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Bright White Organic Light-Emitting Diode Mixed Blue and
Green Emission
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Abstract: Double-layer and triple-layer organic light-emitting diodes (OLEDs) were fabricated using a novel star-
shaped hexafluorenylbenzene organic material, 1,2,3,4,5,6-hexakis(9,9-diethyl-9H-fluoren-2-yl)benzene (HKEthFLYPh)
as an energy transfer layer, N,N'-bis-(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) as a hole-transport
layer (HTL) and blue emissive layer (EML), and tris (8-hydroxyquinoline)aluminum (Algs) as an electron-transport
layer (ETL) and green light-emitting layer. Bright white light was obtained with a triple-layer device structure of indium-
tin-oxide (ITO)/NPB (40 nm)/HKEthFLYPh (10 nm)/Alqg; (50 nm)/Mg:Ag (200 nm). A maximum luminance of 8523
cd-m™at 15 V and a power efficiency of 1.0 Im+W™ at 5.5 V were achieved. The Commissions Internationale de L'
Eclairage (CIE) coordinates of the device were (0.29, 0.34) at 9 V, which located in white light region. With increasing
film thickness of HKEthFLYPh, light emission intensity from NPB increased compared to that of Alq;.

Key Words: White organic light-emitting diode (WOLED);  Star-shaped hexafluorenylbenzene;
HKEthFLYPh; Energy transfer
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Since Tang and Vanslyke!" from Eastman Kodak reported an
organic light-emitting diode (OLED) with high efficiency in 1987,
OLEDs have been developed as a new technology for next gen-
eration flat-panel displays because of their high luminance effi-
ciency, low-power consumption, quick response time, and wide
viewing angle.

High luminance and efficiency in red (R), green (G), and blue
(B) OLEDs were obtained using a discrete emitting layer or by
doping fluorescent and phosphorescent dyes into a host layer,
and a full-color display can be achieved by integrating individu-
al pixels of RGB emission. Another method to achieve a full-
color display is to use color filter (CF) on white light OLEDs to
change the emissive light into RGB color. The latter method is
the popular way used in full-color liquid crystal displays (LCDs).
Transferring existing color filter technology to an OLED display
can greatly simplify the fabrication processing of a full-color
OLED, since a white OLED (WOLED) is required. WOLEDS can
also serve as illumination light sources and backlight panels of
LCDs. For large-scale applications, WOLEDs are high-quality,
low-cost, thin-film, flexible option, superior to inorganic light-
emitting diodes (LEDs) or fluorescent lamps.

So far, a variety of methods have been proposed to achieve a
WOLED, such as, (i) a multilayer device with blue, green, and red
emissive layers™, (ii) a doped device with a host material and
blue, green, and red fluorescence dyes®, (iii) a single-emission-
layer device with white emission material®, (iv) excimer and ex-
ciplex emissions), and (v) stacked structure!®. Based on these
techniques, we also did some work on WOLED, which is the
most important factor for lighting application!™®. Recently, Sun
et al.® reported that white emission from a blue fluorophore, a
green and red phosphorescent dopant had maximum power of
37.6 Im- W~ However, it is still necessary to develop novel blue
light-emitting material for white and full color devices.

On the other hand, compared to the linear-rod compounds
used for optoelectronic devices including OLEDs, the device
performance consisted of star-shaped material is significantly
high, either as charge-transport material or as emitter, due to
their tendency to form stable amorphous films with a relatively
high 7, and improved thermal stability"®'!. In this work, a bright
WOLED was fabricated using a novel star-shaped hexafluo-
renylbenzene as an emissive assistance layer, and the electrolu-
minescent (EL) properties were investigated.

1 Experimental

A novel star-shaped hexafluorenylbenzene 1,2,3.4,5,6-hexakis
(9,9-diethyl-9H-fluoren-2-yl)benzene (HKEthFLYPh) with six-
arm star shaped fluorene structure was synthesized in our
group!> ™. The organic materials of N,N’-bis-(1-naphthyl)-N,N’-
diphenyl-(1,1"-biphenyl)-4,4’ -diamine (NPB) and tris(8-hydrox-
yquinoline) aluminum (Alg;) were both purchased from Sigma-
Aldrich Co. NPB is a typical small molecular hole transporting
material with a hole drift mobility on the order of 2.6x10™ cm?*
V-5 Alg; has a high thermal and optical stability and charge-

transporting capability.

ITO-coated glass was employed as anode substrate with a
sheet resistance of 10 )+ []™. Prior to the deposition of organic
layers, ITO glasses were ultrasonically cleaned with detergent
water, acetone, ethanol, and deionized water for 10 min at each
step, and then dried with nitrogen gas. Afterwards, the glasses
underwent an oxygen plasma treatment for ca 5 min in order to
enhance the work function of ITO and thus improve its hole in-
jecting capacity!>'®, All the organic materials were deposited by
conventional thermal evaporation in vacuum background at 3 x
10~ Pa using the OLED-V organic multi-functional vacuum va-
por deposition apparatus. Usually we start to evaporate the mate-
rial at a rate of about 0.1 nm +s™. Organic film thickness is con-
trolled by an oscillating quartz crystal thickness monitor. After
the organic materials grew, the samples were transfered to an-
other evaporator, an alloy of Mg and Ag with a proportion of 10:
1 was deposited as the cathode using a mask, and the thickness
was 200 nm.

In all the cases, the emitting area was 0.5 cmx0.5 cm, and the
luminescent characteristics, such as current density—voltage (J—
V), luminance—voltage (L-V) curves of the devices, were mea-
sured with KEITHLEY-4200 semiconductor characterization
system and luminance meter ST-86LA at room temperature un-
der ambient atmosphere. The EL emission spectra were recorded
with a spectrophotometer OPT-2000.

Fig.1 shows the molecular structures of HKEthFLYPh, Alqs,
NPB, and device architectures.

2 Results and discussion

Fig.2 shows the absorption and photoluminescence (PL) spec-
tra of NPB and HKEthFLYPh. It can be seen that there is a large
overlap between HKEthFLYPh (375 nm) emission spectrum and
NPB (355 nm) absorption spectrum. As we all know, energy
transfer of both Forster and Dexter requires sufficient overlap of
donor material emission spectrum with acceptor material ab-
sorption spectrum. Therefore, sufficient energy transfer from
HKEthFLYPh to NPB can be expected.

For the comparison of EL properties of HKEthFLYPh, Algs,
and NPB, three kinds of devices A, B, and C (as shown in Fig.1)
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Fig.1 Molecular structures of the used materials and
device architectures
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Fig.2 Absorption and PL spectra of HKEthFLYPh and NPB

were fabricated. Fig.3 shows the EL spectra of devices A, B, and
C. It can be seen that the EL spectra of devices A and B only have
one peak located at 435 and 530 nm, respectively. While the EL
spectrum of device C has two peaks, which locate at 435 and 530
nm. This phenomenon can be explained from the different struc-
tures of devices A, B and C: in devices A and C, compared to the
PL spectrum in Fig.2, it could be concluded that the peak at 435
nm in EL spectrum originated from the emission of NPB layer!",
and there was no emission of HKEthFLYPh. Accordingly, from
HKEthFLYPh to NPB, complete energy transfer took place and
HKEthFLYPh emission was thoroughly suppressed; in devices B
and C, the EL spectral peak locates at 530 nm, which is attributed
to the emission of Alg,"¥, and HKEthFLYPh just played the role
as a hole transporting layer in device B.

The EL spectra of the triple-layer device ITO/NPB (40 nm)/
HKEthFLYPh (10 nm)/Alg; (50 nm)/Mg:Ag (200 nm) at various
bias are shown in Fig.4. It can be seen that the device emits
white light by the insertion of HKEthFLYPh and electron trans-
porting (Alqgs) layers at the same time to enhance the emission of
NPB (ca 435 nm), which has relatively stable chroma at the volt-
age ranging from 7 to 11 V. It can be seen that a significant
broader EL spectrum ranging from 400 to 700 nm, which com-
pletely covers the totally broad wavelength region of visible
light emission, is obtained. In addition, the EL spectrum con-
tains two primary peaks at 435 and 530 nm, which are attributed
to NPB and Alq, layers, respectively. The Commissions Interna-
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Fig.3 EL spectra of devices A, B, and C

Fig.4 EL spectra of device C at different driving voltages

tionale de L'Eclairage (CIE) chromaticity coordinates are (0.29,
0.34), which obviously belong to white light emission. Important-
ly, this WOLED shows only a slight changing in EL spectrum
with the enhanced driving voltage, e.g., the CIE coordinates
change from (0.28, 0.35) at 7 V to (0.28, 0.33) at 11 V, and the peak
intensity from the NPB layer increases compared to that of Alg;,
with increasing bias. This is mainly attributed to the change of
charge carrier recombination region. This change is considered to
be largely due to the impact of electric field on charge carrier mo-
bility with the variation of applied voltage™™), and this phenomenon
would arise only when the ratio of the number of electrons to
that of holes increases with the driving voltage™!. We could
conclude that with increasing the voltage, the ability of HKEth-
FLYPh transporting electrons is higher than that of holes, result-
ing in the enhancement of minor charge carries (electrons ) injet-
ed into NPB layer to recombine with major charge carries (holes)
and causes an increase in NPB emission. Moreover, as driving
voltage increases, free charge carriers to be injected into the
HKEthFLYPh layer was enhanced resulting in the increased en-
ergy transfer from HKEthFLYPh to NPB. As a result, the relative
intensity of blue light emission at 435 nm from NPB is higher.
The variation of luminance and current density with the ap-
plied voltage on the device C is shown in Fig.5. It indicates that
the luminance and current density of device C increase with the
augmentation of drive voltage, and in the range of high electric-
field intensity, the current density has a relationship of exponen-
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Fig.5 Luminance-voltage—current density characteristic
curves of device C

Inset shows power efficiency—voltage characteristic curve of device C.
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Table 1 EL characteristics of devices A, B, and C

Device V., /V J/(mA-cm™) Ly /(cd*m™®)  mp/(Im= W)
A 4.0 1461 498 0.015
B 4.0 1160 517 0.029
C 3.5 753 8523 1.004

Ve turn-on voltage; J: current density at 15 V; Ly, maximum luminance;

Tme: Maximum power efficiency
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Fig.6 EL spectra of device C with various HKEthFLYPh
film thickness at 9 V

tial function with the bias voltage, in accordance with the typical
diode characteristic. At a forward bias of 15 V, a maximum of
8523 cd *m™ with a current density of 753 mA +cm™ was ob-
tained. The turn-on voltage (defined as the bias required attain-
ing a measurable luminance of 1 cd+m™) is 3.5 V. The inset of
Fig.5 shows that the maximum power efficiency of 1.0 Im- W~
was achieved at 5.5 V. Table 1 shows the EL characteristics of
devices A, B, and C, such as turn-on voltage, maximum lumi-
nance, and maximum power efficiency.

In order to obtain more information about the impact of film
thickness of HKEthFLYPh on the characteristics of device C,
three devices with different film thicknesses of HKEthFLYPh
(5, 10, and 15 nm) were fabricated with identical structure as de-
vice C shown in Fig.1. The normalized EL spectra of those de-
vices at 9 V are shown in Fig.6. It can be seen that with the en-
hancement of HKEthFLYPh film thickness ranging from 5 to 15
nm, emission from NPB increases compared to that of Algs. It is
due to more excitons captured and recombined in the thicker
HKEthFLYPh layer, as a result, energy transfer from HKEth-
FLYPh to NPB increases.

3 Conclusions

In summary, we have fabricated a high performance white
OLED with easy processing structure using a novel star-shaped
hexafluorenylbenzene. The device with a structure of ITO/NPB
(40 nm)/HKEthFLYPh (10 nm)/Alq; (50 nm)/Mg:Ag (200 nm)

was processed by thermal evaporation. The EL spectrum of the
OLED shows two peaks located at 435 and 530 nm, respective-
ly, which is almost independent on driving voltage. A maximum
luminance of 8523 cd*m™ at 15 V and a power efficiency of 1.0
Im-W™at 5.5 V were achieved. With increasing the film thick-
ness of HKEthFLYPh, light emission intensity from NPB in-
creased compared to that of Alqs.
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