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Remarkable improvement in stability has been demonstrated in an organic electroluminescent~EL!
device using a doped emitter consisting of 8-hydroxyquinoline aluminum~Alq! as the host and
N,N-dimethylquinacridone~DMQA! as the emissive dopant. A luminance half-life on the order of
about 7500 h has been achieved in the DMQA/Alq EL device, operating under a constant current of
20 mA/cm2 and starting at a high luminance of 1400 cd/m2. The improved stability was attributed
to the elimination of intermolecular hydrogen bonding between the dopant molecules. ©1997
American Institute of Physics.@S0003-6951~97!01413-7#
c
e
ni

of
in
a
it
y

t
s

u
im
he
w
it
o
o

o
iou

pe
d
k
t

gh
p

te

r
u
n
e
po

de-
w-
to
, a

10
m
ar-
n-

re
eter.
nt–
, a
rse
ta-
ro-
ne

r-
ni-
Organic electroluminescent~EL! devices based on
vapor-sublimed 8-hydroxyquinoline aluminum~Alq! thin
films have been shown to be relatively stable. A luminan
half-life1 of about 4000 h has been obtained for a multilay
EL device with an undoped Alq emitter, operating at an i
tial brightness of about 500 cd/m2. It is also known that the
EL efficiency2 can be significantly improved with the use
a doped emitter layer where a highly fluorescent dye is
troduced as the more efficient emitting center in a host m
trix such as Alq. Using such a scheme, EL devices w
various dopant/host pairs have shown quantum efficienc
high as 4%–5% in photons per injected charge3 and a corre-
sponding luminance efficiency of 5–10l /w for the green4

and 1–2l /w for the blue EL devices.5 Specific dopant/hos
pairs have been found to provide enhanced operational
bility as shown, for example, by Van Slykeet al.6 for the
perylene doped blue EL and by Sanoet al.7 for the rubrene
doped green EL. However, EL instability could also rise d
to the presence of undesirable dopants. Therefore, it is
portant to be able to correlate the EL stability with t
chemical constitution of the dopant species. In this letter,
report a high-performance doped organic EL device w
both enhanced efficiency and stability and show that the
erational stability is critically dependent on the choice
dopant molecules.

Figure 1 shows the EL device configuration and the m
lecular structures of the organic materials used in the var
layers. The sequence of the organic layers constructed on
~ITO! glass substrate was CuPc/NPB/doped Alq/undo
Alq. The ITO glass was obtained from Donnelly Applie
Films or Balzer and the ITO layer was typically 300 Å thic
with a sheet resistance of about 100 ohms/square. Prior to
organic layer deposition, the substrate glass was thorou
cleaned by scrubbing, ultrasonication in a detergent, va
decreasing, and irradiation in a UV-ozone chamber.

All organic layers wee prepared in a vacuum coa
~10E-6 Torr base pressure! by vapor deposition. The
resistably heated elements for the evaporate source mate
were tantalum boats and the substrates were nominally
heated during deposition. The source to substrate dista
was about 30 cm. The deposition rate for the organic lay
was typically 4–5 Å/s. For the doped emitter layer, the de

a!Electronic mail: jshi@kodak.com
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sition rates for the host material and the dopant were in
pendently controlled by two quartz crystal oscillators, allo
ing the composition, i.e., the dopant concentration in Alq,
be adjusted. Following the deposition of all organic layers
Mg:Ag ~10:1 in volume ratio! layer forming the top cathode
was deposited by coevaporation with a deposition rate of
Å/s for Mg in the same vacuum chamber without vacuu
break. Finally, the EL device was encapsulated in a dry
gon glove box for protection against the ambient enviro
ment.

The luminance output and chromaticity values we
measured using a Photo Research PR650 spectrophotom
A dc voltage or current source was used to trace the curre
voltage characteristics. For operational stability testing
constant current source was modified to include a reve
voltage component in its temporal wave form. This exci
tion was equivalent to an asymmetric ac power source p
viding a constant current excitation to the EL device in o
half-cycle and a constant voltage bias~;14 V! in the other
half-cycle at 1 kHz frequency. The light output and the fo
ward bias voltage of the EL device under test were mo
tored continuously.

FIG. 1. Organic EL configuration and molecular structures.
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TABLE I. Luminance data of DMQA/Alq EL devices.

DMQA % in Alq 0.00 0.26 0.40 0.80 1.40 2.50

Lum. output~cd/m2) 518 1147 1322 1462 1287 1027
Efficiency ~cd/A! 2.59 5.74 6.61 7.31 6.44 5.14
CIEx 0.3872 0.3876 0.3785 0.3922 0.4046 0.40
CIEy 0.5469 0.5858 0.5995 0.5901 0.5799 0.57
EL peak~nm! 544 540 540 544 544 544
T1/2 ~h! 4200 7335 7500 7340 5450 3650
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The luminance data of a series of Alq:DMQA EL d
vices are summarized in Table I. These EL devices hav
common structure as follows: ITO/CuPc~150 Å!/NPB ~600
Å!/Alq:DMQA ~375 Å!/Alq ~375 Å!/MgAg ~2000 Å!, where
the DMQA concentration in the Alq:DMQA emitting layer i
between 0%~undoped! and 2.5%~by mole!. The luminance
outputs, efficiencies, color coordinates, and peak wa
lengths were measured at 20 mA/cm2. It can be seen tha
the EL efficiency of the doped devices is significantly high
than that of the undoped Alq device, indicating that t
excitation energy transfer from the Alq host to th
N, N-dimethylquinacridone~DMQA! dopant is highly effi-
cient. The optimum DMQA concentration in Alq is abo
0.8%, providing an EL efficiency of 7.3 cd/A and an outp
of 1462 cd/m2. With increasing DMQA concentrations, th
EL efficiency decrease steadily and the EL spectra
slightly redshifted and broadened. These observations ca
generally attributed to the formation of dimers and high
oligmers of DMQA molecules in the Alq host.

Figure 2 shows the relative luminance decay curves
the same series of EL devices. The excitation condition w
as follows: 40 mA/cm2 constant current in forward bias an
;14 V constant voltage in reverse bias. The waveform d
cycle and frequency were 50% and 1 kHz respectively, p
viding for an average excitation current of 20 mA/cm2. The
ac excitation waveform has been shown to be useful in m
mizing the voltage rise during the stability run. For compa
son between EL devices, the initial luminance outputs h
been normalized to unity and their absolute luminance va

FIG. 2. Relative luminance decay curve of DMQA/Alq devices driven by
average constant current of 20 mA/cm2. The initial luminance values are
listed in Table I.
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are indicated in Table I. The stability run was continuous
monitored for well over 9000 h for this series of EL device
It can be seen that the relative luminance decay rate of
EL devices, regardless of the dopant concentration, is fa
during the initial stage of the stability run and becomes p
gressively slower with continuous operation. The initial d
cay rate~first 1000 h! ranges from 7.7% to 21% per 1000
with a considerable scatter among the data, but the long-t
decay rate~beyond 5000 h! becomes almost constant an
independent of the dopant concentration with an aver
value of about 3.2% per 1000 h. Figure 3 shows the co
sponding forward bias voltage Vs operational time. T
overall voltage rise for this series of cells is about 2 V in this
period and, similar to the luminance decay, the voltage ris
considerably faster at the initial times. The EL spectra
main relatively unchanged over the course of the stabi
run, indicating that the relative contribution of various em
ting species is unaffected.

A common measure of the operational stability is ha
life, T1/2, which is defined as the time to half-luminance wi
the EL device operating under constant current. TheT1/2
values for the DMQA/Alq doped devices, extracted fro
Fig. 1, are listed in Table I. It can be seen thatT1/2 appears to
vary considerably among the EL devices, from about 750
for the 0.8% doped emitter to 3650 h for the 2.5%. Howev
this variation inT1/2 is largely due to the difference in th
decay rates observed in the beginning of the stability run.
shown in Fig. 2, the actual variation in stability among th

FIG. 3. Relative voltage rise curves for DMQA/Alq devices driven by
average current of 20 mA/cm2.
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series of doped devices is much less, considering that
luminance output from all devices after 9000 h are with
40% to 50% of their initial values. Thus, the effect
DMQA dopant on stability is largely reflected in the im
provement in the luminous efficiency. Although the gain
relative stability is only marginal, the higher luminance ou
put available from the more efficient DMQA/Alq emitte
means that a longer operational lifetime is possible in m
applications.

In this study, the design of a DMQA molecule wa
prompted by the fact that EL devices with the parent qui
cridone molecule~QA! as the dopant was surprisingly un
stable relative to the undoped device. This device instab
is presumably related to the specific molecular structure
QA, notably its propensity for intermolecular hydroge
bonding. Figure 4 compares, in a logarithmic time scale,
luminance decay of EL devices with DMQA:Alq, QA:Alq
and undoped Alq as the emitters. Whereas the DMQA dev
has a half-life of about 7500 h, the QA device is rather sho
lived with a half-life of about 500 h only. The initial lumi
nance outputs from both EL devices are, however, q
comparable and the EL emission spectra are practically id
tical. Thus, the large difference in the operational stabi

FIG. 4. Luminance decay curves of DMQA~0.80%!/Alq, QA ~0.80%!/Alq,
and undoped Alq devices.
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between these two doped emitters is particularly remarka
considering that the basic EL characteristics are essent
similar. Both molecules are planar and the major structu
difference lies in the substitution at the nitrogen atoms. In
case of the unsubstituted QA, the N–H moiety permits int
molecular hydrogen bonding between neighboring Q
molecules,8 favored by the planar geometry of the molecu
In the methyl-substituted DMQA, such an interaction is co
pletely blocked due to the N–CH3 moiety. The inferior sta-
bility of the QA doped device would lead one to believe th
the tendency for intermolecular hydrogen bonding betwe
QA molecules is the driving force for the formation of no
radiative centers, which are responsible for the loss of
efficiency in operation. These nonradiative centers may
dimeric QA or other degradation products from a QA pr
cursor.

In conclusion, a highly stable organic EL device h
been demonstrated using DMQA/Alq as the doped emitte
luminance half-life on the order of about 7500 h has be
achieved. The improved stability was attributed to the elim
nation of intermolecular hydrogen bonding between the d
ant molecules.

The authors acknowledge the assistance of D. L. Co
fort and L. Nguyen for the fabrication of EL devices.
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