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We show that converting the surfaces of lead halide perovskite to water-insoluble

lead (II) oxysalt through reaction with sulfate or phosphate ions can effectively

stabilize the perovskite surface and bulk material. These capping lead oxysalt thin

layers enhance the water resistance of the perovskite films by forming strong chemical

bonds. The wide-bandgap lead oxysalt layers also reduce the defect density on the

perovskite surfaces by passivating undercoordinated surface lead centers, which are

defect-nucleating sites. Formation of the lead oxysalt layer increases the carrier

recombination lifetime and boosts the efficiency of the solar cells to 21.1%. Encapsulated

devices stabilized by the lead oxysalt layers maintain 96.8% of their initial efficiency

after operation at maximum power point under simulated air mass (AM) 1.5 G irradiation

for 1200 hours at 65°C.

T
he power conversion efficiency (PCE) of

laboratory-scale metal halide organic perov-

skite solar cells (PSCs) has reached a certi-

fied value of 24.2%, exceeding those of cells

that are based on cadmium telluride (CdTe)

and copper indium gallium selenide (CIGS) (1).

However, PSCs face long-term instability issues

under realistic operation conditions, which re-

mains a critical hurdle to be overcome before

their commercialization (2–4). Lead halide pe-

rovskites generally suffer from instability under

stimuli of heat, oxygen, moisture, light irradia-

tion, and electric field (4–6). Tailoring the com-

position, crystallinity, and internal material

strain have been shown to substantially im-

prove the materials’ intrinsic stability under

different stimuli, but their instability from mois-

ture and oxygen is still an outstanding issue to

be solved (7–10).

Perovskite degradation is generally initialized

from the defect sites at surfaces and grain bound-

aries, which are more reactive toward water and

oxygen (11–13). Many organic molecules and poly-

mers have been applied to chemically passivate

the perovskite surface defects, and physical cov-

ering of some structural defects with hydrophobic

organicmaterials can also enhance the stability of

the perovskites (14–17). For example, C60 and its

derivatives have been reported as passivation

layers, enhancing device efficiency and reduc-

ing current hysteresis in PSCs (14). The surface

under-coordinated Pb sites can be passivated

by Lewis base electron donors, such as thiophene

and pyridine, which saturate the lead coordina-

tion sphere (15). Zwitterions, bearing both nega-

tive and positive components, are shown to have

a superior dual-passivation effect, leading to en-

hanced stability of unencapsulated perovskite

films under ambient conditions (16).

Despite these initial successes, limitations exist

in using these passivation agents as postsynthesis

perovskite treatment for efficiency and stability

enhancement. The secondary bonding between

these passivation molecules and the perovskite

surface is generally too weak to protect the ma-

terial from attack frommoisture and oxygen. Not

all structural defects are electronic defects, so

some structural defects that may initialize the

film degradation might not be covered by passi-

vation molecules.

The passivation strategies reported for halide

perovskites are fundamentally different from those

effectively used in silicon solar cells, in which pas-

sivation mainly involves primary chemical bond-

ing. For silicon technology, surface structural defects

are generally passivated by silicon oxide, silicon

nitride, or aluminum oxide, which form strong

covalent bonds to silicon. Oxides and nitrides

are mechanically strong, compact, and chem-

ically stable, which protect the underlying silicon

from degradation. Wide-bandgap oxides and ni-

trides passivate the surface defects by eliminat-

ing silicon dangling bonds and thus enhance

device efficiency.

We demonstrate a general passivation strategy

for lead halide perovskites by forming a thin,

compact inorganic lead oxysalt layer on the

perovskite surface through in situ reaction with

selected inorganic anions. The surface lead oxy-

salt layer formed strong chemical bonds with the

perovskite and afforded much better resistance

tomanydetrimental stimuli under ambient atmo-

sphere and light irradiation. Its passivation effect

enhanced the PSC efficiency.

The concept of metal halide perovskite surface

passivation by using compact inorganic layers is

illustrated in Fig. 1A. Inorganic layers for surface

passivation of metal halide perovskite should have

a large bandgap to reduce surface recombina-

tion velocity and be chemically stable in ambient

air, especially under humid conditions. The lead

salts that are insoluble in water are ideal candi-

dates for perovskite surface stabilization. For

example, the solubility of PbSO4, Pb3(PO4)2, and

PbCO3 in water is merely 0.0443, 0.00014, and

0.0011 g liter
–1
at 20°C, respectively (18). By con-

trast, PbI2 has a much higher solubility of 0.756 g

liter
–1
in water.

Another requirement for the surface inorganic

layers is that they must bond strongly to the

perovskite surface so that the coating is mechan-

ically strong.We formed PbSO4 and Pb3(PO4)2 as

surface inorganic layers through the facile chem-

ical reaction of perovskite with SO4
2–
- and PO4

3–
-

containing salts dissolved in solvents that do not

dissolve halide perovskites, such as isopropa-

nol or toluene—in this case, (C8H17NH3)2SO4 and

(C8H17NH3)3PO4. Triple-cation perovskitewas used

in our study with a chemical composition of

Cs0.05FA0.81MA0.14PbI2.55Br0.45 (CsFAMA perov-

skite, where MA is methylammonium and FA is

formamidinium). The oxyacid ions reacted with

halide perovskite when perovskite films were

dipped into (C8H17NH3)2SO4 and (C8H17NH3)3PO4

solutions for 30 to ~60 min followed by thermal

annealing, according to the following chemical

equations

APbX3 þ SO2�
4 → Aþ þ 3X� þ PbSO4 ð1Þ

3APbX3 þ 2PO3�
4 → 3Aþ þ 9X�þ

Pb3ðPO4Þ2 ð2Þ

where A = MA, FA, Cs, or a mixture thereof, and

X = Br, I, or mixed halide ions. This reaction

yielded stable white-colored PbSO4 and Pb3(PO4)2
films, as shown in the photographs and veri-

fied with x-ray diffraction patterns in figs. S1

and S2.

Using the same method, a thin lead sulfate

layer can be generated on the surface of the

CsFAMA perovskite films by reducing the reac-

tion time. Because PbSO4 is electrically insulating,

the reaction time and precursor concentration

were carefully optimized to be 20 s and 4 mM,
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face rearrangement. Starting from the ordered

interface (Fig. 2A), we observed the progressive

replacement of a surface MAI unit with a PbSO4

unit within a few picoseconds (Fig. 2, B to D),

suggesting a stronger interaction between sur-

face Pb atoms ofMAPbI3 and SO4
–
units to form

PbSO4. We further monitored whether a stron-

ger interaction could exist between the PbI2-

terminated surface and PbSO4. We thus compared

the energetics of interface interaction between

PbSO4 and the twoMAPbI3 surface terminations

considering a more closely packed PbSO4 slab

composed by 12 PbSO4 units (Fig. 2, E and F, and

table S1). These simulations also suggest that

interaction between the PbI2-terminated surface

and PbSO4 is significantly favored compared with

MAI-terminated surface, and the theoretical stud-

ies are consistent with the experimental results

that show a strong preferential interaction of

sulfate anions with perovskite lead atoms. In

all cases, bulk PbSO4 is more stable compared

with the formation of a MAPbI3-surface PbSO4

thin film (table S1), which is consistent with the

complete perovskite conversion to PbSO4 observed

upon prolonged exposure to sulfate anions.

To further investigate the structure of the

PbSO4 phase at the interface with MAPbI3, we

built a larger model in which the PbI2-terminated

MAPbI3 slab was interfaced with several layers

of PbSO4 (fig. S7A). The O-S and O-Pb radial

distribution functions showed no substantial

changes from pure PbSO4 to the interface with

MAPbI3 (fig. S7, B and C), which suggests the

possibility for retention of a crystalline PbSO4

phase with good lattice matching. The experi-

mental conditions may not favor the crystalline

PbSO4 formation because of the speed of the

reaction, but the amorphous PbSO4 layer was

still effective in protecting perovskite surfaces.

Solar cells were fabricated with a p-i-n planar

heterojunction configuration structured as indium

tin oxide (ITO) glass substrate/poly(triaryl amine)

(PTAA)/CsFAMA perovskite/C60/2,9-dimethyl-4,

7-diphenyl-1,10-phenanthroline (BCP)/Cu. The

solar cell device with a lead sulfate surface layer

delivered a short-circuit current density (JSC) of

22.63 mA cm
−2
, an open-circuit voltage (VOC) of

1.16 V, and a fill factor (FF) of 0.804, yielding a

PCE of 21.1% under a reverse scan rate of 0.1 V s
−1

(Fig. 3A and table S2). No notable photocurrent

hysteresis was observed under forward and re-

verse sweeps, which suggests good passivation

by the lead sulfate layer. The JSC value obtained

from the current density–voltage (J-V) charac-

teristics was also verified by measuring the ex-

ternal quantumefficiency (EQE) obtained through

integration of the spectral response (fig. S8).

Additionally, the best device was further held

at maximum power point (MPP) with a volt-

age of 0.99 V to track the stabilized power out-

put. The photocurrent stabilized at ~21.2 mA cm
−2

(Fig. 3B), corresponding to a stabilized PCE

of 21.0%.

We measured J-V characteristics of cham-

pion devices with different surface treatment

under simulated sunlight of air mass (AM) 1.5 G

(Fig. 3C). The control device had a JSC of 22.51

mA cm
−2
, a VOC of 1.07 V, and a FF of 0.796,

yielding a PCE of 19.16%. The photovoltaic param-

eters of the devices with and without octylam-

monium sulfate treatmentwere analyzed, and the

statistical distribution is shown in fig. S9. The

Fig. 1. Organohalide lead perovskite stabilized by a lead sulfate surface layer. (A) Schematic

illustration of protection of perovskites through in situ formation of a lead sulfate top layer on the

perovskite surface. (B) Cross-sectional HR-TEM image of the perovskite/lead sulfate/C60 interface.

(C) FT-IR measurement of perovskite powder with or without the lead sulfate layer. (D and E) The

XPS spectra of (D) Pb 4f and (E) S 2p for the perovskite films deposited on ITO glass.

respectively, which yields a layer thickness of <5 nm 
that can maintain efficient charge transport (fig. S3). 
Perovskite films or devices with lead sulfate layers, 
hereafter referred to as lead sulfate samples, were 
obtained through octylammonium sulfate treat-
ment if not specified otherwise.
Scanning electron microscopy (SEM) and atomic 

force microscopy (AFM) images in figs. S4 and 
S5, A and B, show that the topography of the 
perovskite films was well maintained after the 
surface reaction, indicating a conformal coating 
of lead sulfate on the perovskites. Cross-sectional 
high-resolution transmission electron microscopy  
(HR-TEM) (Fig. 1B) further revealed a uniform 
and compact lead sulfate layer that was closely 
stacked between the fullerene (C60) and perov-
skite films. The lead sulfate layer had a thickness 
of 3 to 4 nm, whereas the C60 layer was crystalline. 
We used scanning TEM characterization to verify 
the homogeneity of the sulfate layer on the top of 
perovskite films. We tested various perovskite/
C60 interface regions (fig. S5C) and observed a 
thin but continuous lead sulfate layer both on the 
surface and at grain boundaries of the perovskite 
film, suggesting complete coverage of lead sulfate 
on the top surface of perovskite films.

Fourier transform infrared (FT-IR) transmis-

sion spectra of CsFAMA perovskite powders before 
and after surface treatment were collected to probe 
the interactions of sulfate ions with the perovskite. 
The tetrahedral symmetric sulfate ions typically 
present one broad peak at ~1100 cm−1 

of the 
triply degenerate v3 band (19). The occurrence 
of v1 band (945 cm−1

) and split v3 bands (950 to 
~1200 cm−1

) (Fig. 1C) suggests a distortion of the 
tetrahedral structure of sulfate ions and forma-

tion of strong ionic bonds between Pb2+ 
and SO4

2–

ions (20). The characteristic vibration peaks of 
the sulfate-treated sample were at the identical 
frequency (950 to ~1200 cm−1

) to those of pure 
PbSO4 powder (fig. S6), which implies the similar 
IR vibration behavior of the surface layer on the 
perovskite surface.
We performed x-ray photoemission spectros-

copy (XPS) measurements to further character-
ize the perovskite surface composition after surface 
treatment. The Pb 4f spectrum exhibited two con-
tributions, 4f7/2 and 4f5/2 (Fig. 1D), located at 138.6 
and 143.5 eV for the film without any treatment 
(control), respectively (21). The shift of the Pb 
peaks toward higher binding energies is evidence 
for the formation of stronger ionic bonding be-
tween Pb2+ 

and SO4
2– 

ions (22). The S/Pb atom 
ratio was estimated to be 1.03 by the integrated 
area of corresponding peaks (Fig. 1E).
We performed first-principles density func-

tional theory (DFT) computational analyses of 
the interaction between MAPbI3 and PbSO4 using 
a slab model of both materials and investigated 
the nature of their interface bymeans  of ab  initio  
Car-Parrinello Molecular Dynamics (CPMD). We 
initially considered a (001) MAI-terminated MAPbI3 
surface covered by eight PbSO4 units arranged in 
a network similar to that of the perfect PbSO4 
crystal but matching the lattice of MAPbI3. We  
evolved the system dynamics at 350 K for several 
picoseconds and observed the structural inter-



mean VOCwas 1.06 and 1.14 V for the control and

sulfate-treated devices, respectively. Likewise,

the mean PCE of the sulfate-treated devices

reached 20.18 ± 0.56%. The enhanced VOC and

PCE as well as hysteresis-free behavior of the

sulfate-treated devices together indicate the

surface charge traps were passivated by the lead

sulfate top layer.

To quantify how much cation passivates the

perovskite surface, we fabricated solar cells with

different cations and anions, and detailed statis-

tical analysis on the device parameters are sum-

marized in table S3. Octylammonium iodide

treatment increased the mean VOC of the cells

from 1.06 to 1.08 V, implying that there is a small

but distinct contribution from alkylammonium

cations to the passivation of perovskite surface.

However, when anions were changed by replac-

ing octylammonium iodide with octylammonium

sulfate, the mean VOC of the cells increased from

1.08 to 1.14 V.Moreover, a highmeanVOC of 1.13 V

could be maintained if methylammonium sulfate

was used instead of long-chain alkylammonium

cations, implying that sulfate anions dominated

in surface passivation.We infer that the perovskite

films are mostly covered by the lead sulfate layer

after treatment because of the preferential reac-

tion between Pb cations and sulfate anions, as in-

dicated by the results of DFT simulations, so

octylammonium cations have less interaction

with the perovskite surface. We further demon-

strated the universality of this synthetic strategy

of using phosphate ions to form a Pb3(PO4)2
surface layer and examined the device per-

formance. One solar cell device based on phos-

phated CsFAMA perovskite exhibited a JSC of

22.54 mA cm
−2
, VOC of 1.14 V, and FF of 0.813,

yielding a PCE of 20.87% without hysteresis

(fig. S10 and table S4).

Trap density of states (tDOS) of the control

and sulfate-treated devices was measured with

thermal admittance spectroscopy. A device with

sulfate top layers had a lower tDOS almost over

the whole trap depth region (Fig. 3D). The den-

sity of shallower trap states (0.35 to 0.42 eV) of

the sulfate-treated device was only about 10%

that of the control device. Our previous char-

acterizations have revealed that the shallow

traps mainly locate at the grain boundaries (23).

Thus, sulfate ions can effectively reach the grain

boundaries during the treatment and passivate

them, subsequently increasing the device VOC.

The time-resolved photoluminescence (TRPL)

spectra of the control CsFAMA perovskite film

show a biexponential decay with a fast and a

slow component (Fig. 3E). The surface layer

mainly affected the fast PL decay process. The

fast-component of the recombination process

from the control and sulfate-treated films were

fitted to be 3.2 and 24.7 ns, respectively, which

is consistent with the enhanced steady-state PL

results (Fig. 3F). The enhanced PL intensity and

PL decay lifetime illustrate that the nonradiative

recombination of photo-generated carriers in perov-

skite films is reduced by the formation of lead

sulfate surface layers (24, 25).

Devices were then irradiated under AM 1.5 G

simulated illumination, and weak laser pulses

(337 nm, 4 ns) were used to modulate VOC to

measure the decay of transient photovoltage

signals. As seen in Fig. 3G and fig. S11, the charge-

recombination lifetime under 1 Sun illumination

was increased from 0.27 ms for the control device

to 0.58 and 0.47 ms for sulfate- and phosphate-

treated devices, respectively. The lower charge

trap density and longer carrier recombination

lifetime of samples with lead sulfate top layers

indicate that the reaction of sulfate andphosphate

ions with defective perovskite surface reduces the

surface defect density, in addition to the charge

compensation effect of these ions. The wide-

bandgap lead oxysalt layer should also contribute

to the reduced surface charge recombination rate,

similar to the passivation of silicon by oxides (26).

We performed long-term stability tests of

encapsulated CsFAMA perovskite devices under

a plasma lamp with light intensity equivalent to

AM 1.5 G (fig. S12), without ultraviolet filter in air

(relative humidity ~60 ± 10%). All devices were

loaded with a resistance so that they worked at

MPP at the beginning of the tests. The J-V curves

were automatically recorded with a reverse scan

rate of 0.1 V s
−1

every 6 hours. We frequently

checked the stabilized efficiency during the test

and did not find obvious differences between the

stabilized efficiency and that from J-V scanning.

Most importantly, instead of monitoring device

stability at a reduced temperature of 20 to 25°C

that may cause the overestimation of solar cell

Fig. 2. Theoretical simulation. (A to F) Optimized geometries from the selected snapshots of the

MAI-terminated + 8PbSO4 CPMD simulation. The (A) initial geometry and the [(B) and (C)]

optimized geometry after (B) 1.2 and (C) 3.6 ps are also shown. (D) The structure in which a MAI was

exchanged with a PbSO4 from geometry (C). (E) and (F) show optimized geometries of (E) MAI-

terminated and (F) PbI2-terminated interface with a PbSO4 layer.



In ambient conditions, hydration and oxidiza-

tion of perovskites are among main paths for the

degradation of perovskite films (13, 27).We studied

thewater resistance of perovskiteswith lead sulfate

surface layers onMAPbI3 single crystals. MAPbI3
crystals were treated with the sulfate precursor

solution followed by thermal annealing at 100°C

for 10min (supplementarymaterials).Whendipped

in water, the control MAPbI3 crystal without any

treatment quickly turned yellow within 10 s be-

cause of fast decomposition of MAPbI3 with

water, forming PbI2 or other hydrates, whereas

the sample with a sulfate layer remained black

after dipping in water for >60 s (Fig. 4A and

movie S1). The much later appearance of yellow

PbI2 from perovskite single crystals showed

that the lead sulfate top layer was compact

enough to slow down the permeation of water

into perovskite.

We tested the water resistivity of the lead

sulfate layer by dripping water on top of the de-

vices with and without sulfate treatment. A de-

vice with the lead sulfate layer remained black

for 3 min after dripping water, whereas the con-

trol device quickly decomposed to yellow-colored

PbI2 (fig. S13). We also tested the protection

effect of lead sulfate layer on polycrystalline

films that had the same stacking structure of the

devices but without metal electrodes. The pe-

rovskite film with lead sulfate layer was sand-

wiched betweenPTAAand phenyl C61 butyric acid

methyl ester (PCBM) layers. We recorded the

Fig. 3. Photovoltaic performance, passivation effects, and long-term

stability studies of sulfate-treated devices. (A) J-V curves of the

champion sulfate-treated device measured in both reverse (blue) and

forward (red) scanning directions. (B) Steady-state measurement of the

photocurrent (orange) and PCE (blue) of the champion device with a lead

sulfate layer held at MPP voltage of 0.99 V. (C) J-V curves of perovskite

solar cells based on perovskite films treated with different precursor

solution. (D) tDOS obtained through thermal admittance spectroscopy for

the devices with (blue) or without (orange) lead sulfate top layers. The

vertical dashed lines define trap bands with different trap energy depths:

shallow trap states (band 1, 0.35 to 0.40 eV) and deep trap states (band 2

and band 3, >0.4 eV). (E) Steady-state PL and (F) time-resolved PL of

the perovskite films with and without lead sulfate layers. (G) TPV decay

curves of the photovoltaic devices with and without lead sulfate surface

layers. (H) Stability test of encapsulated solar cell devices based on

control (blue) and sulfate-treated (red) CsFAMA perovskite active layers.

stability, we conducted the stability testing at real 
operation temperature and used a light source 
with a substantial ultraviolet component. The 
temperature of the devices under illumination 
was measured to be ~65°C, which is typical of the 
thermal heating effect of light. The PCE of the 
encapsulated control device degraded rapidly from 
18.2 to 8.54% after testing for 474 hours (Fig. 3H). 
For the devices with the lead sulfate layer, the PCE 
slightly improved during the first 120 hours of 
testing and then degraded linearly with both 
reduced JSC and FF over time. After 1200 hours of 
testing, the efficiency slightly dropped to 96.8%
of the initial value. This CsFAMA perovskite device 
is one of the most stable reported when tested at 
MPP conditions (table S5).



absorbance changes at 740 nmduring the stability

test to quantify the material degradation. The

control sample lost 84.2% of its absorbance after

illumination for 504 hours, whereas the sample

with a lead sulfate layer only lost 16.8% (Fig. 4B

and fig. S14).

Ammonium cations have also been reported

to enhance the stability of perovskites (28). We

tested another set of perovskite thin films in air

under illuminationwithout any charge transport

layers to study which species—specifically, am-

monium or sulfate ions—play the dominating

role in stabilizing perovskite films. The CsFAMA

perovskite film treated with octylammonium

iodide fully bleached after testing for 4 days, only

slightly preventing the decomposition of the perov-

skite film as compared with the control sample

without any treatment (fig. S15), but perovskite

films with sulfate treatment remained black

after 4 days. About 56 and 64% of the films’

absorbance at 740 nm remained for films treated

with methylammonium sulfate and octylammo-

nium sulfate, respectively. The result verified that

the stabilization was mainly derived from sulfate

rather than ammonium ions.

Mass transport of ions is another critical issue

that limits the stability of the encapsulated perov-

skite devices. Ionmigration is significantly enhanced

under illumination (29), which may change the

composition and morphology of perovskite films

by forming pinholes in addition to causing the

degradation of charge transport layers and elec-

trodes (30). We also showed that ionmigration is

much easier at extended defects such as film sur-

face and grain boundaries (31). We expect that the

formation of a layer of lead oxysalt with strong

ionic chemical bonding should stabilize the perov-

skite surfaceandsuppress the ionmigration through

it. We measured with temperature-dependent

electrical conductivity the activation energy (Ea)

for ionmigration of perovskite films. Lateral struc-

ture devices were fabricated by means of thermal

evaporation of two Au electrodes on PTAA/

perovskite/PCBM films. The activation energy canbe

extracted from the Nernst-Einstein relation: s(T) =

(s0/T)exp(−Ea/kBT), where kB is the Boltzmann

constant, s0 is a constant, and T is temperature.

The applied electric field was fixed at 0.4 V/mm,

which was near the operational electric field in

solar cell devices. For the CsFAMA perovskite

films, ionic conductivity began to dominate the

total conductivity, with an Ea of 0.288 eV when

the temperature was increased to 314 K in the

dark (Fig. 4C). When illuminated at 0.1 sunlight

intensity, the transition temperature was reduced

to 273K, accompaniedwith a lowerEa of 0.104 eV.

This observation agrees well with our previous

results that light would facilitate the ion migra-

tion (29).

For the sulfate-treated perovskite film, we did

not observe such a transition from electronic to

ionic conductivity when the temperature was

increased to 330 K both in the dark and under

illumination (Fig. 4D). A constant slope was ob-

tained with an Ea of 0.036 eV, which we ascribed

to electronic conduction. We also measured Ea

of individual MAPbI3 single crystals to isolate

the influence of untreated grain boundaries in

polycrystalline films, which act as themain chan-

nel for ion migration (31). Similar phenomena

were observed for the single crystals (Fig. 4, E

to F). We thus conclude that ion migration is

efficiently suppressed by the lead sulfate top

layer on the surface of perovskite, possibly be-

cause surface defects such as vacancies were

immobilized by the strongly bonded lead sulfate

layer, which also explains the restrained mor-

phological variation of perovskite films with the

presence of the lead sulfate layer (fig. S16). Gen-

erally, ionmigration through grain boundaries is

much slower than at the surface, so the exclusion

of ion migration at a film surface should also

indicate the absence of ion migration through

sulfated grain boundaries.
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