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ABSTRACT: The morphology and optical and electrical properties of solution-processed and vacuum-deposited 4,4′,4″-
tris(carbazol-9-yl)triphenylamine (TCTA):2,2′-(1,3-phenylene)bis[5-(4-tert-butylphenyl)-1,3,4-oxadiazole] (OXD-7) composite
films are investigated. All of the films exhibit smooth and pinhole-free morphology, while the evaporated films possess enhanced
carrier-transport properties compared to solution-processed ones. The close correlation between the carrier-transport feature and
the packing density of the film is established. High-efficiency monochromatic and white phosphorescent hybrid organic−
inorganic light-emitting diodes with solution-processed small-molecule emissive layers are reported: the maximum external
quantum efficiencies of blue, yellow, and red devices are 18.9, 14.6, and 10.2%, respectively; white devices show a maximum
luminance efficiency of 40 cd A−1 and a power efficiency of 20.8 lm W−1 at 1000 cd m−2. The efficiencies of blue, red, and white
devices represent significant improvement over previously reported values.

KEYWORDS: hybrid organic−inorganic light-emitting diodes, solution-processed small-molecule films, vacuum-deposited films,
carrier-transport property, packing density of the film

1. INTRODUCTION

Hybrid organic−inorganic light-emitting diodes (HyLEDs)
using air-stable metal oxide carrier-injection layers overcome
several issues that may adversely affect the efficiency and
stability of conventional devices such as the sensitivity of a low-
work-function metal cathode- and electron-injection layer
toward oxygen and moisture in the ambient and the
interactions between the conducting polymer hole-injection
layer and indium−tin oxide (ITO), providing a novel approach
for the development of new display and solid-state lighting
devices.1−8 Metal oxides are particularly suitable to work as
carrier-injection layers in HyLEDs because they possess many
appealing properties, for instance, exceptional stability, ease of
synthesis, visible-light transparency, high carrier mobility, and
controllable surface morphology on a nanometer length scale.
In 2006, Morii et al. reported the first HyLED with the
structure of ITO/TiO2/poly(9-dioctylfluorene-alt-benzothia-
diazole) (F8BT)/MoO3/Au, having a luminance efficiency
(LE) of ca. 0.1−0.3 cd A−1.1 After intensive studies over the

past decade, the LE of HyLEDs based on F8BT has been
increased to 61.6 cd A−1.9 However, compared to conventional
devices, the efficiency and operating stability of HyLEDs
warrant further improvement.
In our opinion, there are several problems to be solved in the

area of HyLEDs, which are listed as the following: (1)
Conjugated polymers such as F8BT6−11 and phenyl-substituted
poly(phenylvinylene) (SY-PPV)5,12,13 have been mainly used as
the emissive layer (EML) in HyLEDs. As a result, the device
efficiency is restricted by the singlet-to-triplet exciton formation
ratio. Meanwhile, the low-energy nonemissive triplet excited
states of conjugated polymers significantly quench the
luminescence of phosphorescent emitters, which makes such
polymers unsuitable to work as the host materials for
phosphorescent devices. (2) Widely studied F8BT and SY-
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PPV devices are all yellowish-green-emitting,5−13 while fewer
studies have focused on blue and red HyLEDs, which are, on
the other hand, indispensable for the future application of
HyLEDs on display devices. To date, the highest external
quantum efficiencies (EQEs) of blue14 and red15 HyLEDs are
only ca. 3%, and it is urgent to enhance the efficiency of such
devices. (3) There have been few studies of white HyLEDs,
probably because of the unsatisfactory performances of blue
HyLEDs. Bolink et al. reported white HyLEDs with a
maximum LE of 2.7 cd A−1 and Commission Internationale
de L’Eclairage (CIE) coordinates of (0.37, 0.35), which were
based on blue-emitting polymer poly(9,9-dioctylfluorenyl-2,7-
diyl) (PFO) and phosphorescent orange emitter iridium(III)
bis(2-methyldibenzo[f,h]quinoxaline(acetylacetonate) [Ir-
(MDQ)2(acac)].

16 We note that many small-molecule
materials possess high triplet energy (ET), allowing the effective
confinement of triplet excited states onto phosphorescent
emitters and working as ideal host materials for phosphorescent
devices. High-performance conventional devices based on
solution-processed small-molecule EMLs have been reported.17

However, it is difficult to prepare high-quality small-molecule
layers via a solution-processing method on widely adopted
crystalline and highly polar alkali-metal or alkaline-earth-metal
compounds based on electron-injection layers.4,7,8,11,18,19

Crystallization of small-molecule components when coated on
top of a Cs2CO3 layer has been reported by Bolink et al.20 As
such, HyLEDs using a solution-processed small-molecule EML

have seldom been reported although such devices are expected
to have high potential in the attainment of high-efficiency and
wide-range emission wavelength tuning and can address most
of the problems aforementioned. One of the crucial
prerequisites for the construction of such HyLEDs is to seek
novel electron-injection layers, which possess excellent
electron-injection and hole/exciton-blocking capability and,
more importantly, have benign compatibility with the overlying
small-molecule EML.21,22 In this regard, we note that
polyethylenimine ethoxylated (PEIE) can significantly enhance
electron-injection from metal oxides to various organic
functional layers23,24 and would not significantly disturb the
morphology of the adjacent small-molecule EML because the
surface energy of PEIE is closer to that of EML compared to
that of alkali-metal or alkaline-earth-metal compounds.
Recently, we have reported green HyLEDs using a solution-
processed small-molecule EML with a maximum LE of 87.6 cd
A−1.25

In this article, we investigate the effects of processing solvents
and thermal treatment on the morphology and optical and
electrical characteristics of small-molecule composite layers. A
direct comparison with the properties of the evaporated
counterpart is also made. Further, we report highly efficient
monochromatic and white HyLEDs based on solution-
processed small-molecule EMLs: the maximum EQEs of blue,
yellow, and red devices are 18.9, 14.6, and 10.2%, respectively;

Figure 1. Chemical structures of the materials (a) and schematic configuration (b) and energy-level diagram (c) of HyLEDs.
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the maximum LE of white HyLEDs is 40 cd A−1, and the power
efficiency (PE) at 1000 cd m−2 is 20.8 lm W−1.

2. EXPERIMENTAL SECTION
Materials. PEIE-modified ZnO is used as the electron-injection

layer for an ITO cathode, and MoO3 and 1,1-bis[(di-4-tolylamino)-
phenyl]cyclohexane (TAPC) are used as hole-injection and hole-
transport layers, respectively. The hole-transporting material 4,4′,4″-
tris(carbazol-9-yl)triphenylamine (TCTA) and the electron-trans-
porting material 2,2′-(1,3-phenylene)bis[5-(4-tert-butylphenyl)-1,3,4-
oxadiazole] (OXD-7) are employed as the cohosts in an EML. Bis[2-
(4,6-difluorophenyl)-4-(2,4,6-trimethylphenyl)pyridinato-C2,N]-
(picolinato)iridium(III) (PhFIrPic), iridium(III) bis(4-phenylthieno-
[3,2-c]pyridinato-N,C2)acetylacetonate (PO-01), and bis(2-benzo[b]-
thiophen-2-yl-pyridine)(acetylacetonate)iridium(III) [Ir(btp)2(acac)]
are used as blue, orange, and red phosphorescent emitters,
respectively. PhFIrPic possesses optoelectronic properties similar to
those of the parent bis[(4,6-difluorophenyl)pyridinato-N,C2]-
(picolinate)iridium(III) (FIrPic) and exhibits good solubility in
organic solvents like chlorobenzene (CB). Chemical structures of
the materials are shown in Figure 1a.
Device Fabrication. The schematic configuration and energy-level

diagram of HyLEDs are shown in Figure 1b,c, respectively. The
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels of organic materials, the conduction
and valence band onsets of metal oxides, and the work function of the
electrodes are cited from the literature.25−28 ZnO layers were prepared
by spin-coating a 2-methoxyethanol solution of zinc acetate dihydrate
on top of precleaned ITO substrates and annealing the resultant films
at 200 °C for 1 h in air.29 ZnO layers were rinsed with 2-
methoxyethanol in order to remove unreacted zinc acetate. A poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) layer
was prepared by spin-coating its aqueous dispersion onto ITO
substrates, which was then heated at 170 °C for 10 min under an
ambient atmosphere. A PEIE layer was deposited from its 2-
methoxyethanol solution onto a ZnO layer. The substrates were
then transferred into the glovebox, where a TCTA:OXD-7:phosphor-
escent emitter layer was applied on top of the PEIE layer from the CB
solution. The thicknesses of the ZnO, PEDOT:PSS, and PEIE layers
were measured by a Dektak surface stylus profiler as 30, 50, and 10
nm, respectively. The samples were loaded into a high-vacuum
chamber that resided inside the glovebox without exposure to air, in
which 60 nm TAPC, 10 nm MoO3, and 100 nm aluminum as the hole-
transport layer, hole-injection layer, and anode, respectively, were
sequentially evaporated under a pressure of less than 1 × 10−4 Pa. The
thicknesses of the evaporated layers were determined by a quartz
crystal oscillator. For electron-only devices, a top contact with a
structure of OXD-7 (40 nm)/CsF (1 nm)/Al (100 nm) was made. For
hole-only devices, the ZnO/PEIE bilayer in light-emitting devices was
replaced by a PEDOT:PSS layer. Current density−luminance−voltage
(I−L−V) characteristics were measured by a Keithley 2400 electro-
meter and a Konica−Minolta Chroma Meter CS-100A, which were
controlled by a homemade Labview program. An Ocean Optics
USB4000 UV−vis diffractometer was used to record the electro-
luminescent (EL) spectra. The surface morphology of organic layers
was measured by atomic force microscopy (AFM; Hitachi micro-
scope). Ellipometry measurements were carried out with a W-VASE
with an Auto Retarder TM.

3. RESULTS AND DISCUSSION
TCTA and OXD-7 have been used as hole- and electron-
transport materials for a long time because they possess
relatively high hole and electron mobility of 10−4 and 10−5 cm2

V−1 s−1.30,31 To investigate the effect of processing solvents and
heat treatment on the properties of small-molecule films, we
prepare TCTA:OXD-7 (1:1 by weight) layers from a CB and
tetrahydrofuran (THF) solution on top of bare or PEIE/ZnO
bilayer precoated glass substrates and anneal some layers

processed from THF at 80 °C for 10 min. Vacuum-deposited
TCTA:OXD-7 layers are also made for comparison. The
morphology and optical and electrical properties of the
TCTA:OXD-7 films have been studied. Figure 2 shows the
AFM images of the samples. The root-mean-square (rms)
roughness values of the layers on glass substrates processed
from CB and THF are both 0.29 nm, which is similar to those
of annealed (0.26 nm) and evaporated (0.23 nm) layers, as
shown in Figure 2a−d. The rms roughness value of the samples
on top of the PEIE/ZnO layer is ca. 1 nm (Figure 2e), which is
larger than those of the samples on glass substrates. We
reported that PEIE formed island-like structures on ITO,
exhibiting a rms roughness of 3.4 nm.32 The enhanced rms
roughness of the TCTA:OXD-7 layer on top of PEIE/ZnO
may be partially associated with the roughness of the
underlying PEIE layer. All of the films show a pinhole-free
and smooth surface. Lee et al. reported the effect of processing
solvents on the morphology of 2-(tert-butyl)-9,10-bis(2′-
naphthyl)anthracene (TBADN)/4,4′-bis[2-[4-(N ,N -
diphenylamino)phenyl]vinyl] (DPAVBi) films. The rms rough-
ness values of films obtained from a CB and toluene solution
were 0.52 and 0.66 nm, respectively. A kind of aggregation is
present in the film prepared from a toluene solution.33 In
contrast, few aggregates can be observed in the TCTA:OXD-7
films, which can be attributed to reduced intermolecular
interactions because of the three-dimensional molecular
structure of TCTA34 and spatial hindrance from the tert-butyl
group in the OXD-7 structure.17

The single-carrier devices have been prepared to investigate
the electrical properties of the TCTA:OXD-7 films. Figure 3a

Figure 2. AFM images of solution-processed TCTA:OXD-7 films
deposited from CB (a), from THF (b), from THF and subsequently
annealed (c), and from a vacuum-deposited film (d) on glass
substrates as well as that of the sample prepared from CB on top of
PEIE/ZnO (e).
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shows the current density−voltage characteristics of the
electron-only devices with the structure of ITO/ZnO/PEIE/
TCTA:OXD-7 (1:1, 70 nm)/OXD-7 (40 nm)/CsF/Al. For the
device with a TCTA:OXD-7 layer processed from THF and
subsequently annealed, the current densities for injection of
electrons from both ITO/ZnO/PEIE and CsF/Al are almost
identical, indicating that the ZnO/PEIE bilayer possesses

electron-injection capability similar to that of a commonly
practiced efficient CsF electron-injection layer. The work
function of ZnO is about 4 eV, lower than that of ITO (4.3−4.6
eV). Thus, ZnO works as an electron injector for some
polymers with a deep-lying LUMO level such as F8BT.2 The
addition of a PEIE layer on top of ZnO largely reduces the
work function to ca. 3.3 eV because of the formation of

Figure 3. Current density−voltage characteristics of electron-only devices (a), current density−voltage characteristics of the hole-only devices with
various TCTA:OXD-7 layers using either MoO3/Al (b) or PEDOT:PSS hole-injection contact (inset of part b), and the refractive indices of
TCTA:OXD-7 samples (c).

Figure 4. I−L−V (a) and I−LE−PE curves (b) of the blue HyLEDs employing different TCTA:OXD-7 ratios. I−L−V plots (c) and I−LE−PE
properties (d) of the blue HyLEDs using different PhFIrPic concentrations.
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interfacial dipoles, thus facilitating electron injection.23 At a
given voltage, the current density of the device with an
evaporated layer (Ielectron,EV) is larger than that of the device
with a solution-processed layer despite the fact that all of the
TCTA:OXD-7 films show similar morphology. Among the
devices with a solution-processed TCTA:OXD-7 layer, the
current density of the device processed from CB (Ielectron,CB)
exceeds that of the device processed from THF (Ielectron,THF). It
is also worth noting that heat treatment of films leads to a slight
increase in the current density (Ielectron,ANN). It is important that
Ielectron,CB is only 1.6 times lower than Ielectron,EV. Thus, our
results indicate that, apart from smooth surface morphology,
solution-processed TCTA:OXD-7 layers on top of PEIE/ZnO
possess reasonable carrier-transport properties, which enable
them to work properly in light-emitting devices. Figure 3b
shows the current density−voltage characteristics of the hole-

only devices with the structure of ITO/PEDOT:PSS/
TCTA:OXD-7 (70 nm)/TAPC (110 nm)/MoO3/Al. The
current density for injection of holes from MoO3/Al is 3 orders
of magnitude higher than that from ITO/PEDOT:PSS (inset of
Figure 3b). There is a large energy barrier for hole injection
from PEDOT:PSS with a work function of 5.1 eV35 into the
HOMO level of TCTA (−5.7 eV), while MoO3 with a work
function of 6.6 eV36 delivers almost barrier-free hole injection
(Figure 1c). The electron current density is more than 1 order
of magnitude lower than the hole current density upon
injection from MoO3/Al, which can be explained by the fact
that the hole mobility of TCTA is ca. 10 times larger than the
electron mobility of OXD-7. Interestingly, the effects of the
film-forming process on the hole and electron current density
are similar: the hole current density at certain voltages increases
in the sequence of Ihole,THF < Ihole,ANN < Ihole,CB < Ihole,EV.
We further measure the refractive indices of the films using

spectroscopic ellipometry. Figure 3c shows the refractive
indices of the samples. The refractive index of the vacuum-
deposited film is larger than those of the solution-processed
films, which can be attributed to the lower packing density and
the existence of free volume in the solution-processed samples.
Among the samples with a solution-processed layer, the sample
obtained from CB shows a larger refractive index than the
sample prepared from THF. Meanwhile, heat treatment
increases the refractive index of the film. Thus, the close
correlation between the refractive index and carrier-transport
property of the TCTA:OXD-7 layer is established. Similar
observation of a lower operating voltage for devices employing
the vacuum-deposited N,N-bis(1-naphthalenyl)-N,N-bis-
(phenylbenzidine) (NPB)/1,3,5-tris(N-phenylbenzimidazol-2-
yl)benzene (TPBI) films compared to those with solution-
processed films has been attributed to the higher packing
density and the resultant larger carrier mobility in the vacuum-
deposited films by Kim et al.37 On the other hand, Lee et al.
reported that a higher current density was measured in devices

Table 1. Comparison of the Properties of HyLEDs

device Von

LEmax (cd
A−1)

PEmax (lm
W−1)

EQEmax
(%) CIE

blue 3.0 38.5 25.1 18.9 (0.16,
0.36)

bluea ≈7.5 6.0 ≈1.8 3.1 (0.19,
0.24)14

yellow 2.4 46.1 33.2 14.6 (0.49,
0.50)

yellowa 2.6 61.6 19.4 17.8 NA9

red 3.0 9.7 5.1 10.2 (0.66,
0.32)

reda ≈1.8 2.0 ≈1.4 3.2 NA15

white (two-
element)

2.4 40.0 30.0 15.0 (0.33,
0.44)

white (three-
element)

3.0 27.6 16.4 10.9 (0.38,
0.47)

whitea ≈2.0 2.7 ≈1.5 N.A (0.37,
0.35)16

aValues for monochromatic and white HyLEDs in the literature.

Figure 5. Characteristics of the yellow and red HyLEDs: I−L−V plots (a), I−LE−PE characteristics (b), and EL spectra of the blue, yellow, and red
devices (c).
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using solution-processed TBADN/DPAVBi layers with lower
packing density with respect to those having the vacuum-
deposited layer, which was associated with facilitation of carrier
transport by aggregates.33 The formation of N,N′-bis(3-
methylphenyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4-diamine
(TPD) aggregates is proposed to lead to more compact
intermolecular stacking and higher hole mobility for solution-
processed films compared to the vacuum-deposited counter-
part.38 Although how the film-forming process affects the
carrier-transport property may be material-dependent, our
results agree with those reported by Kim et al.37 Because the
influences of processing solvent and heat treatment on the
hole- and electron-transport properties of the TCTA:OXD-7
film are similar, we speculate that varied carrier-transport
properties can mainly be attributed to different packing
densities but not to alteration of the TCTA and OXD-7
distribution inside the film.
Recently, TCTA and OXD-7 have been used as the host

materials for FIrPic because the ET values of TCTA (2.78 eV)
and OXD-7 (2.7 eV) are higher than that of FIrPic (2.65
eV).30,39−41 In addition, utilization of TCTA:OXD-7 cohosts
allows for the fine adjustment of the carrier-transport balance in
an EML. We fabricate a serial blue HyLEDs with the structure
of ITO/ZnO/PEIE/TCTA:OXD-7:10% PhFIrPic (70 nm)/

TAPC (60 nm)/MoO3/Al to investigate the effects of different
TCTA:OXD-7 ratios on the device performance. Figure 4
shows the I−L−V and current density−luminance efficiency−
power efficiency (I−LE−PE) characteristics of the blue
HyLEDs with different ratios of TCTA and OXD-7. As
shown in Figure 4a, the current density at a certain voltage
increases with increasing TCTA concentration, which can be
attributed to different hole and electron mobilities for TCTA
and OXD-7. All of the devices show similar light-emission on-
set voltage (Von) of ca. 3.0 V and a maximum luminance of ca.
20000 cd m−2. Figure 4b compares the I−LE−PE character-
istics of the devices. The maximum LE of the device increases
with a decrease in the TCTA:OXD-7 ratio from 4:1 to 1:1.
Notably, the maximum LE and PE of 34.0 cd A−1 and 24.1 lm
W−1 are obtained in the device with a TCTA:OXD-7 ratio of
1:1. Detailed device properties are summarized in Table S1 in
the Supporting Information (SI). Because carrier transport in
an EML is dominated by holes, an increase of the OXD-7
content helps to balance carrier transport, thereby enhancing
the device efficiency. However, the maximum LE decreases to
25.2 cd A−1 with a further decrease of the TCTA:OXD-7 ratio
to 1:2, and at the same time, the LE−I plot shows a sharp LE
roll-off at high current densities. We find that layers with this
composition on either glass substrates or ZnO/PEIE layers

Figure 6. Characteristics of HyLEDs with two or three phosphorescent emitters: I−L−V plots (a); I−LE−PE properties (b); EL spectra of the
devices at 10 mA cm−2 (c); EL spectra of the devices with EML containing 20% PhFIrPic and 0.4% PO-01 under different current densities (d); EL
spectra of the devices with EML containing 20% PhFIrPic, 0.4% PO-01, and 0.4% Ir(btp)2(acac) under different current densities (e).
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appear milky and birefringent, implying that crystallization may
occur in the film.
As the next step, we study the influence of the PhFIrPic

concentration on the properties of blue HyLEDs. The
characteristics of the devices with PhFIrPic concentrations of
5, 10, 20, and 30% are shown in Figure 4c,d. The operating
voltage at a given current density increases with increasing
PhFIrPic concentration. As indicated by the energy-level
diagram of the device (Figure 1c), the LUMO level of PhFIrPic
is located at ca. −3.2 eV, which is lower than that of OXD-7
(ca. −2.7 eV). Therefore, PhFIrPic works as an electron trap in
the EML, which may account for decreased current density
with increasing PhFIrPic concentration. Lee et al.42 reported
that higher current density and LE were measured in stepwise
doped devices having larger FIrPic concentration at the EML/
electron-transport layer interface, which was attributed to direct
injection of electrons into FIrPic and electron hopping among
FIrPic sites. To examine this point, we prepare the single-
electron devices with various PhFIrPic concentrations and find
that the current density decreases with increasing PhFIrPic
concentration (Figure S1 in the SI). It appears that electron
hopping among PhFIrPic sites plays a minor role in the present
case. LE of the device increases with an increase in the PhFIrPic
concentration from 5 to 20%. The maximum LE and PE of 38.5
cd A−1 and 25.1 lm W−1 are measured for the 20% PhFIrPic
device (Table S2 in the SI). At 1000 cd m−2, LE and PE of the
device are 38 cd A−1 and 18.4 lm W−1. Further, LE of the device
is almost independent of the EML thickness ranging from 70 to
110 nm (Figure S2 in the SI). Baldo et al. introduced the
characteristic current density at which the device efficiency falls
to half of its maximum.43 The characteristic current density
value of the 20% PhFIrPic device is as large as 136.1 mA cm−2,
which is among the best values for solution-processed FIrPic
devices (Table S3 in the SI). Rather small efficiency roll-off at
high current densities can be attributed to alleviated triplet−
triplet and triplet−polaron interactions in a broad carrier
recombination zone due to the use of hole-transporting TCTA
and electron-transporting OXD-7 as the cohosts.44,45 The 30%
PhFIrPic device shows a maximum LE of ca. 31 cd A−1 and at
the same time a reduced characteristic current density of 97.3
mA cm−2. Enhanced triplet−triplet and triplet−polaron
interactions may account for reduction of the device efficiency
in this case. The maximum EQE of the 20% PhFIrPic device
(18.9%) represents significant improvement over the previously
reported value,14 which can be mainly attributed to the effective
utilization of triplet excited states for light emission enabled by
the introduction of phosphorescent emitters into small-
molecule cohosts. A detailed comparison of the properties of
HyLEDs is presented in Table 1. Furthermore, it should be
noted that the EQE of the blue HyLEDs rivals those of the
state-of-the-art solution-processed blue-emitting conventional
devices.17

Encouraged by the impressive results of the blue HyLEDs
based on a solution-processed small-molecule EML, we
proceed to study yellow and red HyLEDs by using PO-01
and Ir(btp)2(acac) as the yellow and red phosphors. The
optimal PO-01 concentration is determined to be 10% (Figure
S3 in the SI). Figure 5 shows the properties of the yellow
HyLEDs with the structure of ITO/ZnO/PEIE/
TCTA(1):OXD-7(1):10% PO-01 (50 nm)/TAPC (60 nm)/
MoO3/Al. Von of the yellow HyLEDs is 2.4 V, and the
maximum luminance reaches 63000 cd m−2. The maximum LE
and PE are 46.1 cd A−1 and 33.2 lm W−1, which slightly

decrease to 45.6 cd A−1 and 24.6 lm W−1 at 1000 cd m−2. Red
HyLEDs with 10% Ir(btp)2(acac) show the best performance
(Figure S4 in the SI). The properties of the red HyLEDs with
the structure of ITO/ZnO/PEIE/TCTA(1):OXD-7(1):10%
Ir(btp)2(acac) (70 nm)/TAPC (60 nm)/MoO3/Al are also
included in Figure 5. The maximum LE and PE for the red
HyLEDs are 10.0 cd A−1 and 6.6 lm W−1, and the
corresponding values at 1000 cd m−2 are 8.1 cd A−1 and 2.9
lm W−1. As presented in Table 1, EQEs of the present devices
are among the highest values for yellow and red HyLEDs,
which are comparable to those of solution-processed conven-
tional devices based on PO-0146 and Ir(btp)2(acac).

47 The
selection of phosphors with enhanced luminescence quantum
yields would increase the LE values of the devices.48 The
characteristic current density values of the yellow and red
HyLEDs exceed 100 mA cm−2, which is similar to that of the
blue HyLEDs, highlighting the fact that utilization of small-
molecule cohosts is effective in maintaining the device
efficiency at high current densities. The EL spectra of the
blue, yellow, and red HyLEDs (Figure 5c) peak at 475, 563,
and 617 nm, which can be assigned to the respective emission
from PhFIrPic, PO-01, and Ir(btp)2(acac). The devices exhibit
CIE coordinates of (0.16, 0.36), (0.49, 0.50), and (0.66, 0.32),
respectively, which almost traverse the whole visible-light
region.
On the basis of the above results of monochromatic

HyLEDs, we go further to explore white HyLEDs by using
PhFIrPic and PO-01 as blue and yellow phosphors. Figure 6a
shows the I−L−V characteristics of HyLEDs with the structure
of ITO/ZnO/PEIE/TCTA(1):OXD-7(1):20% PhFIrPic:x%
PO-01 (70 nm)/TAPC (60 nm)/MoO3/Al, in which x is
0.15, 0.4, or 0.6. As shown in Figure 6a, variation of the PO-01
concentration only slightly affects the current density−voltage
characteristics. The maximum LE and PE of 44.0 cd A−1 and
34.6 lm W−1 (Figure 6b) are obtained in the 0.6% PO-01
device. The intensive peaks at 475 and 553 nm in the EL
spectra come from PhFIrPic and PO-01, as shown in Figure 6c.
The relative PhFIrPic emission intensity significantly decreases
with increasing PO-01 concentration, and PO-01 emission is
dominant in the EL spectrum of the 0.6% PO-01 device. The
0.15, 0.4, and 0.6% PO-01 devices have CIE coordinates of
(0.28, 0.43), (0.33, 0.44), and (0.40, 0.48) at 10 mA cm−2,
respectively. Among the devices, CIE coordinates of the 0.4%
PO-01 device are the closest to the white point (0.33, 0.33).
The maximum EQE and PE of the 0.4% PO-01 device are
15.0% and 30.0 lm W−1, and the corresponding values are
14.7% and 20.6 lm W−1 at 1000 cd m−2. Holes and electrons
injected from MoO3/Al and PEIE/ZnO/ITO contacts
recombine in the EML, forming excitons of host materials.
Subsequently, energy transfer from the host materials to
phosphors and from PhFirPic to PO-01 populates excited states
of PhFirPic and PO-01. As shown in the energy-level diagram
of the device (Figure 1c), PhFIrPic works as an electron trap
and PO-01 mainly acts as a hole trap in an EML, leading to the
direct formation of PhFirPic and PO-01 excited states. Blue and
yellow emission intensities in EL spectra can be adjusted by
varying the PhFIrPic and PO-01 concentrations in the EML.
The relative PhFIrPic emission intensity slightly increases with
an increase in the current density from 1 to 50 mA cm−2

(Figure 6d), leading to very subtle changes of the CIE
coordinates from (0.32, 0.43) to (0.32, 0.44). Two-element
white devices typically show a rather moderate color rendering
index (CRI) value because of the fact that EL spectra fail to
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completely cover the whole visible-light region. To improve the
CRI value of white HyLEDs, red phosphor Ir(btp)2(acac) is
introduced into the EML. The I−V characteristics of the three-
element devices with the structure of ITO/ZnO/PEIE/
TCTA(1):OXD-7(1):20% PhFIrPic:0.4% PO-01:0.4% Ir-
(btp)2(acac) (70 nm)/TAPC (60 nm)/MoO3/Al are similar
to those of the two-element devices (Figure 6a). The device
exhibits the maximum EQE and PE of 10.9% and 16.4 lm W−1.
The addition of Ir(btp)2(acac) decreases the device efficiency
because of the relatively low EQE of the Ir(btp)2(acac) device,
as mentioned above. The EL spectrum of the three-element
devices (Figure 6c) contains emission peaks at 475, 553, and
610 nm coming from PhFIrPic, PO-01, and Ir(btp)2(acac),
respectively. Also, the CIE coordinates and CRI value have
been measured to be (0.38, 0.47) and 71. There is a noticeable
increase of the relative PhFIrPic emission intensity and
concomitant reduction of the relative Ir(btp)2(acac) emission
intensity with an increase in the current density from 1 to 50
mA cm−2 (Figure 6e), leading to variation of the CIE
coordinates from (0.39, 0.46) to (0.36, 0.47).
The PO-01 device driven at an initial luminance of 600 cd

m−2 shows ca. 50% decrease in luminance during a period of
0.3−0.5 h (Figure S5 in the SI). The operating lifetime of
inverted devices using a PEI/ZnO electron-injection layer and a
SY-PPV EML at 500 cd m−2 is reported to be ca. 20 h,5 while
similar devices using ethanolamine-treated ZnO as the electron-
injection layer show good stability,49 indicating that degrada-
tion of the devices may be partially related to PEI or the
chemically related PEIE layer. In addition, solution-processed
devices show inferior stability compared to the vacuum-
deposited analogue, probably because of the low packing
density of the solution-processed films and residual solvent
inside the films.33 Further efforts are underway to improve the
operating stability of the devices.

4. CONCLUSION

Our results indicate that solution-processed TCTA:OXD-7
layers possess smooth and pinhole-free morphology as well as
reasonable carrier-transport properties, which render them to
work properly in HyLEDs. Selection of the proper processing
solvent and heat treatment can effectively improve the carrier-
transport property of a solution-processed TCTA:OXD-7 layer.
The close correlation between the packing density and carrier-
transport property for the TCTA:OXD-7 layer is established.
Blue, yellow, and red HyLEDs with solution-processed
TCTA:OXD-7:phosphor EMLs show maximum EQEs of
18.9, 14.6, and 10.2%, respectively. In addition, white HyLEDs
based on the same methodology show a high EQE of 15.0%
and current-density-insensitive CIE coordinates of (0.33, 0.44).
The efficiencies of blue, red, and white devices represent a
significant improvement over previously reported values. In
addition, the characteristic current density values of the devices
exceed 100 mA cm−2, which are among the best reported values
for solution-processed devices. Thus, utilization of solution-
processed small-molecule EMLs serves as a general approach to
achieving highly efficient monochromatic and white HyLEDs.
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