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Perovskite solar cells have been at the center of intense research over the past decade. Efficiencies have
gone from single digits to a certified 25.2%, an unprecedented improvement for any solar cell

Received 7th June 2019, technology. At this stage, stability remains a concern regarding the suitability of these solar cells for
Accepted 6th March 2020 commercialization. Here, we review recent developments in the use of carbon materials to improve the
DOI: 10.1039/c9ee04030g stability of perovskite solar cells. Incorporating carbon materials into perovskite solar cells promises to

be revolutionary in the solar cell field, as degradation mechanisms are alleviated to achieve long-term
rsc.li/ees stability making them attractive for commercialization.

Broader context

Solar energy, as the cleanest and the largest exploitable resource of energy, can potentially meet the growing requirements for the whole world’s energy needs
beyond fossil fuels. An efficient route to convert solar energy into electricity is achieved by photovoltaics. Organic-inorganic metal halide perovskite solar cells
have achieved power conversion efficiencies above 25% and are competitive to established technologies at half the price. The major obstacle of bringing
perovskite solar cells to a pilot and consequently production line is the poor long-term device stability. Enhancing the stability of the layers as well as modifying
the layer interfaces by replacing unstable components with more stable counterparts, or by incorporating stable additives, are vital measures for realizing long-
term stable perovskite solar cells. In this context, carbon-based materials are the best candidates because of their stability, low-cost, and readily-available
industrial-scale fabrication. This review aims to provide a comprehensive analysis of research progress in enhancing the stability of the perovskite solar cells by
employing carbon-based materials. We conclude that carbon-based materials are crucial in providing stable perovskite solar cells while keeping costs low for
scale-up and commercialization.
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1. Introduction

Solid-state thin-film photovoltaic technologies offer the
most promising pathways toward transforming solar energy
into electricity in order to meet the growing global energy
consumption needs.”” Emerging thin-film solar cells such as
organic solar cells, dye-sensitized solar cells, and most recently
perovskite solar cells (PSCs) have emerged as low-cost solutions
for solar cell deployment. While relatively simple deposition
techniques and low capital expenditures promise a reduction in
manufacturing cost, power conversion efficiencies (PCEs) need
to be competitive with established technologies such as silicon
solar cells. PSC technology is presently at the core of the interest
in photovoltaic research owing to its impressive performance
development in only a few years of research effort.?

The most widely used lead halide perovskite (LHP) has the
potential to achieve an efficiency of 31%, according to theore-
tical calculations.” It could also reach higher PCEs if combined
with other solar cell technologies to make tandem devices.’
Since the pioneering work with an efficiency of 3.8%, PSCs
have witnessed an ever-growing increase in efficiency. They
have now achieved a lab-scale certified PCE of 25.2% rivaling
the performance of commercial photovoltaic devices such as
crystalline silicon or cadmium telluride (CdTe) solar cells.®
Such a pronounced rise in PCE for new photovoltaic technology
in such a short period of time is unprecedented in the history
of photovoltaics. The exceptional performance is due to the
advantageous optoelectronic properties, including large absorp-
tion coefficient, tunable bandgap, low exciton binding energy,
ambipolar transport characteristics, high carrier mobilities, and
long balanced carrier diffusion length of the LHPs.”® The LHP
takes on a structure of ABX;, where A is an organic-inorganic
cation such as methylammonium (MA), formamidinium (FA) or
Cs, B is Pb or Sn, and X is a halide anion such as I, Cl and Br.”

Juan-Pablo Correa-Baena is an
Assistant Professor at Georgia
Tech. His group focuses on under-
standing and control of electronic
dynamics at the nanoscale for
semiconductors in solar cells
and light emitting diodes. He
received his PhD from UConn,
US4, funded by two NSF
fellowships. He worked as a
postdoctoral fellow in the group
of Prof. Anders Hagfeldt at EPFL.
In 2017 he was awarded the US
DOE postdoctoral fellowship to
conduct work at MIT. He has published over 80 peer-reviewed
papers (citations = 15000; h-index = 44). In 2019 he was
recognized by the Web of Science Group, Highly Cited
Researchers-cross-field, and Nature Index, Leading early career
researcher in materials science.

Juan-Pablo Correa-Baena

1378 | Energy Environ. Sci., 2020, 13,1377-1407

View Article Online

Energy & Environmental Science

While the PCE of PSCs has increased dramatically, there are
still some pending issues relating to scale up and commercia-
lization. At this stage, the hunt is on to fabricate long-term
stable PSCs.>'® The nature of LHP semiconductors and the ion
migration effect entail the need for long-term stability data
under real conditions."" The data on the outdoor stability of the
PSCs is limited to only months, and the device lifetime is highly
affected by the changes in real working conditions. In general,
the combination of heat, light, and especially humidity results
in the rapid degradation of PSCs."” In the presence of moisture,
the formed hydrates could change the structure of the LHP
crystals, which results in lower light harvesting.™ Currently, the
lifetime of the PSCs has extended from less than hours to
6 months and still, much work is needed before commerciali-
zation is viable.'

A variety of approaches have been applied in order to
provide long-term stable PSCs. Improving the quality of the
LHP film with less grain boundaries, using low-dimensional
LHP, preventing the formation of ionic defects, applying pro-
tective layers around the LHP absorber, doping the LHP crystal
by ions such as cesium are different approaches investigated
for improving the stability of the devices.'®'*™® Furthermore,
altering different functional layers with more stable counter-
parts provides pathways for enhancing the stability of the PSCs.
The use of carbon-based materials has been shown to be
beneficial for the stability of the PSCs. Carbon materials tend
not to react with halides and therefore they are tolerant to ion
migration, inherently stable, and water-resistant (and can
thus act as a hydrophobic moisture barrier).">"” Moreover,
the relatively low-cost and readily-available industrial-scale
fabrication of the carbon-based materials further promotes
the commercialization of PSCs.'® Carbon-based materials are
versatile; for example, they exhibit different band energy align-
ments and their electronic properties can be tuned. Therefore,
they have been used in almost all functional layers or as
interface modifiers in PSCs. In this review, we summarize the
developments in the application of the carbon-based materials
for different functional layers of the PSC, highlighting their
roles in enhancing the lifetime of PSC.

2. Carbon-based materials used in
perovskite solar cells

Single junction PSCs have mainly two different configurations;
n-i-p and p-i-n, where n, i, and p stand for donor-type,
intrinsic, and acceptor type semiconductors, respectively. In
mesoporous or planar regular (n-i-p) architecture, an electron
selective layer (ESL) is deposited on a transparent conducting
glass, which is followed by depositing the LHP layer. The hole
selective layer (HSL) is deposited on top of the LHP film and
topped by a metal contact. In the inverted (p-i-n) configu-
ration, the bottom contact is selective for holes, while the ESL is
on top.> Engineering the functional layers as well as the
interfaces between the layers in PSCs has been widely studied
to combat the stability challenge of PSCs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic structure of polymorphs of carbon.

Due to the various structures, carbon materials show different
physical and chemical properties. Carbon-based materials applied

Section 2.3 and 3.4

Section 2.3 and 3.5
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in PSCs can be mainly divided into four categories, including
fullerene and its derivatives, carbon nanotubes (CNTs), graphene
(GR) and its derivatives, and other conductive carbon materials
such as graphite and carbon black.'® Fig. 1 shows the structures of
the usual carbon materials, which will be reviewed herein.

If the carbon atoms bond randomly, paracrystalline carbon,
namely “carbon black”, is formed. Carbon materials possess
features of accessibility, controllable porosity, chemical stability,
low cost, and environmental friendliness, which are highly
desired properties.”® Owing to the multifunctional nature of
carbon-based materials, they have been regarded as highly
attractive materials in different layers of PSCs. Fig. 2 illustrates
examples of applications of carbon-based materials in the
functional layers or at the interface between the layers in PSCs.
It will be explained in the following sections.

2.1 Fullerenes

Fullerene is a zero-dimensional (0D) cage-like arrangement of
carbon atoms located at the nodes of a series of hexagons
and pentagon.”" It has been widely demonstrated that the use
of fullerenes either as ESLs,?? at the interface of the ESL and
LHP layer,”** or as additives in the LHP layer®® can play an
essential role in passivating the charge traps at the surfaces
and grain boundaries, reducing the hysteresis, and electron
extraction, which leads to higher device performances and
stability.>*° Intrinsic single-crystalline LHPs have been reported
to hold a considerable charge carrier diffusion length. However, in

and 3.4

Section 2.3 and 3.1

Section 2.1 and 3.1

Fig. 2 Schematic illustration of the applications of carbon-based materials in different parts of the PSC. The device architecture (n—i—p) comprises a
transparent conductive oxide (TCO) on top of a glass substrate, an electron selective layer (ESL), perovskite, a hole selective layer (HSL), and the top

electrode.
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real devices, numerous defects along grain boundaries in poly-
crystalline LHP films, induce non-radiative loss.**** Passivating
these trap-states via fullerene has been reported as an effective
method to reduce the loss.

Due to their chemical nature, such as non-polarity and
spherical shape, fullerenes behave as frames for the growth of
LHP crystals.>® This improves the morphology and increases
the grain size of LHP.>>** Additionally, fullerenes can act as a
barrier for moisture, thus enhancing long-term stability.**

Fullerene (Cgo) was introduced into PSCs by Jeng and
co-workers in 2013.>> Fig. 3 shows the configuration (Fig. 3a)
and energy levels of the devices (Fig. 3b). The matching of the
lowest unoccupied molecular orbital (LUMO) level of fullerene
with the conduction band edge level of LHP reduces the energy
redundancy to achieve decent photovoltage output. However,
these interlayers were not fairly explored due to the poor quality
of the LHP film. Since then, rapid progress in p-i-n planar
PSCs with various fullerene derivatives as ESLs has occurred, as
summarized in Fig. 3c. Due to their electron affinity, efficient
electron transport properties, low-temperature solution processable
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Fig. 3 Applying fullerenes in PSCs. (a) Schematic of the configuration
of PSCs using PCBM as ESL. (b) Schematic of the energy levels of each
layer in the device based on PCBM ESL, reproduced with permission.
(c) Summary of advances in device performance of p—i—n planar PSCs over
the years applying fullerene-based ESLs (ref. 35, 38—51). The highest PCE
value has been reported to be 21.5%.%% (d) Details of the interaction of the
LHP anions (I7) and PCBM in hybrid solution, which results in PCBM radical
anion and PCBM-halide radical, reproduced with permission under the
Creative Commons license.?’
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preparation, and suitable energy level alignment with LHPs,
fullerene and its derivatives are the most used n-type ESLs in
inverted PSCs.**%”

Different fullerene derivatives such as cis-a-dimethoxy
carbonyl fulleropyrrolidine C,, (DMEC,,), cross-linked silane-
modified fullerene, and doped fullerene have been used as
ESLs in p-i-n planar heterojunction structure*®*>>>* and later
in the n-i-p architecture.®® Umeyama et al.>® reported for the
first time the use of Cg, thin films as the ESL in regular n-i-p
PSCs, after thermal retro-Diels-Alder reaction on as-prepared
glass/FTO/Cgp-9-methylanthracene. Fullerene ESLs have also been
doped with various materials such as decamethylcobaltocene,”®
oleamide,> carbon, and novel two-dimensional carbon materials
such as graphdiyne®” for application in PSCs.

The use of fullerenes as an additive within the LHP pre-
cursor solution,”®®® in chlorobenzene as antisolvent®’ or by
immersion of the as-prepared LHP thin films into a fullerene
solution,®® has shown remarkable FFs up to 86.7%, negligible
hysteretic behavior, improved long-term-device stability, and
high PCE values for large-area-based devices. One phenomenon
believed to contribute to hysteresis behavior is the creation of
charge trap states at the interfaces and crystal grain boundaries
within devices.®>®* Xu and co-workers®” introduced LHP-PCBM
hybrids to planar PSCs and explored the effect of PCBM in
suppressing hysteresis. By its addition to the LHP solution,
PCBM was claimed to be distributed throughout the LHP film
between grain boundaries. PCBM passivated the iodide-rich trap
sites on the surfaces of the grains and reduced anion migration
through defects at grain boundaries, which was attributed to
the formation of PCBM-halide radicals, Fig. 3d. Therefore, the
incorporation of PCBM in the LHP active layer effectively
suppressed the hysteresis behavior of the PSC.

PCEs of inverted PSC configurations have exceeded 20%
using fullerene derivatives as the ESLs, as shown in Fig. 3c.
Several fullerene derivatives with higher electron mobilities and
hydrophobic properties have been designed for improving
device performance as well as device stability. By tuning the
physical and chemical properties of fullerenes, enhanced
charge extraction and transport capabilities were obtained.
In comparison to TiO,, devices based on fullerenes as the
ESLs have the advantages of low processing temperatures and
suppressed J-V hysteresis. Moreover, the compatibility of the
fullerene-based ESLs with the flexible substrates leads to further
applications in light-weight flexible solar cells. We believe that by
decreasing the structural disorder of fullerene derivative layers, it
is possible to fabricate inverted PSCs with an improved Voc
comparable with that of TiO,-based PSCs.

2.2 Carbon nanotubes

One-dimensional (1D) semiconducting materials such as CNTs,
with unique structures, have been widely used in PSCs. CNTs
are 1D hollow cylinders of carbon atoms which may be single-,
double-, or multi-walled (SW-, DW-, and MWCNTSs, respectively)
and can vary in length, diameter, and chirality. Due to their
unique structure and outstanding properties including excellent
conductivity and high optical transparency, high chemical and

This journal is © The Royal Society of Chemistry 2020
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thermal stability, exceptional electrical conductivities, and
high surface area, CNTs have exhibited promising results when
used in PSCs.**®” The unique extended n-system enables them
to provide a direct pathway for charge transport with high
mobility.®” Extensive research has been focused on the applica-
tion of CNTs in PSCs as they act mostly as charge collecting
layer or additives to improve charge extraction, and enhancing
the stability.

The electronic properties of various types of CNTs determine
their function in solar cells. Metallic CNTs provide the continuous
electronic pathway for charge transport. However, this type of
CNTs lowers the performance of the device, if incorporated in
the active layer.®® For the photoactive layer, the desired type
is semiconducting CNTs,* which could donate electrons to
the external circuit or as an electron acceptor reducing the
recombination of the charges.

Li et al.”® performed one of the first studies on applying
CNTs in PSCs using a laminated CNT network to replace the
metal counter electrode in n-i-p architecture (Fig. 4a and b).
CNTs functioned as both HSL and electrode showing 6.9%
efficiency with dual side illumination possibility due to the
transparency of the CNT film. The low efficiency was probably
due to the relatively high resistance of the CNT film and a lack
of charge-selectivity. Therefore, incorporating spiro-OMeTAD
improved the performance yielding a PCE of 9.9%.

Aitola et al.®® fabricated a PSC by depositing a double-
SWCNT film on the LHP layer and then drop-casting spiro-
OMEeTAD. The solar cell showed 15.5% efficiency without the
application of a metal top electrode. A cross-sectional scanning
electron microscopy (SEM) image of the device structure is
shown in Fig. 4c. The long “whiskers” in the solar cell cross-
sectional SEM image are supposed to be SWCNTs separated
from the film during cleavage of the device. A review on the
incorporation of CNTs as charge conduction layer in PSCs is
given by Habisreutinger et al.”?

View Article Online
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Benefiting from the unique properties of CNTs, namely their
excellent charge transport characteristics together with inherent
mechanical flexibility’"”* the impressive application of CNTs,
especially for portable devices, is their use in flexible fiber-
shaped PSCs.”® Qiu et al.”* fabricated PSCs with a flexible fiber
structure in which the LHP absorber is sandwiched between an
n-type core wire and the flexible p-type nanotubes (Fig. 4d). The
cathode forming the outermost layer is a sheet of aligned CNTs
that were dry-drawn from a spinnable array. The fiber-shaped
PSC exhibited a PCE of 3.3%, which remained stable on bending.
The efficiency of these devices has thus far not exceeded 10%,
but for a photovoltaic fabric, this is very promising.

SWCNT and MWCNT have been found to perform very well
when incorporated in or used solely as the HSL in PSCs.”®””
CNTs efficiently replace p-type dopants in common HSLs
(spiro-OMeTAD and P3HT), particularly when their poor dis-
persibility for solution-processability is modified through func-
tionalization. Habisreutinger et al.”> showed that CNTs could
replace the doping required for spiro-OMeTAD by employing a
two-layered structure of polymer-wrapped CNTs embedded
within an organic matrix. The device had more efficient
charge extraction in comparison to the device with undoped
spiro-OMeTAD. However, its efficiency was lower than the state-
of-the-art PSC probably because the nanotubes in this configu-
ration cannot effectively form a closely interconnected
percolation network, resulting in the device being limited by
series resistance (R;) and thus limiting the fill factor. Being
randomly dispersed through the spiro-OMeTAD layer, the CNTs
did not have enough direct interfacial contact with the LHP
absorber to transport holes from the interface efficiently.
When CNTs and spiro-OMeTAD were deposited sequentially
(as shown in Fig. 4e), CNTs formed a densely interconnected
network with a direct interface with the LHP layer. It provided
efficient transfer of photogenerated holes from the absorber
facilitating selective hole transport.

CH;NH:Pbl;

CNT film e

Ag s

spiro-
OMeTAD

e SWCNT:Spiro-OM.eTAD .

%
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Fig. 4 CNTsin PSCs. (a) Photo of freestanding CNT film lifting by tweezers to transfer onto other substrates. (b) Schematic of CHsNH3zPbls PSC with CNT
film electrode, reprinted with permission.”® (c) Cross-sectional SEM image of cells with SWCNT:spiro-OMeTAD, reprinted with permission.®® (d) Structure
of the fiber-shaped PSC, reprinted with permission.71 (e) The schematic architecture of a device with a P3HT/SWNT layer underneath the hole transport

material (spiro-OMeTAD) matrix, reprinted with permission.”?
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The inherent resilience and stability of CNTs are the most
important advantages when applied in solar cells. Several
approaches have been reported for utilizing the charge trans-
port properties of CNTs to extract photogenerated charges in
PSCs. The use of entirely solution-processed CNT structures for
replacing the costly components of PSCs, such as metal counter
electrodes and commonly used HSLs, can be determining
for the future of this technology.”® It makes the PSCs more
cost-effective and at the same time more environmentally-
friendly. Further improvements in the PCE of devices based
on CNT components could make them a highly competitive
and advantageous option for high-performing stable devices.

2.3 Graphene and its derivatives

GR is a two-dimensional (2D) sheet with sp hybridized carbon
atoms arranged in a honeycomb lattice. It exhibits superior
electronic, mechanical, and optical properties, ambipolar
electrical characteristics, and high flexibility suitable for opto-
electronic applications.”” GR sheets can be stacked to form
three-dimensional (3D) graphite, rolled to form 1D CNTs, and
wrapped to form 0D fullerenes.®®' GR and its derivatives have
been widely used in energy efficient applications for realizing high
performance, low cost, light weight, and flexible energy devices to
meet the limited energy resources worldwide. Particularly, GR
and GR oxide (GO) have found roles in PSCs as ESLs and HSLs
(due to the ambipolar nature), electrodes, inside the LHP layer,
and at the interfaces between layers.

GR has been used as an electrode in semitransparent PSCs.*>
The GR layer was prepared via chemical vapor deposition (CVD)
on a copper foil, which was then coated with a poly(methyl
methacrylate) (PMMA) layer and a thin layer of poly(dimethyl-
siloxane) (PDMS) (as a supporting layer). To optimize the func-
tioning of GR as an electrode, a thin layer of PEDOT:PSS was
deposited on the GR surface as an adhesive layer to the LHP film.
It not only reduced the sheet resistance of the GR but also
induced p-type doping of the GR electrode. Fig. 5a shows a
schematic of the device configuration of this semitransparent
PSCs. The prepared device with a double-layer of GR showed
12.02% efficiency from the fluorine-doped tin oxide substrate
side (FTO) and 11.65% from the GR side. GR has also been used
as the electrode in flexible PSCs with high bending durability
because of its excellent mechanical flexibility.** However, the
hydrophobic nature of GR poses challenges for application as
the electrode in PSCs due to wettability issues.®*

Although the direct fabrication of GR by CVD results in high-
quality layers, the reduction of GO is a more cost-effective
approach. Yan and co-workers®® applied single-layered GR
(SG) and multi-layered GR (MG) derived from the reduction of
GO as a hole extraction electrode in PSCs. SG and MG had
different work functions (4.8 eV for SG and 5.0 eV for MG). For
hole extraction, MG worked better than SG due to the as-formed
Schottky barrier. The energetic difference results in ohmic
contact and a Schottky junction with the LHP (Fermi level at
—4.73 eV). MG/LHP interface was assembled as a Schottky
junction, with a rectifying characteristic, which afforded
hole extraction and electron rejection effectively, whereas the
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View Article Online

Energy & Environmental Science

SG/LHP interface showed an ohmic contact behavior, whose
charge selective capability is not as good as for MG. To date,
however, the nature of the interface between LHP and nano-
carbon hole extraction electrodes has not been addressed well.

The high-temperature required for the sintering of ESLs
based on TiO, increases the production costs of the PSCs
and limits their applicability on flexible plastic substrates and
in multi-junction device architectures.®® Applying a GR-TiO,
nanocomposite processed at low temperature (150 °C) behaved
as an efficient ESL and avoids the high-temperatures needed
for the sintering of ESLs.’® The best performing device based
on a GR-TiO, nanocomposite yielded a PCE of 15.6%. The
fabrication of TiO, ESL at low temperatures develops a low-
temperature processing route for mesoscopic PSCs. To date, in
comparison to the functional layers in PSCs, minimal improve-
ment in efficiency and durability has been shown when incor-
porating GR-based materials at the LHP/ESL interface. A layer
of lithium-neutralized GO (GO-Li) between TiO, and the LHP
layer improved the electron extraction from the active layer into
the mesoporous TiO,.°" Integrating GO-Li as an interlayer
between TiO, and the LHP layer resulted in the enhancement
of Jsc, FF, and therefore in the PCE. The main reason for this
enhancement is because the substitution of H atoms in the
carboxyl groups of GO by Li atoms decreased the work function
of GO (from 4.9 to 4.3 £ 0.1 eV). It provided an energetically
aligning of GO with the conduction band of TiO,.

The incorporation of different GR derivatives in the
LHP layer can enhance the photovoltaic performance of the
PSCs.%#%92 GR quantum dots (GQDs) were incorporated into
the LHP layer to minimize the charge recombination at the LHP
grain boundaries by passivating trap states and enhancing
electron extraction (Fig. 5b).*> By adding 7% GQDs into the
active layer, the solar cells showed 17.62% PCE (the PCE of
reference device without GQDs was 16.29%).

Nitrogen-doped reduced GO (N-RGO) was integrated into the
LHP layer which resulted in bigger grain sizes of the LHP (Fig. 5¢
(left)).2® The increase in grain size was due to the interaction
between formamidinium cations in the LHP precursor solution
and nitrogen groups on the GR structure which slowed down
the crystallization of the LHP, Fig. 5c (right). In addition, the
introduction of this GR derivative in the LHP precursor solution
also resulted in surface passivation of the LHP grains.

GO can be made via cost-effective solution-based processing
and in comparison to GR, GO-based materials are more suitable
as HSLs in PSCs, due to the better band alignment with the
valence band of the MAPbI; LHP (5.4 to 6 eV).”*** The work
function of GO is about 4.9 eV®®> which is higher than that of
pristine GR (i.e., 4.5 eV). A high work function would create an
ohmic contact, which increases the built-in potential for higher
Voc, while a high conductivity would lead to a high FF due
to improved charge collection. It has been used as an alter-
native for poly(3,4-ethylenedioxythiophene):poly(styrene sulfo-
nate) (PEDOT:PSS) (which has inefficient electron blocking
potential and poor stability in the LHP precursor solvent) in
p-i-n heterojunction with good surface coverage and enhancing
the crystallization of the LHP layer.’*®”

This journal is © The Royal Society of Chemistry 2020
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' Fastertransfer
through GQDs
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Fig. 5 Graphene-based materials in PSCs. (a) Schematic of the configuration of a semitransparent PSC with GR-based electrodes, reprinted with
permission.®? (b) Schematic of the device structure of PSC and reducing the recombination of charge carrier by GQDs, reproduced with permission.&°
(c) Left: SEM top-view images of pristine perovskite (control) and perovskite/N-RGO hybrid films (N-RGO). Right: Photographs of LHP films
during crystallization at 100 °C, which shows the slower formation of the LHP layer in the presence of N-RGO in comparison to pristine perovskite,
reproduced with permission.8® (d) Photograph of the flexible PSC mini-module where a fluorinated RGO is added to the HSL based on a PEN substrate,

reprinted with permission.®”

It is still challenging to achieve both a high work function
and conductivity in GO.°® It contains a large number of
oxygen functional groups resulting in a high work function.
However, this large amount of oxygen content causes very low
conductivity in the material, which is a limiting factor for
efficient hole transport. Therefore, in order to obtain high
performance for both the work function and the conductivity
has to be carefully balanced.’®

RGO, which has a lower band gap energy than GO, has been
used as a promising candidate to overcome this disadvantage.®”*°
An improvement in the performance of planar PSCs was achieved
by Yeo et al.®” using a solution-processed fluorinated RGO as
HSL, which resulted in 10.0% PCE. The molecularly-doped RGO
showed a fast charge-extraction ability and also promoted LHP
crystallization. It is worth noting that PSC modules were pre-
pared on a flexible polyethylene naphthalate (PEN)/ITO substrate
(Fig. 5d), which showed a PCE of 8.1%.

Graphdiyne is a new 2D carbon allotrope with a structure
like GR, with sp- and sp*hybridized carbon network which
possesses highly conjugated structure.’® It has a rigid carbon
network, remarkable electronic properties, and a natural band
gap.'®" Graphdiyne was used as an additive in P3HT. The strong
n-m interaction between Graphdiyne and P3HT resulted in
superior photovoltaic performance. The devices showed 15.58%

This journal is © The Royal Society of Chemistry 2020

PCE compared to 11.53% for devices with pristine P3HT. Further-
more, preliminary stability tests indicated that unsealed devices
stored in a desiccator retained 90% of its initial PCE after 15
weeks, which is the same as for the one with P3HT HSL.'*

The particular features of GR and its derivative, including
unique electronic, optical, chemical, and mechanical properties,
have been largely exploited in the field of photovoltaic conver-
sion. One notable advantage of GR is its scalable solution-
processable fabrication. The first demonstration of GR used in
the context of hybrid PSCs was reported at the end of 2014.
Nevertheless, significant advances have been already achieved,
which demonstrates the tremendous potential of this material
in PSCs and tandem devices. Table 1 shows the solar cell
parameters of GR-based PSCs.

2.4 Graphite and carbon black

3D graphite is an abundant historical carbon material with
relatively high electrical conductivity, high surface area, and
thermal stability."*""*> Together with carbon black to form better
contact, graphite is mainly chosen as the counter electrode in
solar cells."*® The work function of carbon (~5.0 eV) ensures
an efficient hole extraction from the LHP to the carbon layer.
Furthermore, carbon black shows certain conductivity, as well
as high surface-area-to-volume ratio. In 2013, carbon materials

Energy Environ. Sci., 2020, 13,1377-1407 | 1383
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were first applied in PSCs in the form of a fully-printable
carbon counter electrode by Ku et al."** In this study, a carbon
black/spheroidal graphite mixture was used as the main com-
ponent of the carbon paste in the counter electrode.

The electrical conductivity of carbon electrodes strongly
depends on the thermal treatment. Consequently, this type
of carbon paste needs to be sintered at a high temperature of
400-500 °C to form a well-conducting carbon counter electrode.
Because the LHPs will decompose at temperatures beyond
200-250 °C,"" the device fabrication technology was further
developed to become namely a HSL-free PSC with carbon
electrode (C-PSC). The device was fabricated by preparing a
mesoscopic C-PSC with a multi-layer mesoporous architecture
consisting of TiO,, ZrO,, and carbon layers, which were screen-
printed on a FTO/compact TiO, substrate. The LHP precursor
solution was drop-casted onto the carbon black/graphite layer
resulting in 6.6% PCE."** In general, the fabrication process is
to sequentially deposit a TiO, scaffold layer, a ZrO, or Al,0;
insulating spacer layer, and a mesoporous carbon layer. Then,
the LHP precursor solution is infiltrated through the three
layers (carbon, spacer, and TiO,). Because LHP crystals form
in a mesoporous TiO,/ZrO,/carbon scaffold for PSCs,"” the
structure of the mesoporous films directly affects the particle
size and uniformity of LHP crystal. It has a great influence on
the photovoltaic performance of the solar cell.

Moderate progress on the performance of C-PSCs has
improved the PCE, which is still 16%."°"*® Fig. 6a shows a
summary of the development in PCEs of C-PSCs in comparison
to state-of-the-art PSCs since 2013. Based on the structure and

a b
_______Carbon layer

¢ / Zr0, layer
H,NH,Pbl, , —2Z10:
25 CH;NH,Pbl, [ | ~TiO, layer
AR | / /—-TiOZdenselayer
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i c J30LL
PbI,ITiO,
oo °
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[ +}
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-@-Record PSC c:';::‘ ‘
g
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Fig. 6 Summary of development and structures of C-PSCs. (a) Summary
of development in PCEs of C-PSCs ref. 54, 134, 139-143 in comparison to
state-of-the-art PSCs.® The PCE of the C-PSCs has reached 16.2%,*
while the highest PCE of state-of-the-art PSC is 25.2%.° Structure and
fabrication processes of three types of C-PSCs: (b) meso C-PSC, reprinted
with permission,*** (c) embedment C-PSC, reprinted with permission,*
and (d) paintable C-PSC,'*° reprinted with permission.1*®
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fabrication procedure, C-PSCs can be classified into three
different types; meso, embedment, and paintable C-PSCs (shown
schematically in Fig. 6b-d).

Meso C-PSC architecture consists of a multi-layer mesoporous
structure, typically, a double layer of mesoporous TiO, and ZrO,
covered by a porous carbon layer (TiO,/ZrO, or Al,O/porous carbon
film),"” as shown in Fig. 6b. The carbon layer is deposited via
doctor-blading or screen printing of carbon paste containing
graphite, carbon black, and ZrO, (or Al,O;) nanoparticles. An
LHP precursor solution subsequently infiltrates the porous
structure.*****'*” Meso C-PSCs can also be made through a two-
step process. In this method, Pbl, is deposited on the mesoporous
structure followed by chemical conversion to LHP."*”

Embedment C-PSC was developed as a simplified fabrica-
tion method to prevent the high-temperature process.'*® The
carbon electrode is deposited onto the PbI, layer by spin
coating of carbon-based materials such as carbon black, CNTs,
graphite, and GR. This is followed by converting Pbl, to LHP
(MAPDI;), Fig. 6¢c. Wei et al. deposited carbon electrodes using
inkjet printing of carbon on top of the Pbl, layer, followed by
conversion to the LHP. In another strategy, carbon/MAI ink was
printed on top of Pbl,, resulting in a simultaneous chemical
conversions of Pbl, to LHP. The use of carbon/MAI and in situ
transformation of PbI, to LHP constructed a seamless interface
between the LHP layer and the carbon electrode. Therefore,
charge recombination decreased compared to when carbon ink
was used."**'*”

Fig. 6d shows paintable C-PSCs in which the carbon
electrode is fabricated by depositing a paste or paint of carbon
on a pre-deposited LHP layer either by painting or doctor
blading. A typical architecture of this type of C-PSCs is FTO/
TiO,/LHP/carbon.'”"*%”

Due to improved long-term stability, low production costs,
and high upscaling potential, C-PSCs have become an impor-
tant field of study within the PSC community.***'4°7*3 Recent
developments on device structure and working principles of the
three types of C-PSCs have been reviewed by Chen and Yang.'*”

PSCs with conventional structure usually employ organic
HSLs (spiro-OMeTAD or PTAA) to collect holes efficiently.
However, these HSLs hinder the stability of PSCs. Removing
HSL can improve stability, reduce the cost, and simplify the
fabrication process. On the other hand, the noble metal (Ag or
Au) fabricated by thermal evaporation under a high vacuum
condition still represents high cost and high-energy consumption.
Conductive carbon materials, possessing the benefits of low-cost,
earth-abundance and printable, are a promising candidate to
achieve high-performing and low-cost hole-conductor-free C-PSCs."”

3. Stability of perovskite solar cells
containing carbon-based materials
Degradation of PSC is affected by various parameters whose
impact is still not fully understood. The degradation takes place

due to environmental factors or due to the intrinsic instability
of the LHP or any intermediate layers.">*'>® The external
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parameters include humidity, oxygen, heat, light, and applied
electrical bias.'*>%¢

Of the external causes affecting PSC stability, moisture and
oxygen are two of the most pervasive.'®*>> The instability of PSCs
in humid conditions originates from the hygroscopic nature of
the amine salt. In MAPbI;, the methylamine group is lost via
sublimation leading to the formation of Pbl,. The LHP absorbs
water from the surrounding environment leading to hydrated
LHP phases that alter the structures of crystal. This change
lowers the ability of the LHP to absorb the visible light.'®*>”

Under working conditions, direct exposure to sunlight
increases the temperature of solar cells and high temperature
is one cause for PSCs degradation. The thermal degradation
occurs even under inert conditions.

This degradation occurs because of the thermal instability of
the LHP or unstable layers such as the HSL. It is well-known
that temperature has a significant impact on the phase and
crystal structure of the LHP." Light is another reason for
degradation in PSC. Initially, this decomposition mechanism
was thought to be caused by moisture. Nevertheless, it has
been observed that severe decomposition occurs during the
illumination even in the dry air. When the LHP is exposed to
illumination in dry air, it decomposes into its components. For
instance, MAPbI; decomposes into methylamine, Pbl,, and I,
as reaction products. The photo-induced electrons in the LHP
react with oxygen molecules forming superoxide, which further
reacts with methylamine.">”*>®

Another degradation effect is the decomposition of the LHP
due to electrical bias. The electric field triggers both functional
and structural transformations in PSC."™ The influence
of external electric bias is to cause ion migration in the
solar cell (due to the low activation energy) or charge carrier
accumulation that results in thermally activated trap formation
or unfavorable electrochemical reactions.''®® Therefore,
applied electric fields, both positive and negative biases, are
potentially harmful and can cause PSC degradation.'3*¢°

The instability of the device comes mostly from the degrada-
tion of the inherently poor stability of the LHP materials.
Relatively weak Pb-I bonds combined with high ion migration
make the LHP susceptible to degradation via a wide variety of
degradation mechanism. The problem is intensified when the
LHP is combined with other components in the PSC, such as
the ESL, HSL, and metal contact.

Several studies have discussed the influence of different
conditions such as humidity, temperature, and light on the
degradation of the PSCs and have investigated different methods
for enhancing the stability of the PSCs. Among the various
methods for improving the stability of PSCs, the application of
carbon-based materials seems to be one of the most promising
approaches for addressing the challenge of outdoor stability.
Carbon-based materials are thermally stable, they have been
shown not to interact with the halides in LHPs, and they are
inherently water-resistant.>***'*” The long-term stability of PSCs
has been evaluated in different ways including dark storage of
the devices on a shelf called cold or hot drawer test, maximum
power point (MMP) tracking, and outdoor tests.>'' In the

This journal is © The Royal Society of Chemistry 2020
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following sections, we discuss the improvement in the stability
of the PSCs by using the carbon family materials in different
functional layers of the devices.

3.1 Electron selective layer

The performance and stability of PSCs are strongly dependent on
the choice of ESL.”** Both metal oxides and polymers have been
used as n-type semiconductor ESLs in PSCs. ESL plays a vital role in
the performance of PSCs by facilitating the extraction of photo-
generated electrons from the LHP layer and transferring them to
the conducting electrode. In the mesoscopic n-i-p PSCs, TiO,
compact layers is typically used which is topped by a mesoporous
semiconductor scaffold such as TiO,, SnO,, and WO5.*® Due to the
ambipolar transport behavior of the LHP and long diffusion
lengths, the mesoporous scaffold layers can also be composed of
metal oxide insulators like Al,O3, ZrO,, and SiO,, and it has been
shown that PSCs are highly efficient even without a scaffold.*"!

Owing to the high selectivity and proper conduction band
(which is well-matched with the LHP layer), TiO, and SnO, are
currently the most common ESLs in state-of-the-art PSCs.”®
However, the photocatalytic activity of TiO,, which is utilized in
different applications such as pollution abatement in water or
air,'®” has become an issue in PSCs hindering the stability of
the devices.>* The reduced device stability can also be attributed
to adsorbed water and oxygen at the TiO, surface.'®® As an
alternative, n-type materials like electron-transporting carbon
materials have been applied to increase the stability of the PSCs
either by replacing the ESLs or by incorporating carbon materials
into the conventional ESLs.

SWCNT-incorporated TiO, nanofibers'®' as well as TiO,
nanoparticles'® have been demonstrated as ESLs by Batmunkh
et al. The introduction of SWCNTs in the ESL induced suitable
energy levels and decreased charge recombination.

Combining two 1D materials as ESL led to devices with
fast charge extraction and low recombination rates. PSCs with
SWCNT incorporated in the TiO, nanofibers photoelectrodes
showed 40% enhancement in efficiency as compared to the
control devices with only TiO, nanofibers. The conductive
SWCNTs incorporated in TiO, nanofibers provided a fast
electron transfer within the photoelectrode, increasing the Jsc
value. Alongside an increase in PCE, these devices also showed
improved stability both in light and under humid conditions.
Fig. 7a shows the stability tracking of the unencapsulated devices
based on TiO, nanofiber ESLs with and without SWCNTs for
288 h under ambient storage conditions at a relative humidity
of 60%. The performance of the control device dropped to 10%
of the original efficiency after 288 h, while the devices with TiO,
nanofibers and SWCNTs dropped to 34%. The humidity causes
changes in the morphology and decomposition of the LHP
layer.'®" These morphological changes affect the electron trans-
fer from LHP to TiO,. Presence of CNTs or GR derivatives''® in
ESL could provide better connectivity between ESL and LHP.
Therefore, extra charge carrier pathways mitigate the changes
in LHP layer.''®"!

Zhao et al.' incorporated GR modified N,N'-bis-[2-(ethanoic
acid sodium)]-1,4,5,8-naphthalene diimide (NDI) surfactant into

This journal is © The Royal Society of Chemistry 2020
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nanocrystal SnO, ESL. The modification of SnO, increased
surface hydrophobicity and formed van der Waals interaction
between the surfactant and the LHP compounds. The champion
device showed a FF of 82% and an accompanying PCE of
20.16%. The stability test showed that GR-based devices main-
tained more than 90% of their initial PCE after 300 h at room
temperature with 30% humidity, whereas the control device PCE
dropped to 65%.

Recently, GR was applied in SrTiO;/Al,0;-GR ESL for stable
and efficient PSCs based on LHP/Ag-RGO light absorber
layer."®® The encapsulated device exhibited notable thermal-
and photostability and retained 93% of the initial PCE over
300 d under ambient conditions. The enhancement in the long-
term stability was due to the barrier effect of GR sheets, i.e.,
barrier to moisture penetration and ions migration. Al,O3-GR
composite acted as both scaffold for LHP layer and charge
transport layer due to the presence of conductive GR in the
composite. Furthermore, because of less trap state density and
recombination in the device based on Al,0;-GR composite
compared to the device based on mp-TiO,, it showed substan-
tial improvement in thermal- and photostability.

Following the work by Jeng et al®® in 2013, different full-
erene derivatives have been exploited as ESLs in the planar
PSCs. PCBM is one of the most widely used electron extraction
and transport material due to its high electron-accepting
properties.” Moreover, the energy level of the conduction band
of PCBM is well-aligned with that of the LHP.

A modification of the fullerene has been performed using a
cross-linkable silane containing hydrophobic groups. Using
this treatment, penetration of water molecules to the LHP layer
was shown to be blocked, resulting in improved stability, with
solar cells retaining about 90% of their efficiency after 30 days.
The photographs demonstrating the water-resistivity of the
devices based on conventional PCBM and the cross-linkable
silane-functionalized fullerene are shown in Fig. 7b."® A
dimeric fullerene derivative (D-Cg) with two [6,6]-phenyl-Cq;-
butyric acid methyl ester (PCs;BM) units (Fig. 7¢) has also been
used as an ESL in PSCs. The devices based on this ESL showed
better stability under a 50% humidity in the air at room
temperature. This is attributed to the higher hydrophobicity
and the more compact structure of the D-Cg( layer in compar-
ison to PCBM.

However, the explicit influence of the functional groups of
fullerene derivatives on the PSCs’ performance and stability is
still unclear. Tian et al.® studied the effect of a branched alkyl
chain of a PCs;BM-like fullerene derivative, [6,6]-phenyl-Cg;
butyric acid 2-ethylhexyl ester (PCqBEH), on performance
and stability of inverted planar PSCs. Fig. 7d shows the struc-
ture of PCeBEH. Due to the high solubility of PCesBEH
in chlorobenzene, highly homogenous films were formed,
which enhanced passivation and improved electron extraction.
Additionally, the resulting dense and hydrophobic films of
PC¢;BEH-based devices resulted in improved device stabilities
when compared with those of PCs;BM-based devices. The
device stabilities were conducted under a 45-50% humidity in
air at room temperature without encapsulation. Fig. 7e shows
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Fig. 7 Stability of PSCs by using carbon-based materials in ESL. (a) Normalized PCE of unencapsulated PSCs with and without SWCNTs in the TiO,
nanofiber ESLs as a function of storage time. (Solar cells were kept in the dark in ambient conditions at a relative humidity of 60%), reprinted with
permission.'®* (b) Photographs of the devices based on ESLs with conventional PCBM (top) and with cross-linked silane-functionalized fullerene (bottom)
after exposure to a water droplet for 4 min. The scale bars in both the images are 0.5 cm, reprinted with permission under Creative Commons license.®®
(c) The structure of D-Cgq, reproduced with permission.1®® (d) Molecular structure of PCg,BEH and PCg;BM. (e) Normalized PCE of PSCs employing
PCe:BEH and PCgBM as the ESLs as a function of storage time in air. (f) SEM cross-section image of a NiMgLiO/halide LHP/N-doped GR fullerene
derivative phenyl-Ceg;-butyric acid methyl ester (G-PCBM)/CQDs/Ag device, where G-PCBM and CQDs stand for GR-doped PCBM and carbon quantum
dots, respectively. (g) Schematic drawing of the diffusion processes within the nanocarbon-based ESL, reprinted with permission under the Creative

Commons license.**”

that PC4,BEH-based devices exhibited better stabilities because
of their hydrophobicity and film morphology, resulting from
the branched functional group.

There are still numerous concerns in PCBM ESLs, like
current leakage, recombination at the interface, and poor sur-
face coverage, which need to be addressed."”® Hence, doping
and chemical modification of the PCBM layers have shown to
be an efficient way to achieve better stability of the PSCs.
A mixture of PCBM and Cg, shows better trap passivation and
an increase in the conductivity when compared to the pure
PCBM.'"!

The stability of inverted PSCs based on different fullerene
derivatives, cis-dimethoxy carbonyl fulleropyrrolidine C,, (DMEC;);
a-DMEC;, isomer, mix-DMEC,, (mixture of three different
cis-DMEC;, isomers (o, p-endo, and B-exo)), and PC,;BM as
the ESL in a relative humidity of ~20% was investigated by
Castro and co-workers.>® The unencapsulated devices with the
PSCs based on o-DMEC,, showed the highest stability over
this period of time. This was attributed to the higher hydro-
phobicity of this ESL in comparison to the two others, which
reduced water intrusion into the LHP layer.

Work by Bi et al. has shed light onto other carbon-based
materials, which were shown to act not only as ESL but also
suppress the detrimental ion/molecule diffusion within PSCs

1388 | Energy Environ. Sci., 2020, 13, 1377-1407
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and increase the carrier lifetimes.
layer consisting of N-doped GR, PCBM, and carbon quantum
dots was used between the LHP layer and the metal electrode
in heterojunction PSCs, as shown in a cross-sectional SEM
image in Fig. 7f. Iodide diffusion from the LHP absorber layer
to the electrode as well as the migration of Ag atoms from the
electrode to the LHP layer (which both are the degradation
pathways for the PSCs) were hindered by the carbon layer
resulting in stable devices. Fig. 7g shows schematic representa-
tions of the carbon layer, which blocks the layer-to-layer migra-
tion of iodide and water molecules. Stability tests showed that
the PCE of the devices remained close to the initial value (15%)
during thermal aging at 85 °C for 500 h and light soaking
for 1000 h.

ESLs based on carbon-based, particularly fullerene-based deri-
vatives, can be processed at low temperatures, which is compatible
with device fabrication on flexible substrates. Despite the intensive
research on optimizing the ESLs, it is challenging to improve the
durability of the PSCs by ESL engineering.”

3.2 Perovskite active layer

The light-harvesting layer is a primary layer in PSCs and the
underlying properties of this layer, such as light-harvesting
efficiency, morphology, and charge separation efficiency, are

This journal is © The Royal Society of Chemistry 2020
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crucial factors in PSCs. Improvement of the morphology of the
active layer is essential to hinder current leakage and enhance
light harvesting.®® Furthermore, by increasing the grain size,
grain boundary concentration in the LHP layer decreases
and ion migration is reduced, improving the hysteresis and
long-term stability of the devices."”> LHPs are prone to defect
formation on the crystal surface or at the grain boundaries.
Passivation of these defects is an efficient approach in order to
improve photovoltaic performance.'”?

Carbon-based materials have been incorporated in the LHP
light-harvesting layer mostly to improve the morphology,®®°>
decreasing the hysteresis properties,”” and reducing the charge
recombination.®® However, there are just a few studies reporting
the stability improvement by application of carbon-based
materials in the LHP active layer. Yavari et al.'”* applied carbon
nanoparticles containing functional groups to the LHP layer of
PSCs. The interaction of functional groups on carbon nano-
particles with LHP components resulted in a larger LHP grain
size. This modification on the solar cell, which made the LHP
film more hydrophobic and more thermally stable compared to
the control device, with little change in the photocurrent. The
absorption spectra of the LHP films before and after the heat
stress test in dry air (120 °C for 2 h) showed no change in
absorption in the presence of carbon nanoparticles, while the
control LHP film showed pronounced changes. The presence of
the carbon nanoparticles which formed hydrogen bonding
between carbon nanoparticles and FA might be the reason for
increased thermal stability.

LHPs are prone to defect formation on their surfaces or at
the grain boundaries due to anion and cation migration under
applied bias."”® Therefore, the passivation of these defects is an
efficient approach to improve photovoltaic performance and
stability.'”® Carbon quantum dots were used as additive in the
LHP layer in order to passivate the crystal defects, improve the
crystallinity, increase the grain size, reduce the grain boundary,
and, in general, prepare high-quality MAPbI; films."”” The
unencapsulted devices with carbon quantum dots additive in
LHP maintained 85% of their initial PCE after 20 days in air
with humidity of 30% (at 20 °C), while the PCE of PSC with
pristine LHP decreased by 44%. Uncoordinated Pb atoms on
the surface of LHP films as the main source of charge traps
interacted with functional groups of carbon quantum dots such
as carboxyl, hydroxyl and amino which reduced the defects on
the LHP film.

The hydrophobic properties of carbon-based materials,
when incorporated into the LHP layer, can hinder the water
diffusion to the layer and increase the stability of the devices.
Guo et al.'” used carbon quantum dots as an additive to the
MAPbDI; LHP. The hydrophobic carbon quantum dots attached
to the LHP surface were shown to block water diffusion into the
LHP. It resulted in enhancing the long-term stability of the PSC.
The LHP film showed much less degradation under ambient
conditions (with humidity of 50-60%) after 300 h, in compar-
ison to the pristine MAPDI; film.

A molecularly designed graphite-nitrogen doped GQDs
(GN-GQDs) was used as a functional semiconductor additive

This journal is © The Royal Society of Chemistry 2020
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in LHP film by Gan et al.'’® In addition to passivating the grain
boundary trap states due to the Lewis base/acid interaction, the
GN-GQDs exhibited a bandgap with valence band and conduc-
tion band matching well with the energy structure of MAPDI;,
which accelerated the charge transport. Based on the reduced
trap states and more hydrophobic property of LHP film, the
device showed better environment stability at ambient under
30% humidity for 30 days without encapsulation.

Incorporation of PMMA-fullerene complex inside the LHP
layer resulted in improved performance and stability of PSCs.'”®
The fullerene located at the LHP grain boundaries and formed a
dipole-like electric field inside the LHP layer. It favored charge
carrier separation improving the device performance. PMMA
molecules in the complex made it more hydrophobic, which
blocked the moisture penetration into the LHP layer. The hybrid
LHP showed superior stability against moisture, heat, and light.
The PSCs exhibited no photovoltaic performance degradation in
ambient air for 250 d under long-term stability testing. Under
continuous illumination in ambient air, the PSCs incorporated
with PMMA-fullerene show approximately 60 times higher
stability than the state-of-the-art PSC.

Although these results confirm that the application of
carbon-based materials in the LHP layer provides PSCs with a
longer lifetime, there is still room for research focusing on it.
Many carbon-based materials are not dispersible in the solvent
compatible with LHP. The functionalization of carbon-based
materials could be useful for this purpose, providing that their
characteristics are not disturbed.

3.3 Hole selective layer

A suitable HSL requires proper electronic properties and a well-
matched valence-band energy level to the LHP layer to facilitate
an efficient hole extraction. In addition to these properties, HSLs
should meet certain requirements such as high-temperature
stability, low cost, and, ideally, hydrophobicity. All of these
characteristics needs to be taken into account in the commer-
cialization of PSCs."®® Different materials including either inor-
ganic materials (NiO, CuSCN, MoOj;, and Cul) or organic
materials such as 2,2’,7,-7'-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9'-spirobifluorene (spiro-OMeTAD), poly(3-hexylthiophene-2,5-diyl)
(P3HT), PTAA (poly(triaryl amine)), and poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS) have been found
appropriate as HSLs in PSCs. In addition to the traditional
HSLs, carbon-based materials are particularly promising
materials for application as HSLs or as additives to the common
HSLs in order to improve the hole transport mobility as well as the
stability of devices."**8!'83 Different groups have reported that the
performance of devices based on spiro-OMeTAD was improved
with the incorporation of CNTs and GR derivatives.”®”>"**

The HSL plays a critical role in the stability of PSCs,
particularly in the traditional device architecture; FTO/n-type/
LHP/p-type/metal electrode. The properties of conventional
HSLs, such as hydrophobic properties, resistance to ion migra-
tion, and thermal stability are factors that affect the stability of
the devices."”™”® A central focus of many studies has been
related to the poor barrier properties of common HSLs that
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cannot hinder moisture ingress. Organic HSLs are usually
susceptible to the migration of halide ions and metal ions
(from the metal electrode), which inevitably results in device
degradation.™”

The commonly used HSL, spiro-OMeTAD, is unstable in
outdoor applications. Spiro-OMeTAD is a poor barrier for the
interaction of the metal electrode and LHP due to the severe
morphological deformation under thermal stress (formation
of large voids). Indeed, spiro-OMeTAD crystalizes at high
temperatures creating pathways for the diffusion of metal from
the electrode to the LHP,>"84'8¢

Spiro-OMeTAD exhibits low electrical conductivity (9.1 x
1077 S em™")"* in its pristine form and doping it with lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) to reduce the series
resistance, and charge recombination has been shown to be
mandatory. Li-TFSI is hygroscopic, which accelerates the moisture-
induced degradation of the LHP layer under ambient
conditions.®>'® In addition, Li-TFSI can further reduce the adhe-
sion between the LHP and the HSL resulting in poor ambient
stability of the PSC."*>'8”'8% Another common additive in spiro-
OMETAD is tert-butylpyridine (TBP), which acts as a morphology
controller in order to improve the contact between the HSL and the
LHP layer, as well as to suppress charge recombination in the
device.* TBP is a polar solvent of a similar nature as the solvents
used for the deposition of the LHP precursor solution. This can lead
to the dissolution of the LHP layer. Thus, it is necessary to develop
new stable HSLs or more stable additives to replace Li-TFSI and
pyridine dopants for the scale-up and commercialization of PSCs.
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PEDOT:PSS is a common HSL in inverted planar PSCs due
to its tunable conductivity and high optical transmittance.
Unfortunately, it is detrimental to the stability of the devices
because of its acidic nature.'®**°* Many groups have reported
that the stability of the PSCs can be improved by application of
the carbon-based materials either by incorporating them in the
common HSLs or by applying them as alternatives for HSLs.

3.3.1 Carbon-based additives in hole selective layer. A thermal
stability comparison between LHP films coated with different
HSLs, including spiro-OMeTAD, P3HT, PTAA, and SWCNT-PMMA
composite, was performed by Habisreutinger et al.®® (Fig. 8a). Signs
of degradation of the LHP layer were observed within 24 h,
and the degradation progressed considerably within 96 h for
LHP films coated with organic HSLs. Interestingly, in the case
of spiro-OMeTAD, the degradation is also accelerated in the
presence of the highly hygroscopic lithium-based dopant. It
confirms the importance of developing nonhygroscopic HSLs,
which would prevent moisture from interacting with the LHP
film. By using an HSL consisting of hydrophobic polymer
poly(methyl methacrylate) (PMMA) mixed with SWCNTs
(i.e., an SWCNT-PMMA composite) no significant degradation
was observed after 96 h. PMMA acted as a protective layer and
shielded the LHP film from moisture. However, because of its
insulating characteristics, PMMA is not capable of transporting
charge carriers. Owing to exceptional electronic properties,
SWCNTs improved the charge transport in this HSL. By wrapping
CNTs with a monolayer of P3HT, supramolecular nanohybrids
(P3HT/SWNT) were formed and allowed the dispersion of CNTs in
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Fig. 8 Carbon-based materials as additives in HSL (a) Optical images of the degradation of the LHP layers with different materials on top of the films,
reproduced with permission.®® (b) XRD patterns of the device based on Li-doped spiro-OMeTAD and (c) XRD pattern of devices based on SWNTs-doped
spiro-OMeTAD from 0 to 45 days exposition at ambient conditions (RT, RH = 70%). The combination of the (002)/(110) planes is found at ~14.1° and that
of the (004)/(220) planes at ~28.4°. The other low-intensity diffraction peaks at ~23.5°, 31.9%, 40.5°, and 43.20° are assigned to the (211), (312), (224), and
(006)/(330) planes. Peaks at 26.5°, 33.8°, and 37.9° are assigned to FTO, reprinted with permission.**2

1390 | Energy Environ. Sci., 2020, 13,1377-1407

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ee04030g

Open Access Article. Published on 06 March 2020. Downloaded on 7/28/2025 9:15:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a common solvent for spin coating the HSL. Moreover, the
P3HT affects the electronic properties and results in a p-type
charge collection layer. By replacing the organic hole-
transporters with this HSL, PSC with 15.3% PCE was achieved
with enhanced thermal and moisture stability.®> The devices
without encapsulation maintained their efficiencies after 96 h
exposure to a temperature of 80 °C in air. However, devices with
Li-TFSI doped spiro-OMeTAD, P3HT, and PTAA HSLs lost their
efficiencies after thermal stress in the air.

Mileti¢ et al.'®* showed the improved chemical stability of
the LHP is the advantage of the SWCNTs doping of spiro-
MeOTAD in comparison to the Li-doped spiro-MeOTAD. The
effect of the doping spiro-MeOTAD with chemical function-
alized SWCNTs and LiTFSI on the stability of LHP films was
compared by continuously exposing them to the environment
for 45 days (ambient air, 70% relative humidity and room
temperature). The X-ray diffraction (XRD) patterns of the devices
with SWCNTs doped spiro-OMeTAD and with the standard Li
salt doped spiro-OMeTAD are shown in Fig. 8b. The XRD shows
the degradation of the LHP to Pbl, by the final large amounts of
Pbl, (characteristic (001) peak at 12.65°). The yellowish device
color (inset Fig. 8b) also confirmed the PbI, formation. The
intensity of the CH3;NH;Pbl; main peak at 14.1° was also
extremely reduced after 45 days of exposure. The appearance
of a broad background in the 20 window between 20 and 30° was
attributed to the changing of the crystalline LHP phase into an
amorphous form. The LHP active layer was severely damaged by
moisture and possible migration of Li" from the HSL. For the
aged devices doped with SWCNTs, instead, the PbI, peak was
significantly smaller, and the LHP XRD peaks maintained the
same shape and intensity, showing a minor degree of decom-
position (Fig. 8c). The improved moisture resistance demon-
strates the suitability of this material as a valid doping agent for
spiro-MeOTAD as an alternative to the conventional Li salt.

Carbon-based materials have been used as HSLs in PSCs
to replace the detrimental additives of spiro-OMeTAD and to
enhance the stability of PSC. Solution-processable GO reduced
by ferrous iodide acid solution was used together with dopant-
free spiro-OMeTAD in a mesoscopic device architecture by Luo
et al.’®* In their work, the hole transporting layer was prepared
by first spin-coating the RGO dispersion and subsequently
spiro-OMeTAD. Although the reference solar cell showed better
performance, the devices with RGO showed improved stability
in ambient conditions, i.e., only a 15% PCE degradation after
500 h with a maximum PCE of 10.6%. However, the PCE of the
device with Li-TFSI and pyridine doped spiro-OMeTAD HSL
dropped by 65% in the same timeframe.

NiO, as a p-type semiconductor with low-temperature pro-
cessing is typically used in inverted PSCs, particularly flexible
devices."®>'* However, the band alignment between low-
temperature-processed NiO, and the LHP layer is not adequate,
resulting in reduced photovoltaic performance. Carbon-based
materials have been applied in HSL based on NiO,. Amino-
functionalized GQDs (AGQDs) were used in NiO, HSL for
optimizing the band structure alighment between the NiO, and
LHP layer to facilitate the hole extraction at the NiO,/LHP interface.

This journal is © The Royal Society of Chemistry 2020
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In addition to the improvement of performance, the device
showed good air stability and mechanical stability."**

3.3.2 Hole selective layers based on carbon materials.
GR-based materials have been widely used as HSLs in PSCs.
In an early study, a functionalized nano GR (perthiolated tri-
sulfurannulated hexa-peri-hexabenzocoronene, TSHBC) was
used as the HSL to improve the stability of mesoscopic MAPbI;
PSCs.”®> The structure of TSHBC is shown in Fig. 9a. The
formation of a Pb-S coordination bond between the LHP
absorber and TSHBC contributed to an efficient electron extrac-
tion at the interface. A PCE of 12.8% was reached by using
TSHBC as the HSL, which was further improved to 14%
by doping TSHBC with GR sheets (because of better charge
transfer). The hydrophobic nature of both TSHBC and TSHBC/
GR layers allowed them to adequately protect the LHP layer
resulting in more stable devices in comparison to spiro-
OMEeTAD. Fig. 9b shows that the contact angle of water droplets
on TSHBC as well as TSHBC/GR were 107°, while the contact
angle on spiro-OMeTAD was only 80°. The devices with spiro-
OMEeTAD lost ~80% of their efficiency after 10 days, while the
cells with TSHBC and TSHBC/GR retained 85% and 90% of
their original PCE over 10 days under the same storage condi-
tion, respectively. Under illumination, the efficiency of devices
with spiro-OMeTAD reduced to 25% within 60 min. However,
devices with TSHBC retained 60%, and the cell with TSHBC/GR
showed 70% of the original efficiency after 400 min. The rapid
drop in PCE was ascribed to the intrinsic thermal instability
under illumination.

The high potential of GR-based HSLs for efficient and stable
PSCs was further confirmed by using a composite consisting
of GR and functionalized CNTs (GR: f-CNTs) as an efficient
HSL in PSCs with good conductivity and hole mobility.**® The
GR: f-CNT composite, which is prepared by n-n interaction
between the GR sheets and the functional CNTs, acted as a
scaffold for LHP crystallization and enhanced the stability of the
devices without encapsulation. The devices with a PEDOT:PSS
HSL showed a 70% decrease in the efficiency after 48 h, while
the PCE of the devices with GR: f-CNT composite decreased
by 20% (temperature 35 °C, humidity 20%) in 48 h, Fig. 9c. The
improved stability was ascribed to the hydrophobicity and
neutral charge of the composite. A new transfer method by a
vacuum lamination process was developed by Ishikawa et al. in
order to use GR as an HSL.'°® Vacuum lamination is a process
that binds the layers together under pressure and vacuum.
Although the device based on GR HSL showed lower efficiency,
it had better stability in comparison to spiro-OMeTAD devices.
This is suggested to be due to the GR layer blocking the humidity
and oxygen diffusion to the LHP absorber layer.

GO is a stable material and does not react with the LHP
layer in PSCs.”® In comparison to conventional PEDOT:PSS, the
GO-based devices displayed an enhancement in stability. They
maintained more than 90% of the initial PCE after 2000 h,
while The PCE of the PEDOT:PSS-based device decreased to
40% of the initial PCE after just 1400 h over a long-term
storage/operation.”® The J-V curves of encapsulated devices
with PEDOT:PSS and GO-based HSL for 78 days over cycles of
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TSHBC/GR, reprinted with permission.*®® (c) Normalized PCEs of PSCs based on Gr-CNTs and PEDOT:PSS HSLs as a function of storage time in ambient
air, reprinted with permission.*°® J-V curves of (d) PEDOT:PSS- and (e) GO-based devices at O to 78 days, reprinted with permission.®® (f) The stability of
devices with PEDOT:PSS, GO, and rGO-HBS HSLs as a function of storage time (at 25 °C and humidity of 30% with no encapsulation). (g) Bending
experiments on flexible devices based on ITO/PEN substrates and RGO HSLs, reprinted with permission.'?* (h) Normalized PCE of devices with spiro-

OMeTAD and RGO HSLs deposited by 20 cycles of spray coating, reprinted with permission.

operation/storage conditions are shown in Fig. 9d and e. The
Voc remained almost unchanged during these storage and
operation tests. The reason for rapid decrease in PCE of the
devices based on PEDOT:PSS is the sensitivity of organic
PEDOT:PSS to oxygen and moisture. Moreover high acidity
and hygroscopic properties of PEDOT:PSS cause detrimental
effects in device stability.’®

The hole conductivity of GO is increased by reducing it
(although still lower than that of pristine GR)."®® The solubility,
conductivity, and surface chemistry of RGO are controlled by
the reduction procedure and the reducing agent.'®® RGO fulfills
almost all of the necessities of a relatively ideal HSL, including
ease of fabrication, low cost, high conductivity, and high
stability. Solution-processed RGO has been exploited as HSL
in direct and inverted PSCs by focusing on the stability issues of
the devices.”® Yeo et al.”® reported the application of a facile
solution-processed RGO as an HSL in inverted PSCs with the
configuration of glass/ITO/RGO/CH;NH;PbI;/PCs;BM/batho-
cuproine(BCP)/Ag. The devices showed enhanced stability in
comparison to devices based on PEDOT:PSS HSL (in 50%
humidity). Devices based on the RGO HSL retained around
62% of its PCE after 140 h. The performance of the devices with
the PEDOT:PSS HSL showed a significant drop after 120 h.

The higher stability of GO and RGO HSLs relative to PEDOT:PSS
in planar PSCs was further confirmed by Jokar et al'*
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As shown in Fig. 9f, devices with HSLs based on GO and RGO
reduced by 4-hydrazino benzenesulfonic acid (RGO-HBS) main-
tained half of their initial efficiencies after 1000 h storage.
However, the device with PEDOT:PSS HSL completely stopped
working within 650 h. Furthermore, the flexible PSCs using
RGO as HSL on a flexible ITO/PEN substrate maintained 70% of
their initial performance after 150 mechanical bending cycles,
Fig. 9g.

Enhancing the stability of PSCs by employing RGO as the
HSL in n-i-p configuration was also investigated by Palma
et al."®® by spray-coating a suspension of RGO on top of the LHP
layer. The RGO alternative to spiro-OMeTAD showed a PCE 40%
lower than the control, which was attributed to poor coverage
on the LHP surface. However, the devices based on RGO HSL
showed superior stability (ISOS-D-1 shelf-life aging test)."®” The
unsealed PSCs were kept in the dark and air with 50% humidity
under open-circuit conditions. A 138 h shelf-life test showed
the devices based on the RGO HSL lost 11% of their initial PCE,
whereas the efficiency of the devices based on spiro-OMeTAD
HSL was reduced by over 55%, Fig. 9h.

Some HSLs do not meet the requirements of an efficient
PSCs while other materials, such as spiro-OMeTAD, have
been used in highly-efficient PSCs. However, the need for
detrimental additives in these HSLs may cause severe stability
issues in the real application of the PSCs. Therefore, replacing

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Stability of PSCs based carbon electrodes. (a) MPP tracking under constant illumination for carbon-based (carbon cloth embedded in carbon
paste/spiro-OMeTAD) and control (spiro-OMeTAD/Au) device in the nitrogen atmosphere at 85 °C, reproduced with permission.2%° (b) Schematics of the
SWCNT-contacted device. (c) MPP tracking of the devices with Au and SWCNT back contact at 60 °C, reprinted with permission.2% (d) The device
structure of the TiO,/AlLOs/NiO/carbon (MAPbls)-based device. (e) Light soaking test at 100 mW cm™2 (with white light emitting diodes) and a
photograph of the sealed device. (f) Stability investigation of the devices with TiO,/Al,O3/NiO/carbon (MAPbIs) structure during the light soaking test,

reprinted with permission.?

HSLs or their additives is an efficient approach in increasing
the stability of the PSCs while preserving efficiency. Due to their
high operational stability and lower cost in comparison to the
commonly used HSL, the carbon-based HSLs show great potential
in the commercialization of PSC technologies both as HSL and
as additives to HSLs. However, a systematic investigation of the
stability of the PSCs with carbon-based HSLs for enhancing
long-term stability is still required.

3.4 Electrode

3.4.1 Carbon materials for replacing the metal electrode.
The electrodes in the state-of-the-art PSCs typically consist of
expensive metals such as Au or Ag. Metal migration into the
LHP layer and degradation of the metal contact are important
degradation pathways in PSCs, which in turn severely affect the
long-term stability of the devices.'®**'9®%° The degradation of
PSCs due to the metal back contact under working conditions
has been overcome to some extent by replacing the metal-based
electrodes with designing various novel cathodes based on low-
cost and abundantly available carbon-based materials. Carbon
materials have several advantages such as an aligned work
function, facile and low-cost fabrication, mechanical flexibility,
and, most importantly, high stability.**%2°°

In 2013, Ku et al."** pioneered the application of low-cost
and stable carbon electrodes for replacing the metal contact in
PSCs. Subsequently, many studies have applied carbon back
contact electrodes in PSCs in order to achieve long-term stable
PSCs. Many carbon materials including graphite, carbon black,?**
spongy carbon,’*®> CNTs,>*® coal powder,** and Carbon cloth®*®
have been used as the electrode in PSCs. Gholipour et al’®
exploited carbon cloth embedded in carbon paste as the electrode.
This electrode improved the long-term stability of the devices in

This journal is © The Royal Society of Chemistry 2020

comparison to gold electrodes under elevated temperatures.
Fig. 10a shows the stability of the devices with carbon cloth and
gold back contact (control) at 85 °C by maximum power point
(MPP) tracking. At 85 °C, the device with the carbon cloth
electrode retained more than half of the initial PCE after 100 h,
while the control device efficiency decreased to less than 10%
after 65 h. The rapid degradation of the Au device was ascribed
to the metal/LHP interactions, which was avoided by the use of
the carbon electrode.

It has been shown that CNT films can increase the stability
of PSCs when substituting the metal electrode. Aitola et al.>*®
enhanced the stability of PSCs by combining spiro-OMeTAD
and SWCNT films as HSL and electrode. The configuration is
shown in Fig. 10b. MPP tracking data of the Au and SWCNT-
contacted devices under white light-emitting diode (LED) illu-
mination for 140 h with an intensity equivalent to 1 sun was
collected (Fig. 10c). By conducting the experiment at 60 °C in N,
atmosphere, the device with the SWCNT cathode exhibited
minimal efficiency loss, while the efficiency of the device with
the metal back contact was reduced dramatically under MPP
tracking. It has been reported that Au-induced degradation
of the LHP layer results in loss of photovoltaic parameters.**®
The slight decrease in photovoltaic performance of the devices
based on SWCNTs could be due to the slow degradation of LHP
film due to the residual water or oxygen, LHP phase transition,
light induced trap states, and ionic movement.

In addition to the commonly reported PSC device structure,
carbon electrodes have also been used in other PSC configura-
tions. For instance, they have been used in the architectures
which are entirely constructed of inorganic metal oxides (TiO,/
Al,03/NiO/carbon (MAPbI;)). The configuration is a quadruple
layer of mesoscopic TiO,/Al,0,/NiO/carbon used as the scaffold,
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which is infiltrated with MAPbI; shown in Fig. 10d.>°"*°® Cao
et al.*™! performed stability tests on the TiO,/Al,03/NiO/carbon
(MAPDI;) devices. The devices retained over 80% of the PCE
after 1000 h at 60 °C in the dark. Moreover, the stability of
sealed devices were subjected to a constant light soaking
under ambient atmosphere at room temperature with relative
humidity of 40% (Fig. 10e). The stability results shown in
Fig. 10f indicates that the devices maintained 82% of the initial
PCE after 500 h. Xu et al.*°° also showed that the PSCs with this
structure maintained over 93% of its initial values when stored
under ambient conditions with about 40% humidity for 1000 h
(in dark). However, under light, temperature of 45 °C, and 40%
humidity, the stability was an issue for the devices and the PCE
decreased by about 80% of the initial value after 150 h. The
stability of PSCs using carbon electrode is due to the protection
by the thick carbon layer back contact.**' Carbon does not
affect the LHP layer by ion migration which typically occurs in
PSCs based on Au contact.

Applications of carbon-based materials as the electrodes in
PSCs not only provide solar cells at a lower cost and high
stability but it also offers PSCs with more features such as
flexibility and semi-transparency with dual side illumination,
which can be used in perovskite-perovskite tandem solar cells
connected in series.

3.4.2 Hole selective layer-free perovskite solar cells with
carbon electrodes. In addition to the importance of contact in
the stability of PSCs, especially at high temperatures, the
organic HSLs are mostly unstable and allow the metals from
the electrodes to interact with the LHP layer resulting in
unstable devices. On the other hand, apart from its function

View Article Online
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as a photoabsorber, the LHP layer is able to transport holes and
electrons efficiently, making it possible to fabricate HSL-free
devices. Various types of HSL-free PSCs have been explored by
applying Au or carbon hole-extraction electrodes. Amongst them,
the application of stable and water-resistant carbon electrodes is
an elegant solution for the stability issues.'” Carbon electrodes are
chemically stable, inert to ion migration, and moisture resistance
making them the promising conducting electrode.>”” Many
groups have explored the stability of the HSL-free PSCs using
carbon electrodes (C-PSCs) and considerably high stabilities have
been reported for this type of PSCs.'?%10:208209

C-PSCs usually have the architecture of FTO/TiO, dense
layer/TiO, mesoporous layer/LHP/carbon (Fig. 6). Ku et al.'**
fabricated mesoscopic C-PSC with a carbon black/spheroidal
graphite counter electrode (achieving 6.6% PCE) with almost no
performance decay in 840 h in dry air at room temperature and
without encapsulation.

Mei et al."*® fabricated fully printable C-PSCs by drop-casting a
solution of Pbl,, methylammonium iodide, and 5-ammoniumvaleric
acid (5-AVA) iodide through a porous carbon film. The device with
mixed-cation LHP (5-AVA),(MA), ,Pbl; showed a certified PCE of
12.8%. The crystals of (5-AVA),(MA), ,Pbl; in this fully printable
mesoscopic C-PSC had fewer defects and better contact with
the TiO, scaffold. The non-encapsulated devices retained their
initial performance for over 1000 h in an air atmosphere under
solar irradiation."*

The hydrophobic properties of the carbon-based electrodes
were investigated by Yu et al>'® C-PSCs retained 98% and
92% of their initial efficiencies when they were exposed to
water flushing and water immersing, respectively (Fig. 11a).

~— Device before water exposure

o 20 KRR RPFT - ~@— Corresponding device after flushing
g RERLLAA AT A 7 C ing device after i
E
> Jsc (mA cm-2) Voc (mV) FF (%) PCE (%)
i)
g 10 Beforewater g qq 1036 6097 1262
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5 Flush 19.49 1034 6138 1237
5
o 0 |mmerse| 19.01 1018 6|0.30 11.67I :
0.0 0.2 0.4 0.6 0.8 1.0
Voltage/ V
" /
R M~
5
'8 8
0 1 2 3 4 5 6 7

Fig. 11 Stability of C-PSCs. (a) A photo of a PSC immersed in water (top) and placed under running water (bottom). (Encapsulated devices were exposed
to running water for 30 s and immersed in water for 15 min). (b) J-V curves of an as-prepared solar cell before and after water exposure, reprinted with
permission.?? (c) The outdoor stability test of encapsulated C-PSCs in Jeddah, Saudi Arabia, reprinted with permission.** (d) Schematic illustration

of C-PSC based on the CNT dripping method, reprinted with permission.
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Fig. 11b shows the J-V curves of the devices, which were almost
unchanged before and after water exposure. The devices were
also stable under thermal stress at 150 °C for 30 min. The
improvement in moisture stability is due to the hydrophobic
nature of carbon, which protected the LHP from degradation
during the water permeation and removing the hydroscopic
dopants (Li-bis(trifluoromethanesulfony)-imide) typically used
in the spiro-OMeTAD.

A C-PSC has outstanding stability under different conditions.
Zhou et al.**® fabricated devices with the long-term durability of
over 2000 h in air and dark (for non-encapsulated devices). An
outdoor stability measurement of C-PSCs based on a triple layer
structure was conducted by Li et a.>'* in a hot desert climate in
Jeddah, Saudi Arabia. The test showed that the photovoltaic
parameters were stable for seven days under the hot and humid
climate conditions highlighting the strong resilience of the
devices, Fig. 11c. The stability tests under indoor light soaking
and prolonged heat stress (80-85 °C) for encapsulated PSCs
for three months showed almost no change in the device
performance.

The thermal stability evaluation of a printable three-layer
C-PSC based on a CH;NH;PbI; LHP was conducted by Baranwal
et al."*® Virtually no PCE loss was shown for encapsulated meso
C-PSCs in ambient air at 100 °C for more than 1500 h. The
reason for the high thermal stability of C-PSCs is that carbon-
based electrodes are inert to ion migration. Conversely, in PSCs
with typical HSL and metal contact, temperature of 70 °C is
enough to cause migration of metal into the LHP material
through the HSL, which in turn severely affects the device
performance under working conditions.'®® Many researchers
have reported the long-term stability of C-PSCs. Table 2 shows
an overview of the reported values on the long-term stability
of C-PSCs.

Although there are many reports showing the C-PSCs are
promising candidate for stable PSCs, C-PSCs suffer from poor
contact at the LHP/carbon electrode interface resulting in a
significant amount of undesired charge recombination.>*® To
get a seamless interface and better contact between LHP and
carbon layer, Ryu et al.>"* modified solvent engineering method
by dripping off the CNTs dispersed in chlorobenzene solution.
This method resulted in the penetration of CNTs into both the
LHP film and the carbon electrode, as shown in Fig. 11d. It
enhanced the quality of the LHP/carbon interface, particularly
because the CNTs aligned upward and facilitated fast hole
transport between the two layers. The resulting devices enhanced
performance and improved resistance to water ingress into the
LHP. The moisture stability of the resultant devices was compared
with devices based on spiro-OMeTAD with dopants as HSL and
Au electrode. The non-encapsulated C-PSCs maintained >80% of
their initial PCE after 2 h at 30 °C under 50% humidity, followed
by 2 h under 80% humidity, while the control devices only
maintained 20% of their initial PCE.

The stability of the C-PSCs can be further improved by
modification of the carbon electrodes or by employing a more
stable LHP absorber. Wei et al. enhanced the stability of the
carbon electrodes using epoxy, which is a common polymer in

This journal is © The Royal Society of Chemistry 2020
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carbon paint, and further with an Ag coating.>** Epoxy is a
water-resistant polymer which makes the carbon electrode
more hydrophobic. The hydrophobicity of the electrode
was further increased by coating the electrode with Ag paint,
which also increased the electrode’s conductivity. The non-
encapsulated C-PSC with epoxy in the carbon electrode showed
superior stability (almost unchanged PCE for 20 days), which
was further enhanced by the Ag coating at ambient atmosphere
(60-80% humidity). A stable C-PSC was developed by Chang
et al. using an inorganic LHP light absorber (CsPbBr;), which is
normally more stable than organic LHPs, together with a
painted carbon electrode. The device fabrication was per-
formed under ambient conditions and showed 11.7% loss in
efficiency after 250 h at 80 °C.>*” Grancini et al.**® developed a
one-year stable PSC by engineering the LHP composition where
HOOC(CH,),NH3),Pbl,/CH3;NH;PbI; was used as the absorber
in a C-PSC architecture. It worth note that the LHP in these
C-PSCs is 2D/3D LHP which is more stable than conventional
3D counterparts. The devices were stable for more than 10 000 h
(> 400 days) in the presence of oxygen and moisture.

Despite their high efficiency, typical PSCs are vulnerable
to moisture due to both the hygroscopic nature of dopants
(Li-bis(trifluoromethanesulfonyl)-imide) in the HSLs and degra-
dation of the LHP. C-PSC showed strong moisture stability even
at 90% RH or higher due to the hydrophobic property of carbon,
which prevented degradation of LHP by water penetration into
the device. These promising results prove the feasibility and
potential of C-PSCs toward stable PSCs. The development of
more durable C-PSCs (which is still improving progressively) has
brought to light the opportunity to scale-up and commercializa-
tion. However, due to poor contact at the LHP/carbon electrode
interface and fabrication technique limitations, a significant
amount of undesired charge recombination occurs in these
HSL-free C-PSCs. Work is still needed to develop C-PSCs with
high PCEs and long-term durability comparable to silicon
solar cells.

3.4.3 Towards flexible perovskite solar cells. Flexible PSCs
provide portable energy for ubiquitous electronic devices using
the advantageous features of PSCs such as high efficiency, low
cost, and lightweight.>*° The mechanical stability of electrodes
is an essential factor in flexible solar cells. The superior
mechanical property of GR and other carbon electrodes make
them the perfect candidates as the electrode materials in the
flexible PSCs.”*!

The carbon electrode fabricated on flexible polyimide sub-
strate showed good connectivity and mechanical properties
(Fig. 12a)."*® Later on, a flexible C-PSC with a structure of
ZnO/CH;NH;Pbl;/carbon on flexible polymer substrates was
prepared.”'® Bending test was done on the device by bending it
around a pen with 1 cm diameter (Fig. 12b). The stability
measurement showed that the flexible C-PSC maintained 80%
of the initial efficiency for more than 1000 cycles of bending,
as shown in Fig. 12c.

Yoon et al. fabricated flexible PSCs using GR as a transparent
electrode with the architecture of (PEDOT:PSS/Gr-Mo/PEN)
through transferring MoO,-functionalized GR film on PEN
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substrate. The structure of GR-based flexible PSCs is illustrated
in Fig. 12d."** The device showed 16.8% PCE, and the reference
device with (PEDOT:PSS/ITO/PEN) architecture using ITO
cathode and PEN substrate showed 17.3%. The flexible devices
maintained >90% of its original efficiency after 1000 bending
cycles at a bending radius of 4 mm, as shown in Fig. 12e, and
85% of the efficiency even after 5000 bending cycles with a
bending radius of 2 mm. However, Owing to the occurrence of
the fracture in the ITO layer after bending, the PCE of the
PEDOT:PSS/ITO/PEN device failed significantly from 17.3% to
4.3% (Fig. 12e). This overwhelming bending stability highlights
that perovskite photovoltaics with carbon electrodes can pave
the way for rollable and foldable photovoltaic applications.

3.5 Interfaces between the layers

The weak chemical bonds in the crystal lattice of LHP including
ionic bonds, hydrogen bonds, and van der Waals interactions
promote LHP decomposition and low stability.***>*> Typically,
the decomposition of LHP starts at the surface which leads to
instability of the heterostructures on the surfaces.>® Many
reports have shown that LHP components penetrate through
the ESLs and HSLs.”***** Due to the low energy barriers to ionic
transport in LHPs, the ionic migration is a suspected reason for
instability of PSCs.>***** It has been reported that metal from
the metal contact diffuses to LHP through the HSL.'8¢>
Several strategies have been explored to hinder the metal-
migration-induced degradation of PSCs.>*” Moreover, ion
migration from LHP to the metal electrode through HSL
which is accelerated by positive bias and under constant light
illumination results in severe irreversible PCE drop.*®

Interfacial modification has been done in different thin-film
photovoltaic cells.'**>*® In PSCs, engineering of the interface
between different layers of the device, including the interface
between the LHP film and ESL (metal oxides or other organics
in planar PSCs or scaffold layer in mesoporous devices),
LHP layer and HSL, and HSL and metal contact is critical for
long-term stability of devices.

Trap states the surface may lead to various challenges, such
as recombination loss and instability of the devices.”’ This
phenomenon is due to the adsorption of oxygen radicals on the
deep electronic trap sites on the TiO, oxygen vacancies, which
can react with photogenerated holes.'®*>*° The oxygen is then
released and leaves an electron trap state behind. The electrons
which are trapped in these states will further recombine with
holes.>® A tri-block fullerene derivative layer, [6,6]-phenyl-
Ce;butyric acid-dioctyl-3,3’-(5-hydroxy-1,3-phenylene)-bis(2cyano-
acrylate)ester (PCBB-2CN-2C8), was used to modify the
temperature-processed TiO, surface in planar PSCs.** This
interface engineering led to an enhanced charge extraction
from the LHP layer to the TiO, layer as well as to the passivation
of the TiO, surface. This resulted in an improved device perfor-
mance (20.7% improvement) and enhanced stability of the PSCs.
The TiO, surface traps were passivated by the tri-block fullerene,
which resulted in an increase in stability of more than 4 times
(from ~40 h to ~200 h shelf lifetime under ambient condi-
tions). The stability of the PSCs was also enhanced by using a
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Fig. 12 Mechanical stability of carbon electrodes. (a) Conductive carbon films prepared on a plastic substrate, reprinted with permission.**®
(b) Photograph demonstrating the bending of the flexible ZnO/CH3NHzPbls/C PSCs around a pen with a diameter of 1 cm. (c) Normalized PCE
variations during 1000 bending cycles for two randomly selected flexible devices, reprinted with permission.?*® (d) The device structure of GR-based
flexible PSCs (inset image: photograph of a complete device). (e) Normalized PCEs as a function of bending cycles at a fixed bending radius of 4 mm for
the GR-Mo/PEN and ITO/PEN devices. Average values from four separate devices are presented with error bars of standard deviation. The inset

photograph shows the Gr-Mo/PEN device bent at a bending radius (R) of 4 mm, reprinted with permission.

layer of lithium-neutralized GO (GO-Li) on top of the meso-
porous TiO, layer, which was claimed to passivate the oxygen
vacancies/defects on the mesoporous TiO, layer.”*

An enhancement in the stability of the triple cation-based
MA, 5,FAo 35RDg 0sPbI; PSCs was achieved by Mahmud et al.>*°
applying carbon materials, fullerene (Ce,) and PC,,BM ([6,6]-
phenyl C;; butyric acid methyl ester), at the interface between
the LHP and ZnO ESL. The adsorbed fullerene (C-ZnO) and
PCBM (P-ZnO) at the interface between the ESL and the LHP
layer passivate the interstitial trap sites on the surface of the
ESL. This passivation of the interstitial trap states upshifted
the Fermi-level of the ESL and led to an increase in n-type
conductivity. Devices with the C¢, interlayer on the ESL showed
high stability maintaining 94% of the initial PCE after one
month, and the P-ZnO PSC retained nearly 88% of the PCE over
the same time, while the ZnO reference device showed 81% of
the initial PCE over one month. The stability test was carried
out by storing the devices in an N,-filled glovebox (in the dark)
and measuring the device performance frequently under ambi-
ent conditions with controlled humidity (RH: 35-40%). The
enhanced stability of devices based on the C-ZnO was mostly
due to more stable Jsc and Voc values in comparison to ZnO
and P-ZnO PSCs. Mott-Schottky characterization was used
to investigate trap-assisted charge recombination. The results
showed that the flat band potential reduction for aged C-ZnO
and P-ZnO PSCs was 10 mV, while this was 100 mV for the ZnO
PSC, which indicates more significant trap-assisted recombina-
tion and thus lower normalized Vo in the aged ZnO PSCs.
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The reason for the lower decrease in the normalized Jsc values
of the C-ZnO devices is due to the higher hydrophobicity and
lower charge trapping after the stability test.

Recently, Wang et al.">® used chlorinated GO at the interface
between LHP layer and HSL. The strong Pb-Cl and Pb-O bonds
formed between lead in the LHP layer and chlorine and oxygen
atoms in chlorinated GO layer constructed a heterostructure
which can selectively extract photogenerated charge carriers
and inhibit the loss of decomposed components from LHP
layer to the HSL. Therefore, it reduced damage to the organic
charge-transporting semiconductors. The PSCs maintained
90% of their initial PCE (21%) after the operation at the MPP
under solar light at 60 °C for 1000 hours.

GR derivatives have been used between HSL and metal contact
as an efficient barrier for ion migration and metal diffusion in
PSCs. An enhancement in the stability of PSC was achieved by
applying a spin-coated RGO passivation layer between HSL
(CuSCN) and Au layer."™* The device maintained more than 95%
of its initial PCE after aging for 1000 hours under full-sun
illumination at 60 °C. The RGO spacer layer suppressed unfavor-
able reaction between I™ ion and Au electrode. However, it is
challenging to achieve a highly conductive and atomically thin
RGO passivation layer by the spin coating process.

Lee et al.**® used an atomically-thin impermeable conduc-
tive GR (3 layers) as the spacer layer between Au contact and
HSL. The GR layer functioned as a conductive diffusion barrier
between CuSCN layer and Au electrode blocking I" ion migra-
tion and Au diffusion, in addition to act as a barrier for

This journal is © The Royal Society of Chemistry 2020
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moisture intrusion. The PSC with GR interfacial layer retained
>94% of its initial PCE after 30 days at 50% humidity.

In addition to the enhancement in carrier dynamics
and energy level alignment designing, the interface with
carbon materials also can serve as barriers against moisture
permission and ion diffusion or migration. It can enhance
device stability and provide a feasible solution to the stability
challenge of PSCs.

3.6 Carbon with different functions in the same perovskite
solar cell

The versatility of the carbon-based materials and their unique
features provides the possibility of applying them in different
parts of the PSCs simultaneously in order to improve the
stability.>*”® GO-based components have been applied as both
HSLs and ESLs by Nouri et al. applying NiO-GO as HSL and
GO-TiO, as the ESL in inverted PSCs (FTO/NiO/GO/LHP/GO-Li/
TiO,/Al). Although the device with the GO-based charge trans-
port layers had lower PCE compared to the device with common
components (FTO/PEDOT:PSS/LHP/PCBM/Al), it showed a
better stability with negligible hysteresis."®*

A metal contact-free carbon sandwich structure with a lead
halide LHP layer between two allotropes of carbon (a fullerene
layer as the bottom layer and SWCNTs as the top electrode) was
developed by Ahn et al>*' The graphical illustration of the
device structure is shown in Fig. 13a. Due to the prevention of
both moisture ingress and trapping of charges by fullerene and
the hydrophobic SWCNTs, devices with the structure of ITO/
Ceo/CH3NH,PbI;/CNT showed higher long-term stability in
comparison to devices based on TiO, electrodes (under one sun
illumination, without UV-filter and at ambient conditions), Fig. 13b.

View Article Online

Review

Even higher stabilities were obtained by using a combination of
polymeric HSLs with CNTs, because of the strong interaction
with CNTs and a more compact structure. Encapsulated devices
stored at open-circuit condition under constant illumination of
one sun illumination in ambient air maintained 80% of their
efficiencies over 2200 h.>*"

An all-carbon electrode-based flexible PSC was fabricated by
Luo et al.*** by integrating GR and CNTs simultaneously into
the PSC. CNTs were used for the cathode, and GR was applied
as the anode to fabricate the flexible PSC. Fig. 13c displays the
schematic of the configuration of the all-carbon electrode-
based flexible device. The prepared flexible PSCs showed better
mechanical durability against deformation compared to the
devices made from flexible ITO substrates. The all-carbon
electrode-based devices were able to retain about 84% of their
initial efficiency after 2000 bending cycles using a bending
curvature of 4 mm, while the PCE of the ITO-based flexible PSC
decreased to 13% of its initial value after 1500 bending cycles,
Fig. 13d. This is because of the dramatic increase in ohmic
resistance of the ITO/PEN material after the bending cycles.
However, the resistance of the CNT and GR electrode remained
unchanged. Interestingly, the all-carbon-electrode also demon-
strated superior stability compared to devices with Au or Ag
cathodes under light or under thermal stress at 60 °C. The
stability tests under light soaking conditions showed that the
all-carbon electrode devices maintained 92% of their initial
PCE after 1014 h, while the devices with Au and Ag electrodes
retained 75% and 61% of their efficiencies, respectively. The
devices were further subjected to constant temperature stress
(60 °C, in dark) in air, Fig. 13e. The efficiencies of PSCs with Ag
and Au electrodes decreased to 26% and 52% of their initial
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Fig. 13 Employing different carbon materials in various parts of PSCs simultaneously. (a) Schematic of the devices with LHP active layer sandwiched by
fullerenes and CNTs entangled with a hole-transporting material. (b) Time evolution of normalized PCEs of Cep- and TiO,-based devices without
encapsulation, reprinted with permission.?>* (c) Schematic of the architecture of the all-carbon electrode-based flexible PSCs. CSCNTSs stands for cross-
stacked CNTs. (d) Bending durability of the ITO/PEN-based and all-carbon-electrode-based flexible solar cells as a function of bending cycles.
(e) Stability of the standard and all-carbon electrode-based flexible PSCs as a function of soaking time in the ambient atmosphere under constant

temperature stress (60 °C), reprinted with permission.2>2
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values, which was ascribed to metal ion migration into the LHP
absorber film as well as to accelerated moisture entry at higher
temperatures, whereas the all-carbon electrode flexible PSCs
retained 89% of the initial PCE after 1570 h.

4. Limitations

Application of carbon-based materials is a promising approach
to improve the charge transfer, reduce charge recombination,
enhance stability, and reduce the manufacturing cost of the
PSCs. Nevertheless, there is still plenty room for further device
performance and stability improvement. On the other hand, it
requires a standardized test benchmark to make a legitimate
comparison between PSCs based on different carbon materials.'*®

It is still challenging to control the diameter, crystallinity,
and alignment of carbon-based materials simultaneously. The
stability of carbon-based materials also needs to be enhanced.
Moreover, the intrinsic properties of some of the carbon
materials, such as conductivity and structure (amorphous or
ordered), may cause issues in their functions in PSCs.

Fullerenes have been broadly used in PSCs. However, they
suffer from some drawbacks, such as high cost and poor
ambient stability, and low energy level variability because
structurally they cannot easily undergo chemical modifications.
Moreover, they tend to aggregate upon annealing which may
result in poor film morphology.>*® Accordingly, the need to
explore new ESLs was an incentive to develop an alternative
that can overcome these deficiencies.

In the last few years, considerable efforts have been dedicated
to the development of non-fullerene acceptors with acceptor—
donor-acceptor structures. Non-fullerene acceptors such as
ITIC (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2,3'-
d'l-s-indaceno[1,2-b:5,6b"]dithiophene), have tunable band gap.
ITIC and its derivatives have demonstrated record power con-
version efficiencies (PCEs) of over 10% to date.”***>*

Another extensively used carbon-based material in PSCs is
GR. CVD-grown GR can be an ideal electrode because of its high
transparency and inertness. However, its application is limited
due to the process issues. Although the structure-property
relationships of other GR derivatives are routinely explored,
there is no well-controlled and optimized fabrication process. It
is because of the non-stoichiometric nature of GR and its
derivatives with unclear empirical formulae.>*

C-PSCs using the carbon electrode with high water resistance
and thermal stability are one of the best choices for air-stable PSCs.
On the contraty, their PCE is far behind the PCE of state-of-the-art
PSCs with an organic or inorganic HSL and a metal electrode.>*®
The commonly used carbon electrodes in C-PSCs (graphite and
carbon black) do not have sufficient hole selectivity due to the
slight mismatch in Fermi level with valence band of the LHP
resulting in severe recombination loss. The other cause of their
current low performance is poor contact at the interface between
carbon and LHP and limitation in fabrication techniques.”*® This
results in undesired charge recombination and low PCE.

1400 | Energy Environ. Sci., 2020, 13,1377-1407
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The interface between carbon and LHP needs in-depth
investigations. The poor contact between LHP and carbon elec-
trode, which contains graphite flakes, encumber the hole extrac-
tion from the LHP to the carbon. For further improvements, the
interfacial contact issues need to be overcome by interfacial
engineering to take a positive step toward commercialization.>*®
One of the most crucial concerns in the use of carbon-based
materials for PSCs with high efficiency and long-term stability is
that the process fundamentals are not clear enough for the
industrial manufacturing approach.

On the other hand, some stability issues cannot be resolved
by applying carbon-based materials. Internal factors such as
ion migration, intrinsic molecular dissociation, interfacial
reactions, and thermal instability of most LHPs are intrinsic
sources of degradation of PSCs which have not been prevented
efficiently by carbon-based materials.>***%” Ion migration,
which is an intrinsic and known issue in LHPs, is considered
as one of the key challenges for improving the lifetime of PSCs.
Ton migration is almost unavoidable in all types of LHPs due to
their high ionic mobility. The situation is even more serious at
defective sites, grain boundaries, and interfaces.”*® The mobile
ions degrade the LHP and react with electron and hole and
cause problems.

The intrinsic tendency for molecular dissociation of the
LHPs to their starting precursor materials is also of great
concern for the long-term stability of perovskite photovoltaics,
and this cannot be hindered by the use of carbon-based
materials. For instance, MAPbX; (X = I, Br, Cl) tends to decom-
pose to MAX and PbX,. A critical issue not yet properly
addressed is the thermal instability of the LHP itself due to
chemical and structural instabilities. It is well known that some
LHPs undergo phase transitions and structural transforma-
tions in the temperature range relevant to photovoltaic applica-
tions in full sunlight (at or above about 85 °C).'**>?>°

In general, LHP materials structurally belong to the class of
soft materials and, consequently, should have a large response
function to small external perturbations such as temperature
increases.>*’

5. Summary and future directions

PSCs have progressed remarkably fast in just a few years and
they are now approaching the performance of silicon-based
photovoltaics. However, the long-term stability of PSC remains
one of the most critical challenges to overcome. The upscaling
and commercialization of this photovoltaic technology require
the use of new materials that are inexpensive and enhance the
stability of the device. Carbon-based materials have a variety of
properties that make them ideal for photovoltaic applications.
They are stable, inexpensive, and have been applied in all func-
tional layers of the PSCs showing great potential in increasing
the stability of the devices. Carbon materials are mostly water-
resistant and impede the water ingress into the LHP layer
resulting in higher stability under humid conditions. Thus,
we expect to see many reports on incorporating carbon-based

This journal is © The Royal Society of Chemistry 2020
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materials in PSCs, particularly for enhancing the stability, in
this fast-evolving field.

For the application of LHPs in multi-junction solar cells or
tandem devices, a transparent electrode on top of the LHP is
needed. Developing relatively transparent carbon top electrodes
such as GR and CNT networks will be essential for this applica-
tion. One of the most promising PSC based on carbon is the
C-PSC. The high stability has been shown to be a significant
advantage of this type of PSCs. Nevertheless, the efficiencies of
C-PSCs still need to be improved to make them competitive to
state-of-the-art PSCs and silicon-based solar cells.

The stability of PSCs based on carbon materials requires
more systematic studies under different operational conditions
such as humidity, high temperature, light, or combinations of
these. On the other hand, there are no universal ‘“‘standard”
protocols to compare the stability of devices. This makes it
challenging to compare devices between groups. Thus, we need
to establish a standardized protocol to evaluate the long-term
stability of PSCs.

Furthermore, before bringing PSCs based on carbon materials
to commercialization and launching them into the global market,
parameters such as cost, environmental impact, and high stability
need to be addressed.>*" The typical architectures and deposition
techniques used in laboratories cannot be easily implemented to
commercial solar cells.”*"*** and large-scale fabrication methods
need to be developed to produce and commercialize long-term
stable PSCs based on carbon materials.

Among the family of PSCs, C-PSCs (HSL-free PSCs with carbon
counter electrode), in which the use of the expensive and unstable
spiro-MeOTAD and gold are avoided, have great potential for
commercialization of this new technology due to scalable deposition
processes.'®?262%% [ arge-area modules using carbon as cathode
have been reported, exhibiting low cost, high throughput, and
superior long-term stability.>******%* Hu et al.** fabricated a hole-
conductor-free printable solar module employing a triple layer of
mesoporous TiO,/ZrO,/carbon as scaffold and (5-AVA),(MA), _,Pbl;,
LHP as the light harvester. The 10 x 10 cm® module with an active
area of 49 cm® (PCE of 10.4%) showed over one-year shelf life in the
dark under ambient conditions. It was also stable under light
soaking test for 1000 h, or under outdoor test in the local environ-
ment for a month. Moreover, to assess the reproducibility, a
7m? fully printable perovskite solar panel was fabricated in
which each of the 1 m® panels was assembled using 96 solar
modules. However, for better performance, apart from other
parts of the module, the carbon counter electrode with smaller
resistance needs to be developed.

The reports and progress on large-area modules show the
potential of PSCs based on carbon materials for scaling up and
commercialization. Nevertheless, to be able to convince the
market to shift over for more advanced technologies, further
research and developments are required.
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