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Solution-Processable 2D Materials Applied in Light-

Emitting Diodes and Solar Cells

Antonio Gaetano Ricciardulli and Paul W. M. Blom*

The last decades have witnessed a remarkable scientific progress in the field
of organic and perovskite optoelectronics. Two-dimensional (2D) materials

are an attractive building block for next-generation devices, thanks to their
unique physical, optical, and electric characteristics including atomically thin
bodies, high transmittance, ultralight weight, and tunable band structures.
The state-of-the-art optoelectronic devices utilizing 2D materials mainly rely
on 2D thin films grown by chemical vapor deposition. Although good device
performances have been demonstrated, a huge gap between fundamental
studies and practical applications remains, because of the high cost and
troublesome transfer/restacking processes. Therefore, flexible and transparent
light-emitting diodes (LEDs) and solar cells (SCs) containing solution-
processed 2D materials from top-down exfoliation methods have recently
emerged as promising candidates for future light conversion and emission
devices. They combine ease of processing, tailorable optoelectronic features,
facile integration with complementary layers, compatibility with arbitrary
substrates, and enhanced performances. In addition, the latest processing
techniques (such as ink-jet printing, spray coating) also offer the opportunity
for the scaled-up fabrication of square-meter-scale low-cost device systems.
Recent advances, challenges, and future perspectives of solution-processed 2D

materials for usage in emerging LEDs and SCs applications are discussed here.

weight,”! and flexibility!® can serve a diverse
range of functions. In this frame, the
2D family offers a broad and versatile
supply to meet the requirements of solar
cells (SCs) and light-emitting diodes
(LEDs), which are assembled into stacked
structures of different components with
specific functionalities. As proof of con-
cept, materials like graphene and its deriva-
tives, transition metals dichalcogenides
(TMDCs) and black phosphorus (BP) have
been successfully embedded into organic
SCs (OSCs) and perovskite SCs (PeSCs)
and LEDs in the last years.’l However, their
practical use is hindered by high cost and
complex synthetic methodologies. To inte-
grate 2D materials into emerging solution-
processed optoelectronic devices, which rely
on low cost to be competitive in the market,
high quality should be coupled with cost
effectiveness. Hence, further efforts have
been recently made in terms of materials
synthesis to turn laboratory-scale research
into commercial applications.'! Solution-

1. Introduction

Two-dimensional (2D) materials have been successfully exploited
in a wide range of applications including catalysts,!l batteries,?
supercapacitors,’l and sensors! because of their unprecedented
chemical and physical properties. Recently, 2D materials have
also emerged as potential candidates for optoelectronic devices,!
since their tunable optical and electronic properties,® light
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processed approaches meet this direction
through ease of processing, cost effective-
ness, and structure/properties tailoring.

This article presents the recent breakthrough advances in
the fabrication and engineering of solution-processable 2D
materials, such as high-quality graphene, functionalized gra-
phene materials, BP, and TMDCs, for light-emitting and har-
vesting applications. The review will provide a perspective in
future integration of 2D materials into optoelectronics, in par-
ticular LEDs and SCs, based on the comprehensive analysis of
their up-to-date progress, spanning from the synthetic routes
to the processing techniques. The report starts with an over-
view on optical and electric properties of 2D materials, fol-
lowed by the development of their synthesis and processing
strategies. Subsequently, their applicability in emerging LEDs
and SCs is demonstrated, followed by a discussion on the
challenges and possible opportunities to further eliminate the
practical limitations of current optoelectronic devices.

2. Fundamentals of 2D Materials for
Optoelectronics

The realm of the 2D materials lends an immense selection of
optical, electric, and physical functionalities that can be utilized
in novel LEDs and SCs. In this section, the fundamental prop-
erties of 2D materials are briefly discussed.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.1. High-Quality Graphene and Functionalized Derivatives

Graphene is a monolayer of graphite (Figure 1a),!'!] endowed
with outstanding properties, which made it one of the most
investigated materials of the last decades. The carbon atoms
in graphene are arranged in a honeycomb lattice and charac-
terized by sp*hybridization, which results in three localized o
bonds on the planar assembly and a delocalized conjugated 7
bond in the perpendicular direction. This structure, in case of
an ideal single-layer graphene, has a zero-gap semi-metal char-
acter (Figure 1b), due to its valence and the conduction bands
(VB and CB, respectively) that touch at the K(K’) points of the
Brillouin zone.'?l As a consequence, graphene can absorb a
broad light spectrum, spanning from the ultraviolet to infrared
region.!® It is worth mentioning that the bandgap of graphene
can be opened in the low-energy regime by tailoring its elec-
tronic structure, which broadens the range of application for
graphene. For this purpose, there are different methods, such
as the introduction of defects,[" chemical doping,["! post-func-
tionalization,l'®! and size-confinement.'”l Reported intrinsic
carrier mobility of single-layer graphene reaches values up to
20 000 cm™ V-1 571118 Furthermore, as one of the most impor-
tant features for optoelectronic devices, a monolayer of gra-
phene shows an optical transmittance of 97.7%.1%) However,
despite these outstanding features, a single layer of this carbon
allotrope is limited by a sheet resistance (Rs) of =6 kQ sq1.12%
To increase the solubility and processability, graphene has been
functionalized with oxygen-containing groups.?!! Graphene
oxide (GO) and reduced GO (rGO) have been widely used in
optoelectronics because of their versatility.?2l However, the dis-
ruption of the aromaticity from the functional groups leads to
a general decrease of the optical and electric properties.?3 In
addition to the remarkable optical and electronic properties,
graphene and its functional derivatives, like other 2D mate-
rials, have the enormous advantage to be extremely thin and
flexible.?*l These features are becoming increasingly relevant
in optoelectronics, where the latest trend is the fabrication of
ultrathin and flexible devices.

2.2. Black Phosphorus

BP, also named as phosphorene, is the most thermodynami-
cally stable phosphorus allotrope, which can be exfoliated into
thin layers.”®! The crystal structure of an individual layer of
BP is composed by units of four sp’-hybridized phosphorus
atoms, resulting in a non-planar folded honeycomb structure
(Figure 1c).2° The sp3-hybridization generates two different
bond lengths, 2.224 and 2.244 A, which are in- and out-plane,
respectively. Because of the puckered structure, BP shows
highly anisotropic properties.?”] Indeed, phosphorene exhibits
dichroism?®l and a huge variation of the optical absorption
properties with direction.?”) BP displays anisotropic behavior
also in carrier masses, which strictly relates to charge carrier
mobility.?" For instance, the calculated hole mobility along the
zigzag direction, on the order of 10* cm? V! s71, is 40 times
higher than the one in the armchair direction.?!l In addition
to the above-mentioned properties, one of the most intriguing
features of phosphorene for optoelectronic applications is the
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thickness-depended direct bandgap. A monolayer of BP has
a predicted direct bandgap of =2 eV at the I point of the first
Brillouin zone.??l By adding other layers, the interlayer interac-
tions lead to the reduction of the bandgap (Figure 1d) till the
value of 0.3 eV (bulk BP).**l This peculiar characteristic opens
up novel possibilities for the integration of tailored 2D semi-
conductors in LEDs and SCs.

2.3. Transition Metal Dichalcogenides

TMDCs are a class of materials with the chemical formula
MX,, where M, a transition metal element (molybdenum [Mo],
tungsten [W]) and X, a chalcogen element (sulfur [S], selenium
[Se], or tellurium [Te]) are covalently bonded.?* Depending on
the specific chemical compositions, they can exist in different
structural phases. The two most common phases (Figure le)
are the octahedral (1T) and trigonal prismatic (2H) ones.*
With regard to MoS, the first has the Mo atoms octahedrally
coordinated with the S and Mo atoms, the latter has each Mo

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Atomic structure of a graphene monolayer and b) the related band structure. Reproduced with permission.l""?! Copyright 2014, Springer
Nature. c) Atomic structure of BP. Reproduced with permission.?%l Copyright 2014, Springer Nature. d) Band structures for n-layered BP calculated
within the GW approach for n between 1 and 4, blue circles show the band splitting near the gap. Reproduced with permission. 33 Copyright 2014,
American Physical Society. e) Atomic structure of single layers of TMDCs in their 2H and 1T forms. Transition metal and chalcogen are illustrated in

gray and blue spheres, respectively. f) Evolution of the band structure of 2H-MoS, calculated for samples with different thickness. e,f) Reproduced
with permission.*l Copyright 2017, Springer Nature.

atom prismatically packed by six S atoms. As a result of the  present semiconducting behavior in their thermodynamically
chemical and structural diversity, TMDCs exhibit a wide assort-  stable 2H phases, which makes them attracting for electronic
ment of electronic properties. Materials such as MoS, and WS,  applications.?® Furthermore, they have thickness-dependent
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electronic band structures (Figure 1f), showing an interlayer
coupling effect.’”] Indeed, the indirect bandgap of bulk and
few-layered 2H-MoS, turns into a direct bandgap for the mon-
olayer. The indirect bandgap of the semiconductor 2H-MoS,
(1.2 eV) gradually increases by reducing the thickness, up to
=2.1 eV, in the case of the direct bandgap of a monolayer.*®!
The indirect to direct bandgap transition from layered to single-
layer TMDCs is further demonstrated by photoluminescence
(PL) studies.’”) While PL of bulk MoS, and WS, is negligible, it
emerges when the TMDCs are thinned into monolayers. Theo-
retical calculations for monolayer MoS, estimate an electron
mobility of 10-1000 cm? V! s7! at room temperature.*? How-
ever, as for BP, practical experiments have determined much
lower charge carrier mobility due to the presence of defects in
these atomically thin layers.[*!

3. Synthesis and Processing of Solution-
Processable 2D Materials

3.1. Scalable Synthetic Methods of 2D Materials

The structure of 2D materials has a strong impact on the
properties of 2D materials. Hence, to guarantee high quality
and to minimize the structural disorder, the choice of the
synthetic route plays an essential role. Chemical vapor dep-
osition (CVD) has been widely used for the production of
high-quality 2D materials for optoelectronic applications.!*?
Despite various efforts successfully proving the suitability
of CVD-2D materials in devices such as SCs and LEDs, the
complicated process, low yield, and high cost hinder their
practical use.*3l Conversely, solution-processable approaches
can be a valid alternative to synthesize 2D materials for
application in optoelectronic devices, which, in addition to
versatility and high performance, rely on low cost to hit the
consumer market. The prominent methods are discussed in
this section.

3.1.1. Liquid-Phase Sonication

Liquid-phase sonication is a top-down method for the exfo-
liation of a variety of materials, such as graphite,* BP,*] and
TMDCs." Liquid-phase sonication involves three major steps
(Figure 2a):1*") 1) preparation and dispersion of bulk layered
crystals into specific liquid media; 2) exfoliation of the disper-
sion through bath or tip sonication; and 3) purification of the
resultant nanosheets by discarding unexfoliated material via
density gradient centrifugation. The exfoliation of bulk mate-
rial in thin layers is triggered by the collapse of bubbles, gener-
ated by ultrasonic cavitation, which results in normal and shear
forces.[*8]

Originally designed for the exfoliation of carbon nanotubes,
Coleman first reported the effective exfoliation of graphite in a
range of solvents.[*”] Powdered graphite was immersed into dif-
ferent solvents and exposed to ultrasonication. To successfully
exfoliate the graphite into graphene and avoid re-aggregation, it
was found that the surface energies of the solvent and graphene
(=68 m] m~2) should be similar. The matching of their surface
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energies results in a minimization of the mixing enthalpy, as
suggested by the following equation*”]

e i (VE - JE) @ ()

\4

where % is the enthalpy of mixing for graphene flakes, Tys

is the flake thickness, Eg and E; are the solvent and the gra-
phene surface energy, respectively, and Qg is the dispersed gra-
phene volume fraction.

Table 1 shows the most commonly used solvents in graphite
exfoliation with the related surface tensions. N-Methyl-2-pyr-
rolidone (NMP) is one the most efficient solvents to carry out
the delamination of graphite through the sonication approach.
Furthermore, NMP is an efficient solvent to exfoliate bulk BP,
which provides stable and highly concentrated (=0.4 mg mL™)
2D BP dispersions.”!! However, the high boiling point of the
solvents generally used is problematic for practical applica-
tions. Binary mixtures of solvents with lower boiling points,
such as t-butyl alcohol and isopropanol (IPA) in water,>? or
surfactantsl? can be used to enhance both exfoliation yield of
graphite and MoS,. Other methods require the use of longer
sonication time.’ However, the prolonged sonication causes
defects in the exfoliated flakes, resulting in a sensible decrease
of the electric and electronic properties. Liquid-phase soni-
cation is a simple solution-processable route to exfoliate 2D
crystals under ambient conditions without involving chemical
reactions. Despite the mass-production potential, the large-
scale application of sonication is hindered because of the low
exfoliation efficiency, the wide thickness distribution, and the
small fraction of large flakes. Recently, liquid-phase exfoliation
technologies, such as high-shear mixing and micro-fluidization
based on high-shear mixer-driven fluid dynamics, showed great
promise to successfully produce 2D layered materials with
higher yield.P’!

3.1.2. Chemical Intercalation

The chemical intercalation of guest species to enlarge the
interlayer spacing of bulk layered materials is a widely used
technique for 2D material preparation (Figure 2b).% Chem-
ical intercalation of graphite by strong oxidants results in
GO, which is prepared first by covalently functionalizing the
planar network of graphite via treatment of strong oxidants,
such as sulfuric and nitric acid.’”! Graphite oxide, equipped
with epoxide, hydroxyl, and carboxylic groups, is then exfoli-
ated in water under mild sonication to output GO with yield
over 90%.°81 GO is a water-soluble material that offers sev-
eral opportunities for chemical modification.’” However, the
high density of defects due to the disruption of the conju-
gated graphitic network has a negative influence on the elec-
trical properties.[l Hence, extensive research on strategies to
recover the conducting sp?-carbon network have been carried
out. To eliminate the oxygen-containing group from the GO
structure several approaches have been investigated. Among
them, chemical and thermal treatments are commonly used.
Reducing agents such as hydrazine,[®!l L-ascorbic acid,? and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematic illustration of liquid-phase exfoliation. Reproduced with permission.l*”l Copyright 2014, American Chemical Society. b) Illus-
trative scheme of chemical intercalation-assisted exfoliation of graphite. Reproduced with permission.® Copyright 2016, Springer Nature. c) Typical
electrochemical cell for anodic exfoliation of graphite (left) and the related proposed exfoliation mechanism. Reproduced with permission.l””] Copyright

2014, American Chemical Society.

sodium borohydridel®] are usually employed for chemical
reduction of GO, which results in formation of rGO with
electric conductivities up to =300 S cm™!. Thermal reduction
operates at temperatures higher than 300 °C under vacuum,®4l
inert,l® or reducing atmosphere.l’® The thermal treatment
generates carbon monoxide and carbon dioxide gases by elimi-
nating the oxygen-containing functional groups of GO. The
thermally converted rGO at 1100 °C shows electric conductivity
of 550 S cm™LI7] Furthermore, high mobility values exceeding
1000 cm? V™! 57! can be obtained upon a multiple step reduc-
tion (annealing at 300 °C followed by microwave irradia-
tion at 1000 W).[! Nevertheless, compared to pure graphene
nanosheets, rGO is highly disordered with inferior quality due
to the presence of defects caused by the oxidation step. In con-
trast, non-oxidative intercalation of alkali metals into graphite
lead to almost defect-free graphene.®”) Potassium intercalation
is carried out by vapor diffusion under vacuum at 100 °C. The
obtained graphene flakes, with ~60% in the form of monolayer

Adv. Mater. Technol. 2020, 5, 1900972 1900972 (5 of 18)

and bilayer, present an electric conductivity of 320 S cm™.7%

Non-oxidative intercalation is also extended to other 2D mate-
rials. For example, high-quality single-layered semiconducting
TMDCs, such as MoS, and WS,, can be obtained from their
bulk precursors upon lithium (Li) intercalation.’’l However,

Table 1. Surface tension and boiling points of common solvents used
for liquid-phase exfoliation of graphite.[*?]

Solvent Surface tension [m) m™] Boiling point [°C]
N-Methyl-2-pyrrolidone (NMP) 40 203
¥-Butyrolactone (GBL) 46.5 204
N, N-Dimethylacetamide (DMAC) 36.7 165
N,N-Dimethylformamide (DMF) 371 154
Dimethylsulfoxide (DMSO) 42.8 189
Ortho-dichlorobenzene (ODCB) 37 181

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Schematic illustration of a) spin coating, b) dip coating, c) suction filtration, d) spray coating, and e) inkjet printing.

concerns on the hazardous Li-based compounds currently
limit the large upscale.

3.1.3. Electrochemical Exfoliation

Electrochemical exfoliation of bulk layered materials has recently
emerged as a promising strategy for 2D materials production.’?
Solution-processability, eco-friendliness, and upscalability are
some of the advantages of this exfoliation method. In gen-
eral, the exfoliation is driven upon the application of a voltage
between a counter (i.e., platinum) and a working electrode (i.e.,
layered materials in the form of rods, foil, and plates) immersed
into a conductive liquid media. The bulk material can undergo
either anionic or cationic intercalation. Therefore, both anodic
and cathodic exfoliation can be adopted.”? The first is carried
out in aqueous solution of inorganic salts or a mixture of water
and ionic liquids.” For the latter organic solvents containing Li
or quaternary salts are used.”! In short, the general mechanism
(Figure 2c) involves the intercalation of ions within the layers of
the bulk material, followed by the formation of gaseous species,
generated from solvent electrolysis, which expand the layers
by overcoming the weak van der Waals forces.”®l Compared to
other solution-processable routes, electrochemical exfoliation
is ecofriendly (no hazardous reagents involved) and takes only
few minutes to produce gram-scale quantities of high-quality
2D materials. Graphene can be produced in large quantities
(vield > 80%) in aqueous solution of inorganic salts ((NH,],SO,,
Na,S0,, K,SO,, etc.).””) Anodic exfoliation of graphite in these
electrolytes outputs ultrathin (=85% of one to three layer-thick
flakes) large-area graphene flakes (up to 44 um) with a hole
mobility of as high as =300 cm? V™! s71. However, because of the
generation of radicals (e.g., HO") from the water electrolysis that
inevitably causes defect formation on graphene, radical scaven-
gers (e.g., (2,2,6,6-tetramethylpiperidin-1-yljoxyl [TEMPO]) can
be used.l"®! The controlled exfoliation leads to an enhancement

Adv. Mater. Technol. 2020, 5, 1900972 1900972 (6 of 18)

in hole mobility (=400 cm? V! s7!) as a consequence of the
decreased amount of defects. Alternatively, a delamination
strategy by using alternating currents between two graphitic
electrodes can be employed to prevent defects.’®! High-quality
graphene (C/O > 20) is yielded with a production rate of 20 g h™l,
which constitute a step forward toward industrial scalability.
Electrochemical exfoliation has been successfully extended to
BP."’ Cathodic exfoliation of bulk BP in non-aqueous solvents
with suitable intercalating agents (i.e., tetra-n-butylammonium
cations) results in a high exfoliation yield up to 78%. Large BP
flakes up to 20.6 um with average thickness of 3.7 nm exhibit
remarkable hole mobility of 252 cm?V~1s7!. The electrochemical
approach has also been demonstrated for TMDCs. For example,
MoS, can be exfoliated in aqueous solution of Na,SO .18

3.2. Processing Techniques of 2D Flakes for Optoelectronic
Applications

The preparation of coatings used in the semiconductor industry
relies mainly on vacuum deposition. Despite the high degree of
film reproducibility and uniformity, vacuum methods experience
large material consumption and high setup costs. Solution-pro-
cessing techniques present various advantages such as reduced
material waste, low costs, and high versatility. The performances
of the final films are primarily influenced by both the nature of
the dispersions and the parameters of the methods.®! Hence,
the choice of the right method is critical for film fabrication. The
solution-processing strategies for 2D materials, with their advan-
tages and disadvantages, are discussed in this paragraph.

3.2.1. Spin Coating

Spin coating (Figure 3a) is a conventional method to fabricate
films for optoelectronic applications. The material, dispersed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in a suitable solvent, is cast on top a substrate or previously
coated films, which rotate at high speed. During this step, the
dispersant is spread over the substrate due to the centripetal
force. The coating of the material is then formed upon the
evaporation of the solvent. The thickness of the film can be pre-
cisely controlled by tuning dispersion concentration, time and
speed of the rotation. Despite the extremely fast, simple, and
cost-effective approach, spin coating suffers from considerable
waste of the material dispersion and limitations in fabrication
of homogeneous large-area film.

3.2.2. Dip Coating

Thin-film coatings are commonly created by immersing and
withdrawing a substrate into a dispersion (Figure 3b). The for-
mation of the film occurs during the evaporation of the solvent
after pulling the substrate out. Therefore, the sliding speed, the
concentration of the dispersion, the viscosity, and the boiling
point of the solvent play an important role in obtaining a uniform
coverage. Simplicity, quickness, and reduced amount of mate-
rial waste are some of the advantages of the dip-coating method.
However, viscous solvents and multiple steps to form a film are
often required. Moreover, double-side coating of substrates is
inevitable, which leads to post-treatments to etch the back-side.

3.2.3. Suction Filtration

Freestanding films can be manufactured by using a vacuum
pump to drive 2D material dispersions through a membrane
(Figure 3c), which can be either hydrophilic or hydrophobic,
according to the nature of the solvent. Further, 2D layered films
can be transferred on top of a substrate by peeling the mem-
brane off. In general, to increase the adhesion of the film, a
mechanical press is used prior to the membrane removal. The
thickness of the obtained coatings is controlled with the fine
tuning of the concentration and volume of the dispersion. Suc-
tion filtration is a fast and simple coating method for small-area
devices, since the size of the films depends on the filtration
equipment.

3.2.4. Spray Coating

Spray coating is a deposition technique performed with an
airbrush (Figure 3d). A carrier gas (i.e., nitrogen) pushes the
dispersion droplets through the nozzle toward the substrate.
Films are formed upon the evaporation of the solvent, which
occurs in short time due to the large surface area of the drops.
Spray coating is a convenient deposition method, suitable for
large-area coatings on top of a wide selection of either flexible
or rigid substrates. Film thickness and morphology is tuned
by changing volume/concentration of the dispersion and pres-
sure of the carrier gas. Moreover, masks can be employed to
output specific patterns. Despite the remarkable versatility,
manual operator errors might occur, reducing reproducibility
for ultra-thin films. However, reproducibility on large scale can
be enhanced by using automated systems.
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3.2.5. Inkjet Printing

Inkjet printing is a non-contact printing technique, where ink
droplets are jetted and deposited on the substrate with a specific
programmed pattern, without the use of masks (Figure 3e). To
get homogenous and high-performance coatings, many param-
eters regarding ink formulation, such as viscosity, stability,
and rheological properties, need to be optimized. Commonly,
high boiling point solvents are used to prepare 2D materials
inks, which cause some hazardous concerns. Alternatively,
surfactants are used in environmentally friendly solvents. As a
drawback, additives residues often result in the deterioration of
film performances.

4. General Overview of the Modern Organic
and Perovskite Optoelectronics

Organic and perovskite semiconductors combine the electronic
behavior of semiconductors, such as electrical conductivity,
light absorption, and emission, with the ease of processing
and chemical tunability, which open up endless possibilities
in the field of optoelectronics. Notably, organic and perovskite
optoelectronic applications such as SCs and LEDs have expe-
rienced a rapid growth, due to improved material design and
physical understanding. In order to further enhance device per-
formance, a proper design of their architectures and choice of
materials are of primary importance. In this frame, the unique
and diverse chemical and physical properties of 2D mate-
rials can be adopted to improve the efficacy of optoelectronic
devices. As first step, the basic architecture and operation of
these emerging SCs and LEDs will be discussed in this section.

4.1. Solar Cells

To date, the most commercialized and efficient SCs are based
on inorganic materials such as silicon.®2 However, processing
and cost of pure crystalline inorganic materials triggered an
extensive research toward alternative photovoltaic modules. In
contrast, organic and perovskite photovoltaics (PV) represent
attractive emerging technologies, due to the low-cost and wide
selection of the materials used in their modules.®? Moreover,
these emerging SCs allow compatibility with printing tech-
niques and fabrication of semitransparent flexible devices.®
Nevertheless, the actual OSCs and PeSCs market is hindered
by different limitations. OSCs suffer from power conversion
efficiencies (PCE) lower than their inorganic counterparts and
lifetime limitations.®! In contrast, perovskites, showing PCEs
comparable to crystalline silicon (=25%),% exhibit stability
concerns.®”] Researchers are devoting many efforts to obtain
highly efficient and stable organic and perovskite PV devices.®®!
Recently, with the introduction of non-fullerene acceptors,
encouraging results have been achieved for OSCs with PCE
over 16%,% making OSCs commercialization more attractive.
In parallel, more stable perovskite-based devices have been
developed, by modifying their chemical composition and car-
rying out fundamental studies on the influence of the inter-
faces between perovskite and charge transport layers.[’!

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

Reflective cathode Reflective anode

Active layer

Active layer

Transparent anode Transparent cathode

www.advmattechnol.de

.

bst t bst t T T T T T T T
o e 0.4 -02 00 02 04 06 08 1.0
Voltage (V)
c d
! l__L HIL HTL EBL EML HBL ETL EIL
Metallic cathode - = -
Electron ) LUMO ‘?59
transporting—__
layer e () ) \Ogp
Emitting layer ' k’ﬁl:(af- /4
Hole transporting \ © :)&%
layer O
N % 77 ®
. HOMO
® R o — 3
3 3 e S
o £
o) s} =
Gl 8 8
ITO anode / =
Iﬂ'xf;’:m Thickness

Figure 4. a) Schematic illustration of standard (left) and inverted (right) structure of OSCs. Reproduced with permission.®l Copyright 2015, The
Royal Society of Chemistry. b) Typical J-V characteristic of a solar cell. Reproduced with permission.l®?l Copyright 2015, American Chemical Society.
c) Schematic illustration of OLEDs. Reproduced with permission.[¥l Copyright 2018, Springer Nature. d) Illustration of the charge behavior into an
OLED with additional injection (1), transport (T), and blocking (B) layers. Reproduced with permission.'% Copyright 2013, American Physical Society.

Both kinds of SCs have a vertical architecture in which the
active layer is sandwiched between two electrodes. The typical
setup is showed in Figure 4a.°! The stack is deposited on a
substrate (quartz or flexible polymer) covered with a trans-
parent conductive electrode (TCE), which allows light transmis-
sion. The metal electrode, typically aluminum, gold, or silver,
is commonly evaporated on top of the active layer. In addition,
interfacial layers are often needed to optimize and balance the
charge transport. The choice of the device components is based
on the energy level alignment with the active layer.

The parameters to evaluate the performance of a SC are
obtained by sweeping a voltage from negative to positive values
in the dark and under illumination. The measurement leads
to the current density—voltage (J-V) profile (Figure 4b), from
which the PCE can be determined.l2]

4.2. Light-Emitting Diodes

LEDs are semiconductor devices that emit lights upon appli-
cation of a voltage. High brightness, full-color capability,
light weight, and low power consumption are just some of
the superior features of the LEDs based on organic emitting
materials.”l Organic LEDs (OLEDs) consist of a vertical stack
where the emitting material is embedded between two elec-
trodes. Injection layers are often included between the elec-
trodes and the emissive layer (Figure 4c) to enhance charge
injection into the organic emitting layer.®>* While organic
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LEDs have already hit the display market, perovskites are
recently emerging as attractive light-emitting materials due to
their remarkable optoelectronic properties, such as high absorp-
tion coefficients,®! high color purity,®® high PL quantum yield
(PLQY),”! and large hole and electron mobilities.”® Indeed,
in few years, perovskite LEDs (PeLEDs) have rapidly reached
external quantum efficiency (EQE) values as high as 21.6%.°"
The basic working principle and device structure of PeLEDs are
similar to the ones of an OLED.

The operation of an OLED relies mainly upon three features,
which are charge injection, charge transport, and recombina-
tion, as shown in Figure 4d.1% The EQE is the key parameter
to evaluate the performance of a LED. The EQE is defined as
the ratio between the number of emitted photons in the direc-
tion of the user and amount of injected carriers.

5. Practical Roles of 2D Materials in Organic
and Perovskite Optoelectronics: Light-Emitting
Diodes and Solar Cells

As previously described, LEDs and SCs consist in vertical stacks
of components with distinct functionalities. Hence, 2D mate-
rials can be specifically employed in these devices according
to their 2D nature. Indeed, the 2D family provides a diverse
assortment of materials that matches the device requirements,
with the aim of improving different operational aspects, such

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Key parameters of OSCs, PeSCs, and OLEDs based on solution-processed graphene TCEs.

Device structure Jse [MAcm™? Voe V] FF Luminance [cd m™] PCE [%] EQE [%]
rGO/CuPc/Cgo/BCP/Agl®] 2.1 0.48 0.34 - 0.4 -
rGO/PEDOT:PSS/P3HT:PCBM)/TiO, /Al 439 0.56 0.32 0.78
rGO/PEDOT:PSS/P3HT:PCBM)/LiF /Al 1.18 0.46 0.25 - 0.13 -
rGO/PEDOT:PSS/P3HT:PCBM/AIl'4] 4.18 0.67 0.36 - 1.01 -
rGO/PEDOT:PSS/ P3HT:PCBM/AII'S] 5.56 0.57 0.32 - 1.01 -
rGO/PEDOT:PSS/PCDTBT:PCBM/TiO,/All'%] 7.81 0.85 0.46 - 3.05 -
EG/PEDOT:PSS/PTB7:PCBM/Ba/Alll'¢] 9.97 0.72 0.59 - 4.23 -
EG-AgNWs/PEDOT:PSS/PTB7:PCBM/Ba/All12 15.5 0.73 0.58 - 6.57 -
rGO/c-/m-TiO2/perovskite/spiro-OMeTAD/Aul'"’] 3.05 0.69 0.38 - 0.81 -
rGO/PEDOT:PSS/NPD/Alq3/LiF /Al - - - 300 - -
GO-AgNWs/PEDOT:PSS/EL/PEI/GO-AgNWs!'!] - - - 1100 - -
EG-AgNWs/PEDOT:PSS/SY/Ba/Alll2 105.7 - - 104 25 - 4.4

as charge transport and extraction, interface stability, and per-
formance. Furthermore, it is important to mention that the
progress in 2D based SCs and LEDs is not solely due to the
improvement of 2D materials, but also due to advanced device
architectures and components. Therefore, care should be taken
when comparing device efficiencies. In this section, the most
common roles for solution-processed 2D materials are explored

and described.

5.1. Transparent Electrodes

Indium tin oxide (ITO) is widely used as TCE in organic and
perovskite optoelectronic devices, due to its remarkable optical
and electrical properties.'®! As a drawback, ITO suffers from
scarcity of supply, high production costs, and mechanical
instability.' Among all the 2D materials, graphene has been
proposed as an alternative TCE to ITO because of its attrac-
tive features, such as tunable work function (WF), high carrier
mobility, and atomic-level thickness. However, a fundamental
material limitation hinders this application. The sheet resistance
R, of a monolayer of graphene amounts to only =6.4 kQ sq?,
which is much larger than typical values for ITO (=10 Q sq1).2
Although multiple stacking of graphene leads to an improve-
ment of Ry, its transmittance decreases with increasing amount
of layers. For instance, three-layered graphene has a Ry of
=300 Q sq”' and a transparency of 92%.° To date, CVD gra-
phene has led to the highest values in terms of conductivity and
transmittance, which are beneficial for the final SCs and LEDs
devices.®*? In contrast, the troublesome transfer process,
especially for large-area architectures, the high cost, the pres-
ence of defects, and residues, limits the practical use of CVD
graphene in commercial optoelectronics. Solution-processable
approaches represent a fascinating option toward the scalability
of graphene as TCE for real-market applications (Table 2). In
addition to conductivity and transparency, morphology consti-
tutes one of the key aspects for the successful implementation
of 2D materials in either a SC or LED. Hence, to avoid short
circuits or leakage pathways into the final device (thickness of
few hundreds of nanometers), the films should be endowed
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with low roughness and reduced amount of impurities. One
of the first examples of a working OSC based on solution-
processed graphene as TCE was described by Wu et al. in
2008 (Figure 5a).l'%% The electrodes were deposited on quartz
substrates by spin-coating an aqueous dispersion of GO, fol-
lowed by a reduction step to decrease the R,. Since the choice
of the reduction process might lead to different rGO film
conformations, either vacuum annealing at 1100 °C or com-
bination of hydrazine treatment and argon (Ar) annealing at
400 °C was investigated. Both the approaches exhibited films
with low roughness of the surface (<20 nm). The rGO TCEs
showed R values in a wide range spanning from 5 kQ sq!
to 1 mQ sq! for films with transparencies higher than 80%.
As result of the high R; and lower transmittance, rGO-based
OSCs displayed much lower J,. and fill factor (FF) compared
to the cell based on ITO, which inevitably resulted in lower
PCE. To investigate the graphene behavior in flexible OSCs,
rGO was deposited on polyethylene terephthalate (PET) by
Yin et al.’% First, GO was deposited on silicon oxide (SiO,)
substrates by spin-coating prior to reduction in Ar/hydrogen
(Hy) at 1000 °C. Then, rGO was transferred onto poly(methyl
methacrylate) (PMMA) and, successively, deposited on top
of PET upon PMMA etching with acetone. The obtained flex-
ible rGO electrodes exhibited R; values in the range of
16.0-1.6 kQ sq! for transparencies of 88% and 55%, respec-
tively. Moreover, they exhibited a roughness of only =3 nm. The
bulk heterojunction (BHJ) OSCs constituted of a blend of poly(3-
hexylthiophene) (P3HT) as donor and phenyl-Cg;-butyric acid
methyl ester (PCBM) as acceptor, sandwiched between poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as
hole transport layer (HTL) and titanium dioxide (TiO,) as elec-
tron transport layer (ETL). In order to study the effect of rGO
thickness on the performance of the OSCs, devices based on rGO
films with different thickness were investigated. The optimal
compromise between transparency and R, was found for an rGO
film of 16 nm. Indeed, the PCE of the OSCs based on rGO TCE
with Ry and transmittance of 3.2 kQ sq! and 65%, respectively,
was the highest among the set of devices. The mechanical per-
formance of OSCs with an rGO-based electrode was studied by
applying tensile stress on the devices. Bending tests of the flexible

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Band diagram of rGO-based OSCs (left) and PV performances under mechanical stress (right). Reproduced with permission.'% Copy-

right 2010, American Chemical Society. b) Schematic illustration of the
right). J-V characteristics of flexible OSCs (bottom left) and PCE behavior

rGO mesh electrodes preparation (top left) and device architecture (top
upon bending (bottom right) using rGO and ITO as TCE. Reproduced with

permission.'%] Copyright 2015, Wiley-VCH. c) Schematic illustration of spray deposition of EG dispersion onto a substrate (top left). Inset: optical
images of graphene TCE on both rigid and flexible substrates. OSCs architecture (bottom left) and J-V characteristics of rigid (top right) and flex-
ible OPV devices (bottom right). Reproduced with permission.""®l Copyright 2017, American Chemical Society. d) Schematic illustration of stretch-
able OLED structure (top left) and its brightness behavior (top right). Stretching test under illumination (bottom). Reproduced with permission.'"]
Copyright 2014, American Chemical Society. e) Devices architectures of SCs and LEDs based on AgNWSs-EG bottom transparent electrode (left). J-V
characteristics comparison of OSCs using ITO, pristine AgNWSs, and AgNWSs-EG TCEs (center). EQE of flexible LED (right). Inset: yellow-light emission
of the AgNWs-EG flexible device. Reproduced with permission.['2 Copyright 2018, Wiley-VCH.

cells showed that degradation of the ], and PCE occurred
after 600 cycles. A different approach for flexible applications
was used by Konios et al.'%! To improve the trade-off between
conductivity and transmittance, rGO coatings on PET were pat-
terned through a femtosecond laser treatment (Figure 5b). In
particular, rGO films with an initial transparency of =20% were
patterned, resulting in films with 59% transmittance and R of
0.565 kQ sq71, which is lower than the value of 0.780 kQ sq!
exhibited by the pristine rGO TCE. The bending test demon-
strated better stability of rGO-based flexible OSCs over ITO
counterparts. Indeed, despite an initial higher performance
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for the ITO-based device, its PCE significantly dropped after
bending at =40°, due to crack formation.'%! In contrast, organic
photovoltaic (OPV) devices endowed with rGO-based TCEs
retained their photovoltaic performance after extreme bending.
Recently, to further improve the R, values of graphene TCEs,
electrochemical exfoliation of graphite was employed. Electro-
chemically exfoliated graphene (EG) was coated on top of either
rigid or flexible substrates by spray-coating (Figure 5c), which
provides fine control of the morphology. The coatings exhibited
surface roughness as low as 2.86 nm and R, values ranging
from 0.52 kQ sq~! at 70% to 0.18 kQ sq~! at 55%. The improved
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Table 3. Key parameters of organic and perovskite devices employing 2D materials as HTLs and HiILs.

Device structure Jse [MA cm™? Voe V] FF Luminance [cd m™2] PCE [%] EQE [%]
2D materials HTLs in OSCs

ITO/GO/P3HT:PCBM/AIl2] 11.4 0.57 0.54 - 35 -
ITO/GO-0OSO;3H/P3HT:PCBM/Ca/All'24 10.5 0.61 0.71 - 4.37 -
ITO/rGO/PBDTTT-CF:PCBM/Ca/All ] 153 0.75 0.63 - 7.18 -
ITO/rGO/P3HT:PCBM/Ca/All* 9.33 0.59 0.67 - 3.63 -
ITO/GO/PCDTBT:PC;;BM/TiO, /Al 11.0 0.83 0.56 - 5.1 -
ITO/GO/PTB7:PC;,BM/LiF/AI1] 15.2 0.72 0.68 - 7.39 -
ITO/MoS,/P3HT:PCBM/Ca/All131] 9.96 0.58 0.67 - 3.90 -
ITO/MoS,/PEDOT:PSS/P3HT:PCBM/LiF /AIl'32] 7.97 0.52 0.68 - 2.81 -
ITO/MOS,/PTB7:PCBM/PFN/AI42 15.0 0.73 0.70 - 7.64 -
ITO/WS,/PBDB-T-2F:Y6:PC;;BM/PFN-Br/All33] 26.0 0.84 0.78 - 17.0 -
2D materials HTLs in PeSCs

FTO/TiO,/CH3NH;Pbl;/rGOI43] 16.7 0.94 0.73 - 11.5 -
ITO/GO/CH;NH;Pbl;_Cl,/PCBM/ZnO/All2] 17.46 1.00 0.71 - 12.4 -
ITO/rGO/CH3NH;Pbl;/PC4BM/BCP/Agl?’] 14.81 0.95 0.71 - 10.8 -
ITO/TiO,/MAPbI;Cls_,/rGO/spiroOMeTAD /Aul'?8] 21.5 1.11 0.79 - 18.7 -
ITO/MoS,/CH;NH;Pbl;_Cl,/PCBM/BCP/LiF/AIl#4 14.89 0.96 0.67 - 9.53
ITO/PEDOT:PSS/MoS,/CH3;NH;Pbl;/PCBM/Agl'34 24.03 1.00 0.69 - 16.5 -
ITO/PEDOT:PSS/BP/CH;NH;Pbl;/PCBM/Agl3l 20.56 1.01 0.80 - 16.7 -
2D materials HILs in OLEDs and PeLEDs

ITO/GO/SY/LiF/AIlZ - - - 39 000 - 6.7
ITO/rGO/TPD/Algs/All13% - - - 6232 - -
ITO/GO/TPD/Algs/Li;N/AIl4] - - - 53 635 - 23
ITO/MoS,/NPB/Alq3:C545T/BCP/Algs/LiF AIl'352 - - - 23 000 - -
ITO/PEDOT:PSS/BP/CsPbBr;/TPBi/LiF /All138] - - - 20 636 - 2.8

values of R, are ascribed to the lower degree of defects of the
EG. Indeed, as suggested by Raman spectroscopy, EG presented
an Ip/Ig ratio of 0.29, much smaller than that of GO, typically
in the range of 1.1-1.5.1'”] As proof of concept, BH] OSCs using
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithio-phene-
2,6-diyl][3-fluoro-2-[(2-ethylhexy)carbonyl]thieno[3,4-b]thio-
phenediyl]] (PTB7) and PCBM as donor and acceptor material,
respectively, were fabricated. Despite the highest PCE reported
for graphene-based electrodes (4.23%), the gap to the ITO-based
counterparts (=7%) still remains large because of higher R
values. Hence, to reduce the gap with well-established optoelec-
tronic devices that rely on ITO, graphene was embedded with
mono-dimensional (1D) materials such as silver nanowires
(AgNWs). AgNWs show promising optical and electrical proper-
ties, such as high transmittance and conductivity.'%! However,
AgNWs films exhibit several drawbacks, such as large contact
resistancel!® and high surface roughness.''% To overcome
these limitations, hybrid TCEs of graphene and AgNWs were
explored. The synergetic effect between these materials led to
highly efficient flexible and stretchable optoelectronic devices.
Bar-coated AgNW networks were soaked in GO solution to form
a GO-soldered AgNW structure (Figure 5d).!'Y The TCE had a
figure-of-merit R, of 14 Q sq! with 88% transmittance, which is
comparable to the one of the commercial ITO. The GO-AgNWs
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deposited on stretchable polyurethane acrylate film did not lose
electrical conductivity upon linear strain. Fully stretchable and
working white-light LEDs were fabricated employing the TCE
as both the anode and cathode. Similarly, EG was used in com-
bination of AgNWSs for highly conductive TCEs for OSCs and
OLEDs (Figure 5e).'?l The devices incorporating the solution-
processed composite electrodes revealed similar behavior to the
commercial ITO-based counterparts.

5.2. Hole Transport and Injection Layers

Polymers such as PEDOT:PSS and inorganic oxides are com-
monly used as hole injection layers (HILs) in OSCs and
PeSCs and LEDs.I'*! However, wetting and energy levels mis-
match with subsequent layers may obviously occur for dif-
ferent systems, which limits their ubiquitous use. Moreover,
PEDOT:PSS hygroscopic properties!?? and complicated inor-
ganic oxides deposition methods contribute to the search for
alternative HTLs and HILs.'?!l 2D materials have been sug-
gested as potential candidates for charge transport and injec-
tion layers for optoelectronics (Table 3). WF and wettability of
graphene and its derivatives can be tuned by functionalizing
their surface.'”? Thus, graphene can serve as a template to
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meet specific device requirements. GO was successfully used
in P3HT:PCBM OSCs as HTL, delivering PCEs comparable
to the one obtained with PEDOT:PSS (3.5%).123] However,
to improve both contact angle and conductivity, sulfated GO
(GO-OSO;3H) was synthesized.'?l Indeed, pristine GO showed
a contact angle of 36.5°. In contrast, sulfated GO, which is
endowed with —OSO;H groups attached to the carbon basal
plane of rGO surrounded with edge-functionalized carboxyl
groups, delivered higher contact angle (81.0°). As a conse-
quence, even P3HT:PCBM coatings were formed. This was
also confirmed by the higher FF of the OSCs, which improved
from 0.58 to 0.71. In addition, WF of GO-OSO;H (—4.8 eV)
was deeper than that of GO, matching the highest occupied
molecular orbital (HOMO) level of P3HT (-5.0 eV) for an
ohmic contact. Hence, the overall efficiency of the OSCs using
GO-OSO3H as HTL was higher than the one with GO. Func-
tionalization of graphene with sulfonic acid group constitutes
a general route for high-performance HTLs in a wide selec-
tion of SCs with different photoactive layers. As a proof of
concept, sulfonic acid-functionalized rGO has been integrated
in OSCs with various donors, such as P3HT, PTB7, poly(2,3-
bis(3-octyloxyphenyl)-5,8-quinoxalinediyl-2,5-thiophenediyl)
(TQ1), and poly-1-(6-4,8-bis(2-ethylhexyl)oxy-6-methylbenzo1l,2-
b:4,5-b’dithiophen-2-yl-3-fluoro-4-methylthieno-3,4-b-thiophen-
2-yl)-1-octanone (PBDTTT-CF).'%! Functionalized rGO was
easily spin-coated on top of ITO from concentrated water. The
resulting films exhibited higher conductivity (3.18 S m™) and
higher WF (-5.04 eV) than the pristine GO ones (1.14 S m™!
and —4.66 eV, respectively). The higher WF facilitated the
creation of an ohmic contact for hole injection into deep
HOMO materials. Hence, OSCs using functionalized rGO as
HTL delivered enhanced average PCEs (as high as 7.18% for
PBDTTT-CF:PCBM OSC), outperforming also the devices with
PEDOT:PSS. GO HTLs has been successfully employed in
PeSCs. For instance, iodide/chloride mixed halide perovskite
film grown on GO exhibited superior crystallization and high
surface coverage ratio.'?®) The enhanced hole extraction from
the perovskite to GO delivered a maximum PCE of 12.4%
(Figure 6a), which was much higher than the PEDOT:PSS ref-
erence module (9.3%). As for the OSCs, rGO films with higher
WEF than GO leads to higher performance in PeSCs too. Com-
pared to PEDOT:PSS and GO references, PeSCs with rGO
yielded higher PCE values due to higher rGO conductivity,
easier charge collection with a retarded recombination, better
energy levels alignment, and surface matching of perovskite
phase with rGO.I'?/I The deposition of 2D materials as HTLs
is basically governed by spin-coating. A different approach
was used by Li et al., who used a spray technique to coat the
perovskite with functionalized rGO.128 The optical transparent
and conductive coating of 4-fluorophenyl-hydrazine hydro-
chloride (4FPH)-functionalized rGO passivated the traps at
the perovskite grain boundaries, acting as a surface modifier.
Consequently, hole extraction was significantly enhanced
by introduction of rGO-4FPH, which further contributed to
an increase of the Vyc. The PeSC with inverted structure
ITO/TiO,/CH;NH;PbI;Cl;_,/rGO-4FPH/spiro-OMeTAD/Au
exhibited a PCE of 18.75%. Next to the intensive investigations
of graphene and its derivatives as hole-transport materials in
SCs, also their use in OLEDs has been explored. When GO is
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used as HIL in LEDs with Super Yellow (SY) as polymeric emis-
sive layer (Figure 6b), both luminance (39 000 cd m~2) and EQE
(6.7%) are enhanced compared to the reference LEDs using
standard PEDOT:PSS (33 800 cd m and 3.5%, respectively).l'’]
Also in this case, the improvement was mainly ascribed to the
reduced injection barrier between GO and SY. Next to GO also
rGO was implemented in OLEDs. Here, GO was first deposited
on an ITO substrate by the Langmuir—Blodgett (LB) technique
and subsequently reduced to rGO.[3% The well-ordered and
thickness-controlled rGO films made with LB method resulted
in OLEDs with higher performance than spin-coated rGO.

As mentioned above, graphene has been considered as an
alternative 2D material for ITO replacement, due to the excel-
lent optical transmittance and conductivity. However, also
other 2D materials as TMDCs and BP have been extensively
studied as candidates for charge transport and injection layers.
Their optical and electronic properties can be simply tuned by
changing layer thickness. Hence, suitable TMDCs and BP films
can be finely designed according to the band structure of the
components of SCs and LEDs. Different approaches have been
used for TMDCs as HTL. Thermally decomposed MoS, films
on top of ITO were fabricated via spin-coating of (NH,),MoS,
aqueous dispersion. However, to achieve improvement in
P3HT:PCBM OSCs performances over PEDOT:PSS, high-tem-
perature annealing of the MoS,, films (300 °C) was required.!'*!]
In contrast, UV-ozone treatment on MoS, induces surface
modification by incorporating oxygen atoms into the structure,
leading to better wettability for coating additional layers on the
top and changes in WF. The devices built in work from Van
Le et al. showed better PV performance for UV-ozone-treated
samples than the references.!32l Recently, solution-processed
few-layers WS, has been employed as HTL into a 17% effi-
cient ternary BH] PBDB-T-2F:(2,2'-((2Z,2"Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4e]
thieno[2,”30”:4",5"|thieno[2’,3":4,5]pyrrolo[3,2-g]thieno[2",3":4,5]
thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-dif-
luoro-3-oxo0-2,3-dihydro-1H-indene-2,1-diylidene))dimalononi-
trile) (Y6):PC,;BM-based OSC (Figure 6c).133 Uniform coat-
ings of one- to three-layered WS, were obtained, with calculated
WF ranging from —5.2 to =5.7 eV. The superior PV behavior
of ternary BH] PBDB-T-2F:Y6:PCyBM cells with WS, over
conventional HTLs was mainly ascribed to the lower bimolec-
ular recombination in WS,-based devices. This was attributed
to the higher WF, which enables improved charge collection,
and the reduced surface energy. Few layered MoS, has been
used in blends with other HTLs, such as spiro-OMeTAD or
PEDOT:PSS, for enhancing hole extraction in PeSCs.['** Com-
posites of MoS, have been also successfully used for light-emit-
ting devices. MoS, in combination with GO or MoOj serves as
efficient HIL in OLEDs.[3]

Graphene and TMDCs investigations have run in parallel
with the rise of organic optoelectronics. Hence, extensive
studies on their practical application into optoelectronic devices
occurred for OSCs and OLEDs. In contrast, BP, which recently
emerged as competitor of other 2D materials for its stunning
electronic properties, has been mainly explored for perovskite-
based devices, which nowadays constitutes the fastest-advancing
technology for SCs and LEDs. BP quantum dots (QDs) from
liquid exfoliation have been used in planar hybrid PeSCs.[13¢I BP

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED ADVANCED
SCIENCE NEWS eARGRAR

www.advancedsciencenews.com www.advmattechnol.de

a

. /
% st V_=1.00V
= J, = 17.46 mAlem’
¥ ol FF =0.71
§7° PCE = 12.40%
£
2.5t
3
(&)
-20 - . : . .
02 00 02 04 06 08 10
Voltage (V)
10°
_ 1o
NE 1 03
2
o 10 )
2 10° P ...,f ITO/PEDOT:PSS/SY
& . 4 i E 4 ITOIGO[2.0nmYSY
£10 ‘ o~ v ITO/GO[2.6nmYSY
£ o2 - + ITO/GO[4.3nm)/SY
510 & < ITOIGO[S.2nm)SY
v | 10° § » ITOIFGO[4.3nm)ISY
0 2 4 6 8 10 12
Voltage (V)
0
al PBDB-T-2F:Y6
SZ
— B[ —.-PEDOT:PSS
E_ 1ol
G-12
§_1 6l PBDB-T-2F:Y6:PC;BM
R
20 . PEDOTPSS
Pl o T
-28 L ! L L
0.0 0.2 0.4 0.6 0.8
Voltage (V)

d

3.0ev
~33eV s
8P z 4.3ev
B A
4.6eV
ITo
5.0eV
2
£
£ -53eV
8 ~5.6eV 0.0 T . T .
& ‘ 5000 10000 15000 20000
— : -2
64eV Luminance/cd m

Figure 6. a) Schematic illustration of PeSC structure with GO as HTL (left) and cross-section scanning electron microscopy (SEM) image of
the device (center). Best J-V characteristic of the PeSC (right). Reproduced with permission.[281 Copyright 2014, The Royal Society of Chemistry.
b) Device schematics of LED with GO as HIL (left). Atomic force microscopy (AFM) images of different GO thicknesses (center). Luminance-V
behavior of different set of devices (right). Reproduced with permission.['?l Copyright 2012, American Chemical Society. c) Schematic illustration
of OSC endowed with WS, or MoS, as HTL (left). Elemental mapping of W and Mo from energy-dispersive X-ray spectroscopy (EDX) analysis on
ITO/WS, and ITO/MoS,, respectively. Insets show the corresponding AFM images of the films (center). J-V characteristics comparison for OSCs
with standard PEDOT:PSS and WS, (right). Reproduced with permission.['*3 Copyright 2019, Wiley-VCH. d) Energy band alignment diagram of
PeSCs using BP as HIL (left). SEM morphology comparison of perovskite crystalline film on top of PEDOT:PSS and BP (center). EQE and luminance
comparison between PeLEDs with and without BP. The inset shows the emitting device (right). Reproduced with permission.l'*®l Copyright 2018,
Wiley-VCH.
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Table 4. Key parameters of PeSCs and OSCs integrating 2D materials as HTL.

Device structure Jsc [MAcm™? Voc [V] FF PCE [%]
FTO/graphene-TiO,/Al,0;/CH3NH3PBI;_,Cl,/spiroOMeTAD/ 21.9 1.04 0.73 15.6
Li-TFSI/Aul#®]

FTO/TiO,/graphene QDs/CH;NH;Pbls/SpiroOMeTAD/Aull*] 17.1 0.94 0.63 10.1
ITO/WS,/P3HT:PCBM/V,04/All'*3] 9.31 0.58 0.55 2.98
ITO/Mo0S,/P3HT:PCBM/V,05/All'>3] 1.2 0.58 0.52 3.35
ITO/TaS,/P3HT:PCBM/MoOs/All'>0 8.76 0.60 0.52 2.73
ITO/ZnO/BP/PTB7:PC;,BM/MoO;/Agl'5% 18.78 0.72 0.61 8.25

QDs were spin-coated on top of PEDOT:PSS, which improved
the PCE of the PeSCs from 14.10% to 16.69%. Morphological
and topological investigations revealed that BP QDs induce the
growth of large grain size perovskite crystals. As evidenced by
the hole-only devices, hole transport was improved with the
presence of BP. Indeed, BP QDs had a lower WF (-5.1 eV)
than PEDOT:PSS (-5.0 eV), closer to the VB of CH3;NH;PBI;
(-5.4 eV). However, BP has limited lateral size and abundance
of defects, due to the long liquid-phase exfoliation.l'”] Alterna-
tively, electrochemical-exfoliated thin-layered and defect-free
BP was employed as HIL in PeLEDs (Figure 6d) for reducing
the injection barrier between PEDOT:PSS (-5.0 eV) and the
emitting layer CsPbBr; (VB of —5.6 eV).[138 BP coatings with
roughness of 8.0 nm were placed on top of PEDOT:PSS via
mechanical deposition of vacuum filtered BP films. The entire
process was carried out in ambient conditions due to the shell
effect of the high boiling point solvent (DMF) used for disper-
sions. The integration of BP yielded =4 times luminance and
EQE enhancement. The formation of pin-hole-free perovskite,
as a consequence of better surface matching with BP, and
enhanced hole injection, as confirmed by the hole-only devices,
played a synergetic effect on the overall PeLED performance
improvement.

5.3. Electron Transport and Injection Layers

The ambipolar behavior"*®l and band structure engineering!#’]
make 2D materials, such graphene, TMDCs, and BP, also suit-
able for tuning the electron transport and injection. To date,
only few works have been reported (Table 4), because surface
mismatches lead to uneven coatings. Moreover, post-treatments
(i-e., annealing) required for the 2D films and solvent used are
often detrimental for the underlying components. Nanocom-
posites of intimately mixed liquid-phase EG and TiO, nano-
particles have been embedded in PeSCs (Figure 7a).8] The
authors observed reduced series resistance and recombination
losses with the graphene-TiO, ETL, which delivered higher
device performances (Figure 7b). Efficiency enhancement was
found also by inserting a thin layer of graphene QDs between
perovskite and TiO,.'*"] Transient absorption measurements
revealed a faster electron extraction time of 90 ps as compared
to 280 ps for devices with and without graphene QDs, respec-
tively. Hence, graphene QDs are expected to work as superfast
bridges for electron transfer from perovskite to TiO,. TMDCs
and BP have also been employed as ETLs in OPV. Van Le et al.
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showed that OSCs with TaS, exhibit higher PCE than devices
using TiO, as ETL (Figure 7c).1>% However, wide energy bar-
rier between ETL and active layer still remained (Figure 7d).
Alternatively, BP, similarly to the function of aryl phosphine
oxide,!I served to bridge the gap between the lowest unoccu-
pied molecular orbital (LUMO) of PC5BM (-3.7 eV) and the
CB of ZnO (—4.2 eV) in OSCs with inverted structure (ITO/
ZnO/BP/PTB7:PC;;BM/Mo0O3/Ag), as shown in Figure 7e.l'52
Indeed, 2D BP prepared in this work by intense sonica-
tion (average thickness of =10 nm), endowed with a LUMO
of 3.86 eV, facilitated electron transport and contributed to
the slight improvement of the PV performances (Figure 7f).
Studies regarding the use of solution-processed 2D materials as
EILs in LEDs are currently still missing.

6. Conclusion and Perspective

The research of the last years has shown that 2D materials have
the ambition to serve as efficient optoelectronic device compo-
nents. The diverse and remarkable optical and electric proper-
ties of 2D materials are suitable for many applications in OSCs
and PeSCs and LEDs. It is worth noting that these technolo-
gies strongly rely on high performance at reduced costs to get
into the consumer market. Therefore, to switch from emerging
to well-established units of optoelectronic devices, high quality
of the 2D materials at reasonable costs should be ensured.
Solution-processable approaches for the synthesis of 2D mate-
rials meet all the requirements through ease of processing and
cost effectiveness. Moreover, the recent progress in top-down
exfoliation methods in solution has led to 2D materials with
outstanding charge carrier mobility, conductivity, and optical
transmittance.

Graphene, whether synthesized by CVD or solution methods,
has been considered as intriguing alternative for ITO replace-
ment for a long time. Although progress in this direction has
been proven, due to selection of high-quality materials and
post-treatment techniques (i.e., laser patterning), the use of
graphene as standard TCE in optoelectronics is hindered by
a fundamental limitation. The Ry to transmittance ratio lags
behind those of many alternatives (i.e., AgNWs and metal
oxides). Therefore, it is more realistic to employ graphene as
component of mixed-dimensional structures. This is the case
of solution-processable graphene-metal NWs, which recently
paved the way for practical TCE alternatives endowed with supe-
rior mechanical, electric, and optical properties. The conductive

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Schematic illustration of energy band structure of PeSCs with graphene-TiO, nanocomposite as ETL. b) -V characteristics of various ETLs.
Reproduced with permission.'* Copyright 2013, American Chemical Society. c) Comparison of J-V characteristics of OSCs with TaS, and references.
d) Schematic illustration of energy levels of the materials used. Reproduced with permission.['*% Copyright 2014, The Royal Society of Chemistry.
e) Energy band structure of OPV device integrating BP. f) J-V characteristics of OSCs with different BP coating conditions. Reproduced with

permission.'*2 Copyright 2016, Wiley-VCH.

and mechanical/chemical stable matrix of thin-layered gra-
phene plays an important role in reducing the limitation of the
NWs, such as instability, detrimental high surface roughness,
and large contact resistance. To fully exploit the strengths of 2D
materials, other functions in SCs and LEDs can be explored.
High carrier mobility, optical transparency, and stability are
useful features for efficient charge transport and injection
layers. Graphene films with specific wetting and electric proper-
ties can be finely tuned via chemical functionalization according
to the device requirements, opening up endless possibilities. To
date, many SCs and LEDs containing graphene-based charge
transport and injection layers have outperformed traditional
materials. Alternatively, TMDCs and BP exhibit a thickness-
dependent band structure, which is a fascinating feature for
designing versatile ubiquitous materials for optoelectronics.
Both TMDCs and BP have been integrated in SCs and LEDs,
showing better device behavior compared to standards. How-
ever, despite their great potential, only few studies that exploit
their band gap tunability have been reported so far. The main
issue lies in the lack of a reliable and facile route of obtaining
a particular sheet thickness. Hence, more efforts toward the
improvement of synthetic methods should be carried out in
future. Despite the preliminary promising results, it is unlikely
that 2D materials can be integrated as standard components in
the state-of-the-art organic and perovskite optoelectronic devices
within the next few years. Challenges regarding reproduc-
ibility, uniform properties distribution, and up-scaling are still
unsolved. Nevertheless, in the long term, we believe that solu-
tion-processed 2D materials can be a regular asset of the next-
generation optoelectronic devices. To achieve this goal, further

Adv. Mater. Technol. 2020, 5, 1900972 1900972 (15 of 18)

studies in different fields should be performed, particularly, 1)
synthesis optimization toward 2D defect-free sheets with larger
size and uniform thickness distribution, which would generate
improved electric properties; 2) deeper understanding of the
structure to property relationships would help design tailored
architectures for specific devices; 3) close cooperation between
industry and academia for technical research and development
and 4) integration of different nanostructured devices and sys-
tems such as photodetectors, transistors, and combined archi-
tectures for smart response and multifunctionalities.
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