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Abstract

In this paper we would like to show the applicability of phonon-assisted
tunnelling theories for explanation of temperature-dependent current—voltage
(I-V) characteristics of diodes based on organic thin films of conjugated
polymers, such as poly[2-methoxy, 5-(2'-ethyl-hexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV). For this purpose the -V characteristics measured for
MEH-PPV by Campbell et al (1997 J. Appl. Phys. 82 6326), Lupton and Samuel
(1999 J. Phys. D: Appl. Phys. 32 2973), and van Woudenbergh et al (2001
Appl. Phys. Lett. 79 1697) are compared with the free carrier generation rate
dependence on field strength using the phonon-assisted tunnelling theories. A
strong dependence of charge carrier mobility on temperature is also explained by
this model. The presented model allows us not only to explain the temperature
variation of /-V and mobility data, but also to estimate the density of traps
taking part in the current flow.

1. Introduction

Despite extensive investigation of conduction in 7 -conjugated polymers, which are materials
for applications in organic light-emitting diodes (LEDs), the charge carrier transport
mechanism is not well understood. Most frequently space charge limited current (SCLC)
models, both without traps and including trapping processes, have been used to explain the
mechanism of carrier transport in these materials [1-8].

In the absence of trapping and if the charge carrier mobility is field independent the
SCLC model predicts the well known square-law dependence of current density J on applied
voltage V (J ~ V2) [9, 10]. The experimental /-V data often show much higher power
law characteristics (e.g. I ~ V). Such types of characteristics are attributed to the filling of
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traps with a certain distribution in energy space, or to the electric field enhancement in the
carrier mobility [11-16]. The origin of the mobility field enhancement is attributed to the
Frenkel-Poole process [17] or to the tunnelling of carriers through the localized states.

However, these models often meet difficulties when seeking a quantitative agreement
with experimental data. For example, Campbell et al [3] have measured the current—
voltage characteristics in the wide temperature range of 270-30 K. At high fields (V/d >
5 x 10° Vem™!) J-V curves at different temperatures for single-layer polymer LEDs of
PPV were fitted to the power law of the form J = V", where m increased with decreasing
temperature. The results were explained by SCLS models involving an exponential trap
distribution or hopping transport field and temperature dependent mobility [4]. But both the
models could not explain the observed temperature dependence of m and the abrupt change of
slope in the J—V characteristics with increased bias.

Kapoor et al [18] have reinterpreted these results on the assumption that the charge
carrier transport mechanism needed to describe the low-temperature data is different from that
applicable to high-temperature data. The authors of [18] have explained the high-temperature
data on the basis of the improved trapping model. With a set of chosen parameters the good fit
of the model with J—V data was obtained only at 270 K and for bias >5 V. For the curves at
lower temperatures other values of mobility were taken. Below 190 K the discrepancy between
the calculated and experimental curves increased very rapidly. Therefore, at low temperatures
the J—V characteristics were explained using the mobility model. Fitting of the model to the
experimental curves at lower temperatures (from 190 to 30 K) was performed using different
trap densities for results at different temperatures.

Lupton and Samuel [19, 20] have explained the temperature-dependent J—V data for
polymer LEDs based on conjugated polymer MEH-PPV by the model, which includes both
injection and transport [21]. Good agreement with the experiment was found using strongly
field- and temperature-dependent mobility. However, for each temperature different values
of fitting parameters (the barrier height to injection, zero-field mobility, and field dependence
mobility) must be applied. Thus the curves were fitted independently from each other over a
temperature range from 100 to 280 K. A good fit was obtained for the /J—V curve measured at
280 K, but there was a deviation at lower temperatures and for low field strengths.

Some investigators [22-25] involved carrier-tunnelling processes for the explanation of
light emitting characteristics and carrier transport in polymer LED devices. Parker [22] has
suggested that characteristics of LEDs based upon MEH-PPV are determined by tunnelling of
both the holes and electrons through interface barriers caused by the band offset between the
polymer and the electrodes. He explained measured /—V characteristics by Fowler—Nordheim
(FN) tunnelling of electrons/holes through a triangular-shaped barrier at the electrode. For
explanation of the temperature dependence of the /—V characteristics thermionic emission
was cited. It is worth mentioning that the FN tunnelling for injection in [19] was rejected on
the ground that the tunnelling barrier predicted by a simple FN analysis increases by more
than a factor of two from 0.2 to 0.45 eV as the LED is cooled from room temperature to 13 K,
while the fitted barrier height to the injection hole from the ITO anode was found to lower
from 0.58 eV at 300 K to 0.41 eV at 100 K.

Itis evident that interpretation of experimental data on carrier transport in polymers appears
to vary among different investigators, but in all cases the same models or their modifications
such as for the explanation of current at high field in the inorganic materials are involved.
Therefore, in this paper we present an alternative explanation of temperature-dependent /—V
characteristics in some organic films on the assumption that these dependences are caused by
temperature- and field-dependent charge carriers tunnelling from localized states to conducting
ones as a process whose mechanism is phonon-assisted tunnelling [26-28]. The tunnelling
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processes, as shown above, were invoked by several investigators for explanation of some
peculiarities of temperature dependent /—V data in organic materials, but these attempts were
not very successful because FN tunnelling is essentially a temperature-independent process.
The phonon-assisted tunnelling theories predict an absorption/emission of phonons in the
process of charge carrier tunnelling. For this reason the tunnelling becomes a temperature-
dependent process and might be taken into account for explaining the temperature-dependent
[-V data measured in organic materials.

2. Theory and a comparison with experimental data

The quantum mechanical tunnelling theories, accounting for interaction of electrons
with phonons, were proved to be efficient in describing centre ionization in inorganic
devices [29, 30]. Recently, it has been shown that the phonon-assisted tunnelling model
can explain temperature-dependent /—V characteristics for polyethylene and other insulating
polymers [31]. In the present paper we apply this model to describe the temperature-
dependent /—V data obtained for devices on the basis of PPV derivatives. We will compare the
temperature-dependent /—V characteristics of MEH-PPV films extracted from [3, 19] with the
transition rate of an electron/hole from centre to conducting state dependence on field strength
and temperature, which follows from phonon-assisted tunnelling theory. For this purpose the
equation derived in [26] for electron tunnelling with phonon participation from the deep centre
to the conduction band is used:

eE _ 4 2mHY? 5,
Wor = 1 21/2 _ 1721 29-1/4 _- /
T (Sm*sT)1/2[( +y9) Y17 L+ y7] Texp 3 omn T
X [A+yH) =y PLA+yH)' 7 + %y]}, (1)
where
(zm*)l/ZFZ
= 12 ° (2)
8ehEe;

Here I'?> = 8a(hw)*(2n+1) is the width of the centre absorption band caused by interaction
with longitudinal optical phonons, n = [exp(fiw/ (kg T)) — 117!, where iiw is a phonon energy,
er is the energetic depth of the centre, e is the electron charge, and a is the electron—phonon
interaction constant (a = F(z) /8(hw)?). In the case of weak electron—phonon interaction
(y — 0) expression (1) has a similar form as that obtained by Franz [32].

Assuming that the current / through a polymer layer is proportional to the charge carrier
tunnelling rate Wy (E, T') from a set of energy levels (traps) to the conducting states, W being
a function of temperature 7' and field strength E, we will compare the measured temperature
dependent /-V data of MEH-PPV polymer film extracted from figure 4(a) in [3] with the
tunnelling rate dependence on field strength and temperatures at which the measurements
were fulfilled.

The fit of computed W (E, T') dependences carried out for different temperatures with
experimental data is shown in figure 1. The calculation was performed using the electron
effective mass value m* = 1.2 m,; for the phonon energy the value of 0.034 eV was taken.
The electron—phonon coupling constant a was chosen so that the best fit of the experimental
data with the calculated dependences should be received. The value of centre depth (activation
energy) er was evaluated from the plot of In / versus 1/T at 1 V of the results in figure 1. The
comparison shows a good agreement of the experimental data with calculated curves in all the
temperature range.
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Figure 1. [-V characteristics of a sample MEH-PPV with thickness of 94 nm at different
temperatures from [3, figure 4(a) (symbols)] fitted to the theoretical tunnelling rate Wz (E, T)
dependences (solid lines) calculated for the same temperatures as the experimental data using the
following parameters: a = 5.4, e7 = 0.58 eV, m* = 1.2 m,, hw = 0.034 eV.

On the basis of this model a nonlinear behaviour of the Arrhenius plot (In J versus 1/7)
is comprehensible because it is predetermined by the theory. It is worth noting that non-
linearity of these plots, which determines the variation of energy activation from 0.6 eV at
high temperatures to about 0.02 eV at low temperatures, was the main reason that Kapoor et al
have suggested two different mechanisms of current at different (high and low) temperatures,
namely, the improved trapping model at near room temperature and the hopping mobility
model at low temperatures [18].

In figure 2 the theoretical dependences In W (E, T') versus 1/ T for different field strength
are shown. Symbols upon the curves represent experimental values of the current extracted
from figure 4(a) in [3] for the same field strength as the theoretical ones. It is seen that the
variation of the slope for the theoretical curves in the Arrhenius plot and the experimental
data is the same, i.e., the slope of the curves both for the theoretical and experimental
dependences regularly increases as the temperature decreases. Still more, the theory gives the
same variation for In W(E, T) versus 1/ T dependences with field strength as was obtained for
the experimental data. Both these circumstances give a strong confirmation of the presented
model.

If electrons/holes released from traps dominate the current in a device then the current
value I may be expressed by the equation [33]

[ =(1/2)AeNWry, 3)

where A is the effective generation volume (for these specimens thickness being 94 nm,
A = 1077 cm?®) and N is the trap density. Substituting the current value / and corresponding
value W from figure 1 to relation (3), we obtain N ~ 4 x 10'> cm~3. This value is in reasonable
agreement with the value of ~10'® cm 3 determined by the authors [3] by a different procedure.
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Figure 2. Experimental values of / from figure 1 plotted as a function of reciprocal temperature
1/ T for applied bias V = 1, 2, 4 and 8 V (symbols) fitted to Wy (E, T') against 1/ T dependences
(solid lines) calculated for the E corresponding to the experimental E = V /d values. The other
parameters are the same as for figure 1.

In figure 3 the J—V data from [19] for a single carrier MEH-PPV polymer LED are
presented. For these devices the fact was ascertained that current is actually symmetric in low
forward and reverse biases. This implies that current is bulk limited and is most likely due to
transport through impurity levels in the material, that is the case when the experimental data
were often described by the Poole—Frenkel emission mechanism; however, we will explain
these data using quantum mechanical tunnelling theory.

Figure 3(a) shows the fit of these data performed by the authors of [19] to their device
model based on the classical physics approach. We want to emphasize that the fit of data
with their model is performed using temperature-dependent fitting parameters, including the
barrier height for injection. In figure 3(b) the experimental data are compared with the
W (E, T), calculated according to equation (1) using the same set of parameters for all measured
temperatures. It can be seen that the theoretical curves in this case fit well to the experimental
data in the whole range of field strengths. Trap density, as determined using equation (3) (for
A = 1.65 x 107 cm?) and results from figure 3(b), is equal to 3 x 103 cm 3.

We want to mention that the fit of measured J—V data with the calculated current densities
presented in figure 3(a) was performed in [19] using field-dependent mobility of the form

wey = we=0) exp(y/(E/Ep)), “4)

where 11 (g=0) is the zero-field mobility.

The temperature dependence of fitting parameters, i.e. jt(g=0), E¢ and the barrier height,
were deduced in [19] from measured current—voltage characteristics. The variation of the
W(E=0) parameter with temperature is shown in figure 4. It is seen that this parameter varies
exponentially with inverse temperature and decreases by 12 orders of magnitude between 300
and 140 K. The authors of [19] related such behaviour of this parameter to the characteristics
of hopping transport. However, below 140 K the data appeared to diverge from the predicted
straight-line relationship. If the current is governed by the charge carrier generation process
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Figure 3. Experimental J-V characteristics for the MEH-PPV LEDs (film thickness of 165 nm)
from [19, figure 7 (symbols)]. Solid lines represent the simulated best fit: (a) performed by the
authors of [19] to their model using for each curve different values of fitting parameters, 7 = 280 K,
barrier height ¢, = 0.54 eV, nr=g) = 3.9 x 10°¢ em®> V7! 57!, Ep = 1.9 x 10° Vem ™}
T = 200K, g, = 044 eV, up—o = 6.7 x 1072 em®> V='s7!1, Eg = 7.3 x 10> Vem™;
T =100K, g, = 0.41 eV, gy = 1.1 x 1078 ecm? V=1 571 Eg = 1.9 x 103 V em™!; (b) to
the theoretical Wr (E, T') dependences calculated using for different temperatures the same set of
parameters, a = 4.7, e = 0.58 eV, m* = 1.2 m,, hw = 0.034 eV.

then the mobility dependence on temperature will be the same as for current. In figure 4
curves represent the temperature dependence of In W versus (1/7) computed for three values
of phonon energy and fitted to the In w(g=o) versus (1/7) dependence. The solid curve
calculated for the phonon energy of 34 meV matches well the temperature variation of the
(e=0) parameter. The temperature at which the bending in these dependences occurs depends
on the value of phonon energy and this allows estimation of the energy of the phonon taking
part in the tunnelling process.

The dependence of mobility on temperature also exhibits similar behaviour. Figure 5
shows the temperature dependence of the hole mobility in PAPPV film measured at two values
of field strength represented from [34]. For T > 150 K the temperature dependence of the hole
mobility obeyed a In 1« versus 72 law but in the lower temperature region the temperature
dependence was weaker. These mobility dependences multiplied by field strength in figure 5 are
fitted to In W versus 1/ T dependences. The fit of experimental data with computed tunnelling
rate dependence on reciprocal temperature is very good in the whole temperature range. Thus,
phonon-assisted carrier tunnelling from traps controls both the current and carrier mobility.

Finally, in figure 6 the temperature-dependent /—V characteristics obtained by van
Woudenbergh et al [35] for an ITO/Ag/PPV/Ag and for an ITO/PPV/AI device are fitted
with our model. In these devices injection-limited current (ILC) was obviously observed with
different barrier heights for carrier injection from Ag (¢, = 0.95 eV) and Al (¢, = 1.05 V)
electrodes.
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Figure 4. Variation of the zero-field mobility jt(g—o) with the temperature from [19, figure 8
(symbols)] fitted to In Wr dependences versus 1/7 computed for iw = 0.034 eV (solid curve),
hew = 0.030 eV (dotted curve) and iw = 0.038 eV (dashed curve). The values of W are given for
curve (2) only.
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Figure 5. Temperature dependence of the mobility multiplied by the field strength from [34]
(symbols) fitted to Wr(E,T) versus 1/T dependences (solid curves) using the following
parameters: a =7, e7 = 0.48 eV, m* = 1.2 m,, hw = 0.034 eV.

The model offered by the authors of [35] *...in which the spread in the charge
transporting site energy due to disorder is taken into account, consistently describes the
measured field and temperature dependence of the injection process. However, at higher
fields (1.2 x 10 V m~") the experimental data show stronger field dependence as compared
to the theoretical predictions’.
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Figure 6. Current density J versus electric field for an ITO/Ag/PPV/Ag and an ITO/PPV/Al device
at different temperatures extracted from [35] (symbols) fitted to the calculated Wr (E, T) versus E
dependences (solid lines). The calculation was performed using the following parameters: a = 4,
m* = 1.2 m,, how = 0.054 eV, e7 = 0.95 eV (for the Ag electrode) and e7 = 1.05 eV (for the Al
electrode).

In figure 6 these experimental data are fitted to computed W (E, T') dependences. As is
seen, the theoretical curves over the entire range of field strengths fit very well for both devices
to the experimental data. It should be noted that the comparison between experimental data
and theory is performed using for both devices the same values of phonon energy, strength of
phonon—electron interaction, and effective mass of carriers. This suggests that the tunnelling
processes which determine the temperature and field dependence of the current occur from
the localized states of PPV. The difference in value of barrier height for these devices may be
explained by the assumption that charge carrier injection occurs from the Fermi level of the
electrode into tail states of the exponentional distribution of localized states [4] in the interface
layer between metal and polymer (e = 0.95 eV for Ag and e7 = 1.05 eV for Al electrodes).

The second step which determines current dependence on bias and temperature is phonon-
assisted tunnelling of localized charge carriers to the conducting state of the polymer.

If there is no significant re-capture of carriers, the current density will be determined as
J = eN;Wr, where Nj is the filled state density. From the results in figure 6, the derived value
of N is found to be ~5 x 10'2 cm~2.

3. Conclusions

We have shown that the model based on the phonon-assisted tunnelling, as a free carrier
generation process, is able to describe the temperature- and field-dependent current—voltage
characteristics of diodes on the basis of PPV derivatives. An advantage of this model over the
mentioned SCLC with hopping type field and temperature-dependent charge carrier mobility
model is hidden in the possibility to describe the behaviour of /-V data measured at both
high and low temperatures with the same set of parameters characterizing the material (see
the caption for figure 3). Phonon-assisted tunnelling is the only mechanism that explains the
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nonlinear dependence of In 7 versus 1/ 7 at high fields. On the basis of this model the variation
of charge carrier mobility with temperature is explained as well. Since the peculiarities of the
carrier mobility variation with temperature, as seen from figure 4, strongly depend on phonon
energy, this allows estimation of the energy value of phonons taking part in the tunnelling
process. Assuming the domination of current flow by the process of phonon-assisted tunnelling
of electrons from traps to the conducting states enables us to determine the density of traps
participating in a current flow.
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