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Abstract: In academic research, OLEDs have exhibited rapid evolution thanks to the development
of innovative materials, new device architectures, and optimized fabrication methods, achieving
high performance in recent years. The numerous advantages that increasingly distinguish them from
traditional light sources, such as a large and customizable emission area, color tunability, flexibility,
and transparency, have positioned them as a promising candidate for various applications in the
lighting market, including the residential, automotive, industrial, and agricultural sectors. However,
despite these promising attributes, the widespread industrial production of OLEDs encounters
significant challenges. Key considerations center around efficiency and lifetime. In the present
review, after introducing the theoretical basis of OLEDs and summarizing the main performance
developments in the industrial field, three crucial aspects enabling OLEDs to establish a competitive
advantage in terms of performance and versatility are critically discussed: the quality and stability
of the emitted light, with a specific focus on white light and its tunability; the transparency of both
electrodes for the development of fully transparent and integrable devices; and the uniformity of

emission over a large area.
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Overcoming Challenges in OLED Currently, light emitting diode (LED) technology dominates the lighting industry,

largely due to the numerous initiatives aimed at replacing outdated lighting systems reliant
on incandescent bulbs. This transition is driven by the demand for enhanced energy
efficiency, which, in solid-state lighting technology, is up to ten times greater thanks to the
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direct energy conversion phenomenon of electroluminescence and rapid switching. LED
technology offers high-quality illumination, providing the flexibility to adjust the luminous
flux, compact dimensions, and economic advantages, including an extended life cycle [1].

Meanwhile, significant advancements in the field of organic materials have paved
the way for the introduction of a new lighting technology: organic light emitting diodes
(OLEDs) [2,3]. Following initial research focused on improving the reliability of materials,
monochromatic devices were first developed. After about a decade, the first white OLEDs
were created, initially based on small molecules [4] in 1994 and later on polymers [5].

OLEDs are under active development as a prospective solid-state lighting technol-
ogy [6-9]. They have attracted considerable attention in research over the past several
decades, resulting in notable advancements, also thanks to support from initiatives within
the industrial sector. Recent achievements in terms of efficiency and lifetime have favored
the initial stages of commercialization, shifting the focus to aspects such as the production
cost, yield, and exploration of aesthetic features, which emphasize their uniqueness com-
pared to their inorganic counterparts [10,11]. Indeed, OLEDs can be designed as thin panels
that, thanks to their flexibility and slim profile, can be integrated in various applications,
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such as seamless luminaires, architectural building materials, and furniture, contributing
to enhancing the functional but also the aesthetic aspects of spaces (Figure 1) [12,13].

(a)

(b) (c)

Figure 1. Examples of recent installations of OLED illuminaries. (a) OLED chandeliers composed of
226 Brite 2 FL300 nw OLED lighting panels, installed in New York in the reception area of a dentist’s
office. Reproduced with the permission of [12]. (b) Dynamic OLED light installation designed by
Hugo Timmermanns, which consists of 500 Brite FL300 OLED panels by Lumiblade, built into lamps
in the shape of a pyramid. It creates light patterns that aim to attract visitors at the Theater an der
Elbe (Hamburg, Germany), with variations on the theme of light in darkness. Reproduced with the
permission of [13]. (¢) Sumitomo colored polymeric OLED lighting panel installation. Reproduced
with the permission of [13].

The uniqueness of OLEDs in emitting light directly from a surface, which can be quite
extensive, as opposed to other lighting sources that are point-like, results not only in the
potential for the complete customization of shapes [14] but also in the ability to operate at
a reduced light intensity to achieve the same luminous flux. This feature minimizes heat
generation, making OLEDs highly efficient. As for the characteristics of light, OLEDs emit
a softly diffused light that replicates natural daylight, resembling the warmth of traditional
incandescent lamps and contributing to creating a visually comfortable ambiance, with the
additional benefit of energy efficiency [15,16]. The panels can also be transparent when
turned off and offer the capacity for color tunability [17,18]. In addition, the fabrication
techniques are compatible with flexible substrates requiring low temperatures; besides
glass or metal substrates, OLEDs can be deposited on thin plastic sheets, ceramics, and
fabrics, adding a further innovative aspect of versatility [19-21]. These qualities position
them as a promising option for diverse applications in the lighting market, spanning
the residential, industrial, automotive, and agriculture sectors, especially in scenarios
where design innovation, energy efficiency, transparency, and reduced heat generation are
crucial requirements.

An OLED device consists of a multilayer structure (Figure 2) [22-24], traditionally
emitting through a substrate (bottom-emitting OLED), primarily composed of an emissive
layer (EML) sandwiched between a transparent anode (commonly based on indium tin
oxide, ITO), deposited on a transparent substrate, and an opaque metal cathode. In the
emissive layer, the injected charges, electrons, and holes meet to form excitons, which are
excited molecule states. A top-emitting device has the same structure but with a transparent
top electrode, and the substrate can also be opaque. The third possible configuration,
particularly interesting for lighting applications, is that of a transparent OLED (TrOLED),
where emission occurs through both electrodes, which must therefore be transparent. These
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can be integrated into transparent surfaces, such as windows and glass walls, adding new
functionalities to lighting [25].

BOTTOM EMITTING OLED TRANSPARENTOLED

OPAQUE TOP ELECTRODE
(a)
/ (c)
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Figure 2. Structure of a (a) bottom-emitting OLED device, (b) top-Emitting OLED device, and
(c) transparent OLED device, emitting from both sides.

The light is generated by the recombination in the emissive layer of electrons and
holes; therefore, an OLED can be designed to emit any color by carefully choosing the
materials forming the emissive layers, including white with various color temperatures.
The OLED structure has been gradually made more complex to enhance its efficiency, with
the addition of layers serving specific functions (Figure 3): between the anode and EML,
a hole injection layer (HIL), a hole transport layer (HTL), and an electron blocking layer
(EBL) can be inserted, while, between the cathode and EML, an electron injection layer
(EIL), an electron transport layer (ETL), and a hole blocking layer (HBL) can be included.
While the injection and transport layers improve the injection from the contacts and the
transport of charges to the emissive layer, the blocking layers prevent the loss of charges in
the opposite direction and confine the excitons. All layers are ultimately protected from
the environment by a cover, due to the high sensitivity of many of the materials used to
moisture and oxygen [26], which can reduce the lifespan of the panels [27,28]. The cover is
sealed to the substrate using an epoxy adhesive, and, often, a desiccant is included inside
to capture moisture and oxygen that may permeate the panel over time through the sealant
(Figure 3) [29].

Certainly, compared to a traditional glass substrate, a plastic substrate is more suscep-
tible to moisture permeability issues and requires the introduction of alternative solutions.
Among these, a recent trend is to use thin and flexible glass substrates [30]. Equally impor-
tant is the light extraction layer, which significantly contributes to the total efficiency [31,32].

OLED panels also require driver circuits that convert the line voltage into a DC current.
These driver circuits can also impact the final product efficiency. A constant-voltage driving
circuit is not advisable, as it would allow the current to change based on various external
parameters and reduce the panel’s lifespan. Alternatively, it is desirable to have a driver
circuit that allows for light dimming by adjusting the driving current and is capable of
adjusting the driving voltage to compensate for the reduction in current over time [33,34].
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Figure 3. (a) Schematic cross-section of an encapsulated bottom-emitting OLED. (b) Energy diagram
of a typical multilayer OLED, highlighting the functions of all possible layers: generally, not all are
present as multiple functions are combined in a single layer.

OLEDs, to be employed in lighting applications, must meet specific requirements,
such as high brightness, high efficiency, low costs, low power consumption, and a long
lifetime [35]. The performance of an OLED device is typically evaluated based on three
types of efficiency [23]: the external quantum efficiency (17goE), the current efficiency
(17¢), and the luminous efficacy (171), often referred to as the power efficiency or lighting
efficiency [36]. The first figure of merit, the external quantum efficiency (%), describes
the number of outcoupled photons per injected charge and includes the charge balance,
singlet-triplet factor, radiative quantum efficiency, and light coupling efficiency. The current
efficiency (cd/A) and luminous efficacy (Im/W) are photometric parameters that consider
the sensitivity of the human eye. The current efficiency is calculated from the luminance
and is defined as the ratio between the luminance obtained in the forward direction and
the current density passing through the device. The luminous efficacy is defined by the
ratio of the luminous flux to the electrical power.

In addition to those described above, OLED manufacturers need to optimize other two
parameters: the luminance and lifetime. The luminance (cd/m?) determines the brightness
of the light emitted. The lifetime of OLEDs is an important indicator in evaluating the
stability of these devices, and a longer device lifetime is vital for their successful commercial
use [37]. The intrinsic qualities of the materials and device architectures mostly influence
the operational lifetime, which can be quantified in terms of the lumen maintenance life Lp
(hours), which is defined as the elapsed operating time over which the light source will
maintain a percentage p of its initial light output: the 50% lumen maintenance value (L50)
is used for lighting and display purposes, while L70 (70% lumen maintenance) is required
for architectural lighting [22]. Table 1 shows a comparison of the luminous efficacy and
lifetime values of OLEDs, with corresponding metrics for other lighting technologies.

Table 1. Comparison of OLED lighting’s luminous efficacy and lifetime with those of other commer-
cially available lamps [38—40].

OLED LED Fluorescent Lamp Incandescent
Lamp
Luminous Efficacy
[Im/W] 50-100 60-160 60-80 15-20
Lifetime [h] 5000-10,000  50,000-100,000 7000-15,000 700-2000

The characteristics of light can be indicated through three parameters: the Commission
Internationale de L'Eclairage (CIE) coordinates, the color rendering index (CRI), and the
correlated color temperature (CCT) [41]. For lighting applications, to ensure color purity,
the light should have CIE coordinates close to the ideal white point, which is (0.33, 0.33),
but they can fall within a much broader range. The CRI, namely the ability to reproduce
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the color of the illuminated object, ranges from 0 to 100, but it must be greater than 80 for
lighting applications. It is excellent in OLEDs and is one of the aspects that make them
interesting not only for indoor illumination but also in professional video and photographic
applications. This is because organic materials inherently have a broad luminescence
spectrum, and by opportunely combining materials with different emission colors, it is
possible to achieve an extension across the entire visible spectrum. Finally, there is the CCT,
which, in the case of white light for illumination, takes values ranging from 2500 K (warm
light) to 6500 K (cool light).

Currently, OLEDs are primarily used for indoor architectural applications due to their
sensitivity to moisture and air, although proposals have been presented in the automotive
sector [42]. Current projects involve the combination of LEDs and OLEDs in lighting
systems, where the former generates directional light while the latter diffuses it. OLEDs
are utilized in wall coverings such as ceramic tiles, with the addition of digital control to
create changing effects in brightness or decoration. They are also employed in very large
ceiling panels or as backlighting for shelves and niches. Additionally, OLEDs find use as
signaling lights for aircraft cabins, exit paths in buildings, decorative signage for company
logos, and similar purposes [10].

2. OLED Lighting Market: Evolving Trends and Current Hurdles

While, in the field of academic research, tremendous advancements have been made in
terms of luminous efficacy, one of the key factors for lighting applications, reaching values
as high as 160 Im/W in recent years [43], in the industry, field OLEDs have to compete
with their inorganic counterparts. Certainly, they are competitive regarding the ability to
obtain large-area and flexible panels with a customizable design and tunable chromaticity
in a wide range, but further efforts are needed to narrow the gap in terms of efficiency.
The first meaningful results in terms of area and efficiency were achieved by GE Global
Research, which, in 2004, fabricated a 2 ft x 2 ft white OLED panel with a CCT of 4400K,
a CRI of 88, and efficacy of 15 Im/W [44]. In 2008, Osram researchers demonstrated the
possibility of improving two crucial characteristics simultaneously, namely the efficacy
and lifetime, reaching 46 Im/W with a CIE of (0.46, 0.42) and 5000 h, respectively, with
a prototype of almost 100 cm?, at a brightness of 1000 cd/ m? and a CRI of 80 [22]. The
following year, a dimmable round panel generating a warm white color (2800 K), emitting
no UV or IR radiation, was released with the name ORBEOS (Figure 4a) [45]. It was the
result of rapid advancements reached in the context of the project OPAL 2008, which had
the aim of developing an OLED production technology capable of achieving the cost target
of a few Euro cents per cm? for a-high performance white OLED device. The project, using
organic vapor phase deposition (OVPD) technology, involved other companies, including
Philips, which, in 2011, in collaboration with Konica Minolta, started to produce warm
white panels (Lumiblade) with luminous efficacy of 45 Im/W, a lifetime of 10,000 h, and
luminance of 1000 cd/m? [46].

In 2010, Panasonic demonstrated the ability to extend the OLED panel lifetime to over
80,000 h by using an efficient heat radiation structure in order to prevent thermal breakdown
and by improving the encapsulation structure with an inorganic/organic passivation layer,
thus obtaining a 8 x 8 cm? panel uniformly operated at 5000 cd/m? and with a CRI of
94 [47]. Subsequent mass production involved a color-tunable OLED lighting panel by
Verbatim, called VELVE, with an area of 14 x 14 cm?, exhibiting typical efficacy of 28 Im/W
(Figure 4b) [13]. Based on small molecule emitters and partially using solution deposition
techniques, they offered the possibility of tuning the CCT between 2700 and 6500 K and
the color [48]. In the same year, the Universal Display Corporation developed white OLED
(WOLED) panels with an area of 15 x 15 cm?2, CCT of 2790 K, and CRI of 86, reaching
efficacy of 58 Im/W [49].
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Figure 4. Evolution of OLED production for lighting applications. (a) Osram ORBEOS OLED
panel [45]. (b) Verbatim VELVE. Reproduced with the permission of [13]. (c) OLED rear lights
covering an Audi car. Reproduced with the permission of [13]. (d) Lumiblade Brite3 by OledWorks.
Reproduced with the permission of [12]. (e) Lumicurve Wave by OledWorks. Reproduced with the
permission of [12]. (f) Konica Minolta OLED Tulip illumination demonstrated in Japanese theme
park with shining flexible OLED petals. Reproduced with the permission of [50]. Copyright 2017,
John Wiley & Sons Books.

Within a few years, almost all lighting companies have displayed OLED luminaires
and made significant investments in the production of panels, introducing also polymer
and hybrid technologies and flexible designs, extending even to the automotive sector. In
2013, Audi, Philips, and Merck presented their OLED lighting prototypes for car rear lights,
utilizing also curved glass substrates and transparent contacts (Figure 4c) [13]. Efficacy of
100 Im/W and an expected lifetime of 40,000 h were meanwhile obtained by LG Chem
by using the pixellation technique, which involves the subdivision of the light emitting
area (90 mm x 90 mm) into thousands of tiny pixels of less than 1 mm?, thus avoiding
failure due to abrupt electrical shorting and meeting the requirements of general lighting
sources [51]. Although the first prototypes of flexible panels appeared in 2010, it was in 2018
that the bending radius of an OLED lighting panel fabricated on a thin glass substrate by
OLEDWorks (Figure 4e) was decreased to 10 cm, reaching 60 Im /W, while their rigid panels’
efficacy increased from 40-60 Im /W (Britel) to 80-90 Im /W in the advanced generation
Brite3 (Figure 4d) [12,30].

The improvement in efficacy was also due to the optimization of the light extraction
technique, as proposed by Pixelligent, which involved a solution-processable nanocompos-
ite, creating an extraction structure with a refractive index proportional to the nanocrystal
loading, enabling the realization of both high-refractive-index layers and an index gradient
to direct light in a specific direction [52,53]. While WOLED panels undergo advancements
in terms of technical performance and reliability, their broader adoption in the lighting mar-
ket is increasingly exploiting the commercial and aesthetic opportunities that they provide.
Thus, ultraflexible thin OLED films have appeared, with various 3D shapes, from globes to
candle flames and flowers (Figure 4f) [11], or they can be integrated with paper packaging.
The focuses of companies in recent years have been mostly automotive lighting and mass
production through roll-to-roll techniques, obtaining bendable and durable OLED panels
for plastic substrates used in general lighting and the architecture sector [46].
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While, on one hand, OLEDs surpass the limitations of LED-based light sources, such
as overheating and blue light content, other critical aspects need to be considered for
widespread industrial deployment. Long-term reliability is fundamental for a light source,
both concerning the electrical properties, such as the operating voltage and power, and
the optical properties, such as the luminous efficacy and color quality (CCT and CRI).
OLED degradation, which leads to a reduction in lifetime, occurs due to both extrinsic and
intrinsic factors. Among the extrinsic elements are humidity and oxygen, whose effects
are limited by encapsulation. Intrinsic mechanisms, on the other hand, are associated
with electrical stress and include increased trap density, reduced mobility, and worsened
charge injection. Many studies have investigated these phenomena [40,54-56] but also
demonstrated that the long-term reliability is acceptable for general lighting applications
according to the IEC 62922 standard (OLED panels for general lighting—Performance
requirements) [57]. Based on the same analyses, it has emerged that improvements aimed
at long-term reliability are required for panels with a larger area, which still exhibit faster
color degradation, and for the control gears of luminaires whose design needs to better suit
OLEDs’ features.

In terms of the environmental impact associated with large-scale OLED production,
OLED:s are often regarded as environmentally friendly for two primary reasons. Firstly, the
fabrication of organic devices relies on low-temperature processes, necessitating minimal
energy investments. Secondly, the majority of organic devices do not contain materials
with substantial environmental or health implications. In fact, only a limited number
of studies have thus far explored the potential environmental impact of OLEDs, with a
particular emphasis on displays and on the presence of metals [58]. The findings of these
studies reveal that OLED displays must be treated as hazardous waste during disposal
due to their higher resource toxicity potential compared to LCDs, associated with the high
concentrations of metals such as gold, arsenic, and cadmium. However, the main source of
metal-based components is attributed to the OLED driver circuit, which contains a larger
number of transistors, electrodes, and capacitors.

Conversely, despite the growing demand for short-lived or disposable devices, the
industry has paid less attention to the necessity of making OLED technology more envi-
ronmentally sustainable: there is a lack of focus on introducing new devices that facilitate
the recycling of all components and the recovery of valuable materials through sustain-
able methods [59,60]. Meanwhile, scientists have made strides in the development of
bio-compatible materials to realize various OLED layers. To this end, low-cost, lightweight,
flexible, and recyclable cellulose has been used as a substrate and encapsulation layer [61,62].
Flexible carbon nanotubes and graphene, combined with conductive materials, as well as
natural silk fribroin embedded with silver nanowires and human eumelanin integrated into
PEDOT-PSS, have been successfully used to produce electrodes with good transparency
and conductivity [19,63,64]. Furthermore, bio-composite blends of conjugated polymers
with vitamins, nucleic acids, and proteins have enabled the production of water-soluble
emissive or injection layers, reducing the extensive use of organic solvents [65-69].

Despite the involvement of several companies in OLEDs for lighting applications, pro-
duction remains limited. The primary constraint continues to be the price, which remains
too high for commonplace applications such as shelf lighting, under-cabinet illumination,
offices, and classrooms [10]. Additionally, due to their low luminance for small surfaces,
OLED:s are not suitable for tasks requiring focused lighting. However, they become more
feasible when used for decorative and cutting-edge purposes. Currently, OLEDs also face
challenges related to interchangeability among manufacturers, particularly concerning
panels, connectors, and drivers. Consequently, contrary to the industry aspirations, the
OLED market remains a niche market, mainly confined to custom decorative luminaires,
automotives, and medical lighting, where OLEDs have the potential to differentiate them-
selves from LEDs. To achieve a significant reduction in costs, it is necessary to consider
the factors driving the production expenses: presently, the primary cost driver among
materials is the inorganic component present in the panel, including the current driver
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and packaging. To these labor costs, the infrastructure investments and fixed costs are
added. The production cost diminishes rapidly with an increase in production capacity [70].
Moreover, the growing competitiveness of OLEDs is driving the utilization of equipment
and infrastructure originally designed for display manufacturing. Recently, there has been
an increased focus on the high-speed fabrication of organic semiconductors on flexible
substrates that are compatible with or integrated into roll-to-roll processing, resulting in a
reduction in costs [71,72].

In conclusion, despite their promising characteristics, the widespread industrial pro-
duction of OLEDs encounters notable challenges. Addressing these issues is essential to
realize the full potential of this technology and allow its integration into different sectors.
Among the challenges that OLED lighting must address to achieve performance compa-
rable to that of competitive solutions, we analyze those related to managing the emission
spectra, ensuring the transparency of contacts, and achieving homogeneous emission over
large areas, and we explore potential solutions.

3. Challenges in Light Color

The emission of white light requires a combination of primary or complementary
colors. Apart from solutions that involve stacked or pixel-designed individual OLEDs,
which are structurally complex and inefficient, it is possible to achieve white light with a
single device using individual emitters or multiple emitters that are properly combined [73].

The significant progress achieved in white OLED (WOLED) technology is primarily
based on the efforts of chemists in developing new materials that ensure high performance
and improve the lifetime while simultaneously maintaining simplicity and low costs in
production [74-77]. The materials that can be used to fabricate white OLEDs are fluores-
cent, phosphorescent, and thermally activated delayed fluorescence (TADF) materials. As
depicted in Figure 5, in conventional fluorescent materials, 75% of the excitons, which are
in the triplet state, do not emit light, while only the 25% in the singlet state are radiative.
Conversely, phosphorescent materials can theoretically achieve 100% efficiency by utilizing
all types of excitons: the transition from the triplet state to ground state is radiative and the
intersystem crossing (ISC) mechanism is facilitated by the use of metallorganic complexes,
based on rare metals like iridium and platinum [78-80]. However, these metal elements,
mostly expensive, precious, and toxic, pose a barrier to the development of phosphorescent
OLEDs. On the other hand, TADF materials can exploit all excitons without resorting to
noble metals but by relying on the reverse intersystem crossing (RISC), i.e., the thermally ac-
tivated transition of triplet excitons to singlet, which produces delayed fluorescence [81,82].
This allows internal efficiency close to 100% to be achieved. However, RISC is made pos-
sible only in molecules carefully designed to reduce the energy gap between the excited
singlet and triplet states.

The simplest way to obtain white light is to blend different lumiphores, such as the first
attempt with red, green, and blue phosphors in a single matrix [4], using straightforward
vacuum- or solution-based techniques. However, there are some drawbacks to consider,
such as the phase separation leading to non-homogeneities and the energy transfer among
different phosphors, generating color shifts in the emitted light. These issues are not easily
controllable and can result in unstable and poor-quality emissions.

A solution to phase separation is to combine the various components of the blend, as
occurs with copolymerization into a single copolymer of different chromophores covering
the entire visible spectrum [83-85]. Polymeric OLEDs also provide the advantage of
being easily manufacturable but require careful molecular design to ensure the uniform
distribution of the chromophores within the film and to control the energy transfer between
species. These requirements have led to the development of device architectures containing
a stack of multiple layers, where each material has a specific functionality. However, it
is necessary to ensure that the different contributions in various regions of the spectrum
from each layer are balanced, considering that emission in a layer can occur both due to
recombination within the layer itself and due to excitation resulting from energy transfer
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from an adjacent layer. Therefore, careful design in terms of the arrangement, thickness,
and energy levels of each layer is required. In such circumstances, layers with blocking
functions play a fundamental role [86,87].

Electrical excitation

© @
olo >
‘y &
RISC
51_ . . T
1
ISC
PF DF NRs
PH NRt
S,

Figure 5. Transition processes of electrically generated excitons. So: ground state, S;: singlet excited
state, T1: triplet excited state, PF: prompt fluorescence, DF: delayed fluorescence, NRs: non-radiative
singlets, PH: phosphorescence, NRt: non-radiative triplets.

WOLEDs based entirely on phosphorescent materials are affected by undesirable
effects. One is the color shift problem caused by the instability of blue-emitting phosphors.
Another is the efficiency roll-off induced by exciton quenching in the host matrix and
transport layers and by triplet—triplet annihilation. An approach to reducing these issues
involves dispersing phosphors as dopants with lower triplet energy in a blue fluorescent
material with high triplet energy. In this way, a hybrid configuration is obtained, pro-
viding higher stability and performance [88,89]. The issues that can be encountered in
these OLEDs are that the energy level of the triplet is not sufficiently high and the poor
photoluminescence yield of the blue fluorophore. In such a case, the reverse energy transfer
of triplet excitons from phosphors to the blue fluorophore would be established, which,
being non-radiative, would reduce the efficiency. An advanced layer design can maximize
the efficiency of such devices: the idea is to drive the excitons formed in the singlet state
towards the blue fluorescent layer and transfer the triplet excitons to green, orange, or red
phosphorescent emitters, with the aim of achieving internal efficiency close to 100% [90-93].

A further method to obtain white light is color down-conversion: it employs the
combination of a blue OLED with a color conversion layer (CCL), typically composed of a
host layer doped with an organic or inorganic dye. The blue emitter, which is electrically
excited, optically excites the CCL, generating a complementary color [94,95]. However, this
structure is quite challenging to obtain due to the low stability and efficiency of the blue
emitter and the difficulty in obtaining materials that enable efficient color conversion.

We have investigated the relationship between the microstructure properties of newly
synthesized polymers [96,97], namely isotactic and syndiotactic poly(N-pentenyl-carbazole)
(i-PPK and s-PPK), and the electroluminescence spectra of devices fabricated by using them
as EMLs. We have demonstrated that the polymer tacticity, along with the proper design
of the layer structure, strongly affects the OLED’s photoconductive properties [98,99]. In
particular, we have succeeded in obtaining white light emission with a single EML based
on isotactic polymer i-PPK in a multilayer OLED (Figure 6a). The white light emerged
from three contributions, as shown in the electroluminescence (EL) spectra in Figure 6b,
which were associated with three distinct phenomena: fluorescence from an electroplex (an
intermolecular complex formed under an electric field) across the EML and HBL interface,
phosphorescence from the excimer (an arrangement of two carbazole-overlapping groups),
and emission due to the electromer (an excimer formed in the presence of an electric
field) (Figure 6¢). Conversely, OLEDs based on i-PPK with a monolayer structure and
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based on the syndiotactic polymer emitted blue light, which originated from excimers
(Figure 6d) [100,101].
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Figure 6. (a) Scheme of fabricated multilayer OLEDs based on s-PPK and i-PPK, emitting blue or
white light; the structure without HBL and ETL is referred to as a monolayer structure. (b) Normalized
EL spectra of multilayer OLEDs at 5 mA. (c) Energy diagram of i-PPK-based OLED with emission
mechanisms due to (i) electromers, (ii) triplet excitons, and (iii) electroplexes; excited states refer to
the partially overlapping excimers. (d) CIE coordinates of mono- and multilayer PPK-based OLEDs.

The quality of the light generated by a WOLED depends on the ability to reproduce the
object color. This characteristic not only has aesthetic benefits but also plays a crucial role in
many applications, ranging from monitoring a system or process for predictive maintenance
to lighting’s impacts on health. In this regard, several studies have shown that OLEDs,
containing no UV light and having low content of blue light, have benefits for the circadian
rhythm and cognitive abilities. OLED devices were created with tunable chromaticity by
appropriately controlling the relative emission intensity of four complementary emitters. In
particular, it was possible to easily obtain CCT ranging from 5200 K to 1580 K, by modifying
the thickness of the emissive layers and with the use of an additional carrier-modulating
layer (CML) and by adjusting the applied voltage. In this way, the device CCT covered
that of cool and warm light for daylight illumination, and even reached that of dusk hue
(2500 K) and candlelight (1900 K) in order to provide physiologically friendly illumination
at night with the lower emission of melatonin-suppressing components [102]. To this end,
a recent project has been dealing with the development of WOLEDs whose CCT can be
tuned between 2700 and 5000 K over one decade of current from 50 to 500 mA. The aim
was to bring, among various applications, benefits to the healthcare sector, where cooler
illumination can help nurses and doctors to stay alert during the daytime, while warmer
light promotes rest during night [103]. Similarly to the achievements made in display
applications, an effective technique to achieve tunable white light can be dynamic driving,
such as pulse width modulation (PWM), controlling the duration for which the OLED is
turned on, or an AC voltage with a variable amplitude [104]. Figure 7 shows the EL spectra,
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the corresponding CIE coordinates, and photos of a WOLED with an n-i-p-i-n structure,
driven by a square wave voltage at a frequency of 50 Hz and a duty cycle of 50%. Here, by
changing the polarity of the voltage, one of the p-i-n junctions is activated; therefore, by
modulating the positive and negative amplitudes, it is possible to achieve a combination of
blue and red light, thus tuning the color of the resulting white light.
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Figure 7. (a) EL spectra of an OLED driven with variable positive or negative amplitude AC voltage.
(b) Photographs of the device under different voltage amplitudes. (c) Variation in CIE coordinates of
devices shown in (b). Reproduced with permission from [104]. Copyright 2000, Elsevier Science &
Technology Journals.

Finally, it is important to ensure that the light characteristics remain stable both under
varying brightness and over time. Indeed, the majority of WOLEDs undergo a color shift
due to the variation in the emission peak ratio of various chromophores, both due to
the applied voltage and the degradation over time of some components. For this reason,
recent research has focused on studying WOLEDs based on a single organic molecule
or aggregates, demonstrating high efficiency, color stability, and ease of fabrication. The
white light originates from the combination of high-energy emissions, resulting usually
from excited states of 77—7t* transition, and of low-energy emission generated from dimers
or excimers, incomplete energy transfer, intramolecular charge transfer such as exciplex,
and metal-to-metal interactions [105-109]. The issues discussed so far related to WOLED
performance for lighting applications and the proposed solutions in the literature are
summarized in the diagram shown in Figure 8.
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Figure 8. Main issues related to the realization of white OLEDs (red boxes) and possible solutions
(green boxes) to be adopted.

4. Challenges in OLED Transparency

Transparent OLEDs (TrOLED) allow bidirectional light emission. The multilayer struc-
ture of a TrOLED is created on a transparent substrate of glass or other plastic materials, a
transparent anode, different functional layers, and a transparent cathode. Like conventional
opaque OLEDs having only one transparent electrode serving as a window of light, trans-
parent OLEDs can be classified based on the emitting structure in standard and inverted
devices. In particular, a standard TrOLED is defined as having a top-cathode /bottom-anode
configuration, whereas, in an inverted TrOLED, the anode and cathode are the top and the
bottom electrodes, respectively (Figure 9) [25].

STANDARD INVERTED
TrOLED TrOLED

(a) (b)

TRANSPARENT ANODE ey

7,

TRANSPARENT CATHODE /

TRANSPARENT CATHODE d

7

TRANSPARENT ANODE /

Figure 9. Structures of a transparent (a) standard OLED and (b) inverted OLED.

The prerequisites necessary to have a transparent electrode that also provides good
electrical contact are high transmittance in the visible range and high conductivity. However,
achieving both of these simultaneously poses a challenge, leading to an inevitable trade-off.
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The optical transmittance T of a thin film is related to its thickness t and its absorption
coefficient & through the Beer-Lambert Law:

T=e¢". 1)

As the thickness of a film rises, the optical transmittance falls. The conductive proper-
ties of the contact are instead indicated by the sheet resistance, R, defined as

Ry =P 2)

where p is the resistivity. Therefore, to reduce Rs and thus the voltage drop along the contact
surface, it is desirable to use materials with low resistivity and a greater layer thickness.
Additionally, the transparency and conductivity of an electrode can be influenced by surface
and interface effects such as roughness, patterning, and optical interference, as well as the
conditions under which the materials are synthesized and processed [110].

Over the years, numerous alternative transparent conductive materials have been
studied and utilized as electrodes for organic optoelectronic devices, specifically in organic
photovoltaic (OPV) and OLED devices. It is possible to classify them into four macro-
groups (Figure 10): transparent conductive oxides (TCO), thin metal layers, transparent
conductive polymers, and nanoscale materials. Among the alternatives, the two classes of
materials most widely used to produce electrodes are TCOs and thin metal layers, which
will be analvzed in more detail below.

Transparent
Conductive
Oxides

Transparent
Electrode
Materials

Nano-
materials

Conductive
Polymers

Figure 10. Different categories of materials employed in the fabrication of transparent electrodes for
optoelectronic devices.

Conducting polymers such as polyaniline, polypyrrole, and polythiophene with the
appropriate chemical dopants are organic materials with great transparency, electrical
conductivity, and flexibility. They offer several advantages over other electrode materials,
including their lightweight nature, mechanical flexibility, easy solution processability, and
exceptional compatibility with plastic substrates. Among them, PEDOT:PSS is a very
successful and extensively utilized conducting material for optoelectronic transparent elec-
trodes [111]. Nevertheless, conductive polymers still exhibit poor stability when exposed
to high temperatures, humidity, and UV and offer an imbalanced combination of sheet
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resistance and transparency when considered individually (without being combined into
a composite) [112]. However, when used in composite materials, they demonstrate im-
proved performance [113]. Further improvements are necessary to surpass the performance
of other transparent conductive electrode materials, mainly when used in large-sized,
commercial-scale devices [110].

Over the past two decades, extensive research has been conducted also on nanoscale
materials, focusing on their controllable synthesis and attractive applications in various
fields. Several of them, including graphene, carbon nanotubes (CNTs), and metal nanowires
(NWs), possess appealing optoelectronic characteristics, making them highly promising
for use as transparent conductive electrodes (TCEs). Some of the nanomaterials are also
compatible with solution-based and large-scale manufacturing processes [114].

Graphene has attracted significant attention due to its distinctive characteristics, such
as great optical transparency, low sheet resistance, and exceptional mechanical flexibility,
and can be utilized as a flexible electrode in wearable systems [115]. Researchers have
intensively investigated various techniques to produce high-quality graphene at a low
cost. One promising advancement in the practical application of graphene as an electrode
is the development of a roll-to-roll process for the large-scale production and transfer of
the film, but the use of graphene still faces some challenges that require development.
These include poor adhesion to substrates and low electrical conductivity compared to
other TCE materials [116]. Carbon nanotubes, which are cylindrically structured nanoscale-
diameter materials, represent another promising option for use as TCEs because of their
excellent electrical and mechanical properties, flexibility, and appropriate work functions.
Nevertheless, they exhibit significant sheet resistance and substantial roughness that affects
the carrier mobility and reduces the lifetime of the device [117]. Thus, there is still a need
for an appropriate method to develop a high-conducting and transparent CNT film for
large-scale production. Transparent electrodes consisting of randomly dispersed networks
of metal NWs, such as silver (Ag) or copper (Cu) nanowires, have also been documented
to exhibit elevated optical transparency, low sheet resistance, and exceptional mechanical
flexibility. These materials can be produced using a cost-effective roll-to-roll manufacturing
method, while maintaining the high conductivity of the metal [118]. However, this type of
nanomaterial is susceptible to moisture and external mechanical damage, and their ability
to adhere to the plastic substrate is still inadequate [119,120].

Below, the other two types of TCEs are examined in detail, both of which are well
suited for the maintenance of the metal’s high conductivity and for use in TrOLEDs for
lighting applications. The discussion starts with the deposition method, analyzing the
advantages and challenges of each type, and provides a performance comparison in terms
of transparency and sheet resistance. Additionally, it addresses compatibility with flexible
and large-area substrates.

4.1. Transparent Conductive Oxides

The most common transparent conductive contacts, extensively studied for OLEDs
and other organic optoelectronic devices, are TCOs. They are highly doped metal oxides
(Sn0O,, In,O3, ZnO, CdO) that offer remarkable transparency, with transmittance not lower
than 80% in the visible spectral range, due to the wide bandgap of oxides. At the same time,
they allow for conductivity as high as 10* S/cm due to the introduction of dopants [41,121].

TCO films are prepared by different coating techniques: physical methods such as
radio frequency (RF) sputtering and electron beam evaporation and chemical methods such
as spray pyrolysis, sol-gel, or atomic layer deposition (ALD). Compared with other coating
methods, sputtering presents evident advantages: reproducibility, a high deposition rate,
high film quality, and good large-area uniformity. Moreover, sufficient throughput should
be ensured to employ alternative techniques, such as ALD, in mass production.

The majority of reported TrOLEDs employ indium tin oxide (ITO) electrodes as a
bottom contact, thanks to the film’s excellent quality, transparency, work function, and elec-
trical conductivity. ITO is a doped metal oxide composed of 90% In,O5; and 10% SnO, that
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is usually deposited by a sputtering process that, along with a high substrate temperature,
allows the maximization of both the electrical conductivity and optical transparency at the
same time [122,123]. Other techniques adopted in most of the commercialized ITO films
are chemical vapor deposition and solution procedures [124,125]. The characteristics of this
material make it attractive for the realization of the top contact, but this is hindered by the
damage caused to the underlying sensitive layers of the device during its deposition via
sputtering, due to plasma emission and particle impacts. Therefore, the use of ITO for both
electrodes in TrOLEDs is still challenging.

The primary reason for the sputter damage during TCO deposition is the bombard-
ment of the substrate by very energetic particles; the key species involved in the process
are ions sputtered from the target surface, negative ions generated within the plasma,
electrons generated on the target surface, positive ions produced in the plasma, reflected
atoms, and neutralized ions from the target surface. Among these damage factors, ions and
secondary electrons have the highest energy, which has been demonstrated to cause much
greater damage to the organic layers. The development of a sputtering process with less
damage and that operates at low temperatures is crucial in improving the performance and
lifetime of such devices [126]. The optoelectronic properties of ITO strongly depend on the
process parameters, such as the substrate temperature, sputtering power, process pressure,
deposition time, and any post-process annealing treatments.

A possible widely studied solution to better control or avoid damage is the intro-
duction of a pre-deposited thin buffer layer between the ITO and organic layers, with
the additional advantage of enabling efficient carrier charge injection from the ITO into
the adjacent organic layer. Metal-based protection layers such as Mg-Ag or Ca thin films
have been demonstrated as good protective layers that enhance the electron injection, but
they can result in a reduction in the total transmittance of the device [127,128]. Transition
metal oxides (TMOs), like MoO3;, WO;, V,05, Rubrene, and NiO, are used for efficient
hole injection in the buffer layer; however, some of them need relatively high deposition
temperatures or require deposition processes that are harmful to the underlying organic
layers [129,130]. Organic buffer layers, e.g., copper phthalocyanine (CuPc), Bphen, or
pentacene, can offer good transmittance, but their polycrystalline structures result in a
reduction in their conductivity [131,132].

An example of a transparent OLED with both ITO electrodes, which employs a TMO
buffer layer, is reported in [130], where an inverted architecture is adopted. To safeguard
the organic materials from particle-related issues during the deposition of the ITO anode
as the top electrode, a buffer layer of WOj; is incorporated. The device exhibits average
transmittance of 75% in the visible range, with a peak of 90% at about 450 nm. The optimal
thickness identified for WO3 is 60 nm: thicknesses below 20 nm fail to shield the underlying
organic layers adequately during ITO sputtering, while thicknesses exceeding 80 nm do
not improve the protection against sputtering damage.

In light of the scarcity of indium resources, extensive efforts have been undertaken
to create transparent conductive oxides that do not rely on indium. An alternative TCO,
although not as widely used as ITO due to its lower conductivity and transmittance, is
fluorine tin oxide (FTO). This material has some advantages over ITO: it is more stable,
no diffusion into organic materials is reported, and its properties are independent of the
cleaning methods used [129]. Zinc oxide (ZnO) is another desirable substitute for ITO since
it has a large amount of material storage, and it is transparent in the visible spectral range
and non-toxic to the environment. In order to improve the film’s conductivity, extrinsic
dopants such as Al (AZO—Al-doped ZnO) or Ga (GZO—Ga-doped ZnO) are introduced,
giving material properties such as transparency and conductivity that are comparable with
those of ITO [133]. Silva et al. [134] reported an optimized AZO thin film to be used in
organic electronics with electrical resistivity of 4.9 x 10~* )-cm and average transmittance
of 92% in the visible region (400-700 nm). An AZO-based test OLED showed electro-optical
performance comparable to the ITO-based reference device in terms of the luminance and
turn-on voltages.
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The representative transmittance and sheet resistance values of different types of
transparent electrodes reported in the literature, including TCOs, are shown in Figure 11.

In summary, despite being the dominant electrode for optoelectronic devices, TCOs,
and particularly ITO, face several challenges, especially for large-area applications, where
the escalating cost of the material, driven by indium’s scarcity and high consumption, for
mass production continues to be a barrier. The elevated temperatures required by the
fabrication processes and the damage caused by high-energy deposition to the underlying
organic materials limit ITO’s application in flexible and lightweight OLED devices. In addi-
tion, ITO’s high rigidity and brittleness would not guarantee durability against mechanical
deformation. The frequently used magnetron sputtering method for the realization of top
transparent electrodes causes inevitable damage to soft organic films. Implementing a
protective layer remains the most favored approach to minimizing or alleviating the conse-
quences of sputter damage. The optimization of the sputtering process, which is the most
well-established method of producing transparent electrodes, remains mostly unexplored.
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Figure 11. Transmittance values in the visible spectral range as a function of the sheet resistance
reported in the literature for ITO [111,135,136], other TCOs [133,137,138], thin metal layers [139-142],
DMD multilayers [143-146], and metal grids [147,148].

4.2. Thin Metal Films

A metal layer, such as gold, silver, or aluminum, can be made semi-transparent to
visible light and thus serve as a substitute for TCO for the realization of an OLED top
transparent contact, if its thickness is reduced below 20 nm. This is referred to as an
ultrathin metal film (UTMF). Certainly, metals facilitate ohmic charge injection into organic
charge transport materials; however, their maximum transparency is strongly limited.
Considerable effort has been made to preserve the excellent conductivity of ultrathin metal
films by ensuring continuity in the film’s morphology while enhancing their transparency.

UTMEF can be deposited using a variety of physical vapor deposition (PVD) techniques,
such as thermal evaporation in a high vacuum, which is a low-substrate-temperature
process and negligibly affects the underlying layers [149]. Another promising but far less
developed method of obtaining a metal film with excellent conformality and good large-
area uniformity is atomic layer deposition (ALD) [150]. Finally, roll-to-roll manufacturing
enables the deposition of metals onto large-area flexible plastic substrates [151].

Among the noble metals, silver (Ag) and gold (Au) are excellent case studies, which,
at a thickness of 10 nm, show average visible transmittance of 43% and 50%, respectively,
while ensuring sheet resistance of 20.3 (/0 and 40 Q)/0, respectively [152,153]. Other
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metals that are widely used for the realization of a transparent electrode are aluminum
(Al) or alloys like Mg:Ag, ytterbium (Yb):Ag, and Ca:Ag, which, in the best case, guarantee
transmittance comparable with that of ITO and sheet resistance of about 50 3/ [154].
Alkaline and alkaline-earth metals such as calcium (Ca) and cesium (Cs), due to their low
work functions (2.9 eV and 2.1 eV, respectively), which facilitate the injection of electrons
into organic materials, are excellent candidates for a cathode electrode. However, these
metals with low work functions are highly reactive with air and even with small organic
molecules, a factor that prevents them from maintaining their metallic state in the long
term [37]. Consequently, few research activities have reported employing alkaline-earth
metals as the transparent conductive layers in optoelectronics, despite their advantageous
transparency and conductivity as well as excellent electron injection capabilities.

Among the listed cases, Ag is the one that exhibits the highest transmittance. A
critical aspect to overcome to make it a suitable option for a transparent metal electrode
is achieving perfect surface coverage at low thicknesses, i.e., a 2D continuous silver film
capable of ensuring good conductivity and promoting charge injection. The silver layer
normally follows the 3D island formation method known as Volmer—Weber growth [155],
in which Ag agglomeration occurs due to the stronger cohesive forces among Ag clusters
compared to the adhesion forces at the metal and substrate interface. This prevents the
precise deposition of a single ultrathin Ag film with low resistivity and good uniformity.
The imperfect electrical path connection caused by Ag agglomeration typically leads to
increased sheet resistance, resulting in lower transmittance at the desired thickness of Ag
with suitably low sheet resistance.

Since the surface coverage also depends on the surface energy of the underlying
layer, it may be useful to deposit a seed layer before the silver one, able to promote the
wetting effect on the deposition surface for the controlled layer-by-layer growth of the metal
film [156]. By increasing the adhesion force at the interface, the seed layer can decrease the
coalescence between Ag clusters without compromising the optical transparency. Recently,
in [157], a highly transparent and low-sheet-resistance electrode was designed by preceding
the deposition of an 8 nm silver cathode with a ZnS-based seed layer deposited via thermal
evaporation to enhance the surface energy of the substrate. While, in the absence of the
seed layer, a minimum thickness of 15 nm would have been required to achieve sheet
resistance lower than 10 Q2/0, the silver electrode with an 8 nm thickness produced on a
ZnS-based seed exhibited sheet resistance of 6.4 ()/[]. The latter, with the addition of a
capping layer (CL)—an outer dielectric layer with a high refractive index, used to reduce
the reflection effect of the metal electrode—also based on ZnS, was used to fabricate the
cathode of a 1 cm? blue transparent OLED, whose anode was formed by ITO. This resulted
in overall transmittance of 91%, which is close to that of the only ITO anode film.

In order to modify the adhesion force at the deposition surface, other techniques are
also used, such as oxygen plasma, ultraviolet-ozone treatment, and thermal annealing.
In [158], a symmetrical bottom and top emission device is implemented with a 6 nm Ag
bottom contact obtained by using oxygen plasma treatment before the deposition of a
nanoscale thin Ag layer on glass. The treatment leads to an increase in surface energy,
producing a thin and uniform Ag film with low sheet resistance of about 15 (2/[] and high
optical transmittance (T ~ 76%).

Another way to reduce the 3D island formation of Ag atoms during thin-film deposi-
tion is to dope silver with metal atoms to form an alloy. In [159], transparent top contacts
obtained by Ag:Ca are examined as a possible alternative to TCOs. Different combinations
of the co-deposition of calcium and silver are analyzed to obtain intermixed alloys where
Ca behaves as a transparent surfactant, enhancing the surface wettability and therefore
favoring the growth of highly conductive Ag. The best performance is exhibited by the com-
bination of a 1 nm Ag underlayer with a Ca:Ag (MR 1:1) film, showing visible transmittance
of 76% (between 380 and 780 nm) and sheet resistance of 27.1 (/0. The electro-optical
performance of a co-deposited layer is nearly identical to that of TCO, with the benefit
of being processed by evaporation onto organic materials. A more recent experiment has
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achieved higher optical transmittance, reaching 88.4% for the electrode, by depositing an
ultrathin and smooth Cu-doped Ag film of 6.5 nm on a flexible polyethylene terephthalate
(PET) substrate [160]. In [161], a reliable transparent cathode was investigated, obtained by
the co-deposition of silver and aluminum on a Lif/ Al seed layer using thermal evaporation.
During the deposition process, the thin Al layer functioned as a seed layer to minimize the
Ag island growth mode and, furthermore, dissociated LiF (lithium atoms acted as dopants
for the ETL layer), enhancing the electron injection property of the electrode. The contact
obtained in this way showed sheet resistance lower than 7.0 2/, while the Al doping of
Ag ensured high-temperature reliability and stability. A green phosphorescence TrOLED
with an active area of 2 x 2 cm? was fabricated by employing a transparent Ag:Al cathode,
a p-bPPhenB capping layer, and an ITO anode. The maximum transmittance of the device
was 81.2% at 520 nm, while the average transmittance in the visible range was 72.0%; see
Figure 12.
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Figure 12. Transmittance of transparent Ag:Al electrode and of the whole device on the left; pho-
tograph of the ON (4 V) and OFF TrOLED on the right. Reproduced with permission from [161].
Copyright 2000, Elsevier Science & Technology Journals.

Ultimately, one way to improve the transparency of metallic films while maintain-
ing optimal conductivity is to use them not alone but in combination with other layers.
An extensively studied multilayer structure is the dielectric/metal/dielectric (DMD) con-
figuration, considered a valid alternative to TCO in obtaining transparent electrodes in
next-generation OLEDs. It consists of a thin metallic film sandwiched between two antire-
flection dielectric layers to achieve high transparency. The two dielectric layers increase
the overall transparency thanks to surface plasmonic effects at the two metal/dielectric
interfaces and optical interference within the multilayer structure, while the intermediate
thin metal layer ensures the electrical conductance of the entire structure. The optical
properties of a multilayered film may be controlled by matching the refractive indices of its
different layers. Light creates an electromagnetic field at each layer boundary as it travels
through a stacked thin film, as in OLEDs. In other words, the transmittance of multilayered
thin films, defined as the ratio between the incident and transmitted electromagnetic field,
is determined by considering the boundary conditions and phases of the electromagnetic
field in each layer [162].

The DMD structures employed as electrodes for TrOLEDs do not necessarily require
plasma procedures during manufacturing, eliminating the need for a thin protective film for
the underlying organic layers. Conversely, it is possible to employ the thermal evaporation
process, which, in addition, allows the thickness of the dielectric layer to be controlled to
provide good transmittance within the chosen wavelength spectrum [163]. As a result,
various studies have successfully achieved both low sheet resistance and high transmittance;
however, when implemented in practical TrOLEDs, DMD electrodes continue to face
stability and efficiency issues. Indeed, the optimization of the DMD structure should not
only consider the transmittance but also the overall cavity structure and its correlation with
the emission spectrum of the emitter molecules, given that each layer of the structure has
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distinct optical characteristics. The adjustment of the dielectric capping layer thickness
contributed to both high transmittance and the improved stability of the silver electrode.

The metals frequently used in multilayer structures are Ag and Au, while the most
common oxide layers are (WO3) and ZnO, but also ITO or FTO are used. Various config-
urations have been reported in the literature; the most commonly used are MoO3/Ag or
Au /MoO; [164-167], MoO3/Ag/WO; [143], ZnS/Ag/WO; [168], ZnS/Ag/MoO; [169],
ZnS/Ag/ZnS [170], ZnO/Ag or Au/ZnO [171-175], FTO/Ag/FTO [176], ITO/chAg or
Au/ITO [175,177], and AZO/chAg/AZO [178].

The structure ZnO/Ag/ZnO has been considered among the most promising options
for a transparent cathode, thanks to the attractive properties of ZnO, such as high trans-
parency in the visible range, relatively high electron mobility, environmental stability, and
a high refractive index, serving as a capping layer and simultaneously as an encapsula-
tion layer [175]. Moreover, recently, it has been studied to enhance its performance [179].
Here, a highly transparent cathode with the structure of ZnO/Mg:Ag/ZnO was employed
to fabricate a green TrOLED. In particular, ZnO had the role of protecting the ultrathin
Mg:Ag alloy layer while preserving the low work function of the electrode. The cathode
transparency of 84.6% in the visible light range allowed an increase in transmittance by
20% compared to that shown by the reference devices obtained with Mg:Ag cathodes. The
electrode was deposited by a low-temperature ALD and laminating procedure, techniques
that are gentle enough to avoid any damage to the underlying organic layers [180].

Metal oxides, especially (MoO3) or WO3), when deposited by thermal evaporation,
generally require high-temperature processes and therefore are not compatible with
plastic substrates, for which organic dielectrics are more suitable due to their lower
deposition temperatures.

In [181], a comparison was reported between the most common DMD structure, MoO3/
Ag/MoOs3, and an organic/Ag/organic electrode for application on a flexible poly(ethylene
terephthalate) (PET) substrate. The organic-material-based structure was made of a thin
12 nm Ag layer grown on an organic wetting inducer layer of 1,4-bis(2-phenyl-1,10-phenan-
throline-4-yl)benzene (p-bPPhenB) and covered with an organic antireflective capping
layer of 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HATCN); it showed 81.34%
transmittance at 550 nm and significantly low sheet resistance of about 9.51 /0, while
the MoOj3-based electrode had relatively lower transparency with peak transmittance of
about 67.18% and higher sheet resistance of 13.51 (3/[1. The organic/Ag/organic electrode
also revealed greater mechanical flexibility and durability than the MoOs-based electrode
on the PET substrate under continuous bending stress.

Another example is an electrode made with a 16 nm Ag film sandwiched between
two 30 nm p-bPPhenB layers, acting as both a wetting layer and capping layer, which has
proven to be a thermally stable and electro-optically efficient transparent cathode for a top
emitting OLED, ensuring very low sheet resistance (2.1 (3/0), high transmittance of 83%
at 550 nm, and uniform surface coverage [182].

Wrzesniewski et al. reported an interesting study of the dependence of the peak of the
transmittance spectra on the type and thickness of the metal used in a DMD structure [166].
They studied a MoO3/metal/MoOQ; trilayer structure. The transmittance peak was shifted
to the blue (400-500 nm) region of the visible spectrum when Ag was utilized as the
intermediate layer. When the metal layer was replaced with Au, the peak transmittance
shifted toward the green and red (550-600 nm) portions of the spectrum. By stacking
ultrathin layers of Au and Ag in this structure, it was possible to broaden and tune the
transmittance peak by altering the thickness of each layer (Figure 13). By modifying the
composition of the metal intermediate layer, the transparency of this electrode structure
can be adjusted to suit various specific applications and emissive molecules. The sheet
resistance of trilayer structures with Au/Ag composite intermediate layers is within the
range of 12 to 16 {3/, which is slightly greater than that of a trilayer with a 10-nm-thick
Au intermediate layer, which is approximately 9 (2 /L.
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Figure 13. Dependence of transmittance on wavelength for a multilayer structure MoO3/metal /MoO;
with Ag, Ag/Au, Au metal layers. Reproduced with permission from [166]. Copyright 2011, SPIE.

Another aspect of primary importance when creating transparent OLEDs is the light
outcoupling efficiency. Enhancing this figure of merit while preserving their excellent
transparency and electrical performance is one of the key challenges that researchers en-
counter. Improved transmission, decreased (or enhanced) reflection, decreased absorption,
and suppressed surface plasmon polaritons all contribute to the outcoupling increase.
Different methods have been reported to control the optical properties of an OLED: the
insertion of nanostructured scattering layers, low-index grids, or single or double capping
layers [183], and the use of high-refractive-index substrates [23,184,185]. Many studies
show that the application of an index-matching capping layer (CL), covering the top contact
of a device, allows precise control of the TrOLED’s bidirectional emission, enhancing the
transmittance thanks to plasmon suppression and absorption reduction [186-188]. The
efficiency improvement due to the CL insertion could be attributed to the modification of
the optical structure that controls the microcavity effect and to the redistribution of the
emitted light [189]. With the growing refractive index of the CPL material, the microcavity
effect of the device can be adjusted to reduce the light energy loss in TrOLEDs and provide
greater control over the device optical characteristics. Although the microcavity effect
is a phenomenon that enhances the color purity and optical efficiency, it causes a color
shift at large viewing angles; therefore, a trade-off between optical efficiency, color purity,
and angular color shift is necessary in the design of an OLED [190]. The amount of light
emitted from the top contact of an OLED is highly dependent on the thickness of the
capping layer and the refractive index of the material chosen. The higher-refractive-index
capping materials increase the device’s top emission properties of luminance and power
efficiency [156]. In [111], the light emission properties of a transparent OLED were greatly
improved without compromising the device’s bottom-side light emission characteristics by
using a 40-nm-thick MoO3; CL. The transmittance in the visible range of the device thus
produced was doubled compared to that of the uncapped device.

Table 2 displays the most common materials utilized to create a capping layer, along
with their corresponding refractive indices at 550 nm, as reported in literature.
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Table 2. Most commonly used capping layer materials with respective refractive indices evaluated at
550 nm, as reported in the literature.

Material Refractive Index at 550 nm Ref.
ITO 19 [191]
ZnO 2.0 [192]
ZnS 2.3 [193]
ZnSe 2.5 [189]
TiO, 2.3 [189]

MoO;3 2.16 [181]
WoO, 2.1 [194]
Al,O4 1.6 [192]
Alqgs 1.75 [195]
p-bPPhenB 2.2 [181]
NPB 1.8 [195]
TPD 1.9 [156]
HATCN 1.82 [195]

4.3. Performance of a Transparent Electrode

High optical transmittance and low sheet resistance are the two primary functional
characteristics and prerequisites for a TCE, and maintaining a balance between these two
attributes is a crucial task. A unique efficient figure of merit (FOM) for TCEs was defined to
quantify the performance of a transparent contact in terms of transparency and conductivity
by Haacke in 1976 [196], namely ¢y = T10 \ Rs, where T indicates the transmittance at
550 nm, corresponding to the maximum of photopic vision, and R is the sheet resistance.
High values of ¢y indicate high transmittance and low sheet resistance. The exponent
of 10 for the transmittance, as introduced by Haacke, in comparison to other previously
defined figures of merit [197], allows one to obtain the optimal value for ¢y at a given level
of conductivity when the transmittance exceeds 90 %. In Table 3, the values of resistance
and transmittance at 550 nm from the literature are reported for various multilayer DMD
structures; for each of them, Haacke’s FOM is also calculated.

Table 3. Sheet resistance and transmittance at 550 nm reported in the literature and calculated
Haacke’s FOM values for different DMD multilayer structures.

Layer Substrate Type  Transmittance Sheet Haacke’s FOM
Electrode Structure Thickness Resistance at 550 nm! Ref.
[nm] [T, %) [Rs, Q/]] [pr, Q1]
MoO3/Ag/MoOy 40/12/40 PET 67.2 13.1 143 x 1073 [181]
MoO3/Ag/MoO3 30/11/30 Glass 87.2 4.54 5.60 x 1072 [198]
MoO5/Ag/WO, 5/12/40 - 88 42 6.63 x 1072 [143]
MoO;/Al/WO, 30/15/5 Glass 70 7 403 x 1073 [199]
MoO3/Au/MoOj 5/10/40 Glass 82.4 10 1.44 x 1072 [166]
ZnS/Ag/MoOj3 25/7/5 Glass 83 9.6 1.61 x 1072 [169]
ZnO/Ag/ZnO 40/18.8/40 Glass 96 44 14.9 x 1072 [173]
ZnO/Ag/ZnO - PET 95.2 10.3 5.93 x 1072 [174]
WO;/Ag/WO;3 40/12/40 - 90 6 5.8 x 1072 [200]
ITO/Ag/WO;y 40/12/40 - 40 6 1.7 x 1075 [200]
ITO/Au/ITO 20/8/20 PET 88 16.7 1.67 x 102 [201]
ITO/Ag/ITO 40/12/40 - 27 6 3.4x1077 [200]
FTO/Ag/FTO 20/7/30 Glass 96.1 - 7.8 x 1072 [176]
5i0,/Ag/SiO, 40/12/40 - 68 6 35x1073 [200]

! Calculated from available data on R; and T% at 550 nm from graphs.

The table highlights the strong dependence of Haacke’s FOM on the transmittance.
The latter is minimally affected by the thin metal film, causing only a slight reduction due
to the presence of the light pathway, resulting from repeated reflections. Conversely, it
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depends on the type of dielectric material and the combination of the dielectric with the
metal. In fact, comparing the results obtained from [200] using the same metal but different
dielectrics, while the sheet resistance, which depends on the thin metal film, remains the
same, the transmittance and therefore Haacke’s FOM change significantly with the oxide
type. The minimum values, 27% and 3.4 x 107071, respectively, are achieved with ITO,
while the maximum values, 90% and 5.8 x 1072, respectively, are obtained with WOs.

Regarding the dependence on the sheet resistance, it is observed that the structures
WO3/Ag/WO;, ITO/Ag/WO;, ITO/Ag/ITO, and Si0O,/Ag/SiO,, having the same thick-
nesses and deposited by e-beam evaporation, exhibit the same value of Rs, dependent
on the metal, regardless of whether the carrier mobility in ITO is greater than that of
WOj; and SiO,. For structures with slight differences in thickness, the different R; values
and, consequently, Haacke’s FOM values are attributed to variations in the deposition
procedures adopted.

The discussed issues for the two types of electrodes and their respective analyzed
solutions are schematically outlined in Figure 14.
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Figure 14. Main issues (red boxes) related to the realization of transparent OLED top electrodes with
TCOs and with thin metal films and possible solutions (green boxes).
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5. Challenges in Large Areas

A fundamental goal in the latest generation of lighting applications is that of pixel
size scaling, aiming to obtain large-area devices while ensuring high performance; in this
regard, various issues must be addressed [202]. This specific requirement is one of the
factors that has contributed to the slower adoption of OLEDs in lighting applications
compared to displays.

First of all, large areas require high driving currents, which are, however, limited by
high sheet resistance, as previously highlighted, especially in the presence of transparent
conductive electrodes. Additionally, achieving a large area necessitates the use of different
methods from those employed in research for small devices, such as spin coating, which
must be replaced by more suitable techniques like roll-to-roll printing, transfer, and lami-
nation. Another phenomenon that tends to emerge rapidly with the scaling of the pixel
dimensions is device failure due to point defects that arise both when the film thicknesses
are very thin and when the surfaces of the underlying layers have high roughness. Con-
sequently, for large-area production, on the one hand, there is the need to increase the
film thickness; however, this can result in a degradation in the electro-optical performance.
On the other, there is the requirement to adopt specific and high-quality materials, which
inevitably leads to increased costs.

As previously illustrated, the color of the emitted light is strictly dependent on the
supply current, making it crucial to ensure good conductivity across the entire contact area.
Consider, for instance, ITO, which is the most commonly used material for the creation
of transparent contacts, mainly the anode. It has excellent transmittance (about 90% at
550 nm) but its sheet resistance value becomes too high for a large-area device, resulting in
a significant voltage drop across the anode. As a consequence, it generates a non-uniform
distribution of luminance even over lengths of only a few centimeters, which represents
a significant aspect in large-area WOLED:s for lighting applications. One of the solutions
adopted to reduce the resistance of an anode electrode based on ITO, without compromising
the transparency, and thus improving the spatial luminance uniformity across the entire
area, is the addition of a metal grid [203-205].

An OLED optimized with a grid can be modeled by including three conductive
layers: the bottom electrode with the grid layer, forming the anode, and the top electrode.
Since their thickness is negligible compared to the lateral dimensions, their potential is
independent of the thickness [206,207]. It is also possible to consider the potential of
the grid equal to that of the lower electrode. Under these conditions, the lateral current
densities of the grid and ITO are proportional to the field along the electrode and their
respective conductivities. Moreover, the lateral current densities are related through the
continuity equation to the vertical current of the OLED J, obtaining for the potential V; of
the anode, formed by the combination of the two layers, the following equation:

VZVa(xry) = Ra]z(x/y)/ 3)

where R; is the equivalent anode sheet resistance, being spatially inhomogeneous and
given by

R, =R, 4)
in the absence of the grid and by

Rq = Ry R (5

N v :

in presence of the grid. R, and Rg are the sheet resistances of the bottom layer and the
grid, respectively. Therefore, the overall electrode can be seen as a film with a spatially non-
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uniform sheet resistance, which, through the efficiency # (cd/A), influences the luminance
L, resulting in the same non-uniform distribution.

2
L(x,y) = nvvﬁ—ix’y) (6)

Among the various existing grid geometric shapes (Figure 15a), we have studied the
hexagonal one, which is the most commonly used compared to triangular or square. This
is because it divides the surface into regions of equal area with the minimum perimeter
and ensures the best uniformity by generating the smallest voltage drop compared to other
shapes. Various types of hexagonal metal grids were compared. In particular, two metals
were exploited: silver, with a thickness of 20 nm, and aluminum, with a thickness of 80 nm.
For the lateral dimension I of the hexagons (Figure 15b), four values were chosen (1, 2, 4,
and 8 nm), while the line width was set to 150 um for all grids.

(a)

Area 2

Metal
() wl’thf?til“ HF?T%FLIT&H

[ substrate Metal
Photoresist - Mask
B o

Figure 15. (a) Hexagonal grid structure and dimensions for FF definition. (b) Photograph of the metal
grids deposited by the lift-off process, with different dimensions. (c) Lift-off process used for the
preparation of the metal grids, consisting of the deposition of a photoresist, the creation of an inverse
pattern through UV exposure and etching, metal evaporation, and the removal of the photoresist and
metal in excess, obtaining the final metal pattern.

The transparent electrode was commercial ITO, sputtered on glass substrates, after
cleaning with deionized water and detergent in an ultrasonic bath and rinsing with acetone
and isopropyl alcohol, as well as drying in an oven at 130 °C for at least two hours. All
the metal grids were obtained by the lift-off technique (Figure 15c), where a sacrificial
photoresist was used to create a new layer with the desired patterns. The sacrificial layer
of photoresist was spin-coated onto the substrate. A pattern generator was employed to
imprint the metal grid pattern onto the photoresist. Subsequently, a developing solution
was used to remove the exposed areas of the photoresist. In the deposition system, the
metal was thermally evaporated at a base pressure lower than 5.0 x 10~/ mbar, covering
the entire substrate. The sacrificial photoresist, along with the metal on it, was washed
away in an acetone bath. This process left only the metal in direct contact with the under-
lying ITO on the substrate. The electrical sheet resistances of the metal grids on the ITO
were measured by a four-point probe and were compared with the optical transmittance
measurements, which were obtained using an UV /visible spectrometer in the wavelength
range of 400 nm to 800 nm. The width and thickness of the metal lines were measured
using an optical profilometer.
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The results are summarized in Tables 4 and 5 and reported as a function of the fill factor
(FF) in Figure 16. FF is defined as the portion of the area covered by the metal compared to
the ITO total area, calculated as shown in Figure 15a, through the following formula:

_ Areay — Areay 12— (1—p)?

FF = 2 7)

Areaq

where I is the hexagonal side length and p is the distance between two vertices of the inner
and outer hexagons. The predicted sheet resistance R, and the transmittance T, of the
combined electrode can be evaluated as follows [208]:

_x Pg
R, = ngFF (8)
T, = Tito(1 — FF) )

where ¢ is a correction factor depending on the deposition conditions and it is determined
experimentally for a given process; p; and T are, respectively, the resistivity and thickness
of the metal. The experimental measurements of T, are in good agreement with the
predictions of Equation (5). In both studied cases, the metal grid is sufficiently thick to be
opaque, so that the transmittance of the anodes does not depend on the type or thickness of
the metal used, but only on the FF; therefore, it has the same values for both analyzed grids.
As regards the sheet resistance, for the correct estimation of its value, the contribution of
the bare ITO, which is of the same order of magnitude as the R, data (about 12 -2 (3/0J),
cannot be neglected. Meanwhile, ¢ can be estimated experimentally by matching the
calculated data with the experimental measures. In addition, in the edge case in which the
line width of the metal is equal to its length | = p, indicating a hexagon full of metal, FF
assumes the value of 1 and the expression R, coincides with the metal sheet resistance.

Table 4. Aluminum metal grid on ITO: Tg = 80nm.

Hexagon Side Length Average Sheet Resistance Transmittance at 550 nm
[mm] [©/O] [%]
1 53+04 79
2 73£0.6 84
4 10.14+0.9 87
8 10.5+0.9 89

Table 5. Silver metal grid on ITO: 7 = 20 nm.

Hexagon Side Length Average Sheet Resistance Transmittance at 550 nm
[mm] [Q/O] [%]
1 6.3+0.3 78
2 8.6 0.6 84
4 10.7+0.4 87
8 11.1£07 89

While the model is valid for small values of R,, as illustrated in Figure 16, it loses
its significance for low FF, i.e., when I increases. Indeed, in the extreme case where FF
tends to zero, R; would tend to infinity. On the contrary, R, should tend towards the value
of only ITO. For this reason, we are working on the development of a new model that is
able to accurately predict the sheet resistance value based on the geometric and physical
parameters of the grid.

The electro-optical performance of the two metal grids is also summarized in the
graph of R, — T, in Figure 17. This graph illustrates that while it would be desirable to have
both low resistance and high transmittance, the most feasible approach is to find an optimal
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trade-off between these two parameters by adjusting the fill factor and the thickness of the
metal grid.
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Figure 16. Measured sheet resistance for aluminium and silver grids and reference value for bare ITO.
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Figure 17. Transmittance plotted as a function of the sheet resistance of the fabricated metal grids on
ITO and the reference values for bare ITO. In the legend, & refers to the metal thickness.

The reduced potential drop due to the employment of metal grids in combination
with TCO was demonstrated also to lower the Joule heating at the contact, leading to an
improvement in the power efficiency and luminosity and an enhancement in the OLED’s
stability [209]. The contribution of the grid is highlighted by the simulations obtained
through finite element modeling, shown in Figure 18, where the characteristics are com-
pared for a 1cm x 1cm OLED with an ITO electrode and an electrode composed of ITO
combined with a metal grid. In particular, the surface potential of the contact, the corre-
sponding current density through the emissive layer, and the dissipated power density are
illustrated. The results indicate that for an average current density of 0.5 A/cm?, applied
at two OLED edges, the surface potential has a voltage drop at the center of the device
equal to 600 mV, compared to only 30 mV in the presence of a metal grid. The local current
density, evaluated from the potential difference between the top and bottom electrodes, was
therefore affected by the variation across the device in the surface potential. In particular, it
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showed its maximum at the edges, while, at the center of the pixel, it exhibited a drop of
about 15% in the absence of the metal grid and lower than 1.5% with the grid. As a con-
sequence, a significant drop in luminance across the entire surface could occur, especially
in the case of larger-sized pixels. The potential gradient also caused an in-plane current
associated with the electrode conductance in the ITO region, whereas, in the presence of
the grid, this current was concentrated in the metal region and negligible in the ITO area.
This current resulted in heat dissipation, as shown in Figure 18, which was concentrated
at the pixel edges. However, in the presence of the grid, it was confined to the metal area,
resulting in a significant reduction in overall dissipation from 207 mW to only 15 mW
thanks to the metal grid.
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Figure 18. Electrical simulation results for OLED devices consisting of a transparent electrode without
or with a metal grid, a thin EML, and a metal electrode. Surface potential of the TCE at an applied
voltage corresponding to an average current density of 0.5 A /cm? for a TCE based on (a) ITO and
(b) ITO/ grid. Resulting current density through the EML for a TCE based on (c) ITO and (d) ITO/grid.
Dissipated power density for a TCE based on (e) ITO and (f) ITO/grid. Reproduced with permission
from [209]. Copyright 2015, John Wiley & Sons—-Books.

Metal grids, thanks to the diffusion of consolidated but also emerging solution-based
processing techniques [210], are largely employed for flexible substrates and in combination
with various TCOs. An example is zinc tin oxide (ZTO), representing a valid indium-free
and earth-abundant alternative to ITO. It also stands out due to its low surface roughness
(<0.2 nm), which reduces the probability of device shunting, and due to the high electron
mobility of up to 21 cm?/(V's). A flexible OLED based on small molecules was success-
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fully created with an area of 41 cm?, starting from an amorphous ZTO anode deposited
by sputtering at a low temperature (60 °C) on a PET substrate, to which a hexagonal
molybdenum/aluminum/molybdenum (Mo/Al/Mo) grid was added, followed by the
deposition of the organic layers and Al cathode [211]. A photograph of the large-area
OLED fabricated on a ZTO/grid anode is reported in Figure 19, where it is shown that its
luminance efficiency was greater than that of an OLED deposited on an ITO/grid anode.
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Figure 19. (a) Luminance efficiency as a function of the current density for devices with ZTO/grid and
ITO/grid. (b) Photograph of a curved large-area OLED fabricated on a ZTO/grid anode. Reproduced
with permission from [211]. Copyright 2015, John Wiley & Sons.

For the production of large-area OLEDs, significant attention has recently been de-
voted to the roll-to-roll manufacturing technique based on the thermal evaporation of small
organic molecules. This methodology, already employed for the production of organic
photovoltaic cells [212], is well suited for the industrial-scale fabrication of OLEDs, since
it can also contribute to reducing the production times and costs in lighting applications.
This process, which generates devices in rolls rather than sheets, is compatible with the
materials used to create various types of superior transparent electrodes for OLEDs, such as
co-evaporated films. Among these, the Ca:Ag system has been successfully deposited, re-
sulting in films with transmittance of 64% and low sheet resistance of 21 (3 /U, performance
that is comparable to that achieved with standard evaporation on small areas [21].

When the dimensions of the OLED increase, the probability of sudden short circuits rises,
irrespective of the applied voltage. This is primarily attributed to particles being embedded
in the device area and defects occurring during the fabrication process [213]. These particles
within the layers can introduce discontinuities. As the current density intensifies, a very high
electric field is generated around these discontinuities, resulting in localized temperature
increases and the subsequent disintegration of the films. In more detail, spikes can form,
originating from oxide agglomerations during the sputtering process, leading to visible bright
spots on the panel. Organic semiconductor dust particles, on the other hand, can generate
hot spots, as shown in Figure 20. These defects, especially hot spots, create low-resistance
paths between the anode and cathode, easily causing shortening during continuous operation
and catastrophic failures [214]. In such cases, ensuring high-quality TCO and adopting
careful cleaning practices are possible solutions to mitigate this issue. Other sources of abrupt
failure include the presence of metal particles or short circuits in the metal grid, due to mask
misalignment or improper patterning during the photolitography phase [215]; these issues
can be mitigated through proper etchant preparation, substrate and photomask cleaning, and
careful alignment. Similarly, it is crucial to pay attention to the deposition environment and
maintain the proper care of all machinery.

Finally, with the aim of improving the emission uniformity in large-area OLEDs, re-
cently, hybrid multilayer electrodes have been designed based on Ag (20 nm)/WO;/Ag
(20 nm)/WO;, allowing for high electrical conductivity with low optical loss [216]. In
particular, this structure managed to provide conductivity similar to that of a single Ag
electrode with a thickness of 40 nm, while increasing the external quantum efficiency from
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11.5% to 22.5% at 1000 cd/m?. This increase is due to the splitting of the thicker silver layer
into two half-thickness films, which improves the outcoupling efficiency. Furthermore,
when used in the fabrication of an OLED of approximately 57 cm? as a top electrode, it
promoted an increase in luminance uniformity from 66% to 77%, showing to be a promising
alternative electrode for large-area OLED:s.

The elements that have posed obstacles and the relative possible solutions analyzed
for the widespread industrial production of large-area OLEDs are summarized in Figure 21.

Temperature difference (mK)

Figure 20. (a) Temperature-selective EL image of a hot spot. (b) EL image showing the formation
of a dark spot. (c) Differential interference contrast optical micrograph of the dark spot through the
substrate. (d) Thermography image showing the higher temperature surrounding the dark spot.
Reproduced with permission from [214]. Copyright 1937, American Institute of Physics.
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Figure 21. Main issues related to the realization of large-area OLEDs (red boxes) and possible
solutions (green boxes) to be adopted.
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6. Conclusions

There are several obstacles to overcome to achieve the efficient and cost-effective mass
production of OLEDs for lighting applications. It is challenging to simultaneously meet
all the requirements that such products demand, including a large area, good efficiency,
uniform light emission, a long lifetime, and, in some cases, high transparency and flexibility.
Three of the most significant challenges have been reviewed in this paper. White OLEDs
require improvements both in terms of materials and optimal layer design. Transparent
electrodes necessitate precise control of the deposition processes to obtain enhanced electro-
optical properties. In particular, electrodes based on conductive oxides fully meet the
transparency requirements but have some limitations due to their deposition processes,
which, despite adapting well to large-scale production, can cause damage to the underlying
organic materials. To achieve this goal, it is necessary to introduce innovative processes.
Thin metals offer a good compromise between conductivity and transparency, especially
when employed in DMD structures in combination with an appropriate charge injection
layer and an outcoupling layer. In large-area OLEDs, electrodes based on conductive
oxides or on thin metal films that are very transparent often exhibit high sheet resistance,
causing a voltage drop across the entire OLED area and consequently resulting in non-
uniform light distribution. This issue is usually overcome with the use of grids or proper
multilayer electrodes. Moreover, in this case, specific manufacturing processes for large
areas are needed that are suitable for the industrial context. Significant progress has been
made in research with the aim of overcoming these issues, but further improvements
are required for OLEDs to become widespread in the future of solid-state lighting, with
performance comparable to that of their inorganic counterparts, in different application
fields, including smart building lighting, innovative wearables, medical devices, and other
consumer products.
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