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Magnetoresistance and efficiency measurements of Alqs-based OLEDs
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Magnetoresistance and efficiency measurements of indium tin oxide/N,N’-diphenyl-N,N’ bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’  diamine/aluminum tris(8-hydroxyquinoline)/cathode organic light-
emitting diode structures have been made as a function of magnetic field and cathode type. It has been found
that magnetoresistance occurs only when there is light emission from the devices, which suggests that the
magnetoresistance is related to exciton formation. Comparison of the effects of applied field on device effi-
ciency and magnetoresistance shows that the magnetoresistance cannot be due to the recombination current.
We suggest that the effect may be due to trapping of charge carriers at triplet excitons within the device.
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INTRODUCTION

The effect of magnetic fields on the luminescence proper-
ties of organic materials has long been an area of scientific
research, and it is well known that magnetic fields can affect
both the singlet and triplet concentrations as well as their
interactions with free or trapped carriers. The main effects
that operate to alter the singlet-triplet ratio are magnetic hy-
perfine interactions which act to allow interconversion be-
tween the singlet and triplet, T,, states,? and the magnetic
field effect (MFE) on the quenching of triplets through
triplet-triplet interactions.>> The role of magnetic fields on
the interaction between triplets and paramagnetic centers,
such as free carriers, was studied in anthracene crystals by
Ern and Merrifield.® They showed that the quenching of a
triplet exciton by a paramagnetic center (such as a free
charge carrier) would be suppressed by the presence of a
magnetic field and that this can be seen as an increase in the
triplet lifetime.

In 2003 Kalinowski et al’ studied the MFE on
the performance of aluminum tris(8-hydroxyquinoline)—
(Algs)-based organic light-emitting diodes (OLEDs) and
found that in fields of up to 0.5 T the electroluminescence
quantum efficiency increased by ~3% while at the same
time the current through the device changed by ~2.5%. The
MFE on the device efficiency was attributed to the hyperfine
scale magnetic-field-dependent mixing of the singlet and
triplet states resulting in an increase in the singlet concentra-
tion. The MFE on the device current was attributed to an
increase in electron injection due to singlet excitons reaching
the cathode. The MFE on the current through organic devices
was further studied in 2005 by Mermer et al.3~'1° who used
the term organic magnetoresistance (OMR) to describe the
effect. Mermer et al. observed that OMR occurred in a num-
ber of different organic materials but concluded that the
mechanism was unknown. In their work they showed that in
some materials both positive and negative OMR could be
seen depending on both the drive voltage and the tempera-
ture of the measurement. Girditz et al.!' investigated the
effect of magnetic fields on the singlet and triplet emission
from an Alq; device and also observed an effect on the drive
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voltage and current through the device but similarly provided
no explanation. Sheng et al.'> published a further study of
OMR in 2006, and because of a weak correlation between
the OMR and the apparent efficiency of their devices, con-
cluded that the OMR effect was not excitonic in nature.

In this work we investigate the effect of a magnetic field
on the efficiency and current through a series of Alqs-based
devices as a function of both drive voltage and magnetic
field. We demonstrate that the OMR effect is intimately
linked to the presence of excitons within the device and sug-
gest that it may be caused by the trapping of free carriers by
triplets through the mechanism proposed by Ern and
Merrifield.®

EXPERIMENTAL METHOD

The basic device structure consists of an indium tin
oxide— (ITO-)coated glass substrate (purchased from Merck)
with a sheet resistivity of ~13 /O, 500A of
N,N'-diphenyl-N,N’ bis(3-methylphenyl)-(1, 1’-biphenyl)-
4,4 diamine (TPD) as the hole transport layer, and 500 A
Alg; as an emissive or electron transport layer. On this basic
device three different cathode materials were deposited: Al,
Mg(90%):Ag(10%), and LiF(10 A)+Al. The TPD and Alg;,
were purchased from Aldrich and purified using train subli-
mation prior to use. The ITO substrate was patterned using
photolithography and cleaned by ultrasonicating in detergent
and water, acetone, and chloroform. Following this the ITO
was treated in an oxygen plasma for 3 min at 30 W and
2.5 mbar pressure using a Diener Electronic Femto Plasma
system. The plasma-treated substrate was immediately trans-
ferred to the deposition chamber for device fabrication. The
deposition of the organic layers and metal electrodes were
performed using a Kurt J. Lesker SPECTROS evaporation
system with a base pressure during evaporation of
~1077 mbar. The rate of deposition of organic materials was
about 2 A/s while that of the metal was varied from
~1 to 10 A/s. A calibrated oscillating quartz crystal monitor
was used to determine the rate and thickness of the deposited
layer. The whole device fabrication was performed without
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FIG. 1. Raw data for the current through the device with a
LiF/Al cathode at different voltages. The null-field measurements
are circles and the applied field measurements are triangles. The x
axis is the order in which the measurements were performed.

breaking vacuum. Final device areas were ~4 mm?>.

All magnetoresistance measurements were performed at
room temperature. Immediately after growth the devices
were placed in a light-tight sample holder with a calibrated
silicon photodetector (Newport 818-SL) placed on the top
surface of the device. The sample holder was placed between
the poles of an electromagnet with the magnetic field perpen-
dicular to the current through the sample. The photodetector
was tested under various illumination levels to make sure
there was no field dependence on its output. Measurements
were taken with the device operated in constant voltage
mode. Magnetic field measurements were made from
0 to 300 mT for positive fields only (earlier tests had shown
that the direction of the field did not affect the results). Both
before and after each field measurement, a measurement at
null field was taken. These two null-field measurements were
then averaged and used to calculate the change in current and
intensity with applied field. This procedure was adopted to
remove any effects due to drifting in the device characteris-
tics, which can be noticeable at high drive voltages. Voltage
sourcing and current measurements were performed using a
Keithley 236 source-measure unit with current measure-
ments being averaged over 32 readings. The drive voltage
was applied to the device only when it was in a stable field.
As soon as an individual measurement was made the drive
voltage was set to zero while the field was changed. Again
this was done in order to minimize drifting in the device
characteristic as it was operated in air without encapsulation.
The optical power output was measured using a Newport
1830 optical power meter.

RESULTS AND DISCUSSION

Figure 1 shows the raw data for the current through the
device with the LiF/Al cathode at drive voltages of 2.1, 2.2,
2.3, 2.4, and 6.0 V. Each plot shows successive measure-
ments taken first with a null field and then with the field
applied, with the applied field increasing as one goes from
left to right in the figure. From these raw data it can clearly
be seen that at 2.1 and 2.2 V there is no effect of the mag-
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FIG. 2. Differential current AI/I and differential efficiency,
A7/ 5 plots for the three devices as a function of applied field.
Circles (Al cathode), triangles (Mg:Ag cathode), and squares
(LiF/Al cathode). The drive voltages were 2.7 V for the LiF/Al
cathode, 3.2 V for the Mg:Ag cathode, and 4.0 V for the Al
cathode.

netic field upon the current through the device. Using our
experimental setup we were also unable to see any light out-
put at these drive voltages. The same effect was also seen for
each of the cathodes we used in this work. This result sug-
gests that the OMR of these devices is intimately linked to
the presence of excitons within the device. The 6.0 V data
also show the importance of recording null measurements
both before and after a field measurement as the drift in the
device can be clearly seen. By taking these two null mea-
surements and using the average as the baseline for the dif-
ferential measurement the effect of this drift can be mini-
mized.

Figure 2 shows the differential current A//I and differen-
tial efficiency A%/ 7 plots for the three devices as a function
of applied field. Each plot was taken when the AI/I [Fig.
4(b)] was at a maximum and corresponds to drive voltages of
2.7 V for the LiF/Al cathode, 3.2 V for the Mg:Ag cathode,
and 4.0 V for the Al cathode. In each case this corresponds
to a current density through the device of ~0.5 A/m?>. It can
be seen that for the Al/1 data there is a dramatic difference in
the OMR of the devices with AI/I at 300 mT varying from
0.7% for the Al cathode to 1.8% for the Mg:Ag cathode and
3.1% for the LiF/Al cathode. The onset of OMR in each of
these devices correlated perfectly with the onset of light
emission. As light emission can only occur once bipolar car-
rier conduction is present (i.e., once both electrons and holes
are being injected) this is strong circumstantial evidence that
excitons are essential for the OMR process. This is in agree-
ment with the observation of Girditz et al.'' who saw no
OMR in electron-only Al/Alq/Ca/Al devices.

From Fig. 2 it can also be seen that, although the OMR
continues to markedly increase with increasing field, the ef-
ficiency of all the devices appears to almost saturate at ap-
plied fields above 50 mT. Above this field A#/# rises lin-
early with field at a rate of ~(1.5X 1073) % /mT. This linear
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FIG. 3. Differential efficiency A%/ 7 of LiF/Al cathode (a) and
Mg:Ag cathode (b) devices as a function of applied field for various
voltages. Above ~50 mT all the curves turn over and the straight
lines are a guide to the eye with a slope of (1.5X 1073) % /mT.

rise is independent of both the drive voltage on the device
and the cathode (Fig. 3) and suggests that the effect is not
dependent on the concentration of excitons within the device.
This further suggests that triplet-triplet annihilation (TTA) is
unlikely to play a significant role in the MFE on efficiency.
This does not mean that TTA is not occurring, particularly at
higher current densities where it may play a significant role
in the OMR, only that it is not significantly contributing to
the light output of these devices.

Figure 4 shows the AI/I at 200 mT for each device as a
function of both the applied voltage [Fig. 4(a)] and the cur-
rent density [Fig. 4(b)] through the device. Figure 4(a)
clearly shows the abrupt turn-on in the OMR for each device.
For the LiF/Al cathode device, for example, there is no
OMR at 2.2 V, 2a 0.92% OMR at 2.3 V, and 1.9% OMR at
2.4 V. For all the devices the OMR increases with increasing
drive voltage up to a maximum and then decays. When this
same data is plotted against the current density in the device
[Fig. 4(b)] it can be seen that the different devices all look
very similar in shape with the OMR rising to a maximum at
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FIG. 4. The differential current AI/I through each device at
200 mT as a function of both applied voltage (a) and current density
(b) through the device. Circles (Al cathode), triangles (Mg:Ag cath-
ode), and squares (LiF/Al cathode).

~0.5 A/m? before decaying with increasing current density.

Prigodin et al.'* have proposed a model for OMR which
is excitonic in nature. They suggest that OMR is due to
changes in the recombination rate for electron-hole pairs due
to the change in the singlet-triplet mixing introduced by the
magnetic field. However, as noted by Prigodin et al., simply
changing the degree of singlet-triplet mixing would affect
only the recombination current if the triplets were dissociat-
ing back into free carriers. This is because once an electron
and hole have recombined to form any exciton, they have
formed a neutral state that no longer plays any role in the
conduction process. Prigodin e al. derive an expression for a
maximum magnetoresistance of theoretically up to —50%.
However, this relationship contains only the dissociation and
recombination rates for triplets and implicitly assumes that
the dissociation rate is considerably greater than the recom-
bination rate. This dissociation may occur at interfaces, if
energetically favorable, but is less likely in the bulk given
the very large binding energy of the triplet state (>1 eV).
However, if such a dissociation were occurring at a signifi-
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FIG. 5. Differential current AI/I through the LiF/Al cathode
device at an operating voltage of 2.7 V plotted against the differen-
tial efficiency An/ .

cant rate, this model would demonstrate the intimate rela-
tionship between OMR and device turn-on that we observe,
but it would also be expected to result in a linear correlation
between the A7/ 7 of device and the Al/I. In Fig. 5 we show
AI/I for the LiF/Al cathode device plotted against A#n/ 7.
What can be seen is that below AI/I=1.5%, which corre-
sponds to a field of ~25 mT, we see a linear increase in
Amn/ 5 with AI/I but above this the value of A/ 7 effectively
saturates while A//I continues to increase. Therefore al-
though Prigodin et al.’s model could provide a mechanism
for the low-field magnetoresistance it does not satisfactorily
explain the high-field results.

One subject that has received relatively little attention in
OLED research is the role played by triplets on the electrical
performance of devices. Once turn-on has been reached in an
OLED, triplets are generated and due to their long lifetime,
estimated to be ~25 us in Alqs,'* they will diffuse through-
out the active layer until they spontaneously recombine or
are quenched, most probably at interfaces. This diffusion will
be relatively slow and will result in a large concentration of
triplets being present in devices. Hence their equilibrium
concentration would be expected to increase with increasing
current density. As has been shown by Ern and Merrifield®
triplets can interact with paramagnetic centers such as free
carriers. The reaction can be written as

ky ky .
Ty +D.yp—(Ty+Diypp) —— Doyp+ 5, (1)

where T is the triplet state, D. ), is the spin +1/2 paramag-
netic center, (T, --D.,;) is a pair state, and k, is the rate of
formation or backscattering from the pair state. The right-
hand side of the equation shows that the pair state can also
dissociate into a free carrier and an excited vibrational level
of the ground state with a rate constant k,. The left-hand side
of this equation describes a scattering event between a free
carrier and a triplet which will result in a decrease in the
carrier mobility. One can see therefore that, as the concen-

PHYSICAL REVIEW B 75, 094423 (2007)

tration of triplets increases, so should the probability of scat-
tering events, and hence the mobility should decrease. There-
fore, as one of the effects of the magnetic field on an OLED
is to increase the efficiency of the device, this means that
triplets are being converted into singlets. The result is a de-
crease in the triplet concentration and consequently a de-
crease in the scattering and hence an increase in mobility.
Ern and Merrifield® also demonstrated that the quenching of
triplets by paramagnetic centers, the right-hand side of the
equation, is also magnetic field dependent and that this route
is suppressed with increasing field. This will have the effect
of quenching another route for triplet annihilation and hence
altering the observed magnetoresistance. The ratio of the two
rate constants k; and k, will be a function of the organic
material in which the interaction is occurring.

Prigodin et al.'® also looked at the effect of doping Algs;
devices with the phosphorescent guest molecules tris(2-
phenylpyridine) iridium [Ir(ppy)s] and 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine platinum (PtOEP). These mol-
ecules are known to greatly improve the efficiency of
OLEDs as they allow for the rapid luminescent recombina-
tion of triplets. Prigodin et al. found that the introduction of
the molecules into an Alqs device reduced the OMR by a
factor of 10 for Ir(ppy); and completely quenched it for
PtOEP. This is in agreement with our model as the rapid
removal of triplets from the devices removes their trapping
of free carriers as a major contributor to the carrier mobility.

All of the interactions referred to so far will also have a
temperature dependence. For example, in the simple hyper-
fine interaction between the singlet and triplet states,

k
S(—>T0, (2)

where § is the singlet state and 7|, is the m=0 triplet state,
there is an energy difference between the S and T, states. The
relative transfer between the two states therefore depends not
only on the magnetic field but also on the relative lifetimes
of the two states and on the temperature. It is therefore pos-
sible that, while in some systems a reaction may lead toward
a decrease in triplet concentration at one temperature, the
opposite may occur as the temperature is changed. As we
have shown that there is probably more than one process
occurring to modify triplet concentrations, which may de-
pend on the current regime in which a device is operated, a
range of magnetoresistance effects, both positive and nega-
tive, may be seen. Much careful work will be needed to fully
elucidate all the processes occurring in any given device
structure.

Given the proposed model for OMR how can we explain
the differences in A%/ n and AI/I in our devices with differ-
ent cathode materials? These three cathodes were chosen be-
cause they have substantially different electron injection ef-
ficiencies into Alq;. Absolute efficiency measurements at
zero field give an efficiency at 100 A/m? for the Mg:Ag
cathode which is ~3.6 times greater than for the Al cathode
while for the LiF/Al cathode the improvement over the Al
cathode is ~4 times. This improvement in efficiency is, in
part, due to the increase in the number of electrons that are
injected into the devices, which increases exciton generation
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within the Alqs at any given current density. This will there-
fore result in an increase in the triplet concentration and
hence in the scattering of carriers through carrier-triplet in-
teractions.

These results also have implications for the understanding
of current transport in OLEDs. It is believed that in OLEDs
the device current is ultimately limited by a trap-charge-
limited conduction mechanism where the injected charge is
trapped in a distribution of traps of characteristic energy
which can be determined from the slope of the log-log JV
plot. For Algs-based devices these measurements consis-
tently give trap energies of ~150—-200 meV, although the
nature of these traps has received relatively little attention.
From our results presented here it appears that trapping of
free carriers by triplet states may be a dominant contribution
to the carrier mobility in OLEDs once turn-on has been
reached, and as the triplet concentration will depend upon
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the drive voltage on the device their role in current transport
should be further investigated.

CONCLUSIONS

Magnetoresistance and efficiency measurements of 1TO/
TPD/Alqs/cathode OLED structures have been made as a
function of magnetic field and cathode type. It has been
found that magnetoresistance is intimately linked to light
emission from the devices which suggests that the magne-
toresistance is due to exciton formation within the device.
The observation that the efficiency of the devices tends to
saturate whilst the magnetoresistance continues to increase
suggests that it is not simply the recombination current
which is responsible for the observed magnetoresistance. We
suggest that the effect may be due to trapping of charge
carriers at triplets.
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