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Abstract. Organic light-emitting diodes (OLEDs) have numerous applications ranging from
flat-panel displays to eco-friendly solid-state lightings. OLEDs typically operate under high
bias voltages at, or above, the highest occupied molecular orbital (HOMO)-lowest unoccupied
molecular orbital (LUMO) energy gaps of the light-emitting molecules. We review recent
development in Auger-electron-stimulated OLEDs, which have working voltages below the
HOMO-LUMO energy gaps of emitters; i.e., the output photon energies are higher than the
input electrical energies. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL:
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1 Introduction

Organic light-emitting diodes (OLEDs) have attracted considerable research interest due to their
broad applications in the next-generation flat-panel displays and eco-friendly solid-state
lightings.'™ In the past few decades, significant efforts have been devoted to maximize device
efficiency through new materials combined with innovation in device structures, such as the devel-
opment of phosphorescent emitters,™® thermally activated delayed fluorescent emitters,”® guest—
host structure,”'? cohost structure, "' p-i-n structure,*'* and a simple device architecture,'* etc. So
far, OLEDs have reached efficiencies on par with the traditional inorganic light-emitting diodes.*

OLED operation involves several steps: injection and transport of charge carriers, formation
of tightly bound electron—hole pairs known as excitons, and radiative recombination of excitons.
In general, the lowest theoretical voltage for running an OLED is at best equal to the energy gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the emitter molecule. Due to a poor electrical conductivity of organic mol-
ecules, operating voltages for most OLEDs are much higher than the HOMO-LUMO energy
gaps of the emitter molecules. To reduce the operating voltages of OLEDs, p-type- and n-type-
doped hole transport layer (HTL) and electron transport layer (ETL) are used.'>!® Even in the
most advanced OLEDs, however, operating voltages are still higher than or close to the HOMO-
LUMO energy gaps of emitter molecules.'*!* Recently, a new type of OLED involving ballistic
Auger-electron injection at organic heterojunctions has been developed. This type of OLED has
operating voltages well below the HOMO-LUMO energy gaps of the emitter molecules; i.e., the
output photon energies are higher than the input electrical energies.'’ !

In this report, we provide a review on the electronic processes at organic heterojunctions and
Auger-electron-stimulated ultralow-voltage OLEDs.

2 Exciton Formation at Heterojunctions

Today, state-of-the-art OLEDs consist of a stack of many different functional organic layers to
ensure effective charge injection, charge transport, and formation of excitons at a particular
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heterojunction. Figure 1(a) shows a simple bilayer heterojunction device, which includes an
anode, a HTL, an ETL, and a cathode.

Under an external electrical bias, as shown in Fig. 1(b), the injected holes and electrons hop
through the HOMO of the HTL and the LUMO of the ETL, respectively. When both holes and
electrons reach the HTL/ETL interface, they may form excitons or continue hopping transport
through the interface. In the case of a low energy offset at the heterojunction, charges will hop
through the heterojunction and form exciton in either HTL or ETL. Figure 2(a) illustrates the
case of exciton formation in both HTL and ETL sides of a heterojunction where HOMO and
LUMO offsets are low. The exciton is generally formed within one molecule, and is often
referred to as a Frenkel exciton.*

In the case of a large energy barrier at the interface, charges will accumulate at the HTL/ETL
interface. This leads to the formation of excitons between holes on the HTL side and electrons on
the ETL side. This type of exciton is referred to as a charge transfer (CT) exciton,>** as shown in
Fig. 2(b). In recent years, CT excitons have been demonstrated to play a very important role in
the performance of OLEDs.

3 Charge Transfer Excitons Recombination

Once the CT excitons have been formed, the charges will recombine either radiatively or non-
radiatively, depending on the time constant of a particular process. A decay process that occurs
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Fig. 1 (a) A simple bilayer device with an organic heterojunction. (b) The corresponding energy
level diagram at equilibrium where holes and electrons are injected from their respective electro-
des and accumulated at HTL/ETL interface to form excitons.
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Fig. 2 Schematic diagram of (a) Frenkel exciton and (b) CT exciton formation at an organic
heterojunction.
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more quickly will be able to better compete against alternate processes and will thus occur more
readily.

3.1 Radiative Recombination

3.1.1 Exciplex emission

The radiative recombination of CT excitons is known as exciplex emission, as shown in Fig. 3(a).
Exciplex emission always shows a long wavelength and a broad spectrum because a small
energy difference between the HOMO of HTL and the LUMO of ETL. In addition, exciplex
emission is radiative recombination of singlet CT excitons and therefore generally exhibits low
efficiency.”*?

Due to a large separation distance between the electrons and holes, CT excitons have been
demonstrated recently to have a very small singlet—triplet energy splitting, which enables an
efficient transition from nonradiative triplet states to radiative singlet states via a reverse-inter-
system-crossing (RISC) process.”®*’ Therefore, fluorescent OLEDs based on exciplex emission
can harvest both singlet and triplet excitons through prompt and delayed fluorescent decay chan-
nels. Indeed, a high external quantum efficiency (EQE) (~15.4%) fluorescent OLED based on
exciplex emission has been reported recently by mixing a hole transporting material with a bipo-
lar host material to form CT excitons.”® Recently, a simple heterojunction device with a stack of
p-type HTL and an n-type ETL also has been shown to yield an efficient (EQE ~ 12.02%) exci-
plex emission.”’

It is known that the energy of exciton is lower than the energy difference in the unbound
electron and hole pair. That is, the energy of exciplex emission, which originates from direct
radiative recombination of CT excitons, should be lower than the energy difference between the
HOMO of HTL and the LUMO of ETL. As shown in Fig. 3(b), however, the actual energies of
exciplex emission are higher than the energy differences between the HOMOs of HTLs and the
LUMOs of ETLs. Empirically, the exciplex emission energy can be expressed as follows:?!

E,=Ljs—Hp+a, (1
where L, is the LUMO of acceptor (ETL), Hp, is the HOMO of donor (HTL), and the constant &

is 0.20 £ 0.15 eV, which is comparable to a reported value 0.15 £ 0.10 eV measured from exci-
plex emission in solution.*
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Fig. 3 (a) Schematic diagram of exciplex emission at the NPB/B4PyPPM heterojunction device.
(b) Plot of the exciplex emission peak versus the energy difference between the LUMO of acceptor
and the HOMO of donor for HTL/B4PyPPM heterojunction devices. Error bars represent range of
the donor HOMOs reported in literature.?’
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Fig. 4 Schematic diagram of energy transfer mechanisms of CT excitons.

3.1.2 Energy transfer

For a guest-host device, CT excitons can transfer their energies to chromophores when the exci-
tonic energies of chromophores on either side of heterojunction are lower than that of the inter-
facial CT excitons.’'*? The excitons on the chromophores will recombine radiatively. As shown
in Fig. 4, there are two mechanisms through which CT excitons can transfer energy to dopants:
Forster energy transfer and Dexter energy transfer.

Forster energy transfer is also called resonance energy transfer, which occurs through the
Coulombic dipole—dipole interaction. In this case, an exciton generated on a donor molecule
recombines to the ground state and transfers its energy to excite an acceptor. Forster energy
transfer is a long-range process and mainly emerges between the two singlet excitons. The
rate of Forster energy transfer is given by’

1 (Ry\®
kors = (70) : @

where R is the distance between donor and acceptor, 7 is the natural lifetime of the exciton, R is
the Forster radius, which describes the critical transfer distance that excitation transfer and spon-
taneous deactivation of the donor are of equal probability, and is given by the equation®®

6 9 1n(10)NA qu)D
07 12822 nt TPA

3

where N, is the Avogadro’s number, k is the dipole orientation factor, @ is the fluorescent
quantum Yyield of the donor, n is the index of refraction of the medium containing the donor
and acceptor, and Jp, is the overlap integral of the normalized donor emission spectrum
and acceptor absorption spectrum.

Dexter energy transfer is through exciton hopping, which involves electron hopping from a
donor’s LUMO to an acceptor’s LUMO and electron hopping from the acceptor’s HOMO to the
donor’s HOMO. Dexter energy transfer occurs within a short distance due to its overlap require-
ment of the wavefunction between the donor and acceptor. The rate constant for Dexter energy
transfer is given by>*

2R
kpext = K - Jpa - €xp <— T) 4)

where K describes specific orbital interactions and L is the van der Waals radii of the donor and
acceptor.

These energy transfer mechanisms have been demonstrated to be a successful strategy for
producing high-efficiency OLEDs. For a phosphorescent dopant, both singlet and triplet of CT
excitons transfer energy to the phosphorescent dopant via Forster and Dexter processes, and then
the singlets of phosphorescent dopant convert quickly into triplets via an efficient intersystem
crossing (ISC). Therefore, both singlet and triplet of CT excitons can excite phosphorescent
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dopant yielding possibly 100% internal quantum efficiency. Indeed, high EQEs of 29.5%,
32.3%, and 35.6% for blue, green, red phosphorescent OLEDs, respectively, have been reported
through effective use of the Forster and Dexter energy transfer from CT excitons that are formed
by mixing HTL and ETL as a cohost.*>’ In the case of fluorescent dopants, both Forster and
Dexter energy transfer also occur as well, also producing singlet and triplet excitons on the
fluorescent dopant. But only singlet excitons can be used for light emission, triplet excitons
decay by nonradiative transitions. Therefore, fluorescent-doped devices in general show a
low efficiency. It is worth noting that shown in Fig. 4, however, triplet of CT excitons may
upconvert into singlet of CT excitons via RISC process and then transfer to singlets of dopant
via Forster energy transfer channel before it transfer to triplet of dopants through Dexter energy
transfer process. Indeed, a high-efficiency (EQE ~ 14.5%) fluorescent-dopant-based OLED has
been achieved recently by using an extremely low dopant concentration to minimize Dexter
energy transfer from the triplet of CT excitons to triplet of fluorescent dopant.*®

3.2 Nonradiative Recombination

3.2.1 Phonon emission

In addition to the radiative recombination pathways, CT excitons may decay nonradiatively via
phonon emission. In fact, nonradiative recombination is a common process in semiconductor
devices. CT excitons may recombine nonradiatively following an energy-gap law, which
describes the rate of nonradiative decay increases exponentially with decreasing difference
in energy between the ground and excited states. The rate constant for nonradiative decay is
given by*’

ko = ko - exp(—AE*), 5)

where E* is the energy of excited state, k; and A are the constants related to phonon.

Indeed, an extremely high nonradiative recombination of CT excitons has been demonstrated
for NPB/Cg heterojunction recently.*” As shown in Fig. 5(a), a unique energy level alignment
and a large energy barrier lead to electrons and holes accumulation at NPB/Cg, interface and
form CT excitons, which recombine nonradiatively by phonon emission at a very fast rate. This
extremely fast CT excitons recombination makes NPB /Cg, heterojunction behave like an ideal
Ohmic contact and thus leads to a very high rectifying characteristics from the electrode/organic
contacts [see Fig. 5(b)].

3.2.2 Auger recombination

The CT exciton recombination may take another nonradiative pathway to release its energy by
exciting an adjacent electron to higher energy states.'”! This process is referred to as Auger
recombination. Auger recombination is a common electronic process in inorganic semiconductors
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Fig. 5 (a) Schematic diagram of the CT excitons recombination by phonon emission at NPB/Cgq
heterojunction. (b) The current density-voltage characteristics of the NPB/Cgy heterojunction
device.®
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and quantum dots, in particular when the carrier concentration is high.*'** In organic semicon-
ductors, Auger recombination may involve bimolecular recombination, which CT excitons recom-
bine at the heterojunction interface by transferring their energy to excite adjacent electrons to
higher energy levels.”?

As shown in Fig. 6, there are two possible types of Auger recombination at organic hetero-
junctions: (i) biexciton Auger recombination, where a ground-state biexciton decay into an
excited state mono-exciton; (ii) negative trion Auger recombination, where a three-bound-
particle (one hole and two electrons, i.e., charged exciton) state decay into one excited electron.
The trion states were predicted theoretically and have been observed experimentally in other
types of semiconductors such as quantum dots and quantum wells.**** Moreover, the trion
was observed in carbon nanotubes with a large energy separation (0.1 to 0.2 eV) from the bright
excitons.* This value is consistent with the 0.22 eV energy difference between Auger recombi-
nation and exciplex emission at NPB/B4PyPPM heterojunction device.?' The Auger recombi-
nation rate at organic heterojunctions is given by?*!

(@)

Ground state biexciton Excited monoexciton

Ground state trion Higher excited electron

Fig. 6 Schematic illustration of possible types of Auger processes at an organic heterojunction:
(a) biexciton Auger recombination and (b) negative trion Auger recombination.
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kAug = Canzp’ (6)

where C,, is the coefficient of Auger recombination, n and p are the concentration of electron and
hole, respectively.

Figure 7 shows a schematic energy diagram of negative trion Auger recombination at an
organic heterojunction. The CT exciton recombination at a heterojunction interface releases
its energy to excite a LUMO electron to higher energy states. This electron on a high energy
state may either relax down a lower energy state via inelastic collisions or ballistically injects into
the LUMO of donor. The energy offset condition for Auger-electron injection is given as*

0<Lp—Ly<E,/2. ™

where E,, is the HOMO-LUMO energy gap of donor, L, and Ly, are the LUMO of acceptor and
donor, respectively. Under this condition, the turn-on voltage of OLED for Auger-electron injec-
tions is no longer limited by the energy gap of the emitter molecule. The lowest possible turn-on
voltage is”

Von = LA - HD# (8)

where L, is the LUMO of acceptor and Hp is the HOMO of donor.

4 Ultralow Voltage Organic Light-Emitting Diodes through
Auger-Electron Injection

4.1 Bilayer Device Structures

For negative trion Auger recombination at organic heterojunctions, a considerable energy offsets
between the HOMOs and LUMOs of HTL and ETL are required to accumulate the amount of
electrons and holes at the interface. Hence, Auger recombination is generally observed at het-
erojunctions where the ETLs have a deep energy level. Figure 8(a) shows the luminance-voltage
characteristics of Rubrene/Cgy, and Rubrene/B4PyPPM heterojunction devices, which have a
turn-on voltage (defined as luminance at 0.01 cd/m?) at 0.9 and 1.9 V, respectively. Clearly,
these voltages are significantly lower than the HOMO-LUMO energy gap of Rubrene (2.2 eV).

The working mechanism of these ultralow operating voltages is related to negative trion
Auger recombination at heterojunction interfaces. As shown in Fig. 8(b), there are three elec-
tronic processes at the Rubrene/ETLs heterojunction. Under a bias voltage, electrons in ETLs

—
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Fig. 7 Schematic energy diagrams illustrating negative trion Auger recombination at an organic
heterojunction.°
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Fig. 8 (a) Luminance-voltage characteristics and (b) schematic working mechanism of Rubrene/

ETL heterojunction devices through Auger-electron injection. The inset in (a) is the EL spectra of
the corresponding devices.?

and holes in Rubrene drift toward the heterojunction. Owing to large energy offsets in both the
HOMOs and LUMOs, electrons and holes accumulate at the interface leading to a negative trion
Auger recombination [denoted as process I in Fig. 8(b)]. These Auger-electrons are ballistically
injected into the LUMO of Rubrene [process II in Fig. 8(b)]. The injected Auger-electrons
recombine with holes in the Rubrene layer to emit photons [process III in Fig. 8(b)]. The
Auger-electrons overcome the energy barrier at the HTL/ETL heterojunctions, thus turn-on volt-
ages of OLEDs with Auger-electron injection far below the energy gap of the emitter.

It is worth noting that triplet—triplet annihilation (TTA) process has also been proposed to
explain the ultralow-voltage electroluminescence from Rubrene/Cg, device.*** However, ultra-
low-voltage electroluminescence also have been observed in the triplet emitters-based devices.””
As shown in Fig. 9(a), several devices including Ir(piq), (acac) /B4PyPPM, Ir(ppy ),/B4PyPPM,
and Flrpic/B4PyPPM heterojunction show turn-on voltages at 1.8, 1.9, and 2.4 'V, respectively.
These values are all below the energy gaps of the triplet emitters Ir(piq),(acac) (1.94 eV),
Ir(ppy); (2.34 eV), and Flrpic (2.60 eV), respectively. Thus, the TTA process cannot explain
the upconversion electroluminescence in these triplet emitter-based devices. In addition, upcon-
version electroluminescence has been demonstrated recently to be related to the nature of charge
carrier and carrier concentration at heterojunction.?' As shown in Fig. 9(b), an electron-rich NPB/
B4PyPPM heterojunction device shows an NPB emission at 2.0 V, which is far lower than the
energy gap of NPB (2.7 eV). But when the heterojunction is hole rich, only NPB/B4PyPPM exci-
plex emission is observed. This demonstrates that negative charge trion Auger emission is respon-
sible for low operating voltage.
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Fig. 9 Luminance-voltage characteristics of (a) triplet emitter/B4PyPPM heterojunction devices
and (b) NPB/B4PyPPM heterojunction devices, where the electron-rich and hole-rich represent
the thickness configuration of heterojunction are NPB (80 nm)/B4PyPPM (20 nm) and NPB
(20 nm)/B4PyPPM (80 nm), respectively. The insets are EL spectra of the corresponding
devices.20?!
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4.2 Multilayer Device Structures

Auger-electron injection at organic heterojunctions is a very effective method to fabricate ultra-
low-voltage OLEDs. Up to now, there are few reports on ultralow-voltage OLEDs. This is
because the organic materials that meet the conditions of Auger-electron injection are rare.
In order to develop ultralow-voltage OLEDs through Auger-electron injection, one possible
way is to design an Auger-electron injection interface in conventional OLEDs, i.e., using an
Auger heterojunction to replace the traditional ETL of OLEDs. Indeed, this method has recently
been proved successful by using Rubrene/Cg, heterojunction to replace Alg; as ETL.*
Figure 10(a) shows the luminance-voltage characteristics of devices with Rubrene/Cg, hetero-
junction as Auger-electron injection interface. For a device with red emission layer (EML) made
of Alq; :DCJTB, a pure red emission from DCJTB is observed, and the device shows a turn-on
voltage at 1.5 V, which is much lower than the energy gap of DCJTB (2.0 eV). For the devices
with green EML made of Alq;:C545T and blue EML made of Bepp,, a yellow emission peak
from Rubrene is observed. This is caused by energy barriers between the LUMOs of EMLs and
Rubrene. Nevertheless, green and blue emissions are clearly observed at voltages below the
energy gap of C545T (2.4 eV) and Bepp, (2.8 eV), respectively.

As schematically shown in Fig. 10(b), the electronic processes of I, II, and III are similar to
that for Auger heterojunction devices shown in Fig. 8(b). The difference is the Auger-electrons in
the LUMO of Rubrene, which are injected into EMLs [process IV in Fig. 10(b)], and these
injected Auger-electrons recombine radiative with holes in EMLs to generate light emission
[process V in Fig. 10(b)]. The Auger-electron injection thus enables EMLs at photon energies
higher than the applied electrical energies.

4.3 Turn-on Voltages of Organic Light-Emitting Diodes with Auger-Electron
Injection

As a result of Auger-electron injection, the turn-on voltages of OLEDs are no longer limited by
the HOMO-LUMO energy gaps of the emitter molecules. Figure 11(a) shows the turn-on volt-
ages of devices versus the energy gaps of the emitter molecules. This figure clearly shows two
regions, denoted by I and II, with a division line on which turn-on voltages equal to the energy
gaps of the emitters. In standard OLEDs, the energy for charge injection into the emissive layer
come from applied bias voltages and therefore typical OLEDs operate in region 1. But it is clear
that OLEDs with Auger-electron injection all fall into region II. According to the above dis-
cussion, a formula, i.e., V,, = L, — Hp, has derived to govern the turn-on voltage of devices
with Auger-electron injection. So, Fig. 11(b) shows the turn-on voltages of devices with Auger-
electron injection versus the energy differences between the HOMOs of HTLs and the LUMOs
of ETLs. As shown in Fig. 11(b), the experimental data are in excellent agreement with the
theoretical prediction.

(a) (b)

Luminance (cd/mz)

2 28 24 20 16
Energy (eV)

0.01 : . . .
1.2 16 20 24 28 32 36 40

Voltage (V)

Anode NPB EML Rubrene Cg Cathode

Fig. 10 (a) Luminance-voltage characteristics and (b) schematic working mechanism of devices
with Rubrene/Cg heterojunction as Auger-electron injection interface. The insetin (a) is EL spec-
tra of the corresponding devices.?°
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Fig. 11 (a) Turn-on voltages of devices with Auger-electron injection versus the energy gaps of
the emitters. (b) Turn-on voltages of devices with Auger-electron injection versus the energy differ-
ence between the HOMOs of HTLs and the LUMOs of ETLs.2°

5 Conclusion

This paper presents a mini review on interface CT excitonic processes at organic heterojunctions
and ultralow-voltage Auger-electron stimulated OLEDs. Auger-electron emission at organic het-
erojunctions has sufficient energy to overcome the energy barriers and thus Auger-electron can
be injected into the LUMO of HTL. This Auger-electron injection acts a built-in voltage booster
leading to working voltages far below the HOMO-LUMO energy gaps of the emitter molecules.
The Auger-electron injection provides a new pathway to fabricate ultralow-voltage OLEDs.
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