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An excellent hole-transport material, 1,3-diphenyl-5-(9-
phenanthryl) -2-pyrazoline (DPPhP) for OLEDs was studied.
This compound not only offers high glass transition temperature
(Ty=96 °C), good film forming ability, and high HOMO en-
ergy level, but also displays excellent hole-transport property.
The electroluminescent device with a simple structure of ITO/
DPPhP (60 nm)/AlQ (60 nm)/LiF (0.8 nm)/Al shows an ex-
ternal quantum efficiency as high as 1.6% .

Keywords pyrazoline, hole-transport, thermal stability, film
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Organic light-emitting diodes (OLEDs) using small
organic molecules have received considerable interest after
the initial work by Tang et al. in 1987, for the potential
of using these devices as low-cost alternative in lighting,
back light and flat panel displays. Much progress has
been made recently in improving the efficiencies of the
electroluminescent ( EL) devices by using multilayered
structures,? doped emitting layers,> novel materials* and
efficient injection contacts.> One key to increase the effi-
ciency of an OLED device is to balance the charge carrier
transport by adding a hole-transport layer and an electron-
transport layer to the diode structure. The hole-transport
layer in OLEDs provides efficient hole injection from the
anode into the emitting layer and blocks electrons within
this layer, in order to maximize the recombination proba-
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bility of the injected carriers at the interface formed by the
organic materials. Recently a lot of hole-transport materi-
als (HTM) with high glass transition temperatures (T,
predominantly based on the triarylamine functionality, in-
cluding starburst amines , ® spiro-linked amines,’ and
those with rigid groups® have been investigated. Among
these materials, N, N'-di-1-naphthyl- N, N'-diphenyl-1,
1’-biphenyl-4,4’-diamine ( a-NPD)® is the most prevalent
and has a T, of 98 °C. The high T, prevents the HTM
from recrystallization and resultantly improves the stability
of OLEDs. 1,3,5-Triaryl-2-pyrazoline compounds have
been used as hole-transport materials in OLEDs for their
good hole-transporting ability, while most of them have
low T, and show poor thermal stability.’ In this paper,
we report a novel hole-transporting material 1,3-diphenyl-
5-(9-phenanthryl ) -2-pyrazoline (DPPhP) with T, as high
as 96 °C for OLEDs. This compound not only offers good
film forming ability, high HOMO energy level, but also
displays excellent hole-transport property. Fig. 1 shows
the molecular structures of DPPhP, «-NPD and
tris (8-hydroxyquinolino) aluminum (AIQ). DPPhP was
prepared in about 72% yield according to the reported
methods,'! and its structure was confirmed by 'H NMR
and mass spectra.!? Fig. 2 shows the DSC thermograms of
DPPhP. When the crystalline sample of DPPhP was
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Fig. 1 Molecular structures of DPPhP, o-NPD and AIQ.
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Fig. 2 DSC thermograms of DPPhP (heating rate; 10 °C/
min) .
heated from room temperature, an endothermic peak due
to the melting was observed at 242 “C. When the sample
was rapidly cooled down with liquid nitrogen, it changed
into an amorphous glassy state. When the amorphous
glassy sample was again heated, an endothermic phe-
nomenon was observed at 96 °C, at which the glassy state
changed into the super-cooled liquid state. Then a broad
exothermic peak due to the crystallization was observed
around 153 °C, followed by the.endothermic peak due to
the melting point at 242 C. This result shows that DP-
PhP has a high T, of 242 °C and a high T, of 96 C.
The high T, and T, promise DPPhP film good thermal
stability in EL device. Fig. 3 shows the surface morpho-
logy of an evaporated thin film of DPPhP observed from
atomic force microscopy (AFM). The thin film was de-
posited on a cleaned indium tin oxide (ITO) glass sub-
strate by vacuum deposition at 2 x 10~ Pa. The deposi-
tion rate is about 0.3 nm/s and the thickness of the film
is about 100 nm. Obviously, the vapor deposited DPPhP

film exhibits an entirely amorphous and flat surface with
average roughness (R,) of about 0.37 nm.
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Fig. 3

AFM micrograph revealing the DPPhP film surface
morphology .

Cyclic voltammetry (CV) was used to study the re-
dox properties of DPPhP and to estimate the HOMO and
LUMO levels. The onset oxidation potential of DPPhP was
found to be 0.53 V at the Pt electrode vs. SCE in
CH3CN-BuyNBF; (0.1 mol/L), while the value of a-
NPD was found to be 0.78 V under the same conditions.
According to the calculation by Noyes, > NHE is taken to
be — 4.5 eV vs. vacuum. This leads to a potential of
-4.74 eV vs. vacuum for SCE. Consequently, the HO-
MO level was calculated as HOMO = - (E§X + 4.74)
eV. Based on this equation, the HOMO energies of DP-
PhP and o-NPD were calculated to be —5.27 eV and
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- 5.52 eV, respectively. The energy levels of electrodes
and organic materials are shown in Fig. 4. It is noted
that the work function of ITQ is — 5.4 €V due to oxygen
plasma treatment.!* From the low oxidation potential of
DPPYP it can be inferred that hole injection from ITO to
DPPhP should be even more efficient than to a-NPD. Ad-
ditionally, a rather important hole injection barrier of
0.43 €V is expected at the interface between DPPhP and
AlQ. In view of the good film forming ability, high T
and barrierless hole injection from the ITQ anode, DPPhP
is a very promising hole-transport material. As demon-
strated below, it behaves similarly or even better than «-
NFPD in OLEDs.
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Fig. 4 Energy levels of elecirodes and organic materials.

To study the EL performance of DPPhP, a double
layer diode structure composed of ITO/DPPhP (60 nm)/
AIQ (60 nm)/LiF (0.8 nm)/Al (device A) was fabri-
cated and compared to a reference device using o-NPD
instead of DPPhP as hole-transport layer (device B).
When the diodes were driven in forward bias, both de-
vices emitted similar green light with peak at around 540
nm, which is attributed to the emission of AlQ.! This
suggests that DPPhP severed as hole-transport layer in de-
vice A, similarly to a-NPD in device B.

Fig. 5 gives the current density-voltage (J — V)
and brightness-current density (L — J) characteristics of
the two EL devices. It appears that the current density is
lower for device A, but its light output at a given current
density is higher than for device B. Fig. 6 provides plots
of the external quantum efficiency versus driving voltage
for both devices. From this figure, it is found that
device A using DPPhP as hole-transport layer shows
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Fig.5 J-V(a)and L-J (b) characteristics for devices
A and B.
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Fig. 6 External quantum efficiency as a function of bias volt-
age for devices A and B.

higher efficiency than device B. The maximum external
quantum efficiency of device A is 1.6% (5.5 cd/A, 60
mA/em’, 3402 cd/n?, 12.6 V), while 1.2% (4.4
cd/A, 79 mA/em?, 3475 cd/m?, 11.2 V) for device
B. The performance at a current density of 20 mA/cm’ is
summarized in Table 1 for both devices. Clearly, device
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Table 1 Device performances of devices A and B at 20 mA/cn?.

Device HTM Aen (nm) L (cd/m?) External efficiency (%) Power efficiency (Im/W)
A DPPhP 541 1066 1.52 1.71
B a-NPD 531 828 1.15 1.46

A shows a 30% higher efficiency and brightness as com-
pared to device B. The high efficiency of devices using
DPPWP as HTM was attributed to a better hole confinement 7
and more efficient recombination at the DPPhP/AIQ inter-
face. The rather high energy barrier for holes at this inter-
face could as well be responsible for the lower current 9
densities observed in device A.
In summary, we have explored a novel hole-transport 10
material, DPPhP, which possesses good film forming abil-
‘ ity, high HOMO energy level, and shows excellent hole-
transport property in OLEDs. The EL device with struc- 1!
ture ITO/DPPhP/AIQ/LiF/ Al using DPPhP as hole-trans-

port layer showed an extemnal efficiency as high as 1.6% . 12
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