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We study the influence of the carrier injection efficiency on the performance of light-emitting
electrochemical cells (LECs) based on a hole-preferred transporting cationic transition metal
complex (CTMC) [Ir(dfppz),(dtb-bpy)] " (PFs ) (complex 1) and an electron-preferred
transporting CTMC [Ir(ppy)»(dasb)] " (PFs ) (complex 2) (where dfppz is 1-(2,4-difluorophenyl)
pyrazole, dtb-bpy is 4,4'-di(zert-butyl)-2,2’-bipyridine, ppy is 2-phenylpyridine and dasb is
4,5-diaza-9,9'-spirobifluorene). Experimental results show that even with electrochemically doped
layers, the ohmic contacts for carrier injection could be formed only when the carrier injection
barriers were relatively low. Thus, adding carrier injection layers in LECs with relatively high
carrier injection barriers would affect carrier balance and thus would result in altered device
efficiency. Comparison of the device characteristics of LECs based on complex 1 and 2 in various
device structures suggests that the carrier injection efficiency of CTMC-based LECs should be
modified according to the carrier transporting characteristics of CTMCs to optimize device
efficiency. Hole-preferred transporting CTMCs should be combined with an LEC structure with a
relatively high electron injection efficiency, while a relatively high hole injection efficiency would
be required for LECs based on electron-preferred transporting CTMCs. Since the tailored carrier
injection efficiency compensates for the unbalanced carrier transporting properties of the emissive
layer, the carrier recombination zone would be located near the center of the emissive layer and
exciton quenching near the electrodes would be significantly mitigated, rendering an improved
device efficiency approaching the upper limit expected from the photoluminescence quantum yield
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of the emissive layer and the optical outcoupling efficiency from a typical layered light-emitting

device structure.

Introduction

Solid-state light-emitting electrochemical cells (LECs) possess
several advantages over conventional organic light emitting
diodes (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.'®> 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.>* Compared with
conventional polymer LECs that are usually composed of an
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emissive conjugated polymer, a salt and an ion-conducting
polymer,l‘2 LECs based on cationic transition metal com-
plexes (CTMCs) show several further advantages and have
attracted much attention in recent years.” >® In such devices,
no ion-conducting material is needed since these CTMCs are
intrinsically ionic. Furthermore, higher electroluminescent
(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 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.>’>®

Device efficiencies of LECs based on CTMCs are deter-
mined by the photoluminescence quantum yields (PLQYSs) of
the CTMC:s, the spin dependent exciton harvesting ratio, the
carrier balance of the devices and the optical outcoupling
efficiency from a typical layered light-emitting device struc-
ture. Since CTMCs are phosphorescent materials, both singlet
and triplet excitons can be harvested via efficient spin-orbital
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coupling mediated by the heavy-metal center. The carrier
balance of the devices depends on the carrier injection effi-
ciency and carrier transport mobilities of CTMCs. The optical
outcoupling efficiency is ca. 20% for common layered bottom
emitting device structures.** With perfect carrier balance in
devices, the carrier injection efficiency from the electrodes and
the carrier transport mobilities of CTMCs compensate for
each other, i.e., LECs based on CTMCs with higher electron
and hole mobilities combined with device structures with
higher hole and electron injection efficiencies, respectively.
Hence, the carrier recombination zone would be located
near the center of the emissive layer, eliminating exciton
quenching near the electrodes.>® Under such conditions,
only the PLQYs of CTMCs and the optical outcoupling
efficiency would limit LEC device efficiencies. However,
many reported device efficiencies of LECs based on
CTMCs?-31:33:35.39.40.43.45.50.54 416 Jower than the upper limits
expected from the PLQYSs of their emissive layers and optical
outcoupling efficiencies of ~20%,** implying the commonly
observed imperfect carrier balance in CTMC-based LECs.
Furthermore, altered device efficiencies of LECs based on
CTMC:s when cathodes with different work functions are used
have been reported.!*16233¢ This suggests that electro-
chemical doping would lower the carrier injection barrier,
but would not always lead to an ohmic contact for carrier
injection. Therefore, tailoring the carrier injection efficiency
would affect the carrier balance and would be useful in
optimizing the device efficiencies of LECs. The effects of the
electrode work functions on the device characteristics of
planar-type polymer LECs, which use 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). The
carrier balance would be significantly different between
planar- and sandwich-type LECs due to the large discrepancy
in the thickness of the active layer, which alters the intensity of
the electric field and consequently affects the field-dependent
electron and hole mobilities. To clarify the effects of carrier
injection on the carrier balance and the consequent 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 have been scarce up to now.

In this work, we systematically study the influence of the
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. The carrier injection barrier is
adjusted by employing a proper hole injection layer (HIL)
and/or electron injection layer (EIL). Experimental results
show that an ohmic contact for the hole injection of LECs
based on CTMCs would be formed by the p-type doped layer
when the hole injection barrier is not high, e.g., <0.5 eV.
However, for a higher hole injection barrier, e.g., >0.8 eV,
some hole injection barrier would still exist, even with the
p-type doped layer, and thus an additional HIL enhances the
hole injection efficiency. Similarly, for a higher electron injec-
tion barrier, e.g., >1.2 eV, the 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, the carrier balance can be tailored by
adding proper carrier injection layers for CTMC-based LECs
with relatively high carrier injection barriers. To optimize the
device efficiency, the carrier injection efficiency of CTMC-
based LECs should be modified according to the carrier
transporting characteristics of CTMCs. Hole-preferred trans-
porting CTMCs should be combined with an LEC structure
with a higher electron injection efficiency, while a higher hole
injection efficiency would be required for LECs based on
electron-preferred transporting CTMCs. As such, the carrier
recombination zone would be located near the center of the
emissive layer and exciton quenching near the 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.

Experimental
Materials

The molecular structures of the two CTMCs used in this study
are shown in Fig. 1. The blue-emitting CTMC [Ir(dfppz),-
(dtb-bpy)] " (PF¢") (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.,'® was used as the emissive
material with hole-preferred transporting characteristics.>*
The ppz-based complex Ir(ppz); (Where ppz is 1-phenylpyrazole)
has been reported to be a hole transporting/electron blocking
material.%® In addition, a similar cationic complex [Ir(dfppy),-
(bpy)] " (PF¢") (where dfppy is 2-(2,4-difluorophenyl)pyridine
and bpy is 2,2’-bipyridine) was shown to exhibit a higher hole
mobility than electron mobility.** The device efficiencies of the
LECs based on complex 1 have been shown to be significantly
enhanced by doping with a low-gap hole trapping guest.>*
Since the carrier balance is improved by lowering the hole
mobility of the emissive layer, complex 1 could be further
proved to exhibit hole-preferred transporting characteristics.>*
On the other hand, the orange-emitting CTMC [Ir(ppy)»-
(dasb)] " (PF¢") (2) (where ppy is 2-phenylpyridine and dasb
is 4,5-diaza-9,9’-spirobifluorene)?® 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.**
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Fig. 1 Molecular structures of [Ir(dfppz)(dtb-bpy)] " (PFs ") (1) and
[Ir(ppy)x(dasb)] " (PFs ) (2).
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A europium complex incorporating the dasb ligand has also
been shown to exhibit a good electron-transporting ability.5
With a device structure preferring hole injection, the LECs
based on complex 2 showed high external quantum efficiencies
(EQEs) up to ca. 9.2%, which are approaching the upper limit
(ca. 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 a high device
efficiency suggests a superior carrier balance and thus implies
the electron-preferred transporting characteristics of complex 2
for compensating unbalanced carrier injection. Complex 1 and
2 were synthesized according to the procedures reported in the
literature.'®- Thin films of the hole transporting material N,N'-
diphenyl-N,N’-bis(3-methylphenyl)-1,1’-biphenyl-4,4’-diamine
(TPD) were 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 used to
impede hole injection. Thin films of the low-work-function
metal Ca were used as EILs to facilitate electron injection.
The high-work-function metal Au was used to impede electron
injection for comparison. To reduce the turn-on times of the
LEC devices, the ionic liquid [BMIM ¥ (PF) ] (where BMIM is
1-butyl-3-methylimidazolium) was added to the emissive layer
to enhance the ionic conductivity of the thin films."”” TPD (Lum
Tech) and [BMIM " (PF,) ] (Alfa Aesar) were used as received.

LEC device fabrication and characterization

Indium tin oxide (ITO)-coated glass substrates were cleaned
and treated with UV/ozone prior to use. A poly(3.4-ethylene-
dioxythiophene):poly(styrene sulfonate) (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, 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 h. After
the spin coating of the 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)

Table 1 Summary of the LEC device characteristics

was then spin-coated at 3000 rpm from the acetonitrile solutions
under ambient conditions. The ionic liquid [BMIM " (PF¢)7]
(20 wt%) was added to the emissive layer to enhance the ionic
conductivity of the thin films and thus to reduce the turn-on
time of the LEC device.!” After the spin coating of all the
organic layers, the thin films were baked at 70 °C for 10 hin 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) capped
with an 80 nm Ag film (Device 1-E, 1-HE, 2-E and 2-HE) and a
20 nm Au film capped with an 80 nm Ag film (Device 2-IE and
2-THE) as the top contact in a vacuum chamber (~ 107 torr).
The thicknesses of the thin films were measured by ellipso-
metry. The electrical and emission characteristics of the LEC
devices were measured using a source-measurement unit and
an Si photodiode calibrated with the Photo Research PR-650
spectroradiometer. All the device measurements were per-
formed 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,
2-1E and 2-IHE) in a nitrogen glove box. The EL spectra were
taken with a calibrated CCD spectrograph.

Results and discussions
General LEC device characteristics

To clarify the effects of carrier injection on the carrier balance
and thus the device efficiency the LECs, the EL characteristics
of LECs of various configurations for carrier injection were
measured and are summarized in Table 1. The device configu-
rations of the LECs under study and the related energy level
alignments'#30-61:66-%8 4 re shown in Fig. 2. The 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)]. The 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, the 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)].
The LECs with EILs have the structure of [[TO/PEDOT:PSS
(40 nm)/complex 1 (200 nm, for Device 1-E) or complex 2

Device Bias (V) )vmux.EL (nm) Imax (min)u Jmax (mA Cmiz)h Lmux (Cd m—Z)c Next,max (O/U)d Mp,max (lm Wil)g Lifetime (min)f
1-S 3.5 483 36 0.31 19.63 8.52 16.96 27
1-H 3.5 487 29 0.45 19.05 6.76 13.55 18
1-E 3.5 484 18 0.57 73.98 9.58 18.79 12
1-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 2.4 589 532 0.08 14.26 8.68 2491 —*
2-E 2.4 596 102 0.26 16.25 5.37 13.70 204
2-HE 2.4 595 73 0.27 16.52 5.66 14.83 115
2-IH 2.4 588 530 0.066 7.33 4.94 14.50 —£
2-1E 2.4 585 544 0.064 6.67 4.68 13.74 —£
2-IHE 24 585 600 0.056 6.61 5.27 15.48 —£

“ Time required to reach the maximal brightness. ® Maximal current density achieved at a constant bias voltage. ¢ Maximal brightness achieved at
a constant bias voltage. ¢ Maximal external quantum efficiency achieved at a constant bias voltage. ¢ Maximal power efficiency achieved at a
constant bias voltage. / Time for the brightness of the device to decay from the maximum to half of the maximum under a constant bias voltage.
¢ Lifetime can not be determined since the brightness has not decreased to half of the maximum value during measurement.
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Fig. 2 Device configurations, energy level alignments and schematic diagrams of the position of carrier recombination zone for the LECs under
study. The electrochemically doped regions near the electrodes are omitted for clarity.

(200 nm, for Device 2-E)/Ca (40 nm)/Ag (80 nm)]. For
comparison, the LECs with EILs to impede 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)]. The LECs
with both HILs and EILs have the structure of [[TO/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, the LECs with both HILs and EILs to
impede both hole and electron injection have the structure of
[ITO/PEDOT:PSS (40 nm)/mCP (20 nm)/complex 2 (200 nm,
for Device 2-IHE)/Au (20 nm)/Ag (80 nm)]. The EL spectra of
Devices 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 2.4 V are shown in Fig. 3. The
LECs based on complex 1 (Devices 1-S, 1-H, 1-E and 1-HE)
exhibited similar EL spectra, dominated by the 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), the 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

14
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Fig. 3 EL spectra of Devices 1-S, 1-H, 1-E and 1-HE at 3.5 V and
Devices 2-S, 2-H, 2-E, 2-HE, 2-IH, 2-IE and 2-IHE at 2.4 V.

the altered carrier balance induced by different carrier injec-
tion efficiencies.

The time-dependent current density, brightness and EQE of
Devices 1-S, 1-H, 1-E and 1-HE at 3.5V, Devices 2-S, 2-H, 2-E
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Fig. 4 (a) Current density, (b) brightness and (c) external quantum
efficiency as a function of time for Devices 1-S, 1-H, 1-E and 1-HE
at3.5 V.

and 2-HE at 2.4 V and Devices 2-IH, 2-IE and 2-IHE at 2.4 V
are shown in Figs. 4(a)—(c), 5(a)—(c) and 6(a)—(c), respectively.
All the LECs exhibited similar trends in the time-dependent
EL characteristics under constant-bias operation. After the
bias was applied, the device current, brightness and EQE increased
due to the enhanced carrier injection induced by gradually
formed p- and n-type doped layers near the electrodes.’ The
brightness and EQE first increased with the device current and
reached the maximum values. Then they dropped over time
with a rate depending on the bias voltage (or current). The
drop in brightness and device efficiency after reaching the peak
value, as commonly seen in solid-state CTMC-based LECs,>>°
may be associated with several factors. When the device current
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Fig. 5 (a) Current density, (b) brightness and (c) external quantum
efficiency as a function of time for Devices 2-S, 2-H, 2-E and 2-HE at
24V.

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 the discrepancy in the electron
and hole mobilities, which would induce exciton quenching and
reduced brightness and device efficiency.’ % 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.'” Though all the LECs
exhibited similar trends in their time-dependent EL charac-
teristics, distinctive carrier balance and thus device efficiency
were observed in LECs with different carrier-injection structures.
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Fig. 6 (a) Current density, (b) brightness and (c) external quantum
efficiency as a function of time for Devices 2-S, 2-IH, 2-IE and 2-IHE
at2.4 V.

The effects of the improved carrier injection on the device
characteristics of the LECs based on complex 1 and 2 are
discussed in the following subsections.

Effects of improved hole injection on the device characteristics of
LECs

Standard LECs based on complex 1 and 2 have the structure of
ITO/PEDOT:PSS/emissive layer/Ag, which has been commonly

used in previous reports.’®>>*3 Tt should be noted that
Device 2-S exhibited a slower device response (the brightness
is still increasing after ~ 10 h operation), lower brightness and
higher device efficiency as compared to previously reported
LECs based on the same complex.?® These results are attri-
buted to the 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 in this work the
thickness is 200 nm and the bias voltage is 2.4 V. The increased
thickness and lower bias reduce the electric field inside the
emissive layer and thus lengthen the time required for mobile
ions to accumulate near the electrodes, causing a slower device
response. Since the brightness of the LECs in this work has not
yet shown a significant decrease after 10 h operation
(Fig. 5(b)), extrapolation, which has been used in ref. 26 to
derive the device lifetimes, can not be used to estimate the
lifetimes of the LECs in this work. The reduced electric field
also leads to a lower current density, which results in a reduced
brightness. However, the thicker emissive layer is beneficial in
preventing exciton quenching near the electrodes. Thus, the
device efficiency of Device 2-S is higher than that of the LECs
based on the same complex.*® The hole injection efficiency of
the 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. 2). For the LECs based on complex 1, the device current
was significantly enhanced by inserting an HIL (Fig. 4(a)).
Although there is a slight voltage drop across a thin neutral
HIL (20 nm), the reduced hole injection barrier still plays a
major role in the device characteristics and thus the device
current was enhanced. However, the device current of the
LECs based on complex 2 remained approximately unchanged
after an HIL was added (Fig. 5(a)). Furthermore, since the
LECs based on complex 1 with and without an HIL exhibited
a similar brightness (Fig. 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. 4(c)). On
the other hand, for the LECs based on complex 2, only slight
discrepancies in the brightness and consequent device effi-
ciency were measured for devices with and without an HIL
(Fig. 5(b) and (c)). These results reveal that the device char-
acteristics of the LECs based on complex 2 are insensitive to
the hole injection barrier, while the carrier balance is signifi-
cantly altered by the 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 eV) and thus
an ohmic contact for hole injection would be formed by the
p-type doped layer. The similar maximum device current and
time to reach the maximum brightness for standard LECs
based on complex 2 without and with an HIL (Devices 2-S and
2-H, Table 1) reveal similar hole injection efficiencies and
formation rates of the p-type doped layer, confirming the
formation of ohmic contacts for hole injection for both
devices. Thus, the additional HIL has little effect on the p-type
electrochemical doping processes and consequent carrier balance,
leading to almost unchanged device efficiencies (Devices 2-S and
2-H, Fig. 5(c)). Both the standard LECs based on complex 2
without and with an HIL showed similarly high EQEs up to
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ca. 9%, which is 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 high-
light the superior carrier balance of the standard LECs based
on complex 2. Since the energy barrier for electron injection
(1.22 eV) is much larger than that for hole injection (0.48 eV)
in the standard LECs based on complex 2 (Device 2-S, Fig. 2),
complex 2 possesses electron-preferred transporting charac-
teristics that compensate for the unbalanced hole-preferred
carrier injection, resulting in a good carrier balance.

On the other hand, for CTMCs with higher energy gaps,
e.g., complex 1, the p-type doped layer is not capable of
providing an ohmic contact with the anode when the hole
injection barrier is large (0.85 eV, Device 1-S, Fig. 2). The
higher maximum device current and shorter time to reach the
maximum brightness for the 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 a higher hole injection efficiency
and faster formation of the p-type doped layer. The 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
a smaller hole injection barrier (Device 1-H). As the p-type
layer is well established, the hole injection efficiency of the
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 a higher hole injection barrier
(Device 1-S). Therefore, the addition of an HIL in the LECs
based on complex 1 leads to an altered carrier balance and
device efficiency (Device 1-H vs. 1-S, Fig. 4(c)). Since complex
1 has been reported to exhibit hole-preferred transporting
characteristics,> the carrier recombination zone in the standard
LECs based on complex 1 would be located near the cathode
due to the smaller hole injection barrier (Device 1-S, Fig. 2).
Exciton quenching occurs when the carrier recombination
zone approaches the electrodes and the device efficiency con-
sequently deteriorates.’®® The standard LECs based on
complex 1 showed EQEs of ca. 8.5%, which is much lower
than that expected (15%) from the PLQY of the thin film of
complex 1 (0.75),>* and an optical outcoupling efficiency of
~20% from a typical layered light-emitting device structure.
Such a reduced device efficiency confirms the poor carrier
balance of the standard LECs based on complex 1. With an
HIL, the carrier recombination zone of the LECs based on
complex 1 (Device 1-H, Fig. 2) is further pushed towards the
cathode due to the enhanced hole injection efficiency, resulting
in more severe exciton quenching and even a reduced EQE
(ca. 6.8%, Table 1). These results suggest that an ohmic contact
for the hole injection of LECs based on CTMCs can be formed
only when the energy barrier for hole injection is not large. For
most blue-emitting CTMCs, in which the highest occupied
molecular orbital (HOMO) levels are stabilized by fluoro sub-
stitution to increase the energy gaps,!%?-31:38:43.46.48.50.54.56 1,0
energy barrier for hole injection is commonly large in standard
LECs using, for example, ITO as the anode material. Hence,
the carrier balance of standard LECs based on CTMCs with
higher energy gaps can be adjusted by tailoring the hole
injection efficiency with proper HILs. However, an enhanced

hole injection efficiency may not necessarily lead to an improved
device efficiency, e.g., for LECs based on CTMCs with hole-
preferred transporting characteristics. For such LECs, a large
hole injection barrier to reduce the number of holes compen-
sates for the excess holes in the emissive layer, resulting in a
better carrier balance.

Effects of improved electron injection on the device
characteristics of LECs

The 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. 2).
Both devices employing Ca cathodes showed much higher
device current as compared to standard devices with Ag
cathodes (Fig. 4(a) and 5(a)) due to the enhanced electron
injection. However, when an EIL was incorporated, the device
efficiency of the LECs base on complex 1 increased, while that
of the LECs base on complex 2 decreased compared to their
standard Ag-cathode counterparts (Device 1-E vs. 1-S,
Fig. 4(c) and Device 2-E vs. 2-S, Fig. 5(c)). Therefore, the
addition of EILs in standard LECs based on complex 1 and 2
alters the carrier balance of both devices. Since standard LEC
devices based on both complexes, which exhibit similar lowest
unoccupied molecular orbital (LUMO) levels, possess high
electron injection barriers when Ag is used as the cathode
(1.29 and 1.22 eV for complex 1 and 2, respectively, Fig. 2),
these results indicate that the n-type doped layer is not capable
of providing an ohmic contact with the cathode when the
electron injection barrier is high. The significantly higher
maximum device current and much shorter time required
to reach the maximum brightness for the LECs based on
complexes 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 1), indicate a higher electron injection efficiency and
a faster formation of the n-type doped layer. The low-work-
function Ca cathode significantly accelerates the n-type
electrochemical doping processes since much fewer accumu-
lated cations near the cathode are required to enhance the
electron injection for the almost eliminated electron injection
barrier (Device 1-E and Device 2-E, Fig. 2). As the n-type layer
is well established, the 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 a higher electron injection barrier
(Device 1-S and 2-S). Thus, the addition of an EIL leads to an
altered carrier balance and device efficiency (Device 1-E vs. 1-S,
Fig. 4(c) and Device 2-E vs. 2-S, Fig. 5(c)).

For the LECs based on complex 1, the 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
compared to the devices with Ag cathodes (Device 1-E vs. 1-S,
Fig. 2). In contrast, for the LECs based on complex 2, the
enhanced electron injection induced by the Ca cathode dete-
riorates the carrier balance and the carrier recombination zone
is shifted towards the anode, resulting in severe exciton
quenching and thus a reduced device efficiency (Device 2-E
vs. 2-S, Fig. 2). The improved device efficiencies of LECs based
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on CTMCs have been reported when low-work-function
cathode metals are used.'>%¢ These results also suggest that
the electron injection of LECs with a higher injection barrier,
e.g., using inert high-work-function cathodes, is not ohmic and
thus the carrier balance is altered when the electron injection
efficiency is adjusted. Additionally, in this work, we demon-
strate that an enhanced electron injection efficiency does not
necessarily lead to an improved device efficiency. Enhancing
the electron injection efficiency improves the carrier balance of
the LECs based on CTMCs with hole-preferred transporting
characteristics, e.g., complex 1. The increased amount of
injected electrons compensates for the unbalanced hole-
preferred transporting characteristics of CTMCs, leading to
a better carrier balance. However, for the LECs based on
CTMCs with electron-preferred transporting characteristics,
e.g., complex 2, the enhanced electron injection efficiency
resulted in excess electrons and thus a poorer carrier balance.
For such devices, inert high-work-function cathodes, which
are ineffective in electron injection, could be used instead to
reduce the number of electrons in the emissive layer and thus
to improve the carrier balance.

Effects of improved hole and electron injection on the device
characteristics of LECs

The hole and electron injection efficiencies of the standard
LEC:s 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. 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. 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. 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. 5(a)). It reveals that the enhanced device current of the
LECs base on complex 2 employing both an HIL and an EIL
is dominated by the increased electron current and the HIL
has little effect on the hole injection efficiency, which is
consistent with the results comparing the standard LECs
based on complex 2 with and without an HIL (Device 2-S
vs. 2-H, Fig. 5(a)). The LECs based on complex 1 with an HIL
and an EIL exhibited a faster device response compared to the
HIL-only (Device 1-H) and ElL-only devices (Device 1-E)
since much fewer accumulated cations near the cathode and
anions near the anode are required to enhance the injection
efficiency of electrons and holes, respectively (Table 1).
A faster 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 1) for the same
reason. However, it is noted that although the HIL has little
effect on the hole injection efficiency, the LECs based on
complex 2 with an HIL and an EIL still exhibited a faster
device response than the EIL-only devices (Device 2-E)
(Table 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 is rapidly
formed at the cathode and thus most of the voltage drop
takes place across the thinner intrinsic emissive layer, before
the p-type doped layer for efficient hole injection is well
established.®® Thus, with an HIL for reducing the hole injec-
tion barrier, a higher electric field in the thinner intrinsic
emissive layer accelerated the accumulation of enough anions
to form the p-type doped layer for efficient hole injection,
leading to a faster device response. After reaching the steady
state, the hole injection of both devices at the anode became
ohmic due to the smaller hole injection barriers and thus
the maximum device current of both devices were similar
(Device 2-E and Device 2-HE, Fig. 5(a)). In contrast, the
standard LECs based on complex 2 with and without an
HIL (Device 2-S and 2-H) exhibited comparable device
responses (Table 1). Since both devices employing Ag cathodes
possess a high electron injection barrier, the 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 1).

The LECs based on complex 1 employing both an HIL and
an EIL showed better device efficiencies than the EIL-only
devices (Device 1-E). This reveals that significantly enhanced
electron injection in the EIL-only devices results in more
electrons than holes in the emissive layer and the carrier
recombination zone is consequently closer to the p-type doped
layer. With an additional HIL, the number of injected holes
increases and the carrier recombination zone moves toward
the center of the emissive layer, leading to reduced exciton
quenching and a 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 1). This confirms that properly modifying
the carrier injection efficiency according to the carrier trans-
porting characteristics of the emissive materials can optimize
the device efficiencies of LECs based on CTMCs. In contrast,
the LECs based on complex 2 employing both an HIL and an
EIL exhibited similar device efficiencies to the EIL-only
devices (Device 2-E). Since the hole injection barrier is rela-
tively low for the standard LECs based on complex 2, an
ohmic contact for hole injection is achieved with the p-type
doped layer whether the HIL is added or not. Therefore, the
carrier balance of the LECs based on complex 2 employing
both an HIL and an EIL is similar to that of the EIL-only
devices (Device 2-HE vs. Device 2-E, Fig. 2). The significantly
reduced device efficiencies of both LECs (5.37 and 5.66% for
Device 2-E and Device 2-HE, respectively) compared to the
standard LECs based on complex 2 (ca. 9.2%, Device 2-S)
indicate that over-enhancing the electron injection of LECs
based on CTMCs with electron-preferred transporting char-
acteristics is detrimental to the carrier balance. Similarly, over-
enhancing the hole injection of the LECs based on CTMCs
with hole-preferred transporting characteristics also leads to a
poor carrier balance (Device 1-H, Fig. 2). To optimize device
efficiency, the carrier injection efficiency should be tailored to
compensate for the imbalance in the carrier transporting
characteristics of CTMCs. Such a technique could optimize
LECs with higher carrier injection barriers since electrochemically
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doped layers are not capable of providing ohmic contacts
for carrier injection. The carrier injection efficiency and
consequent carrier balance could be effectively modified by
employing proper carrier injection layers.

Effects of impeded hole, electron and both hole and electron
injection on the device characteristics of LECs

Since LECs based on complex 2 exhibited a poor carrier
balance with enhanced hole and/or electron injection, it would
be interesting to study the device characteristics when the
carrier injection is impeded. Impeded hole and electron injec-
tion of the 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 (Devices 2-IH, 2-IE and 2-IHE,
Fig. 2). As shown in Fig. 6(a), the LECs based on complex 2
with impeded hole (Device 2-IH) and electron injection (Device
2-IE) showed lowered device currents than the standard LECs
based on complex 2 (Device 2-S) under the same bias voltage.
With impeded hole and electron injection (Device 2-IHE), the
device current further declined. This confirms that electro-
chemically doped layers are not capable of providing ohmic
contacts for large carrier injection barriers (>0.7 eV, Fig. 2).
Compared with Device 2-S, the LECs based on complex 2 with
impeded carrier injection also exhibited a slower device
response (Fig. 6(b) and Table 1) since the time required for
mobile ions to accumulate near the electrodes to facilitate
carrier injection is lengthened when the carrier injection
barrier is large. Furthermore, the much lower brightness of
the LECs based on complex 2 with impeded carrier injection
implied a significantly reduced device efficiency compared to
Device 2-S. As shown in Fig. 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, the carrier balance of Device 2-S
deteriorates and thus the carrier recombination zone is pushed
toward the anode, resulting in exciton quenching and lowered
EQEs (Device 2-IH, Fig. 2). In contrast, a significantly
increased electron injection barrier shifts the carrier recombi-
nation zone toward the cathode and consequently leads to
exciton quenching and lowered EQEs (Device 2-IE, Fig. 2).
Since the enhancement in the carrier injection barrier is more
significant for electrons (Device 2-1E) than for holes (Device
2-IH) compared to Device 2-S, which has a superior carrier
balance, the deterioration in the device efficiency is more
severe in 2-IE (Table 1). It is interesting that the simultaneous
enhancement in the hole and electron injection barriers of the
LECs based on complex 2 (Device 2-IHE) leads to a slight
increase in the device efficiency compared to the devices with
independently impeded hole or electron injection (Device 2-IH
or 2-IE) (Table 1). However, the device efficiency of 2-IHE is
still far below that of 2-S. These results indicate that the
simultaneous enhancement in the hole and electron injection
barriers is beneficial in improving the deteriorated carrier
balance of Devices 2-IH and 2-IE. However, the improvement
in the device efficiency is not significant since the carrier recombi-
nation zone is only slightly shifted away from the cathode
due to the unbalanced carrier injection (Device 2-IHE, Fig. 2).

The results mentioned in the above sections reveal that
the alteration (either increase or decrease) of the carrier
injection efficiency of LECs with a 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 the carrier balance and reduce the device
efficiency.

With a 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%)* and orange
LECs (10.4%).>” Thus, proposed strategy of tailoring the
carrier balance by adjusting the carrier injection efficiency
is effective in improving the device efficiencies of LECs.
However, compared with the high EQEs of ~20% achieved
in conventional sky-blue®® and orange’® OLEDs, in which
host—guest emissive layers are generally used, the device
efficiencies of neat-film LECs still have much room for
improvement due to the self-quenching of excitons in the
condensed neat films. To further enhance the device efficiencies
of LEC:s, electrochemically stable high-gap ionic host materials
would be required, especially for blue-green LECs, to reduce the
self-quenching effect. A high energy barrier for carrier injection
from the 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 the carrier balance by adjusting the carrier injection
efficiency would also be effective in improving the device
efficiencies of host—guest LECs. This could be a potential
technique for host—guest LECs to achieve device efficiencies
comparable to conventional OLEDs in the future.

Conclusions

In summary, we have demonstrated the influence of the 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, an ohmic contact for carrier injection could be
formed only when the carrier injection barrier is relatively low.
Adding carrier injection layers in LECs with relatively high
carrier injection barriers enhances the carrier injection effi-
ciency and affects the carrier balance, consequently resulting in
an altered device efficiency. Furthermore, comparison of the
device characteristics of LECs based on complex 1 and 2 in
various device structures indicates that the carrier injection
efficiency of CTMC-based LECs should be modified according
to the carrier transporting characteristics of CTMCs to
optimize the device efficiency. Hole-preferred transporting
CTMCs should be combined with an LEC structure with a
relatively high electron injection efficiency, while a relatively
high hole injection efficiency is required for LECs based
on electron-preferred transporting CTMCs. With a properly
tailored carrier balance, the carrier recombination zone is
located near the center of the emissive layer and exciton
quenching near electrodes is significantly mitigated, rendering
an improved device efficiency approaching the upper limit
expected from the PLQY of the emissive layer and the optical
outcoupling efficiency.
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