
Solar Cells

Directional Defect Management in Perovskites by In Situ
Decom-position of Organic Metal Chalcogenides for Efficient Solar
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Abstract: Directional defects management in polycrystalline perovskite film with inorganic passivator is highly demanded
while yet realized for fabricating efficient and stable perovskite solar cells (PSCs). Here, we develop a directional
passivation strategy employing a two-dimensional (2D) material, Cu-(4-mercaptophenol) (Cu-HBT), as a passivator
precursor. Cu-HBT combines the merits of the targeted modification from organic passivator and excellent stability
offered by inorganic passivator. Featuring with dense organic functional motifs on its surfaces, Cu-HBT has the
capability to “find” and fasten to the Pb defect sites in perovskites through coordination interactions during a spin-
coating process. During subsequent annealing treatment, the organic functional motifs cleave from Cu-HBT and convert
in situ into p-type semiconductors, Cu2S and PbS. The resultant Cu2S and PbS not only serve as stable inorganic
passivators on the perovskite surface, significantly enhancing cell stability, but also facilitate efficient charge extraction
and transport, resulting in an impressive efficiency of up to 23.5%. This work contributes a new defect management
strategy by directionally yielding the stable inorganic passivators for highly efficient and stable PSCs.

Organic-inorganic metal halide perovskite semiconductor
materials possess many attractive optoelectronics properties,
such as tunable band gap, high absorption coefficient, low
trap density as well as long intrinsic carrier recombination
lifetime, which are suitable for the application of photo-
voltaic filed.[1] The power conversion efficiency (PCE)
record of perovskite solar cells (PSCs) has been continually
broken over the past decade and achieved a certified PCE
of 26.1%.[2] This remarkable progress positions PSCs as
promising candidates for high-efficiency and ultralow-cost
photoelectric conversion equipment in the future.[3] How-
ever, the large number of defects could inevitably yield in
perovskite film during the solution processed process,
impeding the fabrication of efficient and stable PSCs. On

one hand, the photogenerated electrons (or charges) could
be captured or trapped when approaching these defects, and
thus reducing the performance of PSCs.[4] On the other
hand, the charges trapped in these defects lead to the
reduction of Pb2+ and the oxidation of I� , leading to the
degradation of perovskite.[5] Furthermore, the defects also
instigate ion migration, the escape of organic cation, and the
penetration of moisture and oxygen, all of which accelerate
the decomposition of perovskite.[6]

The passivation of defects in perovskite materials has
been a subject of intensive research, involving both organic
and inorganic materials.[7] Organic materials, like D-4-tert-
butylphenylalanine, passivate the defects through coordina-
tion, electrostatic interactions and other weak interactions.[8]

This unique characteristic allows organic passivators to
selectively bond to defective sites on the perovskite surface,
as these passivators exhibit migratory behavior due to their
relatively weak interactions. In contrast, inorganic materials,
such as PbSO4, Pb3(PO4)2 and chlorinated graphene oxide,
can covalently bond to the defects and provide much better
stability.[9] However, inorganic passivators normally form a
coating layer on the whole perovskite surface, lacking the
ability to selectively address specific defect sites. How to
directionally manage the defects in perovskite film by the
inorganic passivators is still a pending question.

To address this question, a type of newly emerging two-
dimensional (2D) materials, organic metal chalcogenides
(OMCs), have attracted our interests.[10] OMCs structurally
feature with a metal chalcogenide inorganic layer sand-
wiched by covalently bonded organic functional motifs.
Capitalizing on this distinctive structure, OMCs may offer
the potential to amalgamate the advantages of both organic
and inorganic passivators to solve above-mentioned issues.
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With elaborative designs, the dense organic motifs on
OMCs can help to directionally connect to the defective
surfaces during a spin-coating process. During subsequent
annealing steps, the organic motifs cleave from OMCs and
vaporize into the surrounding environment, leading to the in
situ formation of inorganic passivators on the defective
surface. Notably, in order to optimize the cell performance,
the resultant inorganic passivator is better to be a semi-
conductor that matches the energy level of the perovskite.

Considering these considerations, one of OMCs, Cu-(4-
mercaptophenol) (Cu-HBT),[11] constructed by phenol group
covalently grafting {CuS} layer as depicted in Figure 1a was
selected due to: 1) the favored interaction between phenolic
hydroxyl and Pb defect sites of perovskite; 2) easy cleavage
of the C� S bond between phenol and {CuS} layer, and high
volatility of the cleaved phenol; 3) in situ generated
passivators, like Cu2S and PbS, are energy-favored p-type
semiconductor for perovskite. As results, after treated by
Cu-HBT with a thickness of 5 nm, PSCs remarkably
enhanced their stability in resistance of the humidity,
thermal and light due to the resultant Cu2S and PbS
inorganic passivators. Furthermore, Cu2S and PbS facilitate
the charge extraction and reduce the charge recombination,
which increases the average efficiency by 1.8% and reaches
the best efficiency of 23.5% for the modified PSCs.

Cu-HBT 2D material with thickness of �5 nm (Fig-
ure S1) was prepared through the reaction of 4-hydroxythio-
phenol and CuCl2 ·2H2O (additional details see Supporting

Information).[11] The structure of Cu-HBT reveals that each
Cu+ coordinates with three S atoms, and reciprocally, each
S atom coordinates with three Cu+ ions, forming a
graphene-like structure (as illustrated in Figure S2). Phenol
functional motifs are covalently connected to {CuS} layer
through C� S covalent bonds. This structure was confirmed
by Powder X-ray diffraction (PXRD) analysis (Figure S3).
For the preparation of Cu-HBT dispersion, Cu-HBT dis-
persed into chlorobenzene with the optimized concentration
of 2.5 mg/mL. Subsequently, this dispersion was spin-coated
on perovskite film and heated at 150 °C for 10 minutes to
accomplish the in situ generation of inorganic passivator and
fabrication of PSCs. Scanning electron microscopy (SEM)
images (as shown in Figure 1b, S4 and S5) and elemental
distribution analysis (as depicted in Figure S6) confirm the
uniform dispersion of Cu-HBT on the surface of perovskite
surface.

To probe the function way of Cu-HBT on perovskite
surface, the Fourier transform infrared Spectroscopy (FTIR)
were performed and presented in Figure 1c and S7. For the
Cu-HBT-modified perovskite sample, the C� C stretching
vibration peak of phenyl in 4-mercaptophenol at 1590 cm� 1,
1488 cm� 1 and 1430 cm� 1, the O� H bending vibration peak
at 1358 cm� 1, the C� O stretching vibration peak at
1249 cm� 1 and the C� S stretching vibration peak at
1104 cm� 1 are clearly observed. Compared to the pure Cu-
HBT sample, the shift of these peaks suggests that Cu-HBT
is chemically anchored to the perovskite surface. Particu-

Figure 1. (a) Scheme illustration of directional Pb defects management strategy treated by Cu-HBT. (b) SEM image of perovskite modified by Cu-
HBT with thermal treatment. (c) FTIR spectra of perovskite, Cu-HBT, perovskite modified by Cu-HBT before and after thermal treatment. (d–e)
Enlarged XRD pattern of perovskite, Cu-HBTmodified perovskite with thermal treatment.
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larly, the shift of O� H bending vibration peak from
1358 cm� 1 to 1376 cm� 1 for Cu-HBT-modified perovskite
sample, indicating that the Cu-HBT might be anchored to
the defective sites of perovskite surface through the Pb� O
coordination function (Figure 1c). Upon subjecting the
sample to heating treatment, the disappeared FTIR and
Raman peaks (Figure S7 and S8) corresponding to organic
functional motifs indicate the removal of ligands. Although
the Cu-HBT remains stable up to 260 °C, when mixed with
perovskite, the decomposition of the Cu-HBT is promoted
and begins at a lower temperature (approximately 140 °C)
(Figure S9). This could be attributed to the effect of
interfacial function of Cu-HBT and perovskite to facilitate
the thermal decomposition of Cu-HBT. Additionally, the
PXRD results also reveal that after Cu-HBT calcination at
300 °C, the organic ligands decompose (Figure S10).

X-ray photoelectron spectroscopy (XPS) measurements
confirms that the remained Cu and S elements on perovskite
defect sites maintains their original valence states (Fig-
ure S11). The shift of S and Pb peaks in the Cu-HBT
modified sample proved that the S in Cu-HBT can interact
with Pb in perovskite. The similar UV/Vis spectra suggests
that the modified film does not alter the crystallographic
structure of perovskite (Figure S12). PXRD tests were
performed to characterize the structural composition of the
inorganic phase after reaction. As shown in Figures 1d–e
and S13, the phase of Cu2S (PDF#72-1071) and PbS
(PDF#05-0592) can be observed after heating treatment.
Time of flight secondary ion mass spectrometry (TOF-
SIMS) was tested to probe the chemical compositions
throughout the film after thermal treatment. PbS+ and
Cu2S

+ were mainly located on the surface of the perovskite
film (Figure 2a, d and f). Meanwhile, PbI+ also exhibited the
highest content on the surface of perovskite film (Figure 2b

and c), similar to that reported in the literature. The results
are consistent with the corresponding TOF-SIMS 3D
tomography (Figure 2e and g). Above results suggest that
the reaction of released Cu, S ions and the Pb defects in
perovskite might lead to the in situ formation of Cu2S and
PbS.

The alignment of energy levels of passivators with the
valence-band level of perovskite should be a critical factor
to effectively extract the photogenerated holes. As shown in
Figure 3a, the energy levels of Cu2S and PbS are � 5.1 and
� 5.2 eV,[12] respectively, slightly higher than the valence
band of perovskite. This energy offset facilitates the efficient
extraction of holes at the interface. To verify this hypothesis,
time-resolved and steady state photoluminescence (PL)
characterizations were performed. As shown in Figure 3b,
the modified perovskite reveals the reduced decay time with
76.3 ns compared to the pure perovskite film (135.5 ns). This
reduction in decay time suggests that Cu2S and PbS
passivators can accelerate the interfacial charge extraction.
These results were further confirmed by the reduced
intensity in steady-state PL for the treated perovskite
(Figure S14).

Electrochemical impedance spectroscopy (EIS) tests
were also prepared to assess the interfacial charge transport
behavior by introducing the Cu2S and PbS passivators. As
shown in Figure 3c–d, Cu2S and PbS passivated device
exhibits higher interfacial recombination resistance (Rrec)
and lower transfer resistance (Rtr) compared to the pristine
device. These results indicate that Cu2S and PbS passivators
facilitate the efficient charge transport and reduce the
interface charge recombination. Moreover, the Mott–
Schottky (M–S) analyses were employed to assess the
interfacial charge density and built-in-potential (Vbi) at
interface between perovskite and hole transport material.[13]

As demonstrated in Figure 3e, the slope observed in the
modified perovskite devices is larger than that in pristine
devices in M–S plots, which indicated a lower charge density
in modified perovskite devices interface. In other words,
charge recombination and surface defects are reduced after
modified by Cu-HBT.[14] Additionally, the larger Vbi of
modified perovskite devices, as compared to pristine devices
from the intercept, suggests improved hole extraction
properties. These findings are consistent with the result of
time-resolved PL measurement and energy levels diagram.
Space charge limited current (SCLC) measurements reveal
that the modified perovskite film displays the obviously
reduced trap-state density (3.26×1014 cm� 3) than that of pure
perovskite film (1.01×1015 cm� 3) (Figure 3f). This implies
that PbS and Cu2S effectively passivate the interfacial defect
sites of the perovskite film, promoting the efficient charge
transport and reducing the interfacial charge recombination,
probably enhancing the cell performance of PSCs.

The PSCs devices based on the architecture of FTO/
ZnO-MgO-EA+ [15]/mesoporous TiO2/perovskite/Spiro-
OMeTAD/Au (Figure S15) were fabricated to assess the
passivating effect of Cu-HBT on the cell performance. In
this configuration, the perovskite formula employed a mixed
cationic structure of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. As
illustrated in Figure 3g and summarized in Tables S1–S2, the

Figure 2. (a) Fragments distribution in Cu-HBTmodified perovskite film
after thermal treatment. TOF-SIMS results of PbI+ (b–c), PbS+ (d–e)
and Cu2S

+ (f–g) of perovskite film modified by Cu-HBT after thermal
treatment.
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highest efficiency of PSCs with Cu-HBT modification
reaches 23.5%, which is higher than that of the control
devices with 21.9% and is in a leading position in the field.
The efficiency enhancement mainly attributed to improve-
ments in Voc (open-circuit voltage) and fill factor, both of
which are indicative of more efficient interfacial charge
transport. The calibrated current density obtained by
incident photon-to-current conversion efficiency spectra
(IPCE) also matches the current density obtained by J–V
curves measurements (Figure S16). The efficiency distribu-
tion histogram for 30 devices is provided in Figure 3h. The
average efficiency of the control devices is 20.8%�1.1%.
while the average efficiency of the Cu-HBT treated devices
increase to 22.6%�1.0%.

To demonstrate the efficacy of Cu2S and PbS passivators
in enhancing long-term stability, PSCs without encapsulated
were subjected to stability testing. In order to exclude the
influence of Spiro-OMeTAD on cell stability, we adopted
the FTO/ZnO-MgO-EA+/mesoporous TiO2/perovskite/
P3HT/Au structure to conduct the stability tests. As shown
in Figure 4a, the treated perovskite film exhibited an
increased water contact angle (98.1°) compared to the
pristine perovskite film (62.3°). The moisture stability of
PSCs was assessed under 45% humidity at room temper-
ature in air atmosphere. As demonstrated in Figure 4b, the
treated device maintains 90% of its original efficiency after
1000 hours, while the pristine device loses more than 50%
of its initial efficiency at the same condition.

Thermal and light stability are the main challenges in
practical operation of PSCs. Therefore, the thermal and light
stabilities of PSCs were investigated. As shown in Figures 4c
and S17, the treated device reveals the excellent thermal
stability, which maintains 90% of its original efficiency after
1500 h at 85 °C with ~45% humidity in air atmosphere. In

contrast, the pristine device loses more than 50% of its
initial efficiency after just 700 hours. The light stabilities of
PSCs were conducted under AM 1.5 G illumination at 60 °C
in N2 atmosphere. As illustrated in Figure 4d, the modified
device retained 90% of its original efficiency after
1000 hours.

In summary, aiming to precisely manage the defects in
perovskite film with inorganic passivator, a directional
passivation strategy was developed by using Cu-HBT 2D

Figure 3. (a) Energy levels of perovskite, PbS, Cu2S and Spiro-OMeTAD. (b) Time-resolved PL spectra of pristine perovskite and treated by Cu-HBT
after thermal treatment. Nyquist plots of perovskite and Cu-HBT-modified perovskite after thermal treatment measured in a bias potential of 0 V
(c) and 0.9 V (d). (e) Mott–Schottky plots of PSCs with perovskite and Cu-HBTmodified perovskite after thermal treatment. (f) Space-charge-
limited current (SCLC) measurements of perovskite and Cu-HBT-modified perovskite after thermal treatment. (g) Best J–V data tested in reverse
(RS) and forward (FS) scans of PSCs of pristine PSC device and treated by Cu-HBT after thermal treatment. (h) Histograms of efficiencies among
30 cells without and with Cu-HBT-modified after thermal treatment.

Figure 4. (a) Water contact angles of pristine perovskite and treated by
Cu-HBT after thermal treatment. (b) Moisture stability tested with a
humidity of about 45%. (c) Thermal stability under 85 °C with ~45%
humidity in air atmosphere. (d) Thermal and light stability measured
under AM 1.5 G illumination at 60 °C in N2 atmosphere.
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material as a passivator precursor. Cu-HBT possesses a
graphene-like layer sandwiched by covalently bonded
phenol functional motifs, offering the advantages of targeted
modification of organic passivators and excellent stability of
inorganic passivators. This novel approach involves selec-
tively anchoring Cu-HBT to the surface of perovskite films
at defective positions, and then generating Cu2S and PbS
passivators in situ to facilitate directional defect manage-
ment. Additionally, the resultant passivators are p-type
semiconductors with energy level matching with perovskite.
As results, Cu-HBT treated PSCs exhibit remarkable
improvements in humidity, thermal and light stability. This
strategy also remarkably improves the average efficiency by
1.8% and reaches the best efficiency of 23.5%. This work
not only provides a directional defect management strategy
for fabricating highly efficient and stable PSCs, but also
explores a new application of surface-fully-functionalized
OMCs 2D materials.
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Directional Defect Management in Perov-
skites by In Situ Decom-position of
Organic Metal Chalcogenides for Efficient
Solar Cells

A directional passivation strategy is
reported using 2D Cu-(4-mercaptophe-
nol) as a passivator precursor, which
combines the benefits of both organic
and inorganic passivators through tar-
geted modification and excellent stabil-
ity, respectfully.
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