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ABSTRACT: Since the chemical and thermal stability of organic thin film layers in v Blue OLED v
organic light-emitting diodes (OLEDs) highly influences the operational device
lifetime, a rational advanced design of materials and device structures is quite
necessary. Here, we report a significant improvement in the device thermal stability
and operational lifetime of blue-fluorescent OLEDs by adopting a mixed electron
transporting layer (mETL) of 4,7-diphenyl-1,10-phenanthroline (BPhen) and
hydroxyquinolinolato-lithium (Liq). Compared to pristine BPhen film, Liq mixing
improved thermal and morphological stabilities of the mETL by increasing the glass-
transition temperature and inhibiting crystallization of the ETL, which directly leads
to better device performances. Compared to the reference device using the pristine
BPhen film as an ETL, the device with mETL containing 50% Liq maintains the device
characteristics, with respect to the thermal stress up to 110 °C, which is a 60 °C
increase in the thermal stability of the blue device by applying mETL. Accordingly, the
operational lifetime of the device with mETL containing 50% Liq is substantially extended by 67 times, ensuring that this
remarkable device lifetime enhancement is dominantly driven by the improved thermal and morphological stabilities of
mETL.
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diodes (OLEDs) in mobile display applications and

televisions, as well as solid-state lighting, has become
very common and successful in the market. One of the most
critical factors to commercialize OLEDs is the stable
operational device lifetime, which is mainly dependent on
the chemical and physical stabilities of organic 7-conjugated
materials in the device.' In particular, thermal instability of
materials in the OLED active layers may result in device
degradation.” Generally, temperature increases during the
operation can induce morphological changes to the organic
materials in the OLED devices and may promote local
crystallization in the OLED layers, which limits the lifespan of
the devices.” Since the thermal stability of organic materials is
closely correlated to the glass-transition temperature (T,), a
simple way to improve the morphological stability of organic
thin film layers is by adapting existing materials having higher
T, or developing new organic materials with higher Tg.4’S
Another efficient method is mixing an existing low T, material
with a higher T, material, which can enhance the thermal and

E ; ince the last decades, the use of organic light-emitting

morphological stabilities of the thin film, with a T, value
between the two extremes.’
4,7-Diphenyl-1,10-phenanthroline (BPhen) has widely been
used as an electron transporting layer (ETL), because of its
high electron mobility and easy processability.” In addition, it
is known that the electrical conductivity of BPhen can be
enhanced by doping alkali metals or alkali-metal com-
pounds.*”"? The use of electron or hole transporting materials
doped with another material is a very effective method for
tuning the charge injection and transporting properties in
organic semiconductor devices."' "3 However, BPhen has a
relatively low glass transition temperature (T, = 62 °C) and
crystallization occurs spontaneously in its film, reducing the
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Figure 1. Temperature dependences of percentage thickness change (%Ah) for (a) 25% Liq mixed Liq:BPhen film and (b) Liq:BPhen films
with different mixing percentage from 0 to 100% Liq. (c) Glass-transition temperatures (T,) and (d) thermal expansion coefficients of glass
and supercooled liquid states of films with varying compositions. X-ray photoelectron spectroscopy (XPS) spectra of (e) N 1s and (f) Li 1s
for the mixture films of Liq and BPhen with various compositions are also shown.

device lifetime. A recent study reported that the thermal with BPhen improved the morphological stability of mETL by
stability of OLEDs could be enhanced by doping cesium (Cs) inhibiting crystallization. The critical role of the thermal and

to the BPhen film."* However, highly reactive metals, such as morphological stabilities of mETL in the OLEDs, which are
Li and Cs, have a tendency to diffuse readily through the crucial to achieve the better device stability with a prolonged
organic thin film layers, thus harming the device lifetime.> operational lifetime, was emphasized.

Instead, a less-reactive lithium-metal-based organic molecule, Unlike crystalline films where the melting transition
8-hydroxyquinolinolato-lithium (Liq), can be used to suppress determines the catastrophic failure of the organic layers, glass
this type of diffusion in the organic thin film layers." transition determines the integrity of the amorphous films as

There had been some attempts to improve the device
lifetime by mixing Liq with various ETL materials other than
BPhen.'*™*" A previous OLED study based on the thermally
activated delayed fluorescent (TADF) emitters'® reported 16
times elongation of operation lifetime of the device, which was
achieved by the combined effect of introducing an ultrathin Liq
interlayer and a mixed host system in the device structure.
Choi et al.'” and Chiba et al."® also reported that the devices
with Lig-doped ETL or EIL exhibited somewhat improved
operational lifetime. However, those results are not sufficient
to discuss the structure—property correlations of mixed organic
layers and their device characteristics for small molecular
OLEDs. In any case, the maximum operational lifetime
enhancement only by applying Liq mixing with ETL or EIL

the glass transition is defined as the marked change between
the supercooled liquid and the amorphous solid. The glass
transition temperature (T,) was measured through spectro-
scopic ellipsometry, which has the advantage of determining T,
from as-deposited films with a greater (>10° times) sensitivity,
compared to conventional differential scanning calorimetry
(DSC).>**° Each film of ~200 nm was deposited on silicon
wafer substrates by a thermal coevaporation at a deposition
rate of ~2 A s7' and the substrate temperature during the
deposition process was not controlled meaning that the
deposition temperature of the films ranged from 0.80T, to
0.89T,, depending on the mixing ratio. Although there are
reports of films with ultrastable properties, such as higher

did not exceed 6-fold density compared to those of ordinary glass, may form at the
g . ps . 27-29
Therefore, we investigated the mixing effect of BPhen and similar deposition temperatures relative to T, no
Liq on the glass transition temperature (Tg) and the evidence of ultrastable behavior was observed in the current
crystallization behavior of their thin films. Furthermore, blue- study, judging from the thickness change after the first
fluorescent OLED devices were fabricated using the mixtures temperature cycle. The sample was heated and cooled at
of BPhen and Liq (up to 50%) as a mixed electron transporting rates of 10 °C min™" and 5 °C min™!, respectively. Typically,
layer (mETL) to explore the improvement of device three temperature cycles were performed and T, was
performance upon Liq mixing. The T, value of the mETL determined from the cooling scans after the first run. (See
increased as the percentage of Liq increased and mixing Liq Supporting Information for details.)
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Figure la shows typical temperature dependent thickness
data for the 25% Liq mixed film upon cooling obtained from
spectroscopic ellipsometry. Red and blue lines in the figure
represent the linear fits to the temperature dependent
thicknesses of supercooled liquid and glass, respectively, and
thermal expansion coefficients and T, were determined
through the fit lines. The temperature dependences of
percentage thickness change (%Ah) for the mixed films with
the varying mixing percentage from 0% to 100% are presented
in Figure 1b. In Figure 1d, the thermal expansion coefficients
of the glassy states were invariant with the composition,
whereas those of supercooled liquid states linearly decreased as
the Liq mixing percentage increased. (See Supporting
Information for details.)

Figure lc shows the T, of pristine BPhen and Liq and their
mixed films with varying mixing ratios. For the pristine BPhen
and 10% Liq mixed films, the fictive temperatures (T), which
were obtained from the first temperature ramping scans, were
plotted instead of T, as rapid and spontaneous crystallization
occurred above T, after the first heating scans. The fictive
temperature (T;), which is defined as the intersection
temperature between the temperature dependence of glass
thickness upon ramping and extrapolated that of equilibrium
supercooled liquid thickness, usually has similar values
compared to T, for an ordinary glass. The value differences
between T, and T¢ for the current system above 17% Liq
mixing, where no crystallization was observed, were found to
be within a degree. In addition, T; measured in the study for
the pristine BPhen (T; = 335.2 + 0.7 K) showed 31m11ar value
to the T, value measured by DSC (T, opsc = 335.2 K).° For the
pristine Liq, although it is well-known that the powder form of
Liq is crystalline, as evidenced by the X-ray diffraction (XRD)
pattern,””*" thermally evaporated films did not show any
evidence of crystal formation by XRD, reflection polarization
optical microscopy, and AFM measurements unless Liq was
stored at ambient conditions for a certain amount of time.*”
Ellipsometry results of thermal deposited Liq film were
consistent with the glass transition behavior of amorphous
films (Figure 1b).

As shown in Figure lc, as the percentage of Liq increased, T,
increased and approached T, of pristine Liq. The curved llnes
plotted in the Figure lc are based on predictions from Fox™’
and Gibbs and DiMarzio®>**° on T, for amorphous mixture
films. The Fox equation predicts T, based on the free volume
change upon mixing, which is related to the size of the
molecules, while the Gibbs—DiMarzio equation utilizes the
change in conformational entropy in estimating T,. Figure lc
shows that the trend of T, variations upon mixing was closer to
the prediction of Gibbs and DiMarzio than that of Fox, which
implies that interaction adjustment due to the different species
of molecules neighboring each other was more important in
determining T, than the free volume adjustment due to the
size differences. This trend implies that the increase in the
thermal stability of mixed film could be achieved with less
mixing of Liq with BPhen.

The positive deviation of measured T, from the Gibbs—
DiMarzio prediction may indicate the increased interaction
between BPhen and Liq molecules, and X-ray photoelectron
spectroscopy (XPS) was performed to investigate molecular
interaction between BPhen and Liq. Figures le and 1f show
the XPS for N 1s and Li 1s peak of several mixture films. In
case of BPhen, the N 1s peak of pristine BPhen sample was
centered at 398.2 eV, which could be assigned to sp*
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hybridized pyridinic nitrogen in the BPhen molecule.***’

When BPhen was mixed with Liq (17%—83%), the binding
energy of N 1s peak increased to 398.6 eV, having similar peak
position with the 100% Liq film. In the case of 100% Liq, a
small shoulder also appeared on the higher binding energy
region, compared to the mixture films, which can be attributed
to the formation of various coordination complexes when Liq
exists alone resulting in a complicated electronic state of
nitrogen.”** Interestingly, the N 1Is spectra of the mixture
films cannot be fully deconvoluted with the N 1s spectra of
pristine Liq and Bphen (see Figure S4 in the Supporting
Information), implying that Liq and Bphen are not simply in
their physical mixture, but their chemical interaction exists in
the mixture.

In the Li Is spectra, 100% Liq showed a peak at 55.6 eV.
When 17% of Bphen was mixed to Liq, a red-shift of Li 1s peak
to 55.1 eV was observed and no additional shifts were observed
as the molar ratio of Bphen increased further. The synchronous
peak shifts observed in N 1s and Li 1s spectra upon mixing
Bphen and Liq, the binding energy increase in N 1s from
pristine Bphen (~0.4 eV) and the binding energy decrease in
Li 1s from 100% Liq (~0.5 eV), imply some chemical
interaction between the N atoms (Bphen) and the Li atom
(Liq). Binding energy of a core level electron from a molecule
can increase when its valence electrons are withdrawn and vice
versa.”” As it has been reported that the interaction of Li atom
with pyridinic N atom could increase the binding energy of N
15, in our case, it is possible that the lone-pair electrons of
nitrogen in BPhen are partially transferred to the lithium of Liq
in the mixture, forming stronger interaction between mixed
components, which could increase the binding energy of N 1s
and decrease the binding energy of Li 1s. A plausible
explanation is that the lithium in Liq, which has a very high
ion mobility, can interact efficiently with the pyridinic nitrogen
of Bphen, even from a low concentration, 17% in our case,
resulting in the overall similar chemical nature of nitrogen in
the mixture films with that in the pristine Liq.

We note that this intermolecular interaction between the N
atoms in BPhen and Li atom in Liq could be responsible for
the positive deviation of T, from the Gibbs—DiMarzio
prediction as the glass transition of small-molecule glass
former is related to the reorientation of the molecule. As the
increased intermolecular interaction between mixed compo-
nents is formed, the reorientation of this complex would be
more restricted than the reorientation of each components.

Despite its superior electron mobility among known ETLs,*
BPhen suffers from morphological instabilities that are due to a
fast crystallization, which is facilitated by the relatively low T,
(62 °C) and its relative planar molecular structure.””*> The
crystallization of the organic layer of OLED devices can lead to
electrical shorts, which w1ll eventually reduce the device yield
and shorten the lifetime.”** It is generally known that the
doping could inhibit crystallization and have been utilized in
stabilizing active layers in organic devices."" * Thus, in
addition to the increase in the T, value of mixed films, mixing
Liq with BPhen can limit the crystallization and improve the
overall device performance. Since ambient conditions and high
temperatures could promote crystallization, both encapsulated
and as-deposited samples were produced and stored either at
room temperature or ~20 °C above the T, value of each mixed
film for as long as S5 days. Encapsulated samples showed a
similar crystallization behavior as those stored under vacuum
conditions.
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Figure 2. (a) Reflection polarization optical microscopy images, (b) AFM images, and (c) RMS roughness of mixed films of BPhen and Liq
(up to 50%) with various compositions and under different storage conditions.

Scheme 1. Blue OLED Device Structure and Molecular Structure of BPhen, Liq, BH, BD, HAT-CN, HT1, and HT2
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The morphological stabilities of mETLs upon different
thermal treatments and storage conditions were investigated by
examining the crystallization behavior using a custom-built
reflection polarization optical microscopy system and atomic
force microscopy (AFM). As seen in Figures 2a and 2b, an
encapsulated sample of pristine BPhen that was stored at room
temperature crystallized during the storage. Usually, the
crystallization process can be observed within 2 h after
deposition and the entire sample crystallizes within 6 h, which
is similar to what has been reported previously.*>*’
Encapsulated BPhen film mixed with 5% Liq resisted
crystallization at room temperature whereas the film with the
same mixing percentage without the environmental protection
crystallized within 2 days and 30 min at room temperature and
temperatures above T, respectively. The BPhen film mixed
with 10% Liq crystallized only at elevated temperatures, and
films with the mixing percentage ranging from 17% to 50%
resisted the morphological change, regardless of the storage
conditions. The root-mean-square (RMS) roughness of
samples was further studied using AFM. The encapsulated
samples were measured within 3 min after stripping off the
environmental protection glass cover. Figure 2c indicates that
the amorphous film possessed the RMS roughness correspond-
ing to the molecular level flatness (0.5 + 0.2 nm), which
confirmed the morphological integrity of the film at the
molecular level. AFM images that show the morphologies of
amorphous films are provided in the Supporting Information
(Figure S3). On the other hand, the films that appeared as
crystallized in the reflection polarization optical microscope
and AFM showed a RMS roughness of 42.4 + 3.6 nm on
average.””~* This trend of RMS roughness is invariant with
Liq mixing percentage under the vacuum storage condition,

1679

but shows a slight increase with Liq mixing percentage under
ambient conditions and high temperatures, possibly due the
sensitivity of alkali metals to moisture which led to surface
degradation.”® In any case, film XRD measurements showed no
evidence of crystallization in the films that appeared to be
amorphous in the reflection polarization optical microscopy
and AFM.

To investigate the effect of mETL of BPhen and Liq on the
OLED device performance, blue-fluorescent OLED devices
were fabricated using mETLs with different mixing ratios and
were compared to devices consisting of pristine BPhen, as an
ETL. All organic and metal layers were thermally deposited in
succession in a high-vacuum (ca. 1077 Torr) system without
breaking the vacuum. Then, the fabricated devices were
encapsulated with cavity glass lids in a nitrogen-purged
glovebox. The blue-fluorescent device structure was ITO/
N4,N4’-diphenyl-N4,N4'-bis(9-phenyl-9H-carbazol-3-yl)-
[1,1'-biphenyl]-4,4’-diamine (HT1) (40 nm)/1,4,5,8,9,11-
hexaazatriphenylene hexa-carbonitrile (HAT-CN) (S nm)/N-
([1,10-biphenyl]-4-y1)-9,9-dimethyl-N-(4-(9-phenyl-9H-carba-
zol-3-yl) phenyl)-9H-fluoren-2-amine (HT2) (25 nm)/blue
EML (30 nm)/BPhen:Liq mixed layer (30 nm)/Liq (0.5 nm)/
Al For the blue EML, 9-(4-(naphthalen-1-yl)phenyl)-10-
phenylanthracene (BH) used as a blue host and NI,N6-
bis(S’-fluoro-[1,1":3’,1"'-terphenyl]-4’-yl)-N1,N6-diphenylpyr-
ene-1,6-diamine (BD) as a blue-fluorescent emitter, which was
3% doped in the blue host. (See Scheme 1 and the Supporting
Information.)

Since it is widely known that OLED devices should
demonstrate a suitable temperature stability at least in the
range of 70—90 °C for commercial applications,”" the full
device performances upon thermal stress were investigated by
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density for the devices upon mixing percentage of Liq in the mETL. (c) Relative luminance over the operation time under a constant current
density of 25 mA cm™? for the devices upon mixing percentage of Liq in the mETL.

annealing devices at different temperatures ranging from room
temperature to 120 °C, prior to measurements to test the
device stability upon thermal treatment. Figures 3a and 3b
show the comparison of the current density versus driving
voltage and luminance versus current density characteristics of
the blue devices, under conditions before and after thermal
annealing at 110 °C for 60 min. The mixing percentage of Liq
in BPhen films varied from 0% to 50% as indicated. Prior to
the thermal treatment, these characteristics (dashed curves) of
the blue devices showed similar behavior upon mixing ratio
change in the mETL. The current density versus driving
voltage and luminance versus current density characteristics of
the devices with mETLs were almost identical to each other
and those of the device with the pristine BPhen showed slight
deviations from the trends in the range of higher voltage and
lower current density for Figures 3a and 3b, respectively.
However, the difference between the device with mETLs and
pristine BPhen ETL seemed to be very minor, compared to the
difference by the thermal treatment.

After the thermal treatment (solid curves), the device with
pristine BPhen ETL showed a sharp increase in the driving
voltage near 0.25 V and reached >10 V at the current density
of 25 mA cm™* which was the relevant current density that
produced the luminance of ~1000 cd m™ for the untreated
device. Then, no luminance was detected in the entire range of
the current densities studied, indicating a catastrophic failure of
the device after thermal annealing at 110 °C for 60 min,
probably due to the grain boundaries formed by crystallization

in the pristine BPhen ETL, as shown by reflection polarization
optical microscopy and AFM studies (Figure 2), which limited
electron transport in the pristine BPhen layer. However, the
treated device with the mETL containing 50% Liq showed no
change of the current density versus driving voltage and
luminance versus current density characteristics, compared to
the untreated device. These characteristics of the devices with
17% and 33% Liq showed in-between behaviors of the devices
with pristine BPhen and 50% Lig.

In order to systematically investigate the thermal stability of
the device upon using mETLs, the devices using both pristine
BPhen as ETL and mETLs of different mixing ratios were
annealed at different temperatures ranging from room
temperature to 120 °C for 60 min and measured the
luminance at 25 mA cm™ Figure 3c shows the luminance
change at 25 mA cm™? according to the annealing temper-
atures ranging for the devices with different mixing ratios of
BPhen and Liq in the mETLs. For the device with pristine
BPhen ETL, the device maintains its luminance up to 50 °C
annealing before it degrades at the higher-temperature
annealing. As the mixing percentage of Liq increased, the
annealing temperature at which the device could withstand the
luminance became higher. The device with the mETL
containing 50% Liq maintained the device characteristics up
to an annealing temperature of 110 °C, which can be
interpreted as a 60 °C improvement in the thermal stability
of the device and is a result of the combined contribution from
the increase in T, and crystallization inhibition upon using
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mETLs. Tables showing the driving voltage, the luminance,
and the external quantum efficiency at 25 mA cm™? according
to the annealing temperatures for the devices with the different
mixing ratios of BPhen and Liq in the mETLs are provided in
the Supporting Information (Tables S4, S5, and S6).

The driving voltage and luminance versus the Liq percentage
characteristics at the current density of 25 mA cm™> for the
untreated devices are shown in Figure 4a. The driving voltages
and luminance of the devices using mETL respectively showed
an increase (+33%) and a decrease (—14%), compared to the
device with pristine BPhen, but showed similar values among
the devices using mETLs of different mixing ratios. This
increase in the driving voltages of the mETL device is
consistent with the XPS analysis (see Figures le and 1f) where
the lone-pair electrons of N atoms in BPhen transfers to the Li
atom of Lig, resulting in a decrease in the electron transport of
BPhen.””>” As shown in Figure 4b, external quantum
efficiencies (EQEs) of the devices with mETLs were also
similar, except that of the device with pristine BPhen. The inset
shows the EQEs at the current density of 25 mA cm™ for the
devices with different mixing ratios of mETL and ETL with
pristine BPhen, where the device with pristine BPhen ETL
showed a 32% higher EQE value, compared to devices using
mETL. Fast electron injection into the blue-emitting layer
from the ETL could lead to higher luminous efliciency of the
devices, since the hole mobility of hole transporting materials
was generally faster than the electron mobility of electron
transporting materials.” >

Figure 4c shows the relative luminance over the operation
time under a constant current density of 25 mA cm™ for the
blue devices with the mETL containing different mixing ratios
of BPhen and Liq. The device lifetime was measured up to
LT80 parameter, defining the time where the luminance
decreased to 80% of the initial luminance (L,) corresponding
to ~1000 cd m™ for the devices in the present work. The
lifetime of the blue devices changed dramatically with the
different mixing percentage of BPhen and Liq in the mETL.
The lifetime for the device with the pristine BPhen ETL was
very poor, with an LT80 parameter of 16 h; however, the
device lifetime significantly increased with the mixing
percentage of Liq in BPhen as an mETL. The LT80 of the
device with the mETL containing 50% Liq increased by 67-
fold over that of the device with the pristine BPhen ETL. This
67-fold enhancement of the device lifetime is unprecedented in
both magnitude and cause. In the previous studies of
improving the device lifetime upon mixing Liq to various
ETL materials,””~"® the maximum enhancement solely by
using mETL was less than a factor of 6 and the power
efficiency improvement upon Liq mixing was postulated as the
main source of the improved device lifetime. In this present
work, we would like to stress that the drastic device lifetime
improvement was achieved and can be mainly attributed to the
combined effect of enhanced thermal and morphological
stabilities of ETL (BPhen) mixed with Liq.

In summary, the Liq mixing increased the T, value of the
mixed films of BPhen and Liq more than what was predicted
by Gibbs and DiMarzio, presumably due to the stronger
intermolecular interaction between the N atoms in BPhen and
the Li atom in Liq. In addition, the Liq mixing in the BPhen
thin film inhibited the crystallization of the thin film, only 10%
Liq mixing was required to avoid crystallization, even at
elevated temperatures in a protected environment. Further-
more, the improved thermal and morphological stabilities of
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mETL resulted in the better thermal stability and the
prolonged operational lifetime of blue devices. While the
reference device with the pristine BPhen ETL showed a
luminance loss upon thermal annealing above 50 °C, the
device with mETL containing 50% Liq maintained the
luminance up to 110 °C, because of the T, increase and
crystallization inhibition of BPhen by Liq mixing. In addition,
the operational lifetime of the device with the mETL
containing 50% Liq was extended by a factor of 67, compared
to the reference device with the pristine BPhen ETL.
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