transient absorption spectroscopy
(TAS) was carried out to study the dynamics of photogenerated carriers
in perovskite films (Fig. 3a, b). Compared with the control film, the
passivated one shows higher absorption for prolonged time, revealing a
longer carrier lifetime due to defect passivation, which in turn reduces
trap density. Meanwhile, from the two-dimensional spectrum, the peaks
of ground state bleaching at 753 nm are derived and integrated into
attenuation images of ground state bleaching (Fig. 3c, d). After a certain
delay, the excitons are captured by the defects and the number of ex-
citons remaining in the excited state decreases gradually. By fitting the
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attenuation curve of the ground state bleaching of the perovskite film,
the Tayg of the control film is 2.7 ns, while the T,y of the QA passivated
one is 3.8 ns. The longer carrier lifetime suggests that the trap density is
reduced after passivation, which in turn, suppresses the non-radiative
recombination. Moreover, the UV-vis absorption spectrum of passiv-
ated film shows a slightly red shift and stronger absorption than that of
the control (Fig. S3, Supporting Information) implying that the trap
density of perovskite is suppressed by quinolinic acid [55].

To study the influence of QA addition and its multi-passivation effect
on the photovoltaic performance, we fabricated PSCs with a configu-
ration of ITO/PEDOT:PSS/MAPbI3/PCsBM/BCP/Ag as shown in
Fig. 4a. The energy levels of individual layers in the device are shown in
Fig. 4b, where that of perovskites are deduced by ultraviolet photo-
emission spectroscopy (UPS) (Fig. S4, Supporting Information) and op-
tical bandgap while that of remaining layers are referenced from prior
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lit. Reported [56]. From the UPS measurement and optical bandgap,
conduction band (CB) and valence band (VB) of pristine perovskite are
—4.03 eV and —5.62 eV, respectively, while that of passivated perov-
skite are —3.90 eV and —5.47 eV, respectively. The higher CB of
passivated perovskite (-3.90 eV) is more favorable for electron transfer
into PCBM (the LUMO energy level is —4.00 eV) than that of the control
film (-4.03 eV), while the higher VB of passivated perovskite is favorable
for blocking the hole transfer into PCBM.

The dependence of the device performance on concentrations of QA
is carefully evaluated, and the optimal concentration at 2 mg mL™!
yields the best performance (Fig. S5 and Table S2). To examine the
multi-passivation effect of QA on device performance, the control and
passivated devices with the same concentration of either QA, pyridine or
acetic acid were fabricated. The J-V characteristics of fabricated devices
and detailed electrical parameters are summarized in Fig. 4c and
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current density of control and QA + SA devices. (d) PCE histograms of control and QA + SA devices from 20 devices in each category.
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Table S3. The PCE of control device is only 12.04% with J;. = 19.58 mA
cm_z, Voe = 0.82 V and FF = 74.57%, while that of passivated one with
pyridine or acetic acid alone is 13.41% and 13.5% with an obvious
increment in V,. to 0.90 V and 0.93 V, respectively, indicating the
passivation effect of pyridine and acetic acid and reduction of defects in
perovskite films. However, the PCE of the QA passivated device is up to
16.4% with a significant increment of V,. = 1.05 V. As we all known, V.
is proportional to the non-radiative recombination loss caused by traps
in photovoltaic device, and hence, the V,. increment in QA passivated
device (0.23 V) clearly indicates that the multi-passivation effect from
QA is much more efficient than normal passivation effect from pyridine
or acetic acid alone, in which the increment of Vj, is just only 0.08 V and
0.11 V, respectively.

2.3. The performance of PSCs treated with passivation and solvent
annealing

It has been proved that solvent-annealing (SA) is an efficient way to
optimize the morphology of the perovskite films [57]. There is mass
transportation from small grains to large ones by the dissolution —
recrystallization process, which follows the Ostwald ripening model
[58,59]. The solvent-annealing increases the grain size of polycrystalline
film and also renders high-quality film, both of which improve the
performance of the perovskite solar cell [60]. The common solvents used
for solvent annealing include Hy0, GBL (y-butyrolactone), DMF and
DMSO [61]. Considering that the HoO usually leads to the degradation
of MAPbI3 and it is also not suitable for the device fabrication in N5 glove
box, we did not choose it for solvent-annealing. Comparing with GBL (b.
p- 358.8 °C) and DMSO (b.p. 189 °C), DMF (m.p.153 °C) makes the
secondary recrystallization of MAPbI3 much easier to be controlled
because of its weaker interactions with Pbly, and additionally the lower
boiling point makes it easier to be removed from the system. So herein
we chose DMF for solvent-annealing. Firstly, we annealed the perovskite
films with different amount of DMF to optimize the solvent annealing
condition (Fig. S6, Supporting Information), and then combined this
condition with the passivation strategy together to improve the perfor-
mance of PSCs further. Secondly, to investigate the effects of processing
conditions on the photovoltaic properties of devices, we fabricated the
corresponding devices of PSCs (Fig. 4a) with different conditions: no
special treatment (control device), passivated with QA (QA device),
solvent-annealing with DMF (SA device), and combination of passiv-
ation with QA and solvent-annealing with DMF (QA + SA device)
sequentially.

The J-V curves of the perovskite solar cells with the different pro-
cessing conditions are shown in Fig. S7 and the data are summarized in
Table S4. Comparing to control device, the QA one demonstrates an
obvious increment of V, (1.05V, 0.16 V higher) and the SA one displays
a higher Jy (20.58 mA em 2, improved about 1.35 mA cm %), while the
QA + SA device yields the highest PCE of 18.56 % with a V,. of 1.07 V, a
Jsc of 21.46 mA cm ™2, a FF of 81.13% and negligible hysteresis (Fig. 5a),

in which all parameters are higher than that only treated with QA or SA.
External quantum efficiency (EQE) spectra of the control and QA + SA
devices are characterized in the range of 300-800 nm and the integrated
photocurrent densities agree well with Jy, values from the J-V curves
(Fig. 5¢). As shown in Fig. 5b, the QA + SA device exhibits a stabilized
photocurrent and power output under continuous operation (AM1.5G
illumination) at the maximum power point for 300 s. Additionally, the
statistical chart from 20 devices shows good reproducibility of devices
(Fig. 5d).

2.4. Optoelectronic properties and morphologies of perovskite films with
different treatments

To investigate the optoelectronic properties of perovskite films
fabricated with QA, SA and QA + SA treatments, the steady-state PL
decay measurements are firstly conducted. As shown in Fig. 6a, the PL
peak of the perovskite film becomes stronger and stronger with the
treatment by QA, SA and QA + SA, and the one treated with QA + SA
exhibits the strongest peak at 788 nm, which indicates that the com-
bined method of QA + SA is much more efficient than QA or SA on
reducing the trap density and forming a high-quality film. Additionally,
it’s interesting that the PL peak of QA film is stronger than that of the
control but without any shifts, while that of the SA film is not only much
stronger but also displays a little redshift (ca. 5 nm). The broader ab-
sorption range and redshift of band edge in SA film indicates that the
bandgap of perovskite decreases after solvent annealing, which is
consistent with higher absorption in UV-vis spectroscopy. All these re-
sults indicate that SA is more efficient to enhance the crystalline of films
by recrystallization and enlarge the grain size, while QA mainly pas-
sivates the defects and accelerates the formation of small crystals of
perovskite and also can enhance the recrystallization drastically when
combined with SA.

Secondly, time-resolved photoluminescence (TRPL) measurements
were carried out to investigate impacts by treatments with QA, SA and
QA + SA, respectively, on the charge carrier recombination dynamic
(Fig. 6b). The TRPL decay curves are fitted by using bi-exponential
decay function as shown in equation (1), and the average carrier life-
time Tayg Was calculated by equation (2).

I(t) = Alexp( — %) +Azexp(—é) [6))
Ty = (AT +A273) /(A7) + As7y) 2

where the time constant 71 represents the bimolecular recombination
of photo-generated free carriers, T, represents the trap-assisted recom-
bination induced by defects, Tayg represents the average of 71 and 1o, and
A; and A, represent PL decay amplitudes [62]. The results are summa-
rized in Table S5, and it is obvious that the combined method with QA +
SA demonstrates the most efficient for suppression of bimolecular and
trap-assisted combinations with 71 of 43.01 ns, 72 of 114.37 ns, and Tayg
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Fig. 7. Top-view and cross-section scanning electron microscopy (SEM) images of perovskite films with different treatments.

of 99.38 ns. Comparing with QA, the treatment SA can much more
efficient on reducing the trap-assisted combination with a higher 75 of
30.75 ns and Tayg of 24.51 ns. All these results matched very well with
XRD and SEM, which are discussed later.

To explore the impact of different treatments on the crystallinity of
perovskite, we compared the X-ray diffraction (XRD) patterns of
perovskite films treated with different conditions. As shown in Fig. 6c,
with different treatments, the peak intensities of (110) at 14.1° and
(220) at 28.4° increase relative to that of (312) at 31.86°, respectively.
Comparing with the control film, the SA treated film displays a strong
peak of (220) at 28.4°, another moderately strong peak of (110) at
14.1°, and a small peak of (001) at 12.5° that represents Pbl, cubic
phase in perovskite; while QA treated film demonstrates strong peak of
(110) and (220) with similar intensity and a negligible peak of Pbl,.
The QA + SA treated film yields the strongest peaks of (110) and (220)
among the different films without the peak of Pbly. It is known that the
moderate excess of Pbl, preferentially fills grain boundary defects, while
excess Pbl, will become non-radiative recombination centers, leading to
decrements of V.. [63] All these results indicate that QA treatment yield
purer perovskite without Pbl; residue, leading to a sharp increase of V,,
while the SA treatment mainly enhances the crystalline of perovskite
film but with excess PbI, residue, yielding a slight increase of V,. but a
sharp increase of Js.. So the combined QA + SA treatment dramatically
improves both the purity and crystalline of perovskite, which leads to a
high performance of PSCs.

The top-view and cross-section scanning electron microscopy (SEM)
measurements were carried out to explore the influence of different
treatments on morphologies of perovskite layer (Fig. 7). The statistical
distributions of corresponding grain size (Fig. S8, Supporting Informa-
tion) reveal that the grain sizes are in increasing order of control film,
QA, SA and QA + SA film with average size of 205 nm, 278 nm, 835 nm
and 1013 nm, respectively. Noteworthy, the average grain size of QA +
SA film (~1013 nm) is hardly achievable, especially for the perovskite
film fabricated on PEDOT:PSS.

As shown in Fig. 7 and Fig. S8, the QA treated film shows a little
increment of grain size both on the surface and in the bulk of perovskite
layer, while the SA treated film displays more than 4 times bigger grain
size and high crystalline with some grain boundaries compared with the
control film. The QA + SA treated film demonstrates the biggest grains
with grain size over 1 pm and few grain boundaries. In addition, atomic
force microscopy (AFM) was performed to examine the surface
morphology. As shown in Fig. S9, the RMS roughness of control, QA, SA
and QA + SA are 26.64, 11.47, 22.56 and 16.74 nm for the respectively.
The control film displays much more pinholes than that of QA, SA and
QA + SA. It’s worth noting that QA can efficiently reduce pinholes and
the roughness, while SA demonstrates less efficient on reducing pinholes
and roughness of films. These may attribute to the excess Pbl, residue
and the much easier evaporation of MA, HI, MAI and other components
with low boiling points in films treated with SA alone. So, after treated
with QA + SA, the perovskite films with bigger grain size, higher

crystalline but less pinholes are beneficial for the increments of V,, and
Jsc of the corresponding devices, [64-67] which contributes to the
enhancement of both efficiency and stability of PSCs [68].

To evaluate the trap density of different perovskite devices, dark J-V
curves of hole-only device with the structure of ITO/PEDOT:PSS/
perovskite/Au were measured by the space-charge-limited current
(SCLC) method [69]. The defect density was calculated according to the
equation (3)

Vrr = gN,L* [2¢0¢, 3

where Vpp represents the onset voltage of trap filled limit, g is
electric charge (1.6 x 10'19C), L is the thickness of the active layer, ¢ is
the vacuum permittivity (8.85 x 10F/cm) and & is dielectric constant
of perovskite (taken as the value of 32 for MAPbI3 from the previous
report [66]) As shown in Fig. S10a and b, the Ny, of the QA + SA
treated film and pristine perovskite film are ~ 1.55 x 10'® cm™® and ~
2.43 x 10'® cm~3, respectively, and the lower Nirap of the perovskite
film contributes to the increment of V,. [70] Furthermore, electrical
impedance spectroscopy revealed that recombination resistance (Ryec)
increases in the device fabricated by combined method as shown in
Fig. S10c. Meanwhile, the leakage current of the QA + SA device is
smaller than that of control device from the dark J-V curve of the PSCs
(Fig. S11, Supporting Information), indicating that the non-radiative
recombination is suppressed drastically in QA + SA device [71,72].

To further study the V,. of the incorporated PSCs, recombination
mechanism is attained via fitting the V,, varied logarithmically with
light intensity (In(I)) relationship based on equation (4).

Ve = nkT /qln(I) C)]

where n is ideal factor, k is the Boltzmann constant, T is absolute
temperature, and q is the electron charge. In principle, a slope approx-
imately in the order of kT/q is a signal that bimolecular recombination is
dominant without trap-assisted recombination, while a stronger
dependence of V,. on In(I) with a slope of 2 kT/q is identified that trap-
assisted recombination become serious. As shown in Fig. S10d, the
fitting value of nis 1.47 for QA + SA device, which is much smaller than
that of the control one (1.98), indicating that the combined method of
QA + SA can effectively suppress the trap-assisted Shockley-Read-Hall
recombination [73]. Thus, the high-quality perovskite film with low trap
density by the combined method contributes to V,. enhancement of
device.

2.5. Humidity stability of the devices

Besides PCE, the device stability is another key parameter for high-
performance perovskite solar cell [74]. With our combined method of
QA + SA, high-quality of perovskite films with large gain size over 1 um
and uniform crystals are formed, leading to less grain boundaries and
defects in the film. These results usually mean not only the improvement
of PCE, but also the enhancement of stability of PSCs. To prove that, we
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Fig. 8. (a) Stability test of the devices fabricated by different processing conditions. (b) The variation in photovoltaic parameters of QA + SA device over time.

firstly tested the changes of water contact angle of perovskite films with
different treatments. As shown in Fig. S12, after treating with QA or SA
alone, the contact angle of perovskite film increases to 56° or 51° from
40° (the control one), while the contact angle of perovskite film further
increases to 66° after treating with QA + SA, indicating that the treated
films have higher moisture resistance and the corresponding device
should demonstrate a better stability [75]. So the stabilities of the
control, QA, SA and QA + SA, respectively, are tested in air condition
with ~50% relative humidity (RH) at room temperature. The PCE of QA
+ SA device remains more than 90% of its initial value with a negligible
decrease of V, after keeping in the condition for more than 200 h, ~8
times more stable than the control device (Fig. 8). It is worth mentioning
that the stability of SA device is not improved obviously while that of QA
device is improved by 3 times, which may attribute to the multi-
passivation effect of QA. All these findings demonstrate a great advan-
tage of the combined method of QA and SA compared with the QA or SA
treatment alone.

3. Conclusion

In conclusion, we have demonstrated the multi-passivation effect in
perovskite film by employing quinolinic acid (QA) as additive in the
precursor. The strong interaction between QA and perovskite precursors
in solution phase prevents the formation of MA™" or I' vacancies and
metallic Pbg clusters, which benefits for the preparation of high-quality
perovskite film with low trap density. Moreover, pyridine and dicar-
boxylic acid groups in QA passivate the positively charged defects such
as undercoordinated Pb®*, I' vacancies and metallic Pby cluster by
donating lone pair electrons from N and O atoms through Lewis base
passivation mechanism. With the combined sequential strategy of QA +
SA, we drastically improve the quality of perovskite film by enlarging
grain size over 1 ym and reducing defects and pinholes. As a result, the
PSC fabricated with the combined method demonstrates an excellent
humidity stability and yields a PCE of 18.56% with 20% and 11.6%
increment of V,. and J respectively. To our best knowledge, it is the
highest reported PCE for inverted PSCs with undoped PEDOT:PSS.
Therefore, our work indicates that the new combined strategy of multi-
passivation with QA and solvent annealing with DMF has a significant
potential for highly efficient and stable inverted planar PSCs.
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