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ABSTRACT: The ideal charge transport materials should exhibit
a proper energy level, high carrier mobility, sufficient con-
ductivity, and excellent charge extraction ability. Here, a novel
electron transport material was designed and synthesized by using
a simple and facile solvothermal method, which is composed of
the core−shell ZnO@SnO2 nanoparticles. Thanks to the good
match between the energy level of the SnO2 shell and the high
electron mobility of the core ZnO nanoparticles, the PCE of
inorganic perovskite solar cells has reached 14.35% (JSC: 16.45
mA cm−2, VOC: 1.11 V, FF: 79%), acting core−shell ZnO@SnO2
nanoparticles as the electron transfer layer. The core−shell ZnO@SnO2 nanoparticles size is 8.1 nm with the SnO2 shell
thickness of 3.4 nm, and the electron mobility is seven times more than SnO2 nanoparticles. Meanwhile, the uniform core−shell
ZnO@SnO2 nanoparticles is extremely favorable to the growth of inorganic perovskite films. These preliminary results strongly
suggest the great potential of this novel electron transfer material in high-efficiency perovskite solar cells.

■ INTRODUCTION

The halide perovskite semiconductors are a fully novel kind of
high-efficient, low-cost, and solution processable light-harvest-
ing materials since 2009.1 The power conversion efficiency
(PCE) of perovskite solar cells has already risen to over 22%
these years, whose theoretical limit has been estimated to be
31%.2−9 At present, the perovskite solar cells mostly originated
from hybrid inorganic−organic halides, including formamidi-
nium lead halide FAPbX3 methylammonium lead halide
MAPbX3 (X= Cl, Br, I) or the mixture of them.10−16 Because
of the volatile organic components, the traditional perovskite
solar cells face significant challenges on the thermal stability,
which is an obstacle of the long-term practical application.17−21

The inorganic halide perovskite with chemical formula of
CsPbX3 provides an opportunity, which surprisingly keeps
stable at a temperature of more than 400 °C without any phase
degradation.22−24 The issues related to the release and
decomposition of the organic component in the high
temperature can be avoided. Apart from the outstanding
thermal stability, the inorganic perovskite, such as α-CsPbI3
perovskite, has 1.73 eV bandgap,25,26 which is proper to
tandem solar cells. The α-CsPbI3 perovskite can combine with
either low-bandgap perovskite or silicon,27−30 whereas α-
CsPbI3 perovskite is unstable and transfers spontaneously to

the δ-CsPbI3 phase at normal condition. For overcoming the
instability of α-CsPbI3, the bromide ion is usually added to
reduce phase change temperature from the δ-phase to the α-
phase.
The ideal charge transport materials of perovskite solar cells

should exhibit a proper energy level, high carrier mobility,
adequate conductivity, and excellent charge extraction capacity.
At present, the charge transport materials include mainly
organic materials such as Spiro-OMeTAD, PTAA, PCBM, and
C60 and metal oxide such as SnO2, TiO2, ZnO, and
NiOx.

31−40 Compared with the organic charge transport
materials, as you know the metal oxides show better stability
and field effect mobility than that of organic materials.41−43

Among these metal oxides, the SnO2 has been demonstrated to
be an efficient electronic transfer layer in inorganic perovskite
solar cells25 because of the appropriate energy level for electron
injection of inorganic perovskite. The ZnO shows large
electronic mobility (205 cm2 V−1 s−1) on electronic
extraction,44 and the intrinsic surface flaw of the ZnO can
easily result in serious surface recombination of electron and
hole.45,46 Additionally, the perovskite crystals can be easily
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decomposed during thermal treatment, when the ZnO directly
contacts with the perovskite crystals, because of the generated
hydroxide constitutions on the surface of ZnO.47,48 Hence, the
core−shell ZnO@SnO2 nanoparticles, combining the advant-
age of SnO2 and ZnO, is an ideal electron transport layer,
where the shell SnO2 provides a matched energy level
alignment for electron injection, and the core ZnO nano-
particles provide a high electron mobility. Herein, we design
and synthesize the core−shell ZnO@SnO2 nanoparticles by
using a simple and facile solvothermal method, which can act
as an electronic transfer medium inside the inorganic
perovskite solar cells. And the core−shell ZnO@SnO2
nanoparticles is 8.1 nm, and the core ZnO nanoparticle is
4.7 nm, and the shell thickness is 3.4 nm. Contrast with SnO2
nanoparticles, the novel electron transport material could
remarkably increase efficiency on inorganic perovskite solar
cells because of good matching between the energy level and
the high electron mobility of core ZnO nanoparticles. The
CsPbI2Br solar cells with the core−shell ZnO@SnO2 nano-
particles serving as an electron transport layer exhibit a high
PCE of 14.35%. Our preliminary results indicate the great
potential of this novel electronic transfer material on the high-
efficiency perovskite solar cell.

■ EXPERIMENTAL SECTION
Materials. Zinc acetate (Zn(CH3COO)2, 99.999%) and tin(IV)

acetate (Sn(CH3COO)4) power were purchased from Sigma-Aldrich.
Lead iodide (PbI2, 99.999%), lead bromide (PbBr2, 99.999%), barium
iodide (CsI, 99.99%), and barium bromide (CsBr, 99.99%) power was
bought at Alfa Aesar. N,N-Dimethylformamide (DMF, 99.9%) was
bought at Alfa Aesar. And the company of 1-Material Ltd. provided
Spiro-OMeTAD. SnO2 nanoparticles colloid dispersion (tin(IV)
oxide) were obtained from Alfa Aesar. And the whole materials
were used without other purification processes.
Synthesis of Core−Shell ZnO@SnO2 Nanoparticles. Zinc

acetate (0.21 g) and 75 μL of H2O were dispersed into methanol (10
mL) under stirring at 62 °C. Then, a 0.43 mol L−1 of KOH solution
(5 mL) in methanol was dropped at 62 °C. The miscible liquid was
blended for 4 h at 62 °C. Then the obtained white sediment was
cleaned with methanol for three times. After that, a 0.05 mol L−1

solution of tin(IV) acetate (20 mL) in methanol and 75 μL of H2O
were dropped. This reaction mixture continued to stir for 3 h at room
temperature and 2.5 h at 62 °C to obtain the core−shell ZnO@SnO2
nanoparticles. The core−shell ZnO@SnO2 nanoparticles was washed
with methanol three times and then redispersed in 10 mg mL−1 of
chloroform.
Solution Preparation. CsPbI2Br precursor solution: the solution

obtained by adding CsI:CsBr:PbI2:PbBr2 (1:0.5:1:0.5) in dimethyl
sulfoxide (DMSO) into 0.8 M in a N2 glovebox and dissolved by
stirring at 55 °C for 1 h. The reaction mixture was made by adding
Sprio-OMeTAD (90 mg), sufonyl imide (Li-TFSI, 22.5 μL) solution
(520 mg Li-TFSI in 1 mL acetonitrile), and tert-butylpyidine (tBP, 36
μL) in chlorbenzene (CB) solution (1 mL). Then, the liquid was
stirred within 24 h under 60 °C.
Device Fabrication. The acetone, ethanol, and deionized water

were separately utilized to wash the FTO (15 Ω sq−1) substrates
accompanying ultrasonic within 10 min. After that, the core−shell
ZnO@SnO2 nanoparticles solution (10 mg mL−1) or SnO2
nanoparticles colloid solution (10 mg mL−1) were spin-coated to
the washed FTO substrate at 5000 rpm within 30 s, and the prepared
films were calcined at 180 °C within 40 min. The substrates were
cooled down in air. Then the perovskite precursor liquor was spin-
coated at 1000 and 4000 rpm for 20 and 40 s. In the second spin-
coating step, the substrate was treated by chlorobenzene drop-casting.
Particularly, the substrates were carried out using an annealing process
at 260 °C for 10 min. Then the perovskite layer was loaded with HTL
at 5000 rpm within 40 s. Lastly, those substrates were moved into a

vacuum under 2 × 10−6 Torr to facilitate the evaporation process of
MoO3 (8 nm) and the Ag (100 nm) electrode (metal mask with an
aperture area of 0.09 cm2).

Characterization. The transmission electron microscopy (TEM)
images were taken on JEM 2100 LaB6 at 200 kV. The high-resolution
transmission electron microscope (HRTEM), line scan profiles, and
energy-dispersive spectrometry (EDS) mapping were all operated on
Tecnai F20 at 200 kV. The SEM images were obtained through
Hitachi SU8010 (Japan) at 200 kV. The wide-angle X-ray diffraction
(XRD) analysis was characterized with a Burker D8-advance X-ray
power diffractometer at 40 kV and 40 mA. X-ray photoelectron
spectrometer (XPS) was handled with an ion-pumped chamber
(evacuated to 2 × 10−9 Torr). UV−vis absorption spectrum was
collected through U-4100 spectrophotometer (Hitachi) with an
integrating sphere. The perovskite layer was coated on an ITO
substrate for the measurements. The work function of samples and
the position of the maximum value of valence bands were ascertained
by ultraviolet photoelectron spectroscopy (UPS). Excitation was
performed using a He discharge lamp capable of emitting ultraviolet
energy at 21.2 eV. The entire UPS measurement was done using a
standard program with a −7 V bias applied between the sample and
the detector. Here, pure gold played a role in the reference.

Device Characterization. Keithley 2400 source meter provided
the current density−voltage (J-V) curves of inorganic perovskite solar
cells; in particular, a light intensity was calibrated according to the
silicon solar cell 91150. AFM images were received through the Veeco
Multimode to assess surface appearance of films. And the calculated
steady-state power conversion efficiency can be received through
measuring the stable photocurrent density at a constant bias voltage.
For transient photovoltage (TPV) and current (TPC) measurements,
the white light bias is triggered by Molex 180081−4320, imitating the
operating conditions of a 0.5 solar bias light. The perturbation
hypothesis of the excitation light is established by controlling the
intensity of the perturbed laser pulse to keep the amplitude of the
transient VOC that was less than 5 mV. Measurements were made on
an open-circuit voltage and short-circuit current on 50 Ω and 1 MΩ
resistors and collected through a digital oscilloscope.

■ RESULTS AND DISCUSSION
These core−shell ZnO@SnO2 nanoparticles are prepared via a
simple and facile solvothermal means, which employs a
methanol serving solvent. First, this core ZnO nanoparticle is
obtained in methanol solution by hydrolysis and condensation
of zinc acetate with potassium hydroxide.49 Then, the tin(IV)
acetate and water are added into the methanol solution, and
the shell SnO2 is grown on the core ZnO nanoparticles by
hydrolysis and condensation of tin(IV) acetate. Figure 1
demonstrates the synthetic strategy of core−shell ZnO@SnO2
nanoparticles.

Figure 2a displays the TEM photo of core−shell ZnO@
SnO2 nanoparticles, with an average nanoparticle size of 8.1
nm. The clear core−shell ZnO@SnO2 nanoparticles are shown
in high-resolution TEM (HRTEM) (Figure 2b), and the core
of this nanoparticles is 4.7 nm. In addition, the shell thickness
is 3.4 nm. An apparent lattice spacing of 0.28 nm in the core
corresponds to the (100) facets of hexagonal phase ZnO, while
the lattice spacing of 0.26 nm in this shell corresponds to the

Figure 1. Synthetic diagram of core−shell ZnO@SnO2 nanoparticles.
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(110) facets of the tetragonal phase SnO2. In addition, the
SAED pattern exhibits diffractions of ZnO and SnO2 (inset in
Figure 2b), and the SAED rings suggest (100) facets of ZnO
and (110) facets of SnO2, respectively. Further, as displayed in
Figure 2c, the core−shell ZnO@SnO2 nanoparticles are also
confirmed through the relevant HAADF-STEM pattern. The
elemental mappings (Figure 2c) and line scan profiles (Figure
2d) of core−shell ZnO@SnO2 nanoparticles are finished by
EDS for Zn, O, and Sn. Obviously, the Zn is mainly distributed
in the center of the nanoparticles and the Sn is mainly
distributed in the center of the particles, while the O is
uniformly distributed throughout the nanoparticles, which
corresponds to the previous results of HRTEM. The data
strongly confirms that the process of core−shell ZnO@SnO2
nanoparticles is dependable. The EDS analysis shows that the
ratio of Zn:Sn:O is 16:21:63 (Figure S1, Figure S2, and Table
S1).
The crystal phase and composition of ZnO, SnO2, and

ZnO@SnO2 nanoparticles are detected through powder X-ray
diffraction (XRD), obviously disclosing that core−shell ZnO@
SnO2 nanoparticles are obtained. Figure 3a shows the XRD of
ZnO nanoparticles, SnO2 nanoparticles, and core−shell ZnO@
SnO2 nanoparticles. The diffraction peak position and relative
intensity of core−shell ZnO@SnO2 nanoparticles correspond-
ing to standard diffraction data of ZnO and SnO2 (JCPDS card
nos. 36-1451 and 41-1445). The 2θ peaks at 36.4° and 43.3°
correspond to the (111) facet of ZnO, and the peaks at
correspond to the (111) facet of SnO2. Therefore, the
nanoparticles are the combination of ZnO and SnO2. The X-
ray photoelectron spectroscopy (XPS) of core−shell ZnO@
SnO2 nanoparticles is performed to understand the surface
chemical structure. Figure 3 clearly reveals XPS spectra of Zn
2p and Sn 3d. Detailed XPS survey spectra of Zn 2p and Sn 3d
are shown in Figure 3b,c. For the Zn 2p region, two
characteristic peaks at ∼1022.3 and ∼1045.3 eV are attributed

to the 2p3/2 and 2p1/2 of the Zn2+ state, with a spin−orbit
splitting energy of 23 eV. The Sn 3d peaks are observed at the
positions of 487.8 eV (3d5/2) and 496.1 eV (3d3/2) with a
spin−orbit splitting energy of 8.3 eV, respectively, which
belong to the Sn4+ state.50 The O 1s peak is observed at the
positions of 531.8 eV (Figure S3a), which are assigned to the
O2− state, and the XPS spectra of core−shell ZnO@SnO2
nanoparticles is observed in Figure S3b.
For the purpose of revealing the bandgap energy of core−

shell ZnO@SnO2 nanoparticles, the UV−vis absorption
spectra of ZnO nanoparticles, SnO2 nanoparticles, and core−
shell ZnO@SnO2 nanoparticles are recorded in Figure 3d. The
absorption peaks of ZnO and SnO2 nanoparticles are located
around 336.3 and 249.3 nm, which contribute to band gap
energies of 3.28 eV (Figure S4a) and 3.46 eV (Figure S4b),
respectively. The values are very close to the reported values of
ZnO (3.37 eV) and SnO2 (3.5 eV).

51,52 For core−shell ZnO@
SnO2 nanoparticles, it is obvious that there are two absorption
peaks at 335.8 and 250.2 nm, respectively. The former is
assigned to the characteristic absorption of ZnO, and the latter
is assigned to the SnO2 nanoparticles. The appearance of two
characteristic absorption peaks further confirms that the core−
shell ZnO@SnO2 nanoparticles are composed by ZnO and
SnO2. Obviously, the absorption intensity of SnO2 is much
larger than that of ZnO, indicating that ZnO is coated with
SnO2.
The electronic structure of the valence band of core−shell

ZnO@SnO2 nanoparticles is investigated by using the
ultraviolet photoemission spectroscopy (UPS) (He I light),
as presented in Figure 4a,b. The valence band maximum
(VBM) lies in 3.45 eV below Fermi level, which is explained
through simulating a straight line into the leading edge. The
second electronic onset is 16.83 eV (Figure 4b) on the left side
of the spectrum. The calculated work function is 4.37 eV by
subtracting the second electronic onset position of the UPS
spectrum from the excitation energy (21.2 eV). Considering
that the bandgap energy is 3.43 eV, the energy level of the
conduction band minimum (CBM) can be calculated as 4.39
eV. Similarly, the bandgap energy is 3.46 eV and the secondary
electron onset is 16.79 eV (Figure 4c,d); the CBM of SnO2
nanoparticles can be calculated as 4.43 eV. Compared with the

Figure 2. (a) TEM and (b) HRTEM image of core−shell ZnO@
SnO2 nanoparticles; (c) EDS elemental mappings of core−shell
ZnO@SnO2 nanoparticles; and (d) line scan analysis of core−shell
ZnO@SnO2 nanoparticles.

Figure 3. (a) XRD of ZnO, SnO2, and core−shell ZnO@SnO2
nanoparticles; XPS of (b) Zn 2p and (c) Sn 3d (the * represents the
peaks); and (d) UV−vis absorption spectra of ZnO nanoparticles,
SnO2 nanoparticles, and core−shell ZnO@SnO2 nanoparticles.
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SnO2 nanoparticles, the core−shell ZnO@SnO2 nanoparticles
match better with the energy level of CsPbI2Br (4.17 eV)
calculated from Figure S5. On the basis of the energy level
alignment theory, which can effectively promote electronic
transition and lower the possibility of charge recombination of
perovskite, facilitating higher open-circuit voltage (VOC) of
solar cells.
The morphological influence of core−shell ZnO@SnO2

nanoparticles on inorganic perovskite was also studied. The
SEM image of inorganic perovskite on the core−shell ZnO@
SnO2 nanoparticles and SnO2 nanoparticles is shown in Figure
5, and the surface morphology of inorganic perovskite
exhibited a significant difference. The grain size range on the
core−shell ZnO@SnO2 nanoparticles was 100−200 nm, and

the grain surface was smooth without any defects; the grain
size on the SnO2 nanoparticles was smaller (50−100 nm), and
the grain surface was rough with many defects. In order to
deeply understand the effect of ZnO@SnO2 nanoparticles on
inorganic perovskite, the morphology of ZnO@SnO2 nano-
particles and SnO2 nanoparticles thin film is observed through
AFM in Figure 5c,d. Because of uniform particle size, the
core−shell ZnO@SnO2 nanoparticles thin film was more
contiguous and smoother than SnO2 nanoparticles. On the
basis of the above experimental results, the core−shell ZnO@
SnO2 nanoparticles are considered an excellent electron
transport layer.
The schematic of the device structure of inorganic

perovskite solar cell along with relevant SEM cross-section
image is presented in Figure 6, and the schematic band energy

diagram of the inorganic perovskite solar cell is presented in
Figure S6. It includes the glass/FTO/ZnO@SnO2/perovskite
(CsPbI2Br)/Sprio-OMeTAD/MoO3/Ag, where the core−shell
ZnO@SnO2 nanoparticles act as the electronic transfer layer
(ETL). The corresponding current density-open voltage (J−V)
curves of the optimized device employing the core−shell
ZnO@SnO2 nanoparticles device and SnO2 nanoparticles
device are presented in Figure 7a. The highest PCE reaches up
to 14.35%, the short-circuit current (JSC) was 16.45 mA/cm2,
the VOC was 1.11 V, and the fill factor (FF) is 79%. While the
PCE of reference device with SnO2 nanoparticles serving as

Figure 4. Valence bands and secondary electron cutoff regions of (a,
b) core−shell ZnO@SnO2 nanoparticles and (c, d) SnO2 nano-
particles by ultraviolet photoemission spectroscopy.

Figure 5. SEM image of inorganic perovskite on the (a) core−shell
ZnO@SnO2 nanoparticles and (b) SnO2 nanoparticles; AFM of the
(c) core−shell ZnO@SnO2 nanoparticles film and (d) SnO2
nanoparticles film.

Figure 6. Schematic of the device structure of the inorganic
perovskite solar cell.

Figure 7. (a) Current density-voltage (J-V) characteristics of the
inorganic perovskite solar cells based on different electron transport
layer under AM 1.5G illumination with a light intensity of 100 mW/
cm2; (b) PCE distribution of over 30 devices; (c) PL spectra of the
CsPbI2Br film based on different electron transport layer; (d) Nyquist
plots of the core−shell ZnO@SnO2 nanoparticles and SnO2
nanoparticles; and (e) voltage-current density (V-J) characteristics
of the electron-only devices with the FTO/ETL(80 nm)/PCBM/Ag
structure.
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electron transport layer was 11.66%, the JSC, VOC, and FF is
16.34 mA/cm2, 1.03 V, and 69%, respectively. The parameters
are shown in Table 1. It is worth noting that the VOC with

core−shell ZnO@SnO2 nanoparticles is much higher than the
SnO2 nanoparticles, which is put down to excellent energy
alignment and higher electron mobility of ZnO, increasing
electrons extraction and decreasing nonradiative recombina-
tion sites. The device with PCE of over 14% can be highly
reproducible with an optimized process, and a statistical PCE
distribution on over 30 devices is proven in Figure 7b, while
the PCE distribution of the reference device is mainly
concentrated in 10%. The shelf stability was also compared,
the device of ZnO@SnO2 having better stability than SnO2
(Figure S7). The steady-state photoluminescence (PL) was
utilized to study the electronic transfer dynamic between the
core−shell ZnO@SnO2 nanoparticles and CsPbI2Br films. The
steady-state PL spectra of the CsPbI2Br film using the core−
shell ZnO@SnO2 nanoparticles and SnO2 nanoparticles as
electronic transfer layer on FTO/glass substrates are shown in
Figure 7c. The PL of the CsPbI2Br film with core−shell ZnO@
SnO2 nanoparticles as electron transport layer was less than
one-third of the SnO2 nanoparticles, indicating a stronger PL
quenching effect of ZnO@SnO2 nanoparticles. On the basis of
above results, the core−shell ZnO@SnO2 nanoparticles coated
on CsPbI2Br film could extract electron carriers more
effectively, which is in perfect accordance with the larger FF.
Meanwhile, the electron transfer properties of core−shell
ZnO@SnO2 nanoparticles and SnO2 nanoparticles were
studied by electrochemical impedance spectroscopy (EIS) in
Figure 7d, and core−shell ZnO@SnO2 nanoparticles showed a
smaller diameter of semicircle than SnO2 nanoparticles. The
equivalent circuit diagram was a parallel circuit, including
charge transfer resistance (RCT) and series resistance (Rs). Rs
of core−shell ZnO@SnO2 nanoparticles was 241 Ω, while Rs
of SnO2 nanoparticles was 305 Ω (Table S2), which indicates
that the electrons could be extracted and transported more
effectively in the core−shell ZnO@SnO2 nanoparticles. The
electron mobility of core−shell ZnO@SnO2 nanoparticles was
assessed via open voltage−current density (J−V) curves of the
electron-only devices in Figure 7e, and the relevant device
structure FTO/ETL(80 nm)/PCBM/Ag was used. The space
charge limited current (SCLC) model with eq 1 was used to
obtain electron mobility (μ).

J V d9/8 /r0
2 3ε ε μ= (1)

where ε0 is the permittivity of free space (8.8542 × 10−14 F
cm−1), εr is the relative dielectric constant of the core−shell
ZnO@SnO2 nanoparticles film (12.5), d is the film thickness
(80 nm). The calculated electron mobility is summarized in
Table S3. And it is noteworthy to point out that the electron
mobility of core−shell ZnO@SnO2 nanoparticles (0.197 cm2

V−1 s−1) was seven times more than SnO2 nanoparticles

(0.0279 cm2 V−1 s−1) because of high electronic mobility of
core ZnO nanoparticles. The electron concentration (ne) of
core−shell ZnO@SnO2 nanoparticles and SnO2 nanoparticles
were 4.13 × 1018 cm−3 and 4.50 × 1018 cm−3, respectively.
The charge carrier lifetime and extraction ability of the

perovskite and electron transport layer interface are studied by
using the transient photocurrent (TPC) and transient
photovoltage (TPV) decay, respectively, in Figure 8. Single

exponential decay model was utilized to fit the curves. Figure
8a shows the TPC decay under short-circuit for the core−shell
ZnO@SnO2 nanoparticles device and SnO2 nanoparticles
device. The photocurrent decay time of core−shell ZnO@
SnO2 nanoparticles device (0.72 μs) decreases a lot, compared
with the SnO2 nanoparticles device (1.23 μs). The faster decay
profile indicated the better charge extraction efficiency of the
device on the basis of ZnO@SnO2 nanoparticles compared
with the SnO2 nanoparticle device. TPV decay was operated
under an open-circuit condition, and the photovoltage decay
time in a core−shell ZnO@SnO2 nanoparticles device is 1.66
ms (Figure 8b), which is much longer than that observed in
the SnO2 nanoparticles device (1.06 ms). The decrease of the
generation of photovoltage is because of a recombination of
holes and electrons, which confirms that core−shell ZnO@
SnO2 nanoparticles are beneficial to reduce the unwanted
nonradiative recombination process.53 Because of the energy
level matching, the core−shell ZnO@SnO2 nanoparticles
device shows a better electron extraction capability and
reduces the extraction time.

■ CONCLUSIONS

In summary, we design and synthesize an outstanding
electronic transfer layer for the perovskite solar cells, which
are composed of core−shell ZnO@SnO2 nanoparticles. The
core−shell ZnO@SnO2 nanoparticles was prepared by using a
simple and facile solvothermal method, and the particle size is
8.1 nm, with the SnO2 shell thickness of 3.4 nm. Compared
with the SnO2 nanoparticles, this novel electron transport
material improves greatly the efficiency of inorganic perovskite
solar cells, which could be put down as well matched between
the energy level and high electron mobility of core ZnO
nanoparticles. The CsPbI2Br solar cells with the core−shell
ZnO@SnO2 nanoparticles as electron transport layer exhibit a
high PCE of 14.35%. We make sure that the preliminary results
indicate a great potential of these novel electron transport
materials in highly stable and efficient perovskite solar cells.

Table 1. Photovoltaic Performance of the Core-Shell ZnO@
SnO2 Nanoparticles Device and SnO2 Nanoparticles Device
from J−V Measurements

device VOC (V)
JSC

(mA/cm2) FF (%) PCE (%)

SnO2 nanoparticles 1.03 16.34 0.69 11.66
core−shell ZnO@SnO2
nanoparticles

1.11 16.45 0.79 14.35

Figure 8. TPC and TPV measurements of the core−shell ZnO@
SnO2 nanoparticles device and SnO2 nanoparticles device.
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