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Abstract

We present results from a device model in which the current-voltage (I-V)
characteristics of an ITO/MEH-PPV/ALI organic light emitting device have
been simulated over a range of temperatures by fitting the mobilities and
barrier heights. Good agreement with experimental data has been achieved
at temperatures of 200-300 K at bias voltages exceeding 2 V, but there are
some shortcomings of the model at lower temperatures. We have found that a
discrete trap level in the simulated device improved the fit of the simulated /-V
data in the low field regime at high temperatures. It has also been noted in the
experimental data that cooling the device led to improved efficiency, with the
ratio of light output to device current increasing by a factor of approximately
50 times when the device was cooled from 300 to 10 K. The model exhibited
increased efficiency upon cooling, provided the electron barrier height, ¢y,
was decreased at a greater rate than the hole barrier height, ¢;,,.

1. Introduction

During the period following the discovery of electroluminescence in organic materials, both
in conjugated polymers [1] and small molecules [2], a great deal of work had been carried
out on organic light-emitting devices (OLED), both in terms of trying to understand the
underlying physics and to improve their performance. Considerable progress has been made in
developing displays, with the application of novel techniques and materials allowing devices
to be made with increased efficiencies and a range of colours. Much effort has also been made
in an attempt to clarify the mechanisms of charge injection and transport in these devices.
Both macroscopic device models and microscopic models have been employed to elucidate
this situation. Macroscopic device models treat the organic semiconductor as a continuum
band semiconductor (i.e. as a conventional inorganic semiconductor), with drift-diffusion
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carrier transport in the bulk and injection at the contacts [3—6]. Such models can be used to
obtain information such as current—voltage (/-V') characteristics, carrier density profiles and
recombination zone profiles; these models often yield useful information but require several
material parameters which are often not well known or are heavily sample-dependent.

Despite the extensive literature on macroscopic device modelling of OLEDs, very little
work apart from [7-9] has been carried out to investigate the temperature-dependent behaviour
of OLEDs or to validate the models over a wide temperature range. In [8, 9] the temperature-
dependent /-V characteristics of a 160 nm ITO/MEH-PPV/AI device were simulated with
a unipolar device model which, although similar to the models mentioned above, neglected
diffusion currents. The main point made in [8, 9] was that it is essential to consider bulk
transport and injection on an equal footing, otherwise spurious conclusions may be reached.
This is because an apparent increase in the barrier height with temperature may be due to
a reduction in the mobility, as both have the effect of reducing the current. Furthermore,
Fowler—Nordheim (FN) tunnelling injection on its own was shown to be a poor explanation
of the measured /-V characteristics because the barrier height decreases with increasing
temperature, which is inconsistent with the fact that the bandgap is expected to increase with
temperature. Furthermore, it was shown that the change in /-V curves upon intentional photo-
oxidation of the polymer by exposure to intense UV irradiation cannot be explained purely on
the basis of FN [8]. The inability of FN as opposed to thermionic injection to provide a realistic
model of /-V curves has also been noted in [10] and [11]. However, bulk transport alone is
insufficient; Malliaras et al [11] have noted that, even in the so-called saturation regime where
the current becomes bulk limited, the slope depends on the cathode material.

The conclusions that could be drawn in [8, 9] were restricted by their model being unipolar
and neglecting the diffusion current. The latter has been shown in [11] to be important when
fitting /-V characteristics. In this paper, we have used a bipolar device model, including
diffusion currents, to model the /—V characteristics of a 95 nm ITO/MEH-PPV/AI device over
a range of temperatures from 150-300 K and to compare with experimental data to see what
influence the model has on the conclusions reached.

2. Method

The device model used in this work has been described elsewhere [3, 4] and is similar to
those proposed by other groups (e.g. [5, 6]). The model, which is one dimensional, bipolar
and time-independent, comprises Poisson’s equation, the drift-diffusion equations for carrier
transport and the continuity equations. These equations are solved self-consistently, along with
the appropriate boundary conditions which represent charge injection into the bulk organic
material from metal contacts, by both thermionic emission over the barrier and tunnelling
through the barrier. The tunnelling current density is determined from

8n,/2em¢§p) c 32 0

3hE = 8héy,

Ly, = ACE? exp(—

where E is the electric field, e is the electron charge magnitude, m is the hole effective mass
(set equal to the bare electron mass), & is Planck’s constant, ¢y, is the hole barrier height and
A is a dimensionless fitting parameter. The model also incorporates image force lowering of
the Schottky barrier and uses a field-dependent form for the carrier mobility, which accounts
for the disorder inherent in the material and the hopping transport.
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In organic semiconductors, it has been shown experimentally and theoretically [12] that
the carrier mobility can be fitted to

E
Wp = UE=0 eXp( E—), (2)
0

where 1t g— is the zero field hole mobility and

A 1 1 1
—_0 = -, —— =B — — 3
pew=meo(~ ) = =8(pr o) ®

where ¢ is a constant, the parameter E( dictates how strongly the mobility is modified by
the field, A is the activation energy and 7y and B are material constants related to the degree
of disorder in the material. Equation (2) is often misleadingly termed the Poole—Frenkel
mobility because of the square root variation with the field, although its origin and temperature
variation is quite different from the form derived by Poole and Frenkel [11, 13]. Details of the
experimental method are given in [§].

3. Results

The simulated /-V characteristics were fitted to the experimental data by varying 1, Ey, and
¢p- This procedure yields values for the zero field hole mobility parameters which are given
in table 1 and compared with published values. The conduction band density of states, Nc¢,
was set equal to the valence band density of states, Ny, and to the density of conjugated chain
segments which here is assumed to be 1 x 103 cm™3 following [35, 8, 9]). The HOMO and
LUMO levels of MEH-PPV are taken as being 5.4 eV [14] and 3 eV [15], respectively, giving a
bandgap E, of 2.4 eV, which agrees with [5]. The workfunction of Alis set to 4.3 eV, resulting
in a barrier to electron injection ¢y, at the cathode of 1.3 eV. This parameter was allowed to
vary with temperature when comparing predicted and measured efficiencies.

The workfunction of ITO varies from about 4.7 to 5.2 eV, depending upon the method of
preparation, resulting in a barrier to hole injection, ¢, at the anode of between 0.2 and 0.7 eV.
The large barrier to electron injection and the fact that MEH-PPV is known to be a preferential
hole transporting material means that the electron current makes a small contribution to the total
device current. The electron mobility u, parameters are hard to determine because electron
transport is dispersive in MEH-PPYV, so, strictly speaking, the mobility is an ill defined quantity
and it is difficult to fit because of the electron current being so small. We have made the
assumption pu, = 0.01p, as its value makes little difference to our results given the large
barrier to electron injection. An exception is when we fit the electron barrier height to try
to reproduce the temperature dependence of the measured efficiency, where we have also
considered the case p, = 0.11t,.

The parameters derived from the fit of the tunnelling expression to the experimental data
are: 300 K, A = 53 x 108, 2900K A =56 x 1078, 280K A = 1.5 x 1077, 270 K
A=15x10"7,2600KA=5x%x10"7,250KA=25x10",240KA =5x%x10"7,230K
A=5%x10°%220KA=1x10°,210KA=1x10"%200K A =1x 1072 InFN
theory, equation (1), A is independent of temperature. However, [16] has argued that A does
depend on temperature through the changes with temperature of the Fermi distribution of the
electrons in the metal contact. Even so, there is a much weaker temperature dependence than
we find here. Therefore we conclude that the variation of A with temperature comes about
because FN tunnelling is of dubious validity for organic devices.

Figure 1 shows the modelled and experimental /—V characteristics for temperatures of
150, 200, 250 and 300 K. At temperatures of 200-300 K in figure 1, the model provides
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Figure 1. Experimental current densities / as a function of applied bias at temperatures of 150 K
(triangles), 200 K (diamonds), 250 K (squares) and 300 K (circles) and simulated data (full curves).
The top panel is a linear-linear plot and the bottom panel is a log-linear plot of the same data.

excellent agreement with the experimental data for most applied biases, but the agreement is
less good as the temperature decreases and it overestimates the injected current magnitude at
low biases (below about +2 V). At 150 K the fit becomes much worse below 5 V. At low biases,
the model underestimates the injected current and higher biases and the current is close to that
predicted by a space charge limited current (SCLC) [19]:

2

9 \%4
Iscre =~ gECoro T exp(0.898/V /d). 4

One explanation for the difficulty in obtaining a good fit at low temperatures is that the film
heats up due to the current flowing through it [20], so that the /-V characteristics become
steeper as the temperature is reduced.

Figure 2 shows the fitted hole barrier height (¢,) from the model as a function of
temperature. As the temperature was decreased, the hole current injected into the MEH-
PPV from the ITO was too low for all biases, so the barrier height had to be reduced slightly to
increase the injected current. However, reducing the barrier height caused the injected current
to be too large and so 1, had to be reduced to compensate. The field dependence was also
found to increase with decreasing temperature, as has been found experimentally, e.g. [12].

Lupton and Samuel [8, 9] found that the barrier height varied linearly with temperature
with a slope of 1.2 meV K~! down to about 200 K, before tailing off, and noted that this slope
is a factor of nearly 2 greater than is expected from bandgap shrinkage. In figure 2, we obtain
a slope of 1 meV K~! and the fitted barrier height at room temperature is about 0.1 eV lower
and 0.2 eV less than in [5]. An explanation for this discrepancy could come from the increased
importance of an interfacial layer occurring in the spin-coating process [8] for a thinner device.
Figure 3 shows the temperature dependence of the hole mobility, (., and E.

Our values of B and Tj result in a set of temperature-dependent /—V characteristics,
which match the experimental data well, despite being lower than other values quoted in
table 1. Eo(T) determines the field dependence of the mobility, and hence the slope of the
I-V curve at high biases before tunnelling currents become significant. Our values of A and
1o are only slightly lower than the values quoted in table 1. This may be a result of some of
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Figure 2. Fitted hole barrier height (circles) (¢p,) as a function of temperature. The full line is a
linear fit to the data.
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Figure 3. Arrhenius plot of 14 ,(r=0) parameter (top panel) and E{; 12 (bottom panel).

Table 1. Parameter values used for zero-field mobility pg—o.

Parameter This work [8, 9] [17] [14] [18]

A (eV) 0.27 0.75 0.48 0.38 £+ 0.02 0.22

wo (m2vV—1sh 1 x10° 1.5 x 1074 3.5 x 1073 1 x 1073 7 x 1077
Ty (K) 325 300 600 600 + 90 430

B (eV mV~1/2) 1.3 x 1075 5.5 x 1073 2.9 x 1073 23+02x 107 2.9 x 107

the temperature dependence of the mobility being lost due to the strong variation of the hole
barrier height with temperature.

To improve the fit between the simulated and experimental /-V data at low biases, we
introduced a discrete trap level into the MEH-PPV [21]. The trap level was placed at 0.3 eV
above the HOMO level, with a trap concentration of 3.5 x 10> m~. Figure 4 shows the
effect of the trap level on the /-V characteristic at 300 K, where ¢, was set to 0.37 eV,
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Figure 4. Comparison of simulated data, with and without a discrete trap level, to experimental
data at 300 K.

wp =3x 10719 m? V-1s7land Ey = 5 x 10° Vm~!. As can be seen from figure 4, the
trap level clearly improves the fit to the experimental data at low bias, by reducing the current
compared to the situation without a trap level present. However, at lower temperatures, the
model provides too low a current at low biases compared to the experimental data without
traps (see figure 1), making the fit to experimental data worse. On the basis of these results, we
conclude that either there are no deep trap levels present in the material—this would concur
with the conclusions of Scott et al [10]—or that traps are introduced at higher temperatures,
e.g. because of changes in the conformational disorder in the material [22].
Another device characteristic investigated was the internal efficiency, n, given by

n=1Ig/I (&)

where the recombination current, I, is

x=I[
IR=/ gRdx =1,(00) —I1,(l) = 1,(I) — 1,(0) (6)
x=0

where 1,(0)(7,(0)) is the hole (electron) current at the anode (i.e. at x = 0) and 1,(I)(1, (1))
is the hole (electron) current at the cathode (i.e. at x = [), and assuming that the holes are
injected at the left hand electrode, and electrons are injected at the right hand electrode. As
n can only be predicted with a bipolar model, fitting it gives us an opportunity to look at the
variation of ¢, with temperature.

Assuming the device efficiency to be the light output divided by the current, the
experimental data, plotted in the top panel of figure 5, shows that upon cooling from 300
to 11 K, the device efficiency increases by a factor of about 40. We only modelled the device
efficiency over a temperature range of 200-300 K, as the results from figure 1 suggest that
the drift-diffusion model is not likely to be valid below 200 K and these results are shown
in the lower panel. The electron mobility, u,, was assumed to be either 0.1, or 0.01p ),
owing to MEH-PPV being a preferential hole transporter, and the barrier to electron injection
was initially set at 1.3 eV at 300 K. In order to increase the efficiency as the temperature was
decreased, ¢, had to be lowered at each temperature by the amount shown in figure 5. We
have no information about the parameters that determine j, as noted at the beginning of this
section. Fortunately, the only predictions which could be sensitive to p, are those in figure 5.
We have therefore examined two values for 1, to check this point. It is clear from the results
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Figure 5. Top panel: experimental device efficiencies at a bias of 13 V (au) over a temperature
range of 11-300 K. Simulated and fitted device efficiencies (middle panel) and electron barrier
heights (¢,) (bottom panel) at a bias of 10 V and a temperature range of 200-300 K.

that it is the device efficiency, and not the barrier height, that is sensitive to u,, suggesting that
the efficiency is affected by bulk transport as well as by injection over the barrier. In practice,
Wy 18 likely to decrease more rapidly as the temperature decreases than (., because it is more
sensitive to the disorder in this material, but this would lead to transport which is less balanced
between electrons and holes and so give a decrease in efficiency. We therefore cannot comment
on how bulk transport influences the efficiency without quantitative information about how w,,
varies with temperature.

Although the model did show increased efficiency as the temperature was lowered, the
slope of the curve in figure 5 is much steeper (5 meV K~!) than that in figure 2 (1 meV K1),
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A smaller slope gives rise to an efficiency which decreases as the temperature is lowered. This
result is a further indication that, although the bandgap does indeed decrease with temperature
as previously discussed, this cannot fully account for our observations since the sum of the
changes in the barrier heights is greater than the observed bandgap shrinkage. The device
efficiencies were recalculated assuming that ¢, was 1 eV at 300 K. When the barrier height
was fitted as a function of temperature, exactly the same slope was obtained.

4. Conclusions

From the fitting of the simulation parameters to the experimental data, we have found the values
of A=027eV, ;o =1x107"m?>V-'s™!, Ty =325Kand B = 1.3 x 1072 eV mV~"/2 for
this sample of MEH-PPV. Although the model provides good fits to the data at temperatures
of 200-300 K, the poorer fits to the data at 150 K, and our difficulty in explaining the observed
temperature gradients of the hole and electron barrier heights, means that more work needs
to be carried out in understanding injection into organic devices. Baldo and Forrest [23] have
proposed a model in which injection is limited by charge hopping out of interfacial molecular
sites, whose energy distribution is broadened by local disorder in the interfacial dipole field
and this could be a possible explanation. On the microscopic scale, injection into disordered
molecular semiconductors has been studied by [24, 25]. These authors have shown that the
results from a microscopic injection simulation qualitatively resemble both FN tunnelling-
type currents and Richardson—Schottky thermionic emission currents. Thus it is arguable
that the agreement between the microscopic and macroscopic injection terms is good enough,
particularly at high temperatures, and that the macroscopic models can be used with confidence
to aid device design. However, the problems in obtaining useful results from the macroscopic
model at low temperatures and with modelling electron transport demonstrate the need for a
more accurate model that can circumvent these difficulties.
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