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Abstract: Perovskite Solar Cells are a promising solar energy harvesting technology due to their
low cost and high-power conversion efficiency. A high-quality perovskite layer is fundamental for
a highly efficient perovskite Solar Cell. Utilizing a gas quenching process (GQP) can eliminate the
need for toxic, flammable, and expensive anti-solvents in the preparation of perovskite layers. It is a
promising candidate technology for large scale preparation of perovskite layers, as it can be easily
integrated in a production line by coupling up-scalable techniques. The GQP removes the need for
polar solvents in the precursor solution layer by using nitrogen flow, rather than extracting them
with non-polar solvents. The crystallization dynamics in this process can be significantly different.
In this study, we found that the quality of perovskite crystal from GQP is much more sensitive to
Lewis base molecules (LBMs) in the precursor solution than it is in anti-solvents technology. Thus,
the processing parameters of the LBMs in anti-solvents technology cannot be directly transferred to
the GQP. An XRD and 'H NMR study explains the origin of the S-shaped J-V curves and how these
LBMs hinder the reaction between Pbl, and monovelent cations.

Keywords: perovskite; photovoltaic; current-voltage characteristic curves; Lewis base

1. Introduction

The development of clean energy is considered to be one of the most important means
of reducing the release of carbon dioxide from human activities [1,2]. Among clean energy
technologies, solar cells have attracted much attention due to their wide distribution and
renewable nature [3-5]. In less than 10 years of development, perovskite solar cells (PSCs)
have achieved remarkable progress in power conversion efficiency (PCEs), which has
increased to 25.8% in 2021 from 3.8% in 2009 [6-10]. Beside its compatible efficiency value
compared to that of commercial solar cells based on monocrystalline silicon films, the low
cost of production due to the abundant raw materials and low temperature coating process
is another major advantage [11]. The outstanding performance of PSCs is mainly attributed
to the photoactive layer made with perovskite materials, of which the generic formula
can be described as ABX3, where A and B are monovalent cation and divalent cations,
respectively, and X is a monovalent anion. Because of the fundamental role of the perovskite
layer in PSCs, performance strongly depends on the quality of the perovskite layer, i.e.,
the coverage, thickness, and crystal grain size, etc. These properties are influenced by the
composition of precursor solution and preparation processes [12-15]. Recently, the gas
quenching process (GQP) has attracted more and more attention [16,17]. In the GQP, a
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nitrogen flow is used to remove the solvent in the perovskite precursor solution (PPS),
rather than utilize anti-solvent as used in anti-solvent technology (AST). Compared to
AST, a GQP is not only much more environmentally friendly and commercial, but also
can be integrated in a production line by coupling up-scalable techniques such as slot-die
coating or doctor blading [18-21]. In AST, it has been widely accepted that the Lewis
base type molecules (LBMs) in the PPS strongly influence the quality of perovskite crystal
layers [22,23]. Although LBMs also play similar important roles in a GQP, it is found that
the formation of perovskite is quite different, and the processing parameters of the LBMs
in AST cannot be simply transferred to the GQP. The anomalous unexpected S-shaped |-V
curve, which reduces the fill factor (FF) significantly, can be easily formed in GQP using
the same LBMs as in AST. Thus, the performance of p-i-n type PSCs from the GQP lags far
behind (PCE < 17%), due to the poor understanding of the formation of perovskite in GQP.
Considering the superior advantage of GQP, there is an urgent demand for the systematic
study on how LBMs influence perovskite crystallization in the GQP [24-26].

In this study, two types of Lewis base type solvents (LBSs) and two types of Lewis base
additives were investigated in a GQP. We found that too high of an amount or excessive
alkalinity of the LBMs can hinder the reaction between PbX; and FAI It is also the cause of
anomalous S-shaped |-V curves. Through investigation of the hydrogen bond with proton
nuclear magnetic resonance (*H NMR), the way in which LBMs hinder the formation of
perovskite crystal in GQP is determined. Based on this understanding of the function of
the LBMs, we carefully controlled all the LBMs, and p-i-n devices having PCE over 18%
without hysteresis were obtained by GQP.

2. Materials and Methods

Chemicals and Reagents: Lead iodide (Pbl, 99.9985%, ultra-dry and non-ultra-dry
type), lead bromide (PbBr;, metal bias, ultra-dry) and thiourea (99%) were purchased from
Alfa Aesar. The non-ultra-dry type lead iodide was further aged in the ambient environ-
ment (relative humidity was about 60%) for one week. Cesium iodide (Csl, metal bias),
l-o-phosphatidylcholine (98%), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA,
average My 7,000~10,000), and all other solvents including N,N-dimethyl formamide (DMF,
ultra-dry), dimethyl sulfoxide (DMSO, ultra-dry), N-methyl-2-pyrrolidone (NMP, ultra-
dry) and sec-butanol (99%, ultra-dry) were sourced from Sigma-Aldrich(Shanghai, China).
Formamidinium iodide (FAI) and methylamonium iodide (MAI) were purchased from
Dyesol Ltd. (New South Wales, Australia). [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) is the product of American Dye Source Inc(Quebec, Canada). Aluminum-doped
zinc oxide (AZO) has been deposited from a commercial nanoparticle dispersion (2.5 w.t.%
in isopropanol, Prod. No. 8046, Avantama).

Solar cells fabrication: PTAA was deposited on the clean indium tin oxide (ITO) glass
by spin-coating the PTAA solution (4.0 mg mL~!) at 6000 rpm for 20 s, then annealed at
100 °C for 5-10 min. For trication of the perovskite layer, Thiourea (6.6 mg), Pbl, (532.3 mg),
PbBr; (98.5 mg), MAI (31 mg) and FAI (190 mg) were dissolved in DMF containing 0.2 wt.%
of 1-a-phosphatidylcholine. The required amount of Csl was added as DMF or DMSO
solution. Then the proper amount of DMSO or NMP was added to make sure that the total
amount of LBS in the solution was the specific amount which had been designed before.
The volume of all solvents should be 1.0 mL. The precursor solution was finally obtained by
sonicating the mixture to dissolve all solids and filtrating through a polytetrafluoroethylene
microfiltration membrane (caution: do not heat the precursor solution). 45 uL of precursor
solution was spin-coated on the top of the PTAA coated ITO substrate at spin rate of
6000 rpm for 20 s (with extra 8 s of ramp time). The nitrogen purging should be started
in the final 15 s and stopped immediately upon color-change of the intermediate layer.
The distance between the nozzle and intermediate perovskite layer is within 3.0 cm. The
intermediate layers were annealed for 10 min at 110 °C to get the perovskite layer. 50.0 mg of
PCBM was mixed into 1.0 mL chlorobenzene and filtered through a polytetrafluoroethylene
microfiltration membrane (pore size: 0.2 um) to remove the insoluble solids. 20 pL of
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the PCBM solution and 12 pL of AZO nanoparticle dispersion were spin-coated on the
perovskite layer in sequence. Further annealing at 85 °C for 30 min was carried out to
remove the solvents and ligands in AZO. Finally, 100 nm of Al was evaporated under high
vacuum (<1 x 107° Pa). The device area was defined by the shadow mask as 0.06 cm?.

Measurement and Characterization: X-ray diffraction (XRD) patterns of the films were
measured with a Bruker QUANTAX 200 diffractometer. "H NMR of all acetonitrile-D3
solutions containing 10 mg Al salts and equivalent related LBM were recorded by Bruker
BioSpin3.5. The 'H NMR spectra of the solutions were recorded under same conditions.
The SEM images were obtained with Neon 40 (Zeiss). ]-V curves were measured with
Keithley 2400-C source meter and a solar simulator (300 W Newport, model91160, AM1.5G,
100 mW cm~2). EQE has been measured with a home-built tunable light source, calibrated
with a power meter (Thorlabs). The spectral mismatch factor was 1.163.

3. Results and Discussion

Figure 1a,b shows the related composition in the PPS of GQP and the p-i-n device
architecture in this study. First, we studied how the LBSs influence the device performances.
Cs0.05(FA9.85MA.15)0.95Pb(Ip 85Brg 15)3 PPS containing DMF and LBSs. The molar ratio
between LBS and A cation is noted as X here. In addition, thiourea additive (molar ratio is
0.06) is applied in all groups if no more declaration is given.

The summary of the device performance is given in Table 1. When DMSO was used
as the LBS in trication of perovskite based solar cells, typical J-V curves were obtained
with X =1, but S-shaped J-V curves were observed when X = 2, which is widely applied
in preparation of FA based perovskite with AST [27-29], and no anomalous S-shaped |-V
curve has been found [Figure S1]. Recent reports even suggest increasing the X to 3 to
obtain an outstanding power conversion efficiency from AST [30]. The performance of the
devices when X equals 1.0 is similar to previous reports [21]. Although equivalent ratio of
NMP to A cations was applied, we found strong S-shaped |-V curves in GQP. The NMP
group gave S-shaped |-V curves when X =1 [see Figure 1d]. Only when the molar ratio of
NMP and A cation decreased lower than 0.7, the S-shape of the |-V curve was prevented
[see Figure 1d and Figure S2]. It is obvious that the formation of perovskite layer in the GQP
is different from that in AST. Interestingly, when NMP was used as LBS for preparation
of Csp5MA 95Pbl; type perovskite with a GQP, the NMP /A molar ratio can be increased
to 2.0 without observation of S-shaped |-V curves (see Figure S3). Compared to trication
perovskite material studied here, the only difference is the monovalent organic cations (FA™)
and minor bromide anions were replaced by MA* and iodide anions, respectively. Because
Pb2* is the same for both cases, and anions do not bind to LBS molecules, it indicates that
the S-shaped |-V curves of trication of perovskite-based devices mainly arises from the
interaction between LBS and monovalent organic cations rather than that between LBS and
Pb halides, or LBS and Cs*.
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Figure 1. (a) The gas quenching process for preparation of perovskite layer. The insets show the
related chemicals in the PPSs. (b) The device architecture studied in this work. (c,d) The -V curves of
devices based on perovskite from different PPSs where X is the molar ratio between LBS and A cation.
(e) J-V curves of devices prepared with ultra-dry and non-ultra-dry lead halides (DMSO/A = 1.0).
(f) Shows how the thiourea additive influences the J-V curves. The number is the molar ratio between
thiourea and A cation. (g) -V curves of devices prepared with ultra-dry and non-ultra-dry lead
halides (DMSO/A = 0.7). Ultra-dry type lead source, molar ratio of DMSO/A = 1.0, or 0.06 molar
ratio of thiourea were applied to all PPSs except additional explanation.
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Table 1. -V properties of the champion devices with forward and backward scan directions.

Scan Jsc FF PCE S-shaped .
Samples Direction Voc V) (mA cm—2) (%) (%) J-V Curve * Note
X2 Forward 1.06 19.2 39.1 8.0 Y,
= Backward 1.04 18.1 32.9 6.2 es
Forward 0.93 20.3 40.1 7.9 .
Backward 1.02 211 472 98 Yes Non-ultra-dry lead halide source.
Forward 1.00 22.6 62.2 14.0 N
X=1 Backward 1.06 226 72.0 17.2 °
Forward 0.97 229 73.2 16.3 . .
Backward 1.03 231 736 175 No 0.04 mole equivalent thiourea.
Forward 0.99 138 30.6 4.2 Ye 0.1 mole equivalent thiourea
DMSO Backward 1.00 145 416 61 es : ! :
Forward 0.92 20.2 73.2 13.6 N
Backward 0.92 20.2 76.7 14.3 °
Forward 0.89 16.3 72.2 10.5 . .
X207 Backward 0.90 163 75.0 1.0 No 0.1 mole equivalent thiourea.
Forward 1.14 22.0 73.1 18.4 N Non-ultra-dry lead halide source. No
Backward 1.14 222 74.3 18.6 ° thiourea was used
Forward 1.05 214 65.0 14.5 No Non-ultra-dry lead halide source. 0.06
Backward 1.05 215 66.6 15.0 No mole equivalent thiourea.
Forward 0.86 134 55.2 6.4
X=20" Backward 0.86 14.9 589 69 No CsosMAogsPbls
Forward 1.01 17.1 35.7 6.2
NMP X=10  packward 0.98 17.2 307 52 Yes
Forward 1.07 21.7 55.9 13.1
X=07" Backward 1.08 20.4 640 140 No

* Ultra-dry lead iodide source and 0.06 mole equivalent thiourea were applied to all PPSs unless additional
explanation.

Beside the Lewis base solvents, water and Lewis base additives have been also consid-
ered. Water has lone pair electrons which can combine with the Lewis acid. Water can be
introduced into the PPS from the raw materials and environment during the preparation
process. Figure 1le shows the [-V curves of solar cells prepared with different Pb sources,
which are ultra-dry type or non-ultra-dry reagents at the same purity level. As claimed by
the supplier, the only difference between them is that they are packed in either an inert or
ambient environment. Strong S-shaped J-V curves were observed when a non-ultra-dry
Pb source was used, while the other one gave good |-V curves. It indicates that the minor
water absorbed by raw material can strongly influence the crystallization process. But we
realize that the reportedly highly efficient solar cells have not necessarily used an ultra-dry
Pb source. It should be attributed to their devices being based on methylammonium halide
type perovskite, higher annealing temperature, or solvent anealling was applied in these
processes. The relatively weak S-shaped |-V curves of devices with trication perovskite can
be inhibited by a higher annealing temperature, or post solvent annealing technology [see
Figures 54 and S5]. The raw materials can further react after the post treatments. Lewis
additives have been successfully developed to tune the crystallization process [24-26,31].
Here, thiourea as a representative additive was studied. When the thiourea is less than 0.06,
the short circuit current will increase with the increase of thiourea. It can be easily found
out in Figure 1ce f. But if it is increased to 0.09 (10 mg), the strong S-shaped J-V curve is
found, and the current density drops a lot at the same time.

We presumed that water and thiourea hinder the formation of perovskite in a similar
mechanism like LBSs, and the S-shape of ]-V curves in devices prepared from non-ultra-
dry lead source can be prevented by decreasing the total amount of LBMs. Thus, we
decreased the amount of DMSO and eliminated the thiourea additive to decrease the total
amount of LBMs. As expected, when we eliminated the thiourea additive and decreased
the molar ratio of DMSO and A cation to 0.7, the strong S-shape of ]-V curve was prevented
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completely [see Figure 1g], verifying the hypothesis. It is surprising that the hysteresis
also disappeared in the non-ultra-dry lead source group, and was strongly inhibited in the
ultra-dry lead source group [see the inset of Figure 1g]. Here, the open circuit voltage of
the ultra-dry lead source group is much lower than that of the non-ultra-dry lead source
group, due to the charge recombination from the poor coverage of PCBM on the former
perovskite layer, and defects in the perovskite. For this low DMSO containing group,
although S-shaped |-V curves and strong hysteresis were not found when the molar ratio
of thiourea was increased to 0.1, the current density decreased a lot (see Figure S6). This
trend is consistent with that of the low NMP molar ratio group [Figure S3b]. The thiourea
additive in PPS made from a non-ultra-dry lead source could not further improve the device
performance either, when only 0.7 mole equivalent of DMSO is applied (see Figure S8). The
J-V curves and historical results for devices from the non-ultra-dry lead source with and
without thiourea additive were given in Figure S7. When another bottle of non-ultra-dry
Pbl, opened in the glove box was used, the best DMSO mole ratio changed to 0.9 (see
Figure S8). The SEM images of the perovskite layers from ultra-dry and non-ultra-dry
Pbl, using DMSO as LBM (X = 0.9) are presented in Figure S9. These results mean there
is a synergistic effect from LBS and LBM additives, which jointly influence the device
performance. The detailed mechanism of S-shape and hysteresis of |-V curves will be
discussed below. The Rs and R}, of devices with different perovskite layers were calculated
from the related J-V curves and listed in Table S1. The devices having S-shaped |-V curves
gave the abnormally high series resistance and the lowest short resistance. It indicates that
some unwanted insulative materials are formed in these layers.

To reveal the origin of the of S-shaped J-V curves, SEM and XRD measurement were
carried out to analyze the typical perovskite layers from different PPSs. When DMSO was
used as LBS and X = 1.0, the perovskite layer is uniform and the crystal grain size is about
1.0 um [Figure 2a]. But if the lead source is the non-ultra-dry type and same amount of
thiourea additive is used, some obvious different materials (whitish particles) are found on
the perovskite surface [Figure 2b]. When NMP was used as the LBS [Figure 2¢,d], only a
few whitish grains were found on the perovskite surface in the SEM images, but the crystal
sizes decrease to smaller than 500 nm. This illustrates why the current density of the device
built by perovskite from PPS with lower molar ratio is lower [Figure 52b], because of the
perovskite layer with bigger crystals usually gives higher current density [32-34]. Solvent
annealing is a very effective technology for preparation of large grain sized perovskite
layers [35-38]. Although the application of DMSO vapor annealing did increase the crystal
size to near 2.0 um [Figure 2e], there were some unexpected rod-like materials different
from perovskite formed. Similarly, too much thiourea in PPS can lead to the formation of
unwanted phase. XRD is an efficient and powerful tool to investigate the phase purity of
the materials. In Figure 2g, diffraction peaks at 12.6° and 38.6° belonging to Pbl, were not
observed, when the perovskite layer prepared from a PPS with DMSO/A molar ratio of
1.0 and ultra-dry lead source. But those intense peaks assigned to Pbl, are observed in the
diffractogram of the perovskite layer prepared from a PPS with too high of an NMP/A
molar ratio or non-ultra-dry lead source. For the group with DMSO/A molar ratio = 2.0
or molar ratio of thiourea additive up to 0.1, the diffraction signal of pure Pbl, was not
observed, but a signal around 10.0° assigned to Pbl,(DMSO), complex phase was found
(Figure 510) [26,39-41]. The strong peaks from Pbl;, or its complex indicate the Pbl, could
not react properly in these cases, the molar ratio of monovalent salts and Pbl, are same for
them though. It is easy to notice that all of the devices giving S-shaped |-V curves are built
with perovskite layers containing much unconsumed Pbl; or the Pbl,(DMSO), impurity.
For NMP, the peak at 12.6° was observed but very weak when X decreased to 0.35, and
the related devices gave normal [-V curves. It means a few unreacted Pbl, cannot lead to
S-shaped -V curves, which is consistent with the previous reports [13].
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Figure 2. SEM images of perovskite obtained from PPS with (a) DMSO, X = 1.0, (b) DMSO, X = 1.0
(non-ultra-dry lead source). (¢) NMP, X = 0.35, (d) NMP, X = 1.0, (e) NMP, X = 1.0, solvent annealing
(f) DMSO, X = 1.0, thiourea molar ratio = 0.1. All scale bars for insets represent 1.0 pum. (g) X-ray
diffractograms of Pbl,, and Csg o5(FAg.85MA 15)0.95Pb(Ig 85Brp 15)3 from PPSs with different LBM /A
molar ratio and lead sources.

To further confirm that the S-shaped |-V curves originate from the insulative FA
salts and Pdly, three groups of devices were built with perovskite layers from PPS with
different Pbl,. In Figure S11, regardless of whether too much more or less Pbl, was used,
S-shaped |-V curves were observed. However, less Pbl, (—1.5%) was used (equals to excess
unreacted FAI left in perovskite layer), only the Ry increased to 14.6 Q-cm~2, which is
10 times higher than that of the control device. To confirm that the unreacted FA salts in the
perovskite layer can give S-shaped J-V curves, the perovskite layer was treated with an FA
salts isopropanol solution to introduce excess FA salts. The S-shaped |-V curves appeared
again as expected (see Figure 512).

In the anti-solvent process [40,42], for FAPbI; only or CsFAPbI; type of perovskite solar
cell, no S-shaped curve was observed when the NMP/A molar ratio was 1.0. This should
be attributed to the different crystallization dynamic and higher annealing temperature
applied. The increased annealing temperature facilitates the further reaction of A* cation
and PdIz in solid state. But for CS().05(FA().85MA().15)().95Pb(10.85BI‘().15)3 perovskite, increasing
the annealing temperature is not a good option to solve the problem. In Figure S5b, when
the increased annealing temperature was applied, the relative intensity of diffraction peaks
at 12.6°, and 38.6° of Pbl, caused a significant decrease, but could not be eliminated
completely. It means that there is much unreacted Pbl, remaining in the perovskite layer.
The Pbl, and A cations can react further under the increased annealing temperature, but
the methylammonium salt is not thermally stable enough. Part of MA based perovskite can
transform into Pbl, in our operation environment at high temperature. This is consistent
with the previous reports on perovskite containing methylammonium constituents [43—45].
It is worth noting that the MAI based perovskite is stable at 200 °C under TGA analysis
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condition [46-48]. The discrepancy should mainly be attributed to the fact that the annealing
atmosphere environment of the preparation process for the perovskite layer is different
from the inert gas flow in the TGA measurement. For device preparation, a perovskite
layer was obtained and annealed in a more complicated environment containing polar
solvent vapor, such as DMSO, DME, and water, in glove box rather than the relatively ideal
inert environment of TGA. The exposure of MAI based perovskite to these polar solvent
vapors will lead to partial decomposition when the annealing temperature is higher than
110 °C. Figure S5a shows the |-V curves of solar cells with perovskite layers obtained
under different annealing temperatures. Obviously, the strong S-shaped of -V curves
disappeared, and the Ry decreased to 1.19 kQ-cm~2 from 11.5 Q-cm~2 when the annealing
temperature increased from 110 to 150 °C. However, the R is still much higher than that
of the control devices from DMSO group in Table S1. The higher annealing temperature
decreased the short circuit current intensity, the FF increased to more than 65% from less
than 30% of lower annealing temperature group though. Based on the discussion above,
we attribute these results to the following reasons: (1) higher temperature decreased the
amount of unreacted Pbl, and A cations; (2) the decomposition of MAI leads to that the
composition of photoactive layer deviates from the state-of-the-art composition. Thus, a
higher efficiency device can hardly be prepared using a perovskite layer with too much
unreacted Pbl; and A cations through increasing annealing temperature in this case.

Based on discussion above, the origin of S-shaped J-V curves can be illustrated in
Figure 3. Here, in the present cases where excess LBMs are used, lots of unreacted Pdl,,
PdI,(DMSO), complex, and monovalent salt remain in the perovskite layer [Figure 3a].
As the conduction band energy level of Pbl, is much higher than that of perovskite, an
unwanted diode is formed between perovskite and PdI, [Figure 3b]. Excitons cannot
transport through these areas, due to the charge transport barrier between perovskite
and PdI,. Further, the unreacted Al is insulative and dramatically increases the charge
transport resistance. Theoretical investigation suggests that the high injection barrier in the
device could be one of the main reasons for the unwanted S-shaped J-V curves [49]. Based
upon the discussion above, the S-shaped J-V curves originate from the incomplete reaction
between Pb source and A halides. According to previous research, in a one-step method for
preparing perovskite, (A*)3Pbsly® Sy, where S is solvent, is the key intermediate. Perovskite
cannot be formed if this intermediate is not prepared properly [50,51]. However, how the
chemical environment influencing the formation of this key intermediate have not been
well understood.

As discussed above, the device performance is mainly influenced by the interaction
between LBM and A cations in PPS. We carried out study on this interaction. As illustrated
in route (a) Figure 4, no matter the formation of INT1 or INT2, the involvement of a specific
amount of A* and I™ is necessary. Obviously, when the concentration of A* and I is too
low, these intermediates cannot be formed properly. A* cations are typical Lewis acids
which can strongly interact with Lewis bases. Thus, there is a dynamic equilibrium between
free A* cations and Lewis base complex [A-LBM]*. Dissociation constant (K4) can be used
to describe the relationship between the concentration of free ions and complex.

_ [AT] x [LBM]
K= M) W
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Figure 3. (a) Schematic illustration of how Lewis base molecules influence the formation of perovskite.

(b) Band energy level alignment between Perovskite layer and Pbl,. (¢) Equivalent circuit of solar cell.
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Figure 4. Schematic illustration of how LBMs in the PPS influence the formation of perovskite.
(a) is the route of the formation of intermediates and perovskite. (b) Equilibrium concentrations
of the related species in PPS. (c) The vacancies of monovalent cation in the perovskite due to the
incomplete reaction.
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The concentration of free A* cations depends on the binding energy of [A-LBM]".
Stronger binding energy of the complex in the PPS will provide lower concentrations of
free A* cations. When the concentration of free A* cations is too low in the PPS, there will
be, of course, a lot of unreacted lead iodide left in the perovskite layer, and unexpected
inversed diodes will form in the final devices to give S-shaped J-V curves. When excessive
LBMs are used in Figure 1f, even though there is not too much lead iodide left to form
inversed diodes, the incomplete reaction of A* cations will form lots of cation vacancies
in the perovskite [see Figure 3c], which is one of the reasons for hysteresis and decreased
open circuit voltage [52]. Here, the complexes [A-LBM]* were formed by hydrogen bond,
which can be easily studied by proton nuclear magnetic resonance (\H NMR). Thus 'H
NMR measurement was carried out to confirm the illustration above.

The acetonitrile-D; was used as the solvent for 'H NMR measurement due to its
high polarity to solve Al salts weak Lewis basicity. The 'H NMR of pure FAI and MAI
are presented in Figure 5a,b, respectively. All peaks in 'H NMR have been assigned to
the related protons on the molecules. The protons labeled as H, are the active protons,
which form the hydrogen bonds with other LBMs. The related peaks of H, in 'H NMR
are broad peaks located around 7.96 ppm and 6.11 ppm for FAI and MAI, respectively. To
investigate the interaction between Al and various LBMs, one equivalent of related LBM
was added to the Al solution. Although the solution containing water was also measured,
the signals of H, in 'H NMR disappeared because of the speed of proton exchange between
Al and HO [see Figure S20]. The changes of the peaks of H, in "H NMR can be used to
estimate the concentration changes of free Al, due to the observed chemical shift 6. can
be described below:

dobs = XA0A + XAeLBMOACLBM ()

where Xa and Xaerpm are mole fraction of A* and AeLBM complex in the equilibrium
mixture, 5 and daerpm are chemical shifts of free A* and AeLBM complex in the solution,
respectively [53]. As acetonitrile is the weakest Lewis base among them, the solution has
the highest mole fraction of A*. Here Al salt acetonitrile solutions are noted as ‘free’, there
is a weak hydrogen bond between A* and acetonitrile though. After adding other LBMs,
the AeLBM complex is formed and the chemical shift in 'H NMR will move to the direction
of AeLBM complex. This process can be illustrated in Figure 5c. The 84,5 can move to
lower field or higher field after adding LBMs compared to pure Al The direction of the
movements depends upon the type of the hydrogen bond. Short hydrogen bonds (HB-S) are
correlated with low-field shifts, larger bond lengths (HB-L) with shifts to higher field [54].
The distance between 6,5 and 5o notes as /Ad. No matter what direction 84, moves, | Ad |
is proportional to the binding energy, K, and concentration of AeLBM [55]. Because

XA + XAOLBM =1 (3)

Formula (2) can be changed into:

dobs = XA(OA — dAeLBM) + dAeLBM 4)

As the 5541 M mainly depends upon the hydrogen donor [54], S pe1BMm is similar for
same kind of Al It is obvious that the smaller X, is, the father the ., deviates from the
da, thus:

| A§| o« bingding energy o< [AeLBM] ox 1/Ky4 o 1/[A] (5)

In Figure 5d, the peaks of H, of FAI in the solutions containing DMF, DMSO and NMP
move to the lower field, but that of the solutions containing thiourea moves to a higher
field. The shifts of these peaks for both FAI and MAI are listed in Table 2. It means the
hydrogen bond between FAI and thiourea is different from those between FAI and other
LBMs. For FAI, there is such an order: | Ad Inmp > | Ad Ipmso > | Ad Tpme > | AS | thiourea-
According to formula (5), the binding energy between FAI and NMP is stronger than the
remaining molecule pairs. The solution using NMP has the lowest concentration of A*,
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which is critical for the formation of the key intermediate as discussed above. It explains
why NMP can strongly hinder the reaction between FAI and Pbl,. It also indicates that
hysteresis depends upon the amount of LBMs in the PPS. Excess LBMs in the PPS can
prevent the reactivity of A cations and leave some vacancies in the final perovskite layer,
which has proved to be the origin of hysteresis [52].

(a) 3 e (b) 3 Ha2Ri-ciit,
Lt H, Mo sl H/  Hy
- — = .
z ol 2 "
7] 2 o w b
c H/ Hg | c
2(H N 2 H,
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Figure 5. (a,b) The 'H NMR of pure FAI and MAI in acetonitrile-D3, respectively. The different
peaks are also assigned to the labeled hydrogen atoms of the related molecules. The peaks marked
with * are attributed to deuterium solvent. (c,d) Changes of chemical shift of active hydrogen atoms
(Ha) on FAI and MAI with equivalent various LBM in acetonitrile-D3, respectively. Note: due to the
overlapping of signals from active hydrogen atoms of MAI and thiourea, the peak in (e) for adding
the thiourea group is separated from normalized results [see Figure S13]. (f) Change of chemical shift
of Hy, on FAI with equivalent various LBM in acetonitrile-Dj, respectively. (g) Different hydrogen
bonds between Al and various LBM. Different type of hydrogen bonds were noted with different
colors: HB-S (green) and HB-L (red).
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Table 2. Chemical shift of H, of FAI and MAI in different solutions.

FAI MAI
LBMs Che.mlcal Movement IAS] Che.mlcal Movement IAs
Shift of of A8 (ppm) Shift of of NS (opm)
H, (ppm) (ppm) PP H, (ppm) (ppm) PP
Free 7.96 - - 6.11 - -
Thiourea 7.93 —0.03 0.03 5.8 —0.31 0.31
DMF 8.01 0.05 0.05 4.96 —1.15 1.15
DMSO 8.04 0.08 0.08 4.89 —1.22 1.22
NMP 8.05 0.09 0.09 5.48 —0.63 0.63

Surprisingly, the 84,5 of MAI upfield shifts when LBMs are added [Figure 5e]. It
means the hydrogen bonds between MAI and LBMs are longer than those hydrogen bonds
between FAI and LBMs. Besides, | Ad | pmso is the largest and | AS I ywp is the smallest in
LBSs (even weaker than DMF, see Table 2). The order of | Ad | for FAIl and MAI inversed. It
means the binding energy between MAI and NMP is the weakest in all LBSs discussed here.
Thus, the use of excess NMP in Csg 5sMA1oPbl; type PPS will not decrease the concentration
of MA* cations, and hinders the formation of key intermediates and perovskite (Figure S3).
It also explained why the molar ratio of DMSO needs to be carefully controlled in MAI
based perovskite [22]. Actually, theoretical study has found that the DMSO has a stronger
interaction energy (—1.391 eV) with MA cations than NMP (—1.210 eV) [42]. The present
experimental study shows the decreased binding energy in the MA-NMP complex should
be attributed to the weak hydrogen bond between MA* and NMP.

In Figure 5f, it is found that the 'H NMR signals assigned to Hy, in various FAI
acetonitrile solutions were also influenced by the different LBMs. This influence should
not be attributed to an inductive effect from the hydrogen bond of H,. Because the 'H
NMR signals of Hy, of MAI are not influenced at all, its H, can form strong hydrogen bond
though [See Figures 520-526]. This means there is an extra hydrogen bond between Hj, and
LBMs for FA. We believe that this extra hydrogen bond also enhances the binding energy
between FA and LBM. All of the hydrogen bonds interaction between Al and LBMs were
presented in Figure 5g.

4. Conclusions

In conclusion, S-shaped J-V curves of PSCs originate from the high resistance and
diodes formed by unreacted precursors. The incomplete reaction of precursors should be
attributed to the binding between LBS and monovalent organic cations, rather than that
between LBS and Pb halides, or LBS and Cs*. Then, incomplete reactions between lead
halides and monovalent organic cations can also result in the vacancies of monovalent
organic cations in the perovskite and strong hysteresis. Thus, the non-valent bond needs
to be manipulated carefully to get S-shape free PSCs. The hydrogen bonds varied due to
the different monovalent organic cations. The hydrogen bond in the complex MA-NMP is
much weaker than that in FA-NMP and MA-DMSO. The chemical shift movement Ad of
monovalent salt originates from solvents can be used to evaluate the interaction strength
between LBS and monovalent organic cations. When the difference of A induced by the
main solvent and the additive is larger than 0.03 ppm, controlling their ratio is necessary to
avoid the S-shaped J-V curves. This work has important value for further understanding
of perovskite crystal growth process and its influence on device performance.
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