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Phosphorescent materials are crucial to improve the luminescence and efficiency of organic light emitting diodes
(OLED), because its internal quantum efficiency can reach 100%. So the studying of optical and electrical properties of
phosphorescent materials is propitious for the further development of phosphorescent OLED. Phosphorescent materials
were generally doped into different host materials as emitting components, not only played an important role in
emitting light but also had a profound influence on carrier transport properties. We studied the optical and electrical
properties of the blue 4,40-bis(2,2-diphenylvinyl)-1,10-biphenyl (DPVBi)-based devices, adding a common yellow
phosphorescent material bis[2-(4-tert-butylphenyl)benzothiazolato-N,C20] iridium(acetylacetonate) [(t-bt)2Ir(acac)] in
different positions. The results showed (t-bt)2Ir(acac) has remarkable hole-trapping ability. Especially the ultrathin
structure device, compared to the device without (t-bt)2Ir(acac), had increased the luminance by about 60%, and the
efficiency by about 97%. Then introduced thin 4,40-bis(carbazol-9-yl)biphenyl (CBP) host layer between DPVBi and
(t-bt)2Ir(acac), and got devices with stable white color. # 2013 The Japan Society of Applied Physics

Keywords: OLED, phosphorescence, hole trap, undoped layer, ultrathin structure

1. Introduction

Since 1987, Tang1) reported the first double layers organic
light-emitting diode (OLED), OLEDs have been drawing
more and more attentions because of their enormous
potential for flat panel display and illumination. After
decades of development, efficiency, lifetime and other
properties of OLEDs have made tremendous progress.
Especially the phosphorescent OLEDs, due to efficient use
of the triplet excitons for electroluminescence,2) could
achieve extremely high luminance and efficiency for OLEDs
commercialization. Commonly phosphorescent emitting
materials were doped in suitable host materials, which could
reduce the concentration quenching to receive high lumi-
nance and efficiency.3–5) The host materials must have
higher triplet energy than phosphorescent materials. In
addition to use doping method, ultrathin emitting layers
structure is also one way to decrease the quenching.6,7)

But some studies showed phosphorescent materials not
only can be used as emitting materials but also have other
abilities. For instance, different doping concentration ratio
of host-guest materials could affect the carrier injection and
transportation property.8,9) Chiu10) inserted bis(3,5-difluoro-
2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium(III) (FIrpic)
into different positions of the device. Study concluded
Firpic has four abilities as follows: 1 could help electrons
inject from transporting layer to emitting layer; 2 could help
transport electrons; 3 at low doping concentration ratio (3–
6%), could help holes inject; 4 could act as hole trap, which
can decelerate holes transport. Some phosphorescent materi-
als exhibited carrier transporting properties as compared
with traditional transporting materials.11,12) Also some can
be used to block and trap carriers.13–15) Seunguk14) demon-

strated 4,40,400-tris(carbazol-9-yl)triphenylamine (TCTA)
doping with tris(2-phenylpyridine)iridium(III) [Ir(ppy)3]
could enhance electron transport ability, and reduce hole
transport ability to 10�4–10�6 cm2 V�1 s�1 level. Baek16)

found the device with CBP doped 6% Ir(ppy)3 has greatly
improved carrier transporting abilities compared to CBP
only device. Then based on each single color device carrier
transporting properties, they fabricated white OLED with
much better carrier balance.

The carrier balance is one of the most important factors
for efficient OLED devices. The precise arrangement of each
emitting component can balance carrier and stable color,
which is the same as appropriate choosing of hole and
electron transport materials, and eventually can effectively
improve the performance of the device.17) Bis[2-(4-
tert-butylphenyl)benzothiazolato-N,C20] iridium(acetylace-
tonate) [(t-bt)2Ir(acac)] was known as efficient yellow
phosphorescent material.7) In this study, carrier transport
properties and luminescence properties of (t-bt)2Ir(acac)
were investigated.

2. Experimental Procedure

Indium tin oxide (ITO) anode substrates with sheet
resistance of 10�/sq were pre-cleaned with detergent,
deionized water, acetone, ethanol, for 15min at each
ultrasonic step, and then dried in a N2 flow. Then the
substrates were treated by oxygen plasma under a pressure
of 25 Pa for 5min to increase work function.18) Organic
functional layers were thermo-evaporated in vacuum with a
pressure of 10�4 Pa, at deposition rate around 0.5–2 �A/s.
After that, metallic cathode was deposited at rate of 3–5 �A/s
without breaking the vacuum circumstances.

Devices used N,N0-bis(naphthalen-1-yl)-N,N0-bis(phenyl)-
benzidine (NPB) as the hole transport material; 4,7-
diphenyl-1,10-phenanthroline (Bphen) as the electron�E-mail address: zhongjian@uestc.edu.cn
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transport material; 4,40-bis(2,2-diphenylvinyl)-1,10-biphenyl
(DPVBi) as the blue emitting material; 4,40-bis(carbazol-9-
yl)biphenyl (CBP) as the host material. Cathode was 110 nm
Mg:Ag (10 : 1) alloy. The structures are shown in Fig. 1.
Devices were fabricated to be with structures as follows:

A: ITO/NPB (40 nm)/DPVBi (20 nm)/Bphen (30 nm)/
Mg:Ag

B: ITO/NPB (40 nm)/DPVBi (15 nm)/DPVBi:(t-bt)2-
Ir(acac) (5 nm, 8%)/Bphen (30 nm)/Mg:Ag

C: ITO/NPB (40 nm)/DPVBi (20 nm)/(t-bt)2Ir(acac)
(0.5 nm)/Bphen (30 nm)/Mg:Ag

D: ITO/NPB (40 nm)/DPVBi (20 nm)/BPhen:(t-bt)2-
Ir(acac) (5 nm, 8%)/Bphen (25 nm)/Mg:Ag

E–H: ITO/NPB (40 nm)/DPVBi (20 nm)/CBP (x nm)/(t-
bt)2Ir(acac) (0.5 nm)/Bphen (30 nm)/Mg:Ag x ¼
1:0; 1:5; 2:0; 2:5

Luminance–current density–bias voltage characteristics
were tested simultaneously by combining the spectrometer
with a Keithley 4200 semiconductor characterization
system. Electroluminescence (EL) spectra and Commission
International de l’Eclairage (CIE-1931) coordinates of the
devices were measured by an OPT-2000 and PR650
spectrometer. All experiments were carried out at room
temperature environment.

3. Results and Discussion

Figure 2 shows the luminance–drive character curves of
devices A–D. Devices B–D all showed better performance
than none (t-bt)2Ir(acac) device A. Especially device C
with ultrathin (t-bt)2Ir(acac) layer had the max luminance
6873 cd/m2 at 11.8 V, and increased the luminance by about
60% compared to device A. As we can see from Fig. 3.
Energy level diagrams, HOMO energy level of emitting
material DPVBi and electron transport material BPhen is
5.9 eV19) and 6.4 eV,20) respectively, which both have a wide
gap between (t-bt)2Ir(acac) HOMO energy level 5.2 eV.

So after hole carriers transported to (t-bt)2Ir(acac), it’s
difficult to transport out to EML and ETL because of the
large barrier. Hence (t-bt)2Ir(acac) can be regarded as a hole
trap. Generally, hole mobility was much higher than electron

mobility in organic materials,21) and that made holes
majority carrier. So, devices B–D with (t-bt)2Ir(acac) as
hole trap, which could reduce holes and balance the carriers,
had better performance. Conclusion (t-bt)2Ir(acac) could act
as hole trap can be proven by Fig. 2 the current density–
drive character curves. Device C has the lowest current
density and the largest luminance, demonstrated (t-
bt)2Ir(acac) could efficiently trap holes and balance carriers.
The current densities of devices B and D were not as low as
device C, that’s because the doping ratio of devices B and D
was high, (t-bt)2Ir(acac) hole trap affection was weakened
and acted more as emitting materials, which can be proven
by Fig. 4 the spectra of devices.

Figure 4 shows the spectra of devices. Spectra of
device A represents the spectra of DPVBi which can be
seen has a 449 nm spectra peak, while spectra of device C
had a 459 nm peak. Compared to device A, devices B–D all
more or less had (t-bt)2Ir(acac) emission spectrum. The
10 nm red-shift of the spectra was caused by the emission of
(t-bt)2Ir(acac). At low driven voltage, hole trap effect of
(t-bt)2Ir(acac) was dominant, thus the light of (t-bt)2Ir(acac)
could be neglected. As the voltage increased, (t-bt)2Ir(acac)
emission was just slightly enhanced. The reason why (t-
bt)2Ir(acac) emission couldn’t be enhanced significant was
the triplet energy of DPVBi is higher than (t-bt)2Ir(acac), so
the triplet excitons of (t-bt)2Ir(acac) which could able to

ITO
NPB
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DPVBi
20nm

BPhen
30nm Mg:Ag

15nm 5nm

Device A

Device B

Device C

Device D

25nm5nm

0.5nm

CBP
(1.0,1.5,2.0,2.5nm)
(Device E,F,G,H)

DPVBi: 8%(t-bt)2Ir(acac)

BPhen: 8%(t-bt)2Ir(acac)

(t-bt)2Ir(acac)

Fig. 1. Structures of devices.
Fig. 2. Luminance–drive and current density–drive character
curves of devices A–D.

Fig. 3. Energy level diagrams of the materials.
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employ triplets to emit phosphorescent yellow light, mostly
transported to DPVBi which could not take advantage of
triplets to emit light. Meanwhile, at high driven voltage
(t-bt)2Ir(acac) would snatch electrons from DPVBi and
recombined with holes to form excitons, so devices B and D
with high doping radio had not improved the performance,
which can be seen from Fig. 5. Compared with the heavy
doping devices, the thickness of ultrathin (t-bt)2Ir(acac)
layer was only 0.5 nm, which was not too thick to impede
carrier transporting22) and snatch lots of electrons.

Figure 5 shows current efficiency-voltage and power
efficiency-voltage characteristics. Device C with an ultrathin
layer had the best performance, and max current efficiency
and power efficiency were 1.874 cd/A and 1.104 lm/W at
5.7V, respectively. Device C had increased the current
efficiency and the power efficiency by about 93 and 97%
compared to device A, respectively.

To verify hole trap ability of (t-bt)2Ir(acac), we fabricated
hole-only devices and electron-only devices. Both hole-only
devices and electron-only devices were divided into two
devices, respectively, with or without (t-bt)2Ir(acac). The
structures were as follows:

Hole-only devices: ITO/NPB (40 nm)/DPVBi (20 nm)/
with or without (t-bt)2Ir(acac) (0.5 nm)/BPhen (30 nm)/
Ag (10 nm)/Mg:Ag

Electron-only devices: ITO/BPhen (10 nm)/NPB (40 nm)/
DPVBi (20 nm)/with or without (t-bt)2Ir(acac) (0.5 nm)/
BPhen (30 nm)/Mg:Ag

Figure 6 shows current density–drive character curves
of hole-only and electron-only devices. Hole-only device
with (t-bt)2Ir(acac) had lower current density than that
without (t-bt)2Ir(acac), meanwhile electron-only device
with (t-bt)2Ir(acac) had almost the same current density
with the corresponding device at same voltage. The result
proved (t-bt)2Ir(acac) could trap holes, causing lower
current density of hole-only device, and also indicated
(t-bt)2Ir(acac) had little effect on electron injection and
transport.

(t-bt)2Ir(acac) as a hole trap could enhance device
luminance and efficiency. However, the recombination zone
of the device was at the DPVBi/BPhen interface where (t-
bt)2Ir(acac) was located, so (t-bt)2Ir(acac) also participated
emitting light which would affect the color purity. Devices
of ITO/NPB/(t-bt)2Ir(acac)/DPVBi/BPhen/Mg:Ag with
optimized thickness of ultrathin (t-bt)2Ir(acac) layer which
is far away from the recombination zone, should have better
performance without any yellow light. It is innovative to

Fig. 4. Electroluminescence spectra of devices A–D at 10V.

Fig. 5. Current efficiency–drive and power efficiency–drive
characteristics of devices A–D.

Fig. 6. Current density–drive character curves of hole-only and
electron-only devices.
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use phosphorescent material (t-bt)2Ir(acac) to enhance the
performance of fluorescent material DPVBi.

Afterward, we inserted different thicknesses CBP layers
between DPVBi and (t-bt)2Ir(acac) to resist triplets trans-
porting to DPVBi. Therefore (t-bt)2Ir(acac) known as
efficient phosphorescent material could make use of the
triplets to emit yellow light. Then by balancing blue
fluorescence and yellow phosphorescence, devices could
obtain white light emitting. Devices E, F, G, and H represent
devices with 1.0, 1.5, 2.0, and 2.5 nm CBP layer,
respectively.

Luminance–drive and current density–drive character
curves are shown in Fig. 7. Clearly the luminance of the
devices E–H increased with the increase of the CBP
thickness. Figure 8 spectra of devices displayed two main
emission peaks at 449 nm came from DPVBi and 556 nm
with one shoulder peak at 595 nm came from (t-bt)2Ir(acac).
Also we can see from the spectra of devices, thicker the CBP
layer was, the greater proportion of yellow light was and the
smaller proportion of blue light was. These indicated that
emitting of (t-bt)2Ir(acac) was on the rise as the thickness of
CBP increased. That was because the recombination zone

which was located in CBP layer was gradually close to (t-
bt)2Ir(acac) as the thickness of CBP increased. Then more
triplet excitons could be transported to (t-bt)2Ir(acac) to
emit. Since (t-bt)2Ir(acac) is one more efficient material than
DPVBi, thicker the CBP layer was, better performance of
the device should have.

Figure 9 current efficiency–drive and power efficiency–
drive characteristics are consistent with the assumption. The
max current efficiency and power efficiency of device H are
8.70 cd/A, 3.84 lm/W at 7.1V, respectively. The efficiencies
were not quite high. That is because on one hand undoped
fluorescent DPVBi was not competent enough, on the other
hand the thickness of each functional layer had not been
optimized.

On account of the concentration quenching, roll off of the
white devices was unsatisfactory. But color coordinates of
devices G and H shown in Fig. 10 only had minor changes,
especially device H. CIE values of device H changed from
ð0:3205; 0:3308Þ at 6V to ð0:3293; 0:3390Þ at 10V to
ð0:3348; 0:3452Þ at 16V. Figure 11 CIE coordinates gives
us an overall picture of the light color and the color changes.
Judging from the figures, device E–H all have nearly white

Fig. 7. Luminance–drive and current density–drive character
curves of devices E–H.

Fig. 8. Electroluminescence spectra of devices E–H at 14V.

Fig. 9. Current efficiency–drive and power efficiency–drive
characteristics of devices E–H.

Fig. 10. Color coordinates of devices E–H.
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light and good color stabilities. The changes of color also
indicated the yellow light from (t-bt)2Ir(acac) was gradually
increased, which was consistent with the above analysis.

4. Conclusions

In conclusion, based on the simple structure of blue
fluorescent device of ITO/NPB/DPVBi/BPhen/Mg:Ag,
we investigated carrier transport property of (t-bt)2Ir(acac)
through studying photoelectric properties of devices with (t-
bt)2Ir(acac) in different positions. The results indicated (t-
bt)2Ir(acac) could act as a hole trap, and inserting ultrathin
layer in hole-wealthy structure could balance carriers, and
improve the performance. Then introduced thin CBP layer
between DPVBi and (t-bt)2Ir(acac), and got color stable
white devices. Although the efficiencies of these devices
need to be elevated, we can conclude that we need to attach
importance to the carrier properties of emitting materials,
and the right arrangement of all emitting materials can
greatly improve the performance of devices with two or
more emitting layers.
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