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1. Introduction

Metal halide perovskite solar cells (PSCs) have been widely
studied as a promising alternative photovoltaic technology due
to their outstanding optoelectronic properties, such as high
absorption coefficient, low exciton binding energy, and long car-
rier diffusion length.[1] During the past decade, the progressive
increase in power conversion efficiency (PCE) from 3.8% to
25.7% has been witnessed.[2] Among the device structures, the
inverted (p-i-n structure) PSCs, following the deposition

sequence of hole transport layer (p), intrin-
sic perovskite layer (i), and electron trans-
port layer (n), exhibit attractive features
such as low-temperature processability,
negligible hysteresis, promising stability
due to the undoped charge transport layer
and compatibility with tandem as well as
flexible devices.[3] Recently, the perfor-
mance of the inverted PSCs has seen sub-
stantial improvement mainly due to the
development of the efficient perovskite-
based heterojunction.[4] For example,
Zhu et al. constructed the surface hetero-
junction by applying 3-(Aminomethyl)
pyridine (3-APy) to react with the surface
FAþ of perovskite to reduce its surface

potential fluctuations leading to n-type doping of the surface
region, thus obtaining a PCE over 25%.[5] Xu et al. developed
a porous insulator contact at the buried heterojunction to effec-
tively reduce the nonradiative recombination without sacrificing
the series resistance and achieved high Voc and FF with a certi-
fied PCE of 24.7%.[6] Moreover, researchers are also making sig-
nificant progress in enhancing the PCE of perovskite modules via
improving the uniformity of perovskite and other active layers.[7]

In contrast, the instability of PSCs under operational conditions
still poses a severe challenge to the commercialization of PSCs.

The weak bonding nature of perovskite makes the soft crystal
lattice to degrade easily on the perovskite surface.[8] As a result,
the perovskite components will diffuse and corrode the other
functional layers including transport layer as well as electrodes.[9]

The activation energy of I� is small according to the theoretical
calculations.[10] Consequently, I� can easily migrate and generate
I2, especially on the surface due to half of the chemical bond com-
pared with the bulk.[11] This is accelerated under operational con-
ditions such as illumination and electric fields.[12] So far, the
insertion of physical blocking layers is a promising strategy to
inhibit I� migration at the surface.[13] However, under long-term
illumination and electric fields, iodine ions tend to diffuse
through these physical blocking layers, thus promoting the deg-
radation of the device. An additional instability factor arises from
the generation of I2 that induces the degradation of perovskite.[14]

However, it is challenging to inhibit both the I2 release and I�

invasion.
Halogen bonding has recently been employed in PSCs for

interfacial toughening, crystallization manipulation, and trap
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It has been reported that one of the influencing factors leading to stability issues
in iodine-containing perovskite solar cells is the iodine loss from the perovskite
layer. Herein, bidentate coordination is used with undercoordinated I� of the
perovskite surface to construct the stable perovskite-based heterostructure. This
strong halogen bonding effectively inhibits interfacial migration of I� into
functional layers such as C60 and Ag. Moreover, passivation of the undercoor-
dinated I� suppresses the release of I2 and further delays the formation of voids
at the perovskite surface. The resulting inverted perovskite solar cell exhibits a
power conversion efficiency of 22.59% and the unencapsulated device maintains
96.15% of its initial value after continuous operation for 500 h under illumination.
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passivation.[15] In addition, increasing the strength of halogen
bonding can improve the performance and stability of devices.[16]

Here, 1,2-diiodotetrafluorobenzene (1,2-DITFB) is selected to
form the bidentate coordination bond with undercoordinated
I� of the perovskite surface, thus obtaining strong halogen
bonding according to the density functional theory (DFT) calcu-
lations and nuclear magnetic resonance (NMR) measurements.
The stable perovskite/1,2-DITFB heterostructure is beneficial in
inhibiting the I� invasion into C60 and Ag via chemical bond
(Figure 1a). Moreover, 1,2-DITFB could passivate the undercoor-
dinated I� on the perovskite surface, hence suppressing the
release of I2 and further delaying the formation of voids at
the perovskite surface during operational conditions. As a result,
1,2-DITFB-based inverted PSCs exhibited a PCE of 22.59% and
the unencapsulated devices maintained 96.15% of initial effi-
ciency after 500 h aging under operational conditions at N2.

2. Results and Discussion

Fluorinated analogs have been demonstrated to be effective for
enhancing halogen bonding strength, such as the commonly
used iodopenta-fluorobenzene (IPFB) and 1,4-DITFB mole-
cules.[15b,g] This is ascribed to the positive electrostatic potentials
(σ-hole) at the I atom side of the molecules, which could act as
Lewis acid and coordinate with the I� (Lewis base) from

perovskite (Figure 1b). However, IPFB and 1,4-DITFB tend to
adsorb at the perovskite surface via a monodentate coordination
(Figure 1a), which can be easily broken owing to the low binding
strength.[17] To solve this issue without sacrificing the halogen
bonding, 1,2-DITFB was selected to form the bidentate coordina-
tion with perovskite. To confirm this, we used the DFT calcula-
tions to study the adsorption mode for the 1,2-DITFB on an
I-terminated (001) perovskite surface.[15e,f] The energy for the
bidentate coordination (-251.15 eV) is lower compared with
the monodentate coordination (�250.65 eV), indicating that
1,2-DITFB is more likely to be absorbed on the surface of
perovskite via the bidentate mode (Figure S1, Supporting
Information). After the structure optimization of the perovskite/
designated molecules (Figure S2, Supporting Information),
there is obvious charge density accumulation between σ-hole
from the selected molecules and I� from perovskite, which con-
firms the presence of halogen–halogen bonds in those complexes
(Figure 1a).[16a] However, there are two I atoms involved in the
formation of halogen bonding in the 1,2-DITFB case, while only
one I atom is involved in the formation of halogen bonding in
both the IPFB and 1,4-DITFB case (Figure 1a). This also indicates
that 1,2-DITFB forms the bidentate coordination with perovskite
in contrast with the monodentate coordination in that of IPFB
and 1,4-DITFB. The side and top view for bidentate coordination
in 1,2-DITFB and perovskite are displayed in Figure S3,
Supporting Information. To explore the effect of the bidentate

Figure 1. a) Schematic of the device structure, the coordination mode between the perovskite and selected molecules (IPFB, 1,4-DITFB, and 1,2-DITFB),
and the corresponding charge transfer density difference plots from DFT calculations. The contour value for the isodensity plot is 0.0002. The positive
charge density regions are highlighted in yellow, and the negative ones in blue. b) The electrostatic potentials of the selected molecules. The color bar
from red to blue represents the increase in electropositivity. c) The absolute work of separation (Wsep) values for the selected molecules and perovskite
(I-terminated) surface from the DFT calculation. d) Change of 19 F NMR chemical shift for selected molecules after the addition of PbI2 and FAI.
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coordination on the adhesion strength, DFT calculations were
employed to obtain the work of separation (Wsep).[15f,18]

The absolute Wsep value of perovskite with 1,2-DITFB
(0.192 J m�2) was about three times that with IPFB
(0.0638 J m�2) or 1,4-DITFB (0.067 J m�2) (Figure 1c), which
could be ascribed to the bidentate coordination in the 1,2-
DITFB case. To further illustrate the effect of the bidentate mode
on the strength of the halogen bonding, NMR measurements
were employed to characterize the interaction between IPFB,
1,4-DITFB, 1,2-DITFB, and the perovskite. To indicate the halo-
gen bonding, we first only mix the PbI2 with selected molecules.
Compared with the pristinemolecules, the chemical shifts of F in
1,2-DITFB (0.561 ppm)mixed with the PbI2 are much larger than
that of the IPFB (0.408 ppm) or 1,4-DITFB (0.354 ppm) mixed
with the PbI2 (Figure S4, Supporting Information), which is
related to the bidentate mode in 1,2-DITFB and is consistent with
the DFT calculations. [16a,21b] To further confirm the halogen
bonding between the molecules and perovskite, we further
add FAI into the mixture of PbI2 and molecules. Similarly,
the chemical shifts of the F in 1,2-DITFB (1.062 ppm)mixed with
the FAI and PbI2 are much larger than that of the IPFB
(0.741 ppm) or 1,4-DITFB (0.680 ppm) mixed with the FAI
and PbI2 (Figure 1d and S4, Supporting Information).

Due to the coordination with I� from perovskite and selected
molecules, this halogen bonding is expected to passivate the
undercoordinated I� traps and suppress the interfacial migration

of I� via chemical bond. Furthermore, 1,2-DITFB was employed
at the surface of perovskite to investigate the effect of bidentate
coordination on the stability and efficiency of the surface heter-
ojunction and the devices. On the basis of the scanning electron
microscopy (SEM), X-Ray diffraction (XRD), and ultraviolet–
visible (UV–vis) absorption spectroscopy results (Figure S5–S7,
Supporting Information), the additional molecular layer (IPFB,
1,4-DITFB, or 1,2-DITFB) spin-coated on the perovskite sample
only leads to negligible change to the morphology, crystallinity,
and bandgap of the perovskite film.

The effect of bidentate coordination on I� migration in the
solar cell device under operational conditions is investigated.
To directly detect I� migration, the Ag electrodes of the device
were peeled off by carbon tape (Figure 2a).[19] As a result, the
surface of perovskite/C60 and the Ag electrodes could be obtained
(Figure S8, Supporting Information). Obvious I signals could be
detected in the Ag electrodes for the control device after opera-
tional aging, indicating I� diffusion toward the Ag cathode
(Figure 2b). In contrast, the I signal in the Ag electrodes from
the 1,2-DITFB device was the smallest compared with the
control, IPFB, and 1,4-DITFB device, implying that 1,2-DITFB
suppresses I� diffusion effectively. Moreover, the integrated area
ratio of aged control and aged 1,2-DITFB on I 3d5/2 peak was
found to be 6.39. In addition, a similar phenomenon was also
observed at the surface of perovskite/C60 (Figure S9,
Supporting Information). To further verify this point, the

Figure 2. a) Schematic diagrams of the peeling-off process of the Ag electrodes from the devices and corresponding photos. b) XPS spectra of the I 3d
core level of the aged Ag electrodes surface from the device without treatment (orange), with IPFB (black), with 1,4-DITFB (blue), and 1,2-DITFB (red).
c) EDX mapping and d) the corresponding weight percentage of iodine in the aged Ag electrodes surface from the device without treatment (orange) and
with 1,2-DITFB (red).
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exposed Ag electrodes from the device without and with
1,2-DITFB are measured with SEM-EDX. From the mapping
and point ID spectrum, the I weight ratio (wt%) of the exposed
Ag electrodes in the fresh device is 0.0% (Figure S10 and S11,
Supporting Information). After aging under operational condi-
tions, the exposed Ag electrodes in the control device show a
stronger I signal than that of the 1,2-DITFB device (Figure 2c).
In addition, the correspondingmapping spectrum in the exposed
Ag electrodes in the control device (1.4%) exhibits a higher
I content compared with the 1,2-DITFB treated device (0.2%)
(Figure S12, Supporting Information). The point ID profile in
the exposed Ag electrodes showed a similar trend (Figure 2d
and S13, Supporting Information). These results indicate that
the stronger halogen bonding in 1,2-DITFB via bidentate coordi-
nation suppresses more effectively the I invasion into other func-
tional layers.

We also conducted Kelvin probe force microscopy (KPFM) to
investigate the electrical properties of the exposed C60 layer.
The contact potential difference (CPD) of aged perovskite/
1,2-DITFB/C60 was similar to that of the fresh sample, but
the CPD of the aged perovskite/C60 is 98mV lower than that
of the fresh sample (Figure 3a–c), where the corresponding
AFM image is shown in Figure S14, Supporting Information.
In addition, the CPD distribution of the aged samples is analyzed
in Figure S15, Supporting Information; the aged sample with
1,2-DITFB showed a narrower distribution compared with the
aged sample without the 1,2-DITFB treatment, indicating the
homogeneous surface of C60 in the device with the 1,2-DITFB
treatment. In addition, previous works show that when migrated

I contacts Ag electrode, AgI (semiconductor) is formed leading to
lower conductivity, which could induce energy level mismatch
and decrease the device performance.[9c,20] Besides eroding
the other functional layer (C60, Ag), the undercoordinated I�

is likely to degrade the perovskite layer via the generation
of I2.

[9b] During the operation, the undercoordinated I� on the
surface of perovskite captures a hole to form a neutral I atom.
Furthermore, two I atoms diffuse and combine to generate
I2.

[14c] To verify this, we adopted UV–vis spectroscopy to charac-
terize the formation of I2 in the control and 1,2-DITFB treated
films. An absorption band at 500 nm corresponds to the complex
between toluene and I2.

[9b,14c] After exposing the toluene-
submersed films to light for 48 h, we observed a faster release
of I2 from the control film compared with the sample with
the 1,2-DITFB treatment in Figure 3d.

Owing to the passivation of the undercoordinated I� on the
surface of perovskite, the suppression of I2 in 1,2-DITFB could
further inhibit the formation of voids on the surface of perovskite
(Figure 3e,f ), consistent with previous reports.[21] These voids
hinder the extraction of charge carriers and act as a reservoir
for I2 to further trigger the degradation of the perovskite.[14a,b,d,22]

To confirm this, we conducted photoluminescence (PL) to
characterize the nonradiative recombination of perovskite.
The fresh film treated with 1,2-DITFB showed stronger PL inten-
sity than that of the control film, indicating less nonradiative
recombination and a lower concentration of trap states
(Figure S16, Supporting Information). This observation is
consistent with the lower current leakage in the device treated
with 1,2-DITFB (3.051� 10�9 mA cm�2) than the control device

Figure 3. Surface potential mapping of the perovskite/C60 film from the device without treatment a) before aging and b) after aging, and c) with 1,2-DITFB
after aging. d) UV–vis absorbance spectra for the toluene solution collected from the control and 1,2-DITFB treated vials after light soaking. The band at
500 nm corresponds to the complex (toluene reacted with I2). The corresponding morphology of the perovskite/C60 from the device e) without treatment
and f ) with 1,2-DITFB after aging.
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(1.221� 10�8mA cm�2) in dark J–Vmeasurements (Figure S17,
Supporting Information). After aging, the PL intensity barely
changes for the film treated with 1,2-DITFB, whereas the control
film shows a significant decrease and the recombination
becomes severer due to voids. On the basis of these results,
we can conclude that a stabilized heterostructure of perovskite/
1,2-DITFB is formed.

We fabricated PSCs with and without a perovskite/1,2-DITFB
heterostructure. The cross-sectional SEM images of these PSCs
are shown in Figure 4a (the PSC with a perovskite/1,2-DITFB
heterostructure) and Figure S18, Supporting Information (the
control PSC without a perovskite/1,2-DITFB heterostructure).
The current density–voltage ( J–V ) curves of cells with different
heterostructures are presented in Figure 4b. The target device
exhibited a PCE of 22.59% empowered by a high open-circuit
voltage (Voc) of 1.17 V, a short-circuit current density ( Jsc) of
24.09mA cm�2, and a fill factor (FF) of 79.97%, whereas the con-
trol device showed a PCE of 21.50% with a Voc of 1.5 V, a Jsc of
24.00mA cm�2, and a FF of 78.02%. The improved Voc and FF
are ascribed to the undercoordinated I� passivation. Both control
and target devices exhibited high external quantum efficiency val-
ues (Figure 4c), consistent with their similar Jsc from J–V curves.
Operational stability measurements are important for PSCs
because light illumination and a number of other external factors
can accelerate the degradation of the soft perovskite interface.
The home-designed test system with heater and thermocouple
is employed to conduct accelerated aging, according to the
International Summit on Organic Photovoltaic Stability (ISOS)

protocols (Figure S19, Supporting Information).[13a] A bias close
to the voltage at the maximum power point (MPP) was applied to
the corresponding PSCs in the N2-filled chamber with 5% rela-
tive humidity for tracking the power output. The device temper-
ature (25 °C) was monitored using a thermocouple during the
operation. Only 78.18% of the initial PCE was retained in control
PSCs after tracking for 208 h, while PSCs with 1,2-DITFB
retained 96.15% of their initial PCE under operational conditions
for 500 h (Figure 4d). The enhanced long-term operational
stability is assigned to the stabilized heterostructure via bidentate
coordination in perovskite/1,2-DITFB, which inhibits the I�

interfacial migration and I2 release.

3. Conclusion

In summary, 1,2-DITFB molecules based on IPFB and
1,4-DITFB were found to form a stronger halogen bonding with
the undercoordinated I� at the surface of the perovskite film
owing to the bidentate coordination. As a result, the constructed
stable heterostructure of perovskite/1,2-DITFB is proven to more
effectively suppress the I� migration compared with that of
perovskite/IPFB or perovskite/1,4-DITFB. Therefore, the pris-
tine electrical properties of C60 and Ag electrodes could be main-
tained after operational aging. Moreover, this halogen bonding
reduces the undercoordinated I� defects of the perovskite
surface, thus suppressing the nonradiative recombination
and I2 release. The reduced I2 in perovskite/1,2-DITFB

Figure 4. a) Cross-sectional SEM image of the device with 1,2-DITFB. b) J–V curves and c) EQE curves of the control and 1,2-DITFB devices.
d) Operational stability of the unencapsulated PSCs at N2 measured under room temperature (25 °C) at a fixed bias.
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heterostructure inhibits the formation of voids when the devices
are under operational conditions. Therefore, the champion
device based on 1,2-DITFB exhibited a PCE of 22.59% and
the corresponding unencapsulated device maintained 96.15%
of their initial PCE after 500 h continuous operation aging under
the illumination. This study provides a new way to regulate the
strength of halogen bonding between perovskite and molecules
via bidentate mode.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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