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We report a cost-effective and simple co-axial electrospray technique
to fabricate a hybrid electron transporting material (ETM) consisting of
a nanocomposite of hierarchically structured TiO, nanobeads (NBs)
blended with ZnO nanofibers (NFs), namely ZnO NFs + TiO, NBs, for
the first time ever. Owing to its large surface area, highly porous nature
and fast electron transport, the hybrid ETM is further used in meth-
ylammonium lead iodide (CHszNHzPblz)-based perovskite solar cells
(PSCs). The optimized cells utilizing the hybrid ETM exhibit a maximum
power conversion efficiency (PCE,,,,) of 20.27%, the highest efficiency
reported thus far for hybrid ETMs. Moreover, negligible hysteresis and
highly reproducible values of PCE are observed for such cells. The PCE
of devices based on the ZnO NF + TiO, NB hybrid ETM is found to be
far superior to that of only ZnO NF and hierarchically structured TiO,
NB-based ETMs. Light-induced transient measurement shows that the
significantly rapid electron diffusion and longer electron lifetime of the
ZnO NF + TiO, NB hybrid ETM than of only ZnO NF and hierarchically
structured TiO, NB-based ETMs contribute to the enhanced efficiency
in PSCs.

1. Introduction

Organic-inorganic perovskite solar cells (PSCs), have drawn
extensive attention from the photovoltaic community owing to
their superior photovoltaic performance as well as ease of
fabrication at low temperatures by simple solution-based
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processing techniques.'™ Particularly in mesoscopic PSCs,
a thin layer of mesoporous TiO, serves as an electron-
transporting material (ETM) by accepting electrons from the
perovskite absorber and transferring them to a conducting
substrate. Usually, the mesostructured TiO, ETMs used for PSCs
are composed of TiO, nanoparticles (NPs) with sizes of 40-
80 nm."*** These tiny-sized TiO, NPs can provide a large surface
area; however, the existence of narrow pores may hinder the
proper infiltration of perovskite absorber into them and even-
tually reduces the efficiency of charge injection from the
perovskite light-absorber to the TiO, layer. Another challenge is
the high temperature (more than 400 °C) processing of these
TiO, NPs, which is a big hurdle for the commercialization of
flexible solar cells.**>¢

As a substitute for TiO, NPs, zero-dimensional (0-D) hierar-
chically structured TiO, nanobeads (NBs) are commonly
employed in dye-sensitized solar cells (DSSCs) or quantum dot-
sensitized solar cells (QDSCs).?*> These hierarchically struc-
tured TiO, NBs are highly advantageous because they provide
(1) nanoporous structures for better perovskite infiltration, (2)
large surface areas, and (3) rapid electron transport.**** We
observe that it is not so easy to produce these hierarchical
structures via different multi-stage methods, such as the sol-
vothermal reactions,* sol-gel method,*® and hydrolysis.*” These
techniques are not economical and practical for the large-scale
fabrication of solar cell modules. Moreover, most of these
techniques are practical to fabricate only glass-based conven-
tional solar cell devices via the thermal sintering method. In
order to minimize the limitation in low-temperature processing
of flexible solar cells, we implement an electrospray (e-spray)
route that has recently been developed as a cost-effective and
viable method for the direct formation of thin layers from their
colloidal solutions.?****** This method can be applied widely in
modern nanotechnology, material technology and microelec-
tronics.*® However, hierarchically structured TiO, NB-based
ETMs produced by the electrospray technique have never been
used in PSCs in spite of their outstanding characteristics as
discussed above.

Nanoscale Adv., 2019, 1, 1297-1304 | 1297


http://crossmark.crossref.org/dialog/?doi=10.1039/c8na00409a&domain=pdf&date_stamp=2019-04-04
http://orcid.org/0000-0002-7611-3998
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00409a
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA001004

Open Access Article. Published on 12 February 2019. Downloaded on 2/8/2026 11:38:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Rapid charge transport can be achieved by producing one-
dimensional (1-D) nanostructures like nanorods, nanotubes
and nanowires from metal oxides.*** These can transport
electrons more than an order of magnitude faster than a TiO,
nanoparticulate film. Moreover, the use of distinct scaffolding
materials with better charge separation and carrier mobility
may increase the device performance. In this regard, ZnO is
a most promising material with exceptional optoelectronic
properties such as high electron mobility and ease of processing
at low temperatures without any sintering/heating step.**
Keeping this in view, production of 1-D ZnO nanofibers (NFs)
via electrospinning has currently been established as a viable,
cost-effective and rapid method to prepare nanomaterials with
outstanding properties such as fast electron transport and low
defect sites.”*****” Recently, we have reported high efficiency
PSCs based on these TiO,and ZnO NF ETMs, which outperform
the existing nanostructures with better device stability and
excellent reproducibility.***” However, the device efficiency was
not up to the mark and further improvements in the design of
the ETMs are needed to produce high efficiency devices.

Previous efforts to avoid the shortcomings of lower surface
area and slow electron transport are inclined towards either
increasing the surface area of the ETMs, e.g. by preparing
a core-shell heterostructure,* or employing nanocomposites of
graphene derivatives (r-GO) and metal oxides** as ETMs for
enhancing the charge collection efficiency. We have recently
developed 15.3% efficient PSCs based on a ZnO nanorod/TiO,
nanosheet core-shell heterostructured ETM for the first time.*®
Moreover, numerous efforts have been made to fabricate PSCs
based on r-GO and metal oxide nanocomposites to improve the
charge collection efficiency, reduce the recombination, prevent
the decomposition of perovskite material and play a significant
role in device stability.**> However, the device efficiency was
not as good as that obtained for the state-of-the-art perovskite
solar cells and substantial improvements in the design of the
ETM are needed to overcome these issues. To develop a struc-
ture with both large surface area and fast electron transport, we
developed a hybrid ETM consisting of a nanocomposite of
hierarchically structured TiO, NBs blended with ZnO NFs (ZnO
NFs + TiO, NBs) using a viable co-axial electrospray method,
a catalyst-free process suitable for industrial applications. The
hierarchically structured TiO, NBs greatly increase the total
surface area and provide a superior surface for perovskite
infiltration compared to ZnO NFs, while the ZnO NFs can
facilitate fast transport of electrons from the perovskite
absorber layer to the conducting substrate. Moreover, this
uniquely structured ETM includes wide open channels that are
helpful for mass transport and filling of the perovskite material.
Despite the simplicity and attractiveness of this structure and
preparation method, it has not been done previously for PSCs.

In this work, we compared hybrid films to ZnO NF and
hierarchically structured TiO, NB-only ETMs in terms of device
performance and stability. The power conversion efficiency
(PCE) of ZnO NF + TiO, NB hybrid ETM-based PSCs (20.27%)
was found to be far superior to that of only ZnO NF and hier-
archically structured TiO, NB ETM-based PSCs (12.2 and 14.4%,
respectively). This performance enhancement is attributed to
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the improved electron transport and larger interfacial area for
ZnO NF + TiO, NB hybrid ETMs. To the best of the authors’
knowledge, this has been the first ever study dealing with the
preparation of ZnO NF + TiO, NB hybrid ETMs to obtain highly
efficient perovskite solar cells with a PCE > 20.2% to date.

2. Experimental section

2.1. Electrospinning preparation of ZnO nanofibers

At first, fluorine doped tin oxide (FTO) glass substrates were
properly cleaned in an ultrasonic bath using ethanol, acetone
and DI water each for 15 min, respectively. ZnO nanofibers
(NFs) were synthesized directly onto the FTO by an electro-
spinning method previously reported by us.”” The electrospun
solution of ZnO was obtained by dissolving a 1 : 0.8 ratio of zinc
nitrate hexahydrate and polyvinylpyrrolidone (PVP) into
a mixture of solvents containing ethanol and deionized water
(DI) (8 : 3 v/v) under continuous stirring. Then, the spinnable
ZnO solution was used to make the ZnO NFs by maintaining the
applied potential and feeding rate at 1.0 mL min " and 15.6 kV,
respectively. The thickness of the ZnO NF layer was controlled
by adjusting the electrospinning time.

2.2. Synthesis of hierarchically structured TiO, nanobeads

Hierarchically structured TiO, nanobeads (NBs) were synthe-
sized according to the reported procedure using the electro-
spray technique.**** 8% (w/v) P-25 (Degussa) nanocrystalline-
TiO, powder (75% anatase and 25% rutile) was homogeneously
dispersed in anhydrous ethanol in a ultrasonic bath. After
ultrasonic treatment for 30 min, 0.1 g PVP (My, = 360 000) was
added and stirred vigorously until a homogeneous colloidal
suspension was formed. The stabilized solution was then elec-
trosprayed directly over the FTO substrate surface. A high
voltage of 13 kV was applied with a flowrate of 35 uL min* at
the tip of the plastic nozzle.

The hybrid films of ZnO NFs + TiO, NBs were prepared using
a co-axial electrospray technique. The precursor for ZnO was fed
into the outer nozzle (shell) by maintaining a flow rate of 0.3 mL
h™! and the colloidal solution of TiO, was inserted into the
inside nozzle (core) with a flow rate of 0.25 mL h™". An electric
field of 15 kV was applied between the nozzle tip and substrate
surface to generate the hybrid layer.

2.3. Fabrication of perovskite solar cells

First of all, a compact layer of TiO, (10 nm thick) was deposited
onto the FTO glass substrates using an RF magnetron sputter-
ing setup followed by oxidation at 510 °C for 35 min. Meso-
porous layers of only ZnO NFs and TiO, NBs and ZnO NF + TiO,
NB hybrid films with different thicknesses were directly formed
over the FTO substrates (covered with a TiO, compact layer) via
electrospraying as explained above. The deposited layers were
then heated at 510 °C for 25 min. The perovskite light-absorber
layer was then formed via a typically used two-step method as
reported previously.**** A lead iodide solution prepared in N,N-
dimethylformamide (462 mg mL ') stored at 70 °C was spin-
coated (at 6500 rpm for 60 s) over the mesoporous ETMs. It

This journal is © The Royal Society of Chemistry 2019
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was then heated at 70 °C and then cooled down to room
temperature. The substrates were then immersed in a CH;NH;I
solution prepared in 2-propanol (10 mg L") for 20 s followed by
washing with 2-propanol, and they were eventually dried at
70 °C for 15 min. Additionally, post-treatment was carried out
using toluene for complete surface coverage. A few drops of
toluene (0.2 mL) were poured onto the perovskite absorber-layer
until the solvent completely covered the whole film surface.
After 15 s, substrates were then spun at 7500 rpm for 10 s and
heated at 70 °C for 15 min. The hole-transporting material
(HTM) was then spin-coated at 4000 rpm for 30 s using a solu-
tion containing 72.3 mg spiro-OMETAD [2,29,7,79-tetrakis(N,N-
di-p-methoxyphenylamine)-9,9-spirobifluorene] in 1 mL chlo-
robenzene, 28.8 pL 4-tert-butylpyridine, 17.5 pL of lithium
bis(trifluoromethylsulphonyl) imide in 1 mL acetonitrile, and
29 uL tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt(i)
bis(trifluoromethylsulphonyl) imide in 1 mL acetonitrile. A gold
(Au) layer with a thickness of 60 nm was formed via thermal
evaporation.

2.4. Characterization

Surface and cross-sectional scanning electron microscope
(SEM) images of various films were collected using a SEM, JEOL-
6701F, coupled with an X-ray energy dispersive spectrometer to
collect energy-dispersive spectroscopy (EDS) spectra. Current
density-voltage (J-V) measurements were performed with the
help of a source measurement unit (model 2400, Keithley).
External quantum efficiency (EQE) data were collected as
a function of wavelength via an EQE system (PV Measurements,
Inc.). Electron lifetimes for charge transport and recombination
were acquired using a transient photocurrent-voltage spec-
troscopy setup. The steady-state photoluminescence (PL)
spectra were obtained using a FluoroMax-4 Spectrofluorometer
with an excitation wavelength of 532 nm.

3. Results and discussion

In the current report, a novel and facile method is established
for the preparation of multifunctional hybrid ETMs with high
surface area and rapid electron transport via a co-axial e-spray
technique which could be deposited directly in one step on
a conducting substrate. The solution used to prepare these
hybrid ETMs does not contain any additives such as stabilizers
or surfactants, with the exception of ethanol as a solvent. This
process has potential benefits over other conventional coating
techniques such as screen-printing and doctor blade methods.
Moreover, this technique can be easily implemented in indus-
tries because the inexpensive route and viable coating method
are applicable over large areas and can be easily scaled-up with
high deposition efficiency. Thus, this technique can be equally
applicable to develop low temperature and flexible perovskite
solar devices. The construction of efficient and stable perovskite
devices has never been studied using the co-axial e-spray
process regardless of its speedy preparation of nanostructures.

Fig. 1 shows a typical schematic illustration of the formation
process of (a) ZnO NFs, (b) TiO, NBs, and (c) hybrid films of ZnO

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic diagram of (a) e-spray process for ZnO nanofiber
preparation, (b) formation of TiO, nanobeads using e-spraying, and (c)
co-axial e-spray process for the formation of hybrid films.

NFs + TiO, NBs for perovskite solar cells, respectively. Highly
interconnected and long ZnO NFs were prepared by the elec-
trospinning technique (as illustrated in Fig. 1(a)) which is
a simple and versatile route for preparing the fiber-like nano-
structures of metal oxides for different energy storage and
conversion devices. The hierarchically structured TiO, NBs were
developed by applying an electric field to the microdroplets
generated by the e-spray method (Fig. 1(b)). Highly nanoporous
and hierarchically structured TiO, NBs are developed using the
e-spray route from a fine dispersion of commercially obtainable
nanocrystalline-TiO, primary particles (P-25, Degussa). We also
recognized that the diameters of these TiO, NBs could be easily
controlled from 200 nm to the several micrometer scale by just
manipulating the e-spray parameters such as applied voltage,
flow rate and concentration of dispersed substances. In addi-
tion, the hybrid films of ZnO NFs + TiO, NBs are prepared by
using a one-step co-axial electrospray method (as shown in
Fig. 1(c)). Earlier, such hybrid nanostructures were developed in
the form of core-shell heterostructures by many routes such as
chemical vapor deposition, the hydrothermal method, atomic
layer deposition and the anodic electrodeposition method in
two-steps. However, these two-step processes are highly
complicated, time-consuming and difficult to control over the
nanostructure morphology. Conversely, coaxial electrospinning
is a viable, suitable, rapid and cost-effective one-step route for
fabricating hybrid nanostructures with desired morphologies
and enhanced device performance. Two different solutions

Nanoscale Adv., 2019, 1, 1297-1304 | 1299
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containing the precursors of ZnO and TiO, were injected
through a coaxial nozzle with two different diameters. The
feeding rates of the outer/inner precursors are properly
controlled to prepare the uniquely structured hybrid films with
distinct morphology and characteristics. The preparation of
hybrid electron transporting materials for highly efficient and
stable perovskite solar cells containing the ZnO NFs + TiO, NBs
via co-axial electrospraying is the key finding of our paper. The
power conversion efficiency (PCE) of perovskite devices based
on this hybrid e-sprayed ETM exceeded 20.2% with illumination
through a photo-mask (see Fig. 6), the highest ever PCE ob-
tained for such a novel nanostructure.

The morphologies of all the ETMs were examined by SEM
analysis. Fig. 2a exhibits the surface morphology of the ZnO NFs
prepared by the electrospinning process. It shows a smooth
fiber like structure constructed with tiny ZnO nanoparticles
with nanoporous structures (in inset of Fig. 2a). The average
diameter of the fibers is about ~150 nm with an average length
of about ~2 um. The cross-sectional view of these fibers is
shown in Fig. 2d, demonstrating that fibers have uniform
morphology from bottom to top. In Fig. 2b, we show the SEM
image of hierarchically structured TiO, NBs with an average
diameter of 200 nm obtained using a binder-free e-spray tech-
nique. The individual hierarchically structured TiO, NBs
comprising several P25 primary particles were uniformly
arranged on a conductive FTO substrate (as shown in the inset
of Fig. 2b). The as-sprayed TiO, NBs were packed strongly in the
ETM due to the ultrafast evaporation of the solvent during the e-
spray method. Moreover, the surface of the e-sprayed TiO, NB
film was smooth without any cracks, unlike the film formed via
paste methods such as screen printing or doctor blading. The
hierarchically structured TiO, NBs exhibit a monodisperse and
highly porous morphology which is beneficial for the better
infiltration of the perovskite light absorber into the oxide ETM.
Fig. 2e displays the cross-sectional SEM image of e-sprayed TiO,
NBs (~400 nm thick) which demonstrates the uniform and tight
clusters of TiO, in the whole film. In Fig. 2c, we exhibit the

500 nm
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surface SEM image of the hybrid ETM composed of a blend of
ZnO NFs and TiO, NBs in one set of films prepared by the co-
axial e-spray method. It can be seen that TiO, NBs are
completely surrounded by the ZnO NFs which facilitate the
rapid electron transport and provide a high surface area for
complete pore filling of perovskite. Every single TiO, nanobead
is properly covered with ZnO NFs (in the inset of Fig. 2c). The
hybrid ETM constructed with ZnO NFs + TiO, NBs covers the
whole surface of the FTO substrate as shown in the cross-
sectional view of the hybrid film (Fig. 2f).

In order to confirm the chemical compositions of ZnO fibers,
an energy-dispersive X-ray analyzer (EDX) spectrum (Fig. S1 in
the ESIt) was obtained of the ZnO fibers as shown in the SEM
image (Fig. 2a). Apparently, the existence of Zn and O elements
agree well with expectations. In Fig. S2,t the EDX spectrum of
TiO, NBs (obtained from the SEM image in Fig. 2b) is displayed,
which confirms the presence of Ti and O elements in the film.
The EDX spectrum (Fig. S31) of the hybrid ETM consisting of
ZnO NFs and TiO, NBs obtained from the SEM image in Fig. 2¢
is shown. This spectrum confirms the co-existence of Zn, Ti and
O elements in the entire film.

The photovoltaic properties of the PSCs constructed using
each of the various ETMs (ZnO NFs, TiO, NBs and hybrid ZnO
NF + TiO, NB films) are summarized in Fig. 3a and Table 1. PSCs
based on hybrid ZnO NF + TiO, NB films exhibited superior
performance than PSCs from ZnO NFs and TiO, NBs as shown
in Table 1 and Fig. 3a. The PSCs formed with hybrid ZnO NF +
TiO, NB films (with an optimized film thickness of 450 nm)
exhibit an average power conversion efficiency (PCE,y) of
16.42%, which is significantly higher than the PCE,, of the
devices constructed with ZnO NFs (12.06%) and TiO, NBs
(14.34%). This attained result specifies that hybrid ZnO NF +
TiO, NB films are a promising ETM with multifunctional
properties such as large surface area and rapid electron trans-
port for PSC applications. We also trust that the improvement of
the photovoltaic properties is closely related with efficient
perovskite light-absorber infiltration into the tiny internal pores

500 nm

Fig. 2 High resolution surface SEM images of (a) ZnO NFs: inset shows the magnified image of each nanofiber, (b) TiO, NBs: inset shows the
magnified view of individual nanobeads, (c) blend of ZnO NFs and TiO, NBs; inset displays the magnified view of nanobeads surrounded by
nanofibers and cross-sectional SEM images of (d) ZnO NFs, (e) TiO, NBs, and (f) hybrid ETM of ZnO NFs and TiO, NBs, respectively.
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Fig. 3 (a) J-V curves of the three different ETMs both in the forward
and backward scans, and (b) EQE spectra of the corresponding ETMs,
respectively.

of TiO, NBs and rapid charge transport due to ZnO NFs which
are used to construct the hybrid ETM. The detailed parameters
such as open-circuit voltage (Voc), short-circuit current density
(Jsc), fill factor (FF) and PCE of the corresponding devices are
listed in Table 1. Moreover, the cross-sectional SEM image of
a complete PSC fabricated with hybrid ZnO NF + TiO, NB films,
as shown in Fig. S4,7 indicates that a reasonable amount of
perovskite light-absorber can be filled into the internal and
external pores of the hybrid ETM easily. This suggests that the
hybrid ETM can offer a much larger contact area for perovskite

View Article Online
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as long as the perovskite light-absorber material is reasonably
infiltrated into the TiO, nanopores. It is also shown that
thicknesses of the spiro-OMETAD layer and Au top electrode are
about 260 and 60 nm, respectively. External quantum efficiency
(EQE) curves of the corresponding devices are displayed in
Fig. 3b. The integrated Jsc values calculated from the EQE
spectra agree with the Jsc values measured from the current
density vs. applied bias (J-V) plots. The PSCs based on the
hybrid ETM clearly exhibit a high EQE value of 84% at 550 nm,
compared to those based on the other two ETMs (ZnO NFs and
TiO, NBs).

The effect of ETM thickness is also investigated and shown
in Fig. S5.1 The PSCs constructed with thicker ETMs (800 nm
and 1000 nm instead of 450 nm), showed lower PCE values
along with other photovoltaic parameters (Fig. S51), showing
that a lower ETM thickness is more suitable for high efficiency
PSCs. The better performance of less thick ETMs is believed to
be due to complete infiltration of the perovskite light-absorber
into the nanopores of ETMs and to fast electron transport
characteristics.

In order to reveal the effect of the hybrid ETM on the charge
transfer between the perovskite and ETM layers, steady-state
photoluminescence (PL) was performed by employing samples
with the arrangement of glass/FTO/ZnO NFs/perovskite, glass/
FTO/TiO, NBs/perovskite, and glass/FTO/hybrid film of ZnO
NFs and TiO, NBs/perovskite, as shown in Fig. 4a. The PL peaks
at 770 nm, which are associated with the intrinsic fluorescence
emission of perovskite, are quenched upon contact with the
hybrid film of ZnO NFs and TiO, NBs demonstrating fast elec-
tron transfer across the interface between the perovskite films
and the hybrid ETM. Moreover, compared to the other two
samples, the intensity of the hybrid film of ZnO NFs and TiO,
NBs/perovskite sample is more quenched, indicating that the
charge injection from the perovskite is faster for the hybrid
ETM. These results clearly show that the hybrid film of ZnO NFs
and TiO, NBs is highly advantageous over the ones made of ZnO
NFs and TiO, NBs to attain effective electron injection from the
perovskite absorber-layer to the ETM.

We have also measured the electron lifetime of photo-
injected electrons in the ETM by pulsed light-induced tran-
sient measurement (PLITM) of the photocurrent.>*® Fig. 4b
displays electron lifetime measurement as a function of Jg for
the perovskite devices constructed with ETMs consisting of

Table 1 Photovoltaic parameters obtained during different scans for the three different ETMs, under one sun illumination (AM 1.5G, 100 mW

cm™?)

ETM Scan direction Jsc (mA em™?) Voc (mV) FF (%) PCE, (%) PCEpax (%)

ZnO NFs Backward 18.0 955 71 12.20 £+ 0.10 14.62
Forward 17.6 955 71 11.93 + 0.11 14.18
Average 17.8 955 71 12.06 + 0.10 14.40

TiO, NBs Backward 20.3 975 73 14.48 + 0.11 16.24
Forward 20.0 975 73 14.23 £+ 0.10 16.86
Average 20.15 975 73 14.34 + 0.10 16.05

Hybrid ETM Backward 22.0 1000 75 16.50 + 0.11 20.27
Forward 21.8 1000 75 16.35 + 0.11 20.10
Average 21.9 1000 75 16.42 + 0.11 20.23

This journal is © The Royal Society of Chemistry 2019
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(a) Steady-state PL spectra of perovskite absorber layers

formed on different ETMs, and (b) electron lifetime for the PSCs based
on different ETMs, respectively.

ZnO NFs, TiO, NBs and the hybrid film of ZnO NFs and TiO,
NBs. It is observed that electron lifetime varies considerably
depending on the type of ETMs used in the perovskite devices.
In particular, the hybrid film of ZnO NFs and TiO, NBs has the
largest electron lifetime value, while ZnO NFs have the smallest
numbers. The obtained result suggests that charge recombi-
nation occurs less as the ETM type changes to hybrid ETM.

The J-V curves of the best performing perovskite devices
based on three different types of ETMs such as ZnO NFs, TiO,
NBs and hybrid ZnO NF + TiO, NB films are shown in Fig. 5a.
The perovskite devices based on hybrid ZnO NF + TiO, NB films
demonstrate the highest PCE of 20.27% with a Jsc of 22.91 mA
em ™2, Vo of 1150 mV and FF of 77%, considered to be one of
the highest values ever obtained for the typical mesoscopic PSCs
based on hybrid ETMs, while the devices constructed with ZnO
NFs and TiO, NBs exhibit a maximum power conversion effi-
ciency (PCEp,ax) of 14.62% and 16.24%, respectively (as shown
in Fig. 5a). The EQE spectra of the best performing PSCs con-
structed with the hybrid ZnO NF + TiO, NB film are shown in
Fig. 5b and show the highest EQE values in the range of 350 nm
to750 nm. The measured Jsc of 22.9 mA cm > from the J-V
curves (Fig. 5a) is in good agreement with the integrated Jsc of
22.2 mA cm > as well.

Typical J-V curves for forward and backward scans were
obtained from the best performing PSCs based on the hybrid
ZnO NF + TiO, NB film are shown in Fig. 6a. A negligible
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Fig.5 J-V curves of (a) best performing PSCs based on three different
ETMs both in the forward and backward scans, and (b) EQE spectra of
the champion devices based on the hybrid ETM, respectively.

hysteresis is seen in the -V measurement. That is, the PCEs
obtained by forward and backward scans were 20.1% and
20.27%, respectively. The smallest values of hysteresis rely
mostly on interlayer engineering of the cells by modification of
ETM types which provides the reduced surface traps inside the
oxide ETM. Moreover, PSCs fabricated with the hybrid ZnO NF +
TiO, NB film show highly reproducible photovoltaic cells. As
displayed in Fig. 6b, over 80% of the fabricated perovskite
devices exhibit PCEs in the range of 16-20%. Conclusively, the
hybrid ZnO NF + TiO, NB film, having larger pores and enlarged
surface area, is believed to be an ideal design in constructing
mesoscopic PSCs with high efficiency, signifying that design of
the ETM layer is also an essential topic in improving photo-
voltaic properties of PSCs.

The long-term stability of the perovskite devices is also
a crucial factor to be discussed from the commercialization
point of view. In Fig. 7, we show the long-term stability results of
perovskite devices based three different types of ETMs such as
ZnO NFs, TiO, NBs and hybrid ZnO NF + TiO, NB films kept
under ambient conditions without any encapsulation. The cells
with hybrid ZnO NF + TiO, NB films disclose superior cell
stability (retains over 95% of the initial value of efficiency even
after storage for 500 h) compared with other devices. The
excellent cell stability is attributed to the highly porous nature

This journal is © The Royal Society of Chemistry 2019
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of hybrid ZnO NF + TiO, NB films which permits perfect pore
filling with the perovskite light absorber inhibiting the further
decomposition of perovskite.

4. Conclusion

To summarize, a novel highly porous hybrid ETM consisting of
ZnO NFs and TiO, NBs is prepared using a viable and cost-
effective coaxial electrospray method for the first time. The
as-prepared films are then employed as an electron trans-
porting layer in high efficiency, stable and hysteresis-free
perovskite solar cells. The fabricated perovskite devices
based on the uniquely structured hybrid ETM demonstrate
a state-of-the-art PCE of 20.27% with a Jsc of 22.91 mA cm ™2,
Voc of 1150 mV and FF of 77%, which is considerably higher
than that of the perovskite devices with conventional ETMs
based on nanoparticulates. The remarkable efficiency ach-
ieved is attributed to the large surface area provided by TiO,
nanobeads and fast electron transport due to ZnO nanofibers
present in the hybrid ETM. PLITM measurements prove that
PSCs based on the hybrid ETM exhibit considerably longer
electron lifetime, which is attributed to the conquest of elec-
tron recombination initiated by the novel hybrid ETM network
consisting of different oxides.

This journal is © The Royal Society of Chemistry 2019
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