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ABSTRACT: Perovskite nanopillars (PNPs) are propitious candi-
dates for solar irradiation harvesting and are potential alternatives to
thin films in flexible photovoltaics. To realize efficient daily energy
output, photovoltaics must absorb sunlight over a broad range of
incident angles and wavelengths congruent with the solar spectrum.
Herein, we report highly periodic three-dimensional (3D) PNP-
based flexible photovoltaics possessing a core—shell structure. The
vertically aligned PNP arrays demonstrate up to 95.70% and 75.10%
absorption at peak and under an incident angle of 60°. The efficient
absorption and the orthogonal carrier collection facilitate an external
quantum efficiency of 84.0%—89.18% for broadband wavelength.
PNPs have been successfully implemented in flexible solar cells. The
porous alumina membrane protects PNPs against water and oxygen
intrusion and thereby imparts robustness to photovoltaic devices.
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Meanwhile, the excellent tolerance to mechanical stress/strain enables our unique PNP-based device to provide efficient solar-to-

electricity conversion while undergoing mechanical bending.
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lexible solar cells have enormous significance in the genre

of photovoltaic technologies because of their lower
payback time, light weight, and pliability. They are receiving
heightened attention for the energy supply for wearable and
portable devices and building-integrated applications.' >
Conventionally, flexible thin-film photovoltaics degrade during
repetitive mechanical bending."~’ Reducing thickness is a
general strategy to improve mechanical robustness, whereas
this will suppress light-harvesting capability.”” In this regard,
designing and fabricating nanostructured devices open a new
path to addressing this issue,””'”"* since prior reports have
proven that the nanoscale geometry is beneficial to facilitate
strain relaxation, defect tolerance, etc.”'>™"?

Hitherto, many works have explored semiconducting
nanopillars for flexible photovoltaics,lo’n’20 for instance,
silicon,”" polymer blend,””** dye-sensitized nanopillars,”*
CdS,"" etc. Nanopillars offer guiding channels for propagating
carriers and photons along the pillars. The efficient carrier
transport and intensive light trapping render nanopillar-based
devices with unique features, such as fast response for
photodetectors and attractive angular behavior for photo-
voltaics.' ' 152025731 Another critical advancement is the
radial built-in electric field.>*~>> The heterojunction interface
at the nanoscale allows efficient carrier extraction.'"'>*%** In
this manner, the photogenerated carriers only need to traverse
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a short path and reach the boundary of p—n junctions,
decreasing the chances of volumetric recombination.*® Never-
theless, the large contribution from the surface renders
optoelectronic properties to be significantly impacted by the
surface features.'’

Recently, organic—inorganic halide perovskite solar cells
(PSCs) emer%ed as promising candidates for nanoengineered
photovoltaics.”” ~** These perovskite materials exhibit desirable
optical-electrical properties, such as high defect tolerance, long
diffusion length, strong absorption, etc. In particular, the high
defect tolerance, which originates from defects with low
formation energy only creating shallow defect states, makes the
elimination of surface defects less crucial for perovskites when
compared to a broad array of other materials.””** This feature
enables nano- or even quantum-engineered perovskites based
on light-emitting diodes (LEDs), high-emission photovoltaics,
and high open-circuit voltage (V,.) even without the core—
shell structure.**”**>
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Figure 1. Device structure, photograph, and fabrication procedure of 3D PNPs arrays-based device. (a) Complete structure diagram and the
cross-sectional schematic diagram of PNP-based solar cells. (b) The schematic band structure of the PNPs crystal surface, where the built-in electric
field is formed due to the p-type doping of PNPs crystal surface regions, in which thickness is 1 nm, with a doping level of 10" cm™ at an energy
level of 0.1 eV above the valence band minimum (VBM).>”**%% (¢) Schematic illustration of the fabrication procedure for PNP-based devices.
Photographs of (d) NiO,-coated PAM (NiO,@PAM) implemented on the SnO, coated ITO-PET (SnO,@ITO-PET) and (e) complete device,

scale bars 1 cm.

To date, the growth of high-quality perovskite nanopillars
(PNPs) with well-defined geometry has rarely been reported.
In fact, the development of nanophotovoltaics is rather difficult
and lacks controllability and precision.””** Herein, we report a
strategy to controllably construct highly periodic three-
dimensional (3D) PNP arrays for flexible photovoltaics with
radial junctions. The effective light-trapping inside PNPs
combined with orthogonal carrier collection results in 84.0%—
89.18% EQE over a broad range of wavelengths and improved
short-circuit current density (J,) over a wide range of
incidence angles. Another attractive feature of our PNP-
based device is its excellent mechanical stress/strain tolerance.
Confirmed by simulation and experiment, PNPs exhibit an
outstanding ability for strain relaxation, along with strong
adhesion to the substrate. Moreover, benefiting from the self-
encapsulation of porous alumina membrane (PAM), a PNP-
based device exhibits excellent long-term stability and
remarkable photostability.

Figure la is the schematic of the PNP-based solar cell
device. One advantage of our strategy is the freedom of
material design in the perovskite composition. Herein,
Csp0sFAgs3MA, 1,PbBry 331, 4, is used, a mixed cation and
halogen-based perovskite with high tolerance against moisture
and oxygen.” Figure la schematically shows the orthogonal
collection and separation of photogenerated excitons into free
carriers.'”' 7% The device comprises vertically aligned arrays
of radial junctions surrounding PNPs, with indium-doped tin
oxide (ITO) and Au as the contact electrodes. Particularly, p-
type NiO, and 2,2’,7,7'-tetrakis| N,N-di(4-methoxyphenyl)-
amino]-9,9’-spirobifluorene (spiro-OMeTAD) serve as the
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hole transport layers (HTLs), and SnO, acts as the electron
transport layer (ETL). The flexible solar cell is fabricated on a
transparent poly(ethylene terephthalate) (PET) substrate to
ensure pliability.

The high-performance cells rely on efficiently collecting
photogenerated carriers before their recombination.”” Recent
studies found that the electron mobility in perovskite is
dominant over the hole.””** Besides, photogenerated holes of
perovskite tend to accumulate on its crystal surfaces and
generate hole currents (Figure 1b).*”*° This is based on the
assumption that uncoordinated ions at the perovskite crystal
surface cause the p-type doping crystal surface and yield band
bending. The band bending that occurs close to the PNPs
crystal surface will improve the separation of electron—hole
owing to the built-in electric field in this region.””*~>'

It is of importance to enhance the hole collection in the
PNP-based PSCs. Herein, each PNP is wrapped around NiO,,
forming a core—shell structure. The wrap-around junctions
significantly increase the interfacial areas between the PNPs
and HTL, allowing holes to transit through a short path to
reach the collection junction. Apart from that, the shell layer
NiO, has much higher carrier mobilities (y, = 4.4—5.2 cm?
V= s71)%%3 than spiro-MeOTAD (g, = 10™* cm® V7! s71).*
Thus, NiO,, can efficiently conduct holes from the perovskites’
crystal surface to spiro-MeOTAD. More discussion about the
heterostructure design can be found in Figures S1 & S2.

The fabrication process of PNPs (Figure 1c) uses PAM as
the template for achieving highly regular PNP arrays. Briefly,
SnO, is sputtered on top of a clean ITO-PET substrate. PAM
is fabricated by low-cost electrochemical anodization of
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Figure 2. The morphology and improved carrier collection of 3D Cs, ysFA( g3sMA¢ ;,PbBr 331, ; PNPs device. The top-view and cross-sectional
SEM images of (al, a2) PAM, (b1, b2) NiO,@PAM. (inset) Tilted-angle view, scale bars 200 nm. Tilted-angle view of (c1, c2) PNPs encapsulated
in NiO,@PAM (PNPs@NiO,@PAM). (inset) Top view, scale bars 200 nm. (d) Cross-sectional SEM image of the whole device based on PNPs@
NiO,@PAM, scale bars 200 nm. (e) HRTEM view of CsqsFAqssMAg1,PbBrg 331, 6 PNP along [201] zone axis, scale bars 2 nm. (inset) HRTEM
of a single PNP, scale bars 200 nm. (f) The steady-state PL spectra and (g) TRPL analysis of PNPs with and without an electron quencher (neat
PNPs (PNPs@PAM), black, PNPs@PAM/Spiro-OMeTAD, red, and PNPs@NiO,@PAM/Spiro-OMeTAD, blue).

aluminum (Al) foil with high periodicity. NiO, is deposited in
PAM via atomic layer deposition (ALD). Afterward, NiO,-
coated PAM (NiO,@PAM) is transferred to SnO,-covered
ITO-PET (SnO,@ITO-PET) by the Langmuir—Blodgett
technique. Next, PNPs are grown inside the pore of NiO,@
PAM via the capillary-effect-assisted solution method, followed
by the spin-coated deposition of spiro-OMeTAD. Finally, a top
electrode of Au is evaporated. Photographs of NiO,@PAM
implemented on the SnO,@ITO-PET, the complete device is
shown in Figure 1d,e, respectively. The fabrication details can
be found in the Experimental Section.

Figure 2al,a2 is the PAM top view and cross-sectional
scanning electron microscopy (SEM) image, respectively. The
pitch of the PAM is 500 nm, the pore size is 300 nm, and the
thickness is 500 nm. The chemically and mechanically robust
PAM is an ideal nanoengineering template to guide PNPs’
growth.”>*>* Besides, the geometry of PAM can be modulated
by controlling the fabrication conditions. This allows one to
explore the impact of diverse nanogeometry on the perform-
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ance of cells. Figure 2bl,b2 demonstrates the conformal
coating of NiO, both on the top and in the nanochannels of
the PAM. The tilted-angle views of PNPs encapsulated in
NiO,@PAM (PNPs@NiO,@PAM) are shown in Figure
2¢cl,c2. Close contact is formed at the interfaces between
PNPs and NiO,/SnO,, where photogenerated excitons are
dissociated into free charges. This is a prerequisite for an
efficient device, as the inferior contact at the interface is one of
the leading causes of impeding charge collection efficiency.
Figure 2c2 shows smooth surfaces of PNWs with no
observable grain boundary, suggesting a high crystalline quality
of PNPs. The cross-sectional SEM of the complete device is
shown in Figure 2d. The low-magnification SEM Figure 2c1 &
Figure S2 present the successful fabrication of high-density
PNPs arrays with a large-scale uniformity and close to 100%
pore-filling ratio, which is beneficial to avoid the formation of a
shunting path.

To characterize a crystal lattice, a single
Csp0sFAg33MAg 1,PbBry 331, c; PNP (inset of Figure 2e) with
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Figure 3. Light trapping enhanced absorption of PNP-based device. The UV—vis spectrum of (a) PTF and (b) PNPs@NiO,@PAM(PNPs)
under different incident angles (from 0° to 60°). The absorption is recorded every 10°. Simulated cross-sectional electric field intensity distribution
(IEP*) (normalized as min to max) in solar cells based on PNPs@NiO,@PAM and PTF at input light (c) 1 = 400 nm, (d) 4 = 509 nm, (e) 4 = 590
nm, and (f) A = 700 nm. The details of Finite-Difference Time-Domain (FDTD) simulations can be found in the Experimental Section.

less than 100 nm diameter was used for high-resolution
transmission electron microscopy (HRTEM) imaging. The
HRTEM view along [201] zone axis Figure 2e shows clear
lattice fringes with a spacing of 4.4 A for the (112) planes. The
fast Fourier transform analysis Figure S3 exhibits diffraction
spots of [201] zone axis in a hexagonal symmetry.*® Figure S4
shows X-ray diffraction (XRD) patterns of as-grown PNPs. All
the XRD patterns match well with the cubic phase perovskites
(space-group: Pmm, a = 90°, cell constant: a = 6.2874 A). No
impurity diffraction peak is observed.

Photoluminescence (PL) and time-resolved photolumines-
cence (TRPL) spectra of PNPs have been acquired to
understand the carrier dynamics. The PL spectra are obtained
with 514 nm light excitation. Figure 2f plots three PL spectra
from different material configurations, namely, PNPs@PAM
(bare PNPs encapsulated in PAM), PNPs@PAM/Spiro-
OMeTAD (spiro-OMeTAD layer atop the PNPs@PAM),
and PNPs@NiO,@PAM/Spiro-OMeTAD (spiro-OMeTAD
layer atop the PNPs@NiO,@PAM, the cross-sectional SEM
is shown in Figure SS). The PNPs@PAM demonstrates a
sharp PL peak at 780 nm. The introduction of spiro-OMeTAD
significantly quenches the PL intensity, further reduced by the
presence of NiO,, which is a good indication of efficient hole
transfer in the PNPs@NiO,@PAM/Spiro-OMeTAD film.

The TRPL curves in Figure 2g also reveal the radial built-in
electric field promotes charge collection. The decay curves are
fitted with a biexponential model. Figure 2g retrieves a carrier
lifetime of 7, = 76.30 ns for PNPs@PAM."”” Notably, the
carrier lifetime of PNPs is of the same magnitude as the
perovskite thin film (PTF) (Figure $6).>° The long carrier
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lifetime indicates a slow recombination rate, which allows
photogenerated carriers to move in the PNP without
constantly encountering traps. The other two material
structures show pronounced PL quenching, with carrier
lifetime reduced to 7, = 5.57 ns by spiro-OMeTAD and
further shortened to 7, = 1.17 ns after the NiO, modification.
The severer PL quenching yield of the NiO,-modified devices
suggests the improved hole separation capability from PNPs to
spiro-OMeTAD via the orthogonal carrier collection. In Figure
S7, the full width at half-maximum of instrument response
function (IRF) of 121 ps is estimated to confirm the accuracy.

Figure 3a,b plots the ultraviolet—visible (UV—vis) spectra of
PTF and PNPs under different incident angles (from 0° to
60°). The PNPs possess an appealing capability of collecting
photons over a broader range of incidence angles and
wavelengths.””’ The enhanced absorption is more noticeable
at high incidence angles. %61 Under the incident angle of 60°,
75.10% of absorption is achieved for PNPs at the wavelength
of 700 nm; in contrast, that of PTF is only 30.529. 514172627
The angular absorption advantage of PNPs is further
demonstrated in simulated absorption Figure S8a and electric
field intensity distribution (IEP) Figure $9.*° Additionally,
Figure S8b measures the normalized values of ], as a function
of incident light angle; the ], of PNP-based device retains
74.05% of its initial value at the incident angle of 60°, while
that of PTF is merely 37.87%.”

To numerically study the optical absorption at different
wavelengths in and outside PNPs, Figure 3c—f shows the
simulated cross-sectional |EI* of solar cells based on PNPs and
PTF at input wavelengths of A = 400 nm, 4 = 509 nm, 4 = 590
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Figure 4. Photovoltaic performance of PNP-based device. (a) Energy-band diagram and (b) current density—voltage (J—V) characteristics of the
champion devices based on PNPs@NiO,@PAM, red dot, and PNPs@PAM, black square, measured under standard AM1.S solar radiation. (c) J-V
curves of the PNPs@NiO,@PAM-based best-performing device, recorded in reverse and forward scanning directions. (d) Solid lines are the
external quantum efficiency (EQE) spectra of the best cells fabricated by PNPs@NiO,@PAM, red dot, and PNPs@PAM, black square. Dashed
lines show short-circuit current density (J,.) integrated from the overlap integral of the EQE spectra with the standard AM1.5 solar emission. (e)
The dependence of ], red circle, and open-circuit voltage (V,.), black square, under different illumination intensities of the PNPs@NiO,@PAM-
based device. (f) J—V characteristics of best-performing PSCs based on PNPs@SnO,@PAM, blue dot, and PNPs@PAM, black square. (inset)
Photovoltaic metrics derived from the J—V curves. SnO,-coated PAM was prepared by ALD (see Experimental Section).

nm, and 4 = 700 nm. All the figures have the same color bar to
make a fair comparison of |EP%. Figure 3c—f witnessed long
absorption paths along the length of PNPs, leading to a
noticeable increase in absorption and distinct light-guiding
behavior.””~*® The light-coupling effect is further confirmed by
the simulated top-view |EI* in Figure S9a. Figure 3c shows the
top zone dominates the absorption of short wavelengths.
Benefiting from the nanoengineered periodic geometry, the
benefit from the intensity of the standing wave in the PNPs at
the longer wavelength (Figure 3d—f) appears to be more
outstanding than at the short wavelength (Figure 3c).

To shed light on the impact of orthogonal carrier collection,
the device based on PNPs@NiO,@PAM and PNPs@PAM are
fabricated, with the energy-band diagram of the complete
device and the current density—voltage (J—V) characteristics
as shown in Figure 4a,b, respectivele. In Figure 4a, band energy
levels of SnOz,67 spiro-OMeTAD, 8 NiOx,é9 and perovskite45
are obtained from previously published literature. Perovskite
shows a proper energy-level alignment with SnO,, NiO,, and
spiro-MeOTAD. As shown in Figure 4b, the PNPs@PAM-
based device has the best power conversion efficiency (PCE)
of 14.84%, J.. of 21.04 mA cm™2, V. of 0.96 V, and fill factor
(FF) of 73.47%. Notably, the NiO, modification substantially
improved performance. The NiO,-modified champion device
achieved a high PCE of 16.57%, J,. of 21.80 mA cm ™, V,_ of
0.98 V, and FF of 77.56%. Different -V scan directions were
performed in Figure 4c to evaluate the hysteresis behavior of
PNPs@NiO,@PAM-based devices. The difference in PCE
between the forward and reverse scans is below 4% of absolute
values, which reflects negligible }1ysteresis.3’7’56 In general,
hysteresis is associated with electric polarization, trapping and
detrapping, and ion migration in perovskites. The negligible
hysteresis in the PNP-based device is a consequence of the
reduced overall defect density due to the high crystallinity of
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PNPs, suppressed internal ion migration in PNPs by the PAM
scaffold,”” and efficient charge collection in the radial built-in
electric field.”’

Figure 4d shows the EQE spectra of the above PSCs. The
PNPs@PAM-based devices contribute a high EQE of 81.2%—
86.2% for broadband wavelength (4 = 500-750

m).'>?9?372771 After the NiO, modification, a substantially
improved EQE of 84.0%—89.18% is witnessed over the whole
wavelength range.20’49 As a result, the NiO, modified device
obtained an integrated J,. of 21.80 mA cm™* from the EQE
spectrum. Figure 4e demonstrates a near-linear dependency of
Ji. on illumination intensity, which implies low nonradiative
recombination. But V. merely improved from 0.89 to 1 V. The
variation of V. can be attributed to thermal heating during the
measurement, as a cooling chuck is not used.'!

These results suggest that photogenerated holes from PNPs
are efficiently transferred out by NiO,. Still, the exploration of
ETL as a shell layer for electron conduct is necessary. Figure 4f
measures the J—V characteristics of PSCs with the device
configuration of ITO-PET/SnO,/PNPs@SnO,@PAM/Spiro-
OMeTAD/Au, and its SEM is shown in Figure S1. However,
there is no detectable performance enhancement induced by
the SnO, modification. This is primarily because the
photogenerated holes along the PNPs crystal surface are
much higher than in the crystal.*”*° The J—V curves of PNP-
based PSCs with varying heights are provided in Figure S10.
Performance improvement is witnessed up to an optimum
PNP height of 500 nm owing to enhanced light absorption. A
subsequent drop in the performance is observed with the PNP
height around 1000 nm, attributed to the engendered charge
recombination. To further improve PCE, Figure S11 studied
the impact of NiO, thicknesses on the device performance.
The PCE experienced an enhancement to an optimum NiO,,
thickness of 20 nm. A very thin NiO,, layer undermines carrier
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Figure 5. Robust long-term stability, photostability, and flexibility of PNP-based devices. (a) The long-term stability for unpackaged PNPs@
NiO,@PAM-based (PNP-based), red dot, and PTF-based devices, black square, stored in a desiccator with a humidity of 10%—20%. The
photostability tests under constant AM1.5G illumination for encapsulated PNP- and PTF-based devices. The performance was recorded every 24 h.
(b) Normalized integrated PL intensity evolution of PTF and PNPs over tape-assisted peel-off test cycles. (inset) Schematic of the test setup. (c)
Normalized PCE of PNP- and PTF-based devices after bending within a specified radius from 400 to 4 mm. (d) Normalized PCE of PNP- and
PTF-based devices as a function of bending cycles. The bending angle is fixed at around 120°. (inset) A picture of the setup for bending the flexible
modules. (e) Surface stress mapping results for the 3D model figure of PNPs@NiO,@PAM and PTF. (f) The sliced stress distribution is extracted

along the red dotted line in (e).

collection, while a too-thick NiO, layer adversely impacts
efficiency.

The stability of perovskites is always the foremost concern,
as they will rapidly degrade when exposed to oxygen, moisture,
heat, and ultraviolet radiation.”” Figure Sa performs the long-
term stability test of the PNP- and PTF-based device by
storing the unpackaged device in a desiccator (humidity 10%—
20%). The PTF-based device rapidly dropped to 80% of the
initial PCE after 960 h (T, = 960 h). By comparison, the PAM
scaffold minimal moisture/oxygen infiltration and their lateral
diffusion across the whole device led to a significantly boosted
lifetime for PNP-based devices (T, = 8400 h).>*** Figure 5a
also reveals the impact of light soaking on the photovoltaic
performance. The encapsulated devices were exposed to
continuous AM1.5G illumination in the ambient condition at
40 °C. The PTF quickly decayed to ~80% of the initial value
after 168 h. In contrast, benefiting from the suppressed internal
ion diffusion by PAM,”® PNP-based devices experienced a
considerable enhancement in photostability, which retained
~80% of original PCE after 408 h of light exposure. The weak
adherence between the perovskite and substrates is one of the
leading causes of poor mechanical stability. Figure Sb executes
an adhesive tape-assisted peel-off process to examine the
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adhesion between PNPs and substrates by evaluating
integrated PL intensity decay. The PL of PTF almost
diminished after 300 peel-off cycles due to the material
delamination. Our PNPs are grown in PAM nanochannels
(Figure S12); hence, they demonstrated strong adhesion, as no
noticeable PL intensity decreased after 1000 cycles.

From the viewpoint of flexible devices, durability under
bending stress is pivotal for applications such as wearable
power supplies. Systematic bending tests, including curvature
radius and cycles, were performed to ascertain mechanical
stability. Figure Sc monitors the normalized PCE of PTF- and
PNP-based devices versus the different curvature radii (R = co,
400, 200, 100, S0, 10, 8, 6, 4 mm) in one bending cycle. The
PCE was calculated from the device projection area. PTF- and
PNP-based devices both witnessed negligible PCE degradation
at the radius above 200 mm. Further decreasing the radius to 4
mm, the PNP-based device experienced a drop of 6.3% PCE.
In contrast, the PTF reference exhibited a 25.0% PCE loss.
Figure 5d further evaluates the change of normalized PCE of
PTF- and PNP-based devices under repetitive bending. The
PTF-based device showed an obviously deteriorated trend of
PCE after 100 bending cycles. Indeed, PNPs manifested a
much higher tolerance to fracture or deformation in multiple
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bending cycles than the PTF counterpart, with 80% of the
initial PCE retained after 1000 cycles. The SEM of PNPs and
PTF under repetitive bending is shown in Figure S13. The
strain and stress during bending induce cracks in PTF, which
aggravates performance degradation.””>”® In contrast, PNPs
survive such large bending-induced stress.”’>”* Such excellent
mechanical stability guarantees a steady output during
continuous bending.”* Still, a performance decay for the
PNP-based device was observed after 1000 cycles, which can
be caused by the deterioration of ITO-PET.””~"” To further
improve the mechanical durability, explorations about superior
conductive and flexible materials need to be exerted, such as
graphene materials, two-dimensional (2D) conductive materi-
al, etc.”87%°

To visualize the stress distribution inside the device
structure, a COMSOL simulation is performed in Figure Se.
Each PNP is individually encapsulated in the robust
mechanical PAM.®' Figure 5f extracts the cross-sectional stress
distribution along the red dotted line in Figure Se; its original
data is plotted in Figure S14. Indeed, the nanoscale geometry is
beneficial for facilitating the release of stress and tension, as
almost all the compressive or tensile stress is concentrated in
the PAM. This makes the stress most significant at the
deformation point of PNPs as low as 5.93—6.57 N m?,
whereas that of PTF reaches 42.54—43.41 N m™.

In summary, this work constructs crystalline and periodic 3D
PNP arrays for efficient, flexible photovoltaics. Assemblies of
PNPs, along with radial junctions, enable the realization of a
highly flexible device with unique optoelectronic properties.
Another appealing feature is the self-encapsulation of PAM,
leading to robust long-term stability and photostability.
Impressively, device nanostructure design can also facilitate
strain relaxation. All these merits combined suggest that a PNP
solar cell device structure is highly promising to achieve high
device performance, especially for applications that require
flexibility, if further material optimization can be conducted in
the future.
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