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ABSTRACT

Accelerated OLED ageing at higher current densities is
commonly used to extrapolate lower current density
device lifetime benchmarks. Different emission zones and
device ageing were measured at different current
densities giving more insight into the suitability of such
accelerated ageing assumptions.

1 INTRODUCTION

The T97 or T95 lifetime, or the time taken to reach 97%
or 95% luminance via ageing under electrical operation
are conventional benchmarks for OLED development.
However, it can take months to measure these for state of
the art OLEDs. The concept of accelerated ageing at
higher current densities was introduced in 2002 by Aziz et
al. [1], who assumed a Coulombic degradation mechanism
only, as was suggested by Van Slyke et al. in 1996 [2].

This assumption was experimentally tested in 2005 by
Féry et al. [3]. They used stretched exponentials to model
lifetime curves over a range of luminances (and hence,
current densities), fitting the data well. Then it was shown
that the stretched exponential coefficient is constant for all
curves. It was explained that a single mechanism is
responsible for the ageing process at all luminances.
Therefore, they concluded that one can accurately predict
a lower luminance lifetime from a higher or accelerated
ageing lifetime measurement via extrapolation.

Up to today, many publications in high impact journals
have referenced and used this accelerated ageing
assumption, but for large current density/luminance
ranges. For example, 3 mA/cm? and 30 mA/cm? [4], 1000
and 5000 cd/mZ2[5], 1000 cd/m2and 30 mA/cm?[6] and 100
and 1000 cd/m?2[7].

However, in the previously mentioned work by Féry et
al. [3] only a small range of luminances, from 100 to 800
cd/m? was used. Perhaps because of the small range,
evidence for different degradation mechanisms at different
current densities or luminances was not observed. One
important related concept is a current density dependent
emission zone. The emission zone in an OLED is the
volume from where light is emitted via exciton relaxation
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[8]. It should depend on current density as it forms from
the recombination zone of holes and electrons widened
by exciton diffusion [8]. The emission zone has been
shown to strongly affect OLED lifetime [7,9,10].

Direct emission zone measurements of OLEDs have
proved quite difficult. To the best of our knowledge, only
two direct experimental measurements of the emission
zone in an OLED have been published [8],[11]. Both
these two papers feature highly-unexpected interface-
dominant emission zones in highly efficient OLEDs.
Additionally, these works require a precisely aligned

angular spectra measurement setup which is not
available to every OLED research lab.
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Fig. 1 OLED structure. ETL thickness (~ source-
mirror distance) is chosen to give destructive
interference between forward and backward
waves, giving information on the emission
zone. Emitter molecules are sketched as blue
circles.
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For a standard OLED designed for maximum optical
outcoupling, which uses a constructive interference
microcavity, small changes in the light source position do
not cause visible changes in the emitted spectrum.
However, if the OLED source-mirror distance is chosen so
that the forward and the backward propagating wave
(reflected off the dominant reflective layer - the mirror)
destructively interfere (as can be seen in Fig.1), this
destructive interference is visible as a dip in the emitted
spectrum (see Fig.2). Destructive interference is very
sensitive to small changes in the position of the source(s),
i.e., a small shift in the position of the source in the
microcavity can significantly alter the destructive
interference resonance in the far-field emission spectrum.
In this way, information on the emission source positions
can be extracted [12].

In this work, measurements via a novel application of
the microcavity inverse light-outcoupling emission zone
method [12], needing only standard JVL measurements at
0° (normal) emission only, will be shown. At 0° emission,
perpendicular emitter components are not visible due to
the microcavity interference conditions, and so the emitter
ensemble average orientation can be neglected in the
analysis. Direct experimental measurement of the OLED
emission zone over 4 orders of magnitude current density
will be presented. Previously, finely aligned multi-angular
measurements were used, along with polarization optics,
allowing only 1.5 orders of magnitude current density to be
measured [11]. Significant changes in the emission zone
with current density result and the effect of this on the
accelerated ageing assumption will be investigated.

2 EXPERIMENTAL

OLED devices as shown in Fig. 1, were deposited on
commercial ITO (Indium tin oxide) anode-on-glass
substrates via thermal evaporation under a high vacuum
of 10 torr. A HAT-CN hole injection layer (HIL) was
deposited at 0.1 A/s and an Liqg electron injection layer
(EIL) at 0.2 A/s. The EML (emission layer) was co-
deposited, with the mCBP host having a rate of 1-x A/s and
the 4CzIPN emitter with a rate of x A/s, where x is the
required emitter concentration as a fraction. The hole
transport layer (HTL), the electron blocking layer (EBL),
the hole blocking layer (HBL), the electron transport layer
(ETL) and the Al cathode (in a different chamber) were
deposited at a rate of 1 A/s. Immediately after fabrication,
the devices were encapsulated under glass using epoxy
glue in a nitrogen-filled glovebox with H20 < 0.1 ppm and
O2 < 0.1 ppm. The device active area dimensions were 2
mm x 2 mm. Stack materials were chosen following a

published 4Cz-IPN TADF green emitter reference stack [4].

OLED devices were driven at various current densities
using a Keithley 2635B source meter and 0° emission
spectra (normal to the OLED layer planes) were acquired
using a Konica Minolta CS 2000 spectroradiometer.
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Optical simulations to compare with the experimentally
measured spectra were performed with the commercial
software Setfos, version 5.0.1. These simulations used
an emission zone model of 10 discrete weighted points,
evenly spaced across the EML. A Gaussian function was
used to constrain the values of these weighted points. A
least squares fit of the simulated to the experimental 0°
emission spectra was performed to give the best fitting
Gaussian emission zone functions.

3 RESULTS

Simulation to experimental spectrum fitting results
(upper parts) along with the resulting extracted emission
zone profiles (lower parts) are shown in Fig.2. The red
lines in the upper parts represent simulated spectra and
the black lines represent the experimentally measured
spectra (1 nm sampling). The discrete simulation
positions can be observed in the lower parts in green,
each having a spacing of 4 nm and an individual variable
emission weight. The sum of all emission weights for
each device is normalised to 1. The red sections in the
lower diagram parts represent the EBL and the blue
sections represent the beginning of the HBL. The central
white layer in between represents the EML.
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Fig. 2 Simulation to experimental spectrum fitting
results (above) with the resulting emission
zone profiles extracted (below) for 4 different
current densities of a device with 20% emitter
doping concentration



Part (a) of Fig. 2. shows data at the device turn on point,
0.004 mAcm2. Part (b) shows data for 1 mAcm2 , part (c)
shows data for 10 mAcm and finally, part (d) shows data
for 40 mAcm?. Regarding the simulation boundary
conditions, emission was allowed from the EML and EBL.
Evidence from experiments (yet unpublished and outside
of the scope of this paper) where contamination was
applied at the EBL-EML interface in one device and at the
HTL-EBL interface in another device showed the same
device degradation effect. Since such degradation was
found only to occur where the emission zone overlapped
with the contamination, this indicates that the emission
zone extends to the HTL-EBL interface.

In Fig.3, measured LT95 lifetimes are measured at
current densities of TmAcm=2, 10mAcm2 and 40mAcm2
for devices with emitter concentrations from 10% to 50%.
Linear extrapolation from the 10mAcm2 and 40mAcm
data points (which can be relatively quickly measured) is
performed to get the TmAcm2 LT95 values. These values
are then compared with the actual measured values in
Table 1.
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Fig. 3 Log-log graph showing non-linear behavior for
devices with various emitter concentrations.
Error bars are shown in black for 1mAcm2,
10mAcm and 40mAcm2 data points. Solid lines
connect measured data points, dashed lines
shoe extrapolation to 1mAcm

Measured T95 @
1mAcm2[hr]
600

10%

20% 900 3000 +233%
30% 800 1900 +138%
50% 330 800 +142%

Table. 1 Percentage error in accelerated ageing
extrapolation

Extrapolated T95 @ | % Error
1mAcm2[hr]
370 -38%

4 DISCUSSION

The results in Fig.2, show that, for the lowest current
density, the emission zone profile is located at the EBL-
EML interface. This indicates that at device turn-on, the
electron current dominates in the EML. As the current
density is increased, the emission zone profile spreads
more and more towards the EML-HBL interface. This
indicates that the hole current in the EML increases at a
greater rate than the electron current as the current
density in the device is increased. At a high current
density of 40mAcm2, the electron and hole currents in
the EML seem quite balanced.

Evidence has been previously shown, for devices
which differ only by the HBL material from the devices in
this work, that the device lifetime is strongly affected by
having different emission zones by varying the
concentration of the electron-transporting emitter [13]. A
trend with emitter concentration also results here, shown
in Table 1. The presence of different degradation
mechanisms for different emission zones, and therefore
current densities, can explain the non-linear
measurement lines (solid lines) in Fig.3. If the
accelerated ageing assumption that only a single
degradation mechanism was responsible for ageing at
all current densities was appropriate for these devices,
then the measurement lines would be linear. In this work,
errors in the extrapolated lifetime as high as 233% result,
showing that the accelerated ageing assumption does
not work for these devices.

5 CONCLUSIONS

For the devices in this work, the accelerated ageing
assumption and extrapolation method cannot be relied
upon. If the accelerated ageing extrapolation is used,
errors as high as 233% result. Different degradation
effects are evident at different current densities which
seems to be caused by a changing emission zone. It is
suspected that this is a general trend, at least for TADF
OLEDs. The methods of this paper can be easily
transferred to a study on fluorescent OLEDs,
phosphorescent OLEDs and even Perovskite LEDs.
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