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ABSTRACT: Organic Lewis bases [2,2'-bipyridine (BPY), 4-hydroxy-1,5- Lo e O e e
naphthyridine-3-carbonitrile (DQCN), and thenoyltrifluoroacetone (TTFA)] “@MM‘.H“ 3 o
with bi-coordination sites of N and O were employed as perovskite surface defect ., .0yt 6ot brt oot oot | o 9
passivants to address the efficiency and stability issues of perovskite solar cells ol Jf\, ﬁa; #‘,‘ Ve » #,' 5P S | T
(PSCs), with typical phenethylammonium iodide (PEAI) and piperazinium 345 9+ 594 94 594 5 94 8 4 | 050 binding
iodide (PI) passivants as reference. The surface properties of the perovskite films (e { el Do Dol Do Do ‘;)_4 @ O
before and after passivation were characterized by Fourier-transform infrared, s ¢ 8§ § & % MA 1 P
ultraviolet—visible, photoluminescence (PL), and time-resolved PL spectroscopy, "

X-ray diffraction, ultraviolet photoelectron spectroscopy, scanning electron
microscopy, and atomic force microscopy. The characterizations reveal that
BPY, DQCN, or TTFA forms coordination bonds with exposed “Pb**”, leading
to a slight decrease in the highest occupied molecular orbital or lowest o5 oz
unoccupied molecular orbital energy level and bandgap. These passivants
(especially TTFA) can passivate the perovskite surface defects to inhibit non-radiative recombination while having almost no
influence on the grain size and surface morphology. Utilizing the passivated perovskite as the light absorption layer, solar cells with
an inverted configuration of indium tin oxide/NiO,/passivated MAPbCLI; ,/Cy/BCP/Ag have been fabricated, and power
conversion efficiencies of 19.22, 17.85, 16.49, 16.31, and 17.88% have been achieved from PEAI, PI, BPY, DQCN, and TTFA,
respectively. All the device performance based on passivated perovskite is superior to that of the control (15.75%) owing to the
reduced carrier recombination. The device from TTFA exhibits almost comparable efficiency to that of PEAI and PI controls,
indicating that TTFA has an equal excellent passivation effect to state-of-the-art PEAI and PI. Furthermore, the devices based on
BPY, DQCN, and TTFA show superior long-term stability with an efficiency loss of only 13.2, 16.7, and 12.9%, respectively, after
being stored for 40 days in a ~12% humidity, low-oxygen level environment, which is 45.4, 38.8, and 44.4% for the control, PEAI,
and PI devices, respectively, primarily due to the improved hydrophobicity of the perovskite surface. Our results demonstrate that it
is feasible to achieve high-efficiency and long-term-stable perovskite solar cells via selecting the appropriate molecules to passivate
perovskite surface defects.
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1. INTRODUCTION

The perovskite solar cell (PSC) has undergone tremendous
development since its first report with an efficiency of 3.8% in
2009;" a certified power conversion efficiency (PCE) of 25.7%”
has recently been achieved, showing the reliable prospect for
industrialization of this low-cost fabrication photovoltaic
technology. However, the long-term stability of PSCs in an
adverse ambient environment such as UV light, heat, and
moisture (especially moisture) remains unresolved.” To
address this issue, many strategies have been developed, such
as (1) promoting perovskite crystalline growth to reduce the
defect concentration® or passivating defects’™'> susceptible to
erosion; (2) adopting multi-functional charge-transporting
materials that bear either strong interaction groups with
perovskite to enhance interfacial stability'> or highly hydro-
phobic groups to resist moisture'* or specific units to block out
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diffusion of ions/molecules from the perovskite layer and thus
prevent perovskite decomposition;'® and (3) encapsulation.'®
Among these strategies, passivating perovskite defects is less
affected by the external environment and is relatively simple.
This approach can be further divided into three categories: (1)
using passivating-group-containing interfacial materials, (2)
adding a passivant into a perovskite precursor solution, and (3)
depositing the passivant onto the perovskite surface.'” For the
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Figure 1. Chemical structures of reference zwitterion passivants PEAI and PI and Lewis base passivants BPY, DQCN, and TTFA.

first method, specifically structured molecules with excellent
passivating and charge-transfer functions need to be explored,
requiring extended development time and increased cost. For
the second method, passivants are generally involved in the
process of perovskite grain growth, which either affect the
quality of the ultimate perovskite film or profitable dose is not
easily accessible.'® The last one is a post-treatment method,
which can not only realize surface defect passivation but also
can even passivate defects at grain boundaries without
influencing perovskite crystallization, which is a more facile,
controllable, and reliable approach.'”*’

The passivants for the last approach can mainly be divided
into three types: (1) Lewis bases principally containing “N”,
“0”, or “S” atoms, which have lone pair electrons that can be
donated to undercoordinated lead ions;'”*'™** (2) Lewis
acids, which can bond with free halides in perovskite to form
Lewis adducts;'”*"** and (3) zwitterions, which exhibit a
bilateral effect by passivating negatively and positively charged
defects.”?**>® For instance, the Nazeeruddin group utilized
the Lewis base tris{5-[(tetrahydro-2H-pyran-2-yl)oxy]pentyl}-
phosphine oxide with the “P=0" terminal group to passivate
surface defects by coordinating with Pb*', attaining a 4%
increase in PCE and enhanced device stability with a PCE
retention of 96% (only 62% for the control) after being stored
in <10% humidity air for 360 h without encapsulation.”” The
Wang group employed the Lewis acid tris(pentafluorophenyl)-
phosphine to passivate halide-related defects via the positive
charge center of phosphorus, resulting in a 22% increase in
PCE and a delayed PCE decrease from 79 to 37% after being
stored unencapsulated in 75% humidity air for 336 h.*> The
Jen group employed a bifunctional zwitterion piperazinium
iodide (PI) to passivate perovskite. The R,NH," groups on PI
can insert the vacancy sites, whereas the R,NH group can react
with undercoordinated Pb*', leading to a 12.6% efficiency
increase and enhanced device stability with the PCE
maintained at 93% after being stored unencapsulated in 55%
humidity air for 1000 h.”’

Nevertheless, Lewis acid passivants for post-treatment
passivation are very few, probably due to either high reactivity
like that of boron compounds (BR;) and aluminum
compounds (AIR;) or hygroscopic property like that of
carboxylic acid, phosphoric acid, sulfonic groups, and
ammonium.”"”” Zwitterion passivants exhibit a dissatisfactory
stability-enhancement effect due to their inherent moisture-
absorbing nature.”*”” Comparatively, the organic Lewis base
seems to be more suitable to address the device stability issue.
However, most Lewis bases containing one coordinating site
have weaker interaction and no extremely hydrophobic and/or
bulky units; thus, they cannot effectively prevent the attack of
“H,0” molecules. Long group-adopted time-domain density
functional theory (DFT) was combined with nonadiabatic
molecular dynamics to conduct the passivation of different
Lewis base ligands.”” They concluded that proper bidentate
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ligands work best because they can passivate unsaturated
chemical bonds created due to vacancy defects and can also
provide a better match to the sparse inorganic lattice of
perovskite, which results in improvement of the stability and
performance of PSCs.”” In this work, we have adopted
common organic Lewis base passivants 2,2'-bipyridine (BPY),
4-hydroxy-1,5-naphthyridine-3-carbonitrile (DQCN), and the-
noyltrifluoroacetone (TTFA) (in Figure 1) that bear bulky
hydrophobic aromatic groups with two coordination sites to
passivate defects and enhance the hydrophobicity of the
perovskite surface and the interaction between the passivant
and perovskite. PSCs with a structure of indium tin oxide
(ITO)/NiO,/MAPbCL I;_,/passivants/Cq,/BCP/Ag have
been fabricated, and PCEs of 19.22, 17.85, 16.49, 16.31, and
17.88% have been obtained from devices, respectively, using
PEAI, PI, BPY, DQCN, and TTFA as the passivant, which are,
respectively, enhanced by 209, 112, 4.9, 2.6, and 12.9%
compared to that of the control device (15.75%). Importantly,
BPY-, DQCN-, and TTFA-based devices exhibit significant
enhancement in stability with the PCE maintained at 86.8,
83.3, and 87.1%, respectively, of their initial efficiency after
being stored unencapsulated in a ~12%-humidity and low-
oxygen environment for 40 days, whereas PEAI, PI, and the
control devices only maintained 44.6, 61.2, and 55.6% of their
initial efficiency, respectively, under the same experimental
condition.

2. EXPERIMENTAL SECTION

2.1. Materials. Chemicals such as Pbl,, PbCl,, C¢, Ag, and
BPY were purchased from Alfa Aesar Chemical Co. Ltd.
Bathocuproine (BCP) was purchased from Xi'an Polymer
Light Technology Co., Ltd. DQCN and TTFA were purchased
from Suzhou Rare Earths Technology, Ltd. ITO-coated glass
substrates with a sheet resistance of 10 Q/[] were purchased
from South China Sc1ence & Technology Co., Ltd. PEAL>°
PL,”" and CH;NH,I*° were synthesized according to the
literature and recrystallized prior to use.

2.2. Instrumentation. Fourier-transform infrared spectra
(FTIR) were recorded using a PerkinElmer Spectrum Two.
Ultraviolet—visible (UV—vis) and fluorescence spectra were
recorded with a LAMBDA 35 and a Shimadzu (RF-6000 Plus)
spectrophotometer, respectively. Time-resolved photolumines-
cence (TRPL) spectra were obtained using a Hamamatsu
C12132 with a pulsed laser (frequency, 15 kHz) of SO0 nm
(excitation power, 1 mW). X-ray powder diffraction (XRD)
patterns were recorded on a Bruker D8 Advanced/X-ray
diffractometer with Cu Ka radiation at a generator voltage of
40 kV and a current of 100 mA. Ultraviolet photoelectron
spectroscopy (UPS) was conducted using a Kratos X-ray
photoelectron spectrometer, Axis Supra. Scanning electron
microscopy (SEM) images were recorded on a SEM Hitachi S-
4800 microscope. Atomic force microscopy (AFM) inves-
tigation was performed using Bruker Dimension Icon AFM in
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Figure 2. FTIR of PVK, passivants, and passivated perovskite. (a) PVK, BPY, and BPY-passivated PVK; (b) PVK, DQCN, and DQCN-passivated

PVK; and (c) PVK, TTFA, and TTFA-passivated PVK.
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Figure 3. a) UV—vis absorption spectra of MAPbCL],_, films with and without passivation. Inset: Tauc plots and the linear extrapolation of the
bandgaps. (b) XRD patterns of MAPbCLI,_, films with and without passivation measured on NiO,/ITO/glass. The inset shows enlargement of the

(110) peaks.

the “tapping” mode. The current density—voltage (J—V)
curves of photovoltaic devices were measured on a Keithley
2400 source-measure unit under 100 mW cm™> AM 1.5G
irradiation using a xenon lamp solar simulator [Oriel 300 W
solar simulator]. The external quantum efficiency (EQE) of the
solar cells was acquired on an Enlitech QE-R3018 using
calibrated Si diodes as reference. The electrochemical
impedance spectra were tested using the Zahner electro-
chemical workstation.

2.3. Theoretical Calculation. The DFT calculations were
performed using “Materials Studio” software. The exchange—
correlation functional of the generalized gradient approxima-
tion of Perdew—Burke—Ernzerhof was used to relax all the
structural parameters and atom positions.”*” The van der
Waals interactions of the D3-B] method were included in all
calculations. The plane-wave basis set cutoff was 489.8 eV. All
atoms were relaxed to minimize the Feynman—Hellmann
forces to below 0.02 eV A™'. The bulk perovskite MAPbI,
molecule was optimized in a 15 A X 15 A X 15 A lattice. The
MAPDI; surface was attained by selecting a layer from the
initial structure of the reported crystal structure, which is fully
optimized to obtain the periodic cell parameters as a = 25.6972
A, b=17.5185 A, and ¢ = 17.6892 A, with 1 X 1 X 1 k-point
grids used.*

2.4. Fabrication of PSCs. The ITO-coated glass substrates
(6 Q/[]) were cleaned using detergent and then successively
sonicated in deionized water, ethanol, acetone, and isopropa-
nol and then treated with oxygen plasma for 4 min before use.
For the NiO, hole-transporting layer, the filtered NiO,
precursor solution was spin-coated on top of ITO/glass and
annealed at 350 °C for 1 h in air to form a ~20 nm-thick film.
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The perovskite absorber layer was fabricated via an anti-
solvent-assisted crystallization procedure; the dimethylforma-
mide precursor solution of MAPbCLI,_, (MAI/PbL,/PbCl, =
1:0.9:0.1, molar ratio, 1.2 M) was spin-coated on top of the
NiO, layer at 4000 rpm for 7 s, immediately exposed to
chlorobenzene to induce crystallization, and then spun at 4000
rpm for S0 s. The wet perovskite film was annealed at 100 °C
for 10 min to form a ~300 nm active layer. 30 uL of
isopropanol solution of the passivant (PEAL PI, BPY, DQCN,
or TTFA, 1 mg/mL) was spun onto the perovskite film at
5000 rpm for 30 s and annealed at 100 °C for 10 min. The
passivated perovskite film was washed using isopropanol to
remove the free passivant molecules and was further annealed
at 100 °C for S min to evaporate the solvent. Finally, an
electron-transporting layer of Cg4 (25 nm), a hole-blocking
layer of BCP (8 nm), and a top Ag electrode (100 nm) were
successively deposited by high-vacuum thermal evaporation.

3. RESULTS AND DISCUSSION

3.1. Chemical Structure and Bonding. The chemical
structures of the passivants PEAI, PI, BPY, DQCN, and TTFA
are illustrated in Figure 1. PEAT’® and PI’” are used as
reference due to their excellent passivation effect for high-
efficiency PSCs. Different from common passivants having a
single coordination site, BPY, DQCN, and TTFA have bi-
coordination sites of “N/N”, “N/O”, and “O/O”, respectively,
which are expected to coordinate with exposed “Pb” to form
more stable coordination bonds; at the same time, the bulky
aromatic groups are expected to enhance the hydrophobic
property of the perovskite surface and thus prevent water
intrusion.

https://doi.org/10.1021/acsomega.2c03802
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Figure 4. SEM (a) and AFM (b) images of the PVK film and films passivated by PEAI (PEAI + PVK), PI (PI + PVK), BPY (BPY + PVK), DQCN
(DQCN + PVK), or TTFA (TTFA + PVK). The film roughness is shown as the inset in (b).
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Figure 5. (a) PL spectra and (b) TRPL of the PVK film and perovskite films passivated by PEAI (PVK + PEAI), PI (PVK + PI), BPY (PVK +

BPY), DQCN (PVK + DQCN), or TTFA (PVK + TTFA).

To investigate the potential interactions between the
passivants and perovskite, each passivant (1 mg/mL in
isopropanol) was deposited on top of perovskite MAPbCL],_,,
and FTIR spectroscopy was performed to investigate change of
the chemical bonds (Figures 2 and S1). Compared to “C=N"
vibration at 1579 cm™" in BPY, only a single vibration peak at a
higher wavenumber of 1598 cm™' appears in BPY-passivated
pristine perovskite (PVK) (Figure 2a), which indicates that
both “N” sites in BPY coordinate with exposed “Pb” in
perovskite and form “N---Pb---N” coordination bonds.
Compared to those of pure DQCN, the “C=0" and “C=
N” vibrations for DQCN-passivated PVK show a slight shift
from 1634 and 1578 to 1628 and 1584 cm™’, respectively
(Figure 2b), which implies the formation of “C=0---Pb---N”
coordination bonds. Compared to that of pure TTFA, the
vibration of C=0 linked to “CF;” or thiophene for TTFA-
passivated PVK shows an obvious shift from 1663 or 1644
cm™! to a lower wavenumber of 1638 or 1620 cm™),
respectively, indicating that both C=O bonds in TTFA
formed “C=O0O---Pb---O=C” coordination bonds with “Pb”
(Figure 2¢).

3.2. Photophysical Property, Crystalline Structure,
and Electric Property. To study the influence of passivation
on perovskite, absorption spectroscopy, XRD, and UPS were
conducted, and the results are shown in Figures 3, S2, and S3.
The absorption and Tauc plots of MAPbCLI; . films post-
treatment with different passivants are presented in Figure 3a.
The PVK shows an absorption edge at 776 nm, which slightly
red-shifted to 779 nm after passivation with PEAI or TTFA
and to 783 nm with BPY or DQCN. No visible change is
observed for Pl-passivated one, in accordance with the
literature.”” The optical bandgap of perovskite is 1.617 eV
which decreased to 1.605 eV after PEAI or TTFA passivation

and to 1.603 eV after BPY or DQCN passivation. This
phenomenon could be explained by the aromatic groups in
PEAI, TTFA, BPY, or DQCN, which are richer in electrons
than nonaromatic PI and thus increase the delocalization of
perovskite hybrid orbits. The decrease in the bandgap indicates
that there exists bonding interaction between the richer-
electron passivant (BPY or DQCN) and perovskite. Figure 3b
presents the XRD patterns of perovskite with and without
passivation. All the films show similar and characteristic cubic
perovskite diffraction peaks. The peaks of PVK appear at 14.11,
28.44, 31.89, and 40.68°, which can, respectively, be assigned
to (110), (220), (310), and (330) diffractions™* and slightly
shift to a lower angle of 14.07, 28.39, 31.83, and 40.61° after
passivation by PEAI or PI and 14.08, 28.40, 31.85, and 40.63°
after passivation by BPY, DQCN, or TTFA. No shift was
observed for the sample treated with pure isopropanol (in
Figure S2), which excludes the possible influence of the
passivant deposition process on the property of perovskite.
Therefore, from the shift of the diffraction peaks, it can be
speculated that the passivant, especially a small-sized PEAI or
PI molecule, can enter the interstitial lattice of perovskite and
expand the cell unit.’”*® Furthermore, there is no obvious
diffraction peak at 5.4°, indicating that 2D perovskite
PEA,PbI, did not form after passivation of PEAI, which is
consistent with that reported in the literature.”® Also, 2D
perovskite did not form after passivation of PI, as concluded by
Jen et al.*” In addition, BPY, DQCN, and TTFA molecules do
not contain an essential prerequisite aliphatic or aromatic
alkylammonium spacer cation; therefore, 2D perovskite also
cannot form after their passivation.*®

The highest occupied molecular orbital (HOMO) energy
levels of perovskite films were derived from UPS (see Figure
$3). The HOMO energy level of the PVK film is —5.50 eV
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Figure 6. (a) J—V curves of the best performing MAPbCL];_, solar cells with and without passivation treatment. (b) EQE spectra of the devices in
(a). (c) Nyquist plots of the solar cells with MAPbCL],_, passivated with PEAI, PI, BPY, DQCN, and TTFA measured at frequencies ranging from
2 X 10° to 3 X 107! Hz at 0.8 V bias voltages in dark in air. (d) Long-term stability of devices without encapsulation stored in a ~12% humidity,

low-oxygen level environment and tested in ~50% humidity in air.

and, respectively, descends to —5.63, —5.65, —5.62, —5.63, and
—5.64 eV for the films passivated with PEAI, PI, BPY, DQCN,
and TTFA. The lowest unoccupied molecular orbital (LUMO)
energy levels of the PVK and that passivated with PEAI, PI,
BPY, DQCN, and TTFA are —3.88, —4.02, —4.03, —4.02,
—4.03, and —4.04 eV, respectively, which were calculated by
subtracting the optical bandgaps from the HOMO levels. The
energy diagram of the solar cell in Figure S4 shows that the
LUMO energy level of passivated perovskite is much closer to
4.50 eV of Cg, thus being beneficial for electron transfer from
perovskite to the electron-transporting layer.

3.3. Surface Morphology. SEM and AFM were
conducted to investigate the passivation influence on the
morphology of perovskite films, and the results are shown in
Figures 4 and S5. The PVK film is uniform and dense with
clearly visible grain boundaries and a roughness (R,) of 15.4
nm. After being passivated by PEAI, PI, BPY, DQCN, or
TTFA, no significant change was observed in grain size and
grain boundaries (Figure 4a) and surface roughness (Figure
4b), which indicates that the post-treatment passivation has
little influence on the perovskite morphology.

3.4. Photoluminescence. To further assess the passiva-
tion effect on the intrinsic properties of perovskite films,
steady-state PL and TRPL spectra were recorded (see Figure
5). Compared to those of the pristine counterpart, all
passivated perovskite films exhibit significantly enhanced PL
intensity (Figure Sa), indicating that the non-radiative
recombination of perovskite was inhibited, probably due to
the passivation of the defects.”” The PL peak position of the
PVK appears at 767 nm and, respectively, red-shifted to 771,
773, 772, and 771 nm after being passivated by PEAI, BPY,

32387

DQCN, and TTFA, which can be attributed to bandgap
decrease after passivation (Figure 3a).”® No peak position
change was observed for the Pl-passivated film. The TRPL of
the passivated perovskite films exhibits bi-exponential decays
with a fast and a slow component, and the curves are all
dominated by the slow decay process (Figure Sb). The fast
decay is assigned to the nonradiative recombination process
induced by the charge trapping, whereas the slow decay is
related to the carrier recombination process.’”*® After being
passivated by PEAI, PI, BPY, DQCN, or TTFA, the fast decay
lifetime changed from 24.17 to 20.75, 30.64, 31.44, 26.89, or
33.01 ns, and the corresponding fraction significantly
decreased from 35.93 to 7.07, 5.30, 9.62, 22.65, or 7.69%,
respectively (Table S1); while the slow decay lifetime changed
from 157.34 to 636.20, 464.83, 299.73, 212.14, or 576.22 ns,
and the corresponding fraction greatly enhanced from 64.07 to
92.93, 94.70, 91.38, 77.35, or 92.31%, respectively (Table S1).
The corresponding PL lifetime obtained from both sections of
fast and slow decay significantly increased from 106.37 to
610.98, 441.73, 273.63, 168.80, or 534.25 ns, respectively
(Figure Sb and Table S1). These results indicate that the
passivated perovskite films have lower trap density and better
electronic properties.”® The more efficient passivation effect of
PEALI or PI than that of BPY or DQCN implies that there are
more halide defects than Pb defects at the surface.”> The
superior passivation effect of TTFA than that of PI, BPY, and
DQCN can possibly be attributed to its relatively soft structure
that benefits the coordination between “O” and “Pb” and a
strong electron-drawing “—CF;” group that enables adjacent
carbon as a Lewis acid and passivates halide defects.”> The PL
results demonstrate that the passivation effect via the post-

https://doi.org/10.1021/acsomega.2c03802
ACS Omega 2022, 7, 32383—-32392


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03802/suppl_file/ao2c03802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03802/suppl_file/ao2c03802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03802/suppl_file/ao2c03802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03802/suppl_file/ao2c03802_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03802/suppl_file/ao2c03802_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03802?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03802?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03802?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03802?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

treatment strategy is greatly influenced by the type, the active
sites, and/or the structure of the passivant.

3.5. PSCs Using Organic Lewis Bases as Passivants.
Using PEAI, PI, BPY, DQCN, or TTFA as the passivant,
planar p—i—n PSCs with a structure of ITO/NiO,/
MAPDBCLI;_,/passivants/Cg,/BCP/Ag were fabricated. The
current density—voltage (J—V) and EQE curves of the best
performing devices using passivated and pristine perovskites
are shown in Figures 6 and S6. The average device parameters
with standard deviations are summarized in Table 1. The

Table 1. Photovoltaic Parameters of PSCs Using Different
Passivants

device

Voc Jsc PCE,,.. Ry,
(passivant) (V) (mAcm™) FF(%) (%) R (Q) (kQ)

control 1.040 20.62 73.45 15.75 20S.7 28.64
PEAI 1.090 22.52 78.30 19.22 129.9 99.76
PI 1.097 21.76 74.78 17.85 158.8 281.0
BPY 1.054 20.94 74.71 16.49 167.0 45.54
DQCN 1.052 21.42 72.38 16.31 177.4 70.14
TTFA 1.072 22.15 75.29 17.88 147.4 120.4

control device using PVK shows an efficiency of 15.75 with a
Jso» Voo, and FF of 20.62 mA cm™, 1.040 V, and 73.45%,
respectively. When using PEAI-, PI-, or TTFA-passivated
perovskite, the solar cell performance is significantly improved
with a Jgc, Voo, FF, and PCE of 22.52 mA cm™, 1.090 V,
78.30, and 19.22% for PEAL 21.76 mA cm™2, 1.097 V, 74.78,
and 17.85% for PI, and 22.15 mA cm™2, 1.072 V, 75.29, and
17.88% for TTFA, respectively. For the BPY- or DQCN-
passivated perovskites, the solar cell performance is slightly

improved with a Jsc, Vo, FF, and PCE of 20.94 mA cm™,
1.054 V, 74.71, 16.49% for BPY and 21.42 mA cm™2 1.052 V,
72.38, and 16.31% for DQCN, respectively. Compared to
those of the reference passivants of PEAI and PI, BPY- and
DQCN-based devices show inferior performance, while TTFA
shows comparable performance. It can be explained that the
neutral Lewis base molecules of BPY and DQCN can only
passivate the undercoordinated “Pb”-induced defects, not the
critical negative halide defects on the perovskite surface, thus
leading to relatively more carrier recombination.””° However,
TTFA possesses a more favorable structure feature for
coordination with “Pb**” and especially the Lewis acid
characteristic generated by the strong electron-drawing “—
CF;” group, which can passivate some halide defects via
forming Lewis adducts.

Devices using passivated MAPbCLI;_, show similar EQE
curves in the wavelength range of 300—800 nm (Figure 6b).
The Jqc integrated from the EQE spectra is 19.63, 21.40, 20.76,
19.90, 20.35, and 21.05 mA cm™2 for the control, PEAI-, PI-,
BPY-, DQCN-, and TTFA-based solar cells, respectively, in
excellent agreement with the measured value from the J—V
characterization in Figure 6a. Compared to the control device,
PEAI-, PI-, and TTFA-based ones show higher EQE in the
wavelength range of 300—800 nm (Figure 6b), probably
attributed to the improvement of the charge transport and the
reduction of non-radiative recombination. The series resistance
(R,) of PEAI-, PI-, and TTFA-based devices is smaller than
that of the control ones (see Table 1). Compared to the
control device, BPY-based ones exhibit slightly lower EQE
between 460 and 570 nm but higher EQE between 650 and
800 nm; DQCN-based ones exhibit lower EQE between 350

PVK+PEAI PVK+PI

PVK+BPY

PVK+TTFA

PVK+DQCN

(b)

PVK+PEAI I PVK+PI | PVKePL

’w&

PVK+BPY | PVK+DQCN PVK+TTFA

@ ~ Q¢ o @ @c O-F

Figure 7. (a) Contact angle of water droplets on the perovskite films passivated by PEAI (PVK + PEAI), PI (PVK + PI), BPY (PVK + BPY),
DQCN (PVK + DQCN), or TTFA (PVK + TTFA), with the PVK film as reference. (b) Theoretical simulation of the perovskite/passivant
interfaces and theoretical calculation for the energy of the coordination bonds formed between the undercoordinated “Pb” atom and “N” or “O”
atom. The enlarged area below describes the coordination bonds and their optimized lengths.
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and 430 nm but higher EQE between 650 and 800 nm. The
higher EQE between 650 and 800 nm for BPY- and DQCN-
based devices can be mainly attributed to the reduction of non-
radiative recombination, while the lower EQE in the short-
wave region cannot be explained. The significantly higher EQE
and PCE for PEAI-, PI, and TTFA-based devices both
demonstrate that these passivants have effective passivation on
the perovskite surface defects.

We further studied the electrochemical impedance spectra of
the solar cells to explain the discrepancies in Js¢c, Voc, and FF
as a function of the passivated perovskite (Figure 6¢). Under
an applied voltage of 0.8 V in the dark, the obviously visible
arcs were recorded in the middle frequency, which are
attributed to a recombination resistance, R..>’ The largest
arcs for the PEAI-based device represent the highest internal
R, and thus the lowest charge recombination than others,
which corresponds to the highest V¢, Jsc, and FF (Table
1).>”*° The similar arcs for TTFA- and Pl-based devices can
explain the little difference in V¢, Jsc, and FF due to the
similar charge recombination rate, which is roughly identical to
that for BPY- and DQCN-based devices. Compared to those
for TTFA- and PI-based devices, the much smaller arcs for the
control, and BPY- or DQCN-based ones indicate a much
higher charge combination rate, thus leading to much lower
Voo Jse and FE.

To explore the effect of different passivants on the device
stability, the PSCs without encapsulation were stored in a
~12% humidity, low-oxygen level environment (O, content of
~150 ppm) and tested every 3 days in ~50% humidity air. The
samples were exposed to the ambient environment for ~2 h
each time during the test. As displayed in Figures 6d and S6,
the control device exhibits a gradual increase in V¢ and a
continuous fast decrease in Jc with fluctuant FF around 70%,
leading to a fast drop in PCE. Compared to that of the control
device, the V¢ for PI, BPY-, DQCN-, and TTFA-based
devices exhibits a similar increasing trend while that for the
PEAI-based device shows a slight decrease during the first 4
weeks before evening out (Figure S7a). The Jsc for devices
with passivation shows a slower and fluctuant decrease during
the storage while a relatively fast decrease for the PI-based
device (Figure S7b). The FF for the PEAI-, BPY-, DQCN-, or
TTFA-based device exhibits no obvious change with only small
fluctuation during the storage but a significant decrease for the
Pl-based device (Figure S7c). After being stored for 40 days
with a total test for 14 times, the efficiencies of the devices
show a 45.4, 38.8, 44.4, 13.2, 16.7, and 12.9% drop for the
control, PEAI-, PI-, BPY-, DQCN-, and TTFA-based devices,
respectively (Figure 6d).

In order to understand the origin of stability difference of
the passivated perovskite, the surface properties of the
perovskite films were investigated, such as hydrophobicity
and the stability of molecular bonding between “Pb” and
passivants. As shown in Figure 7a, the water contact angle of
the PVK surface is 33.8°, which is increased to 51.2, 48.7, 69.3,
62.8, and 66.3° for PEAL, PL, BPY-, DQCN-, and TTFA-
passivated perovskite surfaces, respectively, indicating the
improved hydrophobicity induced by the hydrophobic organic
passivant molecules adhering to the perovskite surface.
Compared to those of the zwitterion passivants of PEAI and
PI, the bulky aromatic moieties in organic BPY, DQCN, and
TTFA make the perovskite surface much more hydrophobic,
which is probably the primary reason for BPY-, DQCN-, and
TTFA-based devices exhibiting obviously higher stability than

PEAI- and PI-based devices. Furthermore, compared to BPY
bearing a highly hydrophobic “pyridine” group and TTFA
bearing extremely hydrophobic “thiophene” and “—CF;”
groups, DQCN contains “N—H” and “—~CN” polar groups,
which are prone to form hydrogen bonds with H,O, thus
leading to a slightly lower hydrophobic perovskite surface,
accounting for relatively slightly inferior device stability. As
shown in Figure 7b, a layer of MAPbI; crystal configuration®'
was selected as the calculation model for passivant molecular
adsorption energies. PEAI offers “I” ions to coordinate with
exposed “Pb”, and PEA* (2-phenylethan-1-aminium) is the
counter ion adhering to the perovskite surface. PI can offer “I”
ions or “N” to coordinate with exposed “Pb”, forming two
conformations on the perovskite surface. The passivants BPY,
DQCN, and TTFA form the “N—Pb” or “O—Pb” coordination
bonds on the perovskite surface, which has been confirmed by
FTIR characterization. According to the cases of coordination,
interacting conformations between the passivant molecules and
perovskite surface and the bond distance were optimized
through DFT calculations.”** The results demonstrate that
the absorption energies of the passivant molecules on the
perovskite surface are —0.5759 eV for PEAI, —0.6477 eV
(formation of the “I—Pb” coordination bond) or —0.7681 eV
(formation of the “N—Pb” coordination bond) for PI, —0.7472
eV for BPY, —6.1894 eV for DQCN, and —5.9192 eV for
TTFA (see Table S2). For PEAI or PJ, this absorption energy
is mainly contributed from “I-Pb” coordination interaction
and electrostatic attraction between positive and negative ions,
while for BPY, DQCN, or TTFA, it originates from the
contribution of “N—Pb—N”, “N—-Pb—0”, or “O—Pb—-0”
coordination interaction, respectively. The higher the
adsorption energy, the stronger the interaction between the
passivant molecule and perovskite; therefore, DQCN and
TTFA molecules have much stronger interaction with
perovskite; thus, they are less likely to be lost or be replaced
by other foreign molecules, which is probably another factor
for the better stability of their devices. In addition, the
coordination bond lengths for BPY, DQCN, or TTFA are far
smaller than the diameter of H,O (4.0 A) or O, (3.5 A), which
can form a larger steric hindrance against the invasion of H,O
or O, molecules of perovskite surface defects. This can explain
why BPY-based devices can exhibit good stability despite the
small adsorption energy of BPY molecules on the perovskite
surface. These characterization results demonstrate that the
variation of perovskite surface hydrophobicity after passivation
is the primary influencing factor for the discrepancy of device
stability. In the case of similar perovskite surface hydro-
phobicity, the high adsorption energy and short bonding
length between passivant molecules and perovskite are
favorable to device stability.

4. CONCLUSIONS

In summary, three organic Lewis bases (BPY, DQCN, and
TTFA) with bi-coordination sites of N or O were first
employed as passivants for perovskite surface defects via a
post-treatment approach. The typical zwitterion PEAI and PI
passivants were used as reference. FTIR, UV—vis, and UPS
characterizations reveal that BPY, DQCN, or TTFA has
formed the coordination bonds between their active sites and
exposed “Pb” and was probably involved in the orbital
hybridization of perovskite, leading to the slight decrease in
HOMO or LUMO energy levels and bandgaps. XRD, SEM,
and AFM characterizations demonstrate that only minimal
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passivants especially small-size PEAI or PI entered the
interstitial lattice site of perovskite, leading to a slightly
expanded unit cell, while most passivants were anchored to the
perovskite surface, having almost no influence on the
perovskite grains and surface morphology. PL and TRPL
characterizations indicate that all these passivants can passivate
the perovskite surface defects to inhibit non-radiative
recombination. The passivation effect via this post-treatment
strategy is primarily impacted by the defect type of the
perovskite surface and the type and structure of passivants.
Utilizing the passivated perovskite as the light absorption layer,
the solar cells with an inverted configuration of ITO/NiO,/
MAPDCLI;_,/passivants/C60/BCP/Ag have been successfully
fabricated, and efficiencies of 19.22, 17.85, 16.49, 16.31, and
17.88% have been achieved from PEAI-, PI-, BPY-, DQCN-,
and TTFA-passivated perovskite, respectively. All the device
performance based on the passivated perovskite is superior to
that of the control ones (15.75%) owing to the fact that the
interior carrier recombination of the devices was effectively
inhibited via passivating the defects of the perovskite surface.
Especially, the devices from the TTFA-passivated perovskite
exhibit almost comparable efficiencies to those based on the
typical PEAI and PI passivants, indicating that TTFA has an
equal excellent passivation effect to PEAI and PI. Furthermore,
the devices based on BPY-, DQCN-, or TTFA-passivated
perovskites show superior long-term stability with an efficiency
loss of only 13.2, 16.7, or 12.9%, respectively, but 45.4, 38.8,
and 44.4% for the control, PEAI-, or Pl-based ones,
respectively, after being stored for 40 days in a ~12%
humidity, low-oxygen level environment. The contact angle
test and interaction simulation calculation between the
passivant and perovskite surface reveal that BPY, DQCN, or
TTFA passivation can significantly improve the surface
hydrophobicity of perovskite, and also, DQCN or TTFA can
form much stronger interactions at slightly shorter distance
with perovskite. These results indicate that the variation of
perovskite surface hydrophobicity after passivation is the
primary influencing factor for the discrepancy of device
stability. In the case of similar perovskite surface hydro-
phobicity, the high adsorption energy and short bonding
length between passivant molecules and perovskite are
favorable to device stability, which can explain why TTFA-
based devices show better stability than BPY-based ones. Our
results demonstrate that it is feasible to achieve high-efficiency
and long-term-stable PSCs via selecting the appropriate
molecules to passivate the dominant defects of the perovskite
surface.
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