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Band alignment towards high-efficiency NiOx-based
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ABSTRACT Narrow-bandgap tin-lead (Sn-Pb) mixed per-
ovskite solar cells (PSCs) play a key role in constructing per-
ovskite tandem solar cells that are potential to overpass
Shockley-Queisser limit. A robust, chemically stable and low-
temperature-processed hole transporting layer (HTL) is es-
sential for building high-efficiency Sn-Pb solar cells and per-
ovskite tandem solar cells. Here, we explore a room-
temperature-processed NiOx (L-NiOx) HTL based on nano-
crystals (NCs) for Sn-Pb PSCs. In comparison with high-
temperature-annealed NiOx (H-NiOx) film, the L-NiOx film
shows deeper valence band and lower trap density, which in-
creases the built-in potential and reduces carrier recombina-
tion, leading to a power conversion efficiency of 18.77%, the
record for NiOx-based narrow-bandgap PSCs. Furthermore,
the device maintains about 96% of its original efficiency after
50 days. This work provides a robust and room-temperature-
processed HTL for highly efficient and stable narrow-bandgap
PSCs.

Keywords: band alignment, NiOx, Sn-Pb mixed perovskite, solar
cell

INTRODUCTION
Narrow-bandgap (∼1.25 eV) tin-lead (Sn-Pb) mixed
perovskite solar cells (PSCs) have aroused great interest
for their broad absorption in infrared region and lower
toxicity in comparison with lead PSCs. Recently, based on
the combination of wide-bandgap PSCs and narrow-
bandgap Sn-Pb PSCs, 2-terminal perovskite-perovskite
tandem solar cell shows a power conversion efficiency
(PCE) of 24.8% [1].

Currently, most high-efficiency Sn-Pb mixed PSCs are
based on organic hole transporting layer (HTL) such as
poly (3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) [2–7]. For example, Yan, Zhu and co-
workers [8] recently increased the PCE of Sn-Pb mixed
PSCs up to 20% by using PEDOT:PSS as HTL. However,
due to its strong acidity and hydrophilicity, PEDOT:PSS
is potential to induce the degradation of the devices [9–
11]. It is therefore highly desirable to develop stable HTL
for high-efficiency narrow-bandgap PSCs.

Inorganic semiconductors, such as NiOx, CuI, CuSCN,
Cu2O, and MoO3 are reported as HTLs for PSCs [9,12–
23]. Among all kinds of inorganic HTL materials, NiOx is
widely used in PSCs due to its intrinsic p-type doping
characteristic, excellent chemical stability and high optical
transmittance. Recently, using solution-processed NiOx
nanoparticles as HTL, Pb PSCs exhibit PCE close to 22%
[24]. However, Sn-Pb mixed PSCs based on NiOx thin
films generally show low efficiency [25–27]. One imprtant
reason is the band structure misalignment between NiOx
and the perovskite film. Furthermore, for Sn-Pb mixed
devices, NiOx HTL is generally fabricated via the high-
temperature annealing process, which is incompatible for
the fabrication of flexible and tandem solar cells.

In this study, we explore a room-temperature-prepared
NiOx (L-NiOx) nanocrystal (NC) film as HTL for Sn-Pb
PSCs. In comparison with conventional NiOx by high-
temperature annealing (H-NiOx), the L-NiOx HTL shows
deeper work function bringing higher built-in potential.
As a result, the Sn-Pb PSCs demonstrate a PCE up to
18.77%, which, to the best of our knowledge, is the
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highest efficiency reported among the NiOx-based nar-
row-bandgap PSCs.

EXPERIMENTAL SECTION

Materials
Lead iodide (PbI2) and bathocuproine (BCP) were pur-
chased from TCI. Anhydrous dimethylsulfoxide (DMSO),
anhydrous dimethylformamide (DMF), anhydrous iso-
propyl alcohol (IPA), chlorobenzene (CB), Pb(SCN)2, and
SnF2 were purchased from Sigma-Aldrich. Methyl-
ammonium iodide (MAI) was purchased from Shanghai
MaterWin New Materials Technology Co., Ltd. Form-
amidinium iodide (FAI) was purchased from Xi’an
Polymer Light Technology Cory. All salts and solvents
were used as received without any further purification.

Density function theory calculation for electronic structure
of NiOx
All the calculations here were performed by using the
Vienna ab-initio Simulation Package (VASP) code in the
framework of density function theory (DFT) [28,29]. The
electron-ion interaction was described by the projector
augmented wave (PAW) method [30]. The generalized
gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) was used for the exchange-correlation
functional [31]. The plane-wave cutoff energy was set to
400 eV. The Gamma-centered k-point mesh with grid
spacing of 2π × 0.02 Å−1 was used for electronic Brillouin
zone integration. Because of strong electronic correlations
between 3d electrons of NiO, electronic correlations were
also included in a simple rotationally invariant DFT+U
version [32]. Following previous work [33], the optimal
combination of Hubbard parameters (U = 6.3 eV and J =
1 eV) were used to improve the prediction of the elec-
tronic structure and magnetic properties. And present
GGA+U calculations predict the AFII (stacking of ferro-
magnetic planes in [111] direction of rocksalt structure)
as the most stable magnetic configuration of NiO. A
5×5×2 supercell was constructed to represent the NiO
with 1.3% nickel vacancy. To remain the anti-
ferromagnetic property, two nickel atoms with opposite
magnetic moment were removed from the supercell.

Syntheses of NiOx NCs
The NiOx NCs were prepared via the hydrolysis reaction
of nickel nitrate referring to our previous work [24].
Briefly, 20 mmol Ni(NO3)2·6H2O was dissolved in 20 mL
of deionized water to obtain a dark green solution. Then,
4 mL of NaOH aqueous solution (10 mol L−1) was slowly

added into the solution while stirring. After being stirred
for 20 min, the colloidal precipitation was thoroughly
washed with deionized water three times and dried at
80°C for 6 h. The obtained green powder was then cal-
cined at 270°C for 2 h to obtain a dark-black powder.

H-NiOx precursor solution preparation
Ni(NO3)2⋅6H2O (279.79 mg) was dissolved in 2-methoxy-
ethanol (10 mL). After the solution was stirred at 50°C for
1 h, 100 μL acetylacetone was added to the solution, and
then the solution was further stirred overnight at room
temperature.

Sn-Pb perovskite precursor preparation
(FASnI3)0.6(MAPbI3)0.4 (FAMA) perovskite precursor was
prepared as reported with some modification [2]. The
FASnI3 precursor solution was prepared by dissolving
428.4 mg of SnI2 and 197.8 mg of FAI with 10 mol%
(18 mg) of SnF2 in 800 μL DMF and 200 μL DMSO, with
stirring at room temperature. The MAPbI3 precursor
solution was prepared by dissolving 530 mg PbI2 and
183 mg MAI with 3.5 mol% (13.2 mg) lead thiocyanate
(Pb(SCN)2) dissolved in 630 μL DMF and 70 μL DMSO,
with stirring at 70°C for 30 min. The FAMA precursor
solution was obtained by mixing stoichiometric amounts
of FASnI3 (0.6 mL) and MAPbI3 (0.4 mL) perovskite
precursor and stirring at room temperature for 30 min.

Fabrication of Sn-Pb perovskite solar cells
The pre-patterned indium tin oxide (ITO) substrates
were cleaned by ultrasonication in deionized water bath
with 2% Triton X-100, deionized water and isopropanol
for 30 min each, respectively. Before using, the ITO
substrates were cleaned by ultraviolet ozone (UVO)
treatment for 20 min. L-NiOx films were fabricated by
spin-coating NiOx NC ink on the cleaned ITO substrate
at 2000 r min−1 for 40 s (at room temperature) without
any post-treatment. H-NiOx films were deposited by spin-
coating the H-NiOx precursor solution at 5000 r min−1 for
45 s and annealed at 250°C for 45 min. PEDOT:PSS films
were coated on the cleaned ITO substrate at 4000 r min−1

for 50 s and then dried at 175°C for 30 min. The FAMA
perovskite precursors were spin-coated onto the substrate
at 4000 r min−1 for 60 s, and 500 mL toluene was dropped
on the spinning substrate during the spin-coating step
45 s before the end of the procedure. All perovskite films
were annealed at 40°C for 1 min and then at 70°C for
10 min on a hotplate. Next, 20 mg mL−1 [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) in chlorobenzene was
spin coated at 1500 r min−1 for 50 s and then annealed at
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70°C for 5 min. Then, a thin and uniform BCP layer on
top of PCBM was deposited by drop-casting a defined
volume of BCP dissolved in isopropyl alcohol in 2 to 3 s
while spinning the substrate at 5000 r min−1. Finally,
120 nm Ag contact was deposited on top of BCP by
thermal evaporation under high vacuum (< 5×10−7 Torr)
in an Angstrom Engineering deposition system. All fab-
rication steps of perovskite films and top layers were
performed in an N2-purged glovebox (Vigor Glovebox,
O2 < 0.1 ppm, H2O < 0.1 ppm).

Characterizations
The X-ray diffraction (XRD) spectra were measured on a
Bruker D8 Advance X-ray diffractometer at room tem-
perature using Cu-Kα radiation (λ = 1.54178 Å) at 40 kV
and 40 mA. The photoluminescence (PL) spectra were
carried out using an exciting wavelength of 400 nm with a
Fluorolog spectrofluorometer (Horiba FL-3) with a
standard 450 W xenon CW lamp. The ultraviolet-visible
(UV-Vis) spectra of the perovskite films deposited on
NiOx were recorded using a UV-Vis spectrophotometer
(Agilent Cary 5000). Scanning electron microscopy
(SEM) images were recorded on JSM-7800. The current-
voltage (J-V) characteristics of the photovoltaic cells were
obtained using a Keithley 2400 Source Meter under si-

mulated one-sun AM 1.5 G illumination (100 mW cm−2)
with a solar simulator (SS-F5-3A, Enli Tech) whose in-
tensity was calibrated by the certified standard silicon
solar cell (SRC-2020, Enli Tech). The J-V curves for all
devices were measured by masking the active area using a
metal mask with an area of 0.04 cm2. The external
quantum efficiency (EQE) was measured using the solar-
cell-spectra-response measurement system (QE-R, Enli
Tech). The Mott-Schottky analysis through capacitance-
voltage measurements was collected by Ivium electro-
chemical workstation at 1 kHz with the bias potentials
ranging from 0 to 1 V under dark condition. The elec-
trochemical impedance spectroscopy (EIS) analysis was
performed on the Ivium electrochemical workstation at a
bias close to open circuit voltage (Voc) under dark con-
dition with the frequency ranging from 1,000,000 to
1.0 Hz and amplitude (V) of 0.02.

RESULTS AND DISCUSSION
We first investigated the structures and morphologies of
L-NiOx and H-NiOx. The crystallinities and sizes of NiOx
NCs were invrstigated by XRD and transmission electron
microscopy (TEM). The L-NiOx NC powder exhibits
good crystallinity, as indicated from the XRD spectrum
(Fig. 1a). TEM images indicate narrow size distribution

Figure 1 Characterizations of the NiOx HTL. (a) XRD spectra of L-NiOx NC powder. (b) TEM image of L-NiOx NCs with an inset of the high-
resolution TEM image of L-NiOx NCs. (c, d) Top-view SEM images of H-NiOx and L-NiOx films deposited on ITO-coated glass. (e) Transmission
spectra of ITO-coated glass, H-NiOx and L-NiOx films deposited on ITO-coated glass. (f) XPS spectra: Ni 2p3/2 of H-NiOx and L-NiOx films deposited
on ITO-coated glass. (g) XPS spectra: O 1s of H-NiOx and L-NiOx films deposited on ITO-coated glass. (h) UPS characterization for H-NiOx and L-
NiOx films deposited on ITO-coated glass. Left: photoemission cutoff spectra; right: valence band structure.
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(with the size of about 5 nm) of NiOx NCs (Fig. 1b). The
morphology of NiOx films was investigated by SEM and
atomic force microscopy (AFM) (Fig. 1c, d, and Fig. S1).
The L-NiOx film is more compact and smooth in com-
parison with the H-NiOx film. The absorption spectrum
of L-NiOx film is quite similar to that of ITO glass, and no
extra absorption peak is observed in the range from 350
to 1000 nm (Fig. 1e). In contrast, a new absorption peak
at 550 nm is observed for H-NiOx film, which might be
ascribed to the defects in the bandgap as discussed below.

The element compositions of resulting NiOx thin films
were analyzed by X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 1f, the Ni 2p peaks are derived
from two states, Ni2+ state in NiO (Ni 2p at 853.8 eV),
Ni3+ in Ni2O3 (Ni 2p at 855.2 eV) and NiOOH (Ni 2p at
856.2 eV). Similarly, O 1s shows three peaks from NiO
(529.2 eV), Ni2O3 (530.8 eV), and hydroxide (532.3 eV),
respectively (Fig. 1g). Compared with the H-NiOx film,
the L-NiOx film has a lower ratio of Ni3+/Ni2+, indicating
the L-NiOx film has reduced nickel vacancy.

We then investigated the band structure of NiOx films
via ultraviolet photoelectron spectroscopy (UPS). As
shown in Fig. 1h, the work function (WF) of the H-NiOx
and L-NiOx films are 4.63 and 4.91 eV, respectively. Based

on the binding energy values, the energy levels of the
valence band maximum are calculated to be 5.38 and
5.55 eV for the H-NiOx and L-NiOx films, respectively.
The better energy level alignment between L-NiOx and
Sn-Pb perovskite contributes to the hole extraction from
perovskite to HTL.

DFT simulation was used to study the electronic
structure of two kinds of NiOx materials, pure NiO and
NiO with 1.3% Ni vacancy (Ni148O150), representing L-
NiOx and H-NiOx, respectively (Fig. 2). The calculated
bandgap and magnetic moment for pure NiO are 3.12 eV
and 1.70 μB, respectively, close to the real value [34]. The
simulation indicates that Ni vacancies in bulk NiO induce
the gap states and result in shallower valence band. This is
consistent with the UPS results above.

XRD patterns of the perovskite films prepared on NiOx
substrates are shown in Fig. 3a. The FAMA film grown on
the L-NiOx film shows strong diffraction peaks from
(110) and (220) facets, indicating a pure phase and high
crystallinity of perovskite layer. The element composi-
tions of the resulting Sn-Pb perovskite film based on L-
NiOx were analyzed by XPS (Fig. S2). The atomic per-
centages of Sn and Pb are 8.53% and 5.76% (Table S1),
respectively, corresponding to an atomic ratio of 6:4,

Figure 2 (a) Atomic model and (b) the total DOS of NiO, (c) atomic model and (d) the total DOS of NiO with Ni vacancy. The corresponding gap
states are labeled with arrows.
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which agrees well with that of the starting precursor. UPS
was used to analyze the electronic structure of the per-
ovksite film (Fig. S3), and the energy level of valence band
maximum of Sn-Pb perovskite is determined to be
5.89 eV.

The SEM images of the FAMA perovskite films on
NiOx substrates are shown in Fig. 3b, c. Both samples
show compact and pin-hole free morphology, but the film
deposited on L-NiOx exhibits larger crystal, which agrees
well with the XRD result. The smaller grain size of the
perovskite film based on H-NiOx could be ascribed to its
high defect density and large surface roughness, which
increased the concentration of nucleation centers [35–
38].

The absorption spectra of FAMA perovskite films de-
posited on NiOx substrates are shown in Fig. 3d. The
bandgap of FAMA sample is determined to be about
1.27 eV by fitting the absorption plot of a perovskite film
(Fig. 3e). The film deposited on glass exhibits the highest
PL intensity with the peak emission centered around
964 nm (Fig. 3f). The films coated on L-NiOx and H-NiOx
films both show lower PL intensity due to the hole
transfer from the perovskite to NiOx HTLs. The time-
resolved PL decay spectra of FAMA films deposited on
NiOx are shown in Fig. S4. The faster decay of L-NiOx/
FAMA indicates that the L-NiOx film has higher charge
extraction efficiency. We carried out XPS characterization
to study the impact of the Ni3+ from NiOx substrates to

Figure 3 Characterizations of FAMA films grown on H-NiOx and L-NiOx films. (a) XRD patterns of FAMA films. (b, c) Top-view SEM images of
FAMA films (Scale bar: 500 nm). (d) UV-Vis absorption spectra of FAMA films. (e) Tauc plot of FAMA films. (f) PL spectra of FAMA films.
(g, h) Cross-sectional SEM images of devices (scale bar: 500 nm). (i) Energy-level diagram with respect to vacuum of the materials used in the
photovoltaic cells.
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Sn2+ oxidation of Sn-Pb perovskite film (Figs S5 and S6).
Sn4+ peak is not observed at the interface for both fresh
and aged films, which means Ni3+ would not oxidize Sn2+

to Sn4+ in the samples. The retardance of oxidation could
be ascribed to the kinetic barrier at the interface, although
this reaction is thermodynamically favorable.

We fabricated the Sn-Pb PSCs using the p-i-n structure
of ITO/HTL/FAMA/PCBM/BCP/Ag. The schematic of
the Sn-Pb devices and the processing temperatures of
each layer are illustrated in Fig. S7. The whole devices
were made under the temperature below 70°C. The cross-
sectional SEM images of the devices show that the

thickness of the absorber layer is about 400 nm (Fig. 3g,
h). The performance of the devices based on NiOx HTL
are shown in Fig. 4a. The champion device based on L-
NiOx exhibits a Voc of 0.82 V, short circuit current (Jsc) of
29.6 mA cm−2, fill factor (FF) of 77.2% and PCE of
18.77%. While the device using H-NiOx demonstrates a
Voc of 0.78 V, Jsc of 28.3 mA cm−2, FF of 71.6%, and PCE
of 15.85%. Both NiOx-based devices exhibit negligible
hysteresis (Fig. 4b and Fig. S8). The J-V curves of the
devices based on L-NiOx of different thicknesses by using
different concentrations of L-NiOx solution are shown in
Fig. S9, which indicates that 10 mg mL−1 is the optimal

Figure 4 (a) J-V characteristics from forward scan (FS, Jsc to Voc) of the devices determined under simulated AM 1.5 G illumination. (b) J-V
characteristics from FS (Jsc to Voc) and reverse scan (RS, Voc to Jsc) determined under simulated AM 1.5 G illumination for champion L-NiOx-based
device. The inset shows the device structure. (c) The corresponding incident photon-to-electron conversion efficiency (IPCE) spectra of the devices.
(d) Histogram of the PCE values for the devices. (e) Stabilized PCEs of the devices measured at a bias of Vmax under 100 mW cm−2 AM 1.5 G
irradiation. (f) Stability of Sn-Pb devices under N2 atmosphere.
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concentration for L-NiOx film fabricatation. A control
device based on PEDOT:PSS was prepared as well,
showing an efficiency of 17% (Table S2 and Fig. S10). The
devices based on the L-NiOx film deliver evidently higher
Voc, as well as higher Jsc. The EQE curves of the devices
are presented in Fig. 4c. The devices exhibit a broad re-
sponse spectrum in the range of 300 to 980 nm. The
values of integrated Jsc are 28.1 and 26.7 mA cm−2 for L-
NiOx-based and H-NiOx-based devices, respectively,
which agree well with the values extracted from the J-V
curves.

For each kind of device, we fabricated 30 devices to get
statistics about the performance. The average PCEs of the
devices based on L-NiOx and H-NiOx are 18.18% and
14.64%, respectively (Fig. 4d and Table 1). To estimate
the stability of the device under operation, the steady state
PCEs were measured. The steady-state PCE of L-NiOx-
based device at a constant bias of 0.70 V is 18.4%, well
consistent with the efficiency extracted from the J-V
curve. We summarized the PCEs of Sn-Pb PSCs using
NiOx-based inverted structures (Table S3). To the best of
our knowledge, the value of 18.4% is the highest efficiency
reported up to now.

The stabilities of the Sn-Pb PSCs without encapsulation
were investigated in nitrogen atmosphere. As shown in
Fig. 4f, the stability of Sn-Pb PSCs based on the L-NiOx
film shows good stability: it maintains 96% of the initial
PCE after 50 days. This great stability of the device could
be due to the high-quality perovskite film and lower de-
fect density at the interface, which suppresses the self-
oxidation of Sn2+.

To understand the high performance of the device
based on L-NiOx, we characterized the carrier re-
combination, carrier lifetime and dark current of the
device. The carrier recombination was tested via light-
dependent Voc. H-NiOx-based device exhibits a slope (Voc
with respect to natural logarithmic light intensity) of
1.62 kT q−1. By contrast, for the L-NiOx-based device, the
slope decreases to 1.44 kT q−1, showing reduced trap-as-
sisted recombination (Fig. 5a) [39,40]. The transient
photovoltage measurement was carried out to study the
carrier lifetime, as shown in Fig. 5b. The carrier lifetime
of L-NiOx-based device increases to 65.8 μs compared
with H-NiOx-based devices (9.1 μs), indicating the re-

duced carrier recombination at the interface between L-
NiOx and perovskite film [41–43]. We then compared the
dark J-V curves of the devices (Fig. 5c). The lower reverse
saturation current density indicates that the L-NiOx-
based devices posses better diode behavior and less charge
recombination [26], most probably deriving from the low
defect density of the L-NiOx film.

The capacitance-voltage (C-V) characteristics of the Sn-
Pb devices were taken to understand the Voc improve-
ment. As shown in Fig. 5d, the L-NiOx-based device has a
higher built-in potential (Vbi) of 0.56 V compared with
the H-NiOx-based device (0.52 V). The increased Vbi can
be attributed to the higher work function of the L-NiOx
film.

To quantify the reduced trap-state density at the in-
terface of perovskite films and HTL, we calculated the
trap density (nt) by space-charge-limited current (SCLC)
measurement in the hole-only devices. The trap-state
density nt can be calculated by the following relation:

n V
e L= × ×

× ,t
FTL 0

2

where e is the elementary charge, L is the perovskite film
thickness, ε0 is the vacuum permittivity, ε is the relative
dielectric constant (typically 35 for perovskites), and VTFL
is the onset voltage of trap-filled limit (TFL) region. As
shown in Fig. 5e, The VTFL of H-NiOx-based device is
0.45 V, corresponding to a trap-state density of 5.45×
1015 cm−3. Upon using L-NiOx as HTL, the VTFL is re-
duced to 0.22 V, and the calculated hole trap-state density
is 2.66×1015 cm−3. This result confirms that the L-NiOx-
based Sn-Pb device reduced the hole trap-state density at
the interface of perovskite layers.

We further used EIS to understand the charge extrac-
tion and recombination processes of the devices, as
shown in Fig. 5f. The fitted equivalent circuit of the de-
vices is composed of series resistance (Rs), charge transfer
resistance (Rtr) at interfaces, and recombination resistance
(Rrec) inside the perovskite film (Fig. S11) [3,44–46]. The
larger arc of L-NiOx NCs-based PSCs suggests a slower
charge recombination rate as well, which can be ascribed
to the less trap-state density at the interfaces. Fig. S12
shows the transient photocurrent change as light illumi-
nation itensity. The high α value (0.98) close to unity of

Table 1 Photovoltaic parameters of PSCs with different HTLs

HTL Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

H-NiOx 0.78 ± 0.01 (0.80) 27.6 ± 0.6 (28.5) 68.0 ± 3.0 (72.5) 14.64 ± 0.67 (15.85)

L-NiOx 0.83 ± 0.01 (0.84) 28.8 ± 0.5 (29.6) 76.1 ± 0.9 (77.4) 18.18 ± 0.30 (18.77)

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

March 2021 | Vol. 64 No. 3 543© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020



the NiOx NCs-based device indicates that almost all free
carriers are swept out and collected at the electrodes prior
to bimolecular recombination.

CONCLUSION
In conclusion, we report a room-temperature-processed
NiOx film as HTL for planar structural Sn-Pb mixed
PSCs. In comparison with H-NiOx, L-NiOx shows re-
duced trap density and deeper energy level. Solar cells
based on L-NiOx display much reduced carrier re-
combination and higher built-in potential; as a result, the
device based on L-NiOx exhibits enhanced Voc and Jsc.

The device demonstrates an unprecedently high efficiency
of 18.77% for low-temperature-processed narrow-band-
gap PSCs. Moreover, the optimized device shows im-
pressive stability. This work provides an effective strategy
to build low-temperature-processed narrow-bandgap
PSCs, which could be useful for constructing high-effi-
ciency tandem solar cells.
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基于能带工程制备氧化镍基底的高效锡-铅共混
钙钛矿太阳能电池
陈昊1,2,3†, 彭子键1†, 徐凯敏1, 魏旗1, 虞丹妮1, 韩聪聪1, 李晗升1,
宁志军1*

摘要 钙钛矿叠层太阳能电池因为具有超过肖克利-奎伊瑟效率极
限的潜力而备受关注. 窄带隙锡-铅(Sn-Pb)共混钙钛矿太阳能电池
(PSCs)在钙钛矿叠层太阳能电池的构建中起着关键作用. 制备稳定
性好、可低温处理的空穴输送层是构建高效Sn-Pb钙钛矿太阳能
电池和钙钛矿叠层太阳能电池的关键. 在此, 我们开发了一种室温
处理的纳米晶体氧化镍(L-NiOx)作为空穴传输层用于Sn-Pb共混钙
钛矿太阳能电池结构 . 相比于高温烧结的氧化镍(H-NiOx)薄膜 ,
L-NiOx表现出较深的价带和较低的陷阱密度, 这增大了内建电势
和减少了载流子的复合, 使器件的功率转换效率达到了18.77%, 这
是基于NiOx空穴传输层的窄带隙Sn-Pb钙钛矿太阳能电池的最高
效率. 此外, 该器件的效率在50天后仍能保持原有效率的96%, 具有
非常好的稳定性. 这项工作为高效稳定窄带隙PSCs提供了一种可
在室温下制备的无机空穴传输材料.
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