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ABSTRACT. Organic-inorganic hybrid perovskite solar cells have attracted much attention due

to their high power conversion efficiency (=>25%) and low-cost fabrication. Yet improvements are

still needed for more stable and more performing solar cells. In this work, a series of TiO:
nanocolumn photonic structures has been intentionally fabricated on half of the compact TiO»-
coated fluorine-doped tin oxide substrate by glancing angle deposition with magnetron sputtering,
a method particularly suitable for industrial applications due to its high reliability and reduced cost
when coating large areas. These vertically aligned nanocolumn arrays were then applied as the
electron transport layer (ETL) into triple-cation lead halide perovskite solar cells based on
Cs0.05(FA0.83MA0.17)0.0sPb(I0.83Bro.17)3. By comparison to solar cells built onto the same substrate
without nanocolumns, the use of TiO> nanocolumns can significantly enhance the power
conversion efficiency of the perovskite solar cells by 7 % and prolong their shelf life. Here, the
detailed characterizations on the morphology and the spectroscopic aspects of the nanocolumns,
their near-field and far-field optical properties, solar cells characteristics, as well as the charge
transport properties, provide mechanistic insights on how 1D TiO2 nanocolumns affect the
performance of perovskite halide solar cells in terms of the charge transport, light-harvesting, and
stability, knowledge necessary for the future design of more-performing and more-stable

perovskite solar cells.



INTRODUCTION

During the last decade, hybrid organometal halide perovskite solar cells (PSCs) have drawn
sustained intensive attention, mainly due to their outstanding photovoltaic behavior and their low-
cost solution fabrication.!” While their stability is still to be improved,®” the power conversion
efficiency (PCE) of the state-of-the-art PSCs has been certificated exceeded 25%, which presents
a great potential to compete with the traditional commercial silicon solar cells.!® A typical PSC
architecture consists of three components, including a perovskite absorber layer, sandwiched
between an electron transport layer (ETL) and a hole transport layers (HTL), all of which co-
determine the final performance of a PSC. Concerning ETLs, their critical roles are to transport
photogenerated electrons and at the same time to block holes from the perovskite absorber. In order
to achieve high power conversion efficiency, the electron collection must be efficient otherwise
severe carrier recombination can occur at the ETL/perovskite interface.® So far, ETLs based on
various semiconductor metal oxides (such as TiO2, ZnO, SnOs ...) and n-type molecules have been
investigated in PSCs to optimize the ETL/perovskite interface, as well as the improve the growth
of perovskite layer.!!!-13
By comparison to the planar ETLs, mesoporous ETLs appear to be more advantageous for

3,14 For

perovskite solar cells to achieve higher efficiency, higher stability, and less hysteresis.
example, mesoporous scaffolds can be formed by depositing TiO> nanoparticles, which transport
electrons while providing a large ratio of surface area for the nucleation of perovskite absorber.?
Nevertheless, such straightforward TiO, nanoparticle-based scaffolds have some drawbacks such
as the existence of numerous grain boundaries/structural defects, difficulty of pore-filling by the

perovskite precursor, and perturbation to the growth of perovskite grains.>”!7 As a result,

compromised charge transport efficiency and severe charge recombination at the perovskite/ETL



interface was observed.!® By comparison, well-oriented one-dimension (1-D) TiO;

nanorods/nanowires/nanotubes arrays represent a promising strategy,'#!8-30

exhibiting less surface
defects and grain boundaries and facilitating precursor pore-filling. 1D TiO; arrays can thus
provide a direct physical conductive paths to extract and transport efficiently carriers generated by
the perovskite layer. In terms of synthetic methods, 1D TiO: arrays for perovskite solar cells have
been demonstrated through anodization,?3%2° block-copolymer template,’® and solvothermal
methods. !418-20.24.2527.28 While the majority of these studies focused on the electronic contribution
of the TiO; nanoarrays in perovskite solar cells (in terms of charge transport and carrier
recombination), their optical contribution has not been well-characterized. While some studies
observed the enhanced perovskite solar cell stability associated with the application of TiO2 1D
arrays,!#?1-2327 the origins of such observations remain unclear. In addition, one of the important
issues in this field concerns how to compare fairly the devices with the 1D array inserted and the
devices without. The additional fabrication steps involved to generate the 1D arrays can introduce
some source of differences between the device containing 1D arrays and the device without.
Together with the possible batch-to-batch solar cell fabrication differences, it is therefore not
straightforward to attribute the observed enhancement in solar cell characteristics directly to the
inserted 1D arrays.

In terms of light-harvesting strategies, various nanostructures have been proposed for perovskite
solar cells including textured absorber layer,®'? textured substrates,’*-** SiO, prism arrays,>’
polymer micolens,*® indium tin oxide (ITO) nanocone arrays,”’ metallic plasmonic

38,39

nanoparticles,*®* microstructure composite hole transport layer,* TiO, nanoparticles,* and TiO

nano-dome and nano-void arrays.*> While many of these studies focused only on simulations and

36,37,42

optical measurements, experimental studies applying textures,’!3* SiO, prisms,**> metallic

38,39

plasmonic nanoparticles, microstructure composites,*® and TiO, nanoparticles*! have indeed



demonstrated functional and more performing perovskite solar cells owning to such light-
harvesting strategies. By comparison to the popular metallic plasmonic structures, non-metal
materials with high permittivity are alternative choices for nanoantenna enhancing the optical
absorption and fluorescence processes at their surroundings.**~* In particular, TiO2 nanostructures
such as nanodisks, owing to their large refractive index, have been shown to localize light and
enhance the fluorescence of a nearby fluorescent nanoparticle.*® In the context of perovskite solar
cells, due to the absence of optical absorption in the visible spectrum and its excellent electron
transporting properties, 1D TiO2 nanoarrays should be an excellent electronic and optical booster.

In this work, vertically aligned 1D TiO2 nanocolumn arrays are intentionally fabricated onto
half of the compact TiO2-coated fluorine-doped tin oxide (FTO) substrates by the glancing angle
deposition (GLAD), a method capable to generate well-oriented inorganic nanorods with uniform
dimensions on substrates when using physical vapor deposition (PVD).2!#74% Although the most
common PVD technique in the scientific literature to perform GLAD is thermal evaporation, from
an applied point of view the most interesting one is magnetron sputtering (MS), which is widely
used in many industrial applications due to its high reliability and reduced cost when coating large
areas.>*>! Thus, our approach to fabricate the aligned 1D TiO> nanocolumn arrays is GLAD with
magnetron sputtering. Structural, spectroscopy and optical characterizations were then performed
on these TiO> nanoarrays by comparison to the compact TiO> (cp-TiOz) counterpart of the same
substrate. In particular, by near-field optical microscopy (SNOM), the light-management capability
of these nanoarrays is studied in detail, revealing strong concentration of electromagnetic fields at
the surroundings of the nanoarrays. Functional triple-cation lead perovskite halide solar cells based
on Cso.05(FA0.83MA0.17)0.95sPb(I0.83Br0.17)3 are then built onto the above-mentioned substrates, half
of which covered by TiO> nanocolumn electron transport layer (ETL) and the other half covered

by cp-TiO2 ETL. By comparison to the solar cells built on only a planar cp-TiO2 ETL of the same



FTO substrate, solar cells with TiO2 nanocolumn arrays exhibit a 5% increase in its short-circuit
current and a 7% enhancement in its power conversion efficiency, together with a significantly
prolonged shelf-life. Revealed by electrochemical impedance spectroscopy, the application of TiO>
nanocolumn arrays leads to a lower charge transport resistance and a higher charge recombination
resistance in the solar cell, both contributing to the observed enhanced photovoltaic performance.
In addition, such TiO; nanocolumn arrays exhibit a more significant optical absorption in the UV
spectrum by comparison to the planar counterpart, capable to perform partial UV-screening
boosting the stability of the perovskite solar cell. The combined structural, spectroscopic,
photovoltaic and optical characterizations presented herein provide a detail analysis on the physical

origins of the beneficial roles of 1D TiO; nanocolumn arrays in hybrid perovskite solar cells.

RESULTS AND DISCUSSION

The TiO; nanocolumn arrays obtained by glancing angle deposition composed of dense TiO»
nanocolumns uniformly aligned perpendicular to the substrate (Figure 1). These nanocolumns
exhibit an average diameter of 89 + 18 nm and an average length of 254 + 27 nm. For hole-blocking
purpose, a thin layer of cp-TiO2 ETL with a thickness of about 50 nm was applied before the
deposition of the TiO2 nanocolumn arrays onto half of the substrate surface. No observable change
on the morphology nor on the RMS roughness of the FTO and the cp-TiO2 ETL was induced by
fabrication process of the TiO» nanocolumn arrays (Figure. S1 and S2 of the supporting
information). Despite the distinctively different microstructure of the nanocolumn sample by
comparison to the cp-TiO, sample, the perovskite layers deposited on top of both samples exhibit
similar morphology, grain size and surface roughness (Figure 1d and e, Figure S3). Cross-sectional

SEM characterizations showed clearly the different sub-layers on both the control (without



nanocolumns) and the nanocolumn sample (Figure 1f and g). The perovskite thin film deposited
on top of the cp-TiO; layer exhibited a thickness of about 450 nm. By comparison, the perovskite
thin film deposited on top of the nanocolumns is slightly thinner, reaching about 350 nm in
thickness. Nevertheless, as shown in the cross-sectional SEM image, the perovskite precursor
solution infiltrates well in between the nanocolumns forming a dense layer of perovskite in tight
contact with each nanocolumn. This is coherent with a previous study on tilted 1D TiO»
nanocolumn arrays prepared by GLAD but with thermal evaporation where excellent infiltration
of the perovskite was also achieved.?? Combining the infiltrated part and the part above the
nanocolumns, there was likely a more important amount of perovskite crystallites on the

nanocolumn sample compared to the planar sample.
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Figure 1. (a) Schematics of the perovskite solar cell architecture with half of its interface covered
by cp-TiO; ETL and the other half covered by TiO, nanocolumn arrays; (b, ¢) Top-view scanning
electron microscopy (SEM) images of the cp-TiO; layer (b) and the TiO, nanocolumn arrays (c);
(d, e) The SEM image of the perovskite film deposited on a cp-TiO, ETL (d) and on TiO;

nanocolumn arrays (e); (f, g) Cross-sectional SEM image after the deposition of hole-transport



polymer on the part of the sample with only a cp-TiO, ETL (without nanocolumns, f) and the part

of the sample with TiO; nanocolumn arrays (g).

X-ray photoelectron spectroscopy (XPS) was applied to compare the surface chemistry of the
nanocolumn array part and the planar cp-TiO> (control) part of the sample (Fig. 2). As shown in
Fig. 2a, for the nanocolumn arrays, the doublet of Ti 2p32 and Ti 2p12 arising from the spin orbit-
splitting are located at binding energies of 465.2 and 459.4 eV, respectively. Almost identical Ti
2p peaks were observed on the control part of the sample except for a 0.2 eV shift to lower binding
energy. The binding energies and the shapes of these Ti 2p peaks are consistent with Ti** in a TiO;
lattice.”? The O 1s spectrum from both sample areas are also very similar (Fig. 2b). For the
nanocolumn arrays, it can be fitted with two peaks at binding energy of 530.7 and 532.2 eV,
attributed to the lattice oxygen in TiO> and non-lattice oxygen species (such as -OH groups and/or
oxygen vacancies),’>>* respectively. Nearly identical O 1s spectrum was found on the control cp-
TiO, area except also for a 0.2 eV shift to lower binding energy. Such a 0.2 eV shift in binding
energy was observed in the C 1s spectrum recorded from the two sample areas. Combining the
similar peak shape/position of Ti 2p and O 1s spectra observed, we conclude that the surface
chemistry of both the nanocolumn arrays and the cp-TiO; are nearly identical even though a slight
difference of conductivity may exist between them leading to the small shift of binding energy

observed.

After the deposition of the perovskite absorber layer onto one of the above-mentioned
substrates, the substrate was cut into half separating the nanocolumn part and the cp-TiO; part in
order to perform XRD characterizations. The perovskite films deposited on both the nanocolumn

arrays and on the control cp-TiO; exhibited strong Bragg diffraction peaks which can be indexed



according to the Cso.0s(FAo.83MA0.17)0.95Pb(I0.83Bro.17)3 “black” (o) perovskite phase,>> while more
intense diffractions were observed on the perovskite/nanocolumn sample (Fig. 2¢). This is coherent
with the SEM observation, likely due to infiltration of perovskite precursor solution in between the
nanocolumns leading to the existence of more perovskite crystallites on the nanocolumns compared
to the control planar cp-TiO>. In addition, by comparison to the planar TiO», the nanocolumns may
offer more nucleation sites facilitating perovskite crystallization. Such observation is similar as
those previously observed on other mesoporous ETLs.?? Diffraction peak corresponding to the
(001) diffraction of Pbl, was also observed on both samples. This is due to the 10% mole excess
of Pbl, from the perovskite precursor solution. Here, an excess of Pbl, was intentionally added into
the perovskite precursor solution to optimize the solar cell performance according to previous
reports to passivate the grain boundary of the mixed cation perovskite films aiming to benefit the
charge transport and to reduce charge recombination.>®” The UV-Vis optical absorbance spectra
on these perovskite films revealed an about 1.3-fold increase of optical absorption on the
nanocolumns compared to the perovskite film deposited on the control planar cp-TiO- (Figure 2d).
Such an increase of optical absorbance can be a direct consequence of the more perovskite materials
deposited on the nanocolumns due to precursor infiltration as well as the light harvesting effect of

the nanocolumns (which will be discussed below).
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Figure 2. (a) XPS spectra of Ti 2p regions of the TiO2 nanocolumn (NA) sample and the planar
cp-TiO2 (control) sample; (b) XPS spectra of O s regions of the TiO, NA sample and control
sample. Dash lines represent the fits and solid lines represent the sums of the two fitted peaks; (c)
X-ray diffraction (XRD) patterns and (d) the absorbance spectra of the perovskite film deposited

on cp-TiO2/FTO glass substrate and on TiO, NA/cp-TiO2/FTO glass substrate, respectively.

Scanning near-field optical microscopy (SNOM) was applied to characterize the potential light-
harvesting capability of TiO2 nanocolumns for their application in a perovskite solar cell. When
combined with a fluorescence nanoparticle, SNOM has been widely used to characterize biological
samples and optoelectronic devices, ® % capable to reveal the distribution of electromagnetic fields

at the vicinity of a nano-object/nanostructure. Here a fluorescent nanoparticle was used to probe

11



the surface of the TiO2 nanocolumns by comparison to the planar cp-TiO: part situated on the same
substrate. The measured fluorescence intensity of such a nanoparticle at a specific sample position
can thus indicate the intensity of the local electromagnetic field. The schematic of the current
SNOM experiment is shown in Figure 3. During the SNOM experiment, a sharp tungsten atomic
force microscope (AFM) tungsten tip on which an upconversion fluorescent nanoparticle is glued
is scanned above the illuminated sample. The nanoparticle absorbs the near-field at the laser
wavelength (A = 650 nm) and re-emits it in the green-yellowish spectral zone (A = 520-550 nm).
The sample was illuminated in a transmission mode, from its rear face. By scanning the tip (with
the nanoparticle) over the TiO; sample surface and simultaneously recording fluorescence signal
at each scan position, both a topographic map of the sample and a map of the upconversion
fluorescence (at A = 550 nm) from the nanoparticle can be obtained. In order to keep the same
measurement condition without any alteration of the probe, all the scanning experiments were

performed with the same AFM tip.

- Objective (N.A. = 0.8)

Fluorescence
(A = 550 nm) Perpendicular (vertical) scan

[

Fluorescent
nanoprobe

X-y scan

Figure 3. Schematic of the illumination configuration and the scanning mode of the current

scanning near-field optical microscopy (SNOM) experiments. TiO2 nanocolumns (NAs) were

12



fabricated onto half of the cp-TiO2-coated FTO substrate surface so that AFM/SNOM
measurements on the surface of TiO2 nanocolumns and on cp-TiO2 can be performed on the same

substrate.

From the AFM topography mapping presented in Figure 4a and 4d, both surfaces of the cp-TiO>
and TiO2 nanocolumn arrays are very homogeneous, providing a uniform area for the growth of
perovskite materials. In contrast to the topography mapping, the fluorescence mappings obtained
on them revealed distinctively different features (Figure 4b and 4e). Comparing to the two
fluorescence mapping figures, one can observe on the surface of TiO, nanocolumns more
inhomogeneity of the fluorescence signal from the nanoparticle glued on the AFM tip, indicating
strong variations and a localization of electromagnetic field on the nanocolumn surface. In order
to visualize the effect of the TiO2 nanocolumns on the modulation of the incident light, two
randomly selected line profiles from the fluorescence mapping obtained on the cp-TiO; and the
Ti0; nanocolumns were exhibited in Figure 4c and 4f. Comparing these line profiles, one can
observe enormous variations of the fluorescence intensity on TiO2 nanocolumns by comparison to
the planar cp-TiOz. This indicates that TiO2 nanocolumns perturb the incident field and create
zones on which light is strongly enhanced compared to others. A vertical fluorescence scan in the
out-of-plane direction was performed from the surface of TiO; nanocolumns to 1 pm above the
surface (Figure 4g). The intensity of fluorescence is strongest with a clear in-plane modulation
when the AFM tip and the glued fluorescent nanoparticle are close to the surface of the TiO>
nanocolumns. By comparison, when the distance between the tip and the nanocolumns increases,
the observed fluorescence signal becomes weaker together with less in-plane modulation,
indicating a smaller and less localized electromagnetic field when the AFM probe is far away from

the TiO> nanocolumns. Similar as the above observed enhanced fluorescence process, in a
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perovskite solar cell configuration, the existence of TiO, nanocolumns and their resultant
localization of electromagnetic field can lead to a more efficient light absorption by the perovskite

absorber around the nanocolumns, leading to more photons available to be converted to electrons.
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Figure 4. AFM topography of planar cp-TiO> (a) and TiO2 nanocolumns (NA) (d). Fluorescence
maps of cp-TiO> layer (b) and TiO2 NA (d). (¢) and (f) exhibit the line profiles of the fluorescence
map obtained on cp-TiO; (black dash line shown in (b)) and on TiO, NAs (black dash line shown
in (e)). (g) The vertical fluorescence map obtained from the surface of TiO2 NAs to 1 pm above

the surface.

Functional perovskite solar cells were fabricated on both TiO; nanocolumn ETL and planar cp-
Ti0; ETL located on the same FTO substrate according to the device architectures shown in Figure

1. The current-voltage (J-¥) characteristics, measured under 100 mW cm? AM 1.5G simulated
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illumination, of the best-performing perovskite solar cells from the same FTO substrate are shown
in Figure 5a. By comparison to the perovskite solar cell built on a planar cp-TiO2 ETL, the
incorporation of TiO2 nanocolumn ETL leads to a slight increase of the solar cell short circuit
photocurrent density (Ji), from 19.27 mA/cm? to 20.19 mA/cm?, and the fill-factor (FF), from
73.59% to 75.14%. The combination of both lead to an about 7% increase in the power conversion
efficiency (PCE) in the solar cell with nanocolumns compared to the one with only a planar cp-
TiO2 ETL. The photovoltaic characteristics of these perovskite solar cells built onto the same
substrate are listed in Table 1 (the standard distribution of photovoltaic performance measured on
different substrates were presented in Table S1). Their external quantum efficiencies (EQEs) are
shown in Figure 5b. The short-circuit current densities for the solar cell built on cp-TiO2 ETL and
on TiO2 nanocolumns obtained from integrating their EQE spectra with the AM 1.5G spectrum are
19.10 and 20.03 mA/cm?, respectively, which are in agreement with the J;. measured in the J-V
curves. The observation that the solar cell with TiO2 nanocolumns shows a higher EQE value in
the wavelength range of 450-600 nm than that of the cell without TiO2 nanocolumns is qualitatively
coherent with the optical absorbance spectra of the perovskite film deposited onto these substrates
(Figure S4). The larger observed Js. on the solar cell built on TiO2 nanocolumns is coherent with
the results obtained by SEM, UV-Vis absorption and SNOM. It is likely a combined consequence
from both more perovskite materials deposited on top of the TiO> nanocolumns and the light-
concentration effects of the TiO2 nanocolumns.

Electrochemical impedance spectroscopy (EIS) was performed onto these solar cells to probe
the charge transfer and recombination process at the interface between the ETL and perovskite
absorber. Figure 5c shows the Nyquist plots of the two perovskite solar cells built on the cp-TiO»
ETL and the TiO; nanocolumn ETL of the same FTO substrate, measured in dark with an external

bias holding at their respective Vo and in the frequency range from 20 Hz to 2 MHz. The obtained
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EIS spectra can be fitted well with the equivalent electrical circuit model commonly used on
perovskite solar cells.%'%? The equivalent circuit is shown in the inset of Figure 5¢ and the inner
series resistance (Rs), charge transport resistance (Ry), and the recombination resistance (Ryec)
obtained from fitting are listed in Table 1. The whole set of fitting parameters are listed in the
supporting information Table S2. When the nanocolumn ETL was applied, the charge transport
resistance R, was reduced from 20 Q to 13.5 Q and the recombination resistance was substantially
increased from 2085 Q to 4410 Q. Coherent with the enhanced fill-factor observed in the J-V
characteristics, the current EIS results indicated that charge transport is more efficient in the TiO:
nanocolumn ETL compared to the cp-TiO2 ETL and the carrier recombination is less severe in the
former case. These results suggest that, besides the optical benefits mentioned above, by
comparison to the planar cp-TiO2, TiO; nanocolumn ETL exhibits electronic benefits in terms of

charge transport and recombination suppression.
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Fig. 5. (a) Current density-voltage (J-V) photovoltaic characteristics measured on the perovskite
solar cells built on a cp-TiO2 ETL (control) and on TiO2 nanocolumn (NA) ETL of the same FTO
substrate, under 100 mW c¢cm™? AM 1.5G illumination. Solid dots and lines indicate results from the
reverse voltage scan (from V,. to 0 V) and dotted lines indicate results from forward voltage scan

(from 0 V to Voc). (b) The EQE spectra for the perovskite solar cells shown in (a) and the
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corresponding integrated Js. of the devices. (c) The typical Nyquist plots (symbols) obtained from
the perovskite solar cells shown in (a) tested in dark and at their V,.. Solid lines represent the fits

obtained by applying the equivalent circuit shown in the inset.

Table 1. The summary of the photovoltaic characteristics of the perovskite solar cells built on a
cp-TiO2 ETL (control) and on TiO2 nanocolumn (NA) ETL of the same FTO substrate. Results are
presented together with the parameters (inner series resistance Ry, charge transport resistance Ry,
and recombination resistance R,.) obtained from fitting the electrochemical impedance
spectroscopy results. Jy.: short-circuit current density; V,.: open-circuit voltage; FF: fill-factor;

PCE: power-conversion efficiency.

ETL i (mA/cmz) Voe (V) FF (%) PCE (%) R; (Q) Ry (Q) Ryec (Q)

cp-TiO2 19.27 1.08 73.59 15.31 10.05 20.02 2085

TiO2 NA 20.19 1.08 75.14 16.38 10.08 13.52 4410

In addition to the above-mentioned optical and electrical benefits, it was observed that the
application of TiO2 nanocolumns significantly enhanced the shelf life of these perovskite solar cells.
Figure 6a presents the normalized PCE of the unencapsulated perovskite solar cells built on a cp-
TiO2 ETL and on a TiO2 nanocolumn ETL of the same FTO substrate as a function of the storage
time. When stored in argon, the perovskite solar cell built on TiO2 nanocolumns maintained ~ 93.6 %
of its initial PCE value after 126 days of storage, whereas under identical conditions the perovskite
solar cell built on cp-Ti0O; exhibited only ~ 80.5 % of its original PCE. When stored in air (with ~

11% of humidity), the solar cell with the application of TiO2 nanocolumns maintained ~ 75.3 % of
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its initial PCE value after 91 days of storage, which represents a more than 3.8-fold enhancement
by comparison to the solar cell without nanocolumns (on cp-Ti0O2) that maintained only ~ 19.8 %
of its initial PCE under the same conditions. Under constant UV illumination, the perovskite solar
cells built on TiO2 nanocolumns also showed superior stability by comparison to the one built on
the cp-TiO2 ETL of the same substrate (Figure S5). After 95 hours of constant UV illumination (3
mW cm?) at A = 365 nm in argon atmosphere, the perovskite solar cell with nanocolumns still
maintained 92.4% of its initial PCE while the one without nanocolumns exhibited only 50.1% of
its initial PCE. As observed from their optical images (inset of Figure 6a), after 91 days of air
storage, there was inhomogeneous color with plenty of transparent spots visible as well as a
transparent area surrounding the edge of the top electrode on the perovskite solar cell without
nanocolumns, suggesting perovskite absorber decomposition. This is in clear contrast with the
perovskite solar cell built on nanocolumns from the same substrate, where homogeneous perovskite
absorber was still observed in the optical image. These observations are similar to the enhanced
perovskite solar cell stability reported in previous studies with the application of 1D TiO>

1423 while the physical origins accounting for the enhanced stability remain not well

arrays,
understood. To shed light on this, we compared the optical absorption from an identical area (by
placing an aperture with a transmission diameter of 6 mm) between three sample conditions: a bare
FTO/glass substrate, a cp-TiO;-coated area on a FTO/glass substrate, and a TiO, nanocolumn-
coated area on the same above-mentioned cp-TiO2-coated FTO/glass substrate. As shown in Figure
6b (black symbols), the optical absorption contributed from the planar cp-TiO> is very small due
to its limited thickness (50 nm). By comparison, the optical absorption contribution from the TiO>

nanocolumns is much more significant (red symbols, Figure 6b), in particular in the wavelength

range between 300 nm and 370 nm. Such optical absorption in the UV spectrum from the TiO:
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nanocolumns is thus beneficial for perovskite solar cells minimizing UV degradation occurred
during each J-V measurements. While a much thicker cp-TiO; planar ETL should in principle be
able to achieve the similar optical contribution as TiO2 nanocolumns in the UV spectrum, a thicker
cp-TiO, film may lead to a significantly increased solar cell series resistance, worse charge
transport properties, and more carrier recombination events. These results underlined the unique
advantages of TiO2 nanocolumns in perovskite solar cells, capable to perform partial UV screening

without scarifying the electronic properties of ETL.
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Fig. 6 (a) The evolution of power conversion efficiency (PCE) of perovskite solar cells with and without
TiO, nanocolumn (NA) ETL built on the same FTO substrate over storage time. These solar cells were
stored either in argon or in air (humidity at 11.3%), at 25 °C in dark. Insets exhibit the optical images of the
area around the top electrode of the two solar cells built on the same FTO substrate after 91 days of
degradation in air. The white dash line indicates the separation between the NA-coated part and part without
NAs. The diameter of these top electrodes is 3.55 mm. (b) The comparison of optical absorption before

perovskite deposition from an identical area (by placing a 6-mm-diameter aperture) from: a bare FTO/glass
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substrate (FTO), a cp-TiO»-coated area on a FTO/glass substrate (control condition), and a TiO, NA-coated

area from the same cp-TiO,-coated FTO/glass substrate as the control condition.

CONCLUSION

In summary, vertically-aligned 1-D TiO; nanocolumn arrays were realized by glancing angle
deposition and they were subsequently applied as the ETL to fabricate functional triple-cation lead
perovskite halide solar cells based on Cso.0s(FAo83MAo.17)0.95Pb(l0.83Bro.17)3. By comparison to
solar cells built on planar cp-TiO2 of the same FTO substrate, solar cells built on a TiO:
nanocolumn ETL exhibit a 5% increase of short-circuit current and a 7% enhancement in its power
conversion efficiency together with a significantly prolonged shelf-life. Various macroscopic and
microscopic characterization methods were combined to identify the physical origins of the
observed enhanced photovoltaic property. Identified from SEM characterization, SNOM, and UV-
vis absorption, TiO2 nanocolumn ETL led to enhanced perovskite optical absorption, higher solar
cell short-circuit currents, and better device stability by providing numerous precursor infiltration
paths, near-field light concentration, and partial UV screening. In addition to these optical
advantages, electrochemical EIS analysis showed that TiO; nanocolumn ETL is also superior to
planar cp-TiO2 in terms of charge transport and the reduction of recombination losses. These
findings thus provide mechanistic insights on how 1D TiO> nanocolumns affect the performance
of perovskite halide solar cells in terms of the charge transport, light-harvesting, and stability,
knowledge necessary for the future design of more-performing and more-stable perovskite solar

cells.
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METHODS

The preparation of TiO2 nanocolumn arrays. The aligned 1D TiO; nanocolumn arrays have
been fabricated in two steps. The first step was the fabrication of Ti nanocolumns by GLAD with
magnetron sputtering using the setup and methodology described in detail in a previous work.%?
The sputter gas was argon and the parameters used were: pressure = 0.15 Pa, power (DC discharge)
=300 W, and tilt angle between substrate and target = 75°. The second step is the thermal oxidation
of the Ti nanocolumn arrays to obtain TiO2 nanocolumns. For this purpose, they were placed in a
quartz tube inside a tubular furnace. Synthetic air was passed through the tube at a flowrate of 50
cm?® min!. The furnace was then heated with a 10 °C min! ramp up to 500 °C and kept at that
temperature for 10 min, after which it was let to cool down naturally. The transformation was
characterized by XRD and by AFM and SEM imaging before and after the process. The metallic
Ti became fully oxidized after the thermal treatment, mainly into the TiO; rutile phase (Figure S6
in the Supporting Information). While the nanocolumns are broadened by comparison to the initial
as-deposited Ti ones (Figure S7), the columnar array structure is maintained.

The fabrication of perovskite solar cells. FTO-coated glass substrates were cleaned by four
sequential ultrasonication baths in 2% hallmanex detergent solution, deionized water, acetone and
isopropanol for 15 min each. Blow-dried substrates were then further cleaned by oxygen plasma
for 10 minutes. For the deposition of a cp-TiO2 ETL, a sol-gel precursor solution derived from
titanium (IV) isopropoxide®* was spin-coated at 4000 rpm onto cleaned FTO substrates. A substrate
corner was intentionally left un-covered by cp-TiO: exposing the bare FTO underneath. These
substrates were then annealed in an oven in air first at 120 °C for 15 minutes and subsequently at
450 °C for 1 hour. TiO2 nanocolumn arrays were fabricated by the methods mentioned above onto
half of the cp-Ti0O2-coated substrate by intentionally masking the other half of the substrate in order

to discard any additional source of differences between the device containing nanocolumns and the
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device without nanocolumns. The mixed cation perovskite Cso.05(FAo.83MAo.17)0.9sPb(Io.83Bro.17)3
layer was then deposited from their precursor solution by one-step spin-coating onto the above-
mentioned substrate, with TiO2 nanoarrays on half of its surface and cp-TiO2 ETL on another half
of its surface (as a control condition). To prepare the solution precursor for the
Cs0.05(FA0.83MA0.17)0.95Pb(lo.83Bro.17)3  perovskite layer, formamidinium iodide (FAI) and
methylammonium bromide (MABr) are synthesized according to previous works.%%¢ Lead iodide
(Pbly), lead bromide (PbBr2) and cesium iodide (Csl) were purchased from Sigma Aldrich. A
precursor solution was formed by dissolving FAI (1 M), MABr (0.2 M), Pbl; (1.1 M), and PbBr»
(0.2 M) in a solvent mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) (4:1,
v/v) according to a previous report.’ In parallel, a stock solution containing 1.5 M of CsI dissolved
in DMSO was prepared. Csl stock solution was then added into the above-mentioned precursor
solution to achieve the desired composition in the final precursor solution. The deposition of the
perovskite precursor solution onto TiOz-coated FTO was performed in an Ar-filled glovebox by
two-step spin-coating first at 1000 rpm for 10 s and then at 5000 rpm for 45 s. During the second
spin-coating step, 100 pl chlorobenzene was dropped on the spinning substrate after 30 s of
spinning. After spin-coating the perovskite films were annealed inside the glovebox at 100 °C for
60 min on a hot-plate. The precursor solution of the hole-transport layer (HTL) was prepared by
dissolving 72.3 mg Spiro-OMeTAD (Sigma Aldrich), 17.5 pl Li-bis(trifluoromethanesulfonyl)
imide (Sigma Aldrich, 520 mg/mL in acetonitrile) and 28.8 pl tert-butylpyridine (Sigma Aldrich)
were into 1 mL chlorobenzene. This HTL solution was then spin-coated on top of the perovskite
layer at 4000 rpm for 30 s. Finally, 100-nm-thick gold top contacts were thermally evaporated on
the surface of the Spiro-OMeTAD HTL to complete the solar cell structure.

Structural and optical characterizations. Scanning near-field optical microscopy (SNOM)

measurements were performed by a homemade near-field optical microscope that uses a
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fluorescent nanocrystal as a near-field detector.5®%° Excitation was performed with an internally
modulated laser diode (A = 650 nm, fmed = 320 Hz) in a transmission mode at normal incidence.
The collection of the near-field signal was performed using a wide numerical aperture objective
(Olympus LMPlanFI 100x 0.8) and sent to a photomultiplier tube and to a lock-in amplifier (EG&G
Instruments Model 7260DSP). The sample was set on a piezo-electric 3D stage (Nanocube, Physik
Instrumente) for scanning. Scanning electron microscopy (SEM) characterizations were performed
by a FEI Magellan 400 system with a standard field emission gun source. Powder X-ray diffraction
(XRD) spectra were obtained by a PANalytical X’Pert X-ray diffractometer using Cu-K, radiation.
For perovskite-coated samples, UV-Visible absorbance spectra were recorded on an about 1-mm-
diameter sample spot in a transmission mode by an Ocean Optics HL-2000 fiber-coupled tungsten halogen

lamp and an Ocean Optics HR4000 spectrometer (200-1100 nm). 3 different sample spots on the same

substrate area (the part with nanocolumns or the part without nanocolumns) were verified to ensure the
reproducibility of the absorbance spectra. For the FTO/cp-TiO> substrate with nanocolumns covered
on its half (without perovskite coating), optical absorbance spectra were recorded in a transmission
mode by a V-770ST UV/VIS/NIR spectrometer with a mask (diameter of aperture = 6 mm)
allowing optical transmission in only the area of interest. X-ray photoelectron spectroscopy (XPS)
measurement was carried out by a KRATOS AXIS Ultra DLD apparatus at a base pressure of 3x10
? Torr (X-ray Source: AlKa). Atomic Force Microscopy (AFM) was performed using a Dimension
Icon from Bruker operating in non-contact mode with high-resolution probes (radius: 2nm) from
Next-Tip.

Photovoltaic Characterizations. Solar cell current-voltage characteristics were measured in an
Ar-filled glovebox by a computer-controlled Keithley 2612B source measurement unit (SMU).
Devices were illuminated through the transparent substrate (FTO/glass) side by a class ABB

(ASTM E927-10) Newport LCS-100 solar simulator with an AM 1.5G filter operated at 1 SUN.
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The light intensity was first calibrated by a calibrated Si reference solar cell (ReRa Solutions B.V.).
For the external quantum efficiency (EQE) measurements, a monochromatic light beam was
obtained from a white light source and an Oriel Cornerstone monochromator with appropriate order
sorting filters. The monochromatic illumination was calibrated by a NIST-calibrated Si photodiode.

The solar cell short-circuit current Isc (A) at each monochromatic wavelength was measured in air

Isc(A) _ 1240

by a Keithley 2634B SMU. The EQE spectrum was determined by EQE (%) = pwy X A(nm)

100 where P (W) is the power of the monochromatic illumination. The electrochemical impedance
spectroscopy (EIS) measurements were performed in electrochemical workstation (Agilent,
E4980A) under dark and with an external applied bias holding at the open-circuit voltage of the
solar cell. The frequency range of the EIS measurements was from 20 Hz to 2 MHz with a

modulation amplitude of 20 mV.
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