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Phosphorescent OLEDs )
for Power-Efficient Displays i

Tyler Fleetham and Michael S. Weaver

1 Introduction

Over the past several decades, organic light-emitting devices (OLEDs) have transi-
tioned from the lab to the marketplace and are now the leading technology for a wide
range of display applications. OLEDs today can be manufactured at 8 K resolution
[1], on a large scale, with remarkable efficiencies, color purity, and long lifetimes.
Furthermore, many of the imaginative possibilities for OLED technologies have
already found their way into commercial devices including foldable devices [2, 3],
transparent displays [4], and rollable televisions [5]. These benefits and possibilities
have led to their widespread adoption in a constantly growing number of markets
including mobile displays, televisions, monitors, wearables, lighting, and more.
While many technological developments have led to this success, none is more crucial
than the development of highly efficient phosphorescent OLEDs (PHOLEDs). In this
chapter, the physics and chemistry of phosphorescent emitters and their application
in PHOLEDs will be discussed.

The first practical OLEDs, reported by Tang and VanSlyke in 1987, employed
a heterojunction of an aryl amine hole transporting layer and the electron trans-
porting complex tris(8-hydroxyquinolinato)aluminum (Alqs), which also served as
the fluorescent emissive material [6, 7]. This breakthrough demonstrated the utility
of heterojunction interfaces in effectively confining charges enabling them to recom-
bine to form excitons. Many further advances in device design helped improve the
efficiency of charge recombination and further development of fluorescent mate-
rials improved the emission efficiency of the emitters. Ultimately, the efficiencies for
fluorescent OLEDs were limited by the inability to harvest the triplet excitons which

T. Fleetham
305 Yardley-Newtown Rd., Yardley, PA 19067, USA

M. S. Weaver (<)
23 Governors Lane, Princeton, NJ 08540, USA
e-mail: mikeweaver @oled.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 1
I. B. Kang et al. (eds.), Advanced Display Technology, Series in Display Science
and Technology, https://doi.org/10.1007/978-981-33-6582-7_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6582-7_1&domain=pdf
mailto:mikeweaver@oled.com
https://doi.org/10.1007/978-981-33-6582-7_1

2 T. Fleetham and M. S. Weaver

are generated in electroluminescent (EL) devices, limiting their internal electron to
photon conversion efficiency nine < 25% [8]. In 1998, this limitation was overcome
with the development of PHOLEDs which incorporated heavy metal organometallic
compounds as dopants [9]. The incorporation of a heavy metal center such as Pt
or Ir affords efficient harvesting of all the electrogenerated singlets and triplets
and can emit efficiently from the lowest excited triplet state through the use of
spin—orbit coupling (SOC) [10]. While this initial PHOLED report demonstrated
only 4% external quantum efficiency (EQE), the principle of using heavy metal
complexes to harvest 100% of the electrogenerated excitons energized the field and
Nine approaching 100% were reported in just a few years [11]. In the more than two
decades, since the first report of PHOLEDs, thousands of researchers have devoted
their efforts to further improvement and discovery in this field leading to tens of thou-
sands of published journal articles and patents. This large body of work has enabled
extremely high EQEs exceeding 60% [12], operational lifetimes in the hundreds of
thousands of hours, and OLEDs emitting across the spectrum from the ultraviolet to
the infrared [13, 14].

2 Design of Highly Efficient OLED Devices

The efficiency of an OLED can be most completely described by the power efficacy
() which is a measure of the perceived light per input power. This metric encom-
passes the power input, light emission, and the photopic response of the human eye
and is given in units of Im/W. For a Lambertian emitting OLED source, the power
efficacy for a Lambertian emitting OLED is given by

n=nemx/V (2.1)

where V is the operating voltage, and 7, is the luminance efficacy (in cd/A) given
by the equation:

Me = KNt - Nout 2.2)

where 1y is the internal quantum efficiency (% excitons to photons), 1oy is the
outcoupling efficiency (a measure of how many generated photons are emitted from
the device), and k is a constant depending on the photopic response of the human
eye. Taken together the power efficacy can be described by

n= knlnt “Noun/V (2.3)
This relationship highlights that to optimize device performance steps need to

be taken to maximize the internal quantum efficiency, ny,, and the light extraction
efficiency, nou, and minimize the voltage, V.
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Another common metric often reported in published results is the EQE (ngqg)
which is the percentage of photons emitted from the device per electron injected into
the device.

NEQE = Nint * Nour 24

For the purposes of separating the analysis for the various steps in EL generation,
Nme can be expanded to be the product of photoluminescent quantum yield (PLQY,
®), recombination efficiency, 7;, and the exciton utilization constant ¥ which is 0.25
for fluorescent materials and 1 for phosphorescent materials as a result of differences
triplet harvesting discussed in Sect. 2.2.5. The resulting expression for EQE is

Nege = X - Q- 1y - Now (2.5)

2.1 Device Operation

An OLED consists of one or more organic layers 10-1000 s of nanometers thick
between two electrodes. An electric field on the order of 10° Vem™! is then applied
across the OLED in order to generate EL. To optimize the efficiency parameters
mentioned above, it is important to consider each of the steps in converting injected
charges into emitted photons. Figure 1 shows the process for generating electrolu-
minescence from a typical OLED. Upon applying a voltage to the device, there is a
series of five key processes that take place, namely: (1) charge injection, (2) charge
transport, (3) exciton formation, (4) exciton decay, and (5) light extraction.

(2) (1)
aFf W ¥ \o

“j’\ 1|
(1) /\/\(4)
_&ii (2)

(NN (3)§ A

Fig. 1 Key processes in OLED device operation
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Charge injection: An electron is injected from the cathode to the lowest unoc-
cupied molecular orbital (LUMO) of an organic molecule creating an anion.
Similarly, an electron is removed from the highest unoccupied molecular orbital
(HOMO) of an organic molecule by the anode creating a cation. While these
charged species are formally organic molecules in their radical doublet states,
it is often more convenient to describe them as “electron” and “hole” charge
carriers, respectively, to borrow terminology from analogous charge transport
processes in inorganic devices.

Charge transport: Electrons and holes move through their respective transport
layers under the influence of the applied electric field. In contrast to inor-
ganic devices, these charge carriers are not free carriers, but rather oxidized
or reduced molecules. The localized nature of these charged states requires
that the charges must hop from the molecular orbitals of one molecule to the
next via an intermolecular electron transfer. The spatial distribution in electron
density of molecular orbitals, the barriers between potential wells of neigh-
boring molecules, and the random orientation of the molecules in the amor-
phous film all slow this hopping process compared to charge transport in a
crystalline inorganic solid [15]. As a result, the mobility of holes in typical
organic materials is on the order of 1073 cm?/(V s) while electron mobility can
be an order of magnitude or more lower [16, 17].

Exciton formation: The electrons and holes are coulombically attracted and
recombine in the emissive portion of the device to form a neutral excited state
called an exciton?®. This exciton is a bound excited state which is coulom-
bically stabilized to prevent its dissociation back into free charge carriers.
This recombination process generates a statistical mixture of 25% singlets and
75% triplets which for PHOLEDs all rapidly become triplets due to favor-
able intersystem crossing [18]. A more detailed description of this process
follows in Sect. 2.2.5. Charge recombination can also form bimolecular or
larger excited states extending over more than one molecule such as excimers
[19] or exciplexes [20].

Exciton decay: The exciton in its excited singlet or triplet state can relax to
its ground state through either a radiative or non-radiative process. At room
temperature, fluorescent materials only radiatively decay from their excited
singlet state with a nanosecond lifetime [21]. Since 75% of the electrogenerated
excitons are triplets, a large portion of the excited states are either lost through
non-radiative pathways [8] or are upconverted back to the singlet state through
a delayed fluorescence pathway [22, 23]. In the case of phosphors, all the
excited states rapidly intersystem cross into the triplet state which can emit
radiatively with a radiative decay lifetime in the microsecond time range [9].
These longer excited-state lifetimes allow for substantial exciton diffusion or
other energy transfer processes before relaxing to the ground state.

Light extraction: The photon generated in the exciton decay process is emitted
from the OLED structure. Many photons are lost in this process due to a number
of loss pathways including absorption processes in the organic stack or total
internal reflection in the organic layers or substrate [24]. As a result of these
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light extraction losses, and some losses from undesirable energy transfer events
in the exciton decay process, in standard bottom emitting OLEDs less than 20—
40% of the excited states created exit the device out of the front of the substrate
[25, 26].

2.2 Components of an OLED Stack

The first organic EL devices attempted to create electroluminescence from single
layers of organic material [27-29]. This required all the key steps to be optimized
within a single layer. The organic heterojunction developed by Tang and Van Slyke
afforded the ability to optimize the injection and transport of the holes and electrons
separately [6]. Additionally, the barriers created by the heterojunction confined the
recombination of charges to near the organic heterojunction interface. This ensured
that a large proportion of the injected charges successfully formed an exciton and
that this exciton recombination zone was far away from quenching interfaces at the
electrodes. Further separation of the functions of charge injection, charge transport,
and emission evolved toward the much more complicated device architectures used
today which contain many layers [30-32], sometimes including layers of mixed
compositions [33] to optimize each of the five key steps in generating efficient elec-
troluminescence. The reason for this increased complexity is the limited capacity to
tune the various properties of organic materials independently. It is often convenient
to separate all the key steps in OLED operation into separate layers, each with a
composition optimized for a specific role or small number of roles. As shown in
Fig. 2, a typical device stack for modern OLEDs is depicted that will contain sepa-
rate layers or materials for charge injection (HIL/EIL), charge transport (HTL/ETL),
blocking layers to ensure efficient exciton formation (EBL/HBL), and an emissive
layer (EML) optimized for efficient exciton formation and decay. Not depicted in
Fig. 2 are the various light outcoupling strategies that will optimize the light extrac-
tion out of the device which will be discussed in Sect. 2.2.6. Despite the distribution
of roles, it is important to consider the energetic and mobility differences between the
layers to ensure the barriers to charge injection are low while also avoiding charge
buildup at any interface. It is particularly important to consider the differences in
electron and hole injection and transport. A large discrepancy between the delivery
of charge carriers to the EML can lead to charge buildup and undesirable quenching
or charge leakage effects [80]. Finding this balance can be challenging since the rela-
tive mobility of holes is typically an order of magnitude or larger than electrons in
many common organic materials. Furthermore, ensuring this balance occurs across
the entire range of practical driving conditions adds an additional layer of complexity
with many devices showing reduced performances at very high or very low driving
currents due to this imbalance [86].
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Fig. 2 a Typical OLED device stack and b schematic energy level diagram for state-of-the-art
OLEDs where HIL is the hole injection layer, HTL is the hole transport layer, EBL is the electron
blocking layer, EML is the emissive layer (which is typically doped with the emitter), HBL is the
hole blocking layer, ETL is the electron transport layer, and EIL is the electron injection layer

2.2.1 Deposition of OLED Stacks

While the photophysical and electrochemical properties of each of the layers can
be optimized independently, a common property among all the layers is the need
to be compatible with the deposition technique and form high-quality, defect-free
films. The most commonly used deposition technique is vacuum thermal evaporation
(VTE), where organic layers are deposited sequentially onto the substrate from resis-
tively heated source boats in a high-vacuum environment [34]. The organic material
evaporation can take place from either the liquid or the solid state depending on the
melting point and the temperatures required to reach an appreciable vapor pressure
> 1073 Torr. For example, the hole transporting material, 4,4’-bis[N-(1-napthyl)-N-
phenyl-amino] biphenyl («-NPD), melts before evaporating under typical growth
rates, whereas many of the other organic materials achieve a higher vapor pressure
well before their melting point and evaporate via sublimation. The vacuum condi-
tions under which OLEDs are fabricated are extremely important to the efficiency
and operational stability of the devices so depositions are typically carried out in
high vacuum at a base pressure of around 10~7-10~® Torr [35-37]. Evaporation rates
of the organic materials are monitored using quartz oscillators and are typically in
the range 0.01-0.5 nm/s in research and development tools. In large-scale manu-
facturing tools, higher deposition rates and longer times of continuous deposition
from a source are required wherein the source is kept at elevated temperatures for
24-336 h. Therefore, materials must be able to withstand this environment without
degradation which may reduce the quality of the deposited material or impact the
ability to adequately access stable deposition conditions.
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In order to maintain compatibility with the deposition requirements, there are
several morphological and thermal considerations to be taken into account including
molecular weight, morphological properties, sublimation temperature, decomposi-
tion temperature, and many others. Since small molecule organic materials must be
able to be cleanly deposited by VTE without decomposing, selecting materials with
moderate sublimation temperature in the range of 150 °C—450 °C and high decom-
position temperature is important to ensure optimal device performance. Further-
more, during deposition, the material must form high-quality, defect-free films with
precisely controlled thicknesses, typically in the region of 5-200 nm. The films must
be stable for long periods and have a high glass transition temperature (7',), €.g., T'g
> 110 °C, to avoid crystallization over time [95, 96].

2.2.2 Electrodes

As mentioned in Sect. 2.1, the first key step in the operation of an OLED is the
injection of charges into the organic layers. Making low resistance contacts requires
optimal selection of the electrode materials with good conductivity, appropriate work
function, high reflectivity (or transparency depending on the electrode), and deposi-
tion and patterning techniques compatible with the rest of the device stack. The anode
for many OLED devices is typically indium—tin oxide (ITO) due it its good stability,
transparency, and high conductivity. Several alternatives to ITO have been studied
including polymers [38], metals [39], and other metal oxides [40]; however, ITO
remains the present industry standard for bottom emitting devices (where light exits
through the substrate) due to its favorable properties as well as its ability to be easily
patterned using standard lithographic techniques to define different emitting regions
or pixels on a substrate. Various deposition techniques and surface treatments have
been studied to optimize the work function, conductivity, uniformity, and surface
roughness of the ITO electrodes [41-44]. Treatment such as oxygen plasma or UV
ozone exposure is particularly common since they lead to an enhanced device perfor-
mance [42, 45], possibly due to the resulting increase in the work function of the
ITO surface [43]. The exact stoichiometry of the ITO layer and the thickness can be
fine-tuned for the required specifications of transparency, outcoupling constant, and
conductivity. Typically, the ITO film is 50-200 nm thick and care has to be taken
to minimize the surface roughness of the ITO layer to prevent shorts or nonuniform
light emission from the thin organic layers. This can be particularly challenging in
the case of flexible substrates and additional planarizing layers must be employed
prior to deposition of the anode [46].

For bottom emitting OLEDs, the cathode contact should be highly reflective,
have a low work function, and use a deposition technique that is compatible with
organic layers underneath. Since the cathodes on standard bottom emitting devices
are deposited on top of the organic layers care has to be taken to select materials,
deposition rates, deposition source hardware, and patterning techniques which will
not damage or contaminate the underlying organic layers. Aluminum is often the first
choice as a cathode material chosen for its high reflectivity, moderate work function,
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and can be deposited relatively easily via VTE from resistively heated sources. Often,
the cathode materials need to be used in conjunction with an electron injection mate-
rial or alloyed with a low work function metal such as lithium, calcium, or magnesium
in order to achieve an appropriate work function for efficient electron injection [47].
These materials are effective in tuning the work function of the electrode but these
reactive metals are highly water and oxygen-sensitive which can make handling and
processing challenging [48].

Other device structures such as top-emitting OLEDs or inverted OLEDs will
employ different electrodes to satisfy the transparency and work function require-
ments of those devices. For top-emitting OLEDs the cathode is transparent allowing
light to exit through the top of the device, while the anode is usually a highly reflec-
tive, high work function metal. Cathodes in top-emitting device architectures can be
formed by using a thin metal contact [49], sometimes in conjunction with a conduc-
tive metal oxide [50], or a metal-free electrode [51]. The anode for a top-emitting
OLED should have a high reflectance and a high work function such as Pt, Ag/ITO,
or Al/Ni. If the anode is kept transparent, (e.g., ITO) in this top-emitting structure,
the OLEDs can be made transparent and will emit light out of both sides of the
device [52]. In an inverted structure, the cathode is in contact with the substrate and
the organic stack is built up from the cathode interface to the anode in reverse order
[53].

2.2.3 Hole Injection, Hole Transport, and Electron/Exciton Blocking
Layers

The hole injection, hole transport, and electron blocking layers are collectively
responsible for optimizing the delivery of holes to the EML while preventing the
leakage of electrons to the anode where they avoid exciton formation. While these
layers may not be directly involved with the emission of a photon, it is important to
optimize these layers to reduce the driving voltage while preventing loss mechanisms
such as hole trapping, exciton quenching at the EML interface, or electron leakage
into these layers. Achieving optimal device performance requires an efficient injec-
tion into the HTLs, efficient hole transport through the layers and efficient injection
into the EML. This multi-step process can be broken up into injection, transport, and
blocking layers so that materials selection can be optimized separately for injection
efficiency, high hole mobility, or suitable band offsets with other organic layers within
the device. For more details on these processes, see Kalinowski [54] and Greenham
and Friend [55].

Since the common anode material, ITO, has a work function < 5 eV [56] and the
HOMO level of the hole conducting species in the EML can be as deep as —6 eV in
blue OLEDs [57], it is important to make successive steps to ease the injection of holes
into the EML or employ any strategies available to reduce this barrier. One strategy
is the use of a hole injection layer which can serve several roles including modulate
the work function of the anode, reduce the barrier to charge injection, planarize the
substrate surface, and suppress recrystallization and delamination of the organic layer



Phosphorescent OLEDs for Power-Efficient Displays 9

at the anode. Films such as copper phthalocyanine (CuPc) have been used to increase
the adhesion of the HTLs and increase device lifetime [58], polymer layers such as
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) have been
used to planarize the substrate surface to improve film uniformity [59], thin layers
of carbon between the ITO and the HTL have been shown to decrease the operating
voltage and improve the device characteristics [60], and thin fluorocarbon films on
ITO have been used to enhance the stability of the anode interface [61]. Some of the
largest performance enhancements from using hole injection materials come from
the use of 1, 4, 5, 8, 9, 11-hexaazatriphenylene hexacarbonitrile (HATCN) (shown
in Fig. 3) or MoO; because they have LUMO or conduction band levels close to the
HOMO of common transport materials [62]. These extremely deep vacant energy
levels allow these materials to freely remove electrons from the neighboring transport
layer effectively doping the HTL with holes. In some cases, these materials have been
codeposited to more strongly dope the hole transporting layer [63].

The primary layer for hole conduction is the HTL which is optimized for hole
mobility. These materials typically contain electron-rich moieties which will readily
accept holes from neighboring molecules or layers. Since charge transport occurs via
hopping from the HOMO of one molecule to the next, hole transporting materials
and their orientation in thin films should be designed to have enough orbital overlap
between neighboring molecules to reduce the barrier for charge hopping. Various
models have been proposed to describe charge transport in such materials [64, 65].
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Fig. 3 Molecular structures of common hole injection, hole transporting, or electron/exciton
blocking materials
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One of the most common classes of material used are aryl-amines or carbazole-
containing moieties, such as those shown in Fig. 3, which exhibit high hole mobilities
[66, 67]. Furthermore, these materials have energy levels that are well aligned with
the work function of ITO (>4.7 eV), giving a relatively small barrier to hole injection.
a-NPD, for example, has a hole mobility of 1073-10~* cm?/(V s) and a HOMO level
of 5.4 eV [16]. While the hole mobility in these materials is already quite high, the
drive voltage can be further reduced by conductivity doping of the HTL layers [68]. A
green-emitting tris(2-phenylpyridine)iridium(III) (Ir(ppy)3)-doped PHOLED device
which used the tetrafluoro-tetracyanoquinodimethane (F4-TCNQ) as a conductivity
dopantin the HTL was observed to have a driving voltage 2.65 V to produce 100 cd/m?
which is close to the minimum voltage possible to create a light emission of that
energy [30]. This dopant achieves such a low voltage by removing electrons from
the HOMO of the hole transport material to create charge carriers at a very low bias
similar to the process described above for HATCN.

In order to achieve very high efficiencies, devices also typically contain an electron
and/or exciton blocking layer (EBL). Such a layer requires particular attention paid
to its energy levels more than the mobility. To control the exciton formation and
emission processes, electrons should be blocked from entering the HTLs to ensure
charge recombination occurs within close proximity to the desired emitter. Also,
after exciton formation on the desired emitter, no nearby materials should have lower
excited state energies which would serve as an exciton sink. In PHOLEDs, this means
that the LUMO of the exciton blocker should be shallower (closer to vacuum) than
the EML components and the triplet energy should be higher than the desired emitter.
However, since only a thin layer is required to block electrons and the energy transfer
radius is only a few nm, this layer can be kept sufficiently thin so the hole mobility
is not as stringently important as in the thicker HTL. Conversely, since this blocking
layer separates the HTL and the EML, there is more freedom in selecting an HTL
material for high mobility without consideration of its triplet energy. Typically, an
EBL can be achieved with molecules containing either carbazole or triarylamine
moieties due to their hole mobilities and high bandgap, such as in 4,4’,4”-tris(N-
carbazolyl)-triphenylamine (TCTA) [69], 9-Phenyl-3,6-bis(9-phenyl-9Hcarbazol-3-
yl)-9H-carbazole (TrisPCz) [70], 1,3-Bis(N-carbazolyl)benzene (mCP) [71], or 1,1-
Bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) [68].

2.2.4 Electron Injection, Electron Transport, and Hole/Exciton
Blocking Layers

The general design criteria for efficient electron transport are the same as those
discussed above for hole transport, namely: good injection efficiency, high electron
mobility, and suitable band offsets with other organic layers within the device. Simi-
larly, electron transport can also be separated into injection, transport, and blocking
layers to independently optimize the selection of the materials. One major difference
between the hole transporting material selection and those for electron injection is
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blocking materials

the large barriers common for electron injection and that electron mobilities of most
organic materials are orders of magnitude lower than those for holes.

The appropriate selection of an electron injection material will decrease the
barrier between the work function of the cathode (>4 eV for metals like Ag and
Al) and the LUMO of the electron-conducting material with the EML (often shal-
lower than —2.5 eV). Lithium salts such as LiF [72] or complexes such as (8-
hydroxyquinolinato)lithium (Liq) [73] (shown in Fig. 4) are also common as either
thin electron injection layers or as conductivity dopants within the ETL to facilitate
charge injection into the organic layers. It has been reported that LiF can reduce the
work function for an Al electrode to 3.0 eV.

The primary layer for electron conduction is the electron transporting layer (ETL)
which is optimized for electron mobility and also serves the function of being kept
sufficiently thick to protect against defects introduced by the hot cathode depo-
sition as well as prevent quenching of the emission by the plasmon modes from
the cathode interface. These materials typically contain electron-deficient moieties
such as aza-substituted aromatic rings, phosphine oxides [74], and boron-containing
moieties, all of which will readily accept electrons from neighboring molecules or
layers. Among the most commonly used ETL in OLEDs is Alqs, as shown in Fig. 4
which has a LUMO energy level of 3 eV!® and electron mobility of ~ 5 x 1073
cm?/(V s) [17]. More recently, several designs of electron-deficient molecules with
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large aromatic planes such as 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T) [75], 2,7-
Bis(2,2'-bipyridin-5-yl)triphenylene (Bpy-TP2) [76], and 4,6-Bis(3,5-di(pyridin-
4-yl)phenyl)-2-methylpyrimidine (B4PyMPM) [77] have demonstrated very high
mobilities and improved device performance. In addition to selecting materials with
high inherent mobilities, the ETL can be doped to further improve the mobility within
the layer. One common class of material for this are organolithium complexes such
as Liq [30].

In the region of the ETL that contacts the EML, it is common to use a
hole and exciton blocking later to effectively confine the charges and excitons
to the EML. Materials at this interface need to have several requirements: suffi-
cient triplet energy to avoid quenching of the excitons in the device, good elec-
tron mobility and appropriate LUMO level to effectively inject electrons into
the EML, and a deep (far from vacuum) HOMO level to prevent hole leakage
into the ETL. One of the first materials used for this purpose is bathocuproine
(BCP) which has a very deep HOMO level but a relatively low triplet [32].
Since then, several newly developed materials have been used as blocking layers
including phosphine oxide-based materials such as dibenzo[b,d]thiophene-2,8-
diylbis(diphenylphosphine oxide) (PO15) [74, 78], tetraphenylsilane materials such
as diphenylbis(4-(pyridin-3-yl)phenyl)silane (DPPS) [79], boron derivatives such
as tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPYMB) [80], or triazoles
such as 3-([1,1’-biphenyl]-4-y1)-5-(4-(tert-butyl)phenyl)-4-phenyl-4H- 1,2 4-triazole
(TAZ) which are all good selections for this role due to their high triplets and deep
HOMGO:s.

2.2.5 Emissive Layer

The emissive layer is largely responsible for the key performance metrics of internal
quantum efficiency (IQE), color of emitted light, and intrinsic operational lifetime.
In this crucial layer, the key steps of charge transport, exciton formation, and exciton
decay must all be optimized simultaneously. EMLs can be comprised of either a
neat layer of material or a mixture of two or more materials. While the former is
appealing from a manufacturing perspective, the simultaneous optimization of all the
key processes with a single organic or organometallic compound is extremely chal-
lenging. Furthermore, high concentrations or neat films of phosphorescent materials
can lead to undesirable self-quenching effects such as triplet—triplet annihilation
events or self-absorption that reduce the device efficiency [81]. As a result, most
PHOLED EMLs are often comprised of a small amount of emissive material doped
into a host matrix comprised of one or more host materials. In these doped layers,
both the properties of the individual components of the EML and the compatibility
of the various components need to be considered to optimize charge balance, reduce
exciton quenching, and avoid emission contamination.
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Charge Transport in Emissive Layers

Charge transport within the EML is primarily concerned with ensuring a balance of
electron and hole transport so that the exciton formation occurs uniformly throughout
the EML. A poor distribution of charges can lead to high concentrations of electrons
or holes at an interface of the EML which in turn creates a concentrated exciton
formation zone. High concentrations of charges and excitons can lead to bimolec-
ular interactions such as triplet—polaron annihilation or triplet—triplet annihilation
in which the excited triplet states are quenched by a neighboring charge or exciton
reducing the internal quantum efficiency ny, [82—84]. In order to avoid this effi-
ciency loss it is important to select materials, and appropriate concentrations of the
EML components that spread the exciton recombination zone across the EML. In a
neat layer, achieving this balance would require the emissive material to have nearly
identical hole and electron mobilities and would have no mechanism to ensure that
the charges recombine.

An elegant solution to the problem of achieving charge balance is to dope the
emissive material into an organic host matrix. This was first realized by Tang et al. by
doping highly luminescent fluorescent dyes into a host matrix [31]. Since then, a wide
range of fluorescent dopants has been used in OLEDs where the dopants can be used to
easily alter the emission color, in addition to improving the efficiency and the lifetime
of devices [85, 86]. In PHOLEDs, doping in an organic host effectively dilutes
the concentration of the phosphorescent material preventing aggregation which can
lead to an undesirable self-quenching effect [81]. If the excited state energy of the
phosphor is lower than that of the host, any excitons formed in the host material will
migrate to the dopant. Furthermore, since the relative ratio of host and dopant can
be easily controlled in vapor-deposited devices achieving a charge-balanced device
that optimizes the charge transport and exciton formation processes can be done with
fine-tuning of the deposition rates of the EML components.

At low doping concentrations of the phosphorescent material, the majority of
charge transport will occur on the host molecules [87]. In typical Ir(II)- or Pt(Il)-
based phosphors, the HOMO level is shallower (closer to vacuum) than that of the
host material and can be considered a “hole-trap.” This trapping can slow down
charge transport so particular care needs to be taken in the selection of the host
materials to ensure that these traps are not too deep of an energetic well for the
charges to get out (i.e., a host material should be selected with a HOMO close to
that of the dopants). On the other hand, if the host energy levels are such that no
charge trapping occurs, charges may transport too easily to the edges of the EML
and lead to high concentrations of excitons and charges at those interfaces, which
can reduce device performance. One strategy to achieve charge balance is to use a
combination of host materials with electron and hole transporting capabilities. In
this system, optimization of the relative concentration of the host components can
effectively tune the charge balance so that the conduction of holes and electrons
within the EML is approximately equal to avoid charge build up at either side of
the EML [88]. However, if neither charge is trapped in these cohost systems, it is
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possible that both charges may transport easily through their separate domains to the
opposite EML interface, so some degree of charge trapping is typically desired.

Once the concentration of the phosphorescent material is raised to ~3% the prob-
ability of the nearest neighbor being another dopant concentration increases and
percolation pathways begin to form where charge transport can occur along with
successive hops from dopant molecule to dopant molecule [89]. In typical phos-
phor systems at these doping concentrations, hole transport may occur primarily
along these percolation pathways. One challenge in designing a balanced EML is
ensuring that the charges can meet to eventually recombine. If both charges are
carried through percolation pathways, it is possible that the charges may not come
close enough for exciton formation to occur and the exciton formation process will
be inefficient leading to losses in ny, or increases in driving voltage. One strategy
for achieving charge balance to improve device efficiencies and operational lifetime
is using multiple EMLs of varying concentrations or using a gradient of doping
concentrations to manipulate the recombination zone toward the center of the EML
[90].

The selection of host materials is clearly important from a charge transport
perspective, but, several other parameters also need to be considered. The key param-
eters in host selection include appropriate triplet energy to avoid exciton quenching,
appropriate HOMO and LUMO levels to aid in charge transport and avoid exci-
plex formation [91, 92], high charge mobility, compatibility with the deposition
process (e.g., appropriate sublimation temperature for vapor deposition techniques),
high glass transition temperature (Tg) [93, 94], good electrochemical and exciton
stability [95], and good morphological properties. The ideal host or host mixture
should be capable of efficiently transporting both holes and electrons as well as have
appropriate energy-level alignment with the adjacent blocking or charge-transporting
layers. Since OLEDs are designed for emission of a wide range of spectral regions,
the exact requirements of the host material will depend on the spectral demands
and the particular emitter combination. Typical host materials contain many of the
same moieties as electron and hole transporting moieties but the particular compo-
sition will depend on the application. Of note are host materials which contain both
electron-transporting and hole-transporting moieties, often called ambipolar hosts,
which provide good charge transport for both holes and elections to avoid charge
build up at the EML edges. Similarly, using a blend of electron and hole transporting
organic molecules in a host mixture, sometimes called exciplex hosts [96], gives
the additional freedom to fine-tune the ratio of the electron- and hole-transporting
components to achieve charge balance. Due to the wide variety of applications and
materials for hosts, the reader should refer to a more comprehensive review [97].

Exciton Formation in Emissive Layers
When the anions and cations (electrons and holes) are brought together in the EML

to nearby neighboring molecules, they can recombine to form an exciton on one
of the molecules through an electron transfer leaving a ground state on the other
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Fig. 5 Spin states in OLEDs

molecule. This can occur through either an electron transfer from the LUMO of the
anion to the LUMO of cation or through the transfer of an electron on the HOMO
of the anion to the HOMO of the cation. It is also possible to have an electron
transfer from the LUMO of the anion to the HOMO of the cation, but this process
is unfavorable due to a large amount of energy needing to be dissipated for such
a transfer to occur [98]. This electron transfer results in one molecule returning
to its ground state configuration and the other molecule forms an exciton. If this
excited state forms between two molecules of offset energy levels an exciplex may
form where the excited state is shared between the two molecules [20]. For most
PHOLED applications, it is desired to form the exciton on a single emitter molecule.
This process of bringing charges together to create excited states generates a statistical
mixture of four different electron spin configurations (shown in Fig. 5) with 25%
having a net spin of S = 0 (called a singlet) and 75% having a net spin of S = 1
(called a triplet) [8]. Most materials have a singlet ground state since they have all their
electrons paired with opposite spin. Since emission of a photon typically requires
spin to be conserved, 25% of the excitons created can emit while relaxing from their
excited singlet state to the singlet ground state in a process called fluorescence. Decay
from the other 75% of the excitons in the triplet (S = 1) excited state is typically
a non-radiative process for most organic materials and these excitons are lost as
heat. This spin conservation process is the major reason fluorescent OLEDs have
limited efficiency. Phosphorescent materials on the other hand incorporate heavy
metals which enable them, through strong spin—orbit coupling effects, to undergo a
spin—flip process to go between singlet and triplet states [9]. Spin—orbit coupling is a
quantum mechanical effect that facilitates the mixing of singlet and triplet character to
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allow conversion between singlet and triplet states. The strength of this interaction is
proportional to the atomic number to the fourth power, so it is much more significant
for heavy metals [118]. As a consequence of the strong spin—orbit coupling for
heavy metal complexes, all the generated excitons formed on the phosphors are
rapidly interconverted to triplets due to favorable intersystem crossing. Ultimately,
the heavy metal complexes are capable of emitting from these triplet states allowing
the excitons to decay radiatively in a process called phosphorescence [9, 99].

Two different mechanisms have been suggested for how excited states can be
formed in doped PHOLEDs. As shown in Fig. 6a, charges can be trapped on the
dopant molecule and the opposite charge can be transported to this emitter to form
the exciton directly on the emitter. This has the advantage of controlling the excited
state localization to only those sites where the emission process is preferred to orig-
inate. In the second case, Fig. 6b, excitons are formed on the host molecules and the
excited state is then energy transferred to the emitter. Singlet excitons can be trans-
ferred over several nanometers via a non-radiative dipole coupling called Forster
resonance energy transfer (FRET), while triplet excitons must energy transfer by
triplet diffusion, hopping molecule by molecule, via a short-range electron exchange
mechanism called Dexter energy transfer (Dexter). These two processes can be effec-
tive in transferring the energy to the emitter to form an exciton (Fig. 6¢) as long as
there is sufficient energetic driving force for these energy transfers to occur and high
enough doping concentration of the phosphor.

Exciton Decay

Once the triplet exciton has been formed on the phosphorescent material, the energy
can be transferred to another material, the excited state can relax to the ground state
non-radiatively, or, preferably, the excited state can relax radiatively with the emission
of a photon. This competition of radiative and non-radiative pathways is a competition
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of rates. Therefore, important emitter design parameters to consider are PLQY and the
emission transient (t) where ideally the PLQY will be as close to unity as possible and
the transient will be as fast as possible as well as tuning the triplet energy to the desired
emission color. The competition between the preferred radiative decay from the triplet
state of the phosphor and the non-radiative relaxation of the excited state will be
discussed in more detail in the following section. Several intermolecular pathways for
the exciton to return to the ground state also exist including annihilation events with
other excited or charged molecules, energy transfer to another molecule, or charge
transfer quenching [81, 100]. One solution to these intermolecular interactions is
to add bulky substituents which prevent aggregation or quenching effects, however,
these groups can also slow charge transport leading to an increased device operating
voltage and lower power efficiency [101, 102].

2.2.6 Light Extraction

Control over the charge injection and transport processes and appropriate selec-
tion of a highly efficient phosphor can lead to internal quantum efficiencies which
approach 100% [11]. However, these photons created within the device still need to
outcouple from the device. The ratio of the photons created to photons emitted is
called the outcoupling efficiency (noy). Photons can be lost through self-absorption
of the organic layers, waveguiding within the device, surface plasmon modes, and
absorption of the photons in the cathode. For bottom-emitting PHOLEDs on glass
substrates this results in a typical outcoupling efficiency nouw = 20-40% [26] with
most of the remaining light waveguided in the substrate and the organic layers.
The exact outcoupling efficiency requires a sophisticated analysis to account for the
coupling of excited states to the device cavity modes [103].

Most of the methods to overcome the outcoupling limitations have focused on
expanding the escape cone from the substrate and suppressing the waveguide modes
in the organic layers. For example, using rough or textured surfaces [104], mesa
structures [105, 106], lenses [107, 108], the use of reflecting surfaces or distributed
Bragg reflectors [109, 110], incorporating a film of a scattering medium [111], or
even a thin layer of a very low refractive index silica aerogel (n; ~ 1.03) in the device
[112]. One of the most promising methods of enhancing the outcoupling efficiency
has been the use of an ordered array of microlenses [113]. Despite the enhanced
EQE using these outcoupling methods, the higher efficiency is often accompanied
by changes in the angular distribution profile of the emission or changes in the
emission spectrum with viewing angle. In the case of patterned displays, the blurring
of the emitted light between neighboring pixels can significantly distort the image.
Nevertheless, these strategies can be highly useful for lighting where pixel definition
is less of a concern and the commercialization of lighting technology is driven largely
by efficiency performance.

The loss of light to waveguiding in the organic layers and substrate is only a
portion of the loss pathway. A substantial amount of light is also lost to surface
plasmon modes. Surface plasmon polaritons (SPP) arise from oscillations of free
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charges at the cathode—organic interface resulting in an electric field that penetrates
into the organic layers of the OLED. The excited states of phosphorescent dopants
can also be considered as oscillations in electron density called “transition dipoles.”
The excited state can energy transfer into the SPP modes non-radiatively, leading to a
loss in emission efficiency [103]. Increasing the ETL thickness can reduce this effect
but often leads to increasing losses from waveguiding effects. An elegant solution
to reducing this problem is to design emitting molecules that are aligned in the thin
film such that their transition dipole moment is poorly aligned for coupling to the
SPP modes and can emit efficiently without interacting with this electric field. The
molecular design criteria for this strategy focus on both electronic and geometric
molecular modifications which can change both the direction of the transition dipole
moment and influence the orientation of the molecule within the thin film [114].

3 Properties of Phosphorescent Materials

As laid out in Sect. 2, the various layers of an OLED stack can be optimized to
reduce the voltage, optimize charge balance, and ensure efficient recombination but
ultimately, much of the device performance hinges on the appropriate design of the
phosphorescent emitter. The exact design criteria for a phosphor will depend on the
specific application, but the important parameters for all phosphor designs focus on
color, efficiency, emission transient, electrochemical properties, and stability.
Color: One of the most important design parameters is the emission color from
the device. For pixelated active matrix displays, this means the design of red, green,
and blue monochromatic pixels, whereas for lighting, it is generating devices with
broad emission spectrum and uniform emission across the visible spectrum. In a
phosphor, the emission color is determined primarily by the energy and molecular
orbital parentage of the lowest excited triplet state. Several standards have been
established to help quantify and codify the color emitted from the device. From a
photophysical standpoint, some common parameters used to describe the emission
of the phosphor include emission onset, the peak wavelength emission (Anyax), and
the full width at half maximum (FWHM). Due to the simplicity and conciseness
of metrics like these, research scientists will often use these parameters to compare
properties of materials such as triplet energies or the character of the excited state.
The information provided by simple single wavelength metrics is an incomplete
representation of the whole emission spectrum and has no consideration for the
human perception of the light, both of which are crucial for both display and lighting
applications. One of the most common metrics that address these issues have been
developed by the Commission Internationale de I’Eclairage which developed a coor-
dinate system and a color space in which perceived color is measured [115]. The
metric, which takes into account the entire emission spectrum, uses a set of coor-
dinates (CIEx, CIEy) on a two-dimensional XY plot of all the perceived colors
which can be created. This type of standard representation of emission color affords
the ability of manufacturing companies or government standard agencies to develop
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color standards for various technologies. Refinements to the 1931 color standard have
been made over the years, for example, the 1976 standard renders a more uniform
representation of color. However, the 1931 standard is still the most widely used tool
in the display industry.

For lighting, additional standards are required since the perception of white
lighting is not only the emission from the source (which can be represented by
CIE coordinates) but also by the fidelity with which a lighting source reproduces the
colors of illuminated objects. The color rendering index (CRI) is the most common
scale used to evaluate the ability of white light sources to reproduce the colors of
objects in comparison with an ideal or natural light source. The formal standards
for CRI are also controlled by the Commission Internationale de 1’Eclairage (where
the value is called CIE R,) and have a scale from 0 to 100 where 100 is a spectrum
identical to daylight or any other blackbody radiation source. Another parameter for
lighting, often used in lieu of CIE coordinates to describe the color of the emitted
light is the correlated color temperature (CCT) which is the temperature of a black
body radiation source whose perceived color is the closest to that of the white light
source under study.

Efficiency: the efficiency of a phosphorescent emitter can be well described by
the PLQY which is the ratio of emitted photons to absorbed photons. This metric is
based on measurement with optical excitation. However, since the decay from the
excited state is roughly the same for an electrically excited molecule, the PLQY is
assumed to be a good representation of the efficiency of an EL device. However,
since charge-exciton interactions can be deleterious to the efficiency and the exciton
densities in an electrically driven device are typically much higher than optically
excited films, the PLQY is typically considered the upper bound of 1. Another
major difference between optical and electrical excitation is the exciton formation
process where optical excitation could provide a different distribution of excited states
among the EML components compared to the excited states formed by direct charge
trapping, for example, there could be incomplete energy transfer in optically excited
PLQY measurements. Also, the PLQY in dilute solutions or inert polymer matrices
could also have very different efficiencies than the PLQY of the EML composition.

Emission transient: the emission transient (t), or excited state lifetime, is a term
used to describe the decay time of the excited state on the phosphorescent material.
The value for the t is the time for a population of excited states to decay to 1/e
of the initial population. Phosphorescent materials can have t as low as 1 ps while
maintaining high PLQY [133]. Itis important to mention here that emission transients
are typically inclusive of both non-radiative and radiative decays and are often fast for
emitters with high non-radiative decay rates, so itis a good practice to consider PLQY
and emission transient together. The emission transients are of crucial importance to
both the device efficiency and the device operational lifetime. Since longer t gives
more time for the emitter to decompose, energy transfer, or decay non-radiatively, it
is typically desired to reduce the transient to be as low as possible. This is particularly
important at high drive currents where the density of excitons and charges can be
high resulting in undesirable bimolecular interactions.
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Electrochemical properties: In order to evaluate the charge and exciton dynamics
of phosphors in devices, it is important to discuss their energy levels and the rela-
tionship of these levels to other molecules in the device. While each molecule has
many energy levels, it is often appropriate to simplify the description to just frontier
molecular orbitals, the HOMO and LUMO, since these are the most active orbitals
for electron transfer processes. These HOMO and LUMO energies can be measured
directly in the thin film from methods such as UV photoelectron spectroscopy (UPS)
to determine the HOMO level or inverse photoelectron spectroscopy (IPES) to deter-
mine the LUMO energies [116]. Alternatively, due to the molecular and chemical
nature of these materials, it is often convenient to estimate the HOMO and LUMO
indirectly from electrochemical measurements such as cyclic voltammetry or differ-
ential pulse voltammetry [57, 117]. These electrochemical measurements can give a
precise description of the oxidation and reduction processes occurring on these mate-
rials but ignore the effects of interfaces and solid-state effects. Furthermore, the cyclic
voltammetry measurements can give some information on the reversibility of the
redox reactions which can give insights into electrochemical stability of phosphors.

Phosphor stability: There are several methods to probe phosphor stability
including chemical stability, electrochemical stability, photostability, etc., each of
which can provide some information about the phosphor but ultimately the degra-
dation in a device which contains high local electric fields, large concentrations of
charges, and excited states is a complicated system to emulate outside a device.
Therefore, the ultimate test of the stability of a phosphor is to carry out operational
life testing on test pixels using the phosphorescent emitter. This typically involves
fabricating a small pixel or series of pixels and driving them at a constant current
density while measuring the luminance loss over time. The metrics used to report
operational lifetime are therefore the time to decay to a given percent of initial lumi-
nance at a specific driving condition. The percentage luminance loss and device
driving conditions used to quantify device lifetime vary wildly in the literature with
everything from LT97 (decay to 97% of initial luminance) to LT50 or half-life (decay
to 50% of initial luminance) and driving conditions of 1 mA/cm? to 10 s of mA/cm?
or even initiating the driving condition at the current which has an initial luminance
of 1000 cd/m?. All of these metrics can make comparing device operational lifetimes
between reports challenging and often the use of stretched exponential fits or appli-
cation of acceleration factors is required to interpolate or extrapolate lifetime curves
to a comparable metric.

3.1 Photophysical Processes in Phosphorescent Materials

One of the key steps in the generation of electroluminescence is the exciton decay
process, the step in which a photon may be created from a molecule in its excited
state returning to the ground state. Since this process typically concerns neutral
molecules in their excited and ground states, it is analogous to the decay processes
in photoluminescence and it is easy to visualize with a Jablonski diagram shown in
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Fig. 7 [118]. This type of diagram is a simplified schematic representation of the
various states of interest and processes of interchanging between them. In a more
accurate representation, each state would be a complex potential energy surface all
of which contain a large number of vibrational levels.

To a first approximation, the photophysical processes of many molecules can be
described by a three-state system: the ground state (Sg), lowest singlet excited state
(S1), and the lowest triplet excited state (T;). In photoluminescence, the excited states
are accessed initially by the absorption of a photon (represented by the solid line Sy
— S;) show in Fig. 7. In an EL process, the population of the S; will occur by either
energy transfer or direct charge recombination as was discussed in Sect. 2.2.4 rather
than by the absorption of a photon. The population of higher lying excited states
in either photoexcitation or electrical excitation typically thermalize to the lowest
excited states S;. Following the population of the S; state, the molecule can take
several pathways to relax back to the ground state. The excited singlet can radiatively
relax to the ground state emitting a photon by fluorescence (represented by the solid
line S; — Sp). This process can occur quickly, on the order of nanoseconds [118],
and many types of fluorescent materials can primarily relax through this process
with high PLQY. In some cases, other deactivation pathways are competitive with
fluorescence. Non-radiative decay from the S; (represented by the dashed line S;
— Sp) is a broad term to describe various thermal deactivation processes, called
internal conversion (IC) in which the excited states thermalize through accessing
various molecular vibrations to the ground state [118]. One pathway of particular
importance to PHOLED: is the intersystem crossing (ISC) from S; — T;. In an EL
device, the recombination of charges can also form an excited state in the T, directly.
Relaxation from this excited state can also occur via emission of a photon through
phosphorescence (represented by the solid line T} — Sp), or by thermal non-radiative
deactivation (represented by the dashed line T; — Sj). In organic materials, the direct
relation from T; — Sy is symmetry forbidden and consequently very slow with
luminescent lifetimes in the range of seconds. Organometallic complexes containing



