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Deep-red organic light-emitting diodes with stable
electroluminescent spectra based on zinc complex
host material

Yungui Li, 22 Xiang Gao, Lei Wang 22 and Guoli Tu*?

A zinc complex host material named Zn(PPI), (PPl = 2-(1-phenyl-1H-phenanthro[9,10-dlimidazol-2-yl)
phenol) is synthesized by an improved strategy. Combined with dopant Ir(pig)s and Ir(pmig),(acac), deep-
red phosphorescent organic light-emitting diodes are fabricated and investigated. The devices show
a highest external quantum efficiency of 9.5% based on Ir(pig)s and 13.1% for Ir(pmig),(acac). All these
devices show very stable electroluminescent spectra without significant shift during current density
increase. Commission Internationale de [Eclairage coordinates of (0.68, 0.32) and (0.70, 0.30) are

rsc.li/rsc-advances obtained respectively.

Introduction

Organic light-emitting diodes (OLEDs) have gained significant
attention after their invention by Tang and Vanslyke in 1987."
With the introduction of phosphorescent>* and thermally acti-
vated delayed fluorescent (TADF) emitters,*® the internal
quantum efficiency of phosphorescent OLEDs (PhOLEDs) can
reach as high as 100%, which indicates unity energy conversion.
The development of organic doping technology,® exciton
blocking layers” and light extraction strategies® bring white
PhOLEDs to a level with comparable with the power efficiency of
fluorescent tubes.® After decades of effort, OLEDs have now
been used in display panels and light sources.

Increasing interest have been paid to deep-red and near-
infrared OLEDs because of their potential application in fields
like phototherapy,” telecommunication' and defense."
However, the external quantum efficiency (EQE) of deep-red
OLEDs with Commission Internationale de I'Eclairage (CIE)
coordinate CIE x = 0.70 is still low. What is more, the CIE
coordinate under high current density is rarely discussed in
previous reports. Under high current density, the shift of
recombination zone could lead to blue shift, giving rise to
emission with lower CIE x value."

The key issues to obtain an ideal deep-red devices with CIE x
= 0.7 are the emission peak wavelength and the bandwidth of
spectrum.™ To get emission with a stable CIE coordinate, device
needs to have balanced hole and electron injection, and stable
recombination zone without significant shift at high current
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density. To meet these requirements, both material and device
configuration should be carefully optimized.

Fujii et al. realized a deep-red OLEDs with EQE of 10.2% and
CIE coordinates of (0.70, 0.27), by using a deep-red phosphores-
cent emitter bis(2,3-diphenylquinoxaline)iridium-(acetylacetone)
[(QH),Ir(acac)] and  3-(4-biphenylyl)-4-phenyl-5-(4-ter¢-butyl-
phenyl)-1,2,4-triazole (TAZ-01) as host."® However, the CIE coor-
dinate shifted to lower than 0.70 when increasing current
density. Jou et al. reported a deep-red OLED with [bis(spiro-
fluorenedibenzosuberene[d]quinoxaline-C* N)-monoacetyl-cetone]-
iridium(m) as emitter and N,N-di(naphthalene-1-yl)-N,N'-
diphenylbenzidine (NPD) and bis(10-hydroxybenzo[/]quinoli-
nato)beryllium (BeBq,) as co-host, achieving maximum EQE of
11.2%, and CIE coordinates of (0.70, 0.27) at 10 cd m >.*
However, the CIE coordinates moved to (0.67, 0.26) when the
luminance increased to 500 cd m 2. Wang et al. reported a deep-
red OLED with TADF emitter 7,10-bis(4-(diphenylamino)
phenyl)dibenzo[f,h]quinoxaline-2,3-dicarbo-nitrile (TPA-DCPP).
Its nondoped OLED device showed maximum EQE of 2.1%
with CIE coordinated of (0.70, 0.29). When 20 wt% TPA-DCPP
doped in TPBi as emitting layer, OLED exhibited a maximum
EQE of 9.8% with CIE coordinate of (0.68, 0.32)."” Recently,
Yuji et al reported an exciplex system with bis(2,3-
diphenylquinoxaline)iridium(dipivaloyl-methane) [(DPQ),-
Ir(dpm)] emitter for deep-red OLEDs. Co-deposited di(naph-
thalene-1-yl)-N,N'-diphenylbenzidine (NPD) and 2-(3'-(dibenzo
[b,d]thiophen-4-yl)-[1,1"-biphenyl]-3-yl)-4,6-diphenyl-1,3,5-
triazine (4DBT46TRZ) as host, maximum EQE of 17.9% with CIE
coordinates of (0.70, 0.29) at 100 cd m > was obtained.'®
However, there is no information about CIE coordinate under
high current density.

All these host materials were obtained via multi-step synthesis
process, which hinders their commercial application because of
the synthetic complexity. Adachi et al. reported a zinc complex bis
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[2-(2-benzothiazoyl)phenolato]zinc(u) [Zn(BTP),] as host material
with Ir(piq); dopant for deep-red OLEDs, realizing device perfor-
mance with maximum EQE of 10.3%. At a current density of
10 mA cm™ 2, CIE coordinate of (0.67, 0.33) was obtained. Devices
with this zinc complex host material showed higher performance
compared to 4,4'-bis(9-carbazolyl)-2,2'-biphenyl (CBP) based
devices, but the CIE coordinate at high current density and the
color stability were not showed.* According to their research, zinc
complex host material Zn(BTP), showed better charge carrier
injection properties than CBP. Recently, Wang et al. realized blue,
green and orange-red devices based on zinc and beryllium
complex host with ligand of 2-(1-phenyl-1H-phenanthro[9,10-d]
imidazol-2-yl)phenol (PPIH). For organic red PhOLEDs based on
Zn(PPI), as host material and bis(2-methyldibenzo-{f,4]
quinoxaline)acetylac-etonate iridium(m) (Irf(MDQ),(acac)) as
dopant, maximum EQE of 15.2% and CIE coordinate of (0.64,
0.36) have obtained. The zinc complex host material shows
bipolar property of transporting electrons and holes, which
facilitates charge balance. However, they used inorganic base
sodium hydroxide to synthesize the complex in organic solvent,
leading to modest yield (48%). Low solubility of sodium hydroxide
and ligand PPIH in methanol causes difficulty for further purifi-
cation.” In the interest of simplifying the purification process and
increasing product yield, an improved strategy for this zinc
complex host is needed. More importantly, there is a lack of
investigation on deep-red PhOLEDs and the electroluminescent
spectrum stability of those devices with Zn(PPI), as host material.

Here, we reported efficient deep-red OLEDs with stable CIE x
= 0.7 based on Zn(PPI),. An improved synthesis method for
Zn(PPI), is developed and it is used as a host material for PhO-
LEDs with dopant Ir(piq); and Ir(pmiq),(acac), to obtain deep-red
OLEDs with CIE x = 0.7. Rather than using poorly soluble inor-
ganic base sodium hydroxide to adjust pH, we utilize trimethyl-
amine combined with ethanol as solvent to synthesize Zn(PPI),
complex. The zinc complex material is easily obtained by two
steps, with slightly higher product yield of 60% by simple filter
separation. This is among high product yield for zinc complex
synthesis.** When this zinc complex is used as host material for
deep-red PhOLEDs with Ir(piq); emitter, maximum EQE of 9.5%
with CIE coordinate of (0.68, 0.32) is achieved. It shows very
stable electroluminescent emission, peaking at 636 nm without
significant change of CIE coordinate when increasing current
density. The CIE coordinate changes smaller than 0.005 when
current density increases from 0.1 mA cm 2 to 100 mA cm 2.
Maximum luminance above 10 000 cd m > is obtained before
device failure. Combined with emitter Ir(pmiq),(acac), Zn(PPI),
based deep-red OLEDs achieve maximum EQE of 13.1% with CIE
coordinate of (0.70, 0.30). Highest luminance of 7261 cd m™ > is
achieved. The device also shows very stable electroluminescent
emission, peaking at 640 nm without significant change of CIE
coordinate when increasing current density.

Experimental
Material synthesis

Ligand PPIH is synthesized according to literature.*® To further
get zinc complex, 600 mg (1.55 mmol) PPIH is dissolved in
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300 ml ethanol under 60 °C. 660 mg (6.52 mmol) trimethyl-
amine is added, followed by adding Zn(OAc), 2H,0 (171 mg,
0.779 mmol). The mixture is stirred by magnetic stirring bar for
3 h before cooling down to room temperature. White crystal is
found at the bottom of flask overnight. The product Zn(PPI), is
filtered 3 days later and washed by ethanol. 1H NMR (400 MHz,
[D6]DMSO): 6 = 8.90 (d, 2H, J = 8.4 Hz), 8.06 (d, 2H, ] = 7.8 Hz),
7.97 (d, 2H, J = 8.4 Hz), 7.85-7.67 (m, 10H), 7.52 (t, 2H, J =
7.8 Hz), 7.34-7.15 (m, 4H), 7.13 (t, 2H, = 7.8 Hz), 6.93 (t, 2H, ] =
8.1 Hz), 6.88 (d, 2H, J = 7.8 Hz), 6.79 (t, 4H, ] = 9 Hz), 6.27 (t, 2H,
J = 7.5 Hz).

OLEDs fabrication

Zinc complex host material is purified twice by sublimation
before device fabrication. Substrates with pre-patterned ITO are
cleaned with acetone, ethanol and de-ionized water by ultra-
sonic bath for 10 min in each step. The substrates are then dried
by dry nitrogen gas flow and oven at 120 °C. The devices with
Ir(piq)s are fabricated in vacuum chambers under 5 x 10~ Pa.
For device with emitter Ir(piq);, the configuration is: ITO/M0O;
(10 nm)/NPB (x nm)/TCTA (5 nm)/Zn(PPI),: 8 wt%. Ir(piq); (30
nm)/TPBi (y nm)/LiF (1 nm)/Al. For emitter Ir(pmiq),(acac),
device structure is ITO/MoO; (8 nm)/TAPC (120 nm)/TCTA
(5 nm)/Zn(PPI),: 1 wt% Ir(pmiq),(acac) (40 nm)/TPBi (5 nm)/
Bphen (80 nm)/LiF (1 nm)/Al. Oxygen plasma treated (5 min)
indium tin oxide (ITO) is used as anode, molybdenum oxide
(Mo0:s) is used as hole injection layer, 1,1-bis[(di-4-tolylamino)
phenyljcyclohexane (TAPC) and N,N-di(naphthalen-1-yl)-N,N-
diphenyl-benzidine (NPB) as hole transport layer, 4,4,4-
tris(carbazol-9-yl)-triphenylamine (TCTA) and 2,2,2-(1,3,5-phe-
nylen)-tris(1-phenyl-1H-benzimidazol) (TPBi) as exciton block-
ing layer, Zn(PPI), doped with Ir(piq); or Ir(pmiq),(acac) as
emission layer, TPBi and 4,7-diphenyl-1,10-phenanthroline
(BPhen) as electron transport layer. Lithium fluoride (LiF) is
used as electron injection layer and 100 nm aluminum as top
electrode. Pixel size is 0.3 mm by 0.3 mm.

Measurement

PL spectra are recorded by Edinburgh instruments (FLS 920
spectrometers) and UV-Vis absorption spectrum is measured by
Shimadzu UV-Vis-NIR Spectrophotometer (UV-3600). 'H
nuclear magnetic resonance (NMR) measurements was carried
out with Bruker 400 MHz DRX spectrometer. All the devices are
characterized immediately after fabrication in ambient envi-
ronment without further encapsulation. Luminance, EL spectra
and CIE coordinate information are measured by a PHOTO
RESEARCH SpectraScan PR655 photometer and KEITHLEY
2400 SourceMeter as current source. The EL spectra and CIE
coordinate, as well as luminance are recorded at each
measurement step.

Results and discussion
Zn(PPI),

The synthetic route to zinc complex material is shown in
Scheme 1. This zinc complex is obtained by utilizing

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthetic route for Zn(PPI),.

trimethylamine with ethanol as solvent, since trimethylamine
has better solubility than inorganic base. The yield is 60%,
which is higher than previous reported method.”* The main
reason for the increase of product yield is ligand PPIH and tri-
methylamine have slightly better solubility in ethanol than
PPIH and inorganic base in methanol.

Fig. 1 shows the physical properties including UV-Vis
absorption and PL spectrum of Zn(PPI),. Fig. 1 is the normal-
ized UV-Vis absorption spectrum for Zn(PPI), and PL spectra for
both Zn(PPI), and ligand PPIH. The spectra are recorded with
a solution of these compounds about 10> mmol L™ " in CH,Cl,
at room temperature. For absorption spectrum, main peak at
around 260 nm can be assigned to the 7w — 7* transition of the
benzene ring. Weak absorption band is found from 300 to
400 nm with two weaker peaks. This can attribute to the delo-
calized w — w* transition from ligand part in which the 2-
substituted phenolate to the N-phenyl phenanthroimidazole
ring.*® For zinc complex at room temperature, the PL spectrum
covers wide range from 380 nm to 550 nm with a peak at
429 nm. However, ligand PPIH gives PL spectrum with peak at
467 nm.

Deep-red OLED devices based on Zn(PPI),

Fig. 2 shows the energy diagram for deep-red PhOLEDs, both for
device with emitter Ir(piq); and Ir(pmiq),(acac). The energy
level data is collected from literatures.”**>** We firstly investi-
gate deep-red OLEDs with Ir(piq); as guest material. HOMO
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Fig.1 Normalized UV-Vis absorption and photoluminescence spectra
for PPIH and Zn(PPI),.
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Fig. 2 Energy diagram for deep-red OLEDs based on Zn(PPI),.

level of Zn(PPI), is located at 5.8 eV and LUMO level at 2.7 eV,
finely confining the energy gap of dopant Ir(piq);. The triplet
energy level of host is 2.67 eV, which is higher than dopant
Ir(piq); at 2.05 eV,* so triplet energy can transfer from host to
guest. Devices are fabricated with the configuration of: ITO/
MoO; (10 nm)/NPB (x nm)/TCTA (5 nm)/Zn(PPI),: 8 wt%.
Ir(piq); (30 nm)/TPBi (y nm)/LiF (1 nm)/Al. Here, the thick-
nesses of NPB and TPBi are slightly optimized to obtain opti-
mized device performance and to investigate the influence of
current injection on EL spectra stability.

Fig. 3 shows PhOLEDs device performance based on Zn(PPI),
and Ir(piq)s, with variation of NPB (x nm) and TPBi (y nm)
thickness. NPB thickness is changed from 50 nm to 60 nm and
70 nm, while TPBi is varied between 30 nm and 40 nm, to
slightly change the injection and keep recombination zone
within the emission layer.* Fig. 3(a) exhibits the relation
between driving voltages and current density for these devices.
The current density changes slightly when optimizing hole and
electron transport layers' thickness. For device with 50 nm NPB
(x =50 nm) and 30 nm TPBi (y = 30 nm), it gives highest current
density under the same driving voltage among all devices. When
increasing thickness of either NPB or TPBI, devices show lower
current density. This could result from the resistance of organic
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layer.** When NPB and TPBi are used as non-doped hole and
electron transport layer, increasing transport layer thickness
rises up device resistance and hinder the charge transport,
which leads to lower current density.>

Fig. 3(b) shows the luminance behavior under different
current densities for devices based on Zn(PPI), and Ir(piq);. For
all devices, maximum luminance is higher than 10 000 cd m 2.
These devices give similar current density and luminance
curves. For device with 50 nm NPB (x = 50 nm) and 40 nm TPBi
(y = 40 nm), the turn-on voltage (voltage for luminance at
1 cd m~?)is 2.7 V. The device reaches 100 cd m > under very low
current density about 2.5 mA cm > and 1000 cd m 2 at
26 mA cm >, The luminance further increases to 10 000 cd m >
when the current density is about 300 mA ¢cm™>. Maximum
luminance about 20 000 ¢cd m™> can be obtained at 400 mA
cm 2 before catastrophic device failure.

The thickness of charge transport layer plays an important
role on charge injection balance and recombination zone
location, therefore it could influence device efficiency and color
stability under high current density.® In Fig. 3(c) and (d), we
notice that under the same current density, devices with 50 nm
NPB (x = 50 nm) and 40 nm TPBi (y = 40 nm) gives highest
external quantum efficiency (EQE) and highest current effi-
ciency. While for devices with 70 nm NPB (x = 70 nm) and
30 nm TPBi (y = 30 nm), lowest EQE or current efficiency is
obtained, because of unbalanced charge injection. Highest EQE
of 9.5% is obtained by 50 nm NPB (x = 50 nm) and 40 nm TPBi
(y = 40 nm), devices, with current efficiency of 5.35 cd A™" and
power efficiency of 6.21 1 m W', This could attribute to
balanced charge recombination and well confinement of exci-
tons within emission layer. The EQE is rolling down when
increasing current density, which may result from triplet-triplet
annihilation and triplet-polaron quenching.>

Fig. 4 summarizes the typical EL spectra for devices with
Ir(piq); under current density from 0.1 mA cm™? to 100 mA cm ™2,
Fig. 4(a) shows EL spectra of device with 50 nm NPB (x = 50 nm)
and 40 nm TPBi (y = 40 nm), which gives the best device effi-
ciency. Fig. 4(b) illustrates EL spectra of device with 50 nm NPB
(x = 50 nm) and 30 nm TPBi (y = 40 nm), which has lowest
injection resistance. All these EL spectra peak at 636 nm, with
full width at half maximum (FWHM) about 100 nm. The CIE
coordinates are (0.68, 0.32) for current density from
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Fig. 4 Electroluminescent spectra of deep-red OLEDs with Ir(pig)s
emitter under different current density. (a) Balanced device with 50 nm
NPB (x = 50 nm) and 40 nm TPBi (y = 40 nm), with best device effi-
ciency, (b) unbalanced device with 50 nm NPB (x = 50 nm) and 30 nm
TPBi (y = 30 nm), with lowest charge injection resistance.
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0.1 mA cm 2 to 100 mA cm 2. In this range, the CIE coordinate
shifts smaller than 0.005. Fig. 4(a) indicates the device with
balanced charge injection and fine exciton confinement
configuration can exhibit extremely stable EL spectra even
under high driving current density of 100 mA cm 2. Meanwhile,
Fig. 4(b) indicates that even electron and hole is slightly
unbalanced, no observable EL spectra change is found with
increased driving voltage and a very small change of CIE
coordinates.

Based on the investigation on Ir(piq); emitter, we further
study the performance of deep-red devices with Ir(pmiq),-
(acac).* Fig. 5(a) shows the devices' voltage—current density-
luminance curves. The turn-on voltage is 3.7 V and device can
reach maximum luminance of 7262 cd m~> under 18.5 V before
device failure. Higher turn-on voltage compared to Ir(piq)s
based device can attribute to thicker device layers. As we can see
from Fig. 5(b), the maximum EQE of 13.1% is achieved. EQE
rolls down a little to about 10% at 80-100 mA cm 2, which is
a small roll-off compared with the same guest material doped in
other host materials.”> The maximum current efficiency is
6.8 cd A~ and the maximum power efficiency is 5.4 1 m W™,
The EL spectra stability is showed in Fig. 5(d). As we can see,
there is no significant shift for EL spectra with peak at 640 nm.
The CIE coordinate is (0.70, 0.30) and the change of CIE coor-
dinate is smaller than 0.004 from 0.1 mA cm ™ to 100 mA cm 2.
Deep-red device based on Zn(PPI), and Ir(pmiq),(acac) also
shows very stable EL spectra stability and slightly higher EQE
than device based on Ir(piq);.

Good efficiency and stable EL property for these deep-red
device are the results of these possible reasons: (1) the bipolar
property of this Zn(PPI), host material facilitates the charge
balance within the device; (2) with the blocking layer, the
emission zone is well confined within the emission layer even
under high current density.* Possible reasons attribute to EQE
difference for Ir(mpiq),(acac) and Ir(piq); based device could be

difference of device configuration, intrinsic quantum
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efficiency” or dipole orientation.>® For deep-red OLEDs, two
reasons can attribute to lower efficiency compared to blue,
green, orange-red OLEDs: firstly, the nonradiative decay rate of
emitter increases when the energy gap is decreasing according
to energy gap law;*® secondly, a drop of luminous flux within the
deep-red region and decrease of eye sensitivity among this
wavelength range, leads to lower power efficiency compared to
green or blue OLEDs.** Compared to reported results,"**”** our
devices show good performance among deep-red OLEDs, with
stable CIE coordinate as high as (0.70, 0.30) even at high current
density.

Conclusions

In conclusion, zinc complex host material named Zn(PPI), is
synthesized by an improved strategy, with slightly higher
product yield of 60% by two steps and easy purification. Deep-
red PhOLEDs are fabricated based on host Zn(PPI), and
dopant Ir(piq); and Ir(pmiq),(acac). Highest EQE of 9.5% is
obtained for Ir(piq); based device and 13.1% for Ir(pmiq),(acac)
device. These devices show deep red emission with CIE x of 0.67
for Ir(piq); and 0.70 for Ir(pmiq),(acac) emitter. Devices with
host Zn(PPI), and dopant Ir(piq); and Ir(pmiq),(acac) exhibit
very stable electroluminescent spectra and barely CIE coordi-
nates shift when increasing current density. The results will
provide a clue towards further development of efficient and
stable deep-red OLEDs.
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