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Copolymer-Templated Nickel Oxide for High-Efficiency 
Mesoscopic Perovskite Solar Cells in Inverted Architecture

Faranak Sadegh, Seckin Akin,* Majid Moghadam,* Reza Keshavarzi,* Valiollah Mirkhani, 
Marco A. Ruiz-Preciado, Erdi Akman, Hong Zhang, Mina Amini, Shahram Tangestaninejad, 
Iraj Mohammadpoor-Baltork, Michael Graetzel, Anders Hagfeldt, and Wolfgang Tress*

Despite the outstanding role of mesoscopic structures on the efficiency and 
stability of perovskite solar cells (PSCs) in the regular (n–i–p) architecture, 
mesoscopic PSCs in inverted (p–i–n) architecture have rarely been reported. 
Herein, an efficient and stable mesoscopic NiOx (mp-NiOx) scaffold formed 
via a simple and low-cost triblock copolymer template-assisted strategy is 
employed, and this mp-NiOx film is utilized as a hole transport layer (HTL) in 
PSCs, for the first time. Promisingly, this approach allows the fabrication of 
homogenous, crack-free, and robust 150 nm thick mp-NiOx HTLs through a 
facile chemical approach. Such a high-quality templated mp-NiOx structure 
promotes the growth of the perovskite film yielding better surface coverage 
and enlarged grains. These desired structural and morphological features effec-
tively translate into improved charge extraction, accelerated charge transporta-
tion, and suppressed trap-assisted recombination. Ultimately, a considerable 
efficiency of 20.2% is achieved with negligible hysteresis which is among the 
highest efficiencies for mp-NiOx based inverted PSCs so far. Moreover, meso-
scopic devices indicate higher long-term stability under ambient conditions 
compared to planar devices. Overall, these results may set new benchmarks in 
terms of performance for mesoscopic inverted PSCs employing templated mp-
NiOx films as highly efficient, stable, and easy fabricated HTLs.

DOI: 10.1002/adfm.202102237

1. Introduction

Hybrid organic-inorganic lead halide 
perovskite solar cells (PSCs) have recently 
attracted tremendous interest in the 
renewable energy field, owing to their 
easy-fabrication, cost-effective opportu-
nities, and outstanding optoelectronic 
properties.[1–4] Reaching a certified power 
conversion efficiency (PCE) of 25.5%[5] 
within the last decade, PSCs show per-
formance on the lab scale, which is com-
parable to established photovoltaic (PV) 
technologies.

Highly-efficient PSCs mostly utilize the 
regular (n–i–p) architecture in mesoscopic 
configuration.[6–9] However, these devices 
still suffer from some issues such as poor 
long-term stability and current–voltage 
hysteresis, which indeed hinder the com-
mercialization of the regular architec-
ture.[10] To address these issues, choosing 
the inverted (p–i–n) architecture due to the 
cost-effectiveness and greatly suppressed 
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hysteresis effect has been becoming more and more attrac-
tive in the perovskite community.[11,12] In addition, some other 
aspects about inverted PSCs such as removing ionically doped 
hole transport materials and high operational stability have 
attracted wide research interests in the field and hint at a prom-
ising future.[13–15] Despite these attractions, such inverted PSCs 
currently possess inferior PCE compared to their conventional 
counterpart. Among the different approaches, inspired by the 
regular architecture, the employment of a mesoscopic configu-
ration in inverted devices could play a key role to open up new 
opportunities to further improve performance and reduce the 
efficiency gap between regular and inverted structures.

Compared to inverted planar PSCs, in the mesoscopic counter-
part, the mesoporous hole transport layer (HTL) works as a scaf-
fold for the perovskite absorber as well as a transport channel for 
photo-excited holes. The mesoscopic HTL facilitates perovskite 
infiltration, enhances light-harvesting efficiency, and improves 
the interface between the HTL and perovskite layer.[16] The better 
contact between HTL and perovskite promotes the growth of 
the perovskite film leading to better surface coverage with high-
quality grains, which effectively increases charge extraction, accel-
erates charge transportation, and suppresses trap-assisted recom-
bination at the corresponding interface. The confluence of such 
improvements results in a significant PV performance, negligible 
hysteresis, good reproducibility, and prolonged stability.[17,18]

Since efficient charge extraction by a high-quality and stable 
HTL with appropriate interface properties is essential in PSCs, 
enhanced device performance could be achieved by designing 
promising semiconductor nanostructures as HTLs. Metal 
oxide-based p-type semiconductors are suitable alternative 
materials for HTLs in PSCs owing to their wide bandgap, high 
carrier mobility, good chemical stability, suitable energy levels, 
low-cost, and environmental friendliness.[19] Among the various 
candidates, inorganic NiOx demonstrated a promising potential 
due to its large bandgap ranging from 3.6 to 4.0 eV, acceptable 
hole mobility (10−5 to 10−3 cm2 V−1 s−1), favorable energy level 
alignment, and high work function as high as 5.4 eV.[20,21] These 
properties prevent the perovskite layer from UV exposure 
and reduce the charge accumulation at the HTL/perovskite 
interface, resulting in efficient and stable devices.[22] Various 
methods have been devoted to further improve the efficiency 
in inverted PSCs based on planar nickel oxide HTLs such as 
surface modification, employment of interlayer, or doping 
with suitable dopants.[23,24] Nevertheless, only very few reports 
reached the high-efficiency of PSCs in the regular configura-
tion. Therefore, the development of new strategies allowing 
for the fabrication of highly efficient and stable inverted NiOx-
based PSCs is still in great demand. As mentioned above, there 
lies a vast scope of improvement in inverted PSCs by intro-
ducing the mesoporous scaffold to the structure.

Hitherto, inverted PSCs with mesoporous-NiOx (mp-NiOx) 
HTL have rarely been reported (Table S1, Supporting Informa-
tion) in contrast with their planar counterparts. Therefore, rig-
orous research effort is needed to further investigate the benefits 
of the mesoscopic architecture on the efficiency in parallel with 
the stability of inverted devices to meet the requirements for com-
mercialization of this technology. In the first pioneering work, 
Wang et al. introduced inverted PSCs based on the bilayer struc-
ture containing sol-gel derived electron blocking-NiOx (bl-NiOx) 
layer and mp-NiOx layer prepared by spin coating of diluting 

slurry commercial NiOx nanopowder, ethyl cellulose, and terpi-
neol which achieved a PCE of 9.5%.[25] In a follow-up study, they 
replaced the sol-gel derived bl-NiOx with a sputtered bl-NiOx film 
and increased the PCE to 11.6%.[26] In a similar direction, Guo 
et al. used solution derived Ni(OH)2 nanosheets obtained from a 
mixture of NiCl2·6H2O and NaOH to PH 10 as the nickel source 
followed by using ethyl cellulose ethoce and alpha-terpineol 
where different annealing processes were applied to prepare the 
mp-NiOx films with various morphologies. Finally, the champion 
device possessed a PCE of 11.97% based on a simple annealing 
process at 500 °C for 3h.[27] In another study, Yao et al. developed 
centimeter-sized PSCs based on a bilayer structure of Cu-doped 
bl-NiOx and Cu-doped NiOx nanoparticle-based mesoporous 
layer synthesized by a chemical precipitation method utilizing 
Ni(NO3)2.6H2O, Cu(NO3)2.3H2O, and NaOH followed by calcina-
tion of the obtained powder at 270 °C to reach effective charge 
collection at the NiOx/perovskite interface with minimized 
recombination loss.[28] This approach revealed the fabrication of 
high-efficiency PSCs (18.1%) with negligible hysteresis, accom-
panied by remarkable stability. Recently, an inverted PSC based 
on chemical bath deposited mp-NiOx as HTL was fabricated. The 
substrate was vertically immersed into a beaker with an aqueous 
ammoniacal precursor solution containing NiSO4 and K2S2O8 to 
pH = 11 at room temperature followed by annealing the obtained 
film at 500 °C.[29] As a result, a PCE up to 16.7% was achieved 
with a high fill factor (FF) of 0.85 compared to devices based on a 
sprayed NiOx film with PCE of 14.5%. The main reasons for the 
enhanced performances are ascribed to an improved interfacial 
adhesion between the perovskite and NiOx layer, together with 
reduced charge recombination. Very recently, Yin et al. reported 
hydrothermally processed 3D mesoporous NiOx nanowall-based 
PSCs contributing to better charge transport with lower interfacial 
energy loss. The hydrothermal process was carried out at 65 °C  
of vertically immersed FTO glass into the aqueous solution of 
NiCl2, CO(NH2)2, and K2S2O8 in autoclave followed by annealing 
the products at 350 °C in air to transform into NiOx nanowall-
based films. This strategy significantly improved the interface 
contact with low defect density and enhanced the quality of the 
perovskite layer. As a result, a considerable efficiency of ≈18% 
was achieved, which further increased to 19.16% in the pres-
ence of a diethanolamine interface passivation layer.[30] Although 
these studies exhibit the critical impact of the morphology of the 
selective contact on the charge transfer and interfacial properties 
in PSCs, the requirement of vacuum-processing and compli-
cated multi-step procedures remain challenges that hinder their 
commercialization.

Compared to traditional synthetic methods, the template-
assisted strategy has become one of the straightforward and low-
cost routes of synthesizing mesoporous materials. Through this 
method, templates are used as structure-directing agents and 
removed from the structure to create pores in the framework after 
the annealing procedure.[31] In this regard, non-ionic amphiphilic 
block copolymer (BC) templates can be proposed as an efficient 
strategy in the synthesis of well-defined mesoporous frameworks 
owing to their advantages such as facile removal features and 
diversity of molecular structures leading to a wide range of pore 
architectures.[32,33] Benefiting from the BC template-assisted 
synthesis concept, the mesoporous structures containing large 
mesopores in a broad range of diameter could be designed for 
different applications, which require the storage or hosting 
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of large-sized species/molecules.[34] Most promisingly, the BC 
template protocols allow the fabrication of homogenous, crack-
free, and robust mesoporous films with uniformly distributed  
nanoparticles and normal pore size distribution through a facile 
single-step sol-gel method.[35] Furthermore, by adding the BCs to 
the sol-gel solution, the novel templated mesoporous structures 
are expected to offer a highly positive impact on the transpar-
ency of the photoelectrode.[35] It is worth noting that according 
to the best of our knowledge, there has been no report on uti-
lizing mp-NiOx films prepared via the template-assisted method 
exploiting triblock copolymers in inverted PSCs so far.

In this study, we successfully fabricated highly efficient and 
stable inverted PSCs in the mesoporous architecture by applying 
a sol-gel derived mp-NiOx HTL utilizing pluronic triblock copol-
ymer P123 as a template. The fabricated PSCs with regards to 
a bilayer structure of sol-gel derived compact NiOx (c-NiOx) 
electron blocking layer and templated mp-NiOx HTL translated 
into an outstanding efficiency of 20.2%. Notably, the high perfor-
mance obtained for our mesoscopic devices was achieved without 
interface passivation or doping strategies; and it is among the 
highest efficiencies for mp-NiOx-based inverted PSCs reported 
to this date. Moreover, it is also important to highlight that the 
absorber and the charge transport layers were prepared through 
solution processing, paving the way for a highly efficient, low-
cost, and scalable PV technology. Furthermore, adopting this 
breakthrough approach enabled a substantially suppressed hys-
teresis effect in inverted planar NiOx-based PSCs. In addition, 
the mesoscopic devices with mp-NiOx retained more than 90% 
of their initial efficiencies after a stability test by being subjected 

to a 35 ± 5% relative humidity at 25 °C over the span of 950 h 
under dark conditions without any encapsulation whereas the 
PCE of planar control devices dropped to 83% under the same 
aging conditions. Overall, considering all of the above-mentioned 
factors, we strongly believe that this study demonstrates the 
potential of templated mp-NiOx films as highly efficient, stable, 
and easily fabricated HTLs for inverted PSCs.

2. Results and Discussion

Herein, a facile sol-gel derived mp-NiOx film utilizing plu-
ronic triblock copolymer P123 was developed and employed 
as the mesoscopic HTL in inverted PSCs with a bilayer struc-
ture of c-NiOx/mp-NiOx (Experimental details are presented 
in Supporting Information). Pluronic triblock copolymer P123 
consists of hydrophilic poly(ethylene oxide) (PEO) and hydro-
phobic poly(propylene oxide) (PPO) blocks which are arranged 
in a (PEO)20(PPO)70(PEO)20 triblock structure. Amphiphilic sur-
factant molecules dispersed in the hydrophilic medium form 
an aggregate with the hydrophilic regions in contact with the 
surrounding medium, sequestering the hydrophobic region in 
the micelle center. The inorganic phase containing terminal 
hydroxyl groups acts as hydrophilic nano building blocks which 
interact with the hydrophilic portion of the block copolymer 
through hydrogen bonding. Spin coating of the solution on the 
substrate leads to the formation of an organic–inorganic hybrid 
phase which is followed by the calcination process resulting 
in complete removal of the organic template from the film. 

Figure 1.  An illustration of the elaboration process to prepare P123 templated disordered mesoporous metal oxide film.

Adv. Funct. Mater. 2021, 31, 2102237



www.afm-journal.dewww.advancedsciencenews.com

2102237  (4 of 12) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

The mesoporous structure is thus obtained at once. Figure  1 
illustrates the process to prepare P123 templated disordered 
mesoporous metal oxide films. Structural and electrical charac-
terization of the corresponding layers were performed before 
discussing the PV part to clearly understand the impact of the 
mesoporous layer on the interfacial and surface properties.

To confirm whether residual surfactant fragments are present 
after the calcination treatment, Fourier Transform Infra Red (FT-
IR) spectroscopy was carried out. Figure S1, Supporting Infor-
mation, reveals the presence of P123 surfactant associated with 
bands around 2870–2970 cm−1 and 1100 cm−1 in the as-synthe-
sized mesoporous sample. These bands are related to stretching 
vibrations of CH and COC bonds, respectively, which are 
the most significant signals associated with P123 copolymer.[36] 
However, these P123-associated bands are no longer detectable 
after calcination of the mesoporous sample, which proves com-
plete removal of the template structure after thermal treatment. 
The absorption band associated with the NiO vibration bond 
should appear close to 400 cm−1 but due to spectral limitations, 
this band cannot be observed.[37] It is noteworthy that the spec-
trum of the calcined mesoporous sample is similar to the spec-
trum of the compact sample used as control, reinforcing the evi-
dence of complete template removal after calcination.

Crystallographic information of the samples was acquired 
by X-ray diffraction (XRD) analysis. Figure  2a shows the 
obtained patterns of c-NiOx and bilayer c-NiOx/mp-NiOx 
films deposited on an FTO substrate. There are five narrow 
and strong peaks assigned to the (111), (200), (220), (311), and 
(222) plane orientations of crystalline NiOx with cubic struc-
ture (JCPDS card no: 047-1049). Utilizing the Debye–Scherrer 
equation, the typical crystallite sizes were estimated to be 
around 20 and 28  nm corresponding to compact and bilayer 
NiOx samples, respectively.

To elucidate the chemical composition of sol-gel-
derived NiOx films, the compact and bilayer NiOx samples 
were studied by X-ray photoelectron spectroscopy (XPS),  
(Figures  2b,c). Figure  2b displays almost the same high-res-
olution XPS spectra of the Ni 2p3/2 core level for both samples 
which consist of the main component with the double-peak fea-
ture at lower binding energy where deconvoluted to two peaks at 
≈853.7 and ≈855.5  eV ascribed to Ni2+ and Ni3+ cations respec-
tively, while a broad peak at higher binding energy ≈863.3 eV is 

ascribed to a shakeup process in the NiOx structure.[38] The Ni2+ 
cation is attributed to the standard NiO octahedral bonding 
in the rock-salt cubic configuration whereas the Ni3+ cation is 
assigned as a combination of the Ni2+ induced-vacancy, nickel 
hydroxides, and oxyhydroxides. It is worth noting that our results 
are consistent with those reported for other solution-processed 
NiOx films.[39] The high-resolution XPS spectrum of the O 1s core 
level splitting shown in Figure 2c consists of two deconvoluted 
peaks centered at ≈529.3  eV denoted as O1 for NiO bonding 
in the NiOx lattice and ≈531.1  eV denoted as O2 which is over-
lapping contributions of defect sites within the NiOx crystal lat-
tice, nickel oxyhydroxides, hydroxides including defective nickel 
oxide with hydroxyl groups adsorbed on the surface, and organic 
oxygen.[40] As a comparison of two samples, the area ratio of O2/
O1 decreased from 2.9 to 1.2 for the bilayer sample suggesting 
that the template-assisted process induces greater NiOx crystal-
linity and fewer defects at surface and grain boundaries. Such 
improvements especially fewer traps originated from undercoor-
dinated oxygen atoms close to Ni vacancies in the lattice, which 
is a key issue for the sol-gel-driven metal oxides, are beneficial 
for efficient hole extraction from perovskite to HTL.[41]

Transmission electron microscopy (TEM) was applied to fur-
ther investigate the templated mp-NiOx materials (Figure  3a). 
It could be seen that NiOx particles have an average diameter 
of ≈26  nm (Figure S2a, Supporting Information). Similarly, the 
corresponding high-resolution TEM image in Figure  3b identi-
fies an excellent crystallinity with a lattice fringe with interplanar 
distances of ≈2.4 and ≈2.06 Å, in accordance with the (111) and 
(200) crystal planes of the NiOx structure, respectively. As shown 
in Figure  3c, the corresponding selected area electron diffrac-
tion (SAED) pattern under TEM further confirms the crystalline 
nature of the mp-NiOx film where the well-determined diffraction 
rings imply the polycrystalline nature of the mp-NiOx crystals as 
shown in XRD patterns. We could infer that a well crystalline mp-
NiOx with definite pore size and shape can be synthesized by the 
copolymer template-assisted sol-gel method in our experiment.

We investigated the morphological surface features of the 
compact and bilayer NiOx films deposited on FTO substrate 
using scanning electron microscopy (SEM) and presented 
micrographs in Figures  3d,e. The top-view SEM micrograph 
of the compact sample (Figure  3d) exhibits a typical surface 
morphology compared to similar studies[29,42] showing the 

Figure 2.  a) XRD patterns of the c-NiOx and c-NiOx/mp-NiOx films deposited on FTO substrate. High-resolution XPS spectra of b) Ni 2p and c) O 1s 
peaks of the corresponding samples.
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outlines of FTO grains. The micrograph of the bilayer NiOx 
sample presented in Figure  3e reveals that the templated 
mesoporous layer has clearly a high degree of porosity com-
posed of a disordered worm-like interconnected mesoporous 
network which is uniformly distributed in the nanosized NiOx 
particles. The particle and pore diameter distribution histo-
grams (Figure S2b, Supporting Information) of the mp-NiOx 
film obtained from the SEM image show an average particle 
and pore diameter of ≈30 ± 7  and ≈31 ± 11  nm, respectively. 
The narrow-size distributions point out good uniformity 
in particles and pore diameters through this template-
assisted method which is beneficial for preparing a uniform 
mesoporous framework. Moreover, most of the particles vis-
ible in the SEM image are 25–30  nm in diameter, which is 
consistent with the size obtained from the XRD pattern indi-
cating that most of the particles are not composed of different 
crystalline domains but are individual crystals. Furthermore, 
the  elemental mapping image (Figure S3, Supporting Infor-
mation) exhibits a homogeneous distribution of Ni and O ele-
ments within the templated mp-NiOx film. Specifically, the 
cross-sectional SEM micrograph of mp-NiOx film deposited 
on FTO/c-NiOx substrate (Figure  3f) suggests a largely con-
tinuous, uniform, and crack-free 150  nm thick layer without 
gap at the substrate/mp-NiOx interface indicating homoge-
neous coating and a high-quality mp-NiOx film prepared by 
P123 template, which is promising for high-quality perovskite 
formation. In contrast to the compact thin film, the mp-NiOx 
film thanks to the mesoporous channels exhibit a higher sur-
face area for perovskite filling and crystallization.

For PV applications, it is crucial that the charge transport 
layers possess adequate optical properties. In particular, when 
working with inverted PSCs, the transmittance of the HTL 
must be maximized and the reflectance minimized. In this 
regard, the optical transparency and reflectivity of the c-NiOx 
and bilayer c-NiOx/mp-NiOx films deposited on an FTO sub-
strate were characterized by UV–Vis spectroscopy, as shown in 
Figure  4a. The spectra demonstrate a negligible effect on the 
optical properties of the FTO/c-NiOx compared to the bare FTO 
substrate. On the other hand, the transmittance of the c-NiOx/
mp-NiOx bilayer structure is higher than that of the bare FTO 
and compact HTL. This can be explained by the fact reported in 
previous studies that the refractive index of a material decreases 
when introducing mesoscale pores into the framework.[43] 
In other words, the resulting enhanced transparency can be 
explained by an index matching effect of the mesoporous struc-
ture.[35,44] The diffuse reflectance spectra shown in Figure  4a 
confirm a reduction of the reflectance over the entire wave-
length range in the presence of mesoporous templated mp-
NiOx layer. Besides, the optical band gap (Eg) values of c-NiOx 
and bilayer c-NiOx/mp-NiOx films deposited on FTO substrate 
were estimated to be 3.92  eV by Tauc analysis (Figure  4b) as 
consistent with values reported in the literature.[45]

To investigate the effect of the different NiOx films on the 
quality and surface morphology of the perovskite film, SEM 
micrographs, XRD patterns, and UV–Vis spectra of perovskite 
layers deposited on FTO/c-NiOx and FTO/c-NiOx/mp-NiOx sub-
strates were also examined. As seen, the top view SEM micro-
graph of the perovskite film on c-NiOx/mp-NiOx substrate 

Figure 3.  a) TEM image (scale bar is 50 nm), b) HR-TEM image (scale bar is 5 nm), and c) SAED pattern (scale bar is 10 nm−1) of mp-NiOx sample. 
Top-view SEM images of d) c-NiOx and e) c-NiOx/mp-NiOx films deposited on FTO substrate (scale bars in both SEM images are 200 nm). f) Cross-
sectional SEM image of c-NiOx/mp-NiOx film deposited on FTO substrate (scale bar is 1 µm); inset shows the magnified view.
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(Figure 5b) clearly exhibits a full surface coverage with compact 
and pinhole-free morphology whereas some pinholes can be 
clearly seen in the SEM micrograph of c-NiOx/perovskite film 
(Figure 5a). As is known, pinholes on perovskite are shown to 
increase the shunting problem and decrease Voc.[46] Moreover, 
grain size and crystal structure of the perovskite film are other 
important parameters for achieving high-performing devices, 
which are substantially affected by perovskite film formation.[47] 
The corresponding size distributions of perovskite grains, 
depicted in Figure 5c, display an average perovskite grain size 
of ≈213 ± 83 and ≈263 ± 83 nm for compact and bilayer NiOx 
films, respectively. The enlarged grains with a lower density of 
grain boundaries in the perovskite film on bilayer NiOx sub-
strate can be ascribed to the nucleation behavior promoting 
sustainable growth of more widely dispersed nuclei on the sur-

face of the mesoporous film.[28] In other words, less restriction 
during crystal growth could be another reason for the increase 
in grain size for bilayer HTL, since the perovskite crystal 
domain size can be constrained by the pore size of preformed 
NiOx scaffolds.[48] The XRD pattern was utilized to probe the 
crystallinity of the perovskite films and the typical peaks pre-
sented in Figure S4a, Supporting Information, confirm the 
successful formation of the perovskite phase. Specifically, the 
higher peak intensity at 14.2° for perovskite film on the bilayer 
NiOx substrate indicates a better crystallinity, which agrees 
with increased grain size deduced from the SEM results. The 
achieved high-quality perovskite layer with high crystallinity 
and large grains with fewer grain boundaries for bilayer NiOx 
sample confirms a better film-formation ability of the ideal 
interconnected porous structure, which is superior to that of the 

Figure 5.  Top-view SEM images of the perovskite films deposited on a) c-NiOx and b) c-NiOx/mp-NiOx HTLs (scale bar in both images is 500 nm).  
c) The corresponding histograms derived based on perovskite grain size obtained from the top SEM images. Cross-sectional SEM images of the d) planar  
and e) mesoscopic full devices (scale bar in both images is 200 nm). f) Schematic illustration of the meso-structured PSCs employed in this study.

Figure 4.  a) UV–Vis transmittance and reflectance spectra of bare FTO, FTO/c-NiOx, and FTO/c-NiOx/mp-NiOx samples. b) The extrapolated plot of 
(αhυ)2 against hυ obtained from the absorbance of c-NiOx and bilayer c-NiOx/mp-NiOx films deposited on FTO substrate.
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c-NiOx. Notably, the porous scaffold is beneficial to form a good 
physical contact with the perovskite film and improved HTL/
perovskite interface, which plays a considerable role in hole 
transportation through the junction.[49] Additionally, the good 
surface morphology of such perovskite films with fewer grain 
boundaries effectively reduces interface defects which sup-
presses non-radiative charge recombination and facilitates the 
transport/collection of photogenerated charges in the device.[50]

Figure S4b, Supporting Information, presents the absorption 
spectra of perovskite films and the perovskite film deposited on 
c-NiOx/mp-NiOx HTL shows a higher absorbance across the 
entire region than that of the perovskite film on c-NiOx HTL. 
This could be ascribed to the slightly thicker perovskite layer 
including the infiltrated part in the mesoscopic NiOx, as can 
be seen in cross-sectional SEM photographs (Figures  5d,e).[25] 
To show a high degree of pore filling and better wettability of 
the mp-NiOx film, the contact angle of a water droplet on both 
NiOx samples was measured. As depicted in Figures S5a,b, 
Supporting Information, the contact angle on the bilayer NiOx 
sample (33°) is considerably lower than that of the c-NiOx 
sample (61°).

To further evaluate the morphology characteristics of the solar 
cells, we reported the cross-sectional SEM views (Figure  5d,e) 
of control and mesoscopic full devices, respectively. Here, the 
mesoscopic devices were fabricated in the typical structure of 
FTO/c-NiOx/mp-NiOx/Cs0.05(MA0.15FA0.85)0.95Pb(Br0.15I0.85)3/
PCBM/BCP/Ag (Figure  5f). In both SEM micrographs, the 
c-NiOx layer is not visible due to the low thickness whereas 
in the mesoscopic device a rather conformal mp-NiOx layer 
with full coverage within the entire range of the substrate is 
observable, which looks well infiltrated by the perovskite mate-
rial. Besides, the mp-NiOx/perovskite layer was covered by a 
highly uniform and continuous capping-layer advantageous 
for acquiring higher VOC. Interestingly, this capping-layer of 
perovskite grains is highly compact where individual grains 
extend from top to bottom consistent to the enlarged grains 
with fewer grain boundaries shown in the top view image. 
Unlike the mesoscopic device, the planar structure consists 
of a multi-grain perovskite film with a smaller grain size and 
more grain boundaries. Additionally, a gap between the perov-
skite layer and the substrate is visible (Figure S6a,b, Supporting 
Information) which can be detrimental to device performance. 

As mentioned above, the high-quality perovskite film in meso-
scopic device is expected to lead to better charge transport as 
well as fewer recombination losses along grain boundaries.[51]

Ultraviolet photoelectron spectroscopy (UPS) spectra were 
recorded to probe the hole extraction ability of c-NiOx and 
bilayer c-NiOx/mp-NiOx HTLs as shown in Figure  6a–c. The 
Fermi levels (EF) of compact and bilayer samples are estimated 
as −4.70 and −4.82 eV, respectively, according to the equation of 
EF = Ecut-off (cut-off binding energy) − 21.22 eV (emission energy 
from He irradiation). The valence band maximum (EVB) of 
NiOx films is measured to be −5.3 eV for compact and −5.42 eV 
for bilayer samples, following the equation of EVB = EF − EF, edge. 
The conduction band minimum (ECB) of the films, calculated 
from the bandgap (Eg), shown in Figure 4b, is obtained as −1.38 
and −1.5  eV for compact and bilayer samples, respectively. 
The energy levels of all involved materials are presented in 
Figure 6d. It is found that in contrast to c-NiOx film, there is a 
downward shift of the valance band in the case of bilayer NiOx 
HTL which is believed to be more compatible with the valance 
band of the CsMAFA perovskite film (−5.5 eV) and might lead 
to reduced interface recombination.

For the thickness optimization, the concentration of the 
NiOx precursors was varied and the optimum concentration 
selected based on the efficiency. PV parameters are presented in 
Figure S7, Supporting Information. Thereafter, mesostructured 
PSCs have been fabricated with this optimized concentration 
for further analysis. We fabricated a series of inverted PSCs in 
planar and mesoscopic configuration to assess whether there is 
an effect of P123 templated mp-NiOx scaffold on the device per-
formance. A markedly improved PV performance was obtained 
in the mesoscopic devices over that of planar control devices. 
Figure  7a shows the current density–voltage (J–V) curves of 
the champion planar and mesoscopic PSCs based on NiOx 
HTLs running a scan with rates of 50  mV s−1 under full sun 
illumination (100 mW cm−2) from which we deduced the corre-
sponding PV parameters listed in Table 1. The champion planar 
device exhibits a short-circuit photocurrent density (JSC) of 
22.9 mA cm−2, an open-circuit voltage (VOC) of 1.05 V, and a FF 
of 77%, yielding a PCE of 18.7% (under reverse scan). Remark-
ably, the champion mesoscopic device based on templated mp-
NiOx shows higher PV parameters: a JSC of 23.8 mA cm−2, a VOC 
of 1.09 V, an FF of 79%, and a PCE of 20.2% (under reverse scan). 

Figure 6.  a) Eonset; the onset of photoemission in the low binding energy region b) UPS spectra, and c) Ecut-off; the inelastic cut-off binding energy of 
c-NiOx and bilayer c-NiOx/mp-NiOx films deposited on FTO substrate. d) Energy level diagram of the typical device architecture.
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To the best of our knowledge, this PCE value in our mesoscopic 
device without any interface passivation or dopant strategy is one 
of the highest efficiencies among the inverted mesoscopic PSCs 
based on NiOx HTL (Table S1, Supporting Information).

Obviously, introducing the mp-NiOx layer to the device 
enhances all PV parameters. The significant enhancement in 
the VOC could be attributed to reduced trap-assisted charge 
recombination at defects at the grain boundaries of the perov-
skite and/or at the HTL/perovskite interface.[52] Similarly, 
higher FF can be attributed to the lower overall series resist-
ance of the cell associated with close connection between the 
high-quality perovskite layer and mp-NiOx film, which is ben-
eficial to charge transport and collection.[53] To assess resistive 
losses, the differential resistance was extracted at VOC for J–V 
curves measured under simulated sunlight. Figure 7b demon-
strates that the mp-NiOx scaffold leads to a reduction in the 
overall series resistance of the mesoscopic PSCs in contrast to 
the planar counterpart as consistent with the increased FF. The 

advances in the PV performance of the inverted NiOx-based 
PSCs are also confirmed by the incident photon-to-current con-
version efficiency (IPCE) and stabilized power output (SPO) 
analyses. Figure  7c presents the corresponding IPCE spectra 
of the champion devices. Both devices possess a broad IPCE 
plateau (>80%) over a wide spectral range. However, the spec-
trum of mp-NiOx device shows a high IPCE of around 95% 
in some wavelengths. This value is higher than the transmis-
sion reported in Figure  4a, which is mainly due to the scat-
tering effect of our hazy FTO substrate, reducing the direct 
transmission in a transmission measurement, but leading to  
light trapping and absorption in the adjacent perovskite film. 
However, a notable improvement in IPCE and the acquired 
outstanding JSC can be seen in mp-NiOx incorporated devices 
independent of wavelength, signifying not only the higher 
light absorption of the perovskite film but more importantly 
an enhanced charge extraction. The integrated JSC from the 
IPCE measurements reaches 22.7 and 23.6 mA cm−2 for control 

Figure 7.  (a) J–V characteristics of the best-performing PSCs based on different HTLs measured in reverse direction with the scanning rate of  
50 mV s−1. The inset shows the statistics of PCE over 25 devices in each case. b) Series resistance extracted by the slope of the J–V curves at VOC. c) IPCE 
curves of planar and meso-structured PSCs and the integrated JSC values obtained from the respective IPCE spectra. d) The SPO curves of the planar 
and meso-structured PSCs. Hysteresis characteristics of the corresponding e) planar and f) meso-structured PSCs. The insets show PV parameters of 
performing devices obtained by forward scan direction.

Table 1.  PV parameters of the best-performing planar and meso-structured PSCs extracted from the reverse J-V scan and corresponding average values.

HTL VOC [V] JSC [mA cm−2] FF PCE [%]

Champion Average Champion Average Champion Average Champion Average

c-NiOx 1.05 1.05 ± 0.01 22.9 22.8 ± 0.1 0.77 0.76 ± 0.01 18.7 18.4 ± 0.2

c-NiOx/mp-NiOx 1.09 1.08 ± 0.01 23.8 23.7 ± 0.1 0.79 0.78 ± 0.01 20.2 20.0 ± 0.1

Adv. Funct. Mater. 2021, 31, 2102237
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and mesoscopic cells, respectively, which is substantially con-
sistent with J–V measurements (Figure  7a). The SPO was 
conducted for the best-performing devices at their maximum 
PCE under the standard illumination (AM 1.5G) over 120 s. 
As depicted in Figure 7d, the PCE of control PSC stabilizes at 
≈18.2%, whereas the mesoscopic PSC yields a stabilized PCE  
of ≈20.1%.

As the PV parameters could be dependent on scan direction 
resulting in hysteresis phenomena, in Figure  7e,f, we showed 
forward and reverse J–V curves of the best-performing planar 
and mesoscopic devices to determine the hysteresis index (HI), 
where the extracted PV parameters under the forward scan  
are summarized in the inset. The HI was  calculated using 
Equation (1):

Hysteresis index (PCE PCE )/PCEbackward forward backward= − 	 (1)

Remarkably, while the HI for the champion control device 
was calculated to be 0.098, the champion mesoscopic device 
exhibited a negligible hysteresis effect with a calculated index 
of 0.018. The J-V hysteresis within PSCs can originate from 
structural defects in the perovskite absorber and the perovskite/
charge transport layer interfaces. It is well known that interface 
defects act as traps for electrons and holes which could lead to 
a charge accumulation at the corresponding interface and also 
function as recombination centers, with rates influenced by 
ion migration.[54,55] As evidenced by SEM images (Figure 5a,b), 
the perovskite film deposited on bilayer c-NiOx/mp-NiOx HTL 

possesses large grains and reduced grain boundaries, which 
can also alleviate hysteresis.[56]

To gain insights into the corresponding reproducibility of 
the PSCs of this study, the PV performance obtained with the 
planar and mesoscopic architectures was further ascertained by 
measuring 25 devices for each case, and statistics of PV param-
eters are summarized in Figure  8 and Table  1. Moreover, the 
PCE histogram chart is given in the inset of Figure  7a. Spe-
cifically, average PCEs of 18.4 ± 0.2%  and 20.0 ± 0.1%  were 
attained for control and mesoscopic devices, respectively con-
firming high reliability (small standard deviation) in the pres-
ence of mp-NiOx HTL.

To elucidate the charge-transfer dynamics, time-resolved pho-
toluminescence (TRPL) data were collected for the perovskite 
layers coated on bare FTO, FTO/c-NiOx, and FTO/c-NiOx/mp-
NiOx substrates (Figure  9a). The PL decay of the NiOx sam-
ples was fitted by a bi-exponential model, whereas a single 
exponential model was sufficient for the perovskite on bare 
FTO. The obtained parameters are summarized in Table S2, 
Supporting Information. Evidently, the initial decay lifetime 
sharply decreased with the integration of HTLs from 90 ns for 
the bare FTO to 10 and 7  ns for c-NiOx and c-NiOx/mp-NiOx 
HTLs, respectively. Compared to the compact counterpart (and 
bare FTO), the rapid quenching of bilayer HTL highlights the 
enhanced charge extraction by a faster charge transfer to the 
HTL. This can be ascribed to the improved contact between 
the mp-NiOx and perovskite due to a more conformal coverage 
(fewer voids) and a higher interface area due to the infiltration 

Figure 8.  PV metrics of planar and meso-structured devices (25 devices for each case): a) JSC, b) VOC, c) FF, and d) PCE.
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of the perovskites into the mp-NiOx film (see Figure  5). The 
steady-state PL spectra (Figure  9b) confirm this effect, where 
an enhanced contact with the mp-NiOx leads to a stronger 
quenching of the PL, indicative of enhanced charge transfer 
with subsequent non-radiative recombination.[57] Comparing 
with an inverse trend of the VOC (VOC is higher for mp-NiOx), we 
suspect that the larger PL in the c-NiOx sample originates from 
luminescent regions that do not contribute to photocurrent.

For further analysis of the recombination mechanism, 
the VOC was probed as a function of illumination intensity to 
deduce the ideality factor (nid) (Figure 9c). In an ideal solar cell 
with only bimolecular charge recombination, the slope of the 
VOC curve versus the natural logarithm of the incident light 
intensity (I) should be kT/q while a solar cell with trap-assisted 
charge recombination may show a slope greater than kT/q.[58] 
The nid value is represented by Equation (2):

n q kT dV d I( ) ( )= / / lnid OC 	 (2)

where q, k, and T are elementary charge, Boltzmann’s constant, 
and temperature, respectively. As shown in Figure 9c, the mes-
oscopic PSC shows a significantly smaller ideality factor (1.32) 
as compared to that of the planar PSC (1.79). This indicates 
reduced trap-assisted recombination in the bulk of the perov-
skite and at the HTL/perovskite interface, which is consistent 
with the larger grains observed in SEM.[59,60]

In addition to the high PV efficiency, the durability of the 
PSCs for long-term applications is another major concern for 
commercialization aspects. In this regard, we compared the 
long-term stability of inverted PSCs based on bilayer NiOx 
and control planar devices (4 devices for each case). The unen-
capsulated devices were stored in an ambient environment 
with a relative humidity of 35 ± 5%  and a temperature of  
25 °C. The performance of the devices was monitored after 
different storage times and the corresponding PV parameters 
are demonstrated in Figure 10. The results show that meso-
scopic devices achieved a noticeable enhancement in stability 
compared to the planar PSCs. Specifically, the mesoscopic 
devices remained 90% of their initial efficiencies after 950 h 
of storage, while the control PSCs degraded to 83% under the 
same conditions. As can be seen, VOC values do not decline 
too much whereas the maximum degradation of PCE stems 
from the reduction of FF and JSC which can be related to 
reduced charge transport due to interfacial degradation. The 
improved perovskite quality with a film composed of larger 
grains and fewer structural defects could render the resulting 
PSC less susceptible to moisture uptake and reduce the vul-
nerability of the perovskite layer induced by atmospheric 
moisture in mesoscopic devices.[61,62] The suppression of ion 
migration owing to the high surface quality of perovskite layer 
can be another reason for the improvement in the stability of 
devices.

Figure 9.  a) TRPL and b) PL spectra of perovskite films deposited on bare and NiOx-coated FTO substrates. c) The light intensity dependence of the 
VOC for planar and meso-structured PSCs.

Figure 10.  Normalized a) PCE, b) JSC, c) VOC, and d) FF curves of performing planar and meso-structured devices without any encapsulation stored at 
35 ± 5% relative humidity and 25 °C over 950 h under dark (4 devices for each case).
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3. Conclusions

In this study, an efficient and stable mesoporous NiOx film was 
synthesized via a facile and low-cost triblock copolymer tem-
plate-assisted strategy and successfully employed to inverted 
PSCs for the first time. Such high-quality mp-NiOx scaffold 
significantly improved the perovskite crystal growth, facilitating 
charge transportation and suppressing charge recombination. 
As a result, champion mesoscopic inverted PSC achieved a high 
PCE of 20.2% with negligible hysteresis. In addition, the devices 
based on templated mp-NiOx HTL retained more than 90% of 
their initial PCEs without any encapsulation at 35 ± 5% relative 
humidity over 950 h under dark conditions, whereas the PCEs 
of the planar devices dropped to 83%. This study highlights the 
potential of the copolymer template-assisted strategy for synthe-
sizing mesoscopic metal oxides as promising HTLs for highly 
efficient and stable mesoscopic PSCs in inverted architecture.
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