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In polymer light emitting diodes (PLEDs) each semiconducting polymer chain consists of a large number of conjugated segments linked by kinks or twists and each one of them behaves like a separated straight strand. The length and orientation of the conjugated strands relative to the electrodes surface depend on the deposition conditions used.

Atomistic results have shown that the molecular properties of the conjugated strands depend on their length, which can affect the electronic processes involved in PLEDs. The aim of this work is to study the influence of the average conjugation length within the polymer layer on charge injection, trapping and recombination in PLEDs for all polymer strand orientations relative to the electrodes surface obtained experimentally by different techniques. For that purpose we use a mesoscopic model that considers the morphology and the molecular properties of the polymer. Our results show that by increasing the average conjugation length of the active polymer layer the amount of charge injected into the device increases and the recombination probability occurs preferentially in segments longer than the average conjugation length, both effects having implications on the performance of polymer LEDs.

Introduction

One of the advantages of using conjugated polymers in light emitting diodes, when compared to low weight organic molecules, is the possibility of processing them in solution, which allows the deposition of these polymers onto large-area substrates at room temperature and pressure, using different wet-processing techniques. The solid state polymer film presents a nanostructure where the conjugated polymer chains have kinks and twists that break their conjugation creating several straight conjugated segments, which can act as individual optical chromophores [1]. The interaction between the conjugated segments depends on the solvent used and the film-processing conditions. A polymer chain can be folded on itself creating an ensemble of stiff-straight segments that presents a height degree of alignment or have an unfolded structure where the straight conjugated segments are randomly oriented. There are clear evidences that orientation of the conjugated segments relative to the electrodes surface within the highly-oriented domains and/or the size of the amorphous phase depend how the polymer deposition is made or the treatment of the polymer film thereafter. Ink-jet printing of poly(p-phenylene vinylene) (PPV) derivatives leads to a nanostructure where the stiff-chain segments are preferentially oriented perpendicular to the substrate [1], while spin-coating deposition leads to an orientation of the segments axis parallel to the subtrate [2]. The increase of the amorphous phase can be achieved by thermal annealing of the polymer layer. This last strategy, which is used to improve the long-term stability of the device, leads to an open structure of the polymer chains where the stiff-chain segments have a random orientation [3]. Independently of the deposition technique or the treatment used, the average conjugation length of the segments within the polymer layer can vary and this will have implication in the device efficiency since the molecular properties of the conjugated strands depend on their length [4]. In this paper we present a theoretical study of the effect of the average conjugation length on charge injection, trapping and recombination in a polymer light emitting diode (PLED) with a PPV layer as the active component. We have considered here the three different polymer morphologies that can be obtained by the experimental techniques mentioned above.

Model and computer simulation details

To model the functioning of a PLED, we consider a single polymer layer with 100 nm thickness sandwiched between two planar electrodes, and both electrodes present no impurities or defects at their surface.

The polymer layer consists of PPV straight rigid conjugated segments with a Gaussian distribution of lengths and a mean value varying from 5 to 7 monomers. For each one of the average conjugation length considerer in this work, we built polymer films with three different types of morphology corresponding to straight rigid segments parallel, perpendicular and randomly oriented relative to the electrodes surface. A minimum intermolecular distance of 0.650 nm was considered, based on self-consistent quantum molecular dynamics calculations [5], and the maximum film density obtained for the random morphology (0.3 g/cm3) was also used for parallel and perpendicular morphologies.

Our model of bipolar charge transport in PLED is based on a generalized Monte Carlo algorithm which takes into account the competition between the processes of charge injection, transport, trapping, recombination and collection by the opposite electrodes. To simulate bipolar charge injection, we consider that the injection process occurs by hopping. The charge (electron or hole) injection probability takes into account the distance between the electrode and the polymer strand, as well as the potential barrier.

In the absence of an applied electric field, the potential barrier height (zero-field barrier height) is equal to the difference between cathode/anode work function and the electron affinity (EA)/ionization potential (IP) (i.e. the molecular properties) of the polymer strand obtained from atomistic calculations [4]. When an electric field is applied the potential barrier height changes due to the local electric field (i.e the sum the applied electric field, the field due to space charge distribution through the polymer network and the field that results from the electrodes polarization). A detailed description of the injection process can be found in [6].

Our nanoscale model of charge transport, which is described in detail elsewhere [7], considers two processes both depending on the local electric field. The first process, known as intramolecular mobility, occurs when a charge is injected into a polymer strand and its electric field dependence was obtained by self-consistent quantum molecular dynamics calculations performed by Ramos and co-workers [8]. The interaction between the charge and polymer strand leads to a formation of a quasi-particle known as polaron that will move towards the centre of the conjugated segment if the local electric field along the segment axis is smaller than a certain threshold obtained from atomistic calculations [8], otherwise it will move towards one of the segment ends, depending on the charge sign and the direction of the local field. The second process, known as intermolecular mobility occurs when a charge jumps between different polymers strands by a thermally activated process known as hopping. The calculated probability for an electron/hole to hop between two neighbouring strands depends on the local electric field, the molecular properties of the polymer strands and the distance between hopping sites.

When a charge percolates along the polymer network it can be stored or trapped in a conjugated segment, remaining there until the local electric field allows it to hop to a neighbour segment. During the hopping process, an injected charge can reach the electrode opposite to the injection one, being collected by it and contributing to the electric current, or it can meet a charge of opposite sign in a polymer strand, and recombine if the local electric field along the molecular axis is not strong enough to keep both charges apart.

Results and discussion

To study the influence of the average conjugation length in the functioning of PLEDs, we performed computer experiments using PPV layers with the axis of the polymer strands parallel, perpendicular or randomly oriented relative to the electrodes surface. All simulations were performed for external applied electric fields lower (1 MV/cm) and higher (3 MV/cm) than the threshold for intramolecular mobility of electrons (1.55 MV/cm) and holes (2.0 MV/cm) [8], and ohmic electric contacts at both electrode/polymer interfaces which were obtained by adjusting the Fermi level of the electrodes to bring them close to the average ionization potential/electron affinity of the conjugated segments near the anode/cathode. Consequently charge injection rate is only limited by space charge effects. Fig. 1 shows the total amount of injected charges in layers with different polymer morphology as a function of the average conjugation length, at the end of a certain number of iterations and after the steady state is reached. The amount of charges injected is higher for the applied electric field is 3 MV/cm regardless of the average conjugation length, being almost zero for the perpendicular morphology when the applied electric field is of 1 MV/cm. These results are consequence of different contribution of the local electric field for the charge hopping process between two strands and for the intramolecular charge mobility. For the perpendicular morphology the hopping sites are parallel to the electrodes surface and perpendicular to the applied electric field. As a result when the applied electric field is smaller than the field needed for intramolecular charge mobility most of the injected charges will stay trapped in the middle of the strands near the electrode, hindering the injection of new charges. With the increase of the applied electric field to 3 MV/cm, charges can easily move along strands, since now the local electric field along the molecular axis is higher than the threshold for intramolecular mobility. When the charge reaches the strand end favoured by the local electric field, it can hop to other strand in the direction perpendicular to the electrodes surface because the field strength is strong enough to decrease the barrier height for charge hopping. In the case of the parallel morphology the preferential hopping direction between two neighbouring strands is parallel to the applied electric field, which allows a maximum contribution of this field to the hopping process. For this morphology a charge can only have intramolecular mobility due to the electric field created by the distribution of the other injected charges within the polymer layer, but this effect is negligible for the transport of the injected charge towards the opposite electrode. The random orientation of the conjugated segments within the polymer network allows a contribution of the applied electric field to the hopping process as well as the intramolecular mobility, both processes contributing to move the charges away from the injection electrode. The local electric field needed for intramolecular mobility has also the contribution of the field created by the distribution of the injected charges.

As a result the amount of charges injected in the random morphology is higher than for parallel and perpendicular morphologies. Since intramolecular mobility is a much faster process than intermolecular mobility, the increase of the applied electric field above the threshold needed for a charge to move along the conjugated strands will have a higher impact in charge transport, and consequently in charge injection, at high applied bias for the random and perpendicular morphologies than for the parallel morphology.

Therefore, the increase of the applied electric field leads to an increase in the total amount of injected charge for all polymer morphologies, the effect being more pronounced for random and perpendicular morphologies.

When the average conjugation length within the polymer layer increases from 5 to 7 monomers, the contribution of the intramolecular mobility to charge transport towards the opposite electrode at high applied electric field only increases for the random and perpendicular morphologies. As a result the amount of injected charges for the parallel morphology does not seem to change with the conjugation length whereas it increases with the increase of the conjugation length for the random and perpendicular morphologies. This effect is more pronounced for the perpendicular morphology.

Although there is an increase in the amount of injected charge with the increase of the strength of the applied electric field, our results show that the storage of the charge (electrons and holes) per strand length within the polymer layer at steady state does not depend on the polymer morphology (see Fig. 2 for the hole distribution which is similar for the electron distribution).

For an average conjugation length of 5 monomers holes are stored or trapped preferentially in segments with 6 monomers and there are more holes stored in segments with longer lengths than with shorter ones, regardless of the polymer morphology. We can then conclude that holes and electrons distribution per strand length within the polymer layer depends on the molecular properties of the polymer segments and not the way that they are oriented within the layer. Since the ionization potential decreases and the electron affinity increases with the increase of the conjugation length, holes and electrons will hop more easily to longer segments than to the shorter ones. Therefore, a similar result was obtained for both electrons and holes at low applied electric fields (e.g. 1 MV/cm). By increasing the average conjugation length within the polymer layer, the profiles for hole distribution per segment length remains the same but they are shifted towards longer conjugation lengths (see Fig. 3). The Gaussiantype profile obtained for electron and hole distribution per segment length seems to be related to the Gaussian distribution of stiff-chain lengths used in our nanoscale model.

The change in the average conjugation length of the polymer layer also affects the distribution of charge recombination events per strand length. Fig. 4 shows that the distribution of the recombination events per segment with length is similar to those for charge storage at the steady state for different average conjugation lengths and the same polymer morphology. As in the case of charge distribution, the fraction of recombination events is also higher in segments with lengths longer than the average conjugation length than in the shorter ones.

In contrast to charge distribution, the maximum number of recombinations takes place at strands with the same length as the average conjugation length of the polymer layer. The behaviour described above for the distribution of recombination events per strand length does not depend on the polymer morphology and the strength of the applied electric field.

Since the increase of charge injection leads to an increase of the number of recombination events and the probability of light emission seems to increase with the increase of conjugation length [9], the results of this work suggest that device performance is sensitive to both the morphology of the polymer film and its average conjugation length, which can be controlled by changing solvents and fabrication conditions [10,11].

Conclusions

Understanding how the morphology and the average conjugation length of the polymer layer affects PLED performance is one of the key issues for the advancing of the nanoelectronics technology. Using a nanoscale modelling we have demonstrated that changes in the length of the polymer molecules and their molecular arrangements can affect a polymer LED functioning. Our results show that the effect of the nanostructure in charge injection and consequently in charge recombination, is more pronounced for an applied electric field higher than the threshold for intramolecular mobility and for long average conjugation length. The distribution of charge and recombination events per segment length do not depend on the molecular arrangement within the polymer layer but depends on its average conjugation length which affects the molecular properties.

Although our nanoscale model is a simple approximation to the complex structure of a semiconducting polymer bulk, these results can shed some light on the influence of the nanostructure in a polymer LED and they suggest that molecular arrangements relative to the electrodes and the average conjugation length are very important factors in controlling device performance. 
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