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ABSTRACT High-efficiency phosphorescent organic light-emitting diodes (PhOLEDs) have been achieved by using an ortho-linked
triphenylamine/oxadiazole hybrid, namely p-TPA-0-OXD, as host material. The high HOMO level of the compound (5.25 eV) can
facilitate efficient hole injection from 1, 4-bis[(1-naphthylphenyl)amino]biphenyl (NPB) layer to the emissive layer. As a result, low
driving voltages and high power efficiencies have been attained as compared to the carbazole-based hosts with lower HOMO levels
and higher injection barriers under similar device structures. By introducing 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) to
replace 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/tris(8-hydroxyquinoline)aluminum (Alg3) as hole blocking/electron
transporting layer, followed by tuning the thicknesses of hole-transport NPB layer to manipulate the charge balance, high-efficiency
PhOLEDs have been achieved, with maximum current efficiency/power efficiency/external quantum efficiency of 85.7 cd/A/99.7
Im/W/22.2 % for green (ppy).lr(acac)-based devices, 55.2 cd/A/64.2 Im/W/19.0% for yellow (fbi),Ir(acac)-based devices, and 11.4
cd/A/11.8 Im/W/14.8% for deep red (pig).lr(acac)-based devices. By inserting 10 nm of p-TPA-0-OXD as self-triplet exciton blocking
layer between hole transporting and emissive layer to confine triplet excitons, device performances have been further improved in

green PhOLED, with peak current efficiency/power efficiency/external quantum efficiency of 90.0 cd/A/97.7 Im/W/23.5% .
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INTRODUCTION

ince the report of organic light-emitting diodes (OLED)

based on phosphorescent emitters, there has been

intensive interests in these devices because they can
approach a 100 % internal quantum efficiency theoretically
by utilizing both singlet and triplet excitons (1 —8). Therefore,
much higher external quantum efficiency (EQE) can be
achieved than conventional fluorescent OLEDs (1—3). Gen-
erally, for high electrophosphorescent efficiency to be
achieved, heavy metal complexes of phosphors have to be
dispersed into host materials to reduce competitive factors
such as concentration quenching and triplet—triplet an-
nihilation, and thus host materials are of equal importance
with the phosphor guests (1, 2). It is desirable that the host
materials have a large enough band gap for effective energy
transfer to guest, and good carrier transport properties for
a balanced carriers recombination in emitting layer, as well
as energy-level matching with neighboring layers for effec-
tive charge injection. However, a trade-off is also required
between the energy gap and the highest occupied molecular
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orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the host. A high triplet energy generally signifies
a large electrical band gap, i.e., a low-lying HOMO and/or
high-lying LUMO level, which are not easy to match the
energy levels of adjacent layers (9); from this view, to design
host for green to red phosphors, a large energy gap is not
indispensable; instead, a relatively narrow energy gap (e.g.,
<3 eV) and matched HOMO and LUMO levels with adjacent
layers are preferable.

Carbazole-containing compounds have been widely used
as host materials in PhOLEDs because of their large triplet
energies and good hole-transporting ability (10—13). For
example, 4, 4"-N, N'-dicarbazole-biphenyl (CBP) is a promi-
nent host for green and red triplet emitters (4, 14—17).
Unfortunately, CBP host is prone to crystallize for its rather
low glass transition temperature (62 °C) (11). Additionally,
the driving voltages of CBP based device are usually rather
high because of the large difference in HOMO level between
CBP and adjacent hole transporting layer (18, 19).

In our previous work (12), we reported a maximum
current efficiency (¢ max) of 77.9 cd/A for green fac-tris(2-
phenylpyridine)iridium(IIl) [Ir(ppy)s] based device by using
an ortho-linked carbazole/oxadiazole hybrid molecule as
bipolar host. However, the maximum power efficiency
(17p max) 0F 59.3 Im/W of this device is not very satisfying. This
may relate to the large hole-injection barrier caused by the
low HOMO level (5.55 eV) of this host. To make the OLED
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products more energy efficient and with longer device
lifetimes, high power efficiency device is demanded. Herein,
we report the results on improving the power efficiencies
of green, yellow and deep red PhOLEDs by using ortho-
linked triphenylamine/oxadiazole hybrid as bipolar host. The
reason we choose triphenylamine (TPA) to replace carbazole
lies in triphenylamine having a high triplet energy and good
hole-transporting ability like carbazole; moreover, most
triphenylamine compounds have higher HOMO levels (ca.
5.3 eV) than do carbazole derivatives, which is close to the
work function of ITO or widely used hole transporting
material NPB, and thus allow efficient hole injection (20, 21).
We will also report the optimization of device structures by
introducing a layer of hole-blocking/electron-transporting
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI), fol-
lowed by tuning the thicknesses of hole-transport NPB layer
to manipulate the charge balance, or by inserting a thin layer
of p-TPA-0-OXD between hole-transport and emissive layer
as self-triplet exciton blocking layer to confine the triplet
excitons.

EXPERIMENTAL SECTION

Materials. MoO5 was commercially available from Alfa Aesar;
NPB (1,4-bis(1-naphthylphenylamino)-biphenyl), Alg3 (tris(8-
hydroxyquinoline)aluminum), and TPBI (1,3,5-tris(N-phenyl-
benzimidazol-2-yl)benzene) were purchased from eRay Opto-
electronic Technology; BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline) was purchased from Sigma-Aldrich; Ir(ppy)s
was purchased from eLight Corporation. Bis(2-phenylpyrid-
inato)iridium(Ill) acetylacetonate [(ppy).Ir(acac)] (4), bis(2-(9,9-
diethyl-9H-fluoren-2-yl)-1-phenyl-1 H-benzoimidazol-N,C3)-iridi-
um(acetylacetonate) [(fbi),Ir(acac)] (17) and bis(1-phenyl-
isoquinolinato)(acetylacetonate)iridium [(pig).Ir(acac)] (14) were
synthesized according to literature reported procedures. 2’,2"-
(1,3,4-oxadiazole-2,5-diyl)bis(N,N-diphenylbiphenyl-4-amine) (p-
TPA-0-OXD) was prepared according to our previous report (22).

Device Fabrication and Measurement. Commercial indium
tin oxide (ITO) coated glass with sheet resistance of 10 Q/sq
was used as the starting substrates. Before device fabrication,
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the ITO glass substrates were precleaned through ultrasonic
bath in ethanol and acetone, respectively, washed by special
active detergent, dried at 120 °C, and then treated by oxygen
plasma for 2 min. All layers were grown by thermal evaporation
in a high vacuum system with pressure of less than 5 x 107*
Pa without breaking the vacuum. In the deposition of the doping
layers, deposition rates of both host and guest were controlled
with their correspondingly independent quartz crystal oscilla-
tors. The evaporation rates were monitored by frequency
counter, and calibrated by Dektak 6 M Profiler (Veeco). The
overlap between ITO and Al electrodes was 4 x 4 mm? as the
active emissive area of the devices. Current density—voltage-
brightness characteristics were measured by using a Keithley
source measurement unit (Keithley 2400 and Keithley 2000)
with a calibrated silicon photodiode. The EL spectra were
measured by JY SPEX CCD3000 spectrometer. Four testing
points for each device were made under the same experimental
conditions. All the measurements were carried out in ambient
conditions without encapsulation soon after the devices being
taken out of the vacuum. The medial experimental data were
selected among the four testing points.

RESULTS AND DISCUSSION
Using p-TPA-0-OXD as host material, we first fabricated

device A; by using the most widely reported green triplet
emitter Ir(ppy)s, with the device configuration of ITO/MoO5
(10 nm)/NPB (80 nm)/p-TPA-0-OXD: Ir(ppy)s (11 wt %, 20
nm)/BCP (10 nm)/Alg3 (30 nm)/LiF (1 nm)/Al(100 nm),
where NPB and Alg3 are used as the hole- and electron-
transporting layer, respectively; BCP is used as hole- and
exciton-blocking layer; MoOs (23) and LiF serve as hole- and
electron-injecting layer, respectively. The current density—
voltage—luminance characteristics and external quantum
efficiency versus current density curves are shown in Figure
1, and all EL data are summarized in Table 1. The device
achieved excellent performance, with a maximum current
efficiency of 79.0 cd/A and a maximum external quantum
of 22.0%, which are higher than our previously reported
similar devices using 0-CzOXD as host (77.9 cd/A and
20.2%) (12), and even higher than those p—i—n double
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FIGURE 1. (a) Current density—voltage—luminance characteristics
and (b) external quantum efficiency/power efficiency versus current
density curves for devices A;.

emissive layer devices (24). It is noteworthy that device A,
displays lower turn-on voltage of 2.9 V than those similar
devices with carbazole-based host materials, such as o-
CzOXD (3.1 V for Ir(ppy)s) and CBP (3.3 V for Ir(ppy)s (12).
The low driving voltage should be attributed to the matched
HOMO levels between NPB (5.4 eV) and p-TPA-0-OXD host
(5.25 eV). Accordingly, the maximum power efficiency
remarkably rises to 85.0 Im/W as compared to the similar
device using 0-CzOXD as host (59.4 Im/W) (12).

To investigate the universal applicability of the host
material, we fabricated devices B—D based on diverse

FIGURE 2. (a) Current density—voltage—luminance characteristics
and (b) external quantum efficiency/power efficiency versus current
density curves for green (ppy),lr(acac) based devices B;—B,.
phosphorescent dopants [green (ppy).lr(acac) for B, yellow
(fbi),Ir(acac) for C, and deep red (pig).lr(acac) for D]. The
doping concentrations for the emitters were 9, 7, and 6 wt
%, respectively. For B;—Dy, the device configurations are
similar to A; with BCP/Alg3 as hole-blocking and electron-
transporting layer; for B,—D,, a 40 nm thick TPBI layer is
used to replace BCP/Alg3 to simplify the device structure and
improve the EL performance; for Bs;—Ds, NPB thicknesses
are reduced to 70 nm to get a charge balance.

For green (ppy).lr(acac)-based device B (Figure 2a), B,
with BCP/Alg3 as hole-blocking and electron-transporting
layer show higher operating voltage than TPBI-based B, and

Table 1. EL Data of Devices A—D

Linax(cd/m?)*, e max’ Np max’
dopant NPB (nm) HBL/ETL Viarnon (V) voltages (V) (cd/A) (Im/W) Next, (%)4 CIE
Ay Ir(ppy)s 80 BCP/Alg3 2.9 48815, 12.5 79.9 85.0 22.0,19.4, 16.6 0.30, 0.63
B, (ppy)2lr(acac) 80 BCP/Alg3 2.9 48501, 14.5 59.0 53.2 153, 14.1, 11.5 0.34.0.62
B, 80 TPBI 2.7 48208, 11.9 79.1 85.8 20.7,17.0, 13.8 0.35, 0.61
Bs 70 2.7 48613, 11.7 85.7 99.7 22.2,18.2, 14.7 0.33, 0.63
By 70 2.7 48513, 12.3 90.0 97.7 23.5,20.7,15.3 0.35, 0.61
C, (fbi),Ir (acac) 80 BCP/Alq3 2.9 48314, 13.9 38.8 42.0 13.5,11.9,9.4 0.51,0.48
Cy 80 TPBI 2.7 46836, 13.1 52.5 61.1 17.9,14.0, 11.3 0.51, 0.49
Cs 70 2.7 48548, 13.1 55.2 64.2 19.0, 13.3, 10.7 0.51, 0.49
D, (pig)2Ir (acac) 80 BCP/Alq3 3.1 24416, 14.9 11.3 8.2 14.2,12.2, 8.1 0.68.0.32
D, 80 TPBI 2.7 24573, 13.9 11.5 11.8 14.4,12.1,7.6 0.68, 0.32
D5 70 2.7 24740, 13.5 11.4 11.8 14.8,12.0,7.7 0.68, 0.32

4 Maximum luminance. ® Maximum current efficiency. ¢ Maximum power efficiency. 4 Maximum external quantum efficiency (ex), ex at
1000 cd/m? and 10000 cd/m?, respectively.
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FIGURE 3. Energy level diagram of HOMO and LUMO levels (relative
to vacuum level) for materials investigated in this work.

Bs. The voltages at luminance of 1000 and 10 000 cd/m? are
6.5 and 10.5 V for device By, respectively, whereas those
are 5.0 and 8.3 V for device B, and 4.7 and 8.0 V for Bs.
Moreover, the TPBI based devices exhibit significantly en-
hanced EL efficiencies. As shown in Table 1, a 35% enhance-
ment of maximum external quantum efficiency is observed
in B, (20.7 %) compared to B, (15.3 %). This can be explained
as follows: (i) because the hole mobility of NPB is about two
orders higher than the electron mobility of Alq3 (25—27),
the introduction of TPBI with higher electron mobility over
BCP/Alg3 can facilitate the electron currents (28), which
consequently decrease the driving voltages and result in an
improved charge balance; (ii) the higher triplet energy of
TPBI (2.74 eV) over BCP (2.5 eV) (29, 30) can reduce
nonradiative recombination through energy transfer from
the emissive excited state of (ppy).lr(acac) to the triplet state
of exciton blocking material, and thus confine the triplet
excitons inside the emitting layer; (iii) as demonstrated in
the energy diagram of Figure 3, holes could be easily injected
to the emitting layer (EML) because there is no hole-injection
barrier from NPB to p-TPA-0-OXD host, whereas the higher
LUMO level of TPBI (2.7 eV) (31) over BCP (3.2 eV) (29) can
facilitate the electron injection from hole-blocking layer
(HBL) to EML, which accordingly lead to an improved charge
balance; (iv) thick buffer layer generally causes high driving
voltages (25). The 80 nm NPB layer in devices B; and B, is
significantly thicker than that of 30—40 nm in most reported
devices (1, 2). Moreover, the enhancement of electron
current caused by the introduction of TPBI requires the
increase in hole current simultaneously for charge balance.
Therefore, the best EL performance was achieved in the
doubly optimized device structure of Bs.

It is important to confine excitons in EML to increase the
recombination efficiency of holes and electrons by blocking
both charge carriers and excitons diffusion out of emissive
layer. Because the triplet energy (Er) of NPB (2.3 eV) (29, 30)
is not high enough to block triplet excitons of green emitter
(ppy)2lr(acac) (Er: 2.41 eV) (32), devices B4 with the config-
uration of ITO/MoO5 (10 nm)/NPB (70 nm)/p-TPA-0-OXD (10
nm)/p-TPA-0-OXD:(ppy).lIr(acac) (9 wt %, 20 nm)/TPBI (40
nm)/LiF (1 nm)/Al(100 nm) was fabricated to further improve
the device performance, in which a thin layer of p-TPA-o-
OXD with higher Er (2.41 eV) over NPB was inserted
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FIGURE 4. (a) Current density—voltage—luminance characteristics
and (b) external quantum efficiency/power efficiency versus current
density curves for yellow (fbi),Ir(acac)-based devices C;—Cs.
between the NPB and EML to function as both hole trans-
porting and triplet exciton blocking layer (EBL). As shown
in Figure 2a, B4 with 70 nm of NPB and 10 nm of p-TPA-o-
OXD exhibits almost identical J—V characteristics to B, with
80 nm of NPB, suggesting the good hole-transport ability of
p-TPA-0-OXD. As expected, device B, with the introduction
of a thin layer of self-triplet exciton confining layer displays
the highest EL efficiency among the four devices (B;—B,),
with a maximum current efficiency of 90.0 cd/A, a maxi-
mum power efficiency of 97.7 Im/W and a maximum
external quantum efficiency of 23.5 %, respectively. We note
that the device performance is the highest among the
devices using (ppy).lIr(acac) as phosphor dopant under
similar device structures (3a), and even comparative to top-
emission n-Si:Au-based n-doping PhOLEDs (85 4 9 cd/A, 80
£ 8 Im/W) (33).

Similar trends can be observed in the yellow emissive
devices C,—Cj5 (Figure 4). Device C, achieves a maximum
current efficiency of 38.8 cd/A, which is comparable to
previously reported CBP host (~37 cd/A). Noticeably, its
maximum power efficiency (42 Im/W) is 1.5 times higher
than that of CBP (~27 Im/W) hosted device (17). Device C,
attains a maximum current efficiency of 52.5 cd/A, a maxi-
mum power efficiency of 61.1 Im/W, and a maximum
external quantum efficiency of 17.9 %, and these values are
further enhanced to 55.2 cd/A, 64.2 Im/W, and 19.0% for
Device C; with reduced NPB thickness. The significant
enhancement of EL efficiency for TPBI-based devices C, and
Cs as compared to BCP/Alg3-based device C, can be at-
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FIGURE 5. (a) Current density—voltage—luminance characteristics,
(b) current density—luminance curves, and (c) external quantum
efficiency/power efficiency versus current density curves for deep
red (piq).Ir(acac)-based devices D;—Dj.

tributed to the increase in electron current and improvement
in electron injection from the HBL/ETL side to the emissive
layer.

As reported previously, red PhOLEDs with the most
widely used CBP host usually need high driving voltages
because the poor energy matching between CBP and adja-
cent hole- and electron-transporting layers can result in
insufficient and/or unbalanced injection of holes and elec-
trons (19). Thus it is of significance to choose appropriate
host material with matching energy levels for red electro-
phosphorescence. Herein, p-TPA-0-OXD host with a narrow
energy gap (2.84 eV) could be a desirable candidate. Devices
D, and D5 display higher current density and luminance than
device D, at the same operating voltages (Figure 5a); how-
ever, their current density—luminance curves (Figure 5b) are
almost the same, therefore the three red devices show
almost equivalent current and external quantum efficiency.

www.acsami.org
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FIGURE 6. Electroluminescence spectra of devices A;—D; with
p-TPA-0-OXD as host material.

Device D; shows a turn-on voltage of 3.1 V, which is
significantly lower than that of CBP hosted device (5.3 V)
(12). This value is further reduced to 2.7 V for devices D,
and D5 using TPBI as hole-blocking and electron-transporting
layer; in consequence, the power efficiencies of devices D,
and Ds are enhanced by 11.8 Im/W from 8.2 Im/W in D
(Figure 5¢).

CONCLUSION

In conclusion, we have demonstrated that an ortho-linked
triphenylamine/oxadiazole hybrid (p-TPA-0-OXD) with nar-
row energy gap can be used as efficient host material for
green, yellow, and deep red phosphorescent OLEDs. Low
driving voltages and high power efficiencies have been
achieved because of its matched HOMO level with adjacent
hole-transport NPB layer, which facilitate the efficient hole
injection from NPB to the emissive layer. Furthermore,
through using a single TPBI layer to replace generally used
BCP/Alg3, followed by reducing the hole-transport NPB layer
thicknesses, we can substantially improve power efficien-
cies, with peak power efficiencies enhanced by 99.7 Im/W
from 53.2 Im/W for (ppy).lr(acac)-based devices, 64.2 Im/W
from 53.2 Im/W for yellow emissive (fbi),Ir(acac)-based
devices, and 11.8 Im/W from 8.2 Im/W for red emissive
(pig).Ir(acac)-based devices. The enhanced EL performance
is attributed to improved charge balance and confinement
of triplet excitons in the emissive layer.
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