-
™
<
[
-l
wd
=
™

www.afm-journal.de

e \Eﬁﬂ}

www.MaterialsViews.com

Thin Films of Dendritic Anatase Titania Nanowires Enable
Effective Hole-Blocking and Efficient Light-Harvesting for
High-Performance Mesoscopic Perovskite Solar Cells

Wu-Qiang Wu, Fuzhi Huang, Dehong Chen,* Yi-Bing Cheng,* and Rachel A. Caruso*

To achieve high-performance perovskite solar cells, especially with mesoscopic
cell structure, the design of the electron transport layer (ETL) is of paramount
importance. Highly branched anatase TiO, nanowires (ATNWSs) with varied
orientation are grown via a facile one-step hydrothermal process on a trans-
parent conducting oxide substrate. These films show good coverage with
optimization obtained by controlling the hydrothermal reaction time. A homo-
geneous methylammonium lead iodide (CH3;NH;Pbls) perovskite thin film is
deposited onto these ATNW films forming a bilayer architecture comprising of
a CH;NH;Pbl; sensitized ATNW bottom layer and a CH;NH;Pbl; capping layer.
The formation, grain size, and uniformity of the perovskite crystals strongly
depend on the degree of surface coverage and the thickness of the ATNW film.
Solar cells constructed using the optimized ATNW thin films (220 nm in thick-
ness) yield power conversion efficiencies up to 14.2% with a short-circuit photo-
current density of 20.32 mA cm2, an open-circuit photovoltage of 993 mV, and
a fill factor of 0.70. The dendritic ETL and additional perovskite capping layer

(PSCs) that use CH3NH;PbX; (X = Cl, Br,
or 1) as efficient light harvesters.’>! Such
perovskite light harvesters have several
advantages, such as tunable optical proper-
ties,l® high absorption coefficients,! very
long charge carrier (electron-hole) diffu-
sion lengths,®l as well as low-temperature
solution processability.”1% To date, the
record cell efficiency has been certified at
20.1%, which was achieved with a state-of-
the-art mesoscopic structured device.['12]

Currently, three main device architec-
tures have been explored in PSCs: (1) mes-
oscopic sensitized structures employing
mesoporous semiconducting metal oxides
(i.e., TiO,, ZnO, WO;, and SrTiO;)313-1]
as the electron transport layer (ETL),
(2) planar heterojunction structures (p-
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efficiently capture light and thus exhibit a superior light harvesting efficiency.
The ATNW film is an effective hole-blocking layer and efficient electron trans-
port medium for excellent charge separation and collection within the cells.

1. Introduction

During the past two decades, thin film optoelectronic and pho-
tovoltaic devices have been intensively developed, and are con-
sidered promising renewable energy utilization technologies as
they are constructed from low-cost materials using simple fab-
rication processes.!!] Of particular note is the breakthrough and
progress of the organic—inorganic hybrid perovskite solar cells
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i-n solar cells) without a mesoporous
layer,*1819 and (3) meso-superstructured
solar cells employing insulating Al,O;
or ZrO, as a scaffold layer.':?% In meso-
scopic PSCs, the ETL that selectively and
efficiently extracts the photogenerated
electrons from the perovskite light absorber is of great sig-
nificance. The morphology, thickness, and crystallinity of this
semiconductor layer play a crucial role in the overall power
conversion efficiency (PCE) of the devices. During the past
few years, research based on the dominating mesoporous TiO,
ETL has led to PCEs exceeding 17% when the interfacial engi-
neering of the ETL/perovskite and perovskite/hole transport
layer (HTL) has been optimized.?!] However, for these conven-
tional CH;3;NH;PbX;-sensitized mesoporous TiO, films pre-
pared via two step procedures including a spin-coating and a
subsequent dipping treatment, poor pore-filling with the per-
ovskite sensitizer and infiltration of the hole transport medium
(HTM) often occurred due to the highly convoluted porous
channels within the nanoparticulate film.?>?3 Park and co-
workers reported a perovskite-adsorbed submicrometer-thick
rutile TiO, nanorod film that yielded a PCE of 9.4%.24 Very
recently, 900 nm rutile TiO, nanowires with large voids have
been employed for PSCs exhibiting a PCE as high as 11.7%.[23]
Such nanorods or nanowires are better for sensitizer anchoring,
facile infiltration of the HTM, while at the same time being
superior in electron transport and suppressing electron/hole
recombination than nanoparticulate films when applied in
PSCs. Similarly, other 1D oxide nanowire nanostructures, for
instance TiO, nanofibers or ZnO nanorods, were also utilized
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as efficient ETLs in PSCs.['324 However, the
photovoltaic performance and interfacial (a)
electronic behavior of these PSCs based on
1D nanostructured ETLs with surface-deco-
rated CH3NH;PbX; nanocrystals are strongly
dependent on the length of the oxide arrays.
Normally a length over 500 nm is a prerequi-
site for ensuring sufficient sensitizer loading

and thus light absorption. Anatase TiO, has FTO Glass
better structural and transport properties
than rutile TiO,, and thus achieves better PTO+H,0+DEG+IPA

photovoltaic performance in dye-sensitized
solar cells.?’! Still, it remains a challenge to
prepare anatase TiO, nanowire (ATNW) thin
films with good hole blocking properties for
efficient PSCs.

Herein, high quality dendritic anatase TiO,
nanowire thin films (80-220 nm in thickness)
consisting of oblique, dense, and cross-linked
nanostructures have been grown directly on a
transparent conducting oxide (TCO) film via
a mild one-step hydrothermal process. This
technique has potential i) to achieve precise
control over the nanostructure morphology,
film thickness, and uniformity, ii) to give
excellent electrical contact between the oxide
active layer and the substrate, and iii) for
mass production with high-reproducibility and low-cost. It is
worth noting that no additional TiO, compact layer was inserted
between the ATNW thin film and F-doped tin oxide (FTO) glass,
which is different from previously reported mesoporous TiO,
ETLs. This is because the dendritic ATNW thin films form a
highly branched and interconnected network that can serve as
an effective hole-blocking layer and also provide a porous scaf-
fold for efficient perovskite loading. Additionally, the uniformity
and grain size of the perovskite is important for improving the
PCE of PSCs.?%’I In the present work, a gas-assisted approach
has been employed in the spin-coating perovskite deposition
procedure, which could improve infiltration of the CH;NH;Pbl;
solution into the porous network of the ATNW thin films and
accelerate the evaporation of solvent and perovskite crystalliza-
tion. This leads to a bilayer structure comprising of a perovskite-
sensitized ATNW bottom layer and a perovskite capping layer
with uniform thickness and coverage over a large area. The ben-
efits of these high-quality, well-covering ATNW thin films are
that they simultaneously show good optical transparency and
hole-blocking properties. It is also worth noting that both the
light harvesting ATNW/perovskite layer and perovskite capping
layer could exhibit specific charge blocking effects for reduced
interfacial recombination loss and demonstrate a synergistic
effect of light capturing and scattering for minimal light absorp-
tion loss. Consequently, improved photocurrent, photovoltage,
and fill factor result from these ATNW thin film based PSCs.

2. Results and Discussion

Hydrothermal treatment techniques are highly promising for
the preparation of various TiO, nanomaterials with precisely

Adv. Funct. Mater. 2015, 25, 3264-3272

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Hydrothermal

Figure 1. a) Sketch of the one-step facile hydrothermal process to fabricate TiO, nanowire
thin films on FTO glass; SEM images of the surface morphologies of FTO glass b) before and
c) after the hydrothermal treatment in PTO/H,O/DEG/IPA solution at 190 °C for 6 h; d) TEM
image of as-prepared TiO, nanowires scratched from the FTO glass, clearly indicating their
dendritic nanostructure.

controlled structural, optical, as well as electrical proper-
ties.[28-3% Figure 1 shows schematically the hydrothermal treat-
ment of potassium titanium oxide oxalate dehydrate (PTO) in
a solution of deionized water, diethylene glycol (DEG), and
isopropanol (IPA) to produce TiO, nanowires on FTO glass.
There is a distinct difference in the top-view scanning electron
microscopy (SEM) images for the pristine FTO glass (Figure 1b)
and the nanowire-covered FTO glass (prepared at 190 °C with
a growth period of 6 h, Figure 1c). Although the FTO crystal
profile is still recognized, the surface roughness changed after
the conformal hydrothermal growth of oblique and cross-linked
nanowires, which shows that numerous nanowires are distrib-
uted uniformly over the FTO substrate.

The surface morphologies were further investigated by tap-
ping-mode atomic force microscopy (AFM). Figure S1, Sup-
porting Information, shows the topographical images of the
FTO surface before and after the hydrothermal treatment. The
morphology of pristine FTO became rougher after the hydro-
thermal treatment, and many tiny grains can be observed on the
surface, which is consistent with the SEM images in Figure 1b,c.
The transmission electron microscope (TEM) image (Figure 1d)
of several TiO, nanowires cleaved from the FTO substrate shows
a dendritic architecture. The branched TiO, nanowire is made
of an elongated main trunk (=20-30 nm in diameter) and
numerous tiny branches (=3-5 nm in diameter).

It has been widely demonstrated that rutile, anatase, or
mixed crystal phase (rutile and anatase) TiO, nanomaterials
can be obtained through hydrothermal approaches by adjusting
the experimental conditions and parameters, such as Ti pre-
cursor species, solvent composition and volume ratio, and
hydrothermal temperature.?'*2 The X-ray diffraction (XRD)
pattern of the nanowire thin film is displayed in Figure S2a,
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Supporting Information. This pattern is indexed to the three
main characteristic anatase TiO, peaks, the (101), (200), and
(105) reflections (JCPDS 21-1272), indicating the well-crystal-
lized anatase nature of the as-synthesized TiO, nanowire film.
In addition, the ATNW thin film electrode exhibited similar
optical transmittance compared to that of bare FTO (Figure S2b,
Supporting Information). The inset in Figure S2b, Supporting
Information, also indicates the high transparency of the hydro-
thermally processed ATNW thin film on FTO glass. Such an
optical property is important for substrates in thin film opto-
electronic devices, such as the perovskite solar cell. It is worth
noting that the key point to fabricate nanowire thin films is
the very low PTO concentration (3 x 1073 m), which governs
the film thickness of the resulting nanowires (variation in the
length of the nanowires from 120 nm to 4 pm will be discussed
later). Specifically, the low PTO concentration leads to unsatu-
rated Ti (IV) species in an aqueous solution that benefits the
formation of a well-covering thin film of ATNWs. A sample pre-
pared in the absence of DEG and IPA had an inhomogeneous
TiO, nanoparticle coverage on the FTO glass, see SEM image
in Figure S3, Supporting Information. These results demon-
strate that growth of the ATNWs on FTO is influenced by the
presence of DEG and IPA during the hydrothermal process.
DEG can restrain hydrolysis of Ti precursors,33 while the
IPA serves as a shape-directing agent, influencing the crystal
growth of TiO, towards particular facets, and thus leading
to the formation of TiO, nanowire structures with epitaxial
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orientation and dendritic architecture. This hydrothermal
strategy provides a mild, hence green, and facile approach to
fabricate TiO, nanowire thin films with good coverage on TCO
substrates with high reproducibility.

The as-prepared ATNW thin films were loaded with per-
ovskite sensitizer for PSC application via a gas-assisted spin-
coating process that involves solution coating, gas blowing, film
drying and annealing, as schematically illustrated in Figure 2a.
First, a Pbl,/CH;NH;3I/DMF solution was spread over the entire
surface of the FTO/ATNW and the spin-coater was accelerated
to the desired rotational speed of 6500 rpm for 2 s. Argon gas
(60 psi) was then blown directly on the solution surface during
spinning, which dried the film instantly. The advantages of
applying the gas flow are that it speeds up the evaporation of
the solvent and accelerates supersaturation of the solution.'”!
The evaporation rate for the diethylformamide (DMF) solvent
in the perovskite solution is quite slow due to its high boiling
point (153 °C) and low vapor pressure (2.6 mm Hg at 20 °C).
Hence the gas-assisted approach results in fast drying of the
film, which induces a large number of nuclei in the solution
and thereby inhibits the preferential abnormal crystal growth
of perovskite.') Gas flow onto the surface of the solution will
also benefit diffusion of the solution, and hence perovskite mol-
ecules, into the pores of the interconnected nanowire network
and produce a uniform spin-coated perovskite layer. Subse-
quently, after 30 s rotation, an orange film was formed on top
of the substrate that was converted into a highly uniform and
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Figure 2. a) Schematic diagram of the gas-assisted evaporation and crystallization procedure for preparing a uniform perovskite film with bilayer
structure. SEM images of the surface of deposited perovskite film on b) bare FTO glass and c) FTO/ATNW substrate. d) XRD patterns of the bare FTO

glass substrate and perovskite film coated FTO glass substrate.
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Figure 3. a) FIB-prepared cross-sectional SEM image and b) corresponding schematic architecture of perovskite solar cell constructed on the ATNW

charge collection layer on FTO glass.

crystalline perovskite (dark color) when annealed on a hot plate
at 100 °C for 10 min. A perovskite film deposited directly on
bare FTO was also fabricated via the same gas-assisted spin-
coating procedure as a control sample.

Top-view SEM images of the perovskite films on FTO and
FTO/ATNW substrates are shown in Figure 2b,c, highlighting
the difference in perovskite crystal size (ca. 250-500 nm on FTO
glass and 80-200 nm on the FTO/ATNW substrate). The com-
position and crystallinity of the perovskite film on FTO glass
was investigated by XRD, Figure 2d. The strong Bragg peaks
at 14.08°, 28.41°, and 31.85° can be indexed to the (110), (220),
and (310) diffractions of the CH3;NH;PbI; crystal, which corre-
sponds to the tetragonal 4, crystal structure of the tri-halide
perovskite with high crystallinity.>*! No additional Pbl, peaks
were observed in the XRD pattern, indicating a pure perovskite
phase was formed under the gas-assisted film-fabrication tech-
nique. The accelerated crystal formation and growth rate are
effective at optimizing the ETL/perovskite interface by yielding
a uniform perovskite coverage with larger grain sizes. However,
the smaller crystal size of the top perovskite layer in the case
of the FTO/ATNW/perovskite substrate (mesoscopic case) with
respect to the FTO/perovskite (planar case) counterpart merits
attention. This difference can be ascribed to the different local-
ized nucleation and crystal growth behavior.?!l' A plausible
mechanism, Figure S4, Supporting Information, shows in the
planar case, the gas-assisted spin-coating leads to a fast drying
process then formation of a dense film with compacted grains
resulting in a monolayer of large perovskite crystals on the FTO
substrate.l'”) In the mesoscopic case, the seed crystals were
sparsely distributed within voids between the TiO, nanowires.
Due to the space limitations between these TiO, nanowires,
the perovskite crystal growth was confined and a perovskite top
layer consisting of multiple polycrystalline grains and relatively
small crystal size was observed.

The light harvesting efficiency (LHE), which was evaluated
from the absorbance properties of the electrodes, increased with
perovskite film deposition on the substrate in the visible and
near-infrared wavelength region (Figure S5, Supporting Infor-
mation). This again confirms the efficient panchromatic light
absorption capability (from near UV to near infrared regions)
of the CH3;NH;PbI; material. Under identical conditions, the
perovskite on the FTO/ATNW-6h substrate shows higher LHE
than perovskite on FTO in the wavelength region from 400 to
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800 nm, which indicates effective and efficient light harvesting
by the FTO/ATNW/CH;NH;PbI; thin film. The enhancement
of LHE in the presence of the ATNW thin layer can be attributed
to better light capturing and utilization capability of the den-
dritic morphology, which can harvest the sun light omnidirec-
tionally (Figure S6, Supporting Information).34l The best light
scattering was observed for the ATNW-6h films, Figure S6a,
Supporting Information. The voids existing between the adja-
cent grains of perovskite can also scatter the light to some
extent, leading to the enhanced light scattering capability of
the ATNW-6h/perovskite film as compared to ATNW-6h, which
promotes the overall light harvesting efficiency.

The PSC device was completed by spiro-MeOTAD deposition
as the hole transporting layer and then thermal evaporation of a
Au layer as the back contact photocathode. Digital photos of the
FTO/ATNW, FTO/ATNW/Perovskite and the completed device
can be seen in Figure S7, Supporting Information. Figure 3a
shows a cross-sectional SEM image of a device formed from
the FTO/ATNW/Perovskite. A schematic drawing of this struc-
ture is also given (Figure 3b). Two layers containing perovskite,
consisting of a TiO,/perovskite nanocomposite and the pure
perovskite capping layer are observed. Perovskite deposition
in some mesoporous scaffolds via optimized film-fabrication
techniques has shown the solution can fully penetrate into the
pores of TiO, (thus forming perovskite inside the pores) and
deposit a uniform capping layer with 100% surface coverage on
top of the mesoporous TiO, film.['235 Two different perovskite
grain sizes can be observed here. One is the small perovskite
grain in the ATNW that is limited in size due to the void space,
the other is the large crystal grown on top of the ATNW films. A
similar bilayer structure was observed on a film of mesoporous
TiO, nanoparticles (=30 nm in diameter, Figure S8, Supporting
Information). It is believed that a bilayer structure combining
both mesoscopic (such as the ATNW/perovskite) and planar
(perovskite capping layer) structure is effective for absorbing
light and collecting charges within the PSC devices.'>*°] The
optimized device had a 220 nm ATNW layer loaded with small
perovskite crystals, an additional 300 nm perovskite capping
layer, a 180 nm spiro-MeOTAD layer and a 80 nm thermally
evaporated Au layer as the back contact.

In conventional metal oxide based PSCs, a compact blocking
layer is generally deposited on the TCO substrate first, regard-
less of whether a planar or mesoscopic structured device is
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Figure 4. Top-view SEM images and corresponding sketch of TNW thin films on FTO glass hydrothermally treated at 190 °C for a,e) 1.5 h; b,f) 3 h

c,g) 6 h;and d,h) 9 h.

being fabricated.”203637] In this study, the dense TiO, film
made of dendritic anatase nanowires plays a significant role
in preventing direct contact between FTO and perovskite,
which dramatically decreases the chance of charge carrier
recombination.

The morphology of the ATNW thin films evolve from the
sparse nanorods to dense nanotrees by varying the hydro-
thermal treatment duration. Figure 4a—d shows the top-view
SEM images of the ATNW thin films on FTO glass prepared
at 190 °C for 1.5, 3, 6, and 9 h. This growth process is pre-
sented in the sketches in Figure 4e-h. In brief, sparse germina-
tion of oriented nanorods occurred at relatively short reaction
time (ATNW-1.5h, Figure 4a,e). At this initial stage, one can
still observe the surface of pristine FTO. Extending the hydro-
thermal treatment time to 3-6 h reduced the degree of order
and alignment, but increased the degree of surface coverage
of the dendritic nanowires, as can be seen in Figure 4b,f for
ATNW-3h and Figure 4c,g for ATNW-6h. The ATNW-6h sample
exhibited the most homogeneous coverage of the FTO surface,
which can be ascribed to the dendritic morphology consisting
of slender nanowire trunks as well as numerous branches (seen
in TEM analysis, e.g., Figure 1d). However, for the ATNW-9h
sample (Figure 4d,h), wider wires and a slightly lower branch
density was observed compared to ATNW-6h.

Figure S9, Supporting Information, shows the XRD pat-
terns of the different ATNW thin films. As expected, the crystal
phase of the as-prepared TiO, film developed from amorphous
(1.5 h) to pure anatase (3-9 h). The characteristic (101) and
(200) peaks, which can be indexed to the anatase TiO, phase,
became sharper with the prolonged hydrothermal duration,
indicating increased crystallinity of the samples. In short, the
intriguing growth of the ATNW thin films initiates with the
dissolution and hydrolysis of the Ti precursor in the presence
of DEG and IPA, which generates many nuclei on the surface
of FTO, forming some thorn-like amorphous particles. With
further reaction time (3-6 h), the particles are crystallized
and grow into slender wires, while at the same time inducing
growth of branches. When the reaction was carried out for 9 h,
continuous growth of well-crystallized nanowires occurred at

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the expense of less stable nanowires, increasing the nanowire
and branch diameters, and decreasing the uniformity of the
coverage.3®]

The perovskite capping layer plays a crucial role as a second
protection layer, preventing direct contact between the FTO and
spiro-MeOTAD hole transporting material. Here, the thickness
of the ATNW film can be changed by varying the reaction time
or PTO concentration (discussed later) and this influences the
crystal growth of the perovskite film. Figure 5a-d shows top-
view SEM images of the perovskite capping layer on the dif-
ferent ATNW films. Figure S10a-d, Supporting Information,
shows cross-sectional SEM images of the perovskite films
deposited on ATNW films prepared with different hydrothermal
treatment times (1.5-9 h). The thickness of the ATNW film
and perovskite capping layer, and the grain size distribution of
the perovskite crystals in the capping layer are summarized in
Table S1, Supporting Information. According to cross-sectional
SEM images (Figure S10a—d, Supporting Information), the den-
sity of the perovskite-coated ATNW layer indicates good filling
of CH3NH;PbI; within the pores or wire-to-wire voids of the
ATNW networks. From the top-view SEM images (Figure 5a—d),
no nanowires can be observed, indicating sufficient surface
coverage by the perovskite capping layer. Interestingly, the size
of the CH;3;NH;Pbl; grains decreases and the size distribution
narrows with increasing ATNW film thickness. The crystal
size of the perovskite capping layer was =200-450 nm for
the 80 nm-thick ATNW layer (1.5 h), =150-380 nm for the
120 nm-thick ATNW layer (3 h), =150-300 nm
for the 180 nm-thick ATNW layer (9 h) and =80-200 nm for the
220 nm-thick ATNW layer (6 h). An explanation for this pat-
tern in crystal growth is that as the ATNW increases in thick-
ness, the perovskite nuclei density increases (with more porous
network structure to infiltrate), therefore resulting in smaller
crystal size.}? The thickness of the capping layer does not vary
substantially between the films and the perovskite grains are
well-defined across the film thickness. From another perspec-
tive, it can be concluded that the construction and formation
rate of the perovskite film is faster in thicker ATNW films.
While for the capping layer consisting of large grains, more

Adv. Funct. Mater. 2015, 25, 3264-3272
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Figure 5. Top-view SEM images of the perovskite capping layer deposited on these different
TNW thin films: a) 1.5 h; b) 3 h; ¢) 6 h; and d) 9 h. e) Sketch showing the dependence of the
perovskite crystal size as well as capping layer thickness on the TNW film thickness (=120 nm

to 4 pm).

time is required for the grain coarsening process, with growth
of larger grains at the expense of small grains.?! In addition,
the XRD patterns of different FTO/ATNW/perovskite electrodes
were obtained to observe the influence of ATNW on the growth
of the perovskite layer. However, the XRD peak intensity and the
crystal orientation were very similar for all films (see Figure S11,
Supporting Information).

Thicker ATNW films were constructed to further inves-
tigate the perovskite capping layer. The ATNW thickness
can also be varied with changes in PTO concentration for
a fixed hydrothermal temperature and duration (190 °C for
3 h). Figure S12a—i, Supporting Information, shows that the
average length of the ATNW increases from 120 nm to 1.6 pm,
3.3 pm, and 4.2 pm as the PTO concentration increases from
3 to 7, 10, and 15 x 1073 M, respectively. The perovskite film
was spin-coated onto these four ATNW films following the
gas-assisted procedure used previously. Again, the perovskite
crystal size decreased with an increase in the ATNW film thick-
ness (Figure S12j—m, Supporting Information). More interest-
ingly, the perovskite capping layer is present for 120 nm ATNW
(full surface coverage consisting of densely packed grains)
and absent for the 4.2 pm ATNW (perovs-
kite crystals decorate the nanowire surface).

www.afm-journal.de

The ATNW and perovskite infiltrated films
can be seen in the photos in Figure S12n,0,
Supporting Information.

The ATNW thin films grown on FTO
glass with uniform perovskite grain structure
as well as the denser surface coverage pro-
duced FTO/ATNW/CH;NH,PbI, thin film
electrodes that are highly suitable for meso-
scopic perovskite solar cells. Photovoltaic
devices were fabricated to evaluate the influ-
ence of the ATNW thickness (and associated
variation in the perovskite crystal) on device
performance. Figure 6a shows J-V curves of
the PSCs fabricated using different ATNW
films under the standard AM 1.5 G illumi-
nation condition. Table 1 summarizes the
extracted short-circuit current density (J,),
open-circuit voltage (V,), fill factor (FF), and
PCE (n). Also, photovoltaic parameters of the
PSCs without a TiO, ETL (bare FTO) or con-
structed with other reference TiO, electrodes
(to be discussed later) are tabulated in Table
S2, Supporting Information. The PSC con-
structed without a TiO, ETL results in very
poor PCE of 2.68%. The CH3;NH;PbI; perovskite is in direct
contact with the FTO and thus yields a very low V. of 615 mV
and FF of 0.37 (Table S2, Supporting Information). Notably, all
the devices fabricated using the ATNW thin film-covered FTO
substrates delivered improved PCEs (>8.22%).

The PCE increased from 8.22% to 13.97% when the hydro-
thermal duration to prepare the ATNW thin films increased
from 1.5 to 6 h, as the J,, V,., and FF all increased. The best
performing PSC device was fabricated with the ATNW-Gh
thin film, delivering a [, of 20.94 mA cm™2, a V,. of 995 mV,
a FF of 0.67, and an overall PCE of 13.97%. The enhance-
ment in J is likely to stem from two effects resulting from
the improved ATNW thin film quality. First is the improved
perovskite loading for the thicker ATNW films (80 nm for
the 1.5 h sample and 220 nm for the 6 h sample), therefore
increasing the overall thickness of the perovskite containing
layers. The presence of more light harvesters to absorb inci-
dent light would result in improved collection of incident pho-
tons and thus an increased photocurrent. From cross-sectional
views of the FTO/ATNW/CH;3;NH;Pbl; electrodes (Figure S10,
Supporting Information), the active layer of perovskite light

. 100
More voids were observed from the top when (@) % 25 = ﬁzg;hs " (b)
the film thickness was 1.6 pm, and bare : 20 —a— ATNW-6h 80+
TiO, surface was observed when the per- E 15_-\1‘. %~ ATNW-9h R
ovskite was deposited on the thickest films, £ 40! % ‘A‘ E
as film coverage was not complete. Hence, $ 5 L4 * Ss 409 { . ATNW-1.5h
for increasing film thickness the perovs- g 7 ';v 3 - =s—ATNW:3h

. . . N sy ' 1 —A— -
kite crystal size decreased and the capping § 0 g T ATNW-6h
. o . ) %, B, | j —v— ATNW-9h
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thickness the film changed from a bilayer
mesoscopic plus planar structure (thin film
case) to a pure mesoscopic structure (thick
film case), shown schematically in Figure Se.
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Figure 6. a) Characteristic current-voltage (J-V) curves and b) incident photon-to-current con-
version efficiency (IPCE) spectra of the PSCs constructed using different ATNW ETLs.
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Table 1. Photovoltaic parameters (Js, V.., FF, and 1) of PSCs con-
structed using different ATNW thin film ETLs under one sun illumination
(AM 1.5 G, 100 mW cm™2).

Cell Jse Voe n Average FF
[mAcm?]  [mV] %) (%]

ATNW-1.5h 18.83 871 8.22 7.92+0.37 0.50

ATNW-3h 19.98 894 11.71 10.52+£0.58 0.66

ATNW-6h 20.94 995 13.97 13.25+0.52 0.67

ATNW-Sh 19.92 926 12.05 11.47 £0.46 0.65

harvester was estimated to be 430 nm for ATNW-1.5 h, 440
nm for ATNW-3 h, 520 nm for ATNW-6 h, and 490 nm for
ATNW-9 h. Second, the superior light scattering capability of
the dendritic ATNW layers,3*40 as well as the densely packed
perovskite capping layer, would also contribute to improved
light utilization and thus affect the photocurrent. The LHE of
the perovskite-deposited films containing ATNW thin films con-
structed with varied hydrothermal treatment durations (as indi-
cated) was measured and is compared in Figure S5, Supporting
Information. Impressively, the four films harvest the solar light
from the near-UV to near infrared spectral region due to the
high absorption coefficient of the CH;NH;PblI; light absorber.”!
The LHE increased in the order of ATNW-1.5h < ATNW-3h <
ATNW-9h < ATNW-6h, and the enhanced LHE for ATNW-
6h can be observed across the wavelength region from 400 to
750 nm compared to the other three samples, indicating that the
ATNW based perovskite film benefits from the combined effect
of a well-defined dendritic ATNW structure and sufficient per-
ovskite film coverage. For the V,. enhancement, the improved
surface coverage on the FTO for ATNW-6h would inhibit direct
contact of i) CH3NH;PbI; with the FTO, ii) spiro-MeOTAD
HTM with the ETL, and iii) the back electrode with TiO,. This
would decrease the sites for recombination reactions,”! and
effectively remove shunt paths that could lead to leakage of
currents.*!#?] Reducing the number of these unwanted shunt
paths is expected to enhance the V.. Devices fabricated with
ATNW-6h showed the highest dark current onset, Figure 6a,
and its dark current increased in a slower fashion compared
to devices fabricated with the other three ATNW films. This is
also indicative of an effectively suppressed charge recombina-
tion for the ATNW-6h device. The higher FF of 0.67 for ATNW-
6h compared with 0.50 for the ATNW-1.5h device is partly due
to the improved crystallinity (from amorphous to anatase) with
fewer grain boundaries and defects, and improved connection
between TiO, and FTO after longer hydrothermal reaction time,
which would decrease the series resistance and thus increase
the FF.

Figure 6b shows the incident photon-to-current conversion
efficiency (IPCE) spectra for the PSCs assembled using four
ATNW films prepared with varied hydrothermal durations. The
photocurrent generation onset is around 800 nm, which is in
agreement with the observed absorption edge (corresponding
to the optical bandgap, E, = 1.55 eV) of CH3NH;PbI3,** and
the IPCE spectrum effectively covers the entire visible region.
The ATNW film gave a noticeable IPCE enhancement over the
whole wavelength region from 400-800 nm and the spectra
flattened slightly as the thicker ETL film with more sufficient
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surface coverage was used. The relatively flat spectral profile
and a high maximum IPCE over 92% are indicative of excel-
lent light absorption and charge extraction for devices based on
the ATNW-6h sample, which correlates with the best light har-
vesting efficiency (Figure S5, Supporting Information) and the
most efficient hole-blocking capability for the ATNW-6h film.
A batch of 15 cells containing ATNW-6h films has been tested,
and the corresponding photovoltaic performances can be seen
in Table S3, Supporting Information. The champion cell effi-
ciency was 14.21% with a J,. of 20.32 mA cm™2, a V. 0of 993 mV,
and a FF of 0.70. The results were highly reproducible, yielding
an average PCE of 13.2520.52% with a very small standard devi-
ation in the photovoltaic performance, indicating good film and
device reproducibility.

Reference cells fabricated using thin films of mesoporous
TiO, nanoparticles (mp-TiO,) or TiO, blocking layer (bl-TiO,)
with similar film thickness (=200 nm) as the ATNW-6h were
prepared for comparison. A J, of 19.40 mA cm™2, V. of 934 mV,
FF of 0.57, and PCE of 10.28% were obtained for the mp-TiO,
based PSC and a J, of 17.61 mA cm™2, V,. of 979 mV, FF of
0.66, and PCE of 11.40% for the bl-TiO, based PSC, inferior
results to the ATNW-6h based devices. Comparing the mp-TiO,
and bl-TiO,, the dense TiO, layer effectively inhibits charge
recombination compared to the mp-TiO, layer, and there-
fore the higher V,. and FF could be expected. The higher ]
observed for the mp-TiO, device is probably due to the higher
light absorption of the mesoscopic structure. Clearly the ATNW-
6h based PSCs outperform devices containing these compa-
rable films, indicating the geometry of these dense ATNW thin
films (without blocking layer) is beneficial for efficient light
harvesting as well as charge extraction within PSCs leading to
high performance. It is also known that the electron transport
is faster in dendritic TiO, nanowires than their nanoparticulate
counterparts.?%34 Figure S13, Supporting Information, com-
pares the surface coverage of the mp-TiO, and ATNW-6 h thin
films. The surface coverage is incomplete for mp-TiO, formed
using the spin-coating process (with limited control), whereas
the ATNW film achieved via the in situ hydrothermal process
shows much greater coverage. Insufficient coverage would
increase shunting paths with increased possibility of contact
between the spiro-MeOTAD and TiO, layers or between the Au
back electrode and TiO, layer. Such unwanted contact could act
as a parallel diode in the solar cell equivalent circuit, causing a
significant drop in V, and FF, and hence poor PCE (Figure S13c
and Table S2, Supporting Information).*!] The bare FTO
would allow electron/hole recombination reducing the J,. and
V,.. This effect is not observed and hence it is believed to be
effectively avoided in the ATNW thin film devices. In order to
gain a better understanding of the different electron transport
behavior within the branched TiO, nanowire (ATNW, prepared
at 190 °C for 6 h) or TiO, nanoparticle (TNP) based electrodes,
photoluminescence spectra of glass/ATNW/CH;NH;PbI;
and glass/TNP/CH;NH;3Pbl; have been measured. As seen
in Figure S14, Supporting Information, an emission peak at
780 nm can be observed for these two samples. The photo-
luminescence quenching in the glass/ATNW/CH;NH;PbI,
is greater than that in glass/TNP/CH;NH;PbI;. This indi-
cates that the electron transport and charge extraction at the
ATNW/perovskite interface is more efficient than that at
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the TNP/perovskite interface, which is largely driven by the
intrinsic 1D geometry of the nanowire samples.?223]

Hysteresis in the J-V curves of perovskite solar cells
dependent on the direction of scan has been observed.*+0l
Thus the J-V curves of PSCs based on mesoscopic ATNW or
planar bl-TiO, with different scan directions were recorded
(Figure S15 and Table S4, Supporting Information). A PCE of
13.97% was recorded when using the scan direction from for-
ward bias (FB) to short circuit (SC), while the opposite scan
direction (SC-FB) yielded a PCE of 11.53%. The hysteresis
could be ascribed to i) presence of the perovskite absorber in
the solar cells; ii) the specific layer stacking device structures;
iii) the contact interface of perovskite with n-type TiO, or p-type
spiro-MeOTAD within the cells.*®! Smaller hysteresis and dis-
crepancy in the J-V curves was observed for the mesoscopic
ATNW based PSCs than the planar heterojunction bl-TiO,
based PSCs. The ability to control the perovskite crystal growth
on the ATNW and optimize the perovskite/ETL interface is
being studied to decrease or even eliminate the hysteresis.

3. Conclusions

A simple, green hydrothermal technique was developed to fab-
ricate dense thin films of anatase TiO, nanowires (=220 nm)
with a dendritic morphology on TCO substrates. These electron
transport layers were applied in perovskite solar cells and dem-
onstrated a PCE as high as 14.21% under AM 1.5 G illumination
conditions, which is a record for NW-based solar cells to date. The
gas-assisted spin-coating method for perovskite deposition gave
an efficient charge collection and light harvesting electrode con-
sisting of a perovskite-infiltrated ATNW layer and a uniform per-
ovskite capping layer. The perovskite grain size decreased and the
size distribution narrowed with increasing ATNW film thickness
due to the discrepancy in nuclei density and uniformity. The mul-
tifunctionality of this dendritic ATNW thin film with dense sur-
face coverage on the TCO substrate made it an effective ETL. The
porosity of the ATNW film enabled good perovskite anchoring
and TiO,/perovskite interconnection. Moreover, the film could
efficiently capture and confine the incident light, giving improved
light harvesting efficiency and electron transfer from the perovs-
kite layer and the ATNW film could serve as a good hole-blocking
layer due to the varied orientation of the wires that would effec-
tively block the direct contact between spiro-MeOTAD and FTO
or between the back electrode and FTO even in the absence of
a TiO, blocking layer. The present work shows that the hydro-
thermal techniques are very promising for preparing high quality
and uniform metal oxide thin films on TCO substrates. The as-
prepared nanowire thin films exhibited excellent optical, electrical
and electrochemical properties, making them attractive for poten-
tial applications in thin film optoelectronics, including solid-state
perovskite solar cells, electrochromic smart windows, and other
energy storage and conversion devices.

4. Experimental Section

Fabrication of ATNW Thin Films on TCO Substrate: The TiO, thin
films were directly grown on F-doped SnO, (FTO, TEC8, Dyesol) glass
substrates without the assistance of a seed layer. The laser-patterned
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substrates were washed by sonication with soap (5% Hellmanex in
water), Milli-Q water, ethanol and acetone. The solution for growing
TiO, nanowire thin films was prepared by dissolving potassium titanium
oxide oxalate dehydrate (PTO, 3 x 107 m, Sigma-Aldrich) in a mixed
solution of Milli-Q water, diethylene glycol (DEG, Thermal Fisher),
and isopropanol (IPA, Sigma-Aldrich) (volume ratio is 1:1.5:1.5, total
volume is 20 mL). The cleaned substrate (2 cm X 1 cm) was immersed
in the Teflon liner of an autoclave (50 mL in volume) with the FTO side
facing down, and the autoclave was heated at 190 °C for 1.5-9 h. After
being cooled, the nanowire thin films were rinsed with Milli-Q water
and ethanol several times and then annealed at 500 °C for 1 h in air
to crystallize the TiO, and remove any residual organic solvent. The
synthesized TiO, nanowire thin films were soaked in 20 x 1073 m TiCl,
solution at 70 °C for 30 min and then rinsed with Milli-Q water followed
by annealing at 500 °C for another 30 min.

Perovskite Film and Device Fabrication: The clear CH;NH;Pbl; in N,N-
diethylformamide (DMF, Sigma-Aldrich) solution (45 wt%) was prepared
with Pbl, (Sigma-Aldrich) and CH3NH;l (home-made) in a molar ratio
of 1:1. To deposit uniform perovskite films, the gas-assisted method was
employed.l' 25 uL CH;NH;Pbl; solution was dropped onto an ATNW
coated FTO (substrate area is =1 cm x 1 cm). The substrate was then
spun at 6500 rpm and after 2 s a dry argon gas stream (60 psi) was
blown over the film to accelerate the film crystallization, and the films
spun for 30 s. The color of the substrate changed from transparent to
orange after 2 s. The films were then dried on a hotplate at 100 °C for
10 min. The HTM solution was prepared by dissolving 41.6 mg spiro-
MeOTAD (Taiwan, Lumtec), 7.5 mL of a stock solution of 500 mg mL™
lithium  bis(trifluoromethylsulphonyl)imide in acetonitrile and 14.4
mL 4-tert-butylpyridine (Sigma-Aldrich) in chlorobenzene (0.5 mL). A
25 pL spiro-MeOTAD solution was coated on the perovskite film by
spin-coating at 3000 rpm for 30 s. Finally, an 80 nm-thick gold layer was
deposited by thermal evaporation on the spiro-MeOTAD layer as a back
contact.

Characterization: The thickness and morphology of the as-prepared
TiO, films and perovskite infiltrated films were examined by a field
emission scanning electron microscope (FE-SEM, Quanta 200F FEI)
and a transmission electron microscope (TEM, FEI Tecnai F20). To
obtain the cross-sectional SEM image, the device was milled using a
FEl Nova Dual Beam by a focused ion beam (FIB). Prior to performing
the cross section, two Pt protecting layers were deposited in situ with
an electron beam source at 6.3 nA and ion beam source at 0.3 nA. The
milling of the cross sections used a gallium ion source at 52 ° tilting
angle, 30 kV, 3 nA for regular cross-section and 0.3 nA for polishing the
cross section. The AFM images were collected on a Cypher instrument
(Asylum Research Company). Crystallinity and phase identification of
the products was conducted using XRD (Bruker D8 Diffractometer)
equipped with Cu Ko radiation (A = 1.5418 A). The transmittance and
absorbance spectra were obtained with a UV-vis-NIR spectrometer
(Lambda 1050, Perkin-Elmer) installed with a 150 mm integrating sphere.
Photocurrent—photovoltage (/-V) characteristics of the ATNW-based
perovskite solar cells were measured using a Keithley 2400 source meter
under AM 1.5 G illumination (100 mW cm™2) provided by an Oriel solar
simulator. The incident light intensity was adjusted with a calibrated
silicon photodiode (Peccell Technologies). The cells were masked with a
black metal aperture of 0.16 cm?. The IPCE spectra were recorded as a
function of wavelength from 380 to 800 nm on a Keithley 2400 source
meter under the irradiation of a 300 W xenon lamp fitted with an Oriel
Cornerstone 260 1/4 m monochromator. The photoluminescence spectra
were obtained on a FluoroMax-4 Spectrofluorometer over an emission
wavelength region of 650 to 850 nm with an excitation wavelength
of 460 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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