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In this article we report on the electron mobility of a starburst oxadiazole, 1,3,5
-[(4-tert.-butylpheny}2-oxadiazoly] benzene. For direct evidence of the electron transport
capability the charge drift mobility and its field dependence have been measured by the
time-of-flight technique. The electron mobility showed a square root dependence of the electric field
and was somewhat larger than that for PBD. In addition, the oxadiazole compound has been used
as the electron transport laye(ETL) in light-emitting diodes (LEDs) together with
poly(1,4-phenylene vinyleneThe characteristics of these devices are compared to analogous LEDs
with Alg; as the ETL. ©1997 American Institute of Physids$$0021-897€97)03222-2

I. INTRODUCTION chair’® or in side group polymers® The main disadvantage
of polymers is the lack of efficient purification procedures

Organic charge transport materials have found a numbesesulting in ill-defined structures. The latter are in many
of technical applications. For many years they have beegases responsible for the bad performance of polymers in
used as photoconductors in xerography and laser printingslectronic applications.
Recently, additional interest came from the rapidly emerging  Recently, a new class of materials, star shaped com-
field of organic electroluminescence where charge transpogiounds with high glass transition temperatur€g,’s),
materials have been frequently applied. Depending on thhas attracted interest for applications as photoconductors
species formed—a radical cation or anion—these comer in organic LEDs. One typical example is 44F-
pounds are classified as hole or electron transport materialti(N-carbazolyltriphenylamine (TCTA).° The molecule

One interesting class of such materials is oxadiazoles. ftorms a stable glass with &; at 151 °C and has been suc-
has been known for a long time that derivatives of 1,3,4-cessfully applied as a hole transport layer in LEDs. For such
oxadiazole are photoconductors, e.g. @Hiethylamino-  molecules, the name starburst is commonly used.
pheny)-1,3,4-oxadiazole was frequently used in photo- In two preceding papers we have described the synthesis
copiers® There the compound acts as a hole transport mateand characterization of a number of starburst molecules and
rial since the electron withdrawing effect of the oxadiazoledendrimers with 1,3,4-oxadiazole untfs'! These low mo-
unit with three electronegative heteroatoms is overcompenecular weight compounds form stable glasses with glass
sated by the two electron donating amino groups. On théransition temperatures up to 220 °C.
other hand, various low molecular weight oxadiazoles In this article we report on the electron mobility of the
like 2-(biphenyly)-5-(4-tert.-butylpheny}1,3,4-oxadiazole starburst oxadiazol@®©XD) (refer to Fig. 2 measured by the
(PBD) have been successfully applied in organic multilayertime-of-flight (TOF) technique. The novel oxadiazole com-
electroluminescencéEL) devices?® In this case, the elec- pound has been used as electron transport layer in LEDs
tron withdrawing heterocyclic group dominates the elec-together with polyl,4-phenylene vinylengPPV). Addition-
tronic properties and PBD acts as an electron injection andlly, the characteristics of these devices are compared to
transport layer. analogous LEDs with Algias the ETL.

Thin films of such low molar mass oxadiazoles are usu-
ally prepared by vacuum evaporation. Although the films a8, ExPERIMENTS AND SAMPLE PREPARATION
amorphous, they have a strong tendency to crystalli2ee
alternative to low molecular weight compounds is guest-hosf. Time-of-flight measurements
syste_ms in which the compounds are embedded in a pplymer In the measurements, we have used two-layer type
matnx_—llke polymethylmethacrylat‘é.But the_ cqnqentranon samples with a vacuum deposited film (thickne$80 nm)
of active molecules in the polymer host is limited due 104t 4 perylene derivativéPV) as the carrier generation layer
crystallization Qf the guest molecule;. This can be overcomenq 5 polycarbonatéPC) film doped with 50 wt % of the
by covalent fixation of the oxadiazole groups in maingyp (thickness=about 3um). For sample preparation, the
carrier generation layer of the perylene pigment has been
dElectronic mail: peter.strohriegl@uni-bayreuth.de vacuum deposited on an indium-tin-oxid&O)-coated glass
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C(CHy) from differential scanning calorimetDSC) measurements
and optical microscopic observation, although the concentra-
tion of the starburst oxadiazole in polycarbonate was rather
high.

A dye laser (wavelength504 nm) has been used as an
excitation light source so that carriers are generated only
within the layer of the perylene pigment. The photocurrent
signals due to transport of the photogenerated carriers have
been stored in a transient memory, and time profiles of the
photocurrent have been analyzed by a personal computer.

(CHy), B. Organic light-emitting diodes

The devices were fabricated by spin coating the PPV
OXD precursor solution on ITO substrates and a subsequent ther-
mal conversion of the precursor to the conjugated PPV at
190 °C in nitrogen atmosphere. In a second step the electron
transport layer was deposited by vacuum sublimation of the
—EQ‘CH:CH:J" organic molecules. Then a MgAg cathode was evaporated on
—n top of the structure. The layer thickness was about 100 nm
for PPV, 10-50 nm for the starburst oxadiazole and about
100 nm for the metal, respectively. The PPV/Alaetero-
layer devices were fabricated in the same way with layer
thickness of 50 nm for Alg Current-voltage characteristics
and luminance of the devices were measured immediately

o)
—EO_O_L—@—O_‘!_} after preparation under vacuum.
l n

H,y Ill. RESULTS AND DISCUSSION

A. Time-of-flight measurements

PPV

For direct evidence of the electron transport capability of
the starburst oxadiazole, the electron drift mobility has been
measured by the conventional TOF technique. The TOF

o i ) )
N 0 O measurements have been carried out according to a previous
N . N paper where carrier mobilities up to 10cm?V s for elec-
O O . :@ trons and 107 cn?/V s for holes have been found in a num-
le) N

ber of low molecular weight oxadiazoles depending on their
substitution pattert?

PV Figure 2 shows the transient photocurrent profile for
OXD due to electron transport in the doped polycarbonate
film at an applied electric field of x10° V cm™! at room

SN temperature. An apparent inflection point indicating the tran-

@ sit time t; when the leading edge of the carrier packet

'T‘ reaches the counterelectrode is observed in the profile. From
\;:u/o the inflection point; was determined and the carrier mobil-
-7 \‘~~~_N N ity u. was calculated according to the equatign
o) I =L?/t{F, whereL is the film thickness ané the applied
field.

The electric field dependence of the electron drift mobil-
ity of the doped polycarbonate film is shown in Fig. 3. It can
be described ag.a expbF*?), whereb is a constant, that
FIG. 1. Molecular structure of the starburst oxadiazole OXD, pdly has been observed by _many worketdhis square rO_Ot de'_
phenylene vinylene(PPV), polycarbonatéPC), the perylene pigmer®V) pendence makes hopping as the transport mechanism highly
and Alg,. plausible.

The value of the electron drift mobility of the starburst
oxadiazole was 1210 ° cn? V! s ! at an applied field of
substrate first. Then, the doped polycarbonate film has beehix 10° V cm™! at 273 K. The value is little larger than that
spin coated on the carrier generation layer from dichlo-of  2-(4-bipheny)-5-(4-tert.-butylpheny}1,3,4-oxadiazole
romethane solution. Last, an aluminium counterelectrode haBD) doped polycarbonate films, w=8.0
been vacuum deposited. Crystallization has not been founs 10~ cn? V1 s ! at the same concentration, electric field

Alg,
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and temperatur® although OXD has the same charge-

transporting chromophore as PBD, tert.-butylphenyl-FiG. 4. Current-voltage characteristitsp) and luminance vs voltagéot-
oxadiazole, in its molecular structure. From these results, ftom) for different thicknesses of the oxadiazole layer in PPV/oxadiazole
was confirmed directly that the starburst oxadiazole has googfVices-

electron-transport capability.

o o starburst oxadiazol@OXD) is volatile and thin films can be
B. Organic light-emitting diodes made by vacuum evaporation. For comparison, we have also
The electron transport capability of the starburst oxadiafabricated heterolayer devices with the well-known electron

zole has been used in heterolayer LEDs with PPV as th&ansport material Alg

active emitting material. PPV single layer devices in the con- ~ Figure 4 shows a comparison bfV curves(top) and
figuration ITO/PPV/metal usually show rather poor elec-luminance versus voltagéottom for PPV/oxadiazole de-
troluminescence quantum efficienciggpically 0.001% ex- vices with different thicknesses of the oxadiazole layer. It
ternal quantum efficiency for Al since they are majority €an be seen that with increasing oxadiazole layer thickness
carrier devicegSchottky diodeswith a large excess hole the current through the device is significantly reduced and at
current leading to an unbalanced current fidvin previous the same time the onset voltage for visible electrolumines-
work we have used oxadiazole polymers spin cast from socence (1 cd/ff) increases. The maximum brightness in these
lution as the electron transport material in heterolayer LED$levices was 300 cdfnwhich is about a factor of 10 higher
and found a significant increase in efficiency of up to twothan in our best PPV single layer devices. Above a critical

orders of magnitude® Here we make use of the fact that the voltage the luminance decreases with increasing voltage and
the |-V curves flatten, indicating degradation of the device

by the high electric field and Joule heating. From the data of
50 . . . . . Fig. 4 one can calculate the power efficiency of the devices
with different oxadiazole layer thickness. The highest values
of 0.025 Im/W (corresponding to an external quantum effi-
. ciency of about 0.1%are obtained for an oxadiazole layer
thickness of 30 nm. The other devices show maximum val-
ues between 0.010 and 0.015 Im/W.
The energy level diagrams for the two-layer LEDs are
. shown in Fig. 5. For PPV, an ionisation potential of 5.0 eV
(yielding, together with the band gap of 2.5 eV, an electron
affinity of 2.5 e\) has been reported.From cyclovoltam-
o4 — = o~ pn prv pro metric measurements we estimate the highest occupied mo-
lecular orbital( HOMO) and lowest occupied molecular or-
bital (LUMO) energies of OXD as 6.5 eV and 3.2 eX.
FIG. 3. Electric field dependence of the electron drift mobility of a polycar-  ON€ can immediately see from Fig. 5 that there is a large
bonate film doped with 50 wt % of OXD at 273 K. energy barrier for holes from PPV to the oxadiazole. Thus

52
54l
56 |

58

log (electron drift mobility (cmZNs))

F1/Z ((V/Cm)”z)
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vibronic structure characteristic for PPV is not seen. Addi-

s R 25— tionally, as can be seen from the inset in Fig. 6, these devices
E 87 37 do not show saturation in the current at high voltage; they
| 30 s0 B0 B0 have much higher brightness of about 1500 ¢dand an
g 65 58 external power efficiency of more than 0.1 ImA@fuivalent

to 0.25% external quantum efficiency
One important difference in the starburst oxadiazole is
FIG. 5. Energy level diagrams of two-layer LEDs with the starburst oxadia-the fact that the energy gap of Al{Ey=2.7 eV) is compa-
zole (left) and Algg (right). rable to PP\’ Thus the offset of the HOMO levels between
PPV and Alg is much smaller as compared to PPV/
oxadiazole(see Fig. 5. This leads to a much smaller hole
one major effect of the oxadiazole layer is to reduce the larg@|ocking barrier at the PPV/Alginterface, resulting in a
excess hole current in PPV LEDs and therefore improve th@jigher total current in these devices.
charge carrier balance and quantum efficiency. This barrier = Regarding the electron injection and transport capability
explains the strong dependence of the device current on the Alq,, the literature data are comparable to Ofddectron
oxadiazole layer thickness seen in Fig. 4. On the other hangyopility ©,=1.4x10°% cm?V~1s ! at E=4x10° V/icm
the barrier also leads to hole accumulation at the PPV(Ref. 1§ and the LUMO levelE, jyo=23.1 eV (Ref. 17].
oxadiazole interface, which enhances electron injection.  However, as the electroluminescence spectra show, the exci-
The strong thickness dependence of the EL onset voltaggyn formation and recombination mainly take place in the
indicates that the injection of electrons occurs by a field dea|q, layer. Thus the PPV layer merely acts as the hole trans-
pendent tunneling process. Due to the low conductivity ofyorting material. Moreover, since brightness and efficiency
the oxadiazole it is reasonable to assume that the appliegk ppv/Alg, devices are by a factor of 5 higher than in the
voltage drops almost completely at the oxadiazole layergorresponding PPV/oxadiazole devices, one has to conclude
which in turn leads to high enough fields for electron tunnel-that PPV shows less efficiency for radiative recombination
ing. Additionally, the higher LUMO level of the oxadiazole processes than Alg
as compared to PPV significantly reduces the barrier for  These results are supported by photoluminescence effi-
electron injection. Due to the electron transport capabilitiegjency measurements of PPV films converted onto ITO and
of the oxadiazole the exciton formation and recombinatiorhuartz substrate’s. While our PPV films on glass substrates
take place in the PPV layer and the emission spectra arghow photoluminescence quantum efficiencies between 15%
(apart from thickness effeqtbasically the same as for PPV ang 209%, it was found that films converted onto ITO sub-
single layer LEDs. Thus a further effect of the oxadiazolestrates show a reduction of photoluminescence by about one
layer is to bring the recombination zone away from thegrger of magnitude. The photoluminescence quenching is
metal-polymer interface, which is expected to have a muckaysed by InG| which is formed during the thermal conver-
higher concentration of non-radiative recombination centression of the PPV precursor in the reaction of the HCI leaving
For comparison, we have also used 8-hydroxyquinolineyroup with the ITO substrate. This compound also leads to a
aluminium Alcg as the electron transport material on PPV. Indoping of PPV, which is responsible for the good hole con-
this case both PPV and Ajgan act as emitting materials. qycting properties of PPV films on ITO. However, it is not
However, the comparison of the spectra of PPV/oxadiazolgayourable for efficient light emission from PP¥.
and PPV/Alg in Fig. 6 clearly shows that the emission in
PPV/Alg; devices essentially comes from Algsince the |y coNCLUSIONS

From our results we can conclude that the limiting factor
. for PPV/oxadiazole heterolayer devices is the rather poor
o 3000 | radiative efficiency of PPV converted onto ITO substrates.
([ TOPRVIRia/MoAg ,.-"r Thus for light-emitting devices based on precursor PPV, we
propose to use chemically stable anode materials or precur-
sor polymers with inert leaving groups. Another possibility is
the introduction of an emission layer with high radiative ef-
ficiency between PPV and the oxadiazole.

ITO PPV OXD MgAg ITO PPV Alg3 MgAg
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