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National Chiao Tung University

ABSTRACT
In this thesis, we study the carrier balance in light-emitting electrochemical

cells (LECs). First, the theory and development of LECs are discussed in chapter

In chapter 2, we obtained saturated deep-blue electroluminescence (EL)
from solid state LECs incorporating the ionic terfluorene derivative 1. The peak
external quantum efficiency and peak power efficiency of 1 in the presence of
the ionic liquid reached 1.14% and 1.24 lm W', respectively. These CIE
coordinates are the most saturated blue emissions ever reported from LECs.

In chapter 3, UV LECs were, for the first time, achieved by the ionic
2,2’-bifluorene derivative. LEC devices incorporating bifluorene 1 exhibited UV

EL emissions at 386 and 388 nm with maximum EQE and power efficiencies of
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0.66 % and 0.23 Im W™'. The EL emissions in the UV region are successfully
achieved by LECs based on 1, which are so far the shortest emission wavelength
achieved in LECs.

In chapter 4, we report efficient host-guest solid-state LECs utilizing a
cationic terfluorene derivative as the host and a red-emitting cationic transition
metal complex as the guest. Experimental results confirm that in addition to
reducing self-quenching of guest molecules, the strategy of utilizing a carrier
transporting host doped with a proper carrier trapping guest would improve
balance of carrier mobilities «in-the host-guest emissive layer, offering an
effective approach for optimizing device efficiencies of LECs.

In chapter 5, we demonstrate improving balance of carrier mobilities in
neat-film LECs utilizing a cationic transition metal complex (CTMC) as the
emissive material and a cationic near-infrared laser dye as the carrier trapper.
Experimental results confirm that balance of carrier mobilities in the CTMC
neat films would be improved by doping a proper carrier trapper and such
technique offers a general approach for optimizing device efficiencies of
CTMC-based neat-film LECs.

In chapter 6, we study the influence of carrier injection efficiency on the

performance of LECs based on a hole-preferred transporting CTMC
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[Tr(dfppz),(dtb-bpy)] (PFs ) (complex 1) and an electron-preferred transporting
CTMC [Ir(ppy).(dasb)] (PFs ) (complex 2). Experimental results show that
even with electrochemically doped layers, ohmic contacts for carrier injection
could be formed only when carrier injection barriers are relatively lower. Thus,
adding carrier injection layers in LECs with relatively higher carrier injection
barriers would affect carrier balance and thus would result in altered device
efficiency.

Finally, the thesis is concluded in chapter 7.

Keywords: Light-emitting electrochemical cells, high-gap ionic materials,

carrier balance, carrier injection
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Chapter 1 Introduction

1.1 Solid State Light-Emitting Electrochemical Cells

Solid State light-emitting electrochemical cells (LECs) possess several
advantages over conventional organic light-emitting diodes (OLEDs). OLEDs
typically require sophisticated multilayer structures and low-work-function
cathodes to achieve high efficiencies and low operating voltages, while LECs
generally require only a single emissive layer, which can be easily processed
from solutions, and can conveniently use air-stable electrodes, as show in Figure
1-1.The mobile ions in emissive layers enable LECs to use air-stable metals
(such as Au, Ag or Al) as cathodes and the device can be operated under low
driving voltages. With these advantages (single-layer, solution-process,
air-stable cathodes, low driving voltages, etc.), LECs will be promising
candidates for future solid-state lighting application.[1-8]

The LECs have two main material systems: polymers or small molecules. A
polymer blend sandwiched between two electrodes comprised the first
solid-state LEC device. (Figure 1-2) [1] The polymer blend was composed of an
emissive conjugated polymer, a lithium salt (lithium trifluoromethane sulfonate),

and an ion-conducting polymer (poly(ethylene oxide); PEO). The salt provided



mobile ions, and the ion-conducting polymer prevented the blend film from
phase separation, the induction of which could result from polarity discrepancies
between the conjugated polymer and the lithium salt. More recently, cationic
transition-metal complexes (CTMCs) have also been used in LECs (Figure 1-3),
and show several advantages over conventional polymer LECs.[5, 9-20] In such
devices, no ion-conducting material is needed because the metal complexes are
intrinsically ionic. In general, they show good thermal stabilities and
charge-transport properties. Furthermore, high electroluminescence (EL)
efficiencies can be expected because of the phosphorescent nature of the metal
complexes. The first solid-state LEC based on ' transition-metal complexes, in
which a ruthenium polypyridyl complex was utilized as the emissive material,
was reported in 1996.[9] Since then, many efforts have been made to improve

the performance characteristics of such LECs.

1.2 The Principle of Light-Emitting Electrochemical Cells

The emissive layer of LECs contains mobile ions, which can drift toward
electrodes under an applied bias. The spatially separated ions induce doping
(oxidation and reduction) of the emissive materials near the electrodes, i.e.,
p-type doping near the anode and n-type doping near the cathode. (Figure 1-4)

[1] The doped regions induce ohmic contacts with the electrodes, and

2



consequently facilitate the injection of both holes and electrons that recombine
at the junction between p-type and n-type regions. As a result, a single-layered
LEC device can be operated at very low voltages (close to Eg/e, where Eg is the
energy gap of the emissive material and e is the elementary charge, 1.602 x 10"
C) with balanced carrier injection, giving high power efficiencies. Furthermore,
air-stable metals (e.g., Al, Au and Ag) can be used because carrier injection in

LEC:s 1s relatively insensitive to the work functions of the electrodes.

1.3 Color
1.3.1 Red Light-Emitting Electrochemical Cells

To achieve efficient white emission LECs for future lighting application,
the red-emitting iridium complexes-should be developed. To obtain the red
emission color, their energy gap should be narrowed by this two strategies:
increasing the conjugation length of ligands or attaching electron-withdrawing
groups onto the ancillary ligands.[21-27] Tamayo et al.[22] reported the most
efficient red-emitting LEC based on complex A (Figure 1-5). They increased the
conjugation length of bpy-type ancillary ligands. Operated at 3 V, the device
brightness at the peak external quantum efficiency (EQE) (7.4%) was 7500 cd
m >. The CIE coordinates of (0.67, 0.32) and a peak power efficiency of 10 Im

W', Meanwhile, Su et al.[23] developed a red emitting (Amax = 656 nm)
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complex B (Figure 1-5) and used it to fabricate efficient white LECs.

The deep-red-emitting LECs were reported by Chen et al.[28] They
synthesized a red-emitting complex C (Figure 1-5) by adding an
electron-withdrawing diphenylamino group to the ancillary ligand. The LEC
based on complex C showed a peak current efficiency of 0.013 cd A™".

1.3.2 Yellow and Orange Light-Emitting Electrochemical Cells

LECs based on the vyellow-emitting (560 nm) iridium complex
[Ir(ppy)2(dtb-bpy)]PFs (ppy: phenylpyridine; dtb-bpy:
4,4'-ditertbutyl-2,2'-bipyridine)-were reported in 2004, exhibiting efficiencies of
5% and 10 Im W '.[29-30] Replacement of the ppy ligands by F-mppy ligands
(F-mppy: 2-(4'-fluorophenyl)-5-methylpyridine) resulted in green emission (531
nm) and an EL efficiency of 1.8 %.[30-31] On the other hand, the use of
dF(CF;)ppy ligands (dF(CF5)ppy:
2-(2,4-difluorophenyl)-5-trifluoromethylpyridine) increased the energy gap of
the iridium complexes and shifted the EL emission to blue-green (500 nm, with
an EQE of 0.75 %).[32] In 2009, Costa et al. reported the orange-emitting LECs
(570-590 nm) based on iridium complex [Ir(ppy).(bpy)]PFs and
[Ir(ppy)2(phen)]PFs (bpy: 2,2'-bipyridine, phen: 1,10-phenanthroline). The

device efficiency was optimized through adjustment of doping concentration of



ionic liquid in the active layers. It showed a peak EQE of 5.6% and a peak
power efficiency of 16.3 Im W '.[33] Moreover, to enhance the efficiency of
orange LECs, Su et al. synthesized iridium complex ([Ir(ppy).SB]PF¢) (SB is
4,5-diaza-9,9'-spirobifluorene, and ppy is 2-phenylpyridine). with a bulky
ancillary ligand. The complex can be used to make highly efficient
single-layered, solid-state orange LECs, with EL efficiencies (7.1 %, 22.6 Im W~
") among the highest reported.[34]
1.3.3 Blue Light-Emitting Electrochemical Cells

In recent years, to toward lighting applications in future, blue emission with
good color purity and high-device efficiency was certainly needed.[4] There
were two major methods that-could be used to make blue-emitting LECs. First,
the functional ligands, such as electron-withdrawing substitutes (—F, or —CF3),
could be attached onto the cyclometalating ligands to stabilize the highest
occupied molecular orbitals (HOMOs). The other was to replace
electron-donating substitutes (—N(CHjs),) onto the ancillary ligands to destabilize
the lowest unoccupied molecular orbitals (LUMOs).[4,31-32,35] The energy
gaps of iridium complexes could be enlarged by these methods and thus lead to
the emissive wavelength shift toward blue emission region. Therefore several

new types of cyclometalating and ancillary ligands have been



developed.[16,29-30,36-37]

The blue-emitting iridium complex with the fastest response was reported
by Myldak et al. in 2010.[36] These complexes based on a series of
1,2,3-triazole ancillary ligands. The photoluminescence (PL) emission in
solution showed a blue peak wavelength (ca. 452 nm) and peak brightness
ranging from 14 to 45 c¢d m™. Furthermore, LECs based on them exhibited
blue-green emission with a peak wavelength (ca. 488 nm) and shoulder
wavelength (ca. 460 nm). On the other hand, He et al. proposed to insert
electron-donating atoms (N) into the ancillary ligands of the complexes.[17] The
strategy would be increased the electron density on the ancillary ligands
significantly, thus resulted in enhancing the LUMO levels of the complexes. The
LEC based on [r(ppy)2(pzpy)]PFs [pzpy is
2-(1-phenyl-1H-pyrazol-3-yl)pyridine, and ppy is 2-phenylpyridine] showed
blue emission with CIE coordinates of (0.20, 0.28). Form ever reported, this is

among the bluest LEC.

1.4 Efficiency
In general, LECs are composed of neat films of emissive materials, which
very often suffer self-quenching induced by interactions between closely packed

molecules. Many efforts have been made to enhance device efficiencies of LECs
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based on CTMCs by reducing self-quenching of the emissive materials.
Modifying the molecular structures, such as adding bulky substituents on
ligands [14,38-39] or utilizing bulky auxiliary ligands[40] have been shown to
suppress interchromophore interaction to some degree, improving device
efficiencies of LECs.

He et al. attached a bulky side group, 4-tritylphenyl to the imidazole-type
ancillary ligand, the blue-green-emitting complex D (Figure 1-5) with the
sterically bulky ancillary ligand was developed.[41-43] In neat film, the
self-quenching effect was significantly suppressed by enhanced steric hindrance.
Under 3.2 V, the efficient blue-green LEC based on complex D shown a peak
wavelenght at 474 and 494 nm (CIE =0.22, 0.41) and a peak power efficiency
of 18.0 lm W

On the other hand, a new strategy was demonstrated by Chen et al.[44]
They incorporated electron-withdrawing groups in the alkyl chain to enhance
device performance. They employed riazole-pyridine as the ancillary ligands
and developed sky-blue and blue-green-emitting complexes E-H (Figure 1-5).
Their ancillary ligands employed riazole-pyridine and developed sky-blue and
blue-green-emitting complexes E—H. The efficiencies of devices based on

complexes G and H which included cyanogen groups in the side alkyl chains of



the ancillary ligand were significantly enhanced by 10 times and 4 times. The
author explained that the device efficiencies were improved by the interaction

between cyanogens group and electrodes and reduced electrical impedance.

1.5 Stability

Recently, the stability of LECs is the major challenge for future practical
applications. The water-assisted ligand-exchange reactions occur during the
operation of LECs based on ionic ruthenium complexes, which degrades the
emitting complexes and the stability of LECs.[45-47] On the other hand, the
degradation mechanisms of LECs based on ionic iridium complexes have not
been reported so far. But the similar water-assisted ligand-exchange reactions is
a critical factor in the degradation of LECs.[48-51]

From ever reported, addition of the hydrophobic groups on the periphery of
ligands and intramolecular n—m stacking interactions can suppress the
water-assisted degradation in LECs. The stability of LECs based on ionic
iridium complexes were significantly improved by this two strategies.[41,48-55]

Recently, a series of ionic iridium complexes with hydrophobic methyl or
phenyl groups attached to bpy ancillary ligands. (complexes I, J and K, Figure
1-6) were reported by Costa et al.[49] Complex K has the highest luminescent

efficiencies in films and the highest stability in LECs among these three
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complexes. Because it added both methyl and phenyl groups upon its bpy
ancillary ligands.

In 2008, the long-lived LECs based on Ir- ionic transition metal complexes
(ITMCs) was reported by Bolink ef al. up to date.[S0] Complex L (Figure 1-6)
attached a pendant phenyl ring at the 6 position of the bpy ancillary ligand. The
pendant phenyl ring stacked to the phenyl group of the ppy ligand, forming a
strong intramolecular n—mn stacking interaction which could make the complex
more robust and reduce the degradation reactions. It also exerted a cage effect
that restricted the opening of the structure of complex L in the excited *MC
(metal-centered) states. Under a high voltage pulse, the LEC based on complex
L shown a peak brightness of 290 cd m“z, a 11, (ifetime, which is defined as the
time for the brightness to decay from the maximum to half of the maximum)

value of more than 3000 h.

1.6 Turn-On Time

The turn-on time of LECs is defined as the time to reach maximum
brightness under constant biases. Under constant biases, the current density and
brightness of LECs increase depend with time because the motion and
redistribution of ions in LECs.[1,56] However, since the ionic conductivity in

the LECs 1s low, it needs more time to become operative, generally ranges from
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a few minutes to hundreds of hours. For future practical applications, the turn-on
time should be shortened. In the last few years, several approaches in reducing
turn-on time have been reported.

Kwon et al.[57] developed complex M (Figure 1-6), which attached sodium
sulfonate to the ligand of a neutral ionic iridium complexes and with an Na*
counter cation. The cation Na’ has a better mobility than bulky PFs or BF, ,
therefore compare with the LECs based on an ionic iridium complexes with a
PF¢ counter anion, the turn-on time of LECs based on complex M exhibited a
several times shorter.

Recently, Costa et al. studied the effect of some different ionic liquids.
They used different ionic conductivities with similar chemical structures on the
same LECs.[58] They tested 1-ethyl-3-methylimidazolium hexafluorophosphate
[EMIM'][PFs] and 1-hexyl-3-methylimidazolium hexafluorophosphate
[HMIM J[PFs ], which ionic conductivities increased from [EMIM][PFs] to
[HMIM ][PF; ] as the alkyl chain length decreased. (Figure 1-7). Therefore, the
author found that by adding a proper amount of ionic liquids with high
conductivity (molar ratio I-CTMC: [EMIM][PF¢] 4:1), it was possible to

improve the turn-on time without sacrificing the stability of the device.
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1.7 Summary

In this introduction, we have provided an overview on the state-of-the art of
the characteristic of LECs, which have achieved remarkable performance cover
all the visible spectral region, from blue to red. However, for future application
in solid-state lighting or display technique, the performance of LECs should be
further improved. Thus, in this thesis, we would develop the novel high-gap

materials to be used for LECs and study the effect of carrier balance in LECs.
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Figure 1-6 Ionic iridium complexes I - M.
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Chapter 2 An Ionic Terfluorene Derivative for Saturated Deep-Blue Solid

State Light-Emitting Electrochemical Cells

2.1 Introduction

LECs possess several advantages over conventional OLEDs. In LECs,
electrochemically doped regions induced by spatially separated ions under a bias
form ohmic contacts with electrodes, resulting in balanced carrier injection and
low operating voltages and, consequently, high power efficiencies.[1,59] As
such, LECs generally require only: @ 'single emissive layer, which can be
processed readily from solution, and, conveniently, they can feature air-stable
electrodes, whereas OLEDs typically require more sophisticated multilayer
structures and low-work-function cathodes.[60-61 ]

Recently, cationic Ir complexes have been explored widely for their use
in LECs because of their high luminescence efficiencies, tunable light emission
colors, and high compatibility with ionic electrolytes. By tailoring the structures
of their chelating ligands, emissions from cationic Ir complexes can cover such a
large color range to achieve full-color displays and white light emission.[8,22,30]
To date, however, the development of efficient saturated blue-emitting ionic Ir
complexes has lagged behind those of other colors. The complexes that have

been prepared with large optical band gaps have mainly exhibited emissions in
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the bluish-green region. Recently, He et al. reported a blue-emitting cationic Ir
complex exhibiting EL centered at 460 nm.[17] Bolink et al. found that the
origin of the large spectral shift in the EL, ranging from 476 to 560 nm, of the
blue-emitting cationic Ir complex [Ir(ppy-F,),Mesphen]PFs was related to the
concentration of the ionic transition metal complex in the thin film.[63] The
difficulty in effecting color-shifting toward the deep-blue region with Ir-based
cationic complexes is mainly due to the intrinsically narrow energy gaps in such
cationic complexes relative to those of neutral ones [e.g., Ir(dfppy).(pic), where
dfppy i1s 2-(2,4-difluorophenyl)pyridine and pic is picolinic acid], thereby
limiting the possibility of spectral tuning through molecular design.[64-65]
Moreover, thermal population to -accessible ligand field states (a possible
nonradiative decay pathway) leads to low emission efficiencies, which further
restricts the development of blue-emitting cationic Ir complexes.[66] Therefore,
alternative approaches for the development of saturated blue-emitting materials
for the use in LECs remain in high demand to complete the emitting color gap of
cationic Ir complexes.

Polyfluorenes (PFs) are used widely as efficient blue emitters in
polymer light-emitting diodes (PLEDs) because they generally possess high PL

quantum efficiencies and high thermal stabilities.[67-69] The rigidity of the
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coplanar fluorene structure in the conjugated backbone and the flexibility of
functionalization on the C9 position have crucial effects on the characteristics
and processability of the resulting polymers, as well as modulating their
intermolecular interactions when in the form of thin films. LECs based on PF/
PEO mixtures were reported by Yang et al. as early as 1997. Blue-green LECs
incorporating an emissive layer blend comprising a PF featuring polyether-type
side groups and lithium triflate has achieved an EQE of 4%.[70] In this case,
however, the emission resulted mainly from aggregation of PF, shifting the
emission wavelength to the green region.[71] ‘Although much effort has been
exerted to improve the compatibility of the polymer and the ionic electrolytes
[e.g., introducing oligo(ethylene. glycol) units. at the C9 positions of the PF or
directly end-capping C9-substituted alkyl chains with ionic species],[75] no
LECs based on PFs have yet avoided the phenomena of green emissions
generated from either aggregation or keto defects.[69]

In this study, to avoid the intrinsic tendency of aggregation that is
widely observed for PF derivatives, we selected members of the terfluorene
family—low-molecular-weight analogues of PFs—to realize saturated
blue-emitting LECs. Terfluorene derivatives possess emission wavelengths in

the deep-blue region with ultra-high luminance quantum yields (close to
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unity).[76-77] They also exhibit bipolar carrier transport capability (i, e > 10~
cm® V' s, which is beneficial to device performance.[78-79] Herein, we
report the use of a terfluorene-based ionic compound (1) to achieve saturated
deep-blue EL from two LEC devices: device I and device II provided
Commission Internationale de I’Eclairage (CIE)[80] coordinates (x, y) of (0.151,
0.122) and (0.159, 0.115), respectively, extremely close to the blue coordinates
(0.14, 0.08) in the NTSC color gamut. We prepared the ionic terfluorene
derivative 1 through simple attachment of 1-methylimidazolium moieties to the
terminal positions of the alkyl substituents of the central fluorene moiety,
rendering a hydrophobic terfluorene core bearing movable anions, enabling the
formation of homogeneous “films: through spin-coating and, consequently,

efficient blue-emitting LECs.

2.2 Results and Discussion
2.2.1 Materials and Experimental Methods
Materials
Scheme 2-1 outlines the synthesis of the ionic compound 1. This ionic
compound 1 is synthesized and provided by Prof. Wong’s group of chemistry
department in National Taiwan University. They obtained the key

bromo-substituted intermediate 1-Br in 68% yield after performing a modified
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one-pot Suzuki coupling[18] of 2-bromo-9,9-dihexylfluorene (2)[82] with
2,7-dibromo-9,9-bis(6-bromohexyl)fluorene (3).[83] They isolated compound 1
in 81% yield after treating 1-Br with an excess of 1-methylimidazole, followed
by ion exchange with potassium hexafluorophosphate.

Figure 2-1 displays the electrochemical characteristics of 1, as probed using
cyclic voltammetry (CV). This figure measures and provides by Prof. Wong’s
Group of chemistry department in National Taiwan University. They observed
two discrete reversible oxidation potentials [at 0.87 and 1.02 V (vs. Fc/Fc")] for
1 in acetonitrile (0.1 M n-BuyNPF; as supporting electrolyte) and two reversible
reduction potentials [at —2.69 and —2.89 V (vs. Fc/Fc')] for 1 in THF (0.1 M
n-BuyyNCIO, as supporting electrolyte).  They assign both the oxidation and
reduction peaks to electron transfer processes that occurred on the terfluorene
backbone, verifying the prominent bipolar carrier transport observed in
terfluorene derivatives. The reductions were relatively poorly resolved, with a
lower peak current during the positive sweep relative to that of the oxidations,
presumably because the pendent imidazolium units could interact with the
reduced species and, consequently, retard the diffusion toward the electrode.[86]
The pronounced potential differences in the oxidation (150 mV) and reduction

(200 mV) regions indicate efficient resonance delocalizations of the radical
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cation and the radical anion over the entire terfluorene backbone.
Experimental Methods

'H and "C NMR spectra of compounds were recorded at room temperature
using a 400 MHz spectrometer. Photophysical characteristics of complexes in
solutions were recorded at room temperature using 10~ M acetonitrile solutions
of all compounds, which were carefully purged with N, prior to measurements.
The neat and 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM J[PF; ]
blended films for PL studies were spin-coated onto quartz substrates from
acetonitrile solutions. The thickness of each spin-coated film was ca. 200 nm, as
measured using profilometry., UV—Vis absorption spectra were recorded using a
Hitachi U2800A spectrophotometer. PL spectra were recorded using a Hitachi
F9500 fluorescence spectrophotometer. PL quantum yields (PLQYSs) for solution
and thin-film samples were determined using a calibrated integrating sphere
system (Hamamatsu C9920). Oxidation and reduction potentials of 1 were
determined using CV; a CH Instruments model 619B electrochemical analyzer
was operated at a scan rate of 100 mV s ' using either an acetonitrile or THF
solution (1.0 mM). A glassy carbon electrode and a Pt wire were used as the
working and counter electrodes, respectively. All potentials were recorded

versus the Ag/AgCl (saturated) reference electrode and calibrated with the
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ferrocene/ferrocenium redox couple (reversible oxidation potential at 0.44 V in
ACN and 0.56 V in THF). Oxidation CV was performed using 0.1 M
tetra-n-butylammonium hexafluorophosphate (TBAPF¢) in acetonitrile as the
supporting electrolyte; for reduction CV, 0.1 M tetra-n-butylammonium
perchlorate (TBAP) in THF was used as the supporting electrolyte. AFM images
of films of 1 spin-coated onto PEDOT:PSS/ITO glass in the presence and
absence of [BMIM ][PF, ] were obtained using a scanning probe microscope
(Nano Navi L-trace 1) operated in tapping mode.

ITO-coated glass substrates were cleaned and treated with UV/ozone prior
to use. A PEDOT:PSS layer-was spin-coated onto the ITO substrate in air and
then the structure was baked at 150 °C for'30. mm. The emissive layer (ca. 200
nm) was spin-coated from an acetonitrile solution of 1. To reduce the turn-on
time of the LEC device, the [BMIM ][PF¢ ] was added to enhance the ionic
conductivity of the thin film of 1.[84] After spin-coating the emissive layer, the
samples were baked at 70 °C for 10 h and subjected to thermal evaporation of an
100-nm-thick Al top contact in a vacuum chamber (ca. 10°° torr). The electrical
and emission characteristics of the LEC devices were measured using a
source-measurement unit and a Si photodiode calibrated with a Photo Research

PR-650 spectroradiometer. The accuracy of optoelectronic measurement system
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closed to 107> A, therefore our measurement results have ultra-high accuracy.
All device measurements were performed under a constant bias voltage. EL
spectra of LEC devices were recorded using a calibrated CCD spectrograph.
2.2.2 Photophysical Properties

Figure 2-2 depicts the UV—Vis absorption and PL spectra of 1 in solution
(acetonitrile, 10> M) and in the form of neat films. Table 2-1 summarizes the
photophysical data. To speed up the device response, the ionic liquid
[BMIM][PFs ] is commonly used as an additive providing additional mobile
anions.[84] Therefore, we also examined the emission properties of thin films of
1 in the presence of [BMIM J[PFs] (10 wt %). In solution, 1 exhibits an
absorption signal centered at 352 nm, which we assign to the lowest n—m*
transition of the terfluorene backbone. In its PL spectrum, 1 reveals intense
fluorescence with an emission maximum centered at 393 nm along with vibronic
features at ca. 413 and 441 nm and an excellent quantum yield of 100%. These
PL features are characteristic of terfluorene derivatives.[76-77] The absorption
spectra of neat films of 1 exhibited spectral broadening, possibly due to its wide
conformational distribution and a certain degree of intermolecular interactions in
the solid state. Nevertheless, no significant emission peaks appeared in the green

region in the solid state PL spectra of 1. Instead, we observed only slightly
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red-shifted emission signals, centered at 417 and 418 nm, which we attribute to
an enhanced molecular polarization effect.[85] The emission quantum yields of
1 in the form of neat films remained high (up to 0.76) despite the presence of
intermolecular interactions. More importantly, the addition of the ionic liquid in
the neat film did not affect the emission properties of 1. The highly retained PL
properties and the high emission quantum yield of 1 in neat film, compared with
those of PF derivatives, suggested that 1 would be suitable for use as a
deep-blue emitter in LECs.
2.2.3 Atomic Force Microscopy

The addition of polar salts into conjugated polymer films can result in the
formation of aggregates or phase separation as a result of discrepancies in
polarity.[87-89] To study the effect of [BMIM ][PF ] on the morphology of the
neat film of 1, Prof. Wong’s group used atomic force microscopy (AFM) to
probe the surface. AFM images of films of 1 on ITO glass substrates, in the
presence and absence of [BMIM][PF¢ ], exhibited no significant differences,
with root-mean-square (RMS) roughnesses of 6.44 and 7.79 nm, respectively. At
a doping concentration of [BMIM'][PFs] in 1 of 1:1.77 (molar ratio), we
observed no particular aggregation features or phase separation, giving uniform

spin-coated thin films. The comparable roughnesses of the two samples indicate
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the high compatibility between 1 and the added salt, presumably imparted by the
ionic nature of 1. Remarkably, the composite thin film of 1 in the presence of
[BMIM'][PFs ] did not exhibit particular emission quenching: the emission
quantum yield was comparable with that of the thin film of 1 formed in the
absence of [BMIM '|[PF, ] (Table 2-1).
2.2.4 Electroluminescence

The promising physical properties of the ionic terfluorene 1 rendered it suitable
for LEC applications. Table 2-2 summarizes the device characteristics of
structures having the configuration glass  substrate/I[TO/(PEDOT:PSS, 30
nm)/emissive layer (ca. 200-nm)/Al (100 nm), where the emissive layer was a
film of compound 1 for device I and a film of compound 1 containing 10 wt%
[BMIM ][PF; ] for device II. In device II, we added [BMIM '][PF; ] to enhance
the 1onic conductivity.[84] Measurements of both device properties were
performed under constant bias voltages.

Figure 2-3 compares the EL spectra of the LEC devices with the PL spectra
of their emissive layers. The similarity of the EL spectra of both devices
indicates that the addition of [BMIM'][PF¢ ] did not alter the EL of 1. Notably,
the signals in the EL spectra are broadened relative to those in the PL spectra.

The longer emission wavelengths (450-500 nm) were significantly enhanced
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under electrical driving; presumably, this spectral change is primarily related to
thermal rearrangement of the molecules and, consequently, the enhanced
formation of intermolecular excimer species.[90] Possibly because of its shorter
conjugation length, the excimer EL emission band of the ionic terfluorene 1 was,
however, predominantly centered in the sky-blue region (Figure 2-3), whereas
LECs based on PF derivatives[70, 72-75] or copolymers containing crown ether
spacers[91] exhibit significant green or yellow interchain excimer emissions.
Therefore, the LEC devices based on 1 retained their deep-blue EL emissions,
with CIE coordinates for the EL signals of deviees I and II of (0.151, 0.122) and
(0.159, 0.115), respectively. The inset to Figure 2-3 reveals that the CIE
coordinates of the EL signals for both LEC devices approached the blue apex of
the National Television System Committee (NTSC) color gamut—indeed, they
are the bluest EL emissions ever to have been reported for blue LECs.[17,36,63]
Thus, the ionic terfluorene 1 is a promising candidate for use as a deep-blue
emitting material in LECs.

Figure 2-4 presents the time-dependent brightness and current densities of
devices I and II when operated under various bias voltages. These LEC devices
exhibited similar electrical characteristics. The brightness and device current

first increased with time after the bias was applied, reaching maximum values
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before undergoing gradual decreases over time. The time required for the
brightness to reach its maximum value decreased as the bias voltage increased
(Table 2-2), presumably because a higher accumulation rate of mobile ions
facilitated the formation of doped regions under a higher electric field. Under
the same bias voltage, device II required a significantly shorter time for its
brightness to reach the maximum value relative to that of device I (e.g., 30 and
161 min, respectively, at 3.4 V). This result indicates that the additional mobile
jons provided by the electrolyte [BMIM'][PFs] increased the rate of
accumulation of ions near the«electrodes, leading to accelerated formation of
doped regions. The decreases in brightness and current densities over time after
reaching the maximum values are associated with degradation of the emissive
material during LEC operation. The maximum brightness and current density
obtained in the first measurement were not fully recoverable in subsequent
measurements, even under the same driving conditions. Under a constant bias,
the lifetime of each device, defined as the time required for the brightness of the
device to decay from the maximum value to half of the maximum value,
decreased upon increasing the bias voltage. For instance (Table 2-2), the lifetime
of device I (device II) decreased from 462 to 78 min (427 to 49 min) upon

increasing the bias voltage from 3.4 to 4.2 V (from 3.2 to 3.6 V). We suspect that
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the higher current density induced by a higher bias voltage led to a higher rate of
irreversible multiple oxidation and subsequent decomposition of the emissive
material,[84,93] thereby accelerating the degradation of the LEC devices.
Similarly, device II, which exhibited higher current densities induced by more
mobile ions, had shorter lifetimes than device I under the same bias voltage
(Table 2-2).

Figure 2-5 presents the time-dependent EQEs and corresponding power
efficiencies of devices I and II operated under various bias voltages. Both
devices exhibited similar time«evolutions of their EQEs. Immediately after a
forward bias was applied, the EQE was rather low because of unbalanced carrier
injection. During the formation. of the doped regions near the electrodes, the
balance of the carrier injection was improved and, accordingly, the EQE of the
device increased rapidly. The peak EQE and peak power efficiency were 1.04%
and 0.63 Im W', respectively, for device I under 3.4 V and 1.14% and 1.24 Im
W, respectively, for device II under 3.2 V. Addition of [BMIM ][PF; ] (device
ITI) decreased the operating voltage and, therefore, increased the power
efficiency relative to that of the parent neat-film device (device I). Thus, LEC
devices based on 1 can exhibit deep-blue EL emissions and good device

efficiencies, making them potential candidates for wuse in full-color
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power-effective displays.

2.3 Summary

Prof. Wong’s group has synthesized an efficient deep-blue—emitting
terfluorene derivative, 1, that allows the realization of saturated deep-blue—
emitting LECs. They achieved the essential ionic character required for LECs by
chemically tethering methylimidazolium moieties as pendent groups to the
terfluorene. Furthermore, we successfully demonstrate deep-blue LECs utilizing
a terfluorene derivative 1 as the emissive material. The introduction of these
methylimidazolium moieties not only allowed uniformly spin-coated thin films
to be formed (without particular.aggregation features or phase separation) in
either the absence or presence  of-the ionic liquid [BMIM ][PFs] but also
retained the attractive characteristics (deep-blue emission, extremely high
quantum yield, reversible redox behavior) of terfluorene derivatives. An LEC
device incorporating a neat film of 1 achieved a deep-blue EL emission centered
at 424 nm with CIE coordinates of (0.151, 0.122), an EQE of 1.04%, and a peak
power efficiency of 0.63 Im W' under 3.4 V. Incorporating the ionic liquid
[BMIM'][PFs ] in the emitting layer of device II increased the accumulation
rate of mobile ions near the electrodes, leading to accelerated formation of

doped regions. The highest peak EQE and power efficiency of device II were
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1.14% and 1.24 Im W', respectively, at 3.2 V. The CIE coordinates of the EL
signals from these two devices approached the blue apex of the NTSC color

gamut—notably, these values represent the bluest EL emissions ever obtained

from LECs.
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Table 2-1 Physical properties of 1

Amax, pL (nm)° PLQY®

Ep™ (V) E (V) AE (V)
Solution® Film Solution® Film

1 393 418 1.00  0.76 +0.87,+1.02¢ —2.69,-2.89" 3.56
1 with 10 wt%
— 417 — 0.75 — — —
BMIM-PFg¢

[a] Measured in CH,Cl, (10° M) at room temperature. [b] PL peak wavelength. [c]
Photoluminescence quantum yields. [d] Oxidation potential vs ferrocene/ferrocenium redox
couple. [e] Reduction potential = vs.—ferrocene/ferrocenium redox couple. [f] The
electrochemical gap Ey is the difference between Ej,°*-and E;»,*. [g] 0.1 M TBAPF; in
acetonitrile. [h] 0.1 M TBAP in THE.
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Table 2-2 LEC device characteristics

) Bias Amax, EL b lmax Limax Next,max  Tp,max  Lifetime
Device CIE (x, ) ) .
Voltage (V) (nm)* (min)° (cdm?®  (%)° (ImW"' (min)®
3.4 161 0.31 1.04 0.63 462
I 3.8 424 (0.151,0.122) 62 1.48 0.99 0.52 156
4.2 35 243 0.69 0.31 78
3.2 51 0.34 1.14 1.24 427
II 3.4 423 (0.159,.0.115) 30 0.52 1.03 0.72 211
3.6 11 1.69 0.77 0.47 49

[a] EL peak wavelength. [b] CIE coordinates of EL spectra. [c] Time required to reach the
maximal brightness. [d] Maximal brightness achieved at a.constant bias voltage. [e] Maximal
external quantum efficiency achieved at a constant bias voltage. [f] Maximal power efficiency
achieved at a constant bias voltage. [g] The time for the brightness of the device to decay from

the maximum to half of the maximum under a constant bias voltage.
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Figure 2-1 Cyclic voltammogram of compound 1. All potentials were recorded
versus ferrocene/ferrocenium (Fc/Fc') (saturated) as a reference electrode. Inset:

Difterential pulse voltammetry (DPV) of the reduction region.
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Figure 2-5 EQE (solid symbols) and power efficiency (open symbols) plotted

with respect to time under a constant bias voltage of (a) 3.4—4.2 V for device I

and (b) 3.2-3.6 V for device II.
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Chapter 3 UV Light-Emitting Electrochemical Cells Based on An Ionic 2,

2'- Bifluorene Derivative

3.1 Introduction

Solid state LECs possess solution-processable simple device architecture
and high compatibility with air-stable electrodes such as gold, silver, and
aluminum.[1] In LEC devices, electrochemically doped regions induced by
spatially separated ions under an applied voltage generate ohmic contacts with
electrodes, resulting in balanced carrier injection and low operating voltages and,
consequently, high power efficiencies.: These promising advantages render this
type of electroluminescent device competitive with conventional OLEDs as a
cost-effective alternative for display and lighting.[94-97]

LECs based on CTMCs have shown several advantages including (i) high
compatibility with ionic electrolytes imparted by intrinsic ionicity of CTMC:s; (ii)
high EL efficiencies due to phosphorescent nature, and (iii) tunable emission
colors. Particularly, the most widely used CTMC:s for single-component LEC
devices are based on cationic iridium(IIl) complexes owing to their facile
synthetic pathways and a full coverage of emission wavelength in the visible
region by tailoring the structures of their chelating

ligands.[8,22,23,26,30,34,62,86,99,100-103] However, intrinsic narrow energy
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gaps and accessible non-radiative ligand field states of cationic iridium
complexes substantially restrict their practical use for achieving blue-emitting
LEC devices.[64-66] To achieve saturated blue-emitting LEC devices, we have
successfully demonstrated so far the bluest electroluminescence from the LEC
based on ionic terfluorene derivative.[104] The ionic fluorescent emitter was
achieved by covalent tethering of 1-methylimidazolium moieties as pendant
groups, rendering a hydrophobic terfluorene core bearing movable anions to
form homogeneous films through spin-coating. The efficient and successful
strategy for accomplishing blue-emitting LEC propelled us to further explore the
molecules with larger energy gaps, which is highly desired for host materials or
excitation light source for light-emitting devices.

The development of wide-gap materials is rather limited to a few
functionalized structural features such as materials containing carbazoles[105]
and silane[8] moieties in order to obtain a confined conjugation length. The
emissions of these wide-gap materials are generally above 400 nm, i.e.,
violet-blue emission. However, limited n-conjugation considerably complicates
the molecular design since it also constraints the molecular size and coplanarity
which are related to the molecular morphological stability and luminescent

properties. It is rather difficult to construct a molecule which meets most general
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requirements for optoelectronic materials such as high thermal stability, good
carrier mobility, and ionic (for LEC application) in a limited conjugation and
dimension. As a result, with meticulous selection on the wide-gap chromophores,
we have demonstrated several UV OLEDs based on 2,2'-bifluorene derivatives
with remarkable short emission wavelength centered at 370 nm and external
quantum efficiency up to 3.6%.[111-112] Distinguish and efficient UV emission
below 400 nm is rarely reported for organic materials and has never been done
for LEC application. Herein, we present the first UV LEC achieved by
2,2"-bifluorene derivative with. ionic_pendant- 1-methylimidazolium moieties,
achieving the EL as short as:386 nm. The successful demonstration of UV LEC
once again proved that our judicious molecular design strategy for ionic emitters

is much suitable for LEC application.

3.2 Results and Discussion
3.2.1 Materials and Experimental Methods
Materials
Scheme 3-1 outlines the synthetic route of the ionic bifluorene (1). This
ionic bifluorene (1) was synthesized and provided by Prof. Wong’s group of
chemistry department in National Taiwan University. They obtained the

bromo-substituted 2,2'-bifluorene 1-Br after homo-coupling via modified
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one-pot Suzuki coupling[81] of 2-bromo-9,9-bis(6-bromohexyl)fluorene (2) in
46% yield. After treating 1-Br with excess amount of 1-methylimidazole
followed by ion-exchange with potassium hexafluorophosphate, they isolated
compound 1 in 81% yield.

Figure 3-1 displays the electrochemical characteristics of 1, as probed by C.
A quasi-reversible oxidation potential [at +1.04 V (vs. Fc/Fc')] in acetonitrile
(0.1 M n-BuyNPF4 as supporting electrolyte) and a quasi-reversible reduction
potential [at -2.66 V (vs. Fc¢/ Fc)] in acetonitrile (0.1 M n-Buy,NCIO, as
supporting electrolyte) were distinctly observed for 1. This figure was measured
and provided by Prof. Wong’s group of chemistry department in National
Taiwan University. They unambiguously assign both the oxidation and reduction
peaks to electron transfer processes that occurred on the bifluorene backbone,
consistent with the published bifluorene derivatives.[111-112] The reduction
peak is less reversible in terms of a lower peak current in the reverse scan as
compared with that of oxidation. It is presumably due to the pendent
imidazolium units interacting with the reduced species and, consequently,
retarding the diffusion toward the electrode.[86] 1 possesses a more positive
oxidation and a less negative reduction than those of neutral bifluorene

derivatives (where the oxidation and reduction potentials are in a range of +0.89
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to +0.99 V and -2.74 to -2.94 V, respectively, vs. Fc/ Fc")[111], suggesting a
substantial inductive effect given by methylimidazolium units.
Experimental Methods

'H and "C NMR spectra of compounds were collected on a 400 MHz
spectrometer at room temperature. Photophysical characteristics of complexes in
solutions were collected at room temperature by using 10° M acetonitrile
solutions of all compounds, which were carefully purged with nitrogen prior to
measurements. The thickness of spin-coated films was ~200 nm, as measured by
profilometry. UV-visible absorption spectra were recorded on a
spectrophotometer (HITACHI U2800A). PL spectra were measured with a
fluorescence spectrophotometer. (HITACHI E9500). PLQYs for solution and
thin-film samples were determined with a calibrated integrating sphere system
(HAMAMATSU (C9920). Oxidation and reduction potentials of all complexes
were determined by CV at a scan rate of 100 mV/s in acetonitrile solutions (1.0
mM). A glassy carbon electrode and a platinum wire were used as the working
electrode and the counter electrode, respectively. All potentials were recorded
versus the Ag/AgCl (sat’d) reference electrode. Oxidation CV was performed
using 0.1 M TBAPF4 in acetonitrile. For reduction CV, 0.1 M TBAP in

acetonitrile was used as the supporting electrolyte.
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ITO-coated glass substrates were cleaned and treated with UV/ozone prior
to use. A PEDOT:PSS layer was spin-coated onto the ITO substrate in air and
then the structure was baked at 150 °C for 30 min. For device I, the emissive
layer (ca. 400 nm) was spin-coated from an acetonitrile solution of 1. For device
II, the emissive layer was spin-coated from a mixed acetonitrile solution
containing a mass ratio of 1/ poly(methyl methacrylate) (PMMA) = 0.9:0.1. All
solution preparing and spin-coating processes were carried out under ambient
conditions. After spin-coating the emissive layer, the samples were baked at 70
°C for 10 h in a nitrogen glove box (oxygen and moisture levels below 1 ppm)
and the subjected to thermal-evaporation of a 100-nm-thick Ag top contact in a
vacuum chamber (ca. 107 torr). The electrical and emission characteristics of
the LEC devices were measured using a source-measurement unit and a Si
photodiode calibrated with a Photo Research PR-650 spectroradiometer. All
device measurements were performed under a constant bias voltage in a nitrogen
glove box. EL spectra of LEC devices were recorded using a calibrated CCD
spectrograph.

3.2.2 Photophysical Properties
Figure 3-2 depicts the UV—Vis absorption and PL spectra of 1 in solution

(acetonitrile, 10° M) and in the form of neat films. Table 1 summarizes the
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photophysical data. To increase the film quality, we also dispersed compound 1
into inert PMMA which can efficiently fill out the defect sites of the film to
diminish the current leakage of the device.[14] Thus, the emission properties of
compound 1 dispersed in PMMA (10 wt%) is also examined. In solution, 1
exhibits an absorption signal centered at 328 nm, which we assign to the lowest
n—n* transition of the bifluorene backbone. In its PL spectrum, 1 reveals intense
fluorescence with an emission maximum centered at 373 nm and an excellent
quantum yield of 100%. These values correspond with the published results of
bifluorene derivatives.[111-112] Both_absorption and PL spectra of 1 in neat
films are red-shifted by ca. 10 nm as compared with those in solutions, possibly
due to a certain degree of intermolecular-interactions ( n—r stacking) in the solid
state. Interestingly, by adding 10 wt% PMMA in the films of 1, no significant
change is observed for the absorption and PL spectra as compared to that
without PMMA, indicating that 1 is still in the form of small aggregates instead
of completely dispersion in PMMA. The amphiphilic property of 1, imparted by
solvophilic 1midazolium and solvophobic bifluorene backbone, renders a
substantial hydrophobic effect to potentially organize nano-scale architectures
by non-covalent interactions.[114-115] The addition of PMMA is speculated to

give certain extent of separation to these small aggregates, evidenced by the
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identical absorption and PL spectra for 1 with and without the presence of
PMMA, respectively. The triplet energy of 1 (2.33 eV) was determined from the
highest energy vibronic sub-band of the phosphorescence spectra recorded in
ethanol (EtOH) at 77 K. The low Et value indicates a significant exchange
stabilization energy of the bifluorene chromophore.
3.2.3 Electroluminescence

To examine the electroluminescence properties of 1, LEC devices based on
1 were fabricated and the device characteristics are summarized in Table 3-2.
The device structures are glass/ITO (120 nm)/PEDOT:PSS (30 nm)/emissive
layer (400 nm)/Ag (100 nm) (where the emissive layer was a thin film of 1 for
Device I and a thin film of ‘1 containing 10. wt% PMMA for Device II). In
device II, PMMA was added to improve film quality and thus to decrease the
leakage current during device operation, enhancing device efficiency.[12]
Measurements of both device properties were performed under constant bias
voltages. Figure 3-3 compares the EL spectra of the LEC devices under 4.2 V
and the PL spectra of their emissive layers. The similarity of the EL spectra of
both devices indicates that the addition of PMMA did not significantly alter the
EL of 1. Slight discrepancies in intensities of EL vibronic peaks between the two

devices may be attributed to altered molecular potential energy surfaces of 1 in
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media with different polarities[116] under applied electric fields. Notably, the
signals in the EL spectra are slightly broadened at 420-500 nm relative to those
in the PL spectra. It is primarily related to thermal rearrangement of the
molecules and, consequently, the enhanced formation of intermolecular excimer
species.[90] Since such effect is not significant in LEC devices based on 1, both
devices exhibited EL emissions centered at UV region (A, = 386 and 388 nm
for device I and device II, respectively), which are bluest EL emissions ever to
have been reported for LECs. Therefore, 1 is a promising candidate for use as a
UV emitting or a high-gap host material in LECs.

Figure 3-4(a) and 3-4(b) presents the time-dependent brightness and current
densities when operated under 4.2 and 4.6 'V for devices I and II, respectively.
The driving voltages are chosen to be close to the energy gap of 1 (3.7 ¢V in
solutions, Table 3-1) to improve the device stability.[34] Furthermore, the UV
EL emissions of both devices exhibited poor overlap with the luminosity
function[117] and thus lead to relatively lower brightness (Table 3-2). Both LEC
devices exhibited similar electrical characteristics. The brightness and device
current first increased with time after the bias was applied, reaching maximum
values before undergoing gradual decreases over time. The time required for the

brightness to reach its maximum value decreased as the bias voltage increased
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(Table 3-2), presumably because a higher accumulation rate of mobile ions
facilitated the formation of doped regions under a higher electric field. Both
devices showed similar time required to reach maximum brightness under the
same bias voltage (e.g., 5.0 and 4.8 min for device I and II, respectively, at 4.2
V). This result indicates that addition of inert PMMA could not significantly
alter the ionic mobility of the emissive layer possibly due to a high density of
mobile ions in the films of 1 (4 PF¢ anions per molecule). However, device I1
exhibited a lower maximum device current density under the same bias voltage
as compared to device I (e.g3 2.27 and 1.5 mA cm™ for device I and II,
respectively, at 4.2 V). Since the emissive layers of both devices have similar
thicknesses, lowered device current density of device Il may be attributed to
impeded charge hopping between dispersed 1 in PMMA matrix. Furthermore,
improved film quality by adding PMMA may also reduce the leakage current of
the emissive layer, rendering a lower device current. The decreases in brightness
and current densities over time after reaching the maximum values are
associated with degradation of the emissive material during LEC operation. The
maximum brightness and current density obtained in the first measurement were
not fully recoverable in subsequent measurements, even under the same driving

conditions. Under a constant bias, the lifetime of each device, defined as the
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time required for the brightness of the device to decay from the maximum value
to half of the maximum value, decreased upon increasing the bias voltage. For
instance (Table 3-2), the lifetime of device I (device IT) decreased from 5.8 to
3.3 min (4.9 to 3.0 min) upon increasing the bias voltage from 4.2 to 4.6 V. It
results from that higher current density induced by a higher bias voltage led to a
higher rate of irreversible multiple oxidation and subsequent decomposition of
the emissive material, thereby accelerating the degradation of the LEC
devices.[84,93]

Figure 3-5(a) and 3-5(b) presents the time-dependent EQEs and
corresponding power efficiencies operated under 4.2 and 4.6 V for devices I and
II, respectively. Both devices exhibited similar time evolutions of their EQE:s.
Immediately after a forward bias was applied, the EQE was rather low because
of unbalanced carrier injection. During the formation of the doped regions near
the electrodes, the balance of the carrier injection was improved and,
accordingly, the EQE of the device increased rapidly. The peak EQE and peak
power efficiency were 0.15% and 0.06 Im W', respectively, for device I under
4.2 V and 0.66% and 0.23 Im W', respectively, for device IT under 4.2 V. The
device efficiency of device II is much higher than that of device I under the

same bias voltage. Since the PLQYs of 1 in the films with and without PMMA
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are similar (0.41 and 0.45, respectively, Table 1), enhanced device efficiency of
LECs based on 1 containing 10 wt% PMMA cannot be attributed to reduced
self-quenching of 1 dispersed in PMMA matrix. Possible reason for this
phenomenon would come from reduced device current due to impeded charge
hopping between dispersed molecules in PMMA matrix. Lower current density
suppresses collision-induced exciton dissociation and consequently reduces
efficiency roll-off. Thus, a higher device efficiency would be obtained at a lower
device current density. In addition, reduced leakage current of the emissive layer
due to improved film quality- by adding. PMMA may also enhance device
efficiency. However, the maximum EQEs (0.66%) of LEC devices based on 1
are lower than the upper limit(~2 %) that one would expect from the PLQYs in
the films of 1 containing 10 wt% PMMA (0.41, Table 3-1), when considering
fluorescent spin statistics (ca. 25%) and an optical out-coupling efficiency of ca.
20% from a typical layered light-emitting device structure. It may mainly result
from imperfect carrier balance of 1 in the films containing 10 wt% PMMA.
These results shown above reveal that LEC devices based on 1 can exhibit UV
EL emissions and moderate device efficiencies, making them potential

candidates of UV emitting materials or high-gap host materials for use in LECs.
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3.3 Summary

Prof Wong’s group has synthesized a UV-emitting ionic bifluorene
derivative, 1, that realized the unprecedented UV-emitting LECs. They achieved
the essential ionic character required for LECs by chemically tethering
methylimidazolium moieties as pendent groups to the bifluorene. Incorporating
the inert PMMA in the emitting layer of device II impeded charge hopping
between dispersed molecules as well as improved the film quality, leading to a
reduced current density and current leakage. The highest peak EQE was over
four times larger in the device with PMMA (device II) than that without PMMA
(device I). The EQE and power efficiency of device II were 0.66% and 0.23 Im
W respectively, at 4.2 V. Both devices T and AT exhibited UV EL emissions at
386 and 388 nm, respectively, which are the first example of UV LEC ever

reported.
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Table 3-1 Physical properties of 1

ﬂfmax, PL (nm)b PLQYC 0x d red e f
. . Eip (V)" Eip (V) Eip(V) Er(eV)
Solution® Film Solution® Film
1 373 385 1.00 0.45 +1.04% ~2.66" 3.70 2.33
1 with 10 wt%

[a] Measured in acetonitrile (107°M)-at room temperature. [b] PL peak wavelength. [c]
Photoluminescence quantum yields. [d] Oxidation potential vs ferrocene/ferrocenium redox
couple. [e] Reduction potential vs. ferrocene/ferrocenium redox couple. [f] The electrochemical
gap E\, is the difference between Ey"* and e [g] 0.1. M TBAPF; in acetonitrile. [h] 0.1 M
TBAP in acetonitrile.
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Table 3-2 LEC device characteristics

Device Bias j~max, EL tmax J max Lmax T'lext, max np, max Llfetlme
“ Voltage (V) (nm)° (min)* (mAcm?)? (cdm?)° (%) (ImW")¢ (min)"
I 4.2 186 5.0 2.27 0.34 0.15 0.06 5.8
4.6 4.0 4.30 0.54 0.14 0.05 33
4.2 4.8 1:51 0.66 0.66 0.23 49
11 388
4.6 3.2 3.78 1.08 0.64 0.20 3.0

[a] Device structures: Glass/ITO. (120 nm)/PEDOT:PSS (30 nm)/emissive layer (Device I:
100 wt% C6, Device II: 90 wt.%C6 + 10 wt.% PMMA) (400 nm)/Ag (100 nm). [b] EL peak
wavelength. [c] Time required to'reach the maximal brightness. [d] Maximal device current
density achieved at a constant bias voltage. [e] Maximal brightness achieved at a constant bias
voltage. [f] Maximal external quantum efficiency achieved at a constant bias voltage. [g]
Maximal power efficiency achieved at a constant bias voltage. [h] The time for the brightness

of the device to decay from the maximum to half of the maximum under a constant bias

voltage.
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Chapter 4 Improving the Balance of Carrier Mobilities of Host-Guest

Solid-State Light-Emitting Electrochemical Cells

4.1 Introduction

Solid-state LECs possess several advantages over conventional OLEDs. In
LECs, electrochemically doped regions induced by spatially separated ions
under a bias form Ohmic contacts with electrodes, giving balanced carrier
injection, low operating voltages, and consequently high power
efficiencies.[1,59] As such, LECs generally require only a single emissive layer,
which can be easily processed from solutions and can conveniently use air-stable
electrodes, while OLEDs typically “require more sophisticated multilayer
structures and low-work-function cathodes:[60-61] Compared with conventional
polymer LECs that are usually composed of an emissive conjugated polymer, a
salt and an 1on-conducting polymer,[1,59] LECs based on CTMCs show several
further advantages and have attracted much attention in recent years.[4-5,9-12]
In such devices, no ion-conducting material is needed since these CTMCs are
intrinsically ionic. Furthermore, higher EL efficiencies are expected due to the
phosphorescent nature of CTMC:s.

In general, LECs are composed of neat films of emissive materials, which

very often suffer self-quenching induced by interactions between closely packed
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molecules. Many efforts have been made to enhance device efficiencies of LECs
based on CTMCs by reducing self-quenching of the emissive materials.
Modifying the molecular structures, such as adding bulky substituents on
ligands[14,38-39] or utilizing bulky auxiliary ligands[34] have been shown to
suppress interchromophore interaction to some degree, improving device
efficiencies of LECs. However, self-quenching is still significant in neat films
even composed of materials with bulky molecular structures and thus limits
device efficiencies. To further reduce self-quenching and increase EL efficiency,
one feasible approach is to«spatially disperse an emitting guest into a
transporting host matrix, as-previously reported for conventional OLEDs[61]
and solid-state LECs.[ 18,23,39,62,99,119,126] Among the reported host-guest
LECs, CTMCs were the most commonly used host materials and high EQE up
to 10.4% photon/electron has been demonstrated in host-guest LECs based on
CTMCs.[62] To optimize device efficiencies, sophisticated molecular design for
CTMC-based host materials with balanced carrier mobilities is generally
required to ensure the carrier recombination zone to situate at the center of the
emissive layer and consequently to avoid exciton quenching near electrodes[127]
in single-layered LEC devices. Nevertheless, adjusting carrier transporting

characteristics of CTMCs by modifying their ligands would simultaneously alter
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their energy gaps, influencing the effectiveness of energetic confinement for
guest exitons when CTMCs are utilized as hosts. For instance, the neat-film PL
maximum of the model compound [Ir(ppy)(dtb-bpy)] (PF¢ ) (where ppy is
2-phenylpyridine and dtb-bpy is 4,4'-di-tert-butyl-2,2'-dipyridyl) centers at 558
nm[29] while the functionalized bipolar compound with dtb-bpy replaced by
4,5-diaza-2',7'-bis(diphenylamino)-9,9'-spirobifluorene, n which the
4,5-diazafluorene and diphenylamino substituents act as electron and hole
transporting moieties, respectively, exhibits significant bathochromic shift in
neat-film PL (maximum at 638 nm).[26] Such reduced energy gap would
impede functionalized bipolar CTMCs to be used as host materials for guest
materials emitting in the wvisible region. Furthermore, utilizing expensive
phosphorescent CTMCs containing rare metals as host materials, which require
a vast amount of material usage to form the emissive layer, increases the
fabrication costs of LECs.

Compared with CTMC-based hosts, relatively inexpensive fluorescent
polymers[70] and small-molecule materials[104] are feasible for independent
tailoring of carrier transporting properties and energy gaps and thus would be
more suitable for use as host materials in LECs. Host-guest phosphorescent

LECs based on poly[9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-diyl] (BDOH-PF)[54]
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as the host and a red-emitting iridium complex
bis[2-(2"-benzothienyl)-pyridinato-N,C> Jiridium(acetylacetonate) [Btp,Ir(acac)]
as the guest has been reported.[126] The host-only (BDOH-PF) LEC devices
showed a high EQE up to 4%, which approaches the upper limit that one would
expect from the PLQY of the neat host films (0.73) when considering spin
statistics ~25% for singlet excitons and an optical out-coupling efficiency of
~20% from a typical layered light-emitting device structure, suggesting balanced
carrier mobilities in BDOH-PF neat films.[70] However, the maximum power
efficiency (1 Im/W) of the host-guest LECs based on BDOH-PF doped with
[Btp,Ir(acac)][126] was much lower than that obtained in [Btp,Ir(acac)] doped
OLEDs (4.6 Im/W),[128] in" which multilayered structures were utilized to
confine excitons in the emissive layer sandwiched between electron and hole
transporting layers and thus to prevent exciton quenching near electrodes. These
results reveal that when doped with guest, balance of carrier mobilities of host
films would deteriorate due to carrier trapping induced by the offset in energy
levels between the host and the guest and the carrier recombination zone would
consequently move to the proximity of electrodes, leading to exciton quenching
and thus reduced device efficiencies. Hence, to optimize the device efficiencies

of the host-guest LECs, balancing carrier mobilities of the emissive layer to
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keep the carrier recombination zone away from electrodes would be a critical
issue. In this work, we demonstrate improving balance of carrier mobilities in
host-guest LECs utilizing a cationic terfluorene derivative as the host and a
red-emitting CTMC as the guest. Carrier trapping induced by the energy offset
in the LUMO levels between the host and the guest impedes electron transport
in the host-guest films and thus improves balance of carrier mobilities of the
host films intrinsically exhibiting electron preferred transporting characteristics.
PL measurements show efficient energy transfer in this host-guest system and
thus ensure predominant guest-emission at low guest concentrations, rendering
significantly reduced self-quenching of guest molecules. EL measurements show
that the peak EQE (power efficiency) of the host-guest LECs reaches 3.62%
(7.36 Im/W), which approaches the upper limit that one would expect from the
PLQY of the emissive layer (~0.2) and an optical out-coupling efficiency of
~20% and consequently indicates superior balance of carrier mobilities in such
host-guest emissive layer. These results are among the highest reported for
red-emitting LECs[18,22,24,38,57,119,121] and thus confirm that in addition to
reducing self-quenching of guest molecules, the strategy of utilizing a carrier
transporting host doped with a proper carrier trapping guest would improve

balance of carrier mobilities in the host-guest emissive layer, offering an
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effective approach for optimizing device efficiencies of LECs.

4.2 Materials and Experimental Methods
Materials

Molecular structures of the host and guest materials used in this study are
shown in Fig. 4-1. All compounds were synthesized according to the procedures
reported in the literatures.[23,104] The cationic terfluorene derivative (1)
reported recently by Chen et al. to be used in saturated deep-blue-emitting LECs
was used as the host.[104] Compound 1 in dilute solutions possesses PL
emission wavelengths in the deep-blue region-with a high PLQY close to
unity.[104] The PLQY of 1 in the form of neat films remained high (up to 0.76)
despite the presence of intermolecular interactions.[104] More importantly, the
addition of the ionic liquid [BMIM'][PFs ], which provides additional mobile
ions in the emissive layer to fasten the device response, in the neat film did not
affect the emission properties of 1.[104] Thus, it would be suitable for use as the
host material in host-guest LECs. [Ir(ppy)(biq)]'(PFs ) (2) (where biq is
2,2'-biquinoline), which was used as the red-emitting complex in white LECs
reported by Su et al.,[30] was utilized as the red-emitting guest. Complex 2
exhibits saturated red PL emission in both solutions and neat films and thus

suitable for use as the red-emitting guest in host-guest LECs.
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Experimental Methods

Thin films for PL studies were spin-coated at 3000 rpm onto quartz
substrates using mixed solutions (in acetonitrile) of various ratios. Since in
LECs, an ionic liquid [BMIM'][PFs] of 10 wt% was added to provide
additional mobile ions and to shorten the device response time,[16]
photophysical properties of the [BMIM ][PF, ] blended host-guest films were
characterized. The mass ratio of solute component [1:2: [BMIM'][PFs]] in
acetonitrile solutions for spin coating of the host-guest films containing x wt.%
guest 1s (90-x):x:10. The thickness of each spin-coated film was ca. 200 nm, as
measured using profilometry; The concentrations of all solutions for spin coating
are 80 mg/mL. UV-Vis absorption spectra were recorded using a Hitachi
U2800A spectrophotometer. PL spectra were recorded using a Hitachi F9500
fluorescence spectrophotometer. PLQY's for thin-film samples were determined
using a calibrated integrating sphere system (Hamamatsu C9920).

ITO-coated glass substrates were cleaned and treated with UV/ozone prior
to use. A PEDOT:PSS layer was spin-coated at 4000 rpm onto the ITO substrate
in air and baked at 150 "C for 30 min. The emissive layer (~200 nm, as measured
by profilometry) was then spin-coated at 3000 rpm from the acetonitrile

solutions under ambient conditions. To reduce the turn-on time of the LEC
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device, the ionic liquid [BMIM(PF¢) ] (10 wt.% for the host-guest devices and
20 wt.% for the guest-only devices) was added to enhance the ionic conductivity
of thin films.[84] The mass ratio of solute component and the concentrations of
solutions for spin coating of the emissive layers were the same as that used for
spin coating of the host-guest films for PL studies described above. After spin
coating, the thin films were then baked at 70 °C for 10 hours in a nitrogen glove
box (oxygen and moisture levels below 1 ppm), followed by thermal
evaporation of a 100-nm Al top contact in a vacuum chamber (~10°° torr). The
electrical and emission characteristics of LEC-devices were measured using a
source-measurement unit and ‘a Si photodiode calibrated with the Photo
Research PR-650 spectroradiometer. All-device measurements were performed
under a constant bias voltage (3.0, 3.2 and 3.4 V) in a nitrogen glove box. The

EL spectra were taken with a calibrated CCD spectrograph.

4.3 Results and Discussion
4.3.1 Photoluminescent Studies of the Host-Guest System
PL spectra of the neat host and guest films are shown in Fig. 4-2. Neat
films of the high-gap host (1) exhibit deep-blue fluorescent PL centered at 418
nm and yellow phosphorescent PL centered at 562 nm (the inset of Fig. 4-2,

measured at 77 K), corresponding to a triplet energy of 2.21 eV. Neat films of
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the guest (2) show saturated red phosphorescent PL emission centered at 662 nm,
which is equal to a triplet energy of 1.87 eV. Therefore, the triplet level of the
host i1s higher than that of the guest and thus triplet-triplet back energy transfer
from guest to host can be prevented, eliminating a potential path way of energy
loss in a host-guest system.[129] The absorption spectrum of the guest neat
films 1s also shown in Fig. 4-2. Since the absorption spectrum of the guest and
the PL spectrum of the host exhibit considerable spectral overlap, efficient
host-guest energy transfer is expected (calculated Forster radius ca. 3 nm for this
host-guest system) and thus the guest emission-could dominate PL at low guest
concentrations, resulting in- significantly reduced self-quenching of guest
molecules.

Fig. 4-3 depicts the PL spectra of the emissive layers of the host-guest
LECs, i.e. the host-guest films containing various guest concentrations and
[BMIM'][PFs] (10 wt.%). The ionic liquid [BMIM'][PFs] was added to
provide additional mobile ions and to shorten the device response time.[84]
Addition of [BMIM J[PFs ] (10 wt.%) has been reported not to affect the PL
emission properties of the neat host films.[104] With the increase of the guest
concentration, the relative intensity of the guest emission with respect to the

residual host emission is larger due to a higher host-guest energy transfer rate at
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a higher guest concentration. It is noted that the PL emissions of the guest at low
concentrations (0.5~2.0 wt.%, Fig. 4-3) center at ca. 610 nm and exhibit
significant blue shift ca. 50 nm as compared to those of the neat guest films (Fig.
4-2), indicating reduced intermolecular interactions of dispersed guest molecules
in a host matrix. PLQYs of the host-guest films containing various guest
concentrations and [BMIM][PFs ] (10 wt.%) are shown in the inset of Fig. 4-3.
PLQYs of the host-guest films decrease as the guest concentration increases
from 0 to 2 wt.% since the guest emission, which exhibits a lower PLQY than
the host emission, dominates PL_emission at relatively higher guest
concentrations. At the guest concentration of 2 wt.%, most PL emission (ca.
90%) of the host-guest films comes from the guest and the PLQY of the
host-guest films is 0.2, which is comparable with that of the guest in dilute (107
M) dichloromethane solutions.[23] Thus, the PLQY of the guest molecules
dispersed at low concentrations in the host films would be estimated to be ~0.2.
Such PLQY is much higher as compared with that of the neat guest films
(0.09)[23] and thus confirms significantly reduced self-quenching of guest
molecules dispersed in the host matrix.
4.3.2 EL characteristics of the Host-Guest LECs

To clarify the EL properties of the host-guest system, EL characteristics of
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host-guest LECs containing various guest concentrations were measured and are
summarized in Table 4-1. The host-guest LECs have the structure of
ITO/PEDOT:PSS (30 nm)/emissive layer (200 nm)/Al (100 nm), where the
emissive layer contains [host (89.5 wt.%), guest (0.5 wt.%) and [BMIM '][PF; ]
(10 wt.%)] for Device I, [host (89.0 wt.%), guest (1.0 wt.%) and [BMIM ][PF; ]
(10 wt.%)] for Device I1, [host (88.0 wt.%), guest (2.0 wt.%) and [BMIM '][PF¢ ]
(10 wt.%)] for Device III and [host (0.0 wt.%), guest (80.0 wt.%) and
[BMIM ][PF¢ ] (20 wt.%)] for Device IV. The ionic liquid [BMIM ][PF | was
added to provide additional mobile ions and-to shorten the device response
time.[84] The EL spectra- of the host-guest- LECs with various guest
concentrations under 3 V are shown in Fig. 4-4. The host-guest LECs with guest
concentrations of 0.5~2.0 wt.% exhibited similar saturated red EL spectra with a
Commission Internationale de 1'Eclairage (CIE)[80] coordinate of (0.62, 0.37).
The EL spectra resemble the guest emission in the PL spectra of the
corresponding host-guest emissive layers (Fig. 4-3), indicating similar emission
mechanisms. However, the residual host emissions appeared in the PL spectra of
the host-guest films are absent in the EL spectra of the host-guest LECs. These
results could be understood by energy level alignments of the host and guest

molecules (estimated by cyclic voltammetry)[23,104] depicted in the inset of

73



Fig. 4-4. For host-guest LECs, electrochemically doped regions of the emissive
layer result in ohmic contact with metal electrodes and consequently facilitate
carrier injection onto both the host and the guest. Hence, both exciton formation
on the host followed by host-guest energy transfer and direct exciton formation
on the guest induced by charge trapping contribute to the guest emission. At
lower biases, such energy level alignments favor electron injection and trapping
on the smaller-gap guest, resulting in direct carrier recombination/exciton
formation on the guest (rather than host-guest energy transfer). Thus, compared
with the PL spectra (Fig. 4-3), the EL spectra (Fig. 4-4) are independent on the
guest concentration and exhibit predominant guest emission even at a low guest
concentration of 0.5 wt.%.

The host-guest LECs with various guest concentrations exhibited similar
time-dependent EL characteristics under constant-bias operation. Fig. 4-5(a)
shows the time-dependent brightness and current density under constant biases
of 3.0~3.4 V for Device 1. After the bias was applied, the current first increased
and then stayed rather constant. On the other hand, the brightness first increased
with the current and reached the maxima of 0.13, 0.57 and 2.77 cd/m® under
biases of 3.0, 3.2 and 3.4 V, respectively. The brightness then dropped with time

with a rate depending on the bias voltage (or current). Corresponding
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time-dependent EQEs and power efficiencies of the same device are shown in
Fig. 4-5(b). When a forward bias was just applied, the EQE was rather low due
to poor carrier injection. During the formation of the p- and n-type regions near
electrodes, the capability of carrier injection was improved and the EQE thus
rose rapidly. The peak EQE (peak power efficiency) at 3.0, 3.2 and 3.4 V are
3.62% (7.36 Im/W), 2.99% (3.33 Im/ W) and 2.13% (2.81 Im/W), respectively.
The drop of efficiency and brightness after reaching the peak value, as
commonly seen in solid-state LECs, may be associated with a few factors.
Before the device current reaches a steady value, the carrier recombination zone
may keep moving closer to one electrode due to discrepancy in electron and hole
mobilities, which would induce ‘exciton quenching. Further, the decrease in
brightness and efficiency under a constant bias may be rationally attributed to
the degradation of the emissive material during the LEC operation.[45]

For comparison, time-dependent brightness/current density and EQE/power
efficiency of the guest-only LECs (Device 1V) are shown in Fig. 4-6(a) and Fig.
4-6(b), respectively. The guest-only (Fig. 4-6(a)) and the host-guest LECs (Fig.
4-5(a)) exhibited similar characteristics in time-dependent brightness and current
density. However, much larger current densities were measured in the guest-only

devices even at significantly lower biases due to the lower electrochemical band
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gap of the guest complex 2. The peak EQE (peak power efficiency) of the
guest-only devices at 2.3 V is 0.38% (0.44 Im/W), which is much lower than
that of the host-guest LECs (Table 4-1). Further reducing the bias voltage (2.2 V)
leads to an even lower EQE (0.04%). As revealed in previous studies,[118] as
bias voltage decreases, the width of the intrinsic layer between the p- and n-type
doped layers extends due to shrinking of the doped layers, resulting in reduced
electric field in the recombination zone. Thus, reduced device efficiency under a
lower bias may be attributed to deteriorated balance of carrier mobilities caused
by field-dependent electron and hole mobilities.

Peak EQEs and peak-power efficiencies (at current densities <0.003
mA/cm?) of the host-guest LECs. with various guest concentrations are shown in
Fig. 4-7. All LEC devices contain 10 wt.% [BMIM ][PF, ] in the emissive layer.
The peak device efficiency first increases then decreases as the guest
concentration increases from 0 to 90 wt.%. The fluorescent host-only [mass ratio
of host:guest: [BMIM ][PF¢ ] = 90:0:10] devices show an EQE ~1%, which is
much lower than that one would expect (3.8%) from the PLQY of the neat host
films (0.76)[104] when considering spin statistics ~25% for singlet excitons and
an optical out-coupling efficiency of ~20% from a layered structure. Since the

electrochemically doped regions near electrodes of LECs ensure balanced

76



carrier injection,[59] such lowered device efficiency would be attributed to
imperfect balance of carrier mobilities in the host films. As the carrier injection
at both electrodes are becoming balanced, the carrier recombination zone may
consequently locate near one of the electrodes due to discrepancy in electron and
hole mobilities of the emissive layer. The recombination zone in the vicinity of
an electrode may cause exiton quenching such that the EQE of the device would
decrease. Terfluorene derivatives with alkyl substitutions on the tetrahedral C9
carbon have been reported to exhibit higher electron mobilities than hole
mobilities.[130] Furthermore, imidazole moieties, which are tethered at the ends
of the alkyl chains on 1, have been used in electron transporting materials for
OLEDs.[131] Therefore, electron preferred transporting characteristics of 1
would rationally be responsible for lowered device efficiencies of the host-only
devices. The schematic diagram of the position of exciton recombination zone
for the host-only device is shown in Fig. 4-8(a). Since electron mobility is
higher than hole mobility in the host, the exciton recombination zone would
locate near the anode and thus exciton quenching occurs, deteriorating device
efficiency. However, with a guest concentration of 0.5 wt.%, the peak EQE
(peak power efficiency) of the host-guest LECs reach 3.62% (7.36 Im/W), which

is among the highest reported for red-emitting LECs.[18,22,24,38,57,119,121] It
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is noted that such an EQE approximately approaches the upper limit (~4%) that
one would expect from the PLQY of the guest dispersed at low concentrations in
host films (~0.2), when considering spin statistics ~100% (both singlet and
triplet excitons can be harvested for a CTMC) and an optical outcoupling
efficiency of ~20% from a typical layered light-emitting device structure. This
result implies superior balance of carrier mobilities of the host-guest films with a
guest concentration of 0.5 wt.%. As shown in the inset of Fig. 4-4, balance of
carrier mobilities would be significantly altered in the host-guest films due to the
large energy offset (1.32 eV) inithe LUMO levels between the host and the guest
molecules. Electron trapping induced by the host-guest energy offset in the
LUMO levels would reduce the electron mobility while the hole mobility would
remain relatively unchanged due to similar energies in the HOMO levels of the
host and the guest molecules. Since the host intrinsically possesses electron
preferred transporting characteristics, balance of carrier mobilities would be
improved in the host-guest devices doped with an electron-trapping guest at a
proper concentration. As shown in Fig. 4-8(b), the exciton recombination zone
of the host-guest LECs with a guest concentration of 0.5 wt.% would be pushed
toward the center of the emissive layer due to reduced electron mobility. Thus,

exciton quenching would be effectively eliminated, leading to high device
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efficiency. However, over-doping of the electron-trapping guest would further
impede electron transporting and consequently would result in higher hole
mobility than electron mobility, deteriorating balance of carrier mobilities of the
host-guest films as well. Thus, with a guest concentration higher than 0.5 wt.%,
the device efficiency of the host-guest devices decreases as the guest
concentration further increases (Fig. 4-7). As shown in Fig. 4-8(c), the exciton
recombination zone of the host-guest LECs with a guest concentration of 2.0
wt.% would be pushed to the proximity of cathode due to reduced electron
mobility. Exciton quenching «occurs again -and the device efficiency is
consequently low.

On the other hand, the guest-only [mass ratio of host:guest: [BMIM '][PF¢ ]
= 0:80:20] LECs under a low bias voltage of 2.3 V exhibit a low EQE of 0.38%,
which is approximately an order of magnitude lower than that achieved in the
host-guest LECs doped with 0.5 wt.% guest. However, the estimated upper limit
of EQE of the guest-only LECs from the PLQY of the neat guest films (0.09)[23]
when considering an optical out-coupling efficiency ~20% should reach ca.
1.8%. Thus, the low EQE obtained in the guest-only devices may be attributed
to poor balance of carrier mobilities of the neat guest films. Except for a few

reported LECs based on materials with balanced carrier mobilities,[34,70,125]
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in which only PLQY of the emissive layer and optical outcoupling efficiency of
layered device structure limits the device efficiency, balance of carrier mobilities
in single-layered LECs is a common bottleneck in optimizing device efficiencies.
The research results of this work confirm that in addition to reducing
self-quenching of guest molecules as revealed in previous reports,[62,119,126]
the strategy of utilizing a carrier transporting host doped with a proper carrier
trapping guest would also improve balance of carrier mobilities of the emissive

layer and thus would be effective in optimizing device efficiencies of LECs.

4.4 Summary

In summary, we have demonstrated efficient host-guest solid-state LECs
utilizing a cationic terfluorene derivative (1) as the host and a red-emitting
CTMC [Ir(ppy)a(biq)] (PFs ) as the guest (2). Carrier trapping induced by the
offset in the LUMO levels between the host and the guest impedes electron
transport in the host-guest films and thus improves balance of carrier mobilities
of the host films intrinsically exhibiting electron preferred transporting
characteristics. PL measurements show efficient host-guest energy transfer in
this host-guest system and thus ensure predominant guest emission at low guest
concentrations, rendering significantly reduced self-quenching of guest

molecules. EL measurements show that the peak EQE (power efficiency) of the
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host-guest LECs reaches 3.62% (7.36 Im/W), which approaches the upper limit
that one would expect from the PLQY of the emissive layer (~0.2) and an
optical out-coupling efficiency of ~20% and consequently indicates superior
balance of carrier mobilities in such host-guest emissive layer. These results are
among the highest reported for red-emitting LECs and thus confirm that in
addition to reducing self-quenching of guest molecules, the strategy of utilizing
a carrier transporting host doped with a proper carrier trapping guest would
improve balance of carrier mobilities in the host-guest emissive layer, offering

an effective approach for optimizing device efficiencies of LECs.
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Table 4-1 Summary of the host-guest LEC device characteristics.

Device Bias fmax Linax MNext, max Tp, max Lifetime
(guest concentration) (V) (min)®  (cd mfz)b (%)° (Im Wl)d (min)®
30V 97 0.13 3.62 7.36 527"
1(0.5 wt.%) 32V 33 0.57 2.99 3.33 248
34V 11 2.77 2.13 2.81 46
30V 132 0.04 2.37 3.25 539"
II (1.0 wt.%) 32V 78 0.59 1.74 2.15 245
34V 13 4.70 1.37 1.73 37
3.0V o131 0.02 1.01 1.18 617"
I (2.0 wt.%) 32V 114 0.38 0.98 1.14 399
34V 40 3.05 0.70 0.77 102
22V 600 1.09 0.04 0.05 —h
IV (80.0 wt.%)®
23V 349 13.6 0.38 0.44 1221°

[a] Time required to reach the maximal brightness. [b] Maximal brightness achieved at a
constant bias voltage. [c] Maximal external quantum efficiency achieved at a constant bias
voltage. [d] Maximal power efficiency achieved at a constant bias voltage. [e] The time for
the brightness of the device to decay from the maximum to half of the maximum under a
constant bias voltage. [f] Extrapolated. [g] Guest-only device [mass ratio of
host:guest:BMIM(PFs ) = 0:80:20]. [h] Extrapolation can not be performed since

brightness have not yet decreased after 10-hr continuous operation.
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Figure 4-1 Molecular structures of the host molecule, cationic terfluorene

derivative (1) and the guest molecule, [Ir(ppy)a(biq)] (PFs ) (2).
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Figure 4-2 Absorption spectrum of the neat guest films and PL spectra of the
neat host and guest films. Inset: phosphorescence spectrum of the neat host films

measured at 77 K.
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Figure 4-3 PL spectra of ‘the  host-guest films containing various guest
concentrations and [BMIM ][PFs ] (10 wt.%). Inset: photoluminescence
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Figure 4-4 EL spectra (at 3.0 V) for the host-guest LECs with various guest
concentrations and [BMIM 'J[PFs ] (10 wt.%). Inset: the energy level diagram of

the host and guest molecules.
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and (b) external quantum efficiency (solid symbols) and power efficiency (open
symbols) as a function of time under a constant bias voltage of 3.0-3.4 V for

Device 1.
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Figure 4-6 (a) Brightness (solid symbols) and current density (open symbols)
and (b) external quantum efficiency (solid symbols) and power efficiency (open
symbols) as a function of time under a constant bias voltage of 2.2-2.3 V for

Device IV.
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Figure 4-8 Schematic diagrams of the pesition of exciton recombination zone
for (a) host-only device, (b) Device I and (c) Device IIl. Electrochemically

doped regions near electrodes are omitted for clarity.
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Chapter S Tailoring Balance of Carrier Mobilities in Solid-State
Light-Emitting Electrochemical Cells by Doping A Carrier

Trapper to Enhance Device Efficiencies

5.1 Introduction

Solid-state LECs possess several advantages over conventional OLEDs. In
LECs, electrochemically doped regions induced by spatially separated ions
under a bias form ohmic contacts with electrodes, giving balanced carrier
injection, low operating voltages, rrand consequently high power
efficiencies.[1,59]
As such, LECs generally require only a single emissive layer, which can be
easily processed from solutions,[132-134] and can conveniently use air-stable
electrodes, while OLEDs typically require more sophisticated multilayer
structures and low-work-function cathodes.[60-61,135-137] Compared with
conventional polymer LECs that are usually composed of an emissive
conjugated polymer, a salt and an ion-conducting polymer,[1,59] LECs based on
CTMCs show several further advantages and have attracted much attention in
recent years.[11-14,138-142] In such devices, no ion-conducting material is
needed since these CTMCs are intrinsically ionic. Furthermore, higher EL

efficiencies are expected due to the phosphorescent nature of CTMCs.
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In general, CTMC-based LECs are composed of neat films of emissive
materials.[11-14,138-142] Since the electrochemically doped regions form
ohmic contacts with electrodes, the carrier injection at both electrodes is
balanced and the carrier recombination zone may consequently locate near one
of the electrodes due to a discrepancy in electron and hole mobilities of the
emissive layer. The recombination zone in the vicinity of an electrode may cause
exciton quenching such that the device efficiency would decrease.[127]
Balanced electron and hole mobilities would be beneficial in keeping the
recombination zone near the center of the emissive layer and thus would prevent
exciton quenching. However, only a few reports successfully demonstrated
perfect EQEs of CTMC-based LECs reaching the upper limits estimated from
the PLQYs of the emissive layers and an optical out-coupling efficiency of
~20% from a typical layered lightemitting device structure.[34,122,125] Most
reported LECs commonly suffered deteriorated device efficiencies due to the
intrinsically imperfect balance of carrier mobilities in the neat-film emissive
layers. Hence, to generally optimize the device efficiencies of neat-film LECs
based on CTMC:s, tailoring the balance of carrier mobilities in the emissive layer
to keep the carrier recombination zone away from electrodes would be a critical

1ssue.
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Sophisticated design of carrier transporting substituents on CTMCs or
introducing proper carrier trappers into the neat-film CTMC emissive layers
would be two possible ways to alter carrier mobilities and thus to improve the
balance of carrier mobilities. The former method could be implemented by
modifying ligands of efficient CTMCs with substituents containing electron and
hole transporting moieties.[S8] However, adjusting carrier transporting
characteristics of CTMCs by modifying their ligands would simultaneously alter
their energy gaps and PLQYs, influencing the EL spectra and device efficiencies
of LECs.[26] It could not be a general technique for applying to all reported
efficient CTMCs. On the other hand, introducing carrier trappers into neat-film
CTMC emissive layers could impede carrier transport due to the energy offset in
the HOMO levels or in the LUMO levels between the CTMCs and the carrier
trappers. Different amounts of energy offset in the HOMO levels and in the
LUMO levels between the CTMCs and the carrier trappers lead to different
degrees of impeding in hole and electron transport, respectively. Therefore, the
balance of carrier mobilities in CTMC-based neat-film LECs could be generally
optimized by introducing carrier trappers possessing proper HOMO and LUMO
levels into the emissive layers.

In this work, we demonstrate improvements in the balance of carrier
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mobilities in neat-film LECs utilizing a cyan-emitting phosphorescent CTMC as
the emissive material and a cationic fluorescent near-infrared (NIR) laser dye as
the carrier trapper. This low-gap carrier trapper is chosen such that a significant
energy offset in the HOMO levels between the CTMC and the carrier trapper
impedes hole transport in the emissive layers while similar LUMO levels of
these two materials result in relatively unaffected electron transport. Therefore,
the balance of carrier mobilities of the neutral light-emitting layer between the
p- and n-type electrochemically doped layers in CTMC neat films, which would
intrinsically exhibit characteristics of preferred transport of holes, would be
improved by doping such a carrier trapper. PL measurements reveal inefficient
energy transfer between the CTMC and the carrier trapper due to poor spectral
overlap between the CTMC emission and the -carrier-trapper absorption,
ensuring unapparent carrier-trapper emission and thus reducing color shift in the
CTMC emission at low doping concentrations of the carrier trapper. However,
even at low doping concentrations, carrier trapping would still be effective due
to the large energy offset in the HOMO levels between the CTMC and the
carrier trapper. EL measurements show that the peak EQE (power efficiency) of
the neat-film LECs doped with the carrier trapper reaches 12.75% (28.70 Im W

", representing a 1.4 times enhancement in device efficiency as compared to
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that of the undoped neat-film LECs. Such device efficiency approaches the
upper limit (~15%) that one would expect from the PLQY of the emissive layer
(~0.75) and an optical outcoupling efficiency of ~20% from a typical layered
light-emitting device structure, consequently indicating superior balance of
carrier mobilities in such doped emissive layer. These results confirm the
strategy of introducing a proper carrier trapper into the CTMC neat films would
improve the balance of carrier mobilities in the emissive layer, offering a general

approach for optimizing device efficiencies of CTMC-based neat-film LECs.

5.2 Results and Discussion
5.2.1 Photoluminescent Studies

Molecular structures of the CTMC and the carrier trapper used in this study
are shown in Fig. 5-1. The cyan-emitting CTMC [Ir(dfppz).(dtb-bpy)] (PFs )
(where dfppz 1s  1-(2,4-difluorophenyl)pyrazole and  dtb-bpy is
[4,40-di(tert-butyl)-2,20-bipyridine]) reported previously by Tamayo et al.[22]
was used as the emissive material. [Ir(dfppz),(dtb-bpy)] (PFs ) was synthesized
according to the procedures reported in the literature.[22] The cationic
fluorescent NIR laser dye 3,30-diethyl-2,20-oxathiacarbocyanine iodide
(DOTCI), which has been reported as an active material in efficient NIR dye

lasers, was utilized as the carrier trapper. DOTCI was purchased from
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Sigma-Aldrich Co. and was used as received. The PL spectrum of the
[Tr(dfppz).(dtb-bpy)] (PF ) neat films and absorption/PL spectra of DOTCI in
dilute ethanol solutions are shown in Fig. 5-2. Neat films of
[Tr(dfppz).(dtb-bpy)] (PFs ) exhibit cyan phosphorescent PL centered at 490 nm.
Highly retained PLQY of [Ir(dfppz),(dtb-bpy)] (PFs ) in neat films (0.75)[100]
in comparison with that in dilute solutions (1.00)[100] reveals reduced
self-quenching in neat films possibly resulting from the sterically bulky
di-fert-butyl groups of the bipyridine ligand,[22] suggesting its suitability for
use as the emissive material of neat-film LECs, DOTCI in EtOH solutions (10 °
M) exhibits concentrated NIR PL spectra centered at 720 nm. It is noted that
since the absorption spectrtum ~of DOTCIL  and the PL spectrum of
[Tr(dfppz).(dtb-bpy)] (PF ) exhibit poor spectral overlap (Fig. 5-2), inefficient
energy transfer between them would be expected. Thus, significant DOTCI
emission in the NIR region, which would lead to a considerable color shift in the
[Tr(dfppz),(dtb-bpy)] (PFs )emission, would be prevented at low DOTCI doping
concentrations. However, even at low DOTCI doping concentrations, the large
offset in the energy levels between [Ir(dfppz),(dtb-bpy)]'(PFs ) and DOTCI
would still be effective to induce significant carrier trapping and consequently

result in an altered balance of carrier mobilities.
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Doping of the carrier trapper DOTCI in [Ir(dfppz),(dtb-bpy)] (PFs ) neat
films to modify the balance of carrier mobilities may simultaneously lead to
additional DOTCI emission, which deteriorates color purity of the
[Tr(dfppz).(dtb-bpy)] (PFs ) emission. To clarify the energy transfer properties
between [Ir(dfppz)(dtb-bpy)] (PFs ) and DOTCI, Fig. 5-3 depicts the PL
spectra of the [Ir(dfppz),(dtb-bpy)]'(PFs ) films containing various
concentrations of DOTCI. The excitation wavelength is 365 nm, at which the
absorption of [Ir(dfppz),(dtb-bpy)]'(PFs ) is much higher than that of DOTCI at
low doping concentrations, minimizing direct-absorption of DOTCI and thus
ensuring DOTCI emission mainly coming from energy transfer. Since in LECs,
an ionic liquid [BMIM'][PFg ] of 20 wt% was added to provide additional
mobile ions and to shorten the device response time,[84] PL properties of the
[BMIM '][PF¢ ] (20 wt%) blended films were characterized. With the increase of
the DOTCI concentration, the relative intensity of the DOTCI emission with
respect to the [Ir(dfppz).(dtb-bpy)] (PFs ) emission is larger due to a relatively
higher energy transfer rate at a higher DOTCI concentration. However, it is
noted that the DOTCI emission is weak at low DOTCI concentrations (0.01 —
0.1 wt%) and the PL spectra are predominantly the [Ir(dfppz).(dtb-bpy)] (PFs )

emission, confirming inefficient energy transfer in the [Ir(dfppz),(dtb-bpy)] (PF,
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)/DOTCI system at such low DOTCI concentrations. Hence, color shift in the
[Tr(dfppz),(dtb-bpy)] (PFs ) emission induced by dilute doping of DOTCI for
tailoring the balance of carrier mobilities would not be significant.
5.2.2 EL characteristics of the LEC devices

To study the EL properties of the LECs doped with a carrier trapper, the EL
characteristics of the LECs based on [Ir(dfppz).(dtb-bpy)] (PFs ) containing
various concentrations of DOTCI were measured and are summarized in Table
5-1. The LECs have the structure of indium tin oxide (ITO)/ PEDOT:PSS (30
nm)/emissive layer (200 nm)/Ag (100 nm), where the emissive layer contains
[Tr(dfppz),(dtb-bpy)] (PFs ) {(80—x) wt%], DOTECI (x wt%) and [BMIM '][PF, ]
(20 wt%) and x = 0, 0.01, 0.1"and 1 for Devices I, II, III, and IV, respectively.
The ionic liquid [BMIM ][PF, ] was added to provide additional mobile ions
and to shorten the device response time.[84] The EL spectra of the LECs based
on [Ir(dfppz),(dtb-bpy)] (PFs ) containing various concentrations of DOTCI
and [BMIM][PF ] (20 wt%) at 3.3 V are shown in Fig. 5-4. For the emission
coming from [Ir(dfppz),(dtb-bpy)]"(PFs ), EL spectra are basically similar to PL
spectra, indicating similar emission mechanisms. However, the relative intensity
of the DOTCI emission with respect to the [Ir(dfppz),(dtb-bpy)] (PFs )

emission in EL (Fig. 5-4) is smaller than that in PL (Fig. 5-3) at the same
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DOTCI concentration. This phenomenon would be explained as follows. The PL
emission of DOTCI (Fig. 5-3) mainly comes from the Forster energy
transfer[143] from triplet excitons of [Ir(dfppz),(dtb-bpy)] (PFs ) to singlet
excitons of DOTCI. Dexter energy transfer[64] from triplet excitons of
[Tr(dfppz)(dtb-bpy)] (PFs ) to triplet excitons of DOTCI, which decay
nonradiatively, would be insignificant when the pumping level (and thus the
concentration of triplet excitons) is low.[145] For host—guest LECs,
electrochemically doped regions of the emissive layer result in ohmic contacts
with metal electrodes and consequently facilitate carrier injection onto both the
host and the guest. Hence, both exciton formation on the host followed by host—
guest energy transfer (Forster-and/or Dexter energy transfer) and direct exciton
formation on the guest induced by carrier trapping contribute to the guest
emission. Direct exciton formation on the guest would be significant in a host—
guest system exhibiting large offsets in the energy levels between the host and
the guest since carrier trapping would be facilitated by such energy level
alignment. The energy level diagram of [Ir(dfppz).(dtb-bpy)]'(PFs ) and DOTCI
estimated by cyclic voltammetry is shown in the inset of Fig. 5-5. A large energy
offset (1.36 eV) in the HOMO levels between [Ir(dfppz),(dtb-bpy)] (PFs ) and

DOTCI would lead to significant hole trapping. The maximum current density
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versus voltage characteristics of LECs based on [Ir(dfppz),(dtb-bpy)]"(PFs )
containing various concentrations of DOTCI and [BMIM J[PFs ] (20 wt%) are
shown in Fig. 5-5. The maximum device current density under the same bias
voltage decreases as the concentration of DOTCI increases and thus confirms
significant carrier trapping, resulting in direct exciton formation on DOTCI. As
a result, only singlet excitons (~25% of total excitons directly formed on DOTCI)
contribute to the EL emission from DOTCI (Fig. 5-4). Triplet excitons (~75% of
total excitons directly formed on DOTCI) cannot be harvested due to the spin
selection rule. On the other hand, Dexter energy transfer may not be ignored in
devices under electrical driving, in which the concentration of triplet excitons
would be higher than that in thin films under illumination of low-power UV
light. Dexter energy transfer takes place between host triplets and guest triplets,
which decay nonradiatively, when the concentration of host triplets increases
and thus would degrade the EL efficiency of phosphorescent sensitized
(phosphorescent host doped with fluorescent guest) LECs.[99] Thus, it would be
responsible for the lower relative intensity of the DOTCI emission with respect
to the [Ir(dfppz).(dtb-bpy)] (PFs ) emission in EL (Fig. 5-4) as compared to that
in PL (Fig. 5-3). These results reveal that doping of DOTCI in

[Tr(dfppz).(dtb-bpy)] (PFs ) films at concentrations lower than 0.1 wt% renders
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almost unaffected EL spectra of [Ir(dfppz),(dtb-bpy)] (PFs ) (Fig. 5-4) while
carrier trapping induced by DOTCI at such low concentrations (Fig. 5-5) would
still significantly modify the balance of carrier mobilities in the LEC devices.
The LECs based on [Ir(dfppz),(dtb-bpy)]'(PFs ) doped with various
DOTCI concentrations and [BMIM'][PFs] (20 wt%) exhibited similar
time-dependent EL characteristics under constant-bias operation. Fig. 5-6(a)
shows the time-dependent brightness and current density under constant biases
of 3.3-3.7 V for Device I1. After the bias was applied, the current first increased
and then stayed rather constant: On the other hand, the brightness first increased
with the current and reached the maxima of 16.62, 24.28 and 42.50 ¢d m °
under biases of 3.3, 3.5 and 3.7 'V, respectively. The brightness then dropped
with time with a rate depending on the bias voltage (or current). Corresponding
time-dependent EQEs and power efficiencies of the same device are shown in
Fig. 5-6(b). When a forward bias was just applied, the EQE was rather low due
to poor carrier injection. During the formation of the p- and n-type regions near
electrodes, the capability of carrier injection was improved and the EQE thus
rose rapidly. The peak EQE and the peak power efficiencies at 3.3, 3.5 and 3.7 V

are 12.75% and 28.70 Im W', 12.30% and 26.53 Im W ' and 11.27% and 22.12

Im W', respectively. The drop of device efficiency after reaching the peak
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value, as commonly seen in solid-state LECs, may be associated with a few
factors. Before the device current reaches a steady value, the -carrier
recombination zone may keep moving closer to one electrode due to a
discrepancy in electron and hole mobilities, which would induce exciton
quenching such that the device efficiency would decrease with time while the
current and the brightness are still increasing. Further, the decrease in brightness
and efficiency under a relatively steady device current may be rationally
attributed to the degradation of the emissive material during the LEC
operation.[45]

Peak EQEs and peak power efficiencies (at current densities < 0.1 mA cm ?)
of the LECs based on [Ir(dfppz),(dtb-bpy)] (PFs ) doped with various DOTCI
concentrations and [BMIM ][PFs ] (20 wt%) are shown in Fig. 5-7. The device
efficiency first increases, then decreases as the DOTCI concentration increases
from 0 to 1 wt%. The undoped LECs based on [Ir(dfppz).(dtb-bpy)] (PFs )
show an EQE up to 9.06%. However, this result is much lower than the upper
limit (~15%) that one would expect from the PLQY of the emissive layer
(~0.75)[100] and an optical outcoupling efficiency of ~20% from a typical
layered light-emitting device structure. Since the electrochemically doped

regions near electrodes of LECs ensure balanced carrier injection,[1,59] such
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lowered device efficiency would be attributed to the imperfect balance of carrier
mobilities in the [Ir(dfppz),(dtb-bpy)] (PFs ) films. As the carrier injection at
both electrodes is becoming balanced, the carrier recombination zone may
consequently locate near one of the electrodes due to discrepancy in electron and
hole mobilities of the emissive layer. The recombination zone in the vicinity of
an electrode may cause exciton quenching such that the EQE of the device
would decrease. The ppz-based complex Ir(ppz); (where ppz is
1-phenylpyrazole) has been reported to be a hole transporting/electron blocking
material.[146] Furthermore, the cationic complex [Ir(dfppy).(bpy)] (PFs )
(where dfppy is 2-(2,4-difluorophenyl) pyridine and bpy is 2,20-bipyridine) was
shown to exhibit higher hole mobility than electron mobility.[147] Thus, a
similar complex [Ir(dfppz),(dtb-bpy)] (PFs ) containing ppz and bpy moieties
would also prefer hole transport. The suggested schematic diagram of the
position of the exciton recombination zone for the LECs based on
[Tr(dfppz),(dtb-bpy)] (PF¢ ) and [BMIM'][PFs ] (20 wt%) is depicted in Fig.
8(a). The exciton recombination zone approaching the cathode leads to exciton
quenching and thus deteriorates the device efficiency. To balance the carrier
mobilities for moving the exciton recombination zone toward the center of the

emissive layer, a low-gap carrier trapper DOTCI is doped in the
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[Tr(dfppz),(dtb-bpy)] (PFs ) films. A large energy offset (1.36 eV) in the HOMO
levels between [Ir(dfppz),(dtb-bpy)] (PFs ) and DOTCI (the inset of Fig. 5-5)
impedes hole transport in the emissive layer. On the other hand, similar energies
in the LUMO levels of [Ir(dfppz),(dtb-bpy)]"(PFs ) and DOTCI (the inset of Fig.
5-5) keep the electron mobilities of the emissive layer relatively unchanged. As
a result, doping of DOTCI would improve the balance of carrier mobilities in
[Tr(dfppz),(dtb-bpy)] (PFs ) films and consequently move the exciton
recombination zone toward the center of the emissive layer (Fig. 5-8(b)),
improving the device efficiencies. With the DOTCI concentration of 0.01 wt%,
the peak EQE and the peak power efficiency of the LECs reach 12.75% and
28.70 Im W', respectively (Fig. 5-7). Such device efficiencies are enhanced by
1.4 times as compared to those of the undoped devices and approach the upper
limit (~15%) that one would expect from the PLQY of the emissive layer
(~0.75)[100] and an optical outcoupling efficiency of ~20% from a typical
layered light-emitting device structure. These results confirm characteristics of
preferred transport of hole for [Ir(dfppz).(dtb-bpy)] (PFs ) and the improved
balance of carrier mobilities in the doped emissive layer. To the best of our
knowledge, these device efficiencies are among the highest reported values for

neat-film cyan emitting LECs. Further increasing the concentration of DOTCI
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would result in overmodified hole mobilities and thus deteriorate the balance of
carrier mobilities as well (Fig. 5-8(c)). With the DOTCI concentration of 0.1
wt%, severe hole trapping leads to lower hole mobility compared with electron
mobility and the exciton recombination zone would be pushed toward the anode
in consequence. Exciton quenching near the anode also causes a deteriorated
EQE of 6.94% (Fig. 5-7). These results reveal that doping of a proper carrier
trapper in CTMC neat films would modify the balance of carrier mobilities of
the emissive layer and thus enhance device efficiencies of neat-film LECs.

The turn-on time (the time required to reach the maximal brightness) as a
function of bias voltage for LECs is shown in Fig. 5-9(a). An electrochemical
junction between p- and n-type doped layers of LECs is formed during device
operation. The higher electric field in the device induced by a higher bias
voltage accelerates redistribution of mobile ions, which facilitates formation of
ohmic contacts with the electrodes and thus fastens the device response. It is
noted that the turn-on time of the LECs under the same bias voltage increases as
the DOTCI concentration increases. More pronounced carrier trapping in LECs
with higher DOTCI concentrations decreases the effective bias voltage across
the emissive layer and consequently leads to a lower electric field, rendering a

slower device response under the same bias voltage. Carrier trapping induced by
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doping of DOTCI also decreases the device current density (Fig. 5-5) and thus is
beneficial in device stability. As shown in Fig. 5-9(b), the device lifetime (the
time for the brightness of the device to decay from the maximum to half of the
maximum under a constant bias voltage) of LECs increases as the DOTCI
concentration increases. It may be associated with the fact that the lower electric
field or current density decelerates degradation (multiple oxidation and
subsequent decomposition)[84] of the CTMC materials. Detailed degradation
mechanisms of LECs based on CTMCs remain unclear and further studies are
still needed to achieve practical device lifetimes. Recently published literature
revealed that device current-and brightness of sandwiched LECs first increase
with extension of the p- and n-type electrochemically doped regions. As the
width of the doping layers increases, the width of the neutral layer decreases and
thus the number of excitons being quenched increases, leading to reduced
brightness. Adding a hole trapper to decrease the hole mobility would reduce the
speed of formation of the p-type doped layer and thus would slow down the
evolution rate of the device current and brightness, leading to lengthened turn-on
times and lifetimes. Our observed results are consistent with the reported model

of LECs.[60]
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5.3 Experimental
5.3.1 Photoluminescent Characterization
The mixed films for PL studies were spin-coated at 3000 rpm onto quartz
substrates (0.5 cm®) using mixed solutions (in acetonitrile) of various ratios.
Since in LECs, an ionic liquid [BMIM][PF ] of 20 wt% was added to provide
additional mobile ions and to shorten the device response time,[84] PL
properties of the [BMIM][PF¢ ] blended films were characterized. The mass
ratio of solute component of [Ir(dfppz)(dtb-bpy)]'(PFs ), DOTCI and
[BMIM ][PF¢ ] in acetonitrile_solutions for spin coating of the mixed films is
(80 — x), x and 20, respectively (x = 0, 0.01, 0.1; 1). The concentrations of all
solutions for spin coating are-80'mg mL~". The thickness of each spin-coated
film was ca. 200 nm, as measured using profilometry. UV-Vis absorption spectra
were recorded using a Hitachi U2800A spectrophotometer. PL spectra were
recorded using a Hitachi F9500 fluorescence spectrophotometer. PLQYs for
thin-film samples were determined with a calibrated integrating sphere system
(HAMAMATSU C9920).
5.3.2 LEC Device Fabrication and Characterization
ITO-coated glass substrates (2 x 2 cm’) were cleaned and treated with

UV/ozone prior to use. A PEDOT:PSS layer was spin-coated at 4000 rpm onto
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the ITO substrate in air and baked at 150 °C for 30 min. The emissive layer
(~200 nm, as measured by profilometry) was then spin-coated at 3000 rpm from
mixed acetonitrile solutions. The mass ratio of solute component and the
concentrations of solutions for spin coating of the emissive layers were the same
as those used for spin coating of the mixed films containing [BMIM ][PF; ] for
PL studies described above. The ionic liquid [BMIM'][PFs] was added to
enhance the ionic conductivity of thin films and thus to reduce the turn-on time
of the LEC device.[84] All solution preparing and spin-coating processes were
carried out under ambient conditions. After spin-coating, the thin films were then
baked at 70 °C for 10 hours in a nitrogen glove box (oxygen and moisture levels
below 1 ppm), followed by thermal evaporation of a 100 nm Ag top contact in a
vacuum chamber (~10 ® Torr). The electrical and emission characteristics of
LEC devices were measured using a sourcemeasurement unit and a Si
photodiode calibrated with the Photo Research PR-650 spectroradiometer. All
device measurements were performed under a constant bias voltage (3.3-3.7 V)
in a nitrogen glove box. The EL spectra were taken with a calibrated CCD

spectrograph.
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5.4 Summary

In this work, we demonstrate improvements in the balance of carrier
mobilities in neat-film LECs utilizing a cyan-emitting phosphorescent CTMC
[Tr(dfppz),(dtb-bpy)] (PF ) as the emissive material and a cationic fluorescent
NIR laser dye DOTCI as the carrier trapper. This low-gap carrier trapper is
chosen such that a significant energy offset in the HOMO levels between
[Tr(dfppz).(dtb-bpy)] (PFs ) and DOTCI impedes hole transport in the emissive
layers while similar LUMO levels of these two materials result in a relatively
unaffected electron transport. Therefore, the balance of carrier mobilities in the
CTMC neat films, which would intrinsically exhibit characteristics of preferred
transport of holes, would be improved by doping such carrier trapper. PL
measurements reveal inefficient energy transfer between
[Tr(dfppz).(dtb-bpy)] (PFs ) and DOTCI due to poor spectral overlap between
the [Ir(dfppz).(dtb-bpy)] (PFs ) emission and DOTCI absorption, ensuring
unapparent DOTCI emission and thus reducing color shift in the
[Tr(dfppz),(dtb-bpy)] (PF¢ ) emission at low doping concentrations of DOTCI.
However, even at low doping concentrations, carrier trapping would still be
effective due to the large energy offset in the HOMO levels between

[Tr(dfppz),(dtb-bpy)] (PFs ) and DOTCI. EL measurements show that the peak
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EQE (power efficiency) of the neat-film LECs doped with the carrier trapper
reaches 12.75% (28.70 Im W '), representing a 1.4 times enhancement in device
efficiency as compared to that of the undoped neat-film LECs. Such device
efficiency approaches the upper limit (~15%) that one would expect from the
PLQY of the emissive layer (~0.75) and an optical outcoupling efficiency of
~20% from a typical layered light-emitting device structure, consequently
indicating superior balance of carrier mobilities in such doped emissive layer.
These results confirm the strategy of introducing a proper carrier trapper into the
CTMC neat films would improve the balance of carrier mobilities in the
emissive layer, offering a general approach for optimizing device efficiencies of

CTMC-based neat-film LECs.
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Table 5-1 Summary of the LEC device characteristics.

Device
(DOTCI  Bias (V) fya (min)® (Cdngfz)b Next, mas (%)° (1$1p’vn$a-xl)d 1 (min)®
concentration)
33V 49 10.94 9.06 19.14 40
10.0wt%) 35V 32 19.41 8.54 16.78 24
37V 23 2521 7.51 13.96 15
33V 62 16.62 12.75 28.70 45
(0.0l wt%) 3.5V 34 2448 12.30 26.53 27
37V 25 42.50 11.27 22.12 16
33V 68 6.03 6.94 15.06 43
M©O.1wt%) 35V 54 11.03 6.62 13.53 31
37V 28 14.00 6.55 12.36 18
33V 295 0.95 0.72 1.56 233
IV(1.0wt%) 3.5V 161 1.86 0.74 1.46 53
37V 119 2.78 0.73 127 23

[a] Time required to reach the maximal brightness. [b] Maximal brightness achieved at a
constant bias voltage. [c] Maximal external quantum efficiency achieved at a constant bias
voltage. [d] Maximal power efficiency achieved at a constant bias voltage. [e] The time for
the brightness of the device to decay from the maximum to half of the maximum under a
constant bias voltage.
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Figure 5-1 Molecular structures of the CTMC [Ir(dfppz),(dtb-bpy)]'(PFs ) and

the carrier trapper DOTCI.
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Figure 5-2 PL spectrum of the [Ir(dfppz).(dtb-bpy)]"(PFs ) neat film and

absorption/PL spectra of DOTCI in ethanol solution (10° M).
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Figure 5-3 PL spectra of the [Ir(dfppz),(dtb-bpy)] (PFs ) films containing

various concentrations of DOTCI and [BMIM '][PF; ] (20 wt.%).
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Figure 5-4 EL spectra for the LECs based on [Ir(dfppz).(dtb-bpy)]"(PFs )
containing various concentrations of DOTCI and [BMIM][PFs ] (20 wt.%) at

3.3 V.
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Figure 5-5 Maximum current density vs voltage characteristics for the LECs

based on [Ir(dfppz)(dtb-bpy)] (PFs ) containing various concentrations of

DOTCI and [BMIM'][PFs] (20 wt.%). Inset: the energy level diagram of

[Tr(dfppz),(dtb-bpy)] (PFs ) and DOTCI molecules.
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Figure 5-6 (a) Brightness (solid symbols) and current density (open symbols)
and (b) external quantum efficiency (solid symbols) and power efficiency (open
symbols) as a function of time under a constant bias voltage of 3.3-3.7 V for

Device I1.
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Figure 5-8 Schematic diagramsof the pesition of exciton recombination zone
for (a) Device I, (b) Device II and (c) Device IIl. Electrochemically doped

regions near electrodes are omitted for clarity.
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Figure 5-9 (a) Turn-on time and (b) lifetime as a function of bias voltage for the
LECs based on [Ir(dfppz).(dtb-bpy)] (PF¢ ) containing various concentrations

of DOTCI and [BMIM '][PFs ] (20 wt.%).
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Chapter 6 Tailoring Carrier Injection Efficiency to Improve Carrier

Balance of Solid-State Light-Emitting Electrochemical Cells

6.1 Introduction

Solid-state LECs possess several advantages over conventional OLEDs. In
LECs, electrochemically doped regions induced by spatially separated ions
under a bias significantly reduce the barrier of carrier injection, giving balanced
carrier injection, low operating voltages, and consequently high power
efficiencies.[1,59] As such, LECs generally require only a single emissive layer,
which can be easily processed from solutions and can conveniently use air-stable
electrodes, while OLEDs typically “require more sophisticated multilayer
structures and low-work-function cathodes:[60-61] Compared with conventional
polymer LECs that are usually composed of an emissive conjugated polymer, a
salt and an 1on-conducting polymer,[1,59] LECs based on CTMCs show several
further advantages and have attracted much attention in recent
years.[5,9,11-12,14,120-126] In such devices, no ion-conducting material is
needed since these CTMCs are intrinsically ionic. Furthermore, higher EL
efficiencies are expected due to the phosphorescent nature of CTMCs. Another
benefit of employing CTMCs as the emissive materials is that they can be

processed by spin coating rather than by thermal evaporation, which is
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commonly used in fabricating conventional multilayered OLEDs. Thus,
blue-green emitting complexes, which often contain fluorinated ligands, are not
subject to high temperatures and subsequent de-fluorination at elevated
temperatures.[155-156]

Device efficiencies of LECs based on CTMCs are determined by PLQY's of
CTMCs, spin dependent exciton harvesting ratio, carrier balance of devices and
optical outcoupling efficiency from a typical layered light-emitting device
structure. Since CTMCs are phosphorescent materials, both singlet and triplet
excitons can be harvested via-efficient spin-orbital coupling mediated by the
heavy-metal center. Carrier-balance of devices depends on carrier injection
efficiency and carrier transpott mobilities: of CTMCs. Optical outcoupling
efficiency is ca. 20% for common layered bottom emitting device structure.[125]
With perfect carrier balance in devices, carrier injection efficiency from
electrodes and carrier transport mobilities of CTMCs compensate for each other,
i.e., LECs based on CTMCs with higher and hole mobilities combined with
device structures with higher hole and electron injection efficiencies,
respectively. Hence, carrier recombination zone would be located near the center
of emissive layer, eliminating exciton quenching near electrodes.[15,127] Under

such condition, only PLQYs of CTMCs and optical outcoupling efficiency
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would limit LEC device efficiencies. However, many reported device
efficiencies of LECs based on CTMCs[17,23,33,38,39,50,53,86,102,152] were
lower than the upper limits expected from the PLQY's of their emissive layers
and optical outcoupling efficiencies of ~20%,[125] implying commonly
observed imperfect carrier balance in CTMC-based LECs. Furthermore, altered
device efficiencies of LECs based on CTMCs when cathodes with different
work functions were used have been reported.[29,31,122,150] It reveals that
electrochemical doping would lower carrier injection barrier, but would not
always lead to an ohmic contact for carrier injection. Therefore, tailoring carrier
injection efficiency would ~affect carrier balance and would be useful in
optimizing device efficiencies of LECs. Effects of work functions of electrodes
on device characteristics of planar type polymer LECs, which utilized
interdigitated electrodes with spacings up to 1 mm have been systematically
studied. These spacings are much larger than the interelectrode distance in
sandwich type devices (typically < 200 nm). Carrier balance would be
significantly different between planar and sandwich type LECs due to the large
discrepancy in thickness of the active layer, which alters the intensity of electric
field and consequently affects field-dependent mobilities of hole and electron.

To clarify the effects of carrier injection on carrier balance and consequent
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device efficiency of sandwich type LECs, which are more suitable for practical
applications, systematic studies of the device characteristics influenced by
carrier injection barriers are highly desired. To the best of our knowledge,
related reports about this issue would still have been scarce up to now.

In this work, we systematically study the influence of carrier injection
efficiency on the performance of LECs based on two CTMCs with oppositely
preferred carrier transporting characteristics, i.e., one prefers hole transport and
the other prefers electron transport. Carrier injection barrier is adjusted by
employing proper hole injection layer (HIL) and/or electron injection layer
(EIL). Experimental results show that an ohmic contact for hole injection of
LECs based on CTMCs would be approximately formed by the p-type doped
layer when hole injection barrier is not high, e.g., < 0.5 eV. However, for higher
hole injection barrier, e.g., > 0.8 €V, some hole injection barrier would still exist
even with the p-type doped layer and thus an additional HIL enhances hole
injection efficiency. Similarly, for higher electron injection barrier, e.g., > 1.2 eV,
electron injection efficiency would be enhanced by adding an EIL since some
electron injection barrier would still be present even with the n-type doped layer.
Therefore, carrier balance would be tailored by adding proper carrier injection

layers for CTMC-based LECs with relatively higher carrier injection barriers. To
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optimize device efficiency, carrier injection efficiency of CTMC-based LECs
should be modified according to carrier transporting characteristics of CTMCs.
Hole-preferred transporting CTMCs should be combined with an LEC structure
with higher electron injection efficiency while higher hole injection efficiency
would be required for LECs based on electron-preferred transporting CTMCs.
As such, the carrier recombination zone would locate near the center of the
emissive layer and exciton quenching near electrodes would be significantly
mitigated, rendering an improved device efficiency approaching the upper limit
expected from the PLQY of the emissive layer and the optical outcoupling

efficiency.

6.2 Experimental
6.2.1 Materials

Molecular structures of the two CTMCs used in this study are shown in Fig.
6-1. The cyan-emitting CTMC [Ir(dfppz),(dtb-bpy)] (PFs ) (1) (where dfppz is
1-(2,4-difluorophenyl) pyrazole and dtb-bpy is
[4,4'-di(tert-butyl)-2,2'-bipyridine]) reported previously by Tamayo et al.,[22]
was used as the emissive material with hole-preferred transporting
characteristics.[102] The ppz-based complex Ir(ppz); (where ppz is

1-phenylpyrazole) has been reported to be a hole transporting/electron blocking
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material.[146] In addition, a similar cationic complex [Ir(dfppy).(bpy)] (PFs
)(where dfppy is 2-(2,4-difluorophenyl)pyridine and bpy is 2,2'-bipyridine) was
shown to exhibit higher hole mobility than electron mobility.[147] The device
efficiencies of the LECs based on complex 1 have been shown to be
significantly enhanced by doping a low-gap hole trapping guest.[102] Since
carrier balance is improved by lowering hole mobility of the emissive layer,
complex 1 would be further proved to exhibit hole-preferred transporting
characteristics.[102] On the other hand, the orange-emitting CTMC
[Ir(ppy).(dasb)]"(PFs ) (2) (where ppy is_-2-phenylpyridine and dasb is
4,5-diaza-9,9 ~ -spirobifluorene)[34] was used as the emissive material with
electron-preferred transporting characteristics. 4,5-diaza-9,9 ~ -spirobifluorene
(dasb) is a ligand with good electron affinity, which has been used to improve
the electron injection and transport properties of OLEDs for blue emitters.[157]
A europium complex incorporating dasb ligand has also been shown to exhibit
good electron-transporting ability.[158] With a device structure preferring hole
injection, the LECs based on complex 2 showed high EQEs up to ca. 9.2%,
which are approaching the upper limit (c.a. 10%) expected from the PLQY of
the emissive layer (0.49) and an optical outcoupling efficiency of ~20% from a

typical layered light-emitting device structure. Such high device efficiency
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suggests superior carrier balance and thus would imply electron-preferred
transporting characteristics of complex 2 for compensating imbalanced carrier
injection. Complexes 1 and 2 were synthesized according to the procedures
reported in the literatures.[22,34] Thin films of the hole transporting material
N,N'-diphenyl-N,N'-bis(3-methylphenyl)-1,1'-biphenyl-4,4’-diamine (TPD) was
used as HILs to facilitate hole injection. For comparison, the hole transporting
material N,N'-dicarbazolyl-3,5-benzene (mCP) with a high ionization potential
was utilized to impede hole injection. Thin films of low-work-function metal Ca
were used as ElLs to facilitate €lectron injection. High-work-function metal Au
was used to impede electron-injection for comparison. To reduce turn-on times
of the LEC devices, the ionic liquid [BMIM'][PF¢ ] was added in the emissive
layer to enhance the ionic conductivity of thin films.[84] TPD (Lum Tech) and
[BMIM '][PF¢ ] (Alfa Aesar) were used as received.
6.2.2 LEC Device Fabrication and Characterization

ITO-coated glass substrates were cleaned and treated with UV/ozone prior
to use. A PEDOT:PSS (~40 nm) layer was spin-coated at 4000 rpm onto the ITO
substrate in air and baked at 150 'C for 30 min. For devices without an HIL
(Device 1-S, 1-E, 2-S, 2-E and 2-IE), the emissive layer was deposited directly

on the PEDOT:PSS layer. For LEC devices with an HIL (Device 1-H, 1-HE,
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2-H, 2-HE, 2-IH and 2-IHE), TPD or mCP (~20 nm) was spin-coated at 5000
rpm from the chlorobenzene solutions on the PEDOT:PSS layer under ambient
conditions and baked at 60 'C for 6 hours. After spin coating of PEDOT:PSS,
PEDOT:PSS/TPD or PEDOT:PSS/mCP layer, the emissive layer of complex 1
(~200 nm, for Device 1-S, 1-H, 1-E and 1-HE) or complex 2 (~200 nm, for 2-S,
2-H, 2-E, 2-HE, 2-IH, 2-IE and 2-IHE) was then spin-coated at 3000 rpm from
the acetonitrile solutions under ambient conditions. The ionic liquid
[BMIM ][PF¢ ] (20 wt%) was added in the emissive layer to enhance the ionic
conductivity of thin films and thus to reduce the turn-on time of the LEC
device.[84] After spin coating of all organic layers, the thin films were then
baked at 70 °C for 10 hours in“a nitrogen glove box (oxygen and moisture levels
below 1 ppm), followed by thermal evaporation of a 100-nm Ag film (Device
1-S, 1-H, 2-S, 2-H and 2-IH), a 40-nm Ca film (EIL) caped with an 80-nm Ag
film (Device 1-E, 1-HE, 2-E and 2-HE) and a 20-nm Au film caped with an
80-nm Ag film (Device 2-IE and 2-IHE) as the top contact in a vacuum
chamber (~107° torr). Thicknesses of thin films were measured by ellipsometry.
The electrical and emission characteristics of LEC devices were measured using
a source-measurement unit and a Si photodiode calibrated with the Photo

Research PR-650 spectroradiometer. All device measurements were performed
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under a constant bias voltage (3.5 V for Device 1-S, 1-H, 1-E and 1-HE and 2.4
V for 2-S, 2-H, 2-E, 2-HE, 2-IH, 2-IE and 2-TIHE) in a nitrogen glove box. The

EL spectra were taken with a calibrated CCD spectrograph.

6.3 Results and Discussion
6.3.1 General LEC Device Characteristics

To clarify the effects of carrier injection on carrier balance and thus device
efficiency LECs, EL characteristics of LECs of various configurations for carrier
injection were measured and .are summarized in Table 6-1. Device
configurations of LECs * under :study. ‘and related energy levels
alignments[14,50,61,66,67,68] are shown in Fig. 6-2. Standard LECs have the
structure of [ITO/PEDOT:PSS (40 nm)/complex 1 (200 nm, for Device 1-S) or
complex 2 (200 nm, for Device 2-S)/Ag (100 nm)]. LECs with HILs have the
structure of [ITO/PEDOT:PSS (40 nm)/TPD (20 nm)/complex 1 (200 nm, for
Device 1-H) or complex 2 (200 nm, for Device 2-H)/Ag (100 nm)]. For
comparison, LECs with HILs to impede hole injection have the structure of
[ITO/PEDOT:PSS (40 nm)/mCP (20 nm)/complex 2 (200 nm, for Device
2-IH)/Ag (100 nm)]. LECs with EILs have the structure of [[TO/PEDOT:PSS
(40 nm)/complex 1 (200 nm, for Device 1-E) or complex 2 (200 nm, for Device

2-E)/Ca (40 nm)/Ag (80 nm)]. For comparison, LECs with EILs to impede
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electron injection have the structure of [ITO/PEDOT:PSS (40 nm)/complex 2
(200 nm, for Device 2-IE)/Au (20 nm)/Ag (80 nm)]. LECs with both HILs and
EILs have the structure of [ITO/PEDOT:PSS (40 nm)/TPD (20 nm)/complex 1
(200 nm, for Device 1-HE) or complex 2 (200 nm, for Device 2-HE)/Ca (40
nm)/Ag (80 nm)]. For comparison, LECs with both HILs and EILs to impede
both hole and electron have the structure of [[TO/PEDOT:PSS (40 nm)/mCP (20
nm)/complex 2 (200 nm, for Device 2-IHE)/Au (20 nm)/Ag (80 nm)]. EL
spectra of Device 1-S, 1-H, 1-E and 1-HE at 3.5 V and 2-S, 2-H, 2-E, 2-HE,
2-IH, 2-IE and 2-IHE at 2.4V are shown in Fig. 6-3. The LECs based on
complex 1 (Device 1-S, 1-H, 1-E and 1-HE) exhibited similar EL spectra
dominated by emission of complex 1. For the LECs based on complex 2 (2-S,
2-H, 2-E, 2-HE, 2-IH, 2-IE and 2-IHE), predominant EL emission resulted
from complex 2. These results reveal that the carrier recombination zone is still
mainly located in the CTMC layer even when carrier injection layers are added.
Therefore, discrepancies in device characteristics when different device
configurations are employed can be reasonably attributed to altered carrier
balance induced by different carrier injection efficiencies.

Time-dependent current density, brightness and EQE of Device 1-S, 1-H,

1-E and 1-HE at 3.5 V, Device 2-S, 2-H, 2-E and 2-HE at 2.4 V and Device
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2-IH, 2-IE and 2-IHE at 2.4 V are shown in Fig. 6-4(a)~(c), Fig. 6-5(a)~(c) and
Fig. 6-6(a)~(c), respectively. All LECs exhibited similar trends in
time-dependent EL characteristics under constant-bias operation. After the bias
was applied, the device current, brightness and EQE increased due to enhanced
carrier injection induced by gradually formed p- and n-type doped layers near
electrodes.[153] The brightness and EQE first increased with the device current
and reached the maximum values. Then they dropped with time with a rate
depending on the bias voltage (or current). The drop of brightness and device
efficiency after reaching the peak value, as' commonly seen in solid-state
CTMC-based LECs, may be associated with a few factors. When the device
current is still increasing, the p- and n-type doped layers keep extending and the
carrier injection efficiency is continuously enhanced. Therefore, the carrier
recombination zone may keep moving closer to one electrode due to discrepancy
in electron and hole mobilities, which would induce exciton quenching,
deteriorating brightness and device efficiency.[15,127] The decrease in
brightness and efficiency under a relatively steady device current may be
rationally attributed to the degradation of the emissive material during the LEC
operation.[45] Though all LECs exhibited similar trends in time-dependent EL

characteristics, distinct carrier balance and thus device efficiency were observed
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in LECs with different carrier-injection structures. Discussions of effects of
improved carrier injection on device characteristics of LECs based on complex 1
and 2 are shown in the following subsections.
6.3.2 Effects of Improved Hole Injection on Device Characteristics of
LECs
Standard LECs based on complex 1 and 2 have the structure of
ITO/PEDOT:PSS/emissive layer/Ag, which have been commonly used in
previous reports.[101,102,152,154] It is noted that Device 2-S exhibited slower
device response (brightness is:still increasing after ~10-hr operation), lower
brightness and higher device efficiency as compared to previously reported
LECs based on the same complex.[34] These results are attributed to different
device thicknesses and bias voltages used in the two works. In Ref. 26, the
device thickness is 100 nm and the bias voltages are 2.6 and 2.5 V while the
thickness 1s 200 nm and the bias voltage is 2.4 V in this work. Thicker thickness
and lower bias lower the electric field inside the emissive layer and thus
lengthen the time required for accumulating mobile ions near electrodes,
rendering slower device response. Since the brightness of LECs in this work has
not yet shown significant decrease after 10-hr operation (Fig. 6-5(b)),

extrapolation, which has been used in Ref. 34 to derive device lifetimes, cannot
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be performed to estimate lifetimes of LECs in this work. Lowered electric field
also leads to lower current density, which results in a lowered brightness.
However, thicker emissive layer is beneficial in preventing exciton quenching
near electrodes. Thus, device efficiency of Device 2-S is higher than that of
LECs based on the same complex.[34] Hole injection efficiency of standard
LECs based on complex 1 and 2 was tailored by adding an HIL (TPD) between
the PEDOT:PSS and the emissive layer (Device 1-H vs. 1-S and Device 2-H vs.
2-S, Fig. 6-2). For the LECs based on complex 1, device current was
significantly enhanced by inserting an HIL (Fig. 6-4(a)). Although a slight
voltage drop across a thin-neutral HIL (20 nm) would exist, reduced hole
injection barrier would still play a major role in device characteristics and thus
the device current was enhanced. However, device current of LECs based on
complex 2 remained approximately unchanged after an HIL was added (Fig.
6-5(a)). Furthermore, since the LECs based on complex 1 without and with an
HIL exhibited similar brightness (Fig. 6-4(b)), the EQE of the device with an
HIL, which exhibited a much higher device current, was much lower than that of
the device without an HIL (Fig. 6-4(c)). On the other hand, for the LECs based
on complex 2, only slight discrepancies in brightness and consequent device

efficiency were measured for devices without and with an HIL (Fig. 6-5(b) and
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6-5(c)). These results reveal that the device characteristics of the LECs based on
complex 2 are insensitive to hole injection barrier while carrier balance is
significantly altered by insertion of an HIL for the LECs based on complex 1.
For CTMCs with lower energy gaps, e.g., complex 2, the energy barrier for
hole injection is moderate (0.48 ¢V) and thus an ohmic contact for hole injection
would be formed by the p-type doped layer. Similar maximum device current
and time required for brightness to reach the maximum value for standard LECs
based on complex 2 without and with an HIL (Device 2-S and 2-H, Table 6-1)
reveal similar hole injection efficiency and formation rates of the p-type doped
layer, confirming ohmic contacts for hole injection for both devices. Thus,
additional HIL has little effect on the p-type electrochemical doping processes
and consequent carrier balance, leading to almost unchanged device efficiency
(Device 2-S and 2-H, Fig. 6-5(c)). Both standard LECs based on complex 2
without and with an HIL showed similarly high EQEs up to c.a. 9%, which are
approaching the upper limit (9.8%) expected from the PLQY of the emissive
layer (0.49) and an optical outcoupling efficiency of ~20% from a typical
layered light-emitting device structure. Such high device efficiencies imply
superior carrier balance of standard LECs based on complex 2. Since the energy

barrier for electron injection (1.22 eV) is much larger than that for hole injection
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(0.48 V) in standard LECs based on complex 2 (Device 2-S, Fig. 6-2), complex
2 would possess electron-preferred transporting characteristics to compensate
imbalanced hole-preferred carrier injection, resulting in good carrier balance.

On the other hand, for CTMCs with higher energy gaps, e.g., complex 1,
the p-type doped layer would not be capable of providing an ohmic contact with
the anode when hole injection barrier is large (0.85 eV, Device 1-S, Fig. 6-2).
Higher maximum device current and shorter time required for brightness to
reach the maximum value for standard LECs based on complex 1 with an HIL as
compared to those without an HIL (Device 1-H vs. 1-S, Table 1) reveal higher
hole injection efficiency and faster formation of the p-type doped layer.
Additional HIL significantly” accelerates the p-type electrochemical doping
processes since fewer accumulated anions near the anode are required to
enhance hole injection for devices with smaller hole injection barrier (Device
1-H). As the p-type layer is well established, hole injection efficiency of
standard LECs with an HIL is much higher than that without an HIL, confirming
that ohmic contact for hole injection can not be achieved in devices with higher
hole injection barrier (Device 1-S). Therefore, addition of an HIL in LECs based
on complex 1 leads to altered carrier balance and device efficiency (Device 1-H

vs. 1-S, Fig. 6-4(c)). Since complex 1 has been reported to exhibit hole-preferred
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transporting characteristics,[102] the carrier recombination zone in standard
LECs based on complex 1 would locate near the cathode due to smaller hole
injection barrier (Device 1-S, Fig. 6-2). Exciton quenching occurs when the
carrier recombination zone approaches electrodes and the device efficiency
consequently deteriorates.[12,127] Standard LECs based on complex 1 showed
EQEs of c.a. 8.5%, which are much lower than that (15%) expected from the
PLQY of the thin film of complex 1 (0.75)[102] and an optical outcoupling
efficiency of ~20% from a typical layered light-emitting device structure. Such
lowered device efficiency confirms poor carrier-balance of standard LECs based
on complex 1. With an HIL; the carrier recombination zone of the LECs based
on complex 1 (Device 1-H, Fig. 6-2) would be further pushed towards the
cathode due to enhanced hole injection efficiency, resulting in more severer
exciton quenching and even deteriorated EQE (c.a. 6.8%, Table 6-1). These
results suggest that an ohmic contact for hole injection of LECs based on
CTMCs could be formed only when the energy barrier for hole injection is not
large. For most blue-emitting CTMCs, in which the HOMO levels are stabilized
by fluoro substitution to increase energy gaps,[18,22,23,36,39,102,151,152,154]
the energy barrier for hole injection is commonly large in standard LECs, e.g.,

utilizing ITO as anode materials. Hence, carrier balance of standard LECs based
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on CTMCs with higher energy gaps can be feasibly adjusted by tailoring hole
injection efficiency with proper HILs. However, enhanced hole injection
efficiency may not necessarily lead to improved device efficiency, e.g., for LECs
based on CTMCs with hole-preferred transporting characteristics. For such
LECs, large hole injection barrier to reduce the number of holes would be
beneficial in compensating for excess holes in the emissive layer, resulting in
better carrier balance.
6.3.3 Effects of Improved Electron Injection on Device Characteristics of
LECs
Electron injection efficiency of standard LECs based on complex 1 and 2
was tailored by inserting a low-work-function EIL (Ca) at the cathode (Device
1-E and Device 2-E, Fig. 6-2). Both devices employing Ca cathodes showed
much higher device current as compared to standard devices with Ag cathodes
(Fig. 6-4(a) and Fig. 6-5(a)) due to enhanced electron injection. However, when
an EIL was incorporated, the device efficiency of LECs base on complex 1
increased while that of LECs base on complex 2 decreased as compared to their
standard Ag-cathode counterparts (Device 1-E vs. 1-S, Fig. 6-4(c) and Device
2-E vs. 2-S, Fig. 6-5(c)). Therefore, addition of EILs in standard LECs based on

complex 1 and 2 alters carrier balance of both devices. Since standard LEC
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devices based on both complexes, which exhibit similar LUMO levels, possess
high electron injection barriers when Ag is used as cathode (1.29 and 1.22 eV
for complex 1 and 2, respectively, Fig. 6-2), these results indicate that the n-type
doped layer would not capable of providing an ohmic contact with the cathode
when electron injection barrier is high. Significantly higher maximum device
current and much shorter time required for brightness to reach the maximum
value for the LECs based on complex 1 and 2 with Ca cathodes as compared to
those with Ag cathodes (Device 1-E vs. 1-S and Device 2-E vs. 2-S, Table 6-1)
indicate higher electron injection efficiency and faster formation of the n-type
doped layer. Low-work-function Ca cathode significantly accelerates the n-type
electrochemical doping processes since much fewer accumulated cations near
the cathode are required to enhance electron injection for almost eliminated
electron injection barrier (Device 1-E and Device 2-E, Fig. 6-2). As the n-type
layer is well established, electron injection efficiency of the LECs with Ca
cathodes is much higher than that with Ag cathodes, confirming that ohmic
contact for electron injection can not be achieved in devices with higher electron
injection barrier (Device 1-S and 2-S). Thus, addition of an EIL leads to altered
carrier balance and device efficiency (Device 1-E vs. 1-S, Fig. 6-4(c) and

Device 2-E vs. 2-S, Fig. 6-5(¢)).
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For the LECs based on complex 1, enhanced electron injection induced by
the Ca cathode pushes the carrier recombination zone away from the cathode
and consequently mitigates exciton quenching, leading to improved device
efficiency as compared to the devices with Ag cathodes (Device 1-E vs. 1-S, Fig.
6-2). On the contrary, for the LECs based on complex 2, enhanced electron
injection induced by the Ca cathode deteriorates carrier balance and the carrier
recombination zone is shifted to the proximity of the anode, resulting in severe
exciton quenching and thus declined device efficiency (Device 2-E vs. 2-S, Fig.
6-2). Improved device efficiencies of LECs: based on CTMCs have been
reported when low-work-funetion cathode metals were utilized.[13,16,36] These
results also suggest that electron injection of LECs with higher injection barrier,
e.g., using inert high-work-function cathodes, would not be ohmic and thus
carrier balance would be altered when electron injection efficiency is adjusted.
Additionally, in this work, we demonstrate that enhanced electron injection
efficiency may not necessarily lead to improved device efficiency. Enhancing
electron injection efficiency is beneficial in improving carrier balance of LECs
based on CTMCs with hole-preferred transporting characteristics, e.g., complex
1. Increased amount of injected electrons would compensate for imbalanced

hole-preferred transporting characteristics of CTMCs, leading to better carrier
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balance. However, for LECs based on CTMCs with electron-preferred
transporting characteristics, e.g., complex 2, enhanced electron injection
efficiency would result in excess electron and thus would deteriorate carrier
balance. For such devices, inert high-work-function cathodes, which are
ineffective in electron injection, would be used instead to reduce the number of
electrons in the emissive layer and thus to improve carrier balance.
6.3.4 Effects of Improved Hole and Electron Injection on Device
Characteristics of LECs
Hole and electron injection efficiencies of standard LECs based on
complex 1 and 2 were simultaneously tailored by adopting both an HIL and an
EIL (Device 1-HE and Device 2-HE, Fig. 6-2). For the LECs based on complex
1 with an HIL and an EIL, the device current was higher than that of the
HIL-only (Device 1-H) and the EIL-only devices (Device 1-E), confirming that
both hole and electron injection efficiencies are enhanced (Fig. 6-4(a)). For the
LECs based on complex 2 with an HIL and an EIL, the device current was also
higher than that of the HIL-only devices (Device 2-H), indicating improved
electron injection (Fig. 6-5(a)). However, the device current of the LECs based
on complex 2 with an HIL and an EIL was similar to that of the EIL-only

devices (Device 2-E) (Fig. 6-5(a)). It reveals that enhanced device current of
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LECs base on complex 2 employing both an HIL and an EIL is dominated by
increased electron current and the HIL shows little effect on altering hole
injection efficiency, which is consistent with the results of comparison of the
standard LECs based on complex 2 without and with an HIL (Device 2-S vs.
2-H, Fig. 6-5(a)). The LECs based on complex 1 with an HIL and an EIL
exhibited faster device response as compared to the HIL-only (Device 1-H) and
the EIL-only devices (Device 1-E) since much fewer accumulated cations near
the cathode and anions near the anode are required to enhance injection
efficiency of electron and hole, respectively (Table 6-1). Fastened device
response was also observed for the LECs based on complex 2 with an HIL and
an EIL when compared with the HIL-only devices (Device 2-H) (Table 6-1) for
the same reason. However, it is noted that though the HIL has little effect on
hole injection efficiency, the LECs based on complex 2 with an HIL and an EIL
still exhibited faster device response than the EIL-only devices (Device 2-E)
(Table 6-1). Since the electron injection barrier is rather small when Ca is used
as the cathode, the n-type doped layer capable of achieving ohmic contact for
electron injection would be rapidly formed at the cathode and thus most voltage
drop takes place across the thinner intrinsic emissive layer before the p-type

doped layer for efficient hole injection is well established.[153] Thus, with an
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HIL for reducing the hole injection barrier, higher electric field in the thinner
intrinsic emissive layer would accelerate accumulation of enough anions to form
the p-type doped layer for efficient hole injection, leading to faster device
response. After reaching the steady state, hole injection of both devices at the
anode would approach ohmic due to relatively smaller hole injection barriers
and thus the maximum device current of both devices were similar (Device 2-E
and Device 2-HE, Fig. 6-5(a)). On the contrary, standard LECs based on
complex 2 without and with an HIL (Device 2-S and 2-H) exhibited comparable
device response (Table 6-1). Since both devices employing Ag cathodes possess
high electron injection barrier, device response is mainly dominated by the
slower formation of the n-type doped layer. Similar device response times of
both devices were thus measured (Device 2-S and 2-H, Table 6-1).

The LECs based on complex 1 employing both an HIL and an EIL showed
better device efficiency than the EIL-only devices (Device 1-E). It reveals that
significantly enhanced electron injection in the EIL-only devices would result in
more electrons than holes in the emissive layer and the carrier recombination
zone would consequently be closer to the p-type doped layer. With an additional
HIL, the number of injected holes increases and the carrier recombination zone

would be moved toward the center of the emissive layer, rendering reduced
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exciton quenching and thus higher device efficiency. Compared with the EQE of
the standard LECs based on complex 1 (ca. 8.5%), the EQE of the LECs based
on complex 1 employing both an HIL and an EIL (10.5%) was enhanced by 24%
(Device 1-HE vs. Device 1-S, Table 6-1). Such result confirms that properly
modifying carrier injection efficiency according to the carrier transporting
characteristics of the emissive materials would be useful in optimizing device
efficiencies of the LECs based on CTMCs. On the other hand, the LECs based
on complex 2 employing both an HIL and an EIL exhibited similar device
efficiencies as compared to the EIL-only devices (Device 2-E). Since the hole
injection barrier is relatively-low for the standard LECs based on complex 2, an
ohmic contact for hole injection would be-achieved with the p-type doped layer
whether the HIL 1s added or not. Therefore, carrier balance of the LECs based
on complex 2 employing both an HIL and an EIL would be similar to that of the
EIL-only devices (Device 2-HE vs. Device 2-E, Fig. 6-2). Significantly reduced
device efficiencies of both LECs (5.37 and 5.66% for Device 2-E and Device
2-HE, respectively) in comparison with standard LECs based on complex 2 (ca.
9.2%, Device 2-S) indicate that over-enhancing of electron injection of the LECs
based on CTMCs with electron-preferred transporting characteristics would

deteriorate carrier balance. Similarly, over-enhancing of hole injection of the
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LECs based on CTMCs with hole-preferred transporting characteristics would
also lead to poor carrier balance (Device 1-H, Fig. 6-2). To optimize device
efficiency, carrier injection efficiency should be tailored to compensate for the
imbalance in carrier transporting characteristics of the CTMCs. Such technique
would be useful in optimizing LECs with higher carrier injection barriers since
electrochemically doped layers would not be capable of providing ohmic
contacts for carrier injection and carrier injection efficiency and consequent
carrier balance would be feasibly modified by employing proper carrier injection
layers.
6.3.5 Effects of Impeded Hole, Electron and Both Hole and Electron
Injection on Device Characteristics of LECs
Since LECs based on complex 2 exhibited deteriorated carrier balance with
enhance hole and/or electron injection, it would be interesting to study the
device characteristics when carrier injection is impeded. Impeded hole and
electron injection of LECs based on complex 2 was achieved by inserting a hole
transporting layer with a high ionization potential (mCP) at the anode and
employing a high-work-function metal (Au) at the cathode, respectively (Device
2-TH, Device 2-1E and Device 2-IHE, Fig. 6-2). As shown in Fig. 6-6(a), LECs

based on complex 2 with impeded hole (Device 2-IH) and electron injection
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(Device 2-1E) showed lowered device current as compared to the standard LECs
based on complex 2 (Device 2-S) under the same bias voltage. With impeded
both hole and electron injection (Device 2-IHE), the device current further
declined. It further revealed that electrochemically doped layers would not be
capable of providing ohmic contacts for large carrier injection barrier (> 0.7 eV,
Fig. 6-2). Compared with Device 2-S, LECs based on complex 2 with impeded
carrier injection also exhibited slower device response (Fig. 6-6(b) and Table 6-1)
since the time required for accumulation of mobile ions near electrodes to
facilitate carrier injection is lengthened when carrier injection barrier is large.
Furthermore, much lower brightness of LECs based on complex 2 with impeded
carrier injection implied significantly deteriorated device efficiency as compared
to Device 2-S. As shown in Fig. 6-6(c), LECs based on complex 2 with impeded
hole or electron injection showed low EQEs < 5%, which is only half of that
obtained in Device 2-S. With a large hole injection barrier, carrier balance of
Device 2-S would be deteriorated and thus the carrier recombination zone would
be pushed toward the anode, resulting in exciton quenching and lowered EQEs
(Device 2-IH, Fig. 6-2). On the other hand, significantly increased electron
injection barrier would shift the carrier recombination zone toward the cathode

and would consequently lead to exciton quenching and lowered EQEs as well
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(Device 2-IE, Fig. 6-2). Since enhancement in carrier injection barrier is more
significant for electron (Device 2-1E) than for hole (Device 2-IH) as compared
to Device 2-S, which possesses superior carrier balance, deteriorating in device
efficiency would be more severer in Device 2-IE (Table 6-1). It is interesting
that simultaneous enhancement in hole and electron injection barrier of LECs
based on complex 2 (Device 2-IHE) lead to slight increase in device efficiency
when compared to the devices with independently impeded hole or electron
injection (Device 2-IH or 2-IE) (Table 6-1). However, device efficiency of
Device 2-IHE is still far below that of Device 2-S. These results indicate that
simultaneous enhancement in hole and electron injection barrier is beneficial in
improving deteriorated carrier balance of Device 2-IH and 2-IE. However,
improvement in device efficiency is not significant since the carrier
recombination zone would be only slightly shifted away from the cathode due to
imbalanced carrier injection (Device 2-IHE, Fig. 6-2). The results mentioned in
above sections reveal that alternation (either increase or decrease) of carrier
injection efficiency of LECs with superior carrier balance, e.g., Device 2-S,
which exhibited high EQEs approaching the upper limit estimated form the
PLQY of the emissive layer, would deteriorate carrier balance and thus worse

device efficiency would be obtained.
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With judiciously tailored carrier balance, the peak EQEs of our sky-blue
and orange LECs reached 10.5 and 9.16%, respectively. These results are
approaching the state-of-the-art EQEs reported previously for sky-blue
(12.75%)[54] and orange LECs (10.4%).[62] Thus, proposed strategy of
tailoring carrier balance by adjusting carrier injection efficiency is efficient in
improving device efficiencies of LECs. However, compared with high EQEs
~20% achieved in conventional sky-blue[162] and orange[163] OLEDs, in
which host-guest emissive layers are generally used, device efficiencies of
neat-film LECs still have much.room for improvement due to self-quenching of
excitons in condensed neat films. To further enhance device efficiencies of LECs,
electrochemically stable high-gap ionic host materials would be highly required,
especially for blue-green LECs, to reduce self-quenching effect. High energy
barrier for carrier injection from electrodes would be a general problem for
high-gap hosts, in which electrochemically doped layers would not be capable of
providing ohmic contacts for carrier injection. Tailoring carrier balance by
adjusting carrier injection efficiency would also be effective in improving device
efficiencies of host-guest LECs. It would be a potential technique for host-guest
LECs to achieve device efficiencies comparable with conventional OLEDs in

the future.
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6.4 Summary

In summary, we have demonstrated the influence of carrier injection
efficiency on the performance of LECs employing two CTMCs (complex 1 and
2) with oppositely preferred carrier transporting characteristics. Even with
electrochemically doped layers, ohmic contact for carrier injection could be
formed only when carrier injection barrier is relatively lower. Adding carrier
injection layers in LECs with relatively higher carrier injection barriers would
enhance carrier injection efficiency and would affect carrier balance,
consequently resulting in altered device efficiency. Furthermore, comparison of
device characteristics of LECs based on complex 1 and 2 in various device
structures indicates that carrier “injection efficiency of CTMC-based LECs
should be modified according to carrier transporting characteristics of CTMCs
to optimize device efficiency. Hole-preferred transporting CTMCs should be
combined with an LEC structure with relatively higher electron injection
efficiency while relatively higher hole injection efficiency would be required for
LECs based on electron-preferred transporting CTMCs. With properly tailored
carrier balance, the carrier recombination zone would locate near the center of
the emissive layer and exciton quenching near electrodes would be significantly

mitigated, rendering an improved device efficiency approaching the upper limit
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expected from the PLQY of the emissive layer and the optical outcoupling

efficiency.
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Table 6-1 Summary of the LEC device characteristics.

Device Bias  Amax, £ t“}ax . Jmax . Lmafz o Mext max MNp, max Lifej[in}e
V) (nm)  (min)® (mMAcm”)” (cdm™) (%) (Im W) (min)
1-S 3.5 483 36 0.31 19.63 8.52 16.96 27
I-H 35 487 29 0.45 19.05 6.76 13.55 18
I-E 3.5 484 18 0.57 73.98 9.58 18.79 12
I-HE 3.5 482 14 0.65 108.94  10.50 20.64 6
2-S 2.4 586 510 0.08 16.45 9.16 26.91 - ¢
2-H 24 589 532 0.08 14.26 8.68 2491 - ¢
2-E 24 596 102 0.26 16.25 5.37 13.70 204
2-HE 24 595 73 0.27 16.52 5.66 14.83 115
2-IH 24 588 530 0.066 7.33 4.94 14.50 - ¢
2-IE 24 585 544 0.064 6.67 4.68 13.74 - ¢
2-IHE 24 585 600 0.056 6.61 5.27 15.48 - ¢

[a] Time required to reach the maximal brightness. [b] Maximal current density achieved
at a constant bias voltage. [c] Maximal brightness achieved at a constant bias voltage. [d]
Maximal external quantum efficiency achieved at a constant bias voltage. [e] Maximal
power efficiency achieved at a constant bias voltage. [f] The time for the brightness of the
device to decay from the maximum to half of the maximum under a constant bias voltage.
[g] Lifetime can not be determined since the brightness has not decreased to half of the

maximum value during measuring.
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Figure 6-2 Device configurations, energy level alignments and schematic

diagrams of the position of carrier recombination zone for the LECs under study.

Electrochemically doped regions near electrodes are omitted for clarity.
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Chapter 7 Summary

In this thesis, we studied the high-gap ionic materials and carrier balance in
LECs.

In chapter 2, we obtained saturated deep-blue EL from solid state LECs
incorporating the ionic terfluorene derivative 1. The peak external quantum
efficiency and peak power efficiency of 1 in the presence of the ionic liquid
reached 1.14% and 1.24 Im W', respectively. These CIE coordinates are the
most saturated blue emissions ever reported from LECs.

In chapter 3, UV LECs were, for the first time, achieved by the ionic
2,2’-bifluorene derivative. LEC devices incorporating bifluorene 1 exhibited UV
EL emissions at 386 and 388 nm with-maximum EQE and power efficiencies of
0.66 % and 0.23 Im W™'. The EL emissions in the UV region are successfully
achieved by LECs based on 1, which are so far the shortest emission wavelength
achieved in LECs.

In chapter 4, we report efficient host-guest solid-state LECs utilizing a
cationic terfluorene derivative as the host and a red-emitting cationic transition
metal complex as the guest. Experimental results confirm that in addition to
reducing self-quenching of guest molecules, the strategy of utilizing a carrier

transporting host doped with a proper carrier trapping guest would improve
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balance of carrier mobilities in the host-guest emissive layer, offering an
effective approach for optimizing device efficiencies of LECs.

In chapter 5, we demonstrate improving balance of carrier mobilities in
neat-film LECs utilizing a CTMC as the emissive material and a cationic
near-infrared laser dye as the carrier trapper. Experimental results confirm that
balance of carrier mobilities in the CTMC neat films would be improved by
doping a proper carrier trapper and such technique offers a general approach for
optimizing device efficiencies of CTMC-based neat-film LECs.

In chapter 6, we study the influence of carrier injection efficiency on the
performance of LECs based on a hole-preferred transporting CTMC
[Tr(dfppz),(dtb-bpy)] (PFs ) (complex 1)-and an electron-preferred transporting
CTMC [Ir(ppy).(dasb)] (PFs ) (complex 2). Experimental results show that
even with electrochemically doped layers, ohmic contacts for carrier injection
could be formed only when carrier injection barriers are relatively lower. Thus,
adding carrier injection layers in LECs with relatively higher carrier injection
barriers would affect carrier balance and thus would result in altered device

efficiency.
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