Fabrication and Performance of PPV/CN-PPV Pol ymer Light Emitting Diodes and Some Degradation Mechanisms
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ABSTRACT: In this work, electroluminescent polymer PPV and CN-PPV have been synthesized and the details of synthesis and characterisation of the polymer are described. Single and double layer polymer light emitting diodes have been fabricated using this material.  The performance of these diodes is analysed by measurement of I-V and    electroluminescent output. The effect of incorporation of an additional PEDOT layer is found to improve I-V characteristics with higher light output.  Some degradation phenomena observed in these devices are discussed.
INTRODUCTION: Since the discovery1,2 of electroluminescence in poly(p-phenylenevinylene) (PPV) in 1990, there is a great interest in polymer light emitting diodes due to their potential applicability to flat panel displays, flexible displays and even wearable displays. Few prototypes of display on thin glass sheets have been demonstrated3. However, the science and technology of polymer displays is still far from being fully understood.  There are issues like efficiency, driving current and voltage, achieving the RGB colours, cross talk and degradation.  Devices with high luminance efficiency, low operating voltage, low leakage current, better colour saturation and a lifetime of > 20,000 hours are desirable. It has been found that these issues are closely related to material and its purity, type of device structure, processing conditions, encapsulation etc.  Apart from PPV, PPV copolymers, polyfluorene and copolymers are being developed to meet the challenges of the display. Our work is an effort to understand the complexities of light emitting polymer, device fabrication, device performance and degradation issues. We have synthesised PPV and CN-PPV and fabricated ITO/PPV/Al and ITO/PPV/CN-PPV/Al light emitting diodes. To improve hole injection, PEDOT/PSS has been incorporated in some devices between ITO and PPV.

SYNTHESIS OF MATERIAL:  The synthesis of PPV and CN-PPV were done in accordance with the method proposed in literature. The PPV was synthesized by xanthate precursor route as shown in scheme-14.

Scheme-1
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Preparation of PPV precursor polymer: To a cooled (0( C) solution of 1.0 g (2.89 mmol) of monomer (in 100 ml of THF) was added 0.65 g (5.80 mmol) of t-BuO-K+ (in 100ml of THF) drop wise over a period of 20-30 min under presence of N2 atmosphere. The reaction mixture was stirred at 0( C for 4 hours and then it was poured into a saturated solution of ammonium chloride. Additional 100 ml of THF was added to it and organic layer was separated and washed with saturated ammonium chloride solution and then dried over Na2SO4. The solvent was partly evaporated under reduced pressure at 35-40( C and subsequently hexane was added slowly to obtain white precipitate. The suspension was cooled in ice water for further precipitation. The solvent was decanted and the precipitate was vacuum dried. The precipitate was dissolved in chloroform and vacuum evaporated to yield transparent film.1H NMR (400 MHz, CDCl3): ( (ppm) 6.94–6.84 (dd, 4H, ArH), 4.75 (m, 1H, CH), 4.47 (q, 2H, OCH2), 3.22-3.00 (m, 2H, CH2), 1.23 (t, 3H, CH3); 13C NMR (100 MHz, CDCl3): ( 212.80, 137.42, 129.34, 127.98, 69.85, 42.05, 13.73; IR (KBr): 3049, 2984, 2936, 1511, 1441, 1419, 1364, 1264, 1221, 1146, 1111, 739 cm-1. The average molecular weight of the precursor is Mw = 2,00,000(GPC).

Conversion from precursor to PPV: A solution of precursor in cyclohexanone was spin coated and heated in presence of forming gas at 185(C for 6 hours to obtain PPV film. IR (film): 3022, 1639, 1515, 1420, 961, 864, 835, 555 cm-1.

Synthesis of Poly{[2,5-bis(hexyloxy)-1,4-bis(1-cyanovinylene)phenylene]-co-[2,5-bis(hexyloxy)-1,4-bis(2cyano- vinylene)phenylene]}; CN-PPV: The CN-PPV was synthesized as shown in scheme-2 by a Knoevenagel-type con- densation between a hexyloxy substituted aromatic diacetonitrile and a corresponding aromatic dialdehyde5.   

Scheme-2
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Preparation of polymer: To a solution of t-butanol (7.5 ml) and THF (2.5 ml), monomer-I (356mg, 1mmol) and monomer-II (334mg, 1mmol) were added together under nitrogen atmosphere. The reaction mixture was stirred for 20 minutes at 50( C. A mixture of Potassium t-butoxide (11.2mg, 0.1mmol) and tetra-n-butylammonium hydroxide (0.1ml, 0.1mmol, 1M solution in methanol) was added quickly. After 20 minutes the mixture was poured into acidified (4-5 drops of glacial acetic acid) methanol. The precipitate was filtered, collected and dissolved in chloroform and it reprecipitated in methanol to give C6O-CNPPV. 1H NMR (400 MHz, CDCl3): ( 8.03 (s, 2H, ArH), 7.86 (s, 2H, ArH), 7.04 (s, 2H, CH), 4.19-3.90 (m, 8H, OCH2), 1.78-1.77 (m, 8H, CH2), 1.41-1.33 (m, 8H, CH2), 1.26-1.24 (m, 16H, CH2), 0.94-0.81 (m, 12H, CH3); 13C NMR (100 MHz, CDCl3): ( 175.61, 151.32, 150.62, 140.79, 125.89, 118.33, 58.77, 29.11, 23.85, 22.53, 13.96, 13.60; IR (KBr): 2930, 2862, 2209, 1682, 1605, 1502, 1467, 1419, 1389, 1213, 1026, 864, 721 cm-1.  The average molecular weight is Mw = 45000 (GPC). 

 PHOTOLUMINSCENCE (PL) SPECTRA: Both PPV and CN-PPV polymer films on glass plate were characterized using He-Cd 442 nm laser as the excitation source.  PL spectra corresponding to PPV show characteristics of 3 peak structure (510 nm, 544 nm and 586 nm) clearly resolving vibronic components.  As compared to material obtained from Wesseling process, the 544 nm peak appears 5 nm blue shifted4.  Fig. 1   also shows spectra corresponding to CN-PPV with the dominant peak at 636 nm alongwith another peak 696 nm.  

FABRICATION OF DEVICE: The devices were fabricated using commercially available ITO/SiO2 coated glass substrate of 12.4 ohm/sq sheet resistance and ITO layer thickness of 146 nm. The sheet resistance was measured by a four-point probe and thickness by Tencor-100 profilometer. The ITO was patterned by usual photolithographic processing. The substrates were cleaned with RCA-I solution. A 5 minutes ozone treatment was done to remove any residual organic matter.  A thin layer of polyethylene dioxythiophene/polystyrene sulfonate (PEDOT/PSS) was incorporated between ITO and PPV in some of the devices. PEDOT was vacuum baked at 120o C for 1 hour before coating the PPV precursor.  The precursor solution of 12 mg/cc in cyclohexonone was coated at 1000 rpm. The precursor was converted at 185o C in forming gas (15% H2/N2).The solubility of CN-PPV in chloroform is excellent but owing to its low boiling point, the films deposited from the chloroform solution are of poor quality. To improve the film quality, 3 mg/cc of CN-PPV was dissolved in a 50/50 chloroform/toluene solution. Cathode was formed by evaporation of  ~300 nm aluminum at a vacuum in 10-6 mbar range   

RESULTS & DISCUSSION:  In the single layer ITO/PPV/Al devices, the turn-on voltage is ~16 V and leakage current is in the order of mA. Such high voltage and current levels are not desirable for device operation.  Double layer devices by introducing CN-PPV, an electron-injecting layer between PPV and Al improved the I-V characteristics significantly.  In this double layer device, light emission was observed at 4.4 V and 20 (A.  To further improve the device, an additional layer of PEDOT/PSS was introduced and the device turned on at 2.4 V and 20 (A.  The current-voltage (I-V) and light-voltage (L-V) characteristics are shown in Fig. 2 (a) and (b) respectively for ITO/PPV/CN-PPV/Al and ITO/PEDOT/PPV/CN-PPV/Al devices.
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The improvement obtained in ITO/PPV/CN-PPV/Al device as compared to ITO/PPV/Al is due to the LUMO offset of 0.9V and HOMO offset of 0.6 V at the PPV/CN-PPV interface, Fig. 3.  The electrons and holes moving in opposite directions tend to get blocked at the offset interface, improving recombination probability and light emission.  In addition, the lower electron injection barrier height of 0.7 V at Al/CN-PPV cathode as compared to1.6 V at Al/PPV cathode also contributes for improved performance of ITO/PPV/CN-PPV/Al device.  By introducing additional PEDOT conducting layer between ITO and PPV, the threshold voltage is decreased by 2 V.  The onset current remains same as obtained for PPV/CN-PPV device.  This suggests that the voltage decrease comes from the smaller band offset between the PEDOT/PSS and PPV.

The electroluminescence  (EL) spectrum as shown in Fig. 4 of the ITO/PEDOT/PPV/CN-PPV/Al has been measured using Minolta CS-1000. The peak wavelength is 632 nm in red-orange and is in agreement with photoluminescence spectrum of CN-PPV, Fig. 1.  It shows that most of the recombination takes place within CN-PPV.  As the peak wavelength of PL and EL is almost matching, the processing conditions of the device in terms of color seem to be optimum.

A typical reverse current of ITO/PEDOT/PPV/CN-PPV/Al is shown in Fig. 5. The reverse current between 0 and –1 V and –4 V to –5 V seems to be quite small (~20 (A).  Between –1 V and –4 V, several spikes are observed in the reverse current. The likely explanation for these spikes is, that the polymer contains some mobile ions, which move under electric field until all the ions reach one of the electrodes. Beyond –4 V, the reverse current again stabilizes at a small value (~20 (A). 

DEGRADATON: In the devices fabricated by us, we have observed degradation in all three types of devices, ITO/PPV/Al, ITO/PPV/CN-PPV/Al and ITO/PEDOT/PPV/CN-PPV/Al. However, the nature of degradation in these devices is not exactly same.  In general, we observed that a decrease in light output of the device is accompanied with a visible degradation of the aluminum cathode layer. 
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In ITO/PPV/Al device, the onset of light emission is at about 16 V.  As the device is operated, the light output decreases and operating voltage continues to increase till the light emission is completely stopped in about 15 min.  At this stage, the aluminum cathode is fully covered with a network of blisters as shown in Fig. 6. It has been observed that initially as the device is turned on, a large number of small blisters are formed.  On further increase of operating voltage, the blisters increase in number and size, forming a network.  

In the device, as current is passed, heating is taking place within the polymer.  This heat tends to expel the residual solvent, which was utilized for the spin coating of the polymer.  The residual solvent, as it is expelled from the polymer gets trapped beneath the aluminum and forms blisters.  At higher voltage, the electric field and temperature inside the polymer become high, more solvent escapes and also the polymer film degrades with out-gassing, forming a network of blisters.  

In ITO/PPV/CN-PPV/Al devices, the turn on voltage is about 4.4 V, much less than the 16 V of the ITO/PPV/Al device.  Due to relatively much lower electric field, ITO/PPV/CN-PPV/Al, we have only observed small blisters, Fig. 7.  By changing our polymer baking from an ordinary oven to a vacuum oven, we have been able to significantly improve the solvent removal and minimize blister formation.  

In ITO/PEDOT/PPV/CN-PPV/Al devices, we observed that the degradation is much faster as compared to ITO/PPV/CN-PPV/Al devices.  The reason for faster degradation is in inadequate removal of water from PEDOT/PSS layer.  Due to the strong hydrogen bonding between the electro-negative groups and water molecule, it is difficult to remove water molecules from PEDOT/PSS layer. We obtained some improvement by vacuum baking the PEDOT layer and further optimization of baking is needed to improve the device lifetime. 

Summary: The basic polymer materials PPV and CN-PPV have been synthesized and characterized by NMR, IR, GPC and PL Spectra. The fabricated devices show the electroluminescence properties characteristic of the polymer.  In these devices, we observed several degradation mechanisms associated with different layers of the device.  Some mechanisms of formation of these defects have been identified.  Further work is in progress to eliminate defects and improve the performance of these devices. 
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Fig. 6 Al Cathode of ITO/PPV/Al after degradation








Fig. 3 Band Diagram of ITO/PEDOT/ PPV/CN-PPV /Al Polymer LED
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    Fig.2(a) Current-Voltage characteristics  
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Fig. 7 Al Cathode of ITO/PPV/CN-PPV-Al after degradation
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Fig. 4 EL spectrum of ITO/PEDOT/PPV/CN-PPV/A





Fig.2(b) Light - Voltage output  characteristics  
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Fig. 1 PL Spectrum of PPV and CN-PPV
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    Fig. 5 Reverse current of ITO/PEDOT/CN-PPV/Al PLED  
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