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Abstract. Visible light communication (VLC) is an emerging technology employing light-emitting diodes
(LEDs) to provide illumination and wireless data transmission simultaneously. Harnessing cost-efficient
printable organic LEDs (OLEDs) as environmentally friendly transmitters in VLC systems is extremely
attractive for future applications in spectroscopy, the internet of things, sensing, and optical ranging in
general. Here, we summarize the latest research progress on emerging semiconductor materials for LED
sources in VLC, and highlight that OLEDs based on nontoxic and cost-efficient organic semiconductors have
great opportunities for optical communication. We further examine efforts to achieve high-performance white
OLEDs for general lighting, and, in particular, focus on the research status and opportunities for OLED-based
VLC. Different solution-processable fabrication and printing strategies to develop high-performance OLEDs
are also discussed. Finally, an outlook on future challenges and potential prospects of the next-generation
organic VLC is provided.
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1 Introduction
Organic semiconductors as a promising class of optoelectronic
materials have attracted significant interest because of their
fascinating physical–chemical properties, simple fabrication
scheme to afford wearable or flexible devices, much wider
scopes for easy production, and shaping and tuning of semicon-
ductor properties compared to inorganic materials, such as
silicon (Si).1,2 At present, a number of organic semiconductor
classes based on small molecules and polymers have been dis-
covered and widely used for next-generation organic and hybrid
optoelectronics, such as organic thin film transistors, organic

photodiodes, organic solar cells, and organic light-emitting
diodes (OLEDs).3–5

In lighting sources in particular, OLEDs have brought the
initial studies to successful commercialization by exploiting
both device engineering and organic semiconductor materials
to push forward to achieve high luminous efficiency, ideal color
quality, low operating voltages, as well as a long lifetime.6–8

In fact, OLEDs are attracting great interest for a variety of
applications, spanning from high-resolution displays, solid-state
lighting to automobiles, and augmented reality.9 OLEDs have
many desirable properties, such as wide emission color tunabil-
ity, low power consumption, and eco-friendliness.10 Considering
the intrinsic high solubility of organic semiconductors in or-
ganic solvents, many efforts on the systematic investigation
and optimization of the printing process have been made to
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realize efficient and large-area OLEDs.11–13 And the next-gener-
ation printable techniques are driving OLED innovations toward
cost-efficient wearable devices. Figure 1(a) shows representa-
tive examples of future wearable display devices, that is, starting
from smart glasses to enable augmented reality (i.e., displaying
information additively over the natural scene behind glasses or
lenses) to display vital signs or other health information
measured by a smart watch in real time.16 More interestingly,
fabric-based OLEDs are excellent candidates for clothing-type
displays that are capable of flexing and bending with the human
body.17 Concurrently, visual information presentations are
among the key parts of wearable flexible electronics, allowing
communication between a wearer and wearable appliances.18

Envisioning the optical communication system develop-
ments, visible light communications (VLCs) offer significant
advantages, e.g., license-free operation, physical-layer security,
dual illumination, and wireless data communications. Such an
intriguing feature for VLCs is strong enough to compete with
other rival counterparts.19 This is appealing and potentially a
“game-changer” for the next-generation (6G) internet of things
(IoT) connectivity, which represents the network of physical ob-
jects, sensors within a world of interconnected devices, such as
environmental monitoring, smart homes, display-to-display, and
enabling objects to collect and exchange data.20 For the current
VLC system, the typical Si-based LEDs and new organic com-
pound-based OLEDs, which are generally applied as lighting
sources in offices, schools, and homes, can be taken into
account.21 As OLEDs are maturing from academic research into
industrial development, it is thought that OLED lighting will
eventually replace existing lighting sources, such as fluorescent

and LED lamps. Currently, VLC systems integrating OLED as
both lighting source and transmitter bandwidth have been dem-
onstrated by Yoshida et al.,22 with free-space data transmission
rates exceeding 1 Gb∕s over a distance of 2 m due to the lever-
aging of active area size, emitting material, and the electrode de-
sign, which are high enough to support on-chip interconnects
and secure communications (e.g., with the aim of IoT scenarios).

For an indoor environment, VLC systems offer broad area
coverage to users applying room illumination and wide coverage
using a beam-steered link,23 allowing many attractive services,
such as emergency alarm broadcasting, localization-based ser-
vices, smart community monitoring systems (smart illumination,
smart multipurpose clocks, and smart sweeping robots), as well as
multimedia transmission for entertainment (television, laptop, cell
phone, etc.),24 as illustrated in Fig. 1(b). For outdoor scenarios,
the field of applications is also expanding. In the automotive field,
the first cars that use OLED sources are now beginning to appear
due to the great number of possibilities it gives in terms of new
aesthetic solutions and the possibility of realizing highly homog-
enous lighting functions.25 In this case, the vehicle-to-vehicle-
based VLC system can connect via OLED head and taillights
[Fig. 1(c)]. Simultaneously, traffic signal lights can be potentially
used for functional communication between vehicles and infra-
structure by means of VLC links as well,26 which play a key role
in passing relevant information to the driver, analyzing traffic in-
formation in real time, and so on.27

This review first focuses on very recent advances of emerging
semiconductor materials for LED sources in VLC, and then ex-
amines the motivations for OLED in future optical communica-
tion, with special attention to different approaches to achieving

Fig. 1 Schematic illustration of OLED and OVLC applications. (a) Flexible and wearable OLED
displays (Source: Fiere Electronics;14 Lifewire15). (b) Indoor environment for the VLC-based smart
home. (c) Vehicular VLC system.
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high-performance white OLEDs, their research status, and oppor-
tunities for the use of OLED-based VLC (OVLC). In addition,
scalable fabrication techniques toward roll-to-roll manufacturing
for direct-printed OLEDs are reviewed. Finally, we explore ef-
forts to create flexible all-organic VLC. Envisioning a bright fu-
ture for this technology, we further discuss the new opportunities
and challenges offered by the next-generation OVLC link.

2 Emerging Semiconductor Materials for
Optical Sources

Various types of semiconductor materials have been applied in
light sources, such as indium gallium arsenide (InGaAs), alumin-
ium oxide (Al2O3), and gallium nitride (GaN). Among these
candidates, wide bandgapGaN (3.4 eV) is one of the most popular
subjects of investigations after Si in the semiconductor industry.
Due to the Wurtzite crystal structure of GaN at room temperature
[see Fig. 2(a)], polarization-induced electric fields can effectively
affect the carrier recombination dynamics and thus offer fascinat-
ing properties for applications in optoelectronic devices.31,32

Notably, GaN-based LEDs as an attractive optical source become
the popular choice for use in VLC systems because they can be
modulated more greatly and faster than typical fluorescent or
incandescent light sources, and particularly are easily amenable
to integration with advanced drive electronics.33 Benefiting from
the high electrical-to-optical bandwidth, the transmission rate of
the VLC based on microsized LEDs via the nonreturn to zero cod-
ing has reached up to 1 Gbps. And the data rates of multi-Gbps
were also indicated using advanced optical modulation formats.34

For example, Tsonev et al.35 reported transmission data beyond
3 Gb∕s for LED-based VLC links by applying orthogonal
frequency-division multiplexing (OFDM). Later, Islim et al.36

demonstrated an unprecedented data rate of 11.95 Gb∕s for the
LED-based VLC with bit-loading OFDM.

In contrast, organic semiconductors, quantum dots (QDs), or
halide perovskites [Figs. 2(b)–2(d)] function as an emitting
layer that is sandwiched between two thin charge-transporting

layers to form an attractive flat-type LED source. These materi-
als have emerged as a vibrant field spanning chemistry, materi-
als science, physics, and engineering.37 Also, they are capable of
interacting with photos, transporting electronic charge, and pre-
senting semiconductor properties similar to typical inorganic
materials such as Si. The significant progress in these fields
has been pushed by the expectation to achieve numerous
new applications, e.g., flexible/wearable displays, large-area
illumination, low-power integrated circuits, as well as implant-
able bioelectronic devices.38–41

Organic chemistry provides solutions for tailoring semicon-
ductor materials’ optoelectronic properties by exploiting the
molecular/monomeric groups,42–44 enabling organic semicon-
ductors tot be soft, lightweight, and mechanically flexible.45

In particular, since Tang46 first reported the organic electrolu-
minescent diode, intensive research has been devoting novel
semiconducting technologies to new product development
and commercialization. Material science has developed fluo-
rescence, phosphorescence, as well as third-generation ther-
mally activated delayed fluorescence (TADF) emitters for
LG and Samsung for commercial OLED production.47 At
present, the mainstream mid- to high-end display markets
for applications in small and medium sizes, such as cell
phones, tablets, and fashion smart watches, are becoming
dominated by OLED technology. Concurrently, OLEDs are
becoming widespread in solid-state lighting markets, for
instance, architectural lighting, automotive production, and
aerospace. Following the commercial success of OLEDs for
solid-state display, it is very exciting to further exploit OLED
light sources as the transmitters for VLC links, and this strat-
egy is becoming a research hotspot in recent years.48 In fact,
not only small molecule, polymer materials-based OLEDs
have been used for VLC but also the novel metal-organic
frameworks (MOFs) have provided a strategy for designing
high-speed VLC. Early this year, Wang et al.28 reported the
luminescent MOF-based mixed-matrix membranes with an
excellent modulation bandwidth of ∼80 MHz. Notably, the en-
ergy transfer enabled the communication data to increase from

Fig. 2 (a) 3D crystal structure of GaN. (b) Chemical structure of MDMO-PPV. (c) Schematic of
metal organic frameworks (MOFs) in mixed-matrix membranes for VLC. Reproduced and adapted
with permission from Ref. 28, ©2022 American Chemical Society. (d) Schematic of a typical quan-
tum dot (QD) (Source: AVS Forum29). (e) 3D crystal structure of a perovskite with the general
formula ABX3. Reproduced and adapted with permission from Ref. 30, ©2017 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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132 to 215 Mb∕s by changing from pure polymer to mixed-
matrix membranes [Fig. 2(c)].

Inspired by the findings in semiconductor nanocrystals,
Cd2þ- or Pb2þ-based colloidal semiconductor QDs have
emerged asanother candidate for efficient LEDs. Nowadays,
QD-based LEDs (QLEDs) have become close to standard for
commercial applications, thanks to the development of QD syn-
thesis and device engineering. Such LEDs generally show very
pure and saturated colors with a narrow spectral bandwidth of
the electroluminescence emission of ∼30 nm.49 QDs are quasi-
spherical nanocrystals composed of tens to a few thousand
atoms and most QDs consist of three parts: core, shell, and
ligands, as shown in Fig. 2(d). Importantly, QDs have large sur-
face area-to-volume ratio characteristics, allowing the precise
composition of each part and enabling the shell thickness to
affect their behavior.50 Namely, the bandgap of QDs related
to light absorption, bright emission, and electronic transport
can be easily tuned by varying their size as well as composition.
In addition, QDs can be combined with inorganic LEDs to form
hybrid sources for VLC. Recently, Leitao et al.51 reported free-
space VLC links above 10 cm at transmission rates in excess of
1 Gb∕s by utilizing QDs as color-converting blue InGaN LEDs.

A more recent addition to the family of promising LEDs is a
device incorporating hybrid organic–inorganic halide perov-
skites. Such materials have a general ABX3 crystal structure
[see Fig. 2(e)], where A is a monovalent cation, typically organic
formamidinium ½ðNH2Þ2CHþ�, methylammonium (CH3NH

þ3),
as well as inorganic cesium; B is the divalent metal cation
(e.g., lead, tin); X is a halide anion.30,52 Their optoelectronic prop-
erties are easily changed by regulating the site ions of A, B, or X
or exploiting multicomponent A, B, or X ions to achieve their
specific applications. Similar to traditional semiconductor mate-
rials, the electroluminescent performance originating from ex-
cited charge carriers in perovskites is dominated by both
nonradiative and radiative processes.53 Since the first demonstra-
tion of bright perovskite LEDs (PeLEDs),54 device external quan-
tum efficiencies (EQEs) have increased from less than 1% to
more than 20%.55–57 This impressive progress puts the PeLEDs
in the same league as more mature OLED or QLED technologies.

3 OLED Transmitter for VLC

3.1 Motivations for OLED Light Source

It is important to note here that toxic elements, such as lead,
antimony, and gallium, are widely used to develop highly effi-
cient LEDs, whereas their disposal remains an issue that raises a
range of environmental concerns, particularly if there is
subsequent disposal on land or water bodies. Therefore, safety
hazards and possible risks to the environment are an urgent need
to be considered and effectively overcome. In terms of the proto-
type optoelectronic devices development, one of the targets for
researchers is to match sustainability requirements, with an
emphasis on materials that do not negatively harm both environ-
ment and humans. Instead of traditional semiconductors mate-
rials, there is a huge interest in adopting semiconductors with
nontoxic or less toxic elements. For example, colloidal QDs
of ternary CuInS2 and CuInSe2 semiconductors as well as
quantum-sized (i.e., <10 nm) carbon dots as environmentally
friendly alternatives to more traditional Cd2þ∕Pb2þ-based
QDs in LEDs have been reported,58,59 although recent efforts
have been made to studying new alternatives to perovskite ma-
terials by leveraging nontoxic elements (e.g., Bi, Sn, and Cu)
with organic compounds.60 Nevertheless, the performance of
LEDs containing these materials is not comparable with the
devices using metal-containing organic compounds or purely
organic semiconductors.

Nontoxic organic materials have become the subject of
industrial and academic research interest as extremely attractive
candidates8 because of the promise of their cost-effective pro-
duction and potential sustainability.3 Baumann’s group investi-
gated semiconductor materials and processes applied in OLED
fabrication from the view of sustainability and discussed the up-
coming trends afterward.61 Volz62 reviewed TADF OLEDs for
energy-efficient sustainable light sources and displays. Using
crystalline chitin nanofibers as a biodegradable substrate, Jin
et al.63 fabricated a flexible OLED device and demonstrated
its potential for flexible green electronics, as illustrated in
Fig. 3(a). In the meantime, Barsotti et al.64 created a novel

Fig. 3 (a) Schematic illustration of chitin nanofiber transparent paper for flexible green electronics.
Adapted with permission from Ref. 63, ©2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Transfer process of the OLED tattoo device and picture presenting working OLED tattoo trans-
ferred on an organic as well as a PVF nanosheet. Reproduced and adapted with permission from
Ref. 64, ©2021 Wiley-VCH Verlag GmbH & Co. KGaA. (c) Schematic illustration of the photody-
namic therapy (PDT) treatment principle and a photo of the wearable OLED-based PDT patch.
Reproduced and adapted with permission from Ref. 65, ©2020 American Chemical Society.
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ultrathin, green OLED that can be applied to skin like a child-
ren’s transfer tattoo; this could be used to fabricate fashion—for
instance, providing light-emitting fingernails and glowing tat-
toos. In this study, authors present an OLED tattoo transferred
onto an orange and a freestanding polyvinyl formaldehyde
(PVF) nanosheet (t < 140 nm), as shown in Fig. 3(b).

Within this context, organic semiconductor-based OLEDs
are expected to advance greater goals without taking into ac-
count the need to satisfy environmentally friendly and human
health issues, for instance, integrating OLED device into the
periphery of the people’s body for health care or leisure appli-
cations. Jeon et al.65 presented a flexible parallel-stacked
OLED for wearable photodynamic therapeutic application
[see Fig. 3(c)] and as a wearable display. The fabricated
OLED exhibited a significant 24% decrease in the cancer cell
viability after a short time of 0.5 h irradiation. Furthermore,
OLEDs are now explored for wearable sensing by combing
organic photodiodes to enable higher flexibility and miniaturi-
zation and eventually achieve “imperceptible” sensors. Thus,
this trend is not only allowing OLED to revolutionize the light-
emitting application but also will challenge the deployment of
the emerging VLC technology.

3.2 High-performance white OLED

A high-efficiency white OLED (WOLED) has been the long-
term aim for solid-state lighting. For the OVLC scenarios,
WOLED with a higher EQE (i.e., toward lower power con-
sumption under the same driving voltage) will provide a longer
and more stable transmission distance. In general, the architec-
ture of OLED includes an indium-tin-oxide (ITO) coated glass,
hole transport layer, emissive layer, electron transport layer,

and a metallic cathode, as illustrated in Fig. 4(a). In terms of
white light, the single-emitting-layer WOLED has attracted
significant attention due to the reduced structural complexity,
low manufacturing cost, as well as feasible all-solution
processing. One of the most straightforward ways is to use
the single light-emitting molecules as an emissive layer, thanks
to their unique advantages, such as good color stability and
simple fabrication, to achieve WOLED. In fact, many light-
emitting molecules have been reported by using intramolecular
charge transfer, excited state proton transfer, excimer, etc.
Unfortunately, most single-emitting molecule-based WOLED
always exhibits poor device performance, thus limiting their
further application.

Alternatively, the doping strategy within a monochromatic
emissive layer (namely, the single emissive layer incorporating
multiple molecules) has become the subject of intense aca-
demic and industrial issues in recent years. It is widely known
that white-light emission can be generated by blending either
three emitters with primary colors [blue, green, and red (RGB)]
or two emitters with complementary colors (blue and orange).
Most activities are dedicated to phosphorescent guests that
have been demonstrated to harvest 100% excitons in OLED.
In particular, fluorescence–phosphorescence (F–P) hybrid
WOLEDs have drawn great attention in recent years owing
to their intriguing merits, such as good stability and high effi-
ciency. Crucially, the choice of appropriate host material for
WOLED plays an important role in maximizing exciton uti-
lization and suppressing photon loss to improve device per-
formance.

In most cases, the conventional fluorescent host materials
are used for fabricating F–P hybrid WOLEDs. Such host ma-
terials, generally with higher triplet levels than that of the

Fig. 4 (a) Schematic structure of the OLEDs. (b) Schematic illustration of phosphor-doped
WOLED with conventional fluorescent host. (c) Schematic illustration of phosphor-doped WOLED
with exciplex host. (d) Schematic diagram of all-TADF WOLEDs. (e) Schematic illustration of
flexible WOLED structure based on PEAN and corresponding photograph of large-area
WOLED with the size of 5 cm × 5 cm. Reproduced and adapted with permission from Ref. 66,
©2014 American Chemical Society. (f) Schematic illustration of a tandem WOLED composed
of orange and blue emitting units. Reproduced and adapted with permission from Ref. 67,
©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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phosphorescent dopants, thereby inhabit the reverse energy
transfer from the guest to the fluorescent matrix and allow
for efficient Förster and Dexter energy transfer in the emitting
layer of the OLEDs [see Fig. 4(b)]. For instance, Liu et al.68

reported a single-emissive-layer F–P hybrid WOLED by incor-
porating green and red phosphors into the novel blue fluores-
cence 4-(4,6-diphenoxy-1,3,5-triazin-2-yl)-N,N-diphenylaniline
(POTA) host, achieving a maximum EQE of 24.7%. In 2019,
near 100% exciton utilization and hybrid WOLED with a maxi-
mum EQE of 27.5% and power efficiency of 94.8 lmW−1 were
simultaneously achieved by doping yellow phosphor (PO-01)
into a novel blue fluorescence host.69 Interestingly, the exciplex
host has also drawn attention that not only takes into account the
appropriate highest occupied molecular orbital/least unoccupied
molecular orbital levels and high triplet level but also, crucially,
has very low barriers, which are beneficial to improving carrier
injection/transfer and thus obtaining highly efficient WOLED.
Another attractive advantage is that the charge balance in the
emissive layer can be effectively tuned by varying the donor-
to-acceptor ratio [Fig. 4(c)]. For example, by utilizing an
mCBP:B4PyPPM exciplex host, hybrid WOLED with EQE
of 21% at high luminance of 5000 cdm−2 were demonstrated
by Zhao et al.70 Such a device exhibited very stable white emis-
sion with Commission Internationale de L’Eclairage (CIE) co-
ordinate changing range of ð�0.001;�0.000Þ as increasing
luminance from 100 to 10,000 cdm−2. Very recently, all-
organic WOLEDs based on noble metal-free TADF host and
emitter materials were intensively studied.71–73 For the TADF
host, low-energy triplet excitons can be converted to the radia-
tive singlet state via an endothermic process of the reverse in-
tersystem crossing, thereby harvesting both the singlet and
triplet excitons for a nearly 100% internal quantum efficiency.
As illustrated in Fig. 4(d), the long-range Förster energy from
the singlet of host transferred to dopant molecules produced an
orange emission, while the singlet energy that cannot be trans-
ferred to the guest molecules only generated blue emission, thus
blending to produce the white emission in the device. With this
strategy, Chen et al.74 first demonstrated all-TADF single-
emitting-layer WOLEDs with 32.8% EQE, which surpassed
the phosphorescence-based WOLEDs by then. It provides a
new insight for exploiting high-performance pure organic white
devices.

Apart from materials design, strategic device engineering as
a significant way for WOLEDs has also been a focus.75,76 In a
conventional WOLED, there is only ∼20% of the total white
emission that is outcoupled, whereas most generated radiation
is lost by the substrate, evanescent, and waveguide mode.77 In
this case, many methods, such as surface plasmons,78 subwave-
length photonic crystals,79 and dielectric mirrors,80 have been
investigated to enhance outcoupling efficiency and thus im-
prove EQE in WOLEDs. One of the most prominent works
is exploiting an optimized light outcoupling structure for
simultaneously extracting light in substrate and waveguide
modes,66 as shown in Fig. 4(e), flexible WOLEDs present a
maximum power efficiency > 106 lmW−1 and EQE > 46%
at luminance of 1000 cdm−2. In addition, from the view of in-
ternal device structure modification, high-efficiency WOLEDs
could also be obtained by using the tandem structure. Such
devices are generally fabricated by vertically stacking RGB
units or complementary units (blue and yellow) in series
[Fig. 4(f)],67 where emitting units are interconnected via a
charge generation layer. Beyond doubt, these techniques are

beneficial to further improving commercial WOLED lighting
products.

3.3 Status Quo of OVLC

As they rapidly increase in performance, low-consumption
OLEDs are considered an attractive choice for VLC applications.

Fig. 5 (a) The number of scientific publications related to organic
VLC published over the past 15 years as counted by the Web of
Science, as of October 28, 2022. Search criteria were set to
“visible light communication” and “organic.” (b) Trends of data
rates versus publication years. (c) Photographs of the blue
OLEDs and the corresponding images under a microscope.
Reproduced and adapted with permission from Ref. 22, ©2020
Springer Nature.
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In Fig. 5(a), we present the evolution of the number of scientific
publications related to organic VLC published over the past 15
years. Here the obvious decline for this year can be understood
by the search being conducted during the same year. It is clear
that there is an increasing trend toward VLC incorporating or-
ganic compounds. As far as we all know, the first report on em-
ploying OLED light source into the VLC system was proposed
by Punke et al.,81 which demonstrated ∼2.8 Mb∕s data transmis-
sion, but with a plastic fiber connection. Minh et al.82 demon-
strated a 2.15 Mb∕s transmission rate over free space by
employing an analog equalization approach. The fastest re-
ported transmission data were exceeding 10 Mb∕s in 2014,
which was demonstrated by incorporating a novel poly
[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV) for polymer OLED (PLED).83 Later, Chen
et al.84 proposed a new data modulation scheme jointly with
bit-power loading and channel postequalization. Blue OLED
incorporating such a system achieved a data rate of 51.6 Mb∕s.

The rapid growth of the reported transmitter rates is illus-
trated in Fig. 5(b). The state-of-the-art transmission rates incor-
porating different OLEDs over the last 10 years epitomize the
rising attention to OVLC. A new recording rate was reached
when Yoshida et al.22 examined the influencing factors limiting
the bandwidth of OLEDs and how to cope with them, demon-
strating that OLED sources could obtain wireless transmitter
rates over 1 Gb∕s in a practical length of 2 m. In Fig. 5(c),
the authors show the OLEDs with different active areas, indicat-
ing that reducing OLED size and increasing driving voltage
achieves high bandwidth. Despite such a high data rate for
OVLC, this method cannot take advantage of the large area
of the OLED source. Therefore, it is expected that future efforts
on the OLED for OVLC will focus not only on a high data rate
but also on large-area lighting.

3.4 OVLC Opportunities

Compared to the inorganic LED, OVLC transmitters are gener-
ally limited, owing to their lower modulation bandwidth. As
demonstrated in previous literature,85,86 the root reason for
OLEDs’ lower bandwidth stems from inherently low charge
mobilities from ∼10−6 to 10−2 cm2∕Vs in organic semiconduc-
tor materials. Nonetheless, OVLCs are well suited to IoT appli-
cations, which only need a transmitter rate of a few megabits per
second, or even less. More interestingly, extending the spectral
range of OLED from the visible light into the near infrared
(NIR) region can effectively expand the VLC bandwidth, which
is also very promising for integrated NIR OVLC in many new
applications by exploiting NIR radiation (e.g., wearable or im-
planted organic biosensors). Minotto et al.87 reported a far-red/
NIR OLED with 650 to 800 nm emission region and EQE over
2.7% [see Fig. 6(a)], and then they demonstrated an error-free
transmission rate >2 Mb∕s [Fig. 6(b)], which is adequate to
realize the indoor point-to-point connections.

Furthermore, it is noted that most reported OVLC generally
requires a sophisticated electronic circuit, which will inevitably
expand the specific surface area and influence the battery life-
time at the receiver. It is desirable for a practical VLC system to
achieve high transmission speeds without equalization. Here,
the authors used a simplified block diagram in Fig. 6(c), where
two field-programmable gate arrays were embedded in the NI
USRPs (which is a National Instruments universal software
peripheral reconfigurable input-output).87 In fact, the “real-time”

signal processing is very attractive, since the typical “offline”
processing does not account for key issues in practical imple-
mentation, e.g., fixed-point signal processing, shared finite re-
sources, and limited sampling frequencies.

4 Solution-processable Fabrication
Strategies and Printing Techniques

Depositing functional material on a substrate via vacuum evapo-
ration technology under an ultrahigh vacuum environment to
fabricate organic electronic devices and organic molecules gen-
erally form amorphous thin films.88 Current thermal-evaporation
systems generally combine a quartz-crystal thickness sensor/
monitor with thickness options for co-evaporating two or more
materials to form blends or doped films.75 In particular, thermal
evaporation offers a straightforward fabricating multilayer struc-
tures strategy, enabling OLED to have a large variety of organic
functional compounds and conductive electrodes.89,90 Although
such advantages are now a cornerstone of the flat panel display
industry, thermal evaporation is still plagued by low deposition
rates, uniformity of the thickness on large area, and dependence
on time- and cost-driven processes. Simultaneously, the in-line
configurations could greatly improve the throughput of the dep-
osition process,75,91 instead of the conventional process, which
enables the device in and out of the chamber of the evaporation
and generally slows down the fabrication. Hence, thermal
evaporation processing probably limits the mass production
of OLEDs.

In contrast, solution-processing techniques are a relatively
mature technology to true cost-effective OLED preparation
due to their tunable rheology and formulations. In addition,
many of the most promising semiconducting materials, e.g.,
organic small molecules, polymers, and organic/inorganic
nanoparticles,92 are now available in solution-processable for-
mulations, thereby further expanding the reach of this deposi-
tion strategy. On the current lab-scale techniques, spin coating is

Fig. 6 (a) EQE-current density curves for the OLED. The electro-
luminescence (EL) spectrum is shown in the inset. (b) Eye dia-
grams characterized at 1 Mb∕s with 1, 2.64, and 5 mA biases, as
well as characterized at 2.4 Mb∕s with 2.64 mA. (c) Block dia-
gram of the experimental real-time VLC link. Reproduced and
adapted with permission from Ref. 87, ©2020 Springer Nature.
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extremely popular among device engineers and active research-
ers because of its simplicity and short processing time under
ambient conditions. Unfortunately, there exist several disadvan-
tages associated with this technology (for example, lack of lat-
eral patterning capability and high solution wastage).93 From a
scaling-up perspective, better solution-processable deposition
techniques are urgently required for going from lab to fab scale.
In this context, printing methods are among the most promising
candidates thanks to their almost 100%material utilization, low-
cost mass production, and simplified fabrication procedures
(e.g., compared to the above thermal evaporation), as well as
being economically and ecologically viable. Indeed, the low-
temperature nature (e.g., a temperature “budget” of the process
that can be strictly controlled to be below 150°C) of printing
processes also enables a wide range of substrates for device fab-
rication, spanning from typical rigid and flat substrates to the
wearable, flexible, and even stretchable ones, and thus opening
the door for fabricating high-performance flexible optoelec-
tronic devices.94 To date, a variety of printing techniques have
been introduced for OLED fabrication, such as microtransfer
printing95 and screen printing.96,97 Table 1 shows a comparison
of solution-processed spin coating and other printing methods
for fabricating large-area OLEDs. The reason for this is that cost
reduction can be obtained by employing high throughputs and
high-volume production of prototype OLED panels on the flex-
ible substrates. Here, we would like to capture the reader’s at-
tention to inkjet printing, slot-die coating, and blade coating
technologies, which provide a wealth of insight into the future
roll-to-roll manufacturing for direct-printed OLEDs.

4.1 Inkjet Printing

The inkjet printing method is a low-cost and fascinating process
for the high-accuracy deposition of liquid inks. This technique is
not only fundamental for graphic printing applications but has
also attracted increasing attention as a liquid ink-based high
accuracy, maskless, and noncontact deposition technology.
Notably, inkjet-based direct writing technology provides the ad-
vantage of making the multilayer thin films easily changeable
from batch to batch. In addition, the inkjet printing reduces
material consumption and is easily scalable,99,102 which are clear
advantages with respect to the conventional off-center spin-
coating method.

In general, most types of printed organic/polymer LEDs still
adopt ITO as the transparent conductive electrode, which is
often structured and deposited by expensively photolithographic

technologies. Moreover, the brittleness of ITO and the scarcity
of indium further hinder the development and application of
LEDs. Hence, the development of inkjet-printed (IJP) electrodes
would stimulate the development and promote the scalability of
this technique. However, when adopting the IJP process to fab-
ricate bottom electrodes, the printed devices with thin-film thick-
nesses of several 100 nm have been shown to be challenging.103

Indeed, printed devices tend to present aninhomogeneous ran-
dom rough surface with many defects or/and spikes after heat
treatment of its metal precursor, resulting in the high-frequency
leakage currents or electrical shorts in the device. To address
such limitations, Kinner et al.103 and Hermerschmidt et al.104 pro-
posed inkjet-printing methods of Ag nanoparticles combined
with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as an ITO replacement for ITO-free OLEDs. In
addition, Pozov et al.105 investigated the less expensive material
for the fabrication of the ITO-free electrode: they reported an
IJP Cu nanoparticle grid blend with PEDOT:PSS as the bottom
anode.

However, the “coffee-ring” effect for the printed film is the
main drawback of such a technique, although pinholes and sol-
vent orthogonality cannot be overlooked either.106,107 One strat-
egy to minimize the coffee-ring patterns is to give a high
substrate temperature, thus enabling the solvent to evaporate
before the solution undergoes hydrodynamical spreading to
form the undesired coffee ring.108 Another way to obtain coffee-
ring-free and low roughness printed thin film was recently
reported.109 As shown in Fig. 7(a), the thickness of functional
layer was controlled by altering the concentration of semicon-
ducting inks and turning the drop rates in a single pixel. By mix-
ing decane and cyclohexylbenzene as solvents, the emitter dots
showed better coverage and uniformity in distribution. These
results pave the way for inkjet printing application to move to-
ward the solution-processed pixelated QLEDs in the future.

4.2 Slot-die Coating

Slot-die coating is an alternative fabrication strategy for large-
area OLEDs, holding the promise of depositing large and
homogenous thin films of functional materials with simultane-
ous coatings of multiple layers from different solutions.112

Notably, this technique is capable of depositing a vast range
of thickness (i.e., from 20 nm to 150 μm) and coating a variety
of process materials. Slot-die coating is very suitable for many
new applications, including roll-to-roll, sheet-to-sheet, and
sheet-on-shuttle processing.113 Sandström et al.100 reported a

Table 1 Comparison of different solution-processed technologies.

Method Material Utilization Film Quality Deposition Large-area Capability Feature Ref.

Spin coating Low Nonuniform On demand Challenging Off-center, ease fabrication 88

Microtransfer
printing

High Uniform On demand Good Accurate, microtransfer printing 98

Screen printing Low Uniform On demand Good High accuracy, partially printing 96

Inkjet printing High Uniform On demand Good High accuracy, direct writing 99

Slot-die coating High Homogeneous Continuous High throughput Fault-tolerant >1 μm thick,
suitable for roll-to-roll

100

Blade coating High Homogeneous Continuous High throughput Rapid drying, suitable
for roll-to-roll

101
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large-area flexible organic light-emitting device by using pur-
pose-built slot-die coating equipment. Figure 7(b) schematically
illustrates the successive deposition of the organic layer and
anode electrode on the top flexible cathode-coated substrate,
where it is mounted on a roll. The functional material is trans-
ferred from the external container to the slot-die head by a
pump. In particular, the coating thickness for devices is deter-
mined by the substrate speed and the flow rate of ink. Although
the roll-coated devices showed strong EL emission at low op-
erating voltage, the functional layers were found to be highly
uneven. Such a drawback enabling the control of the surface
morphology and of the layer thickness becomes more challeng-
ing. In this context, Choi et al.114 investigated the slot-die coating
process for fabricating large-size OLEDs. Improvements were
obtained by decreasing the flow down of the PEDOT:PSS close
to the inner perimeter of the insulator zone, the pinhole-like sur-
face in the hole transport layer, and the dissolution between two
different tandem layers. The slot-die coated hole-injection/hole-
transport films showed peak-to-peak roughness of ∼12.5 nm,
thereby resulting in such processed OLEDs exhibiting similar
performance levels as reference devices using spin-coated
and vacuum-evaporated processes.

4.3 Blade Coating

Blade coating is a promising alternative to spin coating and
inkjet printing for large-size OLEDs, thanks to the higher usage
rate of materials, wide compatibility with different substrates,

as well as constant deposition of large-area thin-films.115–117

Notably, blade coating allows depositing multiple layers with
minimal crossdissolution. This advantage stems from a rapid
drying process and is highly beneficial for fabricating multilayer
OLEDs based on those materials with a limited solubility win-
dow, which usually suffer from solvent orthogonality issues in
solution deposition.118 For example, Tseng et al.115 presented
multilayer PLEDs using blade coating on a hot plate. Such
methods enabled negligible film thickness variations (i.e., 3.3%
on a 10 cm scale) as well as low film roughness (i.e., ∼0.3 nm
on the micrometer scale). From a performance point of view, the
authors further demonstrated that blade coating-based bilayer
devices exhibited more than double efficiency with respect to
the single-layer spin-coated PLED. Later, Yeh et al.101 reported
all-small-molecule multilayer OLEDs with a hole-transport
layer, emitting layer, and electron transport layers using blade
coating on a hot plate at 80°C with hot wind, thereby suggesting
that common small molecules, originally aimed for vacuum
evaporation, can be exploited to fabricate cost-effective multi-
layer OLEDs through blade coating.

Another example of blade coating was reported by Han
et al.,110 who proposed an interesting surface energy patterning
(SEP) method to fabricate multicolour PLEDs. The SEP criti-
cally reduced the amount of solution used, improved thin-film
quality and enhanced the device reproducibility. As schemati-
cally shown in Fig. 7(c), by taking advantage of SEP to fabricate
two different PLEDs, the authors achieved a multicolor PLED
on the flexible substrate, which was the first known instance of

Fig. 7 (a) Schematic presenting the deposition process of inkjet printing with separator. ðI1; I2Þ
photoluminescence microscopy imaging of QDs array with luminescent inks containing 100%
and 90% cyclohexylbenzene; ðI3; I4Þ higher resolution photoluminescence microscopy imaging
of a single dot corresponding to I1 and I2. (b) Schematic view of the proposed process for slot-
die roll coating. (c) Illustration of the top and front view of blade-coating process for fabricating
multicolor polymer OLEDs. (d) Image of a completed 3D-printed OLED display. Reproduced
and adapted with permission from: (a) Ref. 109, ©2017 American Chemical Society;
(b) Ref. 100, ©2012 Springer Nature; (c) Ref. 110, © 2017 Wiley-VCH Verlag GmbH & Co.
KGaA; (d) Ref. 111, © 2022 AAAS.
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printing multiple materials by blade coating. Interestingly, such
devices were implemented in a wearable device, in conjunction
with a photodiode, performing blood oxygenation on the human
wrist. This result demonstrates how blade-coating technology
could be used to develop all-printed wearable sensor appli-
cations.

4.4 3D Printing

3D printing or additive manufacturing is emerging as a prom-
ising technology for the rapid prototyping of advanced opto-
electronic devices. Different from traditional methods of
manufacturing products, 3D printing allows for fabricating
optoelectronic devices with a wide range of materials: there
is no sophisticated fabrication requirement (e.g., molds, sten-
cils, photolithography), thereby offering substantial advan-
tages, including the utilization of portable and cost-effective
facility for customizable manufacture,119 seamless joints of di-
verse materials, printability on free-form and deformable sur-
faces,120 and a feature allowing the targeted product with a
minimum number of intermediate steps.121 Among currently
available 3D printing technologies, extrusion-based 3D print-
ing is well adapted for fully printed functional devices, com-
bining nanoscale ink print with manufactured macroscale
devices.122 Moreover, a significant advantage would be appeal-
ing to integrate multiple 3D printed functionalities on typical
rigid or wearable/flexible substrates.123,124

Current publications assert that partially printed OLEDs typ-
ically depend on spin coating or thermal evaporation to deposit
specific components and fabricate functional layers, especially
in terms of the electrodes and interconnects, which generally
require vapor or sputtering deposition of materials (e.g., metals,
metal oxides), to realize the high optical transmittance and elec-
trical characteristics. Previously, scientists tried to 3D print
OLED displays; however, it was quite challenging to obtain uni-
formity of the light-emitting layers. Eder et al.125 demonstrated a
printed OLED that was fabricated on a 3D printer, but the dis-
pensed top cathode, gallium indium tin-alloy (GaInSn), did not
allow for conformal printing of electrical interconnects. Early
this year, Su et al.111 demonstrated a multimodal printing strat-
egy using extrusion merge with spray printing, manifesting fully
3D printed flexible OLED displays. The interconnects, insula-
tion, electrodes, and encapsulation were successively extrusion-
printed by a 3D printer, and the organic emission layers were
spray-printed via the same one. Such an OLED display was
∼1.5 inches (3.8 cm) on each side and had 64 pixels that all
worked properly to emit light, as shown in Fig. 7(d). Such a
fully 3D-printed OLED also showed a very stable EL emission
after 2000 bending cycles, indicating its great potential in flex-
ible electronics and wearables. This method opens the door to
manufacturing cost-efficient OLEDs for VLC networks by
means of commercial printers.

5 All-organic Flexible Optical
Communication Systems

Incorporating organic electronic devices into VLC links is an
attractive prospect for implementation in future communication
links, driving all parts of the system toward flexibility, such
as transmitters, receptors, and electronic drivers. Importantly,
this further offer the possibility of integrating such devices into
the exciting wearable clothes and industrial woven fabrics, as

summarized by Hutter et al.126 To date, mostly organic semicon-
ductors-based VLC systems have paid attention to either trans-
mitter or receiver, instead of the all-organic VLC link, so as to
obtain the maximum performance measure from each device.
However, it is necessary to get further insight into the commu-
nication performance of a VLC system using the organic elec-
tronic device as both an optical transmitter and receiver. Haigh
et al.127 first presented an all-organic VLC link by combining
commercially available OLEDs as the transmitter and P3HT:
PCBM-based organic photodetectors (OPDs) as the receiver,
as shown in Fig. 8(a). The aim of that paper was to give the
possibility of the free-space VLC system that can be manufac-
tured entirely by all-organic semiconductors.

Most interestingly, Vega-Colado et al.128 reported a flexible,
fully organic VLC link by applying a flexible OLED (from LG
Chem), a flexible OPD, and flexible printed circuit boards for
the emitter/transmitter and receiver circuit, respectively [see
Fig. 8(b)]. Such an all-organic VLC link was further operated
in indoor conditions, and the audio signal for transmitting and
receiving was of enough quality to be reproduced. This exciting
result highlights the potential impact of printable OLED and
OPD technologies for the fabrication of all-organic flexible
VLC applications, which would benefit the wireless human-
machine system by providing efficient human-to-machine com-
munications.

Similar to the case of OLED, great efforts have been dedi-
cated to the development of OPD. So far, the dark current and
responsivity of the OPD are approaching that of Si-based PDs.129

Fig. 8 (a) Diagram of the experimental setup used for the
all-organic VLC system, adapted with permission from Ref. 98,
© 2014 IEEE. (b) Photograph image of the main experimental
setup of the all-organic flexible VLC link, adapted with permission
from Ref. 99, ©2018 Multidisciplinary Digital Publishing Institute.
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Tavakkolnia et al.130 proposed a multiple-input multiple-output
structure based on OPVand a single-channel structure, achieving
data rates of 363 and 147.5 Mb∕s, respectively. Unfortunately,
implementing OPD for VLC is still challenging. For instance,
the optical-to-electrical response speed of the OPD is generally
limited owing to the slow charging and discharging processes.
In 2022, Cho et al.131 applied a bulk heterojunction-based OPD
to the receiver of a VLC, realizing a 150 Mb∕s data rate. It is
the highest data rate ever obtained on an OPD-based VLC.

6 Conclusions and Future Perspectives
VLC is the upcoming wireless communication technology,
with the twofold benefit of exploiting the ultraviolet, visible,
NIR, as well as infrared regions in the electromagnetic spec-
trum and significantly increasing data rates. As white LEDs
were starting to emerge for energy-efficient greenhouse and
intelligent street lighting, the commercial market adopting
LED light sources as candidates for transmitters in optical data
communications is inevitable. From this perspective, the
current status of VLC was first reviewed in terms of existing
inorganic counterparts and competing materials, including in-
organic QDs and organic as well as hybrid organic–inorganic
semiconductors for LEDs.

The advanced optoelectronic devices for future VLC appli-
cations are expected to be nontoxic, low-cost, high-speed, and
easy to integrate. Due to the promise of cost-effective produc-
tion and environmental sustainability, nontoxic organic materi-
als-based OLEDs have become a hot topic in academic and
industrial circles. Great progress has been made in the exploi-
tation of emitting materials and device structure for WOLEDs,
thereby stimulating efforts on OLED toward VLC. There is no
doubt that OVLC for data transmission rates is not comparable
to inorganic VLC links (e.g., 35 Gb∕s) incorporating LEDs and
LDs. It is mainly limited by the inherently low-charge mobilities
of organic semiconductors. Despite such a hurdle, OVLCs are
well suited to a wide range of prospective connections (e.g., IoT
applications and indoor point-to-point connection), which only
need transmitter rates of a few megabits per second, or even a
lower rate. In this case, shifting the figure-of-merit emphasis
from the data transmission rate to specifications such as cost-
effective manufacturing, toxicity, sustainability and/or recycla-
bility, production volume, and flexibility is imperative. In
addition, extending the spectral region from visible into the
NIR window not only expands the bandwidth of VLC links
but also enables VLC in biosensing applications.

To fulfil commercial aspirations, OLED and OVLC develop-
ment cannot overlook the manufacturing costs. Indeed, the
manufacturing cost of OLEDs plays a key role in their market-
ability, especially for their use in future large-area flexible elec-
tronics. Simplified OVLC architecture and solution-processing
techniques are two major approaches to reducing fabrication
costs. Today, the deposition method relies at least partially upon
solution processing, which holds great promise for device fab-
rication with low cost. Thanks to the almost 100% material uti-
lization and simplified fabrication procedures provided by
printing fabrication, it now becomes increasingly clear that us-
ing such techniques for high-performance OLEDs will come to
full fruition. We note that inkjet printing is usually reported.
This is a fascinating method for high-accuracy deposition of
liquid inks, which pave the way for future application in printed
pixelated OLEDs; yet, its scalability is limited. Slot-die coating
is an alternative fabrication strategy for mass production of

OLED panels holds the promise of depositing large and homo-
geneous, as well as nanometer- to micrometer-thick organic
films. Nevertheless, using such a fabrication method for achiev-
ing a multilayer architecture to realize high-performance
OLEDs is still challenging. Blade coating is an attractive
method for fabricating printing-processed multilayer OLEDs,
which allows depositing multiple layers with minimal dissolu-
tion because of its rapid drying process. These methods are driv-
ing the future roll-to-roll manufacturing technology for the
direct printed OLEDs in VLC systems. More interestingly, new
3D-printed OLEDs were developed entirely on a “one-pot” 3D
printing platform, manifesting low-cost OLEDs as transmitters
for future VLC links that can be generally manufactured by the
fully 3D-printed techniques rather than the expensive microfab-
rication methods.

Examining next the future VLC perspective, we note that
all-organic VLC link by using both OLED transmitters and
OPD receivers is rather new. Although the all-organic VLC
performance is still far from what is required, it offers the
inspiring possibility of cost-effective, printable, and highly in-
tegrated solutions for next-generation VLCs. Noteworthy, a
clear focus on the exploitation of nontoxic semiconductors is
also driving this exciting area. Albeit on the lab-scale, all-
organic flexible VLCs offer unique features that currently can-
not be provided by any other optical communication systems.
Overall, we see a clear opportunity that the recent research and
new developments on OVLC will further trigger interest in this
field, at least from academic motivations, thus serving as a cata-
lyst for future integration of printable organic electronic devices
into VLC links, and most importantly, underpinning further
optical communication applications including indoor point-
to-point link, vehicle-to-vehicle communications, IoT, as well
as wearable/implantable organic biosensors.
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