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SUMMARY

Organic-inorganic lead halide perovskite solar cells (PSCs) have received much
attention in the last few years due to the high power conversion efficiency
(PCE). Generally, perovskite/charge transport layer interface and the defects at
the surface and grain boundaries of perovskite film are important factors for
the efficiency and stability of PSCs. Herein, we employ an extended benzopenta-
fulvalenes compound (FDC-2-5Cl) with electron-withdrawing pentachlorophenyl
group and favorable energy level as charge transfer molecule to treat the perov-
skite surface. The FDC-2-5Cl with pentachlorophenyl group could accept the elec-
trons from perovskite as a p-type dopant, and passivate the surface defects. The
p-type doping effect of FDC-2-5Cl on perovskite surface induced band bending at
perovskite surface, which improves the hole extraction from perovskite. As a
result, the PSC with FDC-2-5Cl treatment achieves a PCE of 21.16% with an
enhanced open-circuit voltage (V,.) of 1.14 V and outstanding long-term stability.

INTRODUCTION

Owing to the excellent optoelectronic properties, such as strong light absorption (Xiao et al., 2014), long
charge carrier lifetime (Stranks et al., 2013), high charge carrier mobility (Wehrenfennig et al., 2014), low
exciton binding energy (Lin et al., 2015), and tunable bandgap (Guo et al., 2019; Noh et al., 2013; Zhang
et al., 2020), organic-inorganic lead halide perovskite semiconductors have been widely used in solar cells,
light-emitting diodes, photodetectors and lasers (Liu et al., 2018; Saidaminov et al., 2015; Seo et al., 2017;
Stranks and Snaith, 2015; Zhu et al., 2015). In the last few years, the power conversion efficiency (PCE) of
perovskite solar cells (PSCs) has rocked from an initial 3.8% to 25.5%(Kojima et al., 2009; NREL Chart,
2020). However, some core issues limit the commercial application of PSCs. On one hand, due to the so-
lution fabrication process and the ionic nature of perovskite, many defects are formed at the grain bound-
ary and surface of polycrystalline perovskite film, such as halide anion and Pb?* cation vacancies, organic
cation vacancies, undercoordinated halide and Pb?* ions, and Pb-I antisite defects (Ball and Petrozza, 2016;
Eames et al,, 2015; Shao et al., 2014; Sherkar et al., 2017; Shi et al., 2015; Zhou et al., 2019b). These non-
negligible defects at grain boundary and interface can act as recombination centers and cause serious
charge carrier recombination, which is one of the main barriers for the improvement of PSC device perfor-
mance (Li et al., 2019; Qian et al., 2019). Except efficiency, the relatively poor device stability is another
serious issue for PSCs. Researches show that defects are involved in the decomposition process of perov-
skite films, leading to the long-term instability of PSCs (Aristidou et al., 2017; Berhe et al., 2016; Saidaminov
et al., 2018; Wang et al., 2016).

It's crucial to suppress the defects at grain boundary and surface of perovskite for improving the efficiency
and stability of PSCs. Various passivation agents, such as metal halides, fullerenes and their derivatives,
polymers, and organic halide salts have been used to passivate the defects of perovskite film (Meng
et al.,, 2018; Son et al., 2018; Turren-Cruz et al., 2018; Yang et al., 2018; Zhao et al., 2018). Among them,
organic molecules exhibit great potential due to their diversity of structural functionality for performance
improvement and hydrophobicity enhancement to protect perovskites against moisture and oxygen. For
example, Tavakoli et al. introduced 1-adamantylamine hydrochloride (ADAHCI) with 1-adamantylamine
functional group to passivate surface defects of perovskite. The device with formamidinium chloride
(FACI) and ADAHCI passivation achieved a higher PCE of 21.2% compared to that with FACI (20.52%)
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and reference (19.43%) (Tavakoli et al., 2019). However, most of surface passivation methods for perovskite
film only focus on the surface defects, and the mismatch of energy band between perovskite and 2,2,7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) is often overlooked, which
influences the charge transfer at perovskite/spiro-OMeTAD interface (Guo et al., 2018b; Zhou et al.,
2019a). Hence, the organic molecule passivator with suitable energy level and charge transfer capability
is beneficial for improved charge transfer at the perovskite/Spiro-OMeTAD interface.

Meanwhile, similar with graphene, it is thought that the organic molecules donor or acceptor could induce
charge transfer doping on the organic or inorganic surface due to strong molecular interaction, which can
adjust the surface properties of perovskite film further. For example, Noel et al. introduced the molybde-
num tris(1-(trifluoroethanoyl)-2-(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-COCF3)3) as molecular
doping on perovskite surface, they found that the dopant-treated perovskite interface become more p-
type due to the charge transfer from perovskite to Mo(tfd-COCF3);. By using the molecular p-doping,
they discarded the 4-tert butylpyridine (tBP) and achieved a PSC with improved thermal stability(Noel
etal.,, 2019). Jiang et al. observed the p-type doping behavior on 4,4',4" 4" -(pyrazine-2,3,5,6-tetrayl) tetra-
kis (N,Nbis(4-methoxyphenyl) aniline) PT-TPA treated perovskite surface, the p-type doping forms the
bending of perovskite band, which improve the hole transfer from perovskite to hole transport layer
(HTL) (Jiang et al., 2020).

In this study, we report an extended benzopentafulvalenes compound (FDC-2-5Cl) with favorable energy
level for surface treatment of perovskite film. The electron-withdrawing chlorine group in FDC-2-5Cl could
passivate the undercoordinated Pb?*, and the FDC-2-5CI could also form hydrogen-bond with halide
anions in perovskite, which could passivate the undercoordinated iodine. Meanwhile, the electron-with-
drawing pentachlorophenyl group could accept electrons from perovskite and induce p-doping of perov-
skite surface. The p-doping of perovskite surface causes the band bending and improves the energy band
alignment at perovskite/HTL interface, which promotes the hole extraction and reduces the electron-hole
recombination at perovskite/HTL interface. Further first-principles calculations reveal that the FDC-2-5Cl
treatment could induce charge transfer doping, increase the defect formation energy and reduce the sur-
face energy of perovskite. After being passivated with FDC-2-5Cl, the PSC reached a high PCE of 21.16%
(20.7% of stabilized efficiency) with a high open circuit voltage (V) of 1.14 V. Meanwhile, the FDC-2-5Cl
treatment also improved the stability of PSCs, with 88% of its initial PCE after 1008 hr storage in air.

RESULTS AND DISCUSSION

Influence of FDC-2-5Cl on perovskite thin films

We used a two-step process to fabricate the Csg 0sMAg 95.xFAPbl3.,Cl, (y < 0.03) perovskite film. The FDC-
2-5Cl passivation layer was introduced by solution coating the FDC-2-5Cl solution in chlorobenzene on
perovskite film and annealing at 100°C for 3 min. The PSC structure is shown in Figure 1A, and the inset
shows the molecular structure of FDC-2-5C| compound which contains two pentachlorophenyl groups
and the aromatic nucleus structure. The crystal structure and crystal packing of FDC-2-5Cl are shown in Fig-
ures 1B and S1 in supplemental information. From the crystal packing, the FDC-2-5Cl has dense -1 and
halogen-m interactions, which is crucial for carrier transport (Wang et al., 2020). The energy levels and elec-
trical characteristics of FDC-2-5Cl are listed in Figure S2 and Table ST in supplemental information.

To confirm the existence of FDC-2-5C| on perovskite surface and the bonding state of FDC-2-5CI with
perovskite film, we carried out the X-ray photoelectron spectroscopy (XPS) measurement. Figure S3 shows
the full XPS spectra of perovskite film without and with FDC-2-5Cl treatment, and the significant change of
Cl 2p indicates the existence of FDC-2-5C| on perovskite film. Figures 1C-1F show the high-resolution C 1s,
Cl 2p, Pb 4f, and | 3d XPS spectra, respectively. For the pristine perovskite film, the C 1s peak could be
divided to three peaks located at 284.07 eV, 285.27 eV, and 287.27 eV, corresponding to the C-C peak,
C-N peak and C=0 peak, respectively. For the perovskite film with FDC-2-5Cl treatment, the peaks located
at 283.67 eV and 285.57 eV are also corresponding to the C-C peak and C-N peak, respectively. Noticeably,
the C=0 peak at 287.17 eV is significantly suppressed in perovskite film with FDC-2-5Cl treatment, and the
formation of C=0 bond is related to the reaction between the organic cations in perovskite and absorbed
oxygen and moisture when exposing to ambient air (Chen et al., 2018; Lv et al., 2018; Sun et al., 2017). This
result indicates that the FDC-2-5Cl treatment could enhance the tolerance of perovskite film to oxygen and
moisture. We also observed a new peak at 289.87 eV for perovskite film with FDC-2-5Cl| treatment, corre-
sponding to the -7 interaction between the FDC-2-5CI molecules (Jiang et al., 2019; Li et al., 2020). From
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Figure 1. The device structure and XPS results of perovskite films

(A) The device structure of PSCs, the inset is the molecular structure of FDC-2-5Cl.

(B) Crystal structure of FDC-2-5Cl.

(C-F) High-resolution XPS spectra of (C) C 1s, (D) Cl 2p, (E) Pb 4f, and (F) | 3d.

(G and H) Top-view SEM images of perovskite films (G) without and (H) with FDC-2-5Cl treatment.

Figure 1D, the peaks located at 197.20 eV for the pristine and FDC-2-5Cl treated perovskite films are cor-
responding to the Cl of perovskite film. While for the FDC-2-5C| treated perovskite film, the new peaks
located at 199.97 eV and 201.67 eV could be observed, corresponding to the Clin FDC-2-5CI. From Figures
1E and 1F, after being treated by FDC-2-5Cl, the Pb 4f;,, and Pb 4fs,, peaks located at 137.58 eV and 142.42
eV shift to lower binding energies of 137.40 eV and 142.27 eV, and the | 3ds/, and | 3d3/; located at 618.36 eV
and 629.86 eV shift to lower binding energies of 618.19 eV and 629.49 eV, respectively. The down shift of Pb
and | peaks indicates a shift of Femi level of perovskite, which indicates the p-doping of perovskite surface
(Jiang et al., 2020; Noel et al., 2019).

The scanning electron microscope (SEM) measurement was carried out to study the surface morphology of
perovskite film without and with FDC-2-5Cl treatment. As shown in Figures 1G and 1H, all the perovskite
films show uniform and smooth surface morphology. However, the pristine perovskite film shows significant
pinholes and grain boundary. As reported, many defects lie at grain boundary and cause serious charge
recombination. While for the perovskite film with FDC-2-5C| treatment, the grain boundary becomes
blurry, which indicates the FDC-2-5Cl treatment is help to passivate the grain boundary. We also measured
the energy dispersive spectroscopy of perovskite films without and with FDC-2-5Cl treatment, as shown in
Figure S4. All elements in the perovskite films without and with FDC-2-5CI treatment are uniformly
distributed, but the atomic ratio of Cl increases after FDC-2-5Cl treatment due to the abundant chlorine
group in FDC-2-5CI molecule. We further studied the influence of FDC-2-5Cl treatment on the crystallinity
of perovskite film. Figure S5 shows the X-ray diffraction (XRD) patterns of perovskite films without and with
FDC-2-5Cl treatment. All the patterns show significant diffraction peak at 14.01°, 28.37°, and 31.68°, corre-
sponding to the (110), (220), and (310) crystal planes, respectively (Guo et al., 2018a). The FDC-2-5Cl treat-
ment does not introduce any new peaks in the XRD spectrum of perovskite film, which means the similar
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Figure 2. Characterizations of carrier lifetime, charge transfer, and trap density of perovskite film

(Aand B) (A) PL and (B) TR-PL spectra of perovskite films without and with FDC-2-5Cl treatment. UPS spectra of perovskite
films with and without FDC-2-5Cl treatment.

(C and D) (C) The secondary electron cutoff region and (D) the frontier electronic structure region.

(E) Illustration of proposed energy band bending at the surface of the perovskite due to the charge transfer from
perovskite to FDC-2-5Cl.

(F and G) (F) PL and (G) TR-PL spectra of perovskite/spiro-OMeTAD films without and with FDC-2-5CI treatment.

(H and 1) The dark J-V characteristics of devices with structure of (H) glass/ITO/SnO,/perovskite/PCBM/Ag and (I) glass/
ITO/NiO/perovskite/spiro-OMeTAD/Ag.

crystal structure of perovskite film after FDC-2-5C| treatment. Meanwhile, the peak intensity of perovskite
film slightly increases after being passivated by FDC-2-5CI, mainly because the surface treatment of FDC-2-
5CI with a low concentration and short annealing time is hard to influence the perovskite film crystal
significantly. Figure S6 shows the UV-vis absorption spectra of perovskite films with and without FDC-2-
5Cltreatment. The perovskite film with FDC-2-5Cl treatment shows similar absorption compared to pristine
perovskite film, which is consistent with the XRD result.

The influence of FDC-2-5Cl treatment on photogenerated carrier dynamics of perovskite film was studied
by the steady-state photoluminescence (PL) spectra in Figure 2A. The PL intensity of perovskite film with
FDC-2-5ClI treatment is obviously quenched compared to that of pristine perovskite film mainly due to
charge transfer induced quenching effect (Biswas et al., 2020; Muduli et al., 2018). Research studies
show that the passivation could reduce the non-radiative recombination caused by defects, and the PL in-
tensity would increase after passivation, which is in contrast with the PL result in Figure 2A. Here the PL in-
tensity change should be mainly caused by the effect of charge transfer induced quenching. Further, we
carried out time-resolved photoluminescence (TR-PL) measurements to study the photogenerated carrier
lifetime, as shown in Figure 2B. Table S2 lists the fitting parameters of TR-PL curves fitted by a biexponential
function. The perovskite film with FDC-2-5CI treatment exhibits a shorter average lifetime of 73.52 ns
compared with pristine perovskite film (94.60 ns), which indicates the existence of charge transfer from
perovskite to FDC-2-5Cl.
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To further clarify the cause of charge transfer, the ultroviolet photoelectron spectroscopy (UPS) of perovskite
without and with FDC-2-5Cl treatment were measured. As shown in Figures 2C and 2D. The work function
(Wg) is determined form the secondary electron cutoff region in Figure 2C, where the We of perovskite film sign-
ficantly increased from 4.31 to 4.69 eV after FDC-2-5Cl treatment. The frontier electronic structure region is dis-
played as logarithmic coordinates to confirm the valence band maximum (VBM) refered to Fermi level (Ef) in
Figure 2D. The Energy level schemes of perovskite film without and with FDC-2-5Cl treatment is shown in Fig-
ure S7, the optical bandgap of perovskite film (1.57 eV) could be calculated from the UV-vis spectra. The Er of
perovskite is much closer to VBM after FDC-2-5Cl treatment, which indicates the FDC-2-5C| caused a p-type
doping to perovskite surface. This result is consistent with the down shift of Pb and | XPS peak. The p-type
doping would drive the band bending at perovskite surface, as shown in Figure 2E. The band bending improve
the hole extraction at perovskite/HTL interface, which caused the quenching of PL and decreased carrier
lifetime.

We also studied the influence of FDC-2-5Cl treatment on the charger transfer at perovskite/spiro-OMeTAD
interface. The PL and TR-PL spectra of perovskite/spiro-OMeTAD films without and with FDC-2-5Cl treat-
ment were measured and shown in Figures 2F and 2G. The PL spectrum of perovskite/spiro-OMeTAD film
with FDC-2-5Cl| treatment shows a significant quenching compared to that of perovskite/spiro-OMeTAD
film, indicating an increased charger transfer from perovskite film to spiro-OMeTAD HTL. The carrier life-
times of perovskite/spiro-OMeTAD film without and with FDC-2-5C| treatment were also calculated by
fitting the TR-PL curves with a biexponential decay model and the fitting times are listed in Table S2.
The carrier lifetime of perovskite/spiro-OMeTAD with FDC-2-5Cl treatment is 9.92 ns, shorter than that
of pristine perovskite/spiro-OMeTAD film. The decreased carrier lifetime means the improved charge
transfer at perovskite/spiro-OMeTAD interface. This result is not only because FDC-2-5Cl passivates the
defects at perovskite/spiro-OMeTAD interface and reduces the non-radiative recombination caused by
defects but also due to band bending of perovskite caused by the p-type doping of FDC-2-5CI. Meanwhile,
the HOMO energy level of FDC-2-5CI (—5.45 eV) is between the VBM of perovskite film and the HOMO of
spiro-OMeTAD, and the FDC-2-5Cl shows a high hole mobility closed to spiro-OMeTAD which improves
the energy band alignment of perovskite/spiro-OMeTAD interface and enhances the charge transfer.

To further evaluate the influence of FDC-2-5Cl treatment on trap density in perovskite film, we carried out
the space charge-limited-current (SCLC) measurement. The electron-only device and hole-only device with
the structure of glass/ITO/SnO,/perovskite/PCBM/Ag and glass/ITO/NiO/perovskite/spiro-OMeTAD/Ag
were fabricated for SCLC measurement, respectively. Figures 2H and 2| show the dark current density-
voltage (J-V) curves of devices without and with FDC-2-5C| treatment. At low bias region, the current
and voltage show a linear relationship. When the voltage increases, the trap states are filled, the current
increases dramatically, and the corresponding voltage is called trap-filled limit voltage (Vrg)). The trap den-
sity (Nrap) can be calculated from the equation Ntrap=(2€€0VTFL)/(eL2), where L is the thickness of perovskite
film (~500 nm, measured by step profiler), e is the elementary charge, ¢ is relative dielectric constant, and
o Is vacuum permittivity. For the electron-only device, the Vg are 0.57 V and 0.21 V for perovskite films
without and with FDC-2-5CI treatment, respectively. The calculated Ny, are 1.64%10" ecm™2 and
6.04x10" cm~3 for perovskite films without and with FDC-2-5C| treatment. Similarly, for the hole-only de-
vice, the Vg are 0.50 V and 0.08 V for perovskite films without and with FDC-2-5Cl treatment, and the Niap
are calculated to 1.44%10"® cm ™2 and 2.30x 10" cm™ for perovskite films without and with FDC-2-5Cl
treatment, respectively. All the perovskite films with FDC-2-5Cl treatment show the decreased trap density,
which indicates that the FDC-2-5Cl treatment could effectively passivate defects at perovskite surface.

DFT calculation results

First-principles calculations were performed to explore the micro-structure and electronic properties of perov-
skite surface treated by FDC-2-5Cl. Previous studies have pointed that vacancies and antisite defects are formed
at the surface of perovskite film unavoidably (Zou et al., 2019). Thus, the antisite defect Ipy, at the Pbl-terminated
MAPbI3 (001) surface and l-vacancy (V) at the MAI-terminated MAPbI3 (001) surface are considered. Since the
FDC-2-5C| possesses a large number of atoms, the MAPbl3 surface absorbed FDC-2-5CI (MAPbl;@FDC-2-
5Cl) complete model is too big to beyond the limitation of DFT. The MAPbl;@FDC-2-5Cl is simplified and
demonstrated in Figures 3 and S8 (the detailed models and calculation details are given in the supplemental
information). Similar simplifications have been successfully used in the perovskite surface absorbed with other
large molecular (Wolff et al., 2020; Yue et al., 2019). From Figure 3A, an evidently structural disorder is observed
for the MAI-terminated MAPb I3 (001) surface with V. After absorbing FDC-2-5Cl, such disorder is eased since the
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Figure 3. First-principle calculations

(A-C) (A) Side views of FDC-2-5Cl (left) unpassivated and (right) passivated perovskite surfaces with V. Charge density
difference of FDC-2-5Cl passivated perovskite surface with (B) V; and (C) Ipp. The green and yellow regions represent the
electron depletion and accumulation, respectively.

(D) Surface energy and defect formation energy of perovskite surface with V, and Ipy, tuned by FDC-2-5Cl treatment.

(E and F) Density of states of FDC-2-5Cl passivated and unpassivated perovskite surfaces with (E) V; and (F) lpp.

FDC-2-5Cl treatment draws electrons from the perovskite surface so that the Pb-I bonds at the perovskite sur-
face are shrinked and close to those in the bulk perovskite, as seen in Figures 3A and 3B. Thus, the enhanced
peak intensity of perovskite film with FDC-2-5C| treatment is measured by XRD. In addition, the charge transfer
is mainly located between Cl atoms of FDC-2-5Cl and Pb ions around V; and MA cations of perovskite surface,
suggesting the formation of Pb-Cl and MA-Cl bonds between defective perovskite surface and FDC-2-5CI.
These bonds occupy the V; and limit the surface ion migration, so the defect formation energy and surface en-
ergy are enlarged and reduced, respectively, as listed in Figure 3D. It means that the the FDC-2-5Cl impedes the
surface V| formation and enhances the stability of perovskite surface. In addition, it can be seen from Figure 3E
that the impurity levels induced by the surface V, which are served as the nonradiative recombination center and
prejudice the efficiency of PSC, can be eliminated by the FDC-2-5CI due to additional charge transfer between
FDC-2-5Cl| and surface defects. This result confirms the p-type doping effect of FDC-2-5Cl to perovskite surface.
Compared to the FDC-2-5Cl passivated surface V|, similar characters are observed for the FDC-2-5Cl passivated
surface antisite defect Ip,,. Moreover, additional chemical bonds between the H atom of FDC-2-5Cl and the | ion
of perovskite surface are formed, as demonstrated in Figure 3C. Thus, the corresponding defect formation en-
ergy and surface energy are improved and reduced, respectively, and the impurity levels induced by Ipy, are van-
ished by FDC-2-5Cl treatment (see Figures 3D and 3F). Thus, both the structural and optoelectronic properties
of FDC-2-5Cl passivated perovskite film are improved in experiment.

Device performance of PSCs

We further evaluated the influence of FDC-2-5C| treatment on PSCs performance based on the device
shown in Figure TA. We first optimized the concentration of FDC-2-5Cl, and the results are shown in Fig-
ure S9. The optimal concentration of FDC-2-5Cl is 1.0 mg/mL. Figure 4A shows the energy band structure
of all materials in PSCs which has been reported in our previous works(Wang et al., 2020; Guo et al., 2018a).
The HOMO of FDC-2-5CI (—5.45 eV) is between the valence band of the perovskite and the HOMO of spiro-
OMeTAD and shows a good energy band alignment with perovskite and spiro-OMeTAD. The p-type
doping of FDC-2-5CI caused the band bending at perovskite surface, the VBM of perovskite is closer to
the HOMO of sprio-OMeTAD. The hole mobility of FDC-2-5Cl is 1.06 x 10~ cm?V~"s™", which is close
to that of spiro-OMeTAD (1.1 x 1073 cm?V~"s™") (Xi et al,, 2017). The good energy band alignment and
high hole mobility of FDC-2-5Cl could help to enhance the charge transfer at perovskite/spiro-OMeTAD
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Figure 4. Photovoltaic characteristics of PSCs without and with treatment

(A) The energy band structure of PSCs.

(B) J-V curves of PSCs without and with FDC-2-5CI treatment.

(C) Vo distribution of PSCs without and with FDC-2-5Cl treatment.

(D) EQE spectra of the PSC without and with FDC-2-5Cl treatment.

(E and F) Steady state outputs of PCE (E) and J - V hysteresis (F) of the best PSCs without and with FDC-2-5Cl treatment.
(G and H) V,, as a function of light intensity (G), and C - V curves spectra (H) of PSCs without and with FDC-2-5Cl treatment.
(I) Long-term stability of PSCs without and with FDC-2-5Cl treatment. (inset) Water contact angles of perovskite films
without and with FDC-2-5Cl treatment.

interface. The J - V characteristics of champion devices without and with FDC-2-5Cl treatment are shown in
Figure 4B. The pristine device shows a PCE 19.53% with a short-circuit current density (Js) of 23.25 mA/cm?,
a Voeof 1.09V, and afill factor (FF) of 0.77. The device with FDC-2-5Cl treatment exhibits an improved PCE
of 21.16% with a Jsc of 23.41 mA/cm?, a V. of 1.14 V, and an FF of 0.79. The improved PCE of PSCs with
FDC-2-5CI treatment is mainly attributed to the significantly improved V,.. We also counted the V. of
PSCs without and with FDC-2-5Cl treatment, as shown in Figure 4C. The result also indicates a significant
improved V., which is due to the enhanced hole extraction and decreased defects density at perovskite/
HTL interface after FDC-2-5Cl treatment. The statistical results of other photovoltaic parameters based on
15 cells are shown in Figure S10. The PSC with FDC-2-5Cl treatment also shows a slightly improved Js.. We
further verified the Js. of J-V measurement by the external quantum efficiency (EQE) measurement in Fig-
ure 4D. The integrated current densities from EQE measurement are 22.36 mA/cm? and 22.60 mA/cm? for
perovskite films without and with FDC-2-5Cl treatment, respectively. This result is in good agreement with
the improvement of J,. from J - V measurement. Figure 4E exhibits the stay-state output of devices. The
PSC with FDC-2-5Cl treatment shows a higher steady output PCE of 20.67% than that of 18.45% for pristine
PSC. However, the device with FDC-2-5Cl treatment shows a negligible saturated time compared to pris-
tine devices, and the saturated time is considered to be related to defects filling, which indicates that FDC-
2-5Cl treatment effectively suppresses the defects at surface of perovskite film. The dark J-V characteristics
of PSCs without and with FDC-2-5CI treatment are shown in Figure S11. The PSC with FDC-2-5C| shows
lower dark current than the pristine PSC, the dark current is considered to be related to the trap states
inthe bulk and at interfaces of PSCs (Ahmadi et al., 2017), and this result indicates that the FDC-2-5Cl could
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suppress the trap states at perovskite/spiro-OMeTAD interface. The hysteresis characteristics of PSCs
without and with FDC-2-5C| treatment are shown in Figure 4F. The hysteresis index could be defined as
HI = (PCE everse-PCEforward)/PCE everse: The device with FDC-2-5CI shows a lower hysteresis index of
2.45% than that of 13.54% for pristine device. The suppressed hysteresis behavior could be due to the
reduced the surface defects of perovskite film with FDC-2-5CI treatment.

To further investigate the charge recombination process and improved V,. of PSCs with FDC-2-5Cl treatment,
we studied the relationship between V. and light intensity, as shown in Figure 4G. Both PSCs without and with
FDC-2-5Cl treatment show a linear relationship between V. and log scale of light intensity. It is noticed that the
PSC with FDC-2-5Cl treatment shows a smaller slope of 1.38 kT/q than pristine PSCs (1.88 kT/q), where ks Boltz-
mann constant, T is temperature, and g is elementary charge. It is reported that the deviation of slope from kT/q
reflects the trap-assisted recombination in devices (Yang et al., 2016). The lower slope of PSC with FDC-2-5Cl
treatment indicates the reduced trap density and suppressed trap-assisted recombination. We further carried
out the capacitance-voltage (C-V) measurement to study the V. improvement of PSCs with FDC-2-5Cl treat-
ment. The built-in potential (V) could be expressed according to the Mott-Schottky relationship. As shown
in Figure 4H, the device with FDC-2-5CI shows a W,; of 0.94 V which is larger than that of pristine devices
(0.90 V). The FDC-2-5Cl treatment exhibits the p-type doping effect and causes the surface energy band to
bend upward. The upward energy band increases the V. The improved V,; is help to charge carrier separation.
To further evaluate the charge transport dynamics in PSCs without and with FDC-2-5Cl treatment, we carried out
the electrical impedance spectroscopy (EIS) measurement. The devices were measured in dark and with a bias
voltage of 1 V. The Nyquist plots of devices are shown in Figure S12, the inset displays the circuit model, the arc
at high frequency is related to the transfer resistance (R,) and the arc at low frequency is related to the recom-
bination resistance (R..), and the series resistance (R) is caused by other layers except perovskite. Table S3 lists
the fitting parameters of EIS spectra. The device with FDC-2-5C| treatment shows a smaller R, of 2.70 X 10* Q
and larger Riec 3.20 X 10° Q than pristine device (R, = 5.64 X 10* Q and R.. = 1.08 x 10° Q), which indicates the
enhanced charger transfer and suppressed charge recombination in PSCs with FDC-2-5Cl treatment. This result
is consistent with the previous results.

Finally, the long-term stability of devices without and with FDC-2-5Cl treatment was evaluated. Since the humid-
ity seriously affects the stability of PSCs, we first measured the water contact angles of perovskite films without
and with FDC-2-5Cl treatment. The perovskite film with FDC-2-5Cl treatment exhibits a larger contact angle
(74.39°) than the pristine perovskite film (54.08°), as shown in the inset of Figure 4l. The increased contact angle
is due to the hydrophobicity of FDC-2-5CI caused by the aromatic side chains, and this result is also consistent
with the decreased surface energy of perovskite with FDC-2-5C| treatment from first-principles calculations. The
increased water contact angle of perovskite film with FDC-2-5C| treatment means the enhanced the humidity
stability of perovskite film. The PSCs were stored in an oxygen-containing atmosphere in dark with a relative hu-
midity of =60% and a temperature of 20-30°C to measure the long-term stability. The PSC with FDC-2-5Cl treat-
ment shows the significantly enhanced stability (Figure 41), and maintains 88% of its initial performance after
1008 hr exposure in air ambient condition. However, the pristine PSC only maintains 70% of its initial perfor-
mance. The significantly improved stability is due to the enhanced hydrophobicity and improved film quality
of perovskite film with FDC-2-5Cl treatment. We compared the effect of FDC-2-5Cl treatment on PSCs charac-
teristics with other organic molecules reported in recent literatures, as shown in Table S4. The PSCs with FDC-2-
5Cl treatment shows relatively high efficiency and long-term stability.

Conclusions

In conclusion, we have introduced an extended benzopentafulvalene compound with pentachlorophenyl
group (FDC-2-5Cl) to passivate the perovskite film. It was found that FDC-2-5Cl could bond with perovskite
film by Pb-Cl bond and hydrogen-bond, which could passivate the defects at surface and grain boundary of
perovskite film and reduce the charge carrier recombination at perovskite/spiro-OMeTAD interface.
Further first-principles calculations reveal that the FDC-2-5Cl treatment increases defect formation energy
and reduces surface energy of perovskite. Meanwhile, the FDC-2-5C| could accept the electrons from
perovskite as a p-type dopant, and induced the band bending at perovskite surface, which enhances
the charge transfer at perovskite/spiro-OMeTAD interface. Further, the FDC-2-5Cl treatment layer also im-
proves the hydrophobicity of perovskite film, leading to an improved humidity stability of PSCs. As a result,
the PSC with FDC-2-5Cl treatment reaches a high PCE of 21.16% (20.7% of stabilized efficiency) with a high
Ve of 1.14 V. The device with FDC-2-5Cl treatment also exhibits remarkable long-term stability, retaining
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88% of its initial performance after 1008 hr storage in high humidity condition. This result helps to provide a
useful strategy to fabricate the high efficient and stable PSCs.

Limitations of the study

In this work, we introduced FDC-2-5Cl to treat the perovskite surface. The FDC-2-5Cl with pentachloro-
phenyl group could accept the electrons from perovskite as a p-type dopant and passivate the undercoor-
dinated Pb?* ions and iodine defects with Pb-Cl and hydrogen bond interactions. The device with FDC-2-
5Cl treatment shows outstanding PCE with great long-term stability. It would be more interesting to study
the depth of p-doping effect of FDC-2-5ClI.
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Figure S1. The crystal packing of FDC-2-5Cl, and green represents chlorine. The typical

intermolecular distance and molecular interactions between different part. Related to Figure 1.

HOMO

Figure S2. Calculated molecular orbital profiles of the HOMO and LUMO of FDC-2-5Cl.

Related to Figure 1.
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Figure S3. The full XPS spectra of perovskite films without and with FDC-2-5CI treatment.

Related to Figure 1.
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Figure S4. The SEM-EDS mapping images of perovskite films without (left) and with (right)

FDC-2-5ClI treatment. Related to Figure 1.



(b)

(

[
p—

——FDC-2-5CI

I | ——FDC-2-5CI
T M, l A s

‘ | —— Pristine : — Pristine
S [ 1

10 20 30 40 50 60 12 13 14 15 16
2 Theta (degree) 2 Theta (degree)

Intensity (a.u.)
Intensity (a.u.)

Figure S5. (a) XRD patterns of perovskite films without and with FDC-2-5ClI treatment. (b)

Zoom-in image of (110) peak of Figure a. Related to Figure 1.
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Figure S6. UV-vis absorption spectra of perovskite films without and with FDC-2-5Cl

treatment. Related to Figure 2.
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Figure S7. Energy level schemes of perovskite film without and with FDC-2-5Cl treatment

derived from UPS spectra. Related to Figure 2.
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Figure S8. Side views of (a) FDC-2-5CI and (b) simplified FDC-2-5CI. (c) Simplified

FDC-2-5ClI treated MAPbI; (001) surface with with V, and (d) simplified FDC-2-5Cl treated

MAPDI3 (001) with Ip,. Related to Figure 3.
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Figure S9. PCE distribution of PSCs with different concentrations FDC-2-5ClI treatment, 0.5

mg/mL (FDC-0.5), 1 mg/mL (FDC-1), and 2 mg/mL (FDC-2). Related to Figure 4.
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Figure S10. Device performance distribution of PSCs without and with FDC-2-5CI treatment.

Related to Figure 4.
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Figure S11. The dark J - V characteristics of PSCs without and with FDC-2-5CI treatment.

Related to Figure 4.
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Figure S12. EIS spectra of PSCs without and with FDC-2-5ClI treatment. Related to Figure 4.

Table S1. The electrical characters of FDC-2-5Cl. Related to Figure 1.

HOMO LUMO

Me Hh
Compound V) (eV) em2v-ist em?Vvist

FDC-2-5ClI -5.45 -3.91 2.57x10™ 1.06>10™




Table S2. Fitting parameters of TRPL curves. Related to Figure 4.

T1 72 Tave
Samples (ns) Ay (ns) A, (ns)
Perovskite 24.60 0.28 101.25 0.72  94.60
Perovskite (FDC-2-5Cl) 15.11 0.46 82.76 054  73.52
Perovskite/Spiro-OMeTAD 4.00 0.99 88.63 0.01 2353
Perovskite (FDC-2-5Cl)/Spiro-OMeTAD 3.61 0.99 62.08 0.01 9.92
Table S3. Fitting parameters of EIS spectra. Related to Figure S12.
Samples Rs (Q) Rtr (Q) Ctr (F) Rrec (Q) Crec (F)
Pristine 25.44 5.64>10* 6.80>107 1.08%10° 1.25x107
FDC-2-5ClI 22.50 2.70>10* 6.87>107 3.2010° 1.70x<107

Table S4. The comparison of device characteristics passivated by the organic molecule in our

work and related literatures. Related to Figure 4.

Passivation Hysteresis -
PCE Voc ) Long-term stability ~ References
molecule index
88 %, 1008h,
in air, _
FDC-2-5CI 21.16% 114V 2.45% This work
60% RH,
20-30 °C
90 %, 400 h,
in air, (Xiong et
TBAPFg 21.23% 1.103V 0.4 %
45% RH, al., 2021)
room temperature
70.6 %, 96 h, (Wuetal.,
ML 21.4 % 116V 3.74 %
70% RH 2020)
83 %, 720 h, (Yeetal,
FSPEA 21.10% 1.196V 0.57 %
45-60% RH 2020)




90.7 %, 1000 h,

(Heetal.,
TCPBr 20.13% 114V 54% 60-80 %RH,
2020)
room temperature
63 %, 336 h, (Yang et
TPFP 21.04% 116V
75% RH al., 2020)
90%, 3500 h, )
] ) (Lietal.,
TBPO 22.1% 1.14V 5.88 % in dark and ambient
- 2020)
condition

Transparent Methods

Materials: All materials Tin (IV) oxide (SnO,, 15 % in H,O colloidal dispersion, Alfa Aesar), lead iodide
(1) (Pbly, 99.999 %, Alfa), lead (II) chloride (PbCl,, 99.999 %, Alfa), cesium iodide (Csl, 99.998 %, Alfa),
Methylammonium iodide (MAI, 99.8 %, Dyesol), Formamidinium iodide (FAI, 99.8 %, Dyesol) and
spiro-OMeTAD (Xi'an Polymer Light Technology Corp.) are purchased without further purification. All
solvent, N,N-Di-methylformamide (DMF, 99.8 %), isopropanol (IPA, 99.5 %) and chlorobenzene (CB,
99.5 %) are purchased from Sigma-Aldrich.

Device Fabrication: The indium tin oxide (ITO) glass substrates (around 2x2.5 cm? in size, 10 Q per
square) were cleaned sequentially with detergent, deionized water, acetone, and ethanol in an
ultrasonic wave for 20 min, respectively. The SnO, (15 % in H,O colloidal dispersion) solution was
diluted to 5 % and spin coated on the ITO substrates at 4000 rpm for 40 s and annealed at 150 °C for 30
min on a hot plate to form SnO, layer. After cooling down to room temperature, the substrates were
transfered into a nitrogen-filled glove box. For the perovskite film fabrication, 1.36 M Pbl,, 0.24 M PbCl,
and 0.08 M Csl were dissolved in the DMF and stirred for 3 h at 70 °C. 70 mg MAI and 30 mg FAI were
dissolved in 1 mL IPA with 10 yL DMF added. After that, around 70 yL PbX, precursor solution was spin
coated onto SnO, substrates at 3000 rpm for 45 s. Then, 200 pL MAI:FAI solution was spin coated onto
the PbX, at 3000 rpm for 45 s. Then the samples were thermally annealed on a hot plate at 100 °C for 10
min. For the FDC-2-5ClI treatment, the FDC-2-5CI was dissolved in CB at different concentration and
spin-coated on the perovskite film and annealed 100 °C for 3 mins. The spiro-OMeTAD was spin-coated
on the top of the perovskite layer at 4000 rpm for 45 s. The spiro-OMeTAD solution was prepared by
dissolved 72.5 mg spiro-OMeTAD in 1 mL chlorobenzene and added 17.5 pL Li-TFSI solution (520
mg/mL in acetonitrile), 28.8 pL FK209 solution (300 mg/mL in acetonitriie) and 28.8 pL
4-tertbutylpyridine (tBP). Finally, 100 nm Ag was thermally evaporated on the top of spiro-OMeTAD as
the electrodes. The area of the device was 7.5 mm? defined by the metal mask. For the electron-only
device (glass/ITO/SnO,/perovskite(FDC-2-5Cl)/PCBM/AQ) and hole-only device
(glass/ITO/NiO/perovskite(FDC-2-5Cl)/spiro-OMeTAD/AQg), the fabrication methods of SnO,, perovskite,
FDC-2-5Cl, spiro-OMeTAD and Ag are same with the method used in PSCs fabrication. The NiO layer
was fabricated by a combustion method. The NiO precursor was prepared by dissolving 270.79 mg
Ni(NO3),-6H,0 in 2-methoxyethanol (10 mL). After the solution was stirred at 50 °C for 1 h, 100 uL



acetylacetone was added to the solution, and then the solution was further stirred overnight at room
temperature. The NiO layer was fabricated by spin-coating the precursor solution on ITO substrates at
3000 rpm for 45 s and annealed at 250 °C for 45 min. The PCBM layer was fabricated by spin-coating
the PCBM solution (20 mg/mL in chlorobenzene) on the top of the perovskite layer at 2000 rpm for 40 s.
Characterization: The current density - voltage (J - V) characteristics of PSCs were measured under
AM 1.5 G irradiation (100 mW cm™) by using a Keithley 2400 source meter, and the solar simulator
(XES-70S1) was calibrated against an NREL certified silicon reference solar cell. The IPCE was
measured by a solar cell quantum efficiency measuring system (SCS10-X150, Zolix instruments. Co.
Ltd.). All the tests were carried out in ambient air in a temperature of 28 - 35 °C and a relative humidity of
approximately 30 - 80 %. The C - V and EIS were measured by an electrochemical workstation
(DH7001). The morphology of the perovskite layer was measured by SEM (JSM-7800F). XRD test was
conducted on Bruker D8 Advance XRD. PL and TR-PL were measured using the Pico Quant Fluotime
300 by using a 510 nm picosecond pulsed laser. The UV-vis absorption spectra were recorded using an
ultraviolet-visible spectrophotometer (Perkin-Elmer Lambda 950). The water contact angle
measurement was carried out by a contact angle meter (JC2000DM, Beijing Zhongyikexin Science and
Technology Co. Ltd., Beijing, China). XPS measurements were performed by the Escalab 250Xi with a
source of monochromatic Al-Ka (1486.6 eV). The UPS measurements were carried out using a He | (hv
=21.22 eV) source.

DFT calculation: All calculations were based on density functional theory (DFT)(Hohenberg and Kohn,
1964) as implemented in the Vienna ab initio simulation package (VASP)(Kresse and Furthmiller,
1996a, 1996b) code with projector augmented wave (PAW) method.(Blochl, 1994; Kohn and Sham,
1965; Kresse and Joubert, 1999) The Perdew-Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) was employed to describe the exchange-correlation interaction.(Perdew
et al., 1996) The van der Waals interaction is considered using DFT-D2 method. The plane-wave
cut-off energy of 400 eV and Monkhorst-Pack k-point meshes spanning less than 0.02 A in the
Brillouin zone were chosen. All structures were relaxed until the residual force on each atom less than
0.01 eV/A. The self-consistent convergence accuracy was set at 10° eV/atom in the structural
calculation. The MAI and Pbl terminated defective MAPbI; surfaces were modelled employing
periodically repeated slabs using the (2 x 2) supercell with adsorbates on one side, as shown in Figure
S8. The slabs were seven layers thick, and the bottom three layers were kept fixed in their bulk
positions during relaxations. A vacuum region more than 15 A in the z-direction in conjunction with the
dipole correction to avoid the fictitious interaction with its periodic images. According to previous reports,
the large FDC-2-5CI molecular was separated into two parts to successfully obtain the effect of
FDC-2-5Cl, as demonstrated in Figure S8.
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