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Despite the successful enhancement in the high-power conversion efficiency (PCE) of perovskite solar cells
(PSCs), the poor stability of PSCs is one of the major issues preventing their commercialization. The
attenuation of PSCs may be due to the lower heat resistance of the organic charge transport layer and
the tendency to aggregate at high temperatures. Here we report cerium oxide (CeO,) as an electron
transport layer (ETL) prepared through a simple solution processed at a low temperature (~100 °C) to
replace the organic charge transport layer on top of the inverted planar PSCs. The CeO, layer has
excellent charge selectivity and can provide the perovskite film with protection against moisture and
metal reactions with the electrode. The solar cell with CeO, as the electron transport layer has a power
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Introduction

The organic-inorganic metal halide perovskite solar cells (PSCs)
have undergone rapid development and attracted extensive
attention, with a power conversion efficiency (PCE) increasing
from 3.8% up to the latest certified efficiency of 25.2% within 10
years.”” The soaring of PCE has been achieved by various
methods, such as compositional modification; improvement on
the quality of the perovskite film, and the development of highly
efficient electron transport layers (ETLs).*** Although the PCE
has been enhanced, the poor stability of PSCs has prevented
their commercialization. The poor stability of the PSCs may be
due to the instability of the weakly bonded organic-inorganic
perovskite materials,* and the degradation of their external
layers, interfaces and device structure.*

In an inverted planar structure, there are several materials
used as electron transport layers, such as PCBM,** fullerene
derivatives," polyelectrolyte®*® and other organic semi-
conductors. Among them, PCBM and fullerene derivatives are
widely used because they have energy levels suitable for solar
cells. However, these molecules will aggregate after high
annealing temperatures during the fabrication."” This situa-
tion will influence the stability of the PSCs’ interface and pin-
holes will easily form decreasing the performance of the
device. On the other hand, these organic transport materials
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conversion efficiency of 17.47%. These results may prove a prospect for practical applications.

usually require complicated syntheses and purification
processes, which will increase the whole cost.®* Therefore,
the inorganic ETLs have attracted extensive attention to
improve the stability and decrease the cost of PSCs.

Among these inorganic electron transport materials, cerium
oxide (CeO,) has been applied in PSCs in different roles. CeO, are
considered one of the most earth abundant rare-earth metal
oxides, implying their potential for the low cost production of
these devices.” It is an n-type semiconductor with a wide
bandgap, resulting in a low absorption loss and high value band
edge resulting coincidentally in efficient hole-blocking. Besides,
this material has outstanding electrical properties such as high
ionic conductivity and high electron mobility.”* More impor-
tantly, CeO, have high thermal and chemical stability,” which
can replace common organic electron transport materials in the
storage and release of oxygen. Because of its excellent properties,
CeO, are promising materials with application in various areas,
such as catalysis,” electrochemical displays,* high temperature
ceramics, and UV blocking materials.**** In this study, we
demonstrate that solution processed CeO, can be easily prepared
using a simple sol-gel method at a low temperature, and applied
as the ETL in an inverted planar PSC to increase its efficiency and
enhance the stability. Finally, the inverted type device ITO/NiO,/
CH;NH,;Pbl;/CeO,/Ag exhibits the best PCE of 17.47% and
retains 85% of the initial efficiency for 300 h, which is signifi-
cantly better compared to the PCBM device.

Results and discussion

In our study, the CeO, thin film replaces the PCBM to be used as
the ETL in the inverted planar PSC. To the best of our

This journal is © The Royal Society of Chemistry 2020
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knowledge, a suitable energy level is important for the ETL in
PSCs, which can efficiently transport the electrons and block the
holes. The optical bandgap of CeO, can be obtained from the
UV-vis absorbance spectrometry (Fig. 1b). The direct bandgap
energy (E,) for the CeOy thin film is determined by the direct
transition equation,” (ahv)® = A(hv — E,), where « is the
absorption coefficient, A is a constant and E, is the direct
bandgap. The plot of (ahv), versus hv is shown in the inset of
Fig. 1b, and E, of the CeO, thin film was determined to be
3.5 eV. Ultraviolet photoelectron spectroscopy (UPS) of the CeO,
film is shown in Fig. 1c. The highest occupied molecular
orbital (HOMO) energy level is determined using equation,?®
Epomo = hv — (Eomaet? — Ecutott), Where hv is the incident photon
energy and the E.,. is the lowest kinetic measured energy of
the electrons. The Enax_ is the HOMO energy onset, which is
defined as the highest kinetic energy onset. The HOMO of the
CeO, film is 7.5 eV. The lowest unoccupied molecular orbital
(LUMO) energy level can be calculated through the optical
bandgap and the HOMO energy level. The LUMO of the CeO,
film is 4.0 eV, which is slightly lower than the LUMO for CHj;-
NH,PbI; and shows a better energy level alignment with CH;-
NH,PbI; than that used in PCBM ETL. The corresponding
energy level diagram of the device is shown in Fig. 1a. It implies
that the CeO, film has an effective ability to transport electrons
and block the holes.

In order to investigate the composition of the CeO, film, X-
ray photoelectron spectroscopy (XPS) measurement is carried
out (Fig. 2). The Ce 3d spectrum can be assigned to the two sets
of spin-orbital multiples, 3d;, and 3ds,, labeled as u and v,
respectively.”>*® For the valence +4 of cerium, a mixture of
Ce3d®4f>02p*, Ce3d’4f'02p° and Ce3d’4f°02p° is labeled as u,
u”, u” and v, respectively, and v’, v"" for Ce 3d;,, and Ce 3ds/,,
respectively. For the valence +3 of cerium, the peaks v,, v/ and
u,, U’ are assigned to a mixture of Ce3d°4f>02p® and Ce3d’4-
°02p°, respectively.***> The Ce 3d spectrum of CeO, shows six
peaks at 916.4(u”), 905.7(u”), 900.6(u), 897.7(v""), 887.6(v") and
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Fig. 1 (a) Energy band diagram of the components in the device. (b)

UV-vis absorption spectra of the CeOj film. (The inset shows the plots
of the (ahv), versus energy) (c) UPS spectra of the CeOj film.
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Fig. 2 XPS spectra for the decomposition of the Ce 3d core level into
the emissions of Ce** and Ce>*.

882.4(v). These peaks represent the presence of Ce*". In addi-
tion, Ce** has four peaks at 903.2(u’), 898.6(u,), 885.2(v') and
881.1(v,). The concentrations of Ce®" can be calculated using
the equation Cges+ = vo + V' + o + 1/ Y (v + u). According to
the intensity of the v, ¥/, 4o and «/, the concentrations of Ce** in
the Ce 3d spectrum is 0.44, so the x of the CeO, is 1.78.

In order to testify the suitability of the CeO, film as the ETL
in PSCs, some optical and electrical properties have been tested.
To investigate the charge transfer dynamics, steady-state and
time-resolved photoluminescence (PL) measurements have
been performed. The steady-state PL quenching demonstrates
that the charge transfer is more efficient after the use of the
CeO, film as ETL, as shown in Fig. 3a. It can be seen that all of
the samples show luminescence peaks centered at 768 nm.
However, a prominent decrease in the PL peak intensity can be
found in CeO,. The decreased PL intensity indicates that CeO,
has stronger interfacial electron extraction efficiency.****
Moreover, the time-resolved PL (TRPL) decay is fitted with a bi-
exponential decay function (Fig. 3b). The faster decay compo-
nent (t,) is attributed to charge carrier trapping defect states,
while the slower one (t,) is due to the radiative recombination
in the bulk crystals.*® With the use of CeO,, the faster decay
component (30 ns) is reduced compared to that of the pristine
perovskite film (74 ns), which indicates that the CeO, film can
reduce the defect density in the perovskite. Furthermore, the 1,
decreases from 198 ns (perovskite) to 129 ns (perovskite/CeO,),
indicating that CeO, has a more efficient charge transport. As
a result, the CeO, can reduce the charge carrier trapping, speed
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Fig. 3 (a) Steady PL spectra. (b) Time-resolved PL spectra.
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up electron extraction and enhance the performance of the PSC
device.

Beside this, the space-charge-limited current (SCLC)
measurement has been tested to confirm the electron
extraction and the defect density of the CeO, ETL in the PSC.
The structure of the pure electronic device is shown in Fig. 4a.
As shown in Fig. 4b, the trap-state density for CeO, devices can
be determined by the trap-filled limit voltage in the equation
Nirap = 2€0&;Vrpr/eL?,**% and calculated to be 31.52 x 10" cm ™,
which is much lower than that of the reference devices (39.89 x
10" ecm™®). It indicate5.s that CeO, as ETL can reduce the trap
density compared with the PCBM-based device. We further
calculated the charge carrier mobility using the equation
J = 9eoe.uV/8L?, where u is the charge mobility and V is the
applied voltage. The mobility also was enhanced from 1.16 X
10> em® V' 57" ns (reference devices) to 5.52 x 10 > cm® V!
s ' (CeO, device).*® This result demonstrates that the device
with CeO, exhibits a more efficient electron extraction from the
perovskite layer.

In order to confirm the validity of the use of CeO, as ETL in
enabling high performance PSCs, the /-V curves of the cham-
pion devices have been tested (Fig. 5a) and the corresponding
common performance parameters such as open-circuit (Voc),
short-circuit current density (Js), fill factor (FF), and PCE are
illustrated in Table 1. The reference device yields similar PCEs
of 14.28% under forward scan (FS) and 15.33% under reverse
scan (RS). In comparison, the CeO, device achieves a much-
enhanced PCE of 16.61% with a V. of 1.01 V, a J,. of 22.35
mA cm 2, and an FF of 73.59 under FS, and a PCE of 17.47%
with a V,. of 1.03 V, a Jc of 22.51 mA cm ™2, and an FF of 75.36
under RS. Beside this, the statistics of the PCEs for 24 inde-
pendent devices fabricated with the reference devices and the
devices using CeO, as the ETL. As presented in Fig. 5b, both
devices have a similar distribution, implying that the perovskite
device is reproducible, no matter whether PCBM or CeO, film
have been used as the ETL. The average PCE is calculated to be
14.51% for the reference devices. Encouragingly, the average
PCE has been enhanced to 16.89% for the ones fabricated with
CeO,. The inferior PCE may be due to the degeneration of the
perovskite layer by water through the PCBM ETL. Noting that all
of the devices have shown a similar J-V hysteresis phenomenon.
Further, the time-dependent PCE outputs of these devices
without encapsulation are recorded at ambient conditions and
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Fig. 4 (a) Schematic of the pure electronic layer device structure. (b)

SCLC plots of Ag/ETL/perovskite/TiO,/ITO devices.
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Fig. 5 (a) J-V curves of the perovskite solar cells based on different

ETLs measured in different scan directions. (b) Statistic distributions of
PCEs for 24 independent cells fabricated with different ETLs. (c)
Steady-state maximum PCE outputs.

the devices are biased at their respective maximum power
points. As show, in Fig. 5c, the stabilized efficiency output is
estimated to be 16.89% for the solar cell with CeO, as ETL after
being measured over 300 s, which is much higher than that of
the PCBM as ETL. This fact can give evidence of the superior
stability of the CeO, at ambient conditions compared to the
PCBM.

The external quantum efficiency (EQE) spectrum of the
devices was measured and is shown in Fig. 6a. The device with
CeO, as ETL exhibits a higher EQE because the CeO, film has
a more efficient light trapping ability than the PCBM film. The
corresponding integrated J,. of these devices based on the CeO,
and PCBM ETLs is 20.94 and 18.05 mA cm >, respectively. This
result indicates that the device based on the CeO, has a better
photoelectric conversion property.

To study the difference between the photovoltaic properties
of the two champion devices, the dark current has been
measured (Fig. 6b). It can be seen that the device with CeO,
exhibits a smaller leak current under low bias voltages and dark
current under high bias voltages, which effectively increases the
Voe.>>% As expected, the device with CeO, improves the current
injection and prevents the current leakage under low voltages.
Furthermore, the transient photovoltage (TPV) and transient
photocurrent (TPC) are performed to investigate the carrier
transfer and recombination properties of these devices. It can
reflect the transport and extraction properties of the carrier, and
supply the carrier recombination in PSCs.*** As drawn from
Fig. 6¢c, the slower photovoltage decay of the device based on

Table1 Device performance parameters for the PSCs based on PCBM
and CeOy in different scan directions

JIv
ETL sweep direction  V,. (V) Jee (MAcm ) FF (%) PCE (%)
PCBM Forward 0.93 21.49 71.47 14.28
Reverse 0.94 21.43 74.53 15.02
CeOy Forward 1.01 22.35 73.59 16.61
Reverse 1.03 22.51 75.36 17.47

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) EQE spectra. (b) Dark J-V curves plotted on a semi-log
scale. (c) TPC decay curves. (d) TPV decay curves.

CeO, in comparison to the one of the reference device, indicates
that the recombination of carriers can be suppressed with CeO,.
Simultaneously, as showed in Fig. 6d, the device based on CeO,
delivers faster photocurrent decays in comparison to the refer-
ence device, conveying that the transport and extraction of
carriers are more efficient after the use of CeO, as ETL. These
results demonstrate that the device fabricated with CeO, has
better dynamic features of carriers, further improving the cell
performance.

Finally, the stability of the devices was further examined.
Fig. 7a shows the time-dependent variation of the normalized
PCE for these devices stored at 30 °C in ambient air with the
humidity of 50%. It is clearly seen that the cell could retain 85%

Fig. 7 (a) Normalized efficiency decay of perovskite solar cells with
different ETLs. (b) SEM of the Ag film on the PCBM and (c) on the CeO,
layers. (d) Schemes of the ageing of the PCBM and (e) CeO, samples.
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of its initial efficiency after being stored for 300 h. However, the
device performance based on PCBM was reduced to 70% after
300 h. The degradation of the perovskite may be caused by water
when these devices are exposed to air. In order to further study
the importance of CeO, in the process, aged cells have been
tested. The devices of different ETLs have been exposed to
ambient air for 24 h. It can be seen from Fig. 7b and c that there
are many pinholes appearing on the Ag film of the device based
on PCBM, but no significant change in morphology is observed
for the device based on CeO,. This situation is mainly due to the
fact that organic ETLs are not dense enough to prevent the
contact of the perovskite with water and isolate the perovskite
layer from the Ag electrode. The schematic of Fig. 7d and e
reflects the characteristics of the two films. This result demon-
strates that CeO, not only have effective long-time stability
against humidity but also can prevent the corrosion of the Ag
electrode. Overall, the inverted planar PSCs based on CeO,
possess an effective long-term protection against humidity,
which gives a great prospect for practical applications.

Experimental

Materials

Nickel(n) nitrate hexahydrate (Ni(NO;),-6H,0, 98.5%), cer-
ium(u) acetylacetonate hydrate (Ce(CsH,0,);-xH,0) and
sodium hydroxide (NaOH, anhydrous, 98%) were purchased
from Aladdin. Reagent (Shanghai) Co., Ltd. Dimethyl sulfoxide
(DMSO, anhydrous, 99.7%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%) and chlorobenzene (C¢HsCl, anhydrous,
99.8%) were purchased from Sigma-Aldrich. Methylammonium
iodide (CH;3;NH;I, 99.5%) and lead diiodide (PbI,, 99.99%) were
purchased from Xinxiang Orderchemistry New Material Co.,
Ltd. All chemicals were used without further purification.

Device fabrication

Indium tin oxide (ITO) glass is sequentially cleaned with deter-
gent, deionized water, acetone and alcohol under sonication.
Then, dried with a N, flow and finally treated under oxygen
plasma. To prepare the NiO, solution, 0.5 mol of nickel(u) nitrate
hexahydrate was dissolved in 100 mL of deionized water and
stirred at room temperature. Then, a solution of 10 mol L™" of
sodium hydroxide was added until the pH value reached 10. After
stirring for several minutes, a green precipitate was collected by
centrifugation and washed two times with deionized. The ob-
tained green precipitate was dried at 80 °C for 6 hours and
calcined for 2 hours at 270 °C. After dissolving the NiO, power in
water, a NiO, hole transport layer is spin-coated on the ITO glass at
1500 rpm for 1 min. The perovskite precursor solution is prepared
by adding 223 mg of CH;NH;I and 645 mg of Pbl, into DMF and
DMSO (4 : 1 volume ratio), and stirred at 60 °C for 2 h. The CH;-
NH;PbI; perovskite film is applied by spin coating at 5000 rpm for
10 s, and annealed at 100 °C for 10 min. The CeO, precursor
solution was obtained by dissolving cerium(m) acetylacetonate
hydrate in chlorobenzene at different concentrations, followed by
ultrasonication for 30 min. Then, a CeO, ETL is formed through
spin coating on top of the perovskite film at 2000 rpm for 30 s and
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annealed under N, at 100 °C for 10 min. Finally, a 100 nm Ag
electrode is deposited on top of the CeO, layers using thermal
evaporation under a base pressure of 5 x 10~ * Pa.

Characterization

The surface morphology of the perovskite film and section
morphology of the PSC was characterized using a field emission
scanning electron microscope (FESEM, Quanta 200 FEG, FEI
Co.). The time-resolved (PL) spectra were acquired using
a FLS920 spectrometer from Edinburgh Instruments. The
current density-voltage (J-V) curves were measured (2400 Series
Source Meter, Keithley Instruments) under simulated air mass
1.5 global sunlight (AM 1.5G). The external quantum efficiency
(EQE) measurement was performed through a combination
system of xenon lamp, monochromator, chopper and lock-in
amplifier together with a calibrated silicon photodetector. UV-
Vis absorption measurements of the CeO, film were carried
out in a Shimadzu UV-2550 spectrometer. The X-ray photo-
electron spectroscopy (XPS) measurement was performed using
an AXIS Ultra instrument (Kratos UK) at a base pressure of ~10-
8 torr at 295 K.

Conclusions

In summary, cost-effective and efficient inverted planar PSCs
are demonstrated with a metal oxide film by a solution-
processed ETL. The CeO, film on the top of the perovskite
layer can prevent the system from interacting with water and
retard its degradation. Moreover, the CeO, film can increase the
electron extraction due to the suitable energy alignment with
the perovskite. Hence, a high-quality PSC yields the optimized
PCE of 17.47% and maintains 85% of its original PCE after
storage in ambient conditions for 300 h. The outstanding
performance of this device is mainly attributed to CeO,, which
not only decreases the recombination loss and enhances the
electron extraction ability, but also protects the perovskite
against water to prolong its life-span. In addition, our study may
promote further research and can be applied to other perovskite
solar cells.
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