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ABSTRACT: Perovskite solar cells have attracted worldwide attention as one of
the key research areas in the ﬁeld of thin-ﬁlm photovoltaics. Although they exhibit
easy solution processability, it is important to eﬀectively control the crystallization
of the light-absorbing layer, which aﬀects the performance and stability of devices.
Here, we present lead oxalate (PbC2O4) as a nonhalide lead constituent of the
perovskite precursor solution, which contributes to anion replacement during thin
ﬁlm annealing. This strategy limits the perovskite nucleation rate and retards
crystallization. As a result, we achieved excellent perovskite ﬁlms with larger grains
and fewer defects. The open-circuit voltage of the optimal device under 1 sun
illumination rose to 1.12 V with a power conversion eﬃciency (PCE) of 20.20%.
In addition, the indoor PCE at 1000 lux can reach 34.86%. This nonhalide lead
compound dopant provides a guide for the crystallization of perovskite materials and paves a way for the fabrication of
nonhalide perovskite solar cells.
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simple manipulation.32 Furthermore, this method can be
practically employed in conventional planar heterojunction
PSCs to obtain excellent eﬃciency. However, quick crystallization during annealing leads to small grain distribution
accompanied by mickle grain boundaries in the OTP thin ﬁlm,
causing recombination and poor charge carrier transport.19,33
Therefore, it is evident that the perovskite crystallization
mechanism determines the performance and stability for PSCs.
Attempts have been made on regulating the morphology of
OTP thin ﬁlms, consisting of solvent engineering,9 vapor
treatment,34 and additive assistance.19 The various choices of
possible additives include chemicals containing nonhalide
anion. For example, thiocyanate ion (SCN−) was applied to
catalyze the restructuring of OTP active layer without changes
in composition.35 Also, acetate ion (Ac−) has been employed
to facilitate the reduction of defects in perovskite thin ﬁlms
through doping or substitution.36,37 In this work, we present a
nonhalide lead source, lead oxalate (PbC2O4), as a dopant in
the OTP precursor solution. This compound appears during
the decomposition process of the hybrid lead halide perovskite,38 suggesting the participation of PbC2O4 in the
perovskite crystallization process. With the incorporation of

INTRODUCTION
Over the past decade, halide perovskites have received
tremendous attention as a research hotspot in the ﬁeld of
thin-ﬁlm photovoltaics. These materials have also found
widespread applications in light-emitting diodes and laser
fabrication.1−4 However, it is noteworthy that halide perovskites have seen rapid development within a short period
unlike other solar cell systems, such as silicon and GaAs.5,6
Particularly, the eﬃciency of perovskite solar cells (PSCs) grew
from 3.8% in 2009 to 25.2% in 2019.7,8 The superiority of the
perovskite materials stems from their ambipolar charge
transport property, strong light absorption, long carrier
lifetime, and solution processability.9−14
Currently, organometal trihalide perovskites (OTPs) are the
most common light-absorbing materials applied in photovoltaic devices. Similar to other perovskite materials, the
structure of OTPs is ABX3, where A is an organic cation (MA+,
FA+), B is a divalent lead ion (Pb2+, Sn2+, and Ge2+), and X is a
halide or mixed-halide ion (I − , Cl − , and Br − ). 15−18
Experimentally, a large number of techniques can be applied
to process the OTP layer. Such techniques include spin
coating,19,20 two-step interdiﬀusion,21,22 ultrasonic spray
deposition,23,24 chemical vapor deposition,25,26 vacuum
ﬂash,27,28 ink-jet printing,29 and thermal evaporation.30,31
The low-temperature solution-processed method (which
involves spin coating) stands out due to its low cost and
© 2019 American Chemical Society
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Figure 1. (a) Schematic illustration of n−i−p structured perovskite solar cells and the molecular structures of CH3NH3PbI3 (left) and PbC2O4
(right). (b) Schematic diagram of the annealing process for perovskite ﬁlms deposited from precursors with or without PbC2O4.

PbC2O4, the spin-coated perovskite thin ﬁlm yielded enhanced
crystallization with enlarged crystal grains and fewer traps and
defects. Notably, the palliation of the crystallization process
resulted from an anion replacement between CH3NH3I (MAI)
and PbC2O4, contributing to improved morphology. The
optimal device can achieve an indoor eﬃciency of 34.86%
under 1000 lux, an eﬃciency of 20.20% under 100 mW cm−2,
and an increased open-circuit voltage of 1.12 V. Potentially,
this nonhalide lead source can modify other kinds of perovskite
ﬁlms and can guarantee stability of PSCs for commercialization.

■

the substrates were annealed for 10 min at 100−110°C. The spiroOMeTAD ﬁlm was coated onto the perovskite layer at 5000 rpm for
40 s. Notably, the entire spin-coating processes were carried out in a
glovebox. Finally, the substrates were transferred into a thermal
evaporator for the deposition of 8 nm MoO3 layer and 100 nm Ag
electrode at a pressure lower than 4 × 10−6 Torr. The evaporation
rates of these are 0.3 and 3 Å/s, respectively. Each device had an
active area of 9.00 mm2.
Characterization. The solar cells were irradiated under AM 1.5G
solar (100 mW cm−2) through a programmable Keithley 2400 source
meter to obtain the current density−voltage (J−V) curves. The
indoor J−V curves were obtained by adjusting the illumination to
1000 lux measured by a luxmeter (LX-1330B) through ﬂuorescent
lamps (Osram L18W/827). The intensity calibration and conversion
were done with reference to previous reports. Scanning electron
microscopy (SEM) images were obtained through a ﬁeld-emission
SEM (Quanta 200 FEG, FEI Co.), and atomic force microscopy
(AFM) images were obtained in the tapping mode using a Veeco
Multimode V instrument. The X-ray diﬀraction (XRD) patterns of the
perovskite ﬁlms were measured using a PANanalytical 80 equipment
(Empyrean, Cu Kα radiation). The two-dimensional grazingincidence X-ray diﬀraction (2D-GIXRD) patterns were acquired by
exposing the samples to a MarCCD located at a distance of
approximately 223 mm above the samples and a grazing-incidence
angle of 0.2° for 20 s. The steady-state photoluminescence (PL)
spectra of the perovskite ﬁlms were acquired using Horiba Jobin-Yvon
LabRAM HR800 under a 480 nm excitation wavelength. The timeresolved photoluminescence (PL) decay was recorded by a 2.4 μs
time resolution and laser excitation through a transient ﬂuorescence
spectrometer (HORIB-FM-2015). The open-circuit photovoltage
decay (OCVD) of devices was also measured through a programmable Keithley 2400 source meter by switching oﬀ the external light
source.

EXPERIMENTAL SECTION

Material Preparation. CH3NH3I was purchased from Youxuan
Tech. The CH3NH3PbI2 precursor solution was prepared by
dissolving CH3NH3I and PbI2 (99.999%) in a ratio of 1:1 in a 1,4butyrolactone (GBL) and dimethyl sulfoxide (DMOS) mixed solvent
(3:7, v/v). All of the organic solvents were purchased from SigmaAldrich. Lead oxalate (PbC2O4) was purchased from Aladdin, and the
solution was prepared at a concentration of 20 mg/mL in dilute
hydrochloric acid. By mixing the pristine precursor solution and
PbC2O4 solution at diﬀerent ratios, modiﬁed precursor solutions with
various doping concentrations can be obtained. Spiro-OMeTAD,
bis(triﬂuoromethyl sulfonyl)-imide lithium salt (Li-TFSI), and tri(2(1H-phyrazol-1-yl)-4-tert-butylpyridine) (tBP) were also purchased
from Youxuan Tech. The solution was prepared by mixing 90 mg of
spiro-OMeTAD powders with 30 μL of Li-TFSI and 36 μL of tBP in
1 mL of chlorobenzene (CB, purchased from Sigma-Aldrich).
Device Fabrication. The device structure was ﬂuorine-doped tin
oxide (FTO)/TiO2/perovskite/spiro-OMeTAD/MoO3/Ag. The
FTO glass was ultrasonically cleaned by dishwashing liquid, ethanol,
and acetone successively. Following treatment in UV−ozone for 30
min, a compact TiO2 layer was deposited on the FTO glass surface by
precipitating the aqueous solution of titanium tetrachloride under 75
°C heating for 1 h followed by drying in an oven. The perovskite thin
ﬁlm was fabricated by one-step spin coating after 30 min UV−ozone
treatment. Spin coating was done at two diﬀerent but consecutive
times and speeds (i.e., 2000 rpm/20 s and 4000 rpm/40 s). CB was
dropped onto the substrates after 40 s of the total process. Thereafter,

■

RESULTS AND DISCUSSION
To study the inﬂuence of the nonhalide constituent, we
fabricated a conventional planar heterojunction architecture
based on ITO/TiO2/OTP (with or without PbC2O4 dopant)/
spiro-OMeTAD/MoO3/Ag where the active layer of the
optimized device was prepared with a PbC2O4-doped
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Figure 2. Top-view SEM images and AFM images of (a, b) pristine and (c, d) PbC2O4-doped perovskite ﬁlms.

Figure 3. (a, b) 2D-GIXRD for pristine and doped perovskite ﬁlms, respectively. (c) Corresponding texture orientation distribution of the (110)
crystal plane in the two perovskite ﬁlms. (d) XRD spectra of the reference and 0.06% PbC2O4-doped perovskite ﬁlms. (e) XRD patterns of the
doped perovskite ﬁlm annealed at 100 °C for varied times. The top XRD pattern corresponds to PbC2O4 powder. The peaks at 12 and 24° are
magniﬁed on the right. (f) XRD spectra of the reference perovskite ﬁlm annealed at 100 °C for varied times. The peaks at 12 and 24° are also
magniﬁed on the right.

Film Morphologies. With the presence of the PbC2O4
dopant in the MAPbI3 precursor, a doped OTP thin ﬁlm can
be obtained after spin coating. To evaluate the morphology of
this ﬁlm, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) were conducted. According to the
SEM images of the respective OTP ﬁlms deposited from the
diﬀerent perovskite solutions shown in Figure 2a,c, the doped
ﬁlm has an obviously increased averaged grain size,

MAPbI3. As presented in Figure 1a, MAPbI3 has an octahedron
conﬁguration and the molecule of the nonhalide material has a
screwy ring structure. The charge transport layers, spiroOMeTAD, and TiO2 exhibit suitable energy levels as shown in
Figure S1, and they were deposited by spin coating and
chemical bath deposition, respectively. Figure 1b shows a
crystallization process of perovskite layers during annealing.
838
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process. Since XRD is an eﬃcient method to determine the
phase and growth extent of the crystal, OTP ﬁlms at diﬀerent
annealing times were explored via this method. However, no
phase transformation was observed in the ﬁlms as they show
similar peak patterns after 1 min annealing. Thus, shorter
annealing periods for pristine and doped OTP ﬁlms were
considered as shown in Figure 3e,f respectively. As the
annealing process progressed, a phase transformation occurred
after about 12 s. As shown in Figure 3e, a typical peak of
PbC2O4 powder appeared at 23.9° during the ﬁrst 15 s of
annealing followed by a gradual drop in intensity. In this
period, a peak representing PbI2 also appeared at 12.8° with an
increase in intensity followed by a gradual drop in intensity to
almost zero after 15 s. As shown in Figure 3f, no PbC2O4 and
PbI2 peaks appeared during the pristine ﬁlm crystallization
process. This demonstrates that PbC2O4 participates in the
phase transformation of OTP. To clarify the interaction
between the dopant and the pristine MAPbI3, Fourier
transform infrared (FTIR) spectroscopy was conducted. In
Figure S6, it can be found that a peak at the wavenumber of
1646 cm−1 exists during the ﬁrst 5 s of annealing, which
represents a peptide bond (−CO−NH−).41 The bond arose
from the combination of the carbon−oxygen double bond
(−CO) in C2O42− and the nitrogen atom in MA+, indicating
that an anion replacement process occurred before the
perovskite phase transformation. At the initial period of
annealing, a small amount of C2O42− took the place of I−,
slowing down the formation of the OTP tetragonal crystal
lattice on the account of large radius disparity between the two
ions. This makes it diﬃcult to form the right octahedron
structure of OTP and contributes a retarded growth, resulting
in large-size grain distribution for the crystal nuclei in the OTP
layer. In addition, during this replacement, some I− were
dislodged. These free I− would combine with redundant Pb2+
to produce PbI2, which explains the existence of the PbI2 peak
in Figure 3f. As the annealing progressed, no trace of the
peptide bond was seen in the FTIR spectra, indicating the
absence of C2O42− in the crystal lattice. At the same time, the
I− from PbI2 returned to suitable lattice positions, taking part
in the formation of the octahedron structure after annealing for
15 s. In contrast to the perovskite ﬁlm with PbC 2O 4
constituents, the pristine ﬁlm shown in Figure 3f nearly
completed the phase transformation process within 5−10 s,
contrasting a reduction in the crystallization rate, an increase in
the grain size, and fewer grain boundaries after doping. In
addition, SEM characterization was applied to examine
morphological changes in the doped ﬁlms annealed for 5 and
15 s. Figure S7a shows an incomplete phase transformation of
the perovskite structure with a large number of pinholes and
partially dissolved regions (the bright areas, or the white strips)
owing to an extremely short annealing time. Continuous
annealing resulted in the appearance of a trace amount of PbI2
after 15 s, as highlighted with red circles on the ﬁlm surface in
Figure S7b. Most of the PbI2 are close to the holes or cracks,
giving the possibility of reconstituting I− into the crystal lattice
for further crystal growth. The partially annealed ﬁlms were
also analyzed from UV−vis absorption measurement shown in
Figure S8, which indicates that the absorption intensity
increased as the annealing progressed. It should be emphasized
that the pure PbC2O4 ﬁlm does not have any absorption, which
means that the material will not inﬂuence the light absorption
of the active layer. After heating for 5 s, the absorption edge
shifted to a longer wavelength due to the nonformation of the

accompanied by fewer grain boundaries and pinholes relative
to those of the control ﬁlm. This is consistent with the AFM
images in Figure 2b,d. In addition, the pristine and modiﬁed
ﬁlms have similar root-mean-square (Rq) values of 10.27 and
16.57 nm, respectively, which suggests that the dopant will not
inﬂuence the roughness of the active layer. This is further
supported by the cross-sectional SEM images in Figure S2,
where the 0.06% PbC2O4-doped OTP ﬁlm is 20 nm thicker
than the pristine ﬁlm.
To analyze the perovskite crystal quality, two-dimensional
grazing-incidence X-ray diﬀraction (2D-GIXRD) was carried
out. Figure 3a,b shows typical (110) rings for the two OTP
ﬁlms with the color level revealing improved crystallization in
this facial orientation after introducing PbC2O4. By integrating
the scattered rings in all directions, the transformed (110)
peaks are located at 90° (azimuth angle of the in-plane
orientation), as shown in Figure 3c. The peak of the adjusted
ﬁlm has a smaller full width at half-maximum (FWHM) and is
shaper than that of the control ﬁlm. The preferential
orientation after doping demonstrates high crystal quality as
the crystal grows into a larger size. Figure 3d shows X-ray
diﬀraction (XRD) patterns of reference and doped OTP ﬁlms.
It is obvious that both ﬁlms possess the same crystal structure
with (110), (220), (114), (224), and (314) planes, showing
diﬀraction peaks at 14.1, 28.4, 31.8, 41.5, and 43.1°,
respectively. This implies the inexistence of the oxalate ion
and nondistortion of the OTP tetragonal phase in the ﬁnal
ﬁlm. Besides these, the peak intensities of the PbC2O4-doped
perovskite ﬁlm are higher than those of the undoped one and
the reﬂect highest crystal quality with 0.06% PbC2O4 dopant.
In addition, Figure S3 compares the XRD spectra of the OTP
ﬁlms prepared with diﬀerent PbC2O4 doping concentrations.
There is an initial increase in the peak intensity up to 0.06%
doping concentration followed by a decrease in the intensity
and an appearance of the PbI2 peak at 12.6°. The appearance
of the PbI2 peak suggests the presence of excess PbI2 on the
surface of the OTP layer, which hinders interfacial carrier
transport between the active and charge-transporting
layers.39,40 Moreover, these ﬁlms present very similar ultraviolet−visible (UV−vis) absorption spectra (Figure S4a), but
the absorption onset at higher doping concentrations manifests
an ampliative absorption into longer wavelengths, corresponding to a slight red shift. This illustrates that higher doping
concentrations can slightly distort the perovskite structure,
which accounts for the whitening of perovskite ﬁlms and
undesirable performance during our experiments. When the
doping concentration was 0.06%, no whitening was observed.
However, a small broadening of the absorption range was
realized, as shown in Figure S4a, indicating weak improvement
in light absorption for the OTP ﬁlm, corresponding to the
calculated values in Tables S1 and S2.
Crystallization Process. To clarify the origin of the
enlarged grain size and improved crystallization, the annealing
process, which is tightly connected to the nucleation and
growth of OTP, was studied. The crystallization processes of
pristine and modiﬁed ﬁlms are shown in Figure 1b. In contrast
to the reference ﬁlm, the PbC2O4-doped OTP layer forms
fewer nuclei, creating space for the formation of larger grains.
Figure S5 displays the photographs of color changes in pristine
and 0.06% PbC2O4-doped OTP ﬁlms during annealing.
Obviously, the total transformation of the pristine ﬁlm to a
black appearance took a shorter time relative to the doped ﬁlm.
This is in good agreement with the retarded crystallization
839
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Figure 4. (a, b) Steady-state and time-resolved PL spectra for pristine and 0.06% PbC2O4-doped perovskite ﬁlms. (c) Dark J−V characterizations
for pristine and 0.06% PbC2O4-doped perovskite ﬁlms in electron-dominated devices (left) and hole-dominated devices (right). (d) Trap density of
states (tDOS) estimation for the devices with pristine and 0.06% PbC2O4-doped perovskite ﬁlms.

Table 1. Performance Parameters of Perovskite Solar Cells with Diﬀerent PbC2O4 Doping Concentrations
molar ratio

illumination

Jsc (mA cm−2)

Voc (V)

FF

PCE (%)

w/o PbC2O4

1 sun
1000 lux
1 sun
1 sun
1000 lux
1 sun
1 sun

22.36
0.170
22.71
23.30
0.175
22.87
22.86

1.07
0.89
1.09
1.12
0.93
1.12
1.08

0.75
0.57
0.76
0.77
0.60
0.76
0.75

17.88
31.03
18.70
20.20
34.86
19.49
18.61

0.03%
0.06%
0.09%
0.12%

PCEAVE (%)
17.31
30.37
18.49
19.63
34.39
19.11
18.39

±
±
±
±
±
±
±

0.57
0.43
0.42
0.28
0.39
0.44
0.36

transported carriers and the density of states, space chargelimited current (SCLC) curves were acquired based on
electron-dominated and hole-dominated devices (the device
structures are shown in the Supporting Information). As
shown in the double-logarithm plots of current density−
voltage (J−V) characteristics in Figure 4c, there are three parts
for each curve correlated with the defect density and carrier
mobility. According to Table S3, the hole mobility improves
from 1.81 × 10−4 to 2.40 × 10−4 cm2 V−1 s−1 and the electron
mobility increases from 9.80 × 10−4 to 2.80 × 10−3 cm2 V−1
s−1, which indicates an enhancement in carrier transportation
of the OTP layer with the material. Besides this, as shown in
Table S4, the perovskite ﬁlm contains fewer defects (8.67 ×
1015 cm−3 for the hole-dominated device) after introducing
PbC2O4 into the precursor than the pristine ﬁlm (1.15 × 1016
cm−3 for the hole-dominated device). These results are
consistent with the trap density of states (tDOS) distribution
in Figure 4d, which was derived from the angle frequencydependent capacitance measurement (eq S6). It is obvious that
the doped active layer possesses a relatively smaller trap
density of around 1.0 × 1017 m−3 eV−1, creating an order of
magnitude diﬀerence from the ﬁlm without PbC2O4 treatment.

octahedron structure and the poor absorption of the existing
phase.
Figure 4a shows the steady-state photoluminescent (PL)
spectra for the samples with and without the PbC2O4 dopant.
The sample structure is FTO/perovskite. It is evident that the
PL intensity of the doped OTP ﬁlm is higher than that of the
control perovskite ﬁlm. Since the PL peak results from
recombination after excitation by a laser with a wavelength of
480 nm, there is less nonradiative recombination in the
absorption layer after doping, which further conﬁrms few
defects in the ﬁlm surface. To compare the charge transporting
behavior, the time-resolved photoluminescence decay was
measured for OTP ﬁlms obtained from diﬀerent precursor
solutions. According to PL decay curves in Figure 4b, the
amplitude-weighted average lifetime (τ) for the doped ﬁlm was
estimated at 380.1 ns, while the control ﬁlm had a τ of 176 ns.
The enhanced carrier lifetime reveals that it is easier for
carriers to transport for a longer distance in the doped
perovskite thin ﬁlm because of a decrease in the number of
defects that could hinder carrier movement and cause
quenching. This is consistent with the steady-state PL spectra.
For a more accurate evaluation for the properties of
840
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Figure 5. (a) Indoor J−V curves of the control and optimal devices under 1000 lux. (b) J−V curves of the control and doped devices under 100
mW cm−2. (c) Open-circuit photovoltage decay (OCVD) curves for the two devices. The inset is the calculated carrier lifetime curve. (d) Steady
photocurrent and PCE measured at the maximum power output point (0.8 V). (e) Histogram of PCE distribution measured based on the control
and optimal devices. (f) Recorded eﬃciency degradation with time for the reference and optimal devices.

was 22.36 mA cm−2 and FF was 0.75. It reveals that the Voc has
the most pronounced eﬀect on the performance, which can be
ascribed to interface adjustments between the active and
charge-transporting layers. Therefore, as aforementioned, the
retardation of the perovskite crystallization process by a trace
amount of PbC2O4 yields an OTP thin ﬁlm showing modiﬁed
surface with a distensible grain size and fewer surface defects
due to radius diﬀerence between the two anions which
impedes the penetration of C2O42− to a deeper depth in the
ﬁlm. Hence, the improvement in Voc is due to the reduced
interfacial electron−hole recombination. Furthermore, an
extremely small number of trap levels exist in the band
bending of the interface, enhancing carrier transport.
Figure 5c shows the open-circuit photovoltage decay
(OCVD) for the control and optimal devices, which was
detected under the open-circuit condition by monitoring the
decay of voltage after switching oﬀ the light source. The
approximately ﬂat part at the beginning of the decay
corresponds to the photoinduced Voc of devices and directly
conﬁrms the optimized Voc with PbC2O4 doping. Importantly,
after removing the illumination, accumulated majority carriers
from the photoinduced Voc will recombine and attenuate,
causing synchronous Voc decay. At the same time, the
concentration of minority carriers electrically injected into
the devices under the photovoltage inducement will decrease.
Therefore, the voltage decay is consistent with the attenuation
rate of minority carriers. The inset is the calculated curve of
carrier lifetime (τ) according to eq 1

The PbC2O4 dopant mainly assists in decreasing the traps at
the low-energy band (0.3−0.4 eV), suggesting its diﬃculty of
incorporation into the perovskite structure and its preference
for interface improvement.
Device Performance. Due to the improved grain size and
photophysical properties in the doped OTP ﬁlm, PSC devices
were fabricated based on a planar heterojunction structure.
Figure 5a displays the indoor J−V characteristics of doped and
undoped PSCs under 1000 lux irradiation, and the relevant
parameters consisting of short current density (Jsc), opencircuit voltage (Voc), ﬁll factor (FF), and power conservation
eﬃciency (PCE) are summarized in Table 1. The indoor
device performance relates to the feasibility of applying the
OTP solar cell under a low light intensity such as the indoor
illumination condition.42−44 Relative to the reference device
whose eﬃciency under low light illumination (1000 lux) was
31.03%, the modiﬁed device with the optimal doping
concentration of 0.06% gave a higher indoor eﬃciency of
34.86%. The elevated value can be ascribed to the optimized
interface that enhanced the carrier extraction and lowered the
sheet resistance, similar to the SCLC and tDOS measurements.
Figures 5b and S9 show the J−V curves of the devices based on
pure and modiﬁed precursors and irradiated with 100 lux.
Their four key performance parameters are also listed in Table
1. It is evident that the Voc and eﬃciencies gradually increase as
the doping concentration increases to 0.06% and then reduces
as the concentration exceeds the optimal value. Consequently,
the optimal concentration for fabricating devices was 0.06%
and the enhanced device performance (from 17.88 to 20.20%)
primarily resulted from the improved Voc (from 1.07 to 1.12
V). In addition, as shown in Table 1, the optimal device
exhibited an increased eﬃciency of 20.20% with a Voc of 1.12
V, a Jsc of 23.30 mA cm−2, and a FF of 0.77, in contrast to a
17.88% PCE for the control device whose Voc was 1.07 V, Jsc

−TKB ij dVOC yz
jj
zz
q k dt {

−1

τ=

(1)

where T is the temperature, KB is the Boltzmann constant,1
and q is the elementary charge. It is undeniable that the carriers
841
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in the control device possess a shorter lifespan than those in
the doped device. High-concentration traps in the pristine
perovskite ﬁlm and at the interface restrict the carriers,
increasing their quenching rate as revealed by time-resolved PL
spectra. Figure 5d presents the steady-state photocurrents and
output eﬃciencies at the maximum power point for the device
based on the optimal doping concentration. The applied 0.80
V external voltage achieved a stabilized current density of
20.52 mA cm−2, generating a stabilize PCE of 18.69%. Figure
5e compares the reproducibility of the control and doped
devices. The histograms of PCEs of 25 devices in each case
demonstrate that the employment of PbC2O4 as a dopant in
the precursor solution can guarantee better reproducibility of
device performance. Additionally, the device lifetime is plotted
in Figure 5f. The eﬃciency degradation rate of the optimal
device is slower than that of the reference device, insinuating
an improved device stability with a suitable amount of PbC2O4
as a precursor constituent.
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CONCLUSIONS
In summary, we presented a halogen-free lead source as a
dopant in the OTP precursor to adjust the crystallization
process. The introduction of PbC2O4 provided a subtle
replacement of I− with C2O42− at the start of annealing and
inhibited the formation of the perovskite tetrahedral crystal
phase, which slowed down the nucleation of OTP. The
champion device demonstrated a PCE of 20.20% with a Voc of
1.12 V under 1 sun illumination. It also achieved an indoor
eﬃciency of 34.86% under low light illumination (1000 lux).
This report shows PbC2O4 to be a promising material in
improving the morphology of perovskite ﬁlms and paves the
way for regulating the composition, performance, and stability
of PSCs.
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