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The modification of the inorganic hole transport layer has been an efficient method for optimizing the

performance of inverted perovskite solar cells. In this work, we propose a facile modification of

a compact NiOx film with NiOx nanoparticles and explore the effects on the charge carrier dynamic

behaviors and photovoltaic performance of inverted perovskite devices. The modification of the NiOx

hole transport layer can not only enlarge the surface area and infiltration ability, but also adjust the

valence band maximum to well match that of perovskite. The photoluminescence results confirm the

acceleration of the charge separation and transport at the NiOx/perovskite interface. The corresponding

device possesses better photovoltaic parameters than the device based on control NiOx films. Moreover,

the charge carrier transport/recombination dynamics are further systematically investigated by the

measurements of time-resolved photoluminescence, transient photovoltage and transient photocurrent.

Consequently, the results demonstrate that proper modification of NiOx can significantly enlarge

interface area and improve the hole extraction capacity, thus efficiently promoting charge separation

and inhibiting charge recombination, which leads to the enhancement of the device performances.
1. Introduction

During the past several years, organic–inorganic metal halide
perovskite materials have attracted intensive research in the
eld of solar cells owing to their strong absorption capacity,
excellent defect tolerance, long carrier diffusion length and
high carrier mobility.1,2 The power conversion efficiency (PCE)
record of perovskite solar cells (PSCs) has increased remarkably
from 3.8% in 2009 to 25.2% recently.3,4 The traditional
construction of PSCs could be divided into planar and meso-
porous structures. In the planar-structured device, a compact
TiO2 layer acts as the electron transport layer (ETL) to support
the perovskite layer, while there is an additional mesoporous
TiO2 (meso-TiO2) layer on the compact TiO2 in the mesoporous
PSCs.5,6 The PSCs with meso-TiO2 layer derive from the dye-
sensitized solar cells,7 in which the meso-TiO2 could provide
the enlarged perovskite/ETL contact area and the photo-
generated electrons can be injected from perovskite into ETL
very quickly and sufficiently.8,9 In the subsequent development
of PSCs, their structures have been varied from conventional
conguration (n–i–p) to inverted conguration (p–i–n). Now all
the perovskite devices of different structures have been widely
of China, Beijing 100872, China. E-mail:

tion (ESI) available. See DOI:

f Chemistry 2020
explored and demonstrated high photovoltaic perfor-
mances.10,11 Among these, the inverted PSCs have received
increasing attention owing to their advantages of low process-
ing temperature and negligible hysteresis effects.12,13 In inverted
PSCs, hole transport layer (HTL) plays an important role in the
photovoltaic performances. The appropriate hole transport
materials (HTMs) can signicantly optimize the Schottky
contact, facilitate the interfacial charge separation and reduce
the electron–hole recombination.

The organic HTMs inherited from conventional congura-
tion have been rst used in inverted PSCs owing to the mild
fabrication process, while they are limited in the practical
application to some extent. For examples, the widely used
poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:
PSS) and poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine]
(poly-TPD) suffer from the stability problem caused by the acidic
and hygroscopic nature and the high production cost, respec-
tively.14,15 Subsequently, the inorganic materials, including
CuSCN,16 CuI17 and nickel oxide (NiOx),18 have been introduced as
promising HTM candidates,19which possess the advantages of low
cost, high hole mobility and excellent chemical stability. Particu-
larly, NiOx is an attractive p-type semiconductor HTM with ease of
synthesis, high light transmittance and energy level tunability.20 In
addition, the doping or modication of NiOx layer can further
optimize the surface property, improve the conductivity and
modulate the energy level, thereby contributing to the growth of
high-quality perovskite lms and improving the charge transport
RSC Adv., 2020, 10, 12289–12296 | 12289
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capability of HTL.21,22 Recently, inspired by the conventional meso-
PSCs, the meso-structure has been adopted in the fabrication of
the NiOx HTL of inverted devices. For example, Zhang et al. re-
ported the employment of Zn2+-doped CuGaO2 as HTM scaffold on
compact NiOx (c-NiOx) in the inverted PSCs, which obtained
signicant photovoltaic performance improvement due to the
enlarged interfacial contact area and the increased HTL conduc-
tivity.23 Han et al. fabricated a hybrid HTL of meso-Al2O3/c-NiOx

and improved the photovoltaic performances of the inverted PSC
owing to the minimized light absorption loss and interfacial
recombination loss.24 Similarly, Alex et al. developed a meso-
structure from Cu:NiOx nanoparticle at c-NiOx/perovskite inter-
face which signicantly enhanced the hole mobility and the short-
circuit current (JSC), as well as decreased series resistance of the
HTL.25 Compared with the conventional inverted PSCs based-on
NiOx HTL, these works have proposed novel strategy for the
modication of NiOx with mesoporous layer and exhibited the
advantages of interface optimization, carrier transport improve-
ment and carrier recombination suppression.

In this work, we have developed a facile method to modify
NiOx HTL of the inverted PSCs with NiOx nanoparticles (NPs).
The increased surface roughness and inltrating ability of
modied NiOx lms is benecial to the growth of high-quality
perovskite lms. The devices based on the modied NiOx

layer demonstrate an impressive photovoltaic behavior
improvement owing to the enlarged interface area and the
optimized matching of valence band maximum (VBM) of NiOx

and perovskite. The charge carrier transport/recombination
dynamics of different perovskite lms and devices are system-
atically investigated by the measurements of time-resolved
photoluminescence (TRPL), transient photovoltage (TPV) and
transient photocurrent (TPC), respectively. Consequently, the
results reveal that the modication of NiOx can signicantly
improve the hole extraction capacity and reduce the charge
recombination behaviors, which results in the superior photo-
voltaic performance of the corresponding device.

2. Experimental
2.1 Fabrication of PSCs

The information of the reagents and chemicals used in this
work are provided in the ESI.† Laser-ablated ITO glass was
successively rinsed with detergent, deionized water, acetone
and ethanol by an ultrasonic bath for 30 min, respectively.
Subsequently, the substrate was treated by oxygen plasma for
20 min. For c-NiOx HTL fabrication, NiOx precursor solution
(see solution preparation method in ESI†) was spin-coated on
ITO substrate at 4000 rpm for 45 s, and then sintered at 300 �C
for 1 h in air. The obtained c-NiOx lms were used for subse-
quent devices preparation and lm characterization. For the c-
NiOx lms modied with NiOx NPs, denoted as m-NiOx, NiOx

NPs (see synthesis process in ESI†) were spin-coated on the c-
NiOx lms at 3000 rpm for 30 s, then annealed at 100 �C for
20 min in air.

The perovskite active-layer was deposited by a processed
method in the nitrogen-lled glovebox. The perovskite
([(FAPbI3)0.85(MAPbBr3)0.15]0.95(CsPbI3)0.05) (FA ¼ formamidine,
12290 | RSC Adv., 2020, 10, 12289–12296
MA ¼methylamine) precursor solution was prepared by mixing
FAI (1.0 M), PbI2 (1.1 M), MABr (0.2 M), PbBr2 (0.2 M) in anhy-
drous DMF : DMSO (DMF ¼ N,N-dimethylformamide, DMSO ¼
dimethyl sulfoxide, 4 : 1, v : v) mixed solvent, with a slight
amount of excessive PbI2.26 Aer stirring for 1 h, 35 mL of 2.0 M
CsI in DMSO was added to the mixed perovskite precursor to
achieve the desired triple-cation composition. The solution was
spin-coated on the substrates in a two-step program at 1000 and
5000 rpm for 10 and 20 s, respectively. During the second step,
200 mL of chlorobenzene (CB) was poured on the spinning
substrate 5 s prior to the end of the program. Then the samples
were annealed at 100 �C for 30 min. For PC61BM ([6,6]-phenyl-
C61-butyric acid methylester) coating, its solution in CB (20 mg
mL�1) was spin-coated at 1500 and 2000 rpm for 6 s and 40 s,
respectively, and dried at 80 �C for 20 min. Finally, a 5 nm-thick
bathocuproine and a 100 nm-thick Ag counter electrode were
deposited by thermal evaporation. The nal devices based on c-
NiOx and m-NiOx are denoted as “c-PSCs” and “m-PSCs”,
respectively.

The information of the instruments for the characterization
is provided in ESI,† including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), dynamic light scattering (DLS), contact
angle (CA), X-ray diffraction (XRD), UV-vis absorption, steady-
state photoluminescence (PL) spectroscopy, TRPL, ultraviolet
photoelectron spectroscopy (UPS), current density (J)–voltage (V)
characteristics and incident photon-to-current efficiency (IPCE)
measurement.
2.2 Transient photoelectric experiments

TPV and TPCmeasurements were conducted following previous
report.27 The targeted cell was kept under open-circuit condition
and irradiated by a continuous-wave LED laser (520 nm, RGB
photonics, Lambda beam) to maintain a steady-state photo-
voltage (Vph). Then weak laser pulses (532 nm, 7 ns) were
applied to induce a small increase (DVph) in Vph, with DVph/Vph
# 5%. Finally, electric signals were recorded by a digital oscil-
loscope (64 Xs, Lecroy; input impedance, 1 MU). A series of
desired Vph were obtained by adjusting the intensity of the LED
laser through laser power and neutral lters. Corresponding
TPC measurement was carried out by immediately switching
the input impedance to 50 U aer TPV measurement. The ob-
tained photovoltage and photocurrent decay traces were tted
by exponential functions, and the charge recombination and
transport lifetimes were weighted average values.
3. Results and discussion

The modication of c-NiOx is realized through a facile method
with the deposition of NiOx NPs, which are obtained by
a chemical precipitationmethod using Ni(NO3)2$6H2O as nickel
source (see ESI† for preparation details).28 The as-prepared NiOx

NPs are visualized by TEM, as shown in Fig. S1,† which reveals
the morphology of the particles aggregated to some extent. The
NiOx NPs are further measured with DLS to obtain the size
distribution. As depicted in Fig. S2,† the particle size exhibits
This journal is © The Royal Society of Chemistry 2020
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a relative narrow distribution with an average of about 20 nm.
The NPs are also characterized with XRD and the pattern is
shown in Fig. S3.† The diffraction peaks at 37.1�, 43.1� and 62.6�

can be attributed to the (111), (200) and (220) crystal planes of
cubic phase of NiOx.29 The transparency of the c-NiOx and m-
NiOx on ITO glass substrate is measured and their optical
transmittance spectra are shown in Fig. S4.† Obviously, the
introduction of NiOx NPs only leads to a little of transparency
decrease and both the samples exhibit good light transmittance
(>80%) in the visible region, which insures the light utilization
rate of the perovskite layer.30

SEM images of the two kinds of HTLs are observed and
shown in Fig. 1. Apparently, the lms both have excellent
coverage, while compared with the smooth surface of c-NiOx

(Fig. 1a), the surface of m-NiOx (Fig. 1b) looks much rougher
owing to the homogeneously distributed NiOx NPs. The
roughness is expected to provide enlarged contact area with the
subsequent perovskite layer. The surface topography is further
examined by AFM, which reveals that the root-mean-square
(RMS) value increases from 5.59 nm of c-NiOx (Fig. 1c) to
8.51 nm of m-NiOx (Fig. 1d) aer the deposition of NiOx NPs.
The CA test is performed to investigate the inltrating ability of
the different HTLs against the perovskite precursor solution. As
exhibited in Fig. S5,† the c-NiOx and m-NiOx substrates display
CAs of 15.2� and 8.3�, respectively, indicating that the coating of
NiOx NPs layer can help the perovskite solution spread better.
The changes of the surface properties of NiOx lm upon
modication, as will be discussed later, would favor the growth
of perovskite lm and the optimization of NiOx/perovskite
interface.
Fig. 1 The SEM images of (a) c-NiOx and (b) m-NiOx HTLs. AFM topogr

This journal is © The Royal Society of Chemistry 2020
The inuence of the different NiOx substrates on the
morphology and crystal structures of perovskite lms is char-
acterized with SEM and XRD. As shown in Fig. 2, compared with
the perovskite lm on the c-NiOx (Fig. 2a), the lm on m-NiOx

presents more smooth and compact morphology (Fig. 2b),
which indicates that the modication of substrates could
inuence the growth of perovskite lm. The statistic distribu-
tions from the SEM images also displays that the perovskite
grains on m-NiOx possess larger average size (245 nm) than
those on c-NiOx (230 nm) (Fig. S6†), as well as narrower size
distribution. The enlarged perovskite grains with reduced grain
boundary can effectively decrease defect density, which would
benet the device performance. XRD patterns of the perovskite
lms on different NiOx lms are illustrated in Fig. 2c, which
reveals the typical perovskite characteristics of a black phase
rather than d non-perovskite yellow phase.31 The strong bragg
peaks at 13.74�, 19.7�, 24.2�, 28.08�, 31.52� and 40.31� are
assigned to the (001), (011), (111), (002), (012) and (022) perov-
skite crystal planes, respectively, indicating NiOx NPs has no
obvious inuence on the crystal structures of perovskite under
the same preparation conditions of perovskite. In addition, no
XRD peaks of residual PbI2 were found in the two samples.32 The
UV-vis absorption of the perovskite lms on c-NiOx and m-NiOx

is also investigated, as shown in Fig. 2d. The improved crys-
tallinity of perovskite on m-NiOx is benecial to the photon
absorption, leading to the gradual rise of the absorption from
750 nm. The absorption ability enhancement of perovskite/m-
NiOx would improve JSC of the corresponding device.

The Fermi energy (EF) levels of the NiOx lms are measured
to investigate the inuence of NiOxNPsmodication. Generally,
the EF value of NiOx varies between �4.7 eV and �5.5 eV,
aphic images of (c) c-NiOx and (d) m-NiOx HTLs.

RSC Adv., 2020, 10, 12289–12296 | 12291
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Fig. 2 The SEM images of perovskite films based on (a) c-NiOx and (b) m-NiOx HTLs. (c) XRD patterns and (d) absorption spectra of perovskite
films deposited on different HTLs.
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depending on its preparation process.33 According to the UPS
curves (Fig. S7†), the EF values are �4.79 eV and �4.95 eV for c-
NiOx and m-NiOx, respectively, and the VBM of m-NiOx is
�5.36 eV, which is slightly lower than �5.22 eV of c-NiOx (see
ESI† for calculation details). The value of m-NiOx is much closer
to the VBM of the perovskite (�5.60 to �5.40 eV),34–36 which can
contribute to the improvement of charge collection and
photovoltaic parameters.

To investigate the photogenerated carrier extraction abilities
of different HTLs from the perovskite absorber, the steady-state
PL spectra and PL decay dynamics are measured, with the
perovskite lms on quartz as reference. As seen in Fig. 3a, all the
perovskite lms exhibit the luminescence peaks at about
765 nm, consistent with the band-edge absorption from the UV-
vis absorption spectra. Compared with that of perovskite/
quartz, the PL emission of perovskite/HTL samples is dramati-
cally quenched owing to the efficient carrier extraction of NiOx.
Moreover, the m-NiOx shows a considerably greater PL
quenching ability than c-NiOx, implying the promotion of the
charge collection and transport efficiency of the former. In
details, m-NiOx possesses superior hole extracting ability from
the perovskite, which efficiently restricts the PL emission owing
to the less recombination of photogenerated electrons and
holes in perovskite. The excellent PL quenching ability of m-
NiOx results from the enlarged contact area at the perovskite/m-
NiOx interface and the optimized energy level alignment with
perovskite. As mentioned above, the hole transport from
perovskite to m-NiOx is much preferable than to c-NiOx owing to
the better matched VBMs of m-NiOx and perovskite. This result
12292 | RSC Adv., 2020, 10, 12289–12296
is also in agreement with the transient photoelectric experi-
ments (to be discussed in Fig. 5).

To further explore the behaviors of the charge carriers in the
three perovskite lms, the TRPL experiment is conducted and
the results are presented in Fig. 3b. The TRPL data are tted
with the biexponential function as below:

f ðtÞ ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�

where A1 and A2 are pre-exponential factors and s1 and s2 are
time constants. The detailed tting parameters are summarized
in Table 1. All the samples display biexponential decay behavior
with fast and slow regions. For the perovskite/quartz sample,
the transient PL decay behavior exhibits a long carrier lifetime.
The fast lifetime s1 attributed to the band-to-band recombina-
tion is 40.63 ns, while the slow lifetime s2 is 943.13 ns, which is
closely related to the trap-assisted recombination.37,38 For the
perovskite/HTL samples, s1 is attributed to charge extraction
process from perovskite to HTL. The perovskite/c-NiOx sample
gives a s1 value of 22.65 ns while the s1 value of perovskite/m-
NiOx decreases to 13.60 ns, suggesting better charge extraction
capability owing to the modication of the NiOx lm. In addi-
tion, the proportion of fast component (A1) in the perovskite/m-
NiOx sample is larger than that in the perovskite/c-NiOx sample,
indicating that charge extraction from perovskite to m-NiOx is
more dominant in the perovskite/m-NiOx sample. As for s2
related to trap-assisted recombination, the lower value of
perovskite/m-NiOx (385.59 ns) than perovskite/c-NiOx (421.58
ns) indicates that the perovskite lm on m-NiOx has less trap
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Steady-state PL spectra and (b) PL decay dynamics of perovskite films deposited on different substrates measured at 760 nm. The
hollow circles represent experimental data and the solid lines are the fitting results in panel (b).

Table 1 Fitting parameters extracted from the PL decay traces

Sample A1 s1 A2 s2

Perovskite/quartz 0.51 40.63 0.49 943.13
Perovskite/c-NiOx 0.33 22.65 0.67 421.58
Perovskite/m-NiOx 0.53 13.60 0.47 385.59
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state density. In addition, the smaller A2 value of perovskite/m-
NiOx compared with perovskite/c-NiOx suggests the later
coming of the corresponding slow component, in other words,
the later involvement of the trap-assisted recombination
process.

The devices based on the two kinds of NiOx as HTLs are
fabricated and their photovoltaic performance are compared
(the devices based on c-NiOx and m-NiOx are denoted as c-PSCs
and m-PSCs, respectively). The cross-sectional SEM images of
the two devices are shown in Fig. S8.† Each image clearly
demonstrates the distinct layers of the corresponding PSC.
Obviously, the HTLs of the device exhibit different thickness
with �23 nm for c-NiOx and �35 nm m-NiOx owing to the
modication of the latter with NiOx NPs. It is notable that the
thickness of perovskite layer of m-PSC (460 nm) is a little larger
than that of c-PSC (440 nm), which could be attributed to the
Fig. 4 (a) J–V curves and (b) IPCE curves with the corresponding integr

This journal is © The Royal Society of Chemistry 2020
better wettability of m-NiOx for favorable perovskite deposition.
The statistical distribution of the photovoltaic parameters of the
PSCs is presented in Fig. S9,† which exhibits the superiority of
m-PSCs. The J–V curves of the best c-PSC and m-PSC are dis-
played in Fig. 4a. The c-PSC exhibits PCE of 14.2% with open-
circuit voltage (VOC) of 1.01 V, JSC of 20.8 mA cm�2 and ll
factor (FF) of 0.67, while the m-PSC demonstrates enhanced
performance with PCE of 16.4%, VOC of 1.12 V, JSC of 21.8 mA
cm�2 and FF of 0.67. Obviously, the improved PCE of m-PSC is
primarily attributable to the increasing JSC and VOC. The
increase of JSC of m-PSCs could be ascribed to the enhancement
of light absorbance, consistent with the UV-vis absorption (Fig.
2d). The increase of VOC of m-PSCs is mainly due to the reduc-
tion of energy loss with m-NiOx as HTL. As mentioned,
compared with c-NiOx, the better wettability and rougher
surface of m-NiOx could favor the perovskite growth and opti-
mize the perovskite/HTL interface contact, which facilitates the
charge transport and reduces the charge recombination.
Moreover, the better VBM alignment of m-NiOx with perovskite
than that of c-NiOx also benets the charge extraction from
perovskite and injection to HTL. Fig. 4b shows the IPCE spectra
for the devices with the corresponding integrated photocurrent
densities. The IPCE value correlated to m-PSC exceeds 80%,
much higher than that of c-PSC. The higher IPCE means that
ated photocurrent of the different HTLs based PSCs.

RSC Adv., 2020, 10, 12289–12296 | 12293
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Fig. 5 (a) The sr–Vph dependencies from TPV data for different PSCs. (b) The st–Vph dependencies from TPC data at high voltage (>500 mV) for
different PSCs.
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the m-PSCs has a better utilization of incident light, thus
leading to a superior PCE. Meanwhile, the integrated current
density is 20.44 and 18.42 mA cm�2 for the two devices, corre-
sponding to the JSC value obtained from the statistical param-
eters (Fig. S9a†). Considering the similar fabrication
conditions, the great improvement in photovoltaic performance
of m-PSCs should be ascribed to enlarged charge separation
area at the perovskite/HTL interface and the regulation of the
energy level of m-NiOx for enhanced charge transport and
reduced charge recombination, which is to be proved in the
following TPV and TPC results.

To probe the origin for photoelectric performance improve-
ment and further unravel the underlying carrier behaviors in
the devices, TPV is performed to study the charge recombina-
tion dynamics of the targeted PSCs.39,40 Fig. S10† illustrate the
corresponding semi-logarithmic plots of normalized Vph decay
curves against time for c-PSC and m-PSC, respectively. Appar-
ently, the two devices present distinct decay proles. Charge
recombination lifetimes (sr) are obtained by exponential tting
of the decay traces (see ESI† for tting details) and Fig. 5a shows
the dependence of sr upon different Vph for the two devices.
From a rough view, the sr evolution tendency could be divided
into two regions with a demarcation point around 550 mV. The
sr values are almost constant at 7–8 ms in low voltage region,
then sr drops sharply to several ms when the voltage increases
from 550 mV to 1000 mV. The two-developing stage of sr along
with Vph could be assigned to different competitive recombi-
nation processes. In low voltage region, the photogenerated
electrons are predominately distributed in deep trap states and
the only pathway for a trapped electron/hole to meet or capture
another hole/electron is hopping.41 For the two devices with the
similar perovskite layer, the effect of NiOx modication on
charge separation and transport is negligible in this case,42 thus
the almost similar recombination lifetime constants are
observed. As the voltage increases continuously, the EF occupied
by holes gradually rises and approaches the valence band.
Because the population behaviors of electrons and holes are
similar, only the behavior of holes is discussed for simplica-
tion.43 In this case, it is easy for a trapped hole to accomplish
interfacial charge separation driven by the extraction force at
perovskite/HTL interface.44,45 The linear correlation between sr
12294 | RSC Adv., 2020, 10, 12289–12296
and Vph at the semi-logarithmic scale is also observed, which
suggests that the charge recombination process should follow
the multiple-trap model.46 Compared with c-PSCs, m-PSCs have
a longer sr, indicating that the m-NiOx/perovskite interface
could promote the charge separation and suppress the charge
recombination efficiently. This is mainly attributed to the well
matched VBMs of m-NiOx and perovskite, as well as their
increased interface contact area.

Subsequently, TPC measurement is conducted to investigate
the charge carrier transport dynamics. Fig. S11† illustrate the
corresponding semi-logarithmic plots of normalized photocur-
rent decay curves against time for different PSCs. Apparently, the
devices present similar decay proles under different Vph. The
decay curves are tted to get the charge transport lifetime (st) at
different voltages with monoexponential decay function as
depicted in ESI.† The dependency of st on Vph from 500 mV to
850 mV obviously exhibits a relatively constant tendency for both
devices (Fig. 5b), similar to the previous reports.47,48 The st values
of m-PSC and c-PSC are 0.75 ms and 1.5 ms, respectively, indicating
the more efficient charge transport for the former. The results of
transient photoelectric experiments quantitatively reveal that the
modied HTL behaves superiorly in suppressing charge recom-
bination and elevating charge collection, which accounts for the
improvement of the device photovoltaic performance.

4. Conclusions

In summary, a facile method tomodify NiOxHTL is proposed by
additional deposition of NiOx NPs in inverted planar PSCs. The
modication can increase the HTL surface area and inltrating
ability, as well as modulate energy level of NiOx, which is
benecial to the growth of perovskite lms and the acceleration
of the charge separation and transport. TRPL results exhibits
the enhanced charge extraction capability of NiOx HTL owing to
the modication. The transient photoelectric tests further
reveal that the modication of NiOx can efficiently promote
charge transport/separation and reduce the charge recombina-
tion, which results in the superior photovoltaic performance of
the device. This work could provide new strategies for devel-
oping high-efficiency perovskite devices and understanding the
underlying charge carrier dynamics.
This journal is © The Royal Society of Chemistry 2020
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