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Flexible transparent electrodes based on metallic
micro—nano architectures for perovskite
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With the development of lightweight and flexible electronics, flexible transparent electrodes (TEs) have
attracted huge attention in both academia and industry, and play a central role in high-performance
flexible electronics. As a kind of emerging conducting material for TEs, metallic micro—nano architec-
tures (MMNAs) possess both low sheet resistance and high optical transmittance. In addition, the high
flexibility and low-cost solution processing make MMNAs promising candidates to replace the traditional
conductive metal oxides, which suffer from the high-cost fabrication process and low conductivity on

Received 31st August 2021, flexible substrates. In this review, we summarize the recent progress in flexible TEs based on MMNAs,

Accepted 12th October 2021 as well as the comparison to other conducting materials, such as conducting polymers, graphene,
carbon nanotubes, etc. Specially, we highlight the applications of flexible TEs based on MMNAs in

perovskite solar cells (PSCs), including inverted PSCs, conventional PSCs, and semi-transparent PSCs.
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1. Introduction

Hybrid metal halide perovskite materials have been one of the
most promising candidates as light-active layers in thin-film
photovoltaics since the first use of perovskite in dye-sensitized
solar cells in 2009."” To accomplish light-weight wearable
electronics, the rapid emergence of flexible thin-film perovskite
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Finally, the challenges and prospects in this field are proposed.

photovoltaics, such as perovskite solar cells (PSCs),*** photo-

detectors (PDs),"*'® and perovskite light-emitting diodes
(PLEDs),"”*° has increased a tremendous demand for develop-
ing flexible transparent electrodes (TEs) with low sheet resis-
tance, high optical transmittance, and robust flexibility.
Currently, the most widely used TEs in high-performance
perovskite photovoltaics are transparent conducting oxides
(TCOs) fabricated by vacuum deposition, such as indium tin
oxide (ITO)"*"** and fluorine-doped tin oxide (FTO).>*** Unfor-
tunately, the large modulus and small Poisson ratio of TCOs
lead to the easy occurrence of cracks when TCOs are coated on
flexible substrates,> such as polyethylene terephthalate (PET)
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Fig. 1 Sheet resistance and optical transmittance of different conductive
materials.

and polyethylene naphthalate (PEN).""**?” These degradations
from TEs make the performance of flexible perovskite photo-
voltaics still lag compared to the ones fabricated on rigid
substrates.”** > What’s more, the vacuum deposition proces-
sing of TCOs also suffers from the high processing temperature
(usually over 200 °C), low throughput and scarcity of indium,
which is incompatible with the high throughput solution-
processing and printing technologies.?*3373¢

To address the abovementioned drawbacks, a variety of
novel materials, such as metallic micro-nano architectures
(MMNAs),*”*" conducting polymers,**>* low-dimensional
carbons,®*®® and the composites formed by these mate-
rials,***?7%* have been developed as promising candidates
for flexible TEs. Fig. 1 shows the sheet resistance and optical
transmittance of different conductive materials recently
reported.'**%41°2:56.61,65°82 The FoM value is the factor to
evaluate the performance of TEs, which can be calculated
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using eqn (1)

188.5Q
FoM = 1
N T R X (T 5~ 1) S

where Ry is the sheet resistance and 7(A) is the optical
transparency at a specified wavelength. A higher FoM value
suggests that the TEs possess lower sheet resistance and
higher transmittance. Four key factors should be possessed
by the flexible TEs for the perovskite photovoltaics: (1) low
sheet resistance to decrease the total series resistance of the
photovoltaic devices; (2) high optical transmittance to guar-
antee the incident photons absorbed by a photo-active layer
as much as possible; (3) low surface roughness to prevent the
current shortage and leakage; and (4) robust mechanical flexi-
bility on the flexible substrate. Besides these four key factors,
appropriate work function, cost-effective material, high-
throughput fabrication processing, and chemical stability
should also be considered for developing high-performance
flexible TEs. Among the abovementioned novel conductive
materials, MMNAs have been widely equipped in silicon solar
cells,®*®* III-V photovoltaics,*>*® Cu(In,Ga)(Se,S), cells,®”5°
and organic solar cells,*°°°*> due to the high conductivity
and tunable optical transmittance of MMNAs. However, draw-
backs including high roughness, immigration of metallic
ions, and degradation at the interface are faced when flexible
TEs based on MMNAs are integrated with PSCs.

In this review, we focus on the role played by MMNA TEs in
flexible PSCs, particularly in critical issues in different PSC
device configurations. A brief introduction related to different
novel conductive materials including MMNAs, conducting
polymers, and low-dimensional carbons are given in Section 2.1.
The MMNA TEs are discussed in Section 2.2 including chemical
components, physical morphology, and fabrication methods.
In Section 3, the MMNA TEs in different PSC device configura-
tions involving inverted, conventional, and semitransparent
structures are reviewed, especially in the metal ion immigration
and interface charge transportation. Finally, we give our discus-
sion and outlook about this area in Section 4.
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2. Comparison between MMNAs and
other conductive materials

2.1. TCOs, conducting polymers, and low-dimensional
carbons

2.1.1. TCOs. As mentioned before, rigid PSCs based on
TCO electrodes have already achieved high PCE which is almost
comparable to the value in single-crystal silicon-based solar
cells. The most widely used indium tin oxide (ITO) and fluorine-
doped tin oxide (FTO) present an excellent conductivity of
around 10*-10> S em™". The electrodes based on ITO or FTO
show a low sheet resistance less than 20 Q sq " at more than
85% average optical transmittance from 375 to 1000 nm. These
TCO materials are usually fabricated by magnetron sputtering
and vacuum deposition.”>** The scarcity of indium, low mate-
rial utilization, and high vacuum during the sputtering process
make ITO electrodes take a considerable part of the cost in
some thin-film photovoltaics.”>°® To overcome the high-cost
fabrication process, solution-processed TCO thin films were
developed by using the sol-gel method or directly depositing
TCO nanoparticles.””® However, after being deposited by
solution-processing, the films still need to be thermally annealed
at high temperatures (300-500 °C) to remove organic protective
agents and enhance the crystallinity of TCOs. For example,
Romanyuk et al. developed a solution-processed ITO thin film
by spin-coating ethanolamine-modified ITO nanoparticles on the
substrates.”® The ITO films achieved a conductivity of 43 S cm™"
and more than 90% optical transmittance in the wavelength range
from 380 nm to 1100 nm. Nevertheless, the films still need to be
annealed at 300 °C, which is inadaptable to the polymer-based
flexible substrates. Besides the high-temperature fabrication
processing, the fragile nature also makes TCOs doomed to be
incompatible with flexible substrates.

2.1.2. Conducting polymers. For the conducting polymers
for transparent electrodes, the most widely reported material
is poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS). PEDOT as a kind of well-developed oxidized poly-
thiophene presents a good conductivity of around 1-10° S ecm ™"
with promising optical transmittance.'® % After being coupled
with PSS, the insoluble PEDOT can be dissolved in water at an
appreciable solubility, which provides great potential in solution-
processing and high-throughput roll-to-roll (R2R) printing.
However, the parasitic absorption of PEDOT:PSS is an obstruc-
tion to photons in the absorption by active layers, which leads
to decreased current in solar cells."®™% To address the influ-
ence from the parasitic absorption of PEDOT:PSS, a variety of
methods such as decreasing the content of PEDOT:PSS in
TEs'**'% and chemical doping'®* have been developed. What’s
more, with the enhancement in solubility, the nonconducting
PSS decreases the electrical conductivity of PEDOT:PSS compo-
sites compared to that in pure PEDOT.'*”"*® To obtain higher
electrical conductivity, plenty of efforts have been made. For
example, Bao et al. investigated a series of ionic additives for
PEDOT:PSS.”” These ionic additives enable PEDOT:PSS to show
a more regulated n-n stacking morphology and also served
as chemical dopants to boost the conductivity of PEDOT:PSS.

This journal is © The Royal Society of Chemistry 2022
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The corresponding PEDOT:PSS thin film achieved an electrical
conductivity of 4100 S cm™" and a fracture strain of 800%.
Although there are a large number of reports related to elec-
trical conductivity enhancement of conducting polymers, the
conductivity of conducting polymers still lags compared to that
in TCOs, which will increase the total series resistance of
photovoltaic devices.'**"%°

2.1.3. Low-dimensional carbons. Low-dimensional carbons,
such as carbon nanotubes (CNTs), graphene, and reduced
graphene oxides (rGO), are another promising conductive
material for flexible TEs, due to the huge abundance of carbon
on the earth, high optical transmittance, and solution-processable
potential. However, the further flourishing of low-dimensional
carbons in transparent TEs suffers from the high sheet resistance
(usually more than 100 Q sq ') and a high-cost fabrication
process. For carbon nanotubes, the growth, dissociation, and
purification of metallic single-wall carbon nanotubes (SWCNTs)
are the key to achieve high electrical conductivity."'*™** For
instance, Liu et al reported a high concentration of metallic
SWCNTs by using hydrogen as an etchant gas to remove the
semiconducting SWCNTs.""> The thin film fabricated by metallic
SWCNTs showed a sheet resistance of 84 Q sq~ " at a transmit-
tance of 82%. Graphene presented an ultra-transparency, quite a
low surface roughness, and worthy electrical conductivity.*****
The electrical conductivity of graphene can be enhanced by
chemical doping.®>">"'*® Im et al. developed a flexible electrode
based on bis(trifluoromethanesulfonyl)-amide doped
graphene."'® The electrodes showed a sheet resistance of around
108 Q sq " with an optical transmittance of 96.48% at 550 nm.
The flexible PSCs based on this electrode reached a PCE of 18.3%.
Compared to chemical vapor deposition graphene, the rGO
fabricated by exfoliating graphite is accessible in the solution
process."””'*® In a word, the CVD fabrication process and high
sheet resistance are still the main obstacles between low-
dimensional carbon materials and high-performance flexible TEs.

2.2. Metallic micro-nano architectures

MMNAs formed by silver (Ag),******** copper (Cu),'**"**® gold
(Au),>”"?7'?% platinum (Pt),"*® nickel (Ni),*>"° or zinc (Zn)*’
keep the high electrical conductivity from bulk metal and
tunable optical transmittance in a wide range. In this way,
varieties of MMNAs are regarded as the most potential conductive
materials for flexible TEs.>>**'*! The MMNAs can be divided into
two main categories: random architectures and ordered architec-
tures. TEs based on random MMNAs can be fabricated by a
solution-process, which promises high-throughput production.
However, when serving as TEs in thin-film photovoltaics, the
inhomogeneous aggregation of MMNAs will cause current leakage
and the degradation of device performance.’>***” Compared
to random MMNAs, ordered MMNAs with regular micro-nano
primary cells and periods provide the homogeneous charge
transport pathway in thin-film photovoltaics. The bottleneck for
TEs based on ordered MMNAs is the high-resolution fabrication
methods, such as self-assembling,®” lithographic imprinting,'>*?
laser direct writing,>"** and electrochemical deposition,
which are incompatible with the high-throughput R2R process.

135,136
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In this section, we will discuss the categories, fabrication methods,
and electrical performance for both random and ordered MMNAs.

2.2.1. Random MMNAs. Random MMNAs usually include
four different morphologies: nanoparticles (NPs),*” nanowires
(NWs),'26127:1387141 nanorings (NRs),"*>'*® and random grids*®
(as shown in Fig. 2). Different morphologies are caused by
different growth behaviors of nanomaterials and the deposition
process. Wiely et al. investigated the anisotropic growth mecha-
nism of metal nanocrystals in solution by electrochemical
measurements."** They found that the facet-selective anisotro-
pic growth of metal nanostructures can be induced by the
chloride ions. The reduction product of Cu®* in the solution
of hexadecylamine and ascorbic acid only presented a spherical
particle morphology (Fig. 2a), when Cu(NOj3), was used as the
Cu source. After adding chloride ions, the hexadecylamine can
selectively be adsorbed onto the (100) facets of Cu leading to an
anisotropic growth of CuNWs along with (111) facets (Fig. 2b).
Azani et al. developed a solvothermal method to synthesise
silver nanorings.'*>'** When the pressure of the reactor
increased to 150 kPa, 90% of the reduction product was silver
nanorings as shown in Fig. 2c. The unbalanced pressure at the
liquid-air interface assisted the AgNWs in keeping bent shapes.
Random metal grids can be fabricated by the assembling or
printing of metal NPs. For example, Kim et al. fabricated the
random Ag grids by self-assembling AgNPs (Fig. 2d).*® After
self-assembling Ag grids on the substrate, the Ag grids were
further embedded within PET substrates to form intaglio
transparent electrodes. The corresponding electrode showed a
sheet resistance of 3.95 Q sq ' and an average transmittance
of 82.3%.

Among these random MMNAs, AgNWs are most widely
reported as the transparent electrodes in thin-film photo-
voltaics. The solution-processed polyol synthesis established

—

Fig. 2 Different morphologies of random MNMAs. (a) Nanoparticles.
(b) Nanowires. Reproduced with permission from ref. 144. Copyright©2018,
American Chemical Society. (c) Nanorings. Reproduced with permission
from ref. 142. Copyright©2019, AIP Publishing LLC. (d) Random meshes.
Reproduced with permission from ref. 46. Copyright©2016, Elsevier B.V.
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by Xia et al. anisotropic reduced Ag" along with (111) facets by
ethylene glycol with the assistance of polyvinylpyrrolidone
(PVP) (Fig. 3a)."*>'*® This method can produce a significant
amount of AgNWs at low cost. But to enhance the electrical
conductivity to the same level as bulk metals, there still some
modifications should be adopted. One of the minuses of
electrical conductivity originates from the junction resistance
shown in Fig. 3b.*® Many efforts, such as thermal welding,"*"™*°
plasmonic welding,"””"*' and chemical welding,**"'** have been
used to weld AgNWs together. For example, Cho et al. used halide
ions to weld the AgNWs.?® As shown in Fig. 3b and c, in the halide
ion solutions, the AgNWs can be slowly dissolved into Ag". The
Ag" ions will redeposit near the junction where the electrostatic
potential is higher than other regions. These Ag" ions can result in
a strong fusion in the junction. After the wires were welded
together, the sheet resistance sharply decreased from 24 to
9.8 Q sq~'. Junction welding efficiently decreases the sheet
resistance of the AgNW electrodes. However, welding by heat-
ing and plasmonic welding usually cause high temperature
(over 150 °C), which is not compatible with polymer-based
substrates, and chemical welding always left the isolated
chemical flux. In order to get AgNW electrodes with lower sheet
resistance, synthesizing AgNWs with higher aspect ratios is
another proved method.’***** The aspect ratio of AgNWs can
be increased by the optimization of the polyol process.'>*'
For example, Hu et al. adopted a mixed PVP hydrogel as a
capping ligand to suppress the formation of extra AgNPs."’
The synthesized AgNWs present an average length of 78.5 pm,
an average diameter of 63.8 nm, and an aspect ratio of 1200
(Fig. 3d and e). Besides the sheet resistance, transmittance is
another key factor to evaluate the performance of TEs. For
solution-processed AgNW electrodes, the optical transmittance
can be easily tuned by the concentration of AgNW dispersion,
in other words, the density of AgNWs. As shown in Fig. 3f and g,
with the reduction of the AgNW density, the transmittance of
the AgNW electrodes strikingly increased, meanwhile the sheet
resistance also increased.*® Thus, there is a trade-off between
the sheet resistance and optical transmittance.

2.2.2. Ordered MMNAs. Ordered MMNAs are a kind of
metal mesh or grid with regular micro-nano primary cells
and periods. The metal grids can be fabricated by ink-jet
printing,"*®*3® screen printing,"*® gravure printing,**'°%*®*
self-assembling,®* lithographic imprinting,'*>"*? laser direct
writing,*>"** electrochemical deposition,'*>'* thermal evapora-
tion,’®*> or the combination process of these methods.'®*%*
Among these methods, printing methods are widely used to
fabricate flexible metal grids, due to the low processing tempera-
ture and large-scale accessibility.®® Li et al developed flexible
Ag-mesh based on pre-etched PET substrates by lithographic
imprinting as shown in Fig. 4a.°*'*' The line-width and period
of the Ag mesh can be tuned by the pre-etched channels on the
PET substrates. The intaglio transparent electrodes were further
combined with highly conductive PEDOT:PSS to decrease the
surface roughness. The PSCs based on Ag-mesh/PEDOT:PSS TEs
(Fig. 4b) reached a champion PCE of 14% and 95.4% of the initial
PCE after 5000 bending cycles.®® The lithographic imprinting

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Schematic illustration of the growth of silver nanowires. Reproduced with permission from ref. 146. Copyright©2003, American Chemical
Society. (b) Schematic diagram of the halide welding process. (c) Sheet resistance of the halide-welded AgNWs as a function of the treatment time.
Reproduced with permission from ref. 38. Copyright©2017, American Chemical Society. (d) SEM image, (e) length distribution of AQNWs with a high
aspect ratio. Reproduced with permission from ref. 155. Copyright©2020, Royal Society of Chemistry. (f) SEM images of AgNWs with different densities.
(g) Sheet resistance and transmittance of AQNWs with different densities. Reproduced with permission from ref. 38. Copyright©2017, American Chemical

Society.

fabrication process realized the large-scale flexible electrodes
based on the Ag-mesh with a satisfactory surface roughness.
However, during this method, 90% metallic ink were not filled
into the pre-etched channels and washed out, which will increase
the cost of electrodes. In addition, the up-bottom-filled AgNPs
cannot compactly stack in the pre-etched channels. The vacancies
among AgNPs enhance the sheet resistance of the electrodes and
act as traps that harm the performance of photovoltaics. Self-
assembling is a bottom-up method that can be used to fabricate
compact Ag grids with almost 100% utilization of metallic inks.
For example, Song et al. adopted confined bubbles as templates to
self-assemble the flexible Ag grids.*> As shown in Fig. 4c, the
compact Ag grids can be assembled with a hexagonal primary cell.
The flexible electrodes achieved a sheet resistance of 7.9 Q sq "
with 85% substrate-included optical transmittance. The self-
assembled Ag-grid electrodes present outstanding sheet resis-
tance and transmittance, but the massive production is still
challenged, especially in the combination with roll-to-roll (R2R)
processing. Besides Ag based metallic grids, Ni is another promis-
ing element for conducting a metallic network, due to the favor-
able electrical conductivity and large abundance in crust. Wang
et al. investigated transparent electrodes based on embedded
nickel meshes by electrochemical deposition.®® Fig. 4d and e
displays the Ni mesh and Ag mesh fabricated by electrochemical
deposition and UV nanoimprinting lithography, respectively.
The Ni mesh presented a significantly dense line compared to
the Ag mesh, which leads to an ultra-low sheet resistance of
0.2-0.5 Q sq ' with 85-87% transmittance.

This journal is © The Royal Society of Chemistry 2022

Besides the sheet resistance and optical transmittance,
flexibility is another key factor to evaluate the performance of
flexible TEs.'®>'%® As mentioned in Section 2.1.1, the flexible
TEs based on TCOs present insufficient flexibility due to their
fragile nature. The flexible TEs based on MMNAs become
potential candidates as conductive substrates in flexible
electronics.'®”'% The flexibility of TEs is mostly related to three
aspects: (1) the flexibility of substrates,*"*¢%1° (2) the flexibility
of conductive materials,'”® and (3) the adhesion between con-
ductive materials and substrates."”"'”* The flexible substrates
including flexible glass and polymer thin films should possess
both high optical transmittance and flexibility. Ultrathin
glass substrates present high optical transmittance, strong
temperature tolerance, and excellent barriers for oxygen and
humidity."®>'”® However, the low flexibility and high cost make
the flexible glass less competitive than polymer substrates. In
contrast, polymer substrates, such as PET, PEN, polyimide (PI),
and polycarbonate (PC), present satisfactory flexibility and
production cost, but lower process temperature and easier
oxygen permeability.>>'®®7*17> The flexibility of MMNAs
depends on the welding between junctions or the stacking of
nanoparticles. More compact stacking usually leads to struc-
tures with high mechanical strength. Strong adhesion between
conductive materials and substrates can prevent the exfoliation
of the conductive materials, i.e. better flexibility. To enhance the
adhesion, a variety of methods like embossed structures,®®?
capping layers,"””® and adhesive additives'> can be adopted.
Besides the adhesion, the thickness of TEs should also be

J. Mater. Chem. C, 2022, 10, 2349-2363 | 2353
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Fig. 4 (a) Schematic illustration of Ag-grid embedded in a PET substrate.
Reproduced with permission from ref. 121. Copyright©?2013, Elsevier B.V.
(b) Cross-section SEM image of PSC based on a PET/Ag-grid/PH1000 elec-
trode. Reproduced with permission from ref. 68 under the Creative Commons
License (CC BY 4.0). (c) Top view and (d) cross-section view of embossed
flexible Ag grids. Reproduced with permission from ref. 82. Copyright©2021,
Elsevier B.V. SEM images of (e) Ni grids and (f) Ag grids. Reproduced with
permission from ref. 65. Copyright©2020, Wiley-VCH GmbH.

considered. Thicker electrodes will generate higher stress on both
surfaces under bending states.

3. Flexible PSCs based on MMNA
electrodes

Fig. 5 displays three typical structures of perovskite solar cells.
In inverted p-i-n structures and conventional n-i-p structures

(a) No Transmitted Light

[

(b) No Transmitted Light

[ i
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(Fig. 5a and b), transparent MMNA electrodes served as flexible
anodes and cathodes, respectively, instead of ITO or FTO.
For the semi-transparent structures shown in Fig. 5c, trans-
parent MMNA electrodes were usually deposited on the top of
the devices. Different device configurations require TEs with
specific performance. In the following part, we will discuss the
application of transparent MMNA electrodes in different PSC
device configurations.

3.1. Inverted PSCs

In inverted structures, transparent MMNA electrodes are
usually composited with conductive PEDOT:PSS to get a
smooth surface for the fabrication of the following thin-film
devices.®>®%%%177 Ag shown in Fig. 6a, whether embedded or
not, the surface roughness of Ag grids was reduced after coating
with PEDOT:PSS.'”® The root mean square (RMS) of surface
roughness decreased from 9.6 to 2.5 nm for unembedded Ag
grids, while the RMS of embedded Ag grids decreased from
1.0 to 0.4 nm. The smooth surface of the transparent electrode
prevented the current leakage and shortage in the thin-film
devices. Similarly, Li et al. also coated high-conductive PEDOT:
PSS on the top of the intaglio Ag mesh to decrease the surface
roughness of the Ag mesh electrodes (shown in Fig. 6b).*®
However, as shown in Fig. 6¢, PEDOT:PSS will lower the optical
transmittance in the near-infrared region, which will decrease
the Jsc of the solar cells. The PSCs based on PET/Ag mesh/
PEDOT:PSS electrodes present a PCE of 14% with a steady-state
photocurrent of 17.1 mA cm™ > at the maximum power point. To
pursue lower sheet resistance and further boost the PCE of
PSCs, Wang et al. adopted the Ni mesh instead of the widely
used Ag mesh in TEs.®> As mentioned before, Ni can form mesh
with more compact deposition than Ag, which leads to a lower
sheet resistance of the TEs. The device configuration of an
inverted PSC based on this electrode is shown in Fig. 6d, where
Ni-mesh/PH1000, PEDOT:PSS-NiO,, and phenyl-C61-butyric
acid methylester (PC61BM) served as a transparent anode, hole
transport layer (HTL), and electron transport layer (ETL),
respectively. The corresponding PSCs based on Ni mesh elec-
trodes achieved a PCE of 17.3% with a Jsc of 21.78 mA cm 2,
a Voc of 1.02 V, and an FF of 0.78 as shown in Fig. 6e. In Fig. 6f,

(c) Transmitted Light
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Fig. 5 Schematic device configurations of PSCs. (a) p—i—n inverted configuration. (b) n—i—p conventional configuration. (c) Semi-transparent configuration.
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Fig. 6 (a) SEM and AFM images of Ag grids. Reproduced with permission from ref. 178 under the Creative Commons License (CC BY 4.0). (b) Schematic
illustration of Ag-mesh/PH1000 electrodes. (c) Optical transmittance of PET/Ag-mesh/PH1000, PET/Ag-mesh, and PET. Reproduced with permission
from ref. 68 under the Creative Commons License (CC BY 4.0). (d) Device configuration, (e) J-V characteristics, (f) mechanical stability of PSCs based on
Ni-mesh electrodes. Reproduced with permission from ref. 65. Copyright©2020, Wiley-VCH GmbH.

Table 1 Summary of previously reported inverted PSCs based on MMNA electrodes

Device structure Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
Glass/CuNW/PEDOT:PSS/PVK/PCBM/Bphen/Ag 0.88 9.54 58 5.10 69
PLA/AgNW/PH1000/PEDOT:PSS/PVK/PCBM/PEI/Ag 0.91 18.79 67 11.44 61
PET/c-ITO/AgNW/PEDOT:PSS/PVK/PCBM/BCP/Ag 0.99 21.53 66 14.15 179
PET/c-ITO/CuNW/PEDOT:PSS/PVK/PCBM/BCP/Ag 0.97 20.09 66 12.95 179
PTFE/graphene/AgNW/MoO;/PVK/PCBM/BCP/Ag 0.93 17.21 65 10.42 180
PEN/AgNW/PH1000/PEDOT:PSS/PVK/PCBM/AL 0.95 18.88 69 12.85 177
PET/AgNW/m-FCE/PEDOT:PSS/PVK/PCBM/Al 1.00 18.10 74 13.32 181
PI/Cu grid/GO/PEDOT:PSS/PVK/PCBM/ZnO/Ag 0.99 21.7 76 16.4 66
PET/Ag-grid/GO/PEDOT:PSS/PVK/PFN-P1/PCBM/Ag 0.94 12.73 66 7.92 59
PET/Ni-mesh/PH1000/PEDOT:PSS-NiO,/PVK/PCBM/BCP/Ag 1.02 21.78 78 17.3 65
PET/Cu-mesh/PH1000/Cu:NiO,/PVK/PCBM/BCP/Cu 1.03 17.79 74 13.58 182
PET/Ag-grid/PH1000/PEDOT:PSS/PVK/PCBM/PEI/Ag 0.47 12.09 55 3.13 47
PET/Ag-mesh/PH1000/PEDOT:PSS/PVK/PCBM/Al 0.91 19.5 80 14.2 68
PET/Agmesh/PH1000/PTAA/PVK/PCBM/Al 1.05 22.34 77 18.1 183

the PSCs based on Ni mesh electrodes also showed a robust
flexibility rather than that based on the Ag mesh. Table 1
summarizes the recent work on inverted PSCs based on MMNA
electrodes.

Although MMNAs have been widely reported in inverted
PSCs, there are still some issues faced, such as the corro-
sion and transmittance decrease fr