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ABSTRACT





One of the least investigated section of electroluminescence - electrochemiluminescence (ECL) -  light emission arising as the result of recombination of organic ions formed by electrochemical reactions  -  is considered. Carrying out analogy with light emission diodes and gas discharge lamps  leads to classifing ECL as liquid-phase recombination electroluminescence. Liquid environment creates specific conditions for electroluminescence  process -  high concentration of active particles with opportunity of their redistribution in space by hydrodynamic carrying. Well known luminescent systems - organic dye solutions are used as ECL working  media.


ECL was investigated in thin electrolyteless cells, excited by a direct current and in cells with submicron interelectrode distance, fabricated by microelectronics technology. On the basis of received experimental results the most important physical processes of ECL have been simulated:  formation and structure of a double electrical layer at  electrode - liquid dielectric interface, charge injection  into solution, charge carrying by electrohydrodynamic  flows . The main parameters of processes of charge injection and carrying have been calculated from experimental data.





INTRODUCTION





Two main mechanisms of recombination electroluminescence - due to injection (for example, light-emitting diodes) and due to ionization (for example, gas discharge and electroluminescent phosphors) are well known.


Even Faraday observed liquid-phase ionizative-recombinative electroluminescence - light emission from liquid dielectrics at high voltages, but the observation of injective-recombinative electroluminescence is significantly more difficult.


Electrochemical double layer can inject charged ion-radicals at rather low voltage. The main obstacle of light-emissive devices creation on the basis of  common electrochemical  cells  is  the   heterogeneity of electrode-electrolyte system, which excludes the recombination process1. The mentioned restrictions have been overcome by using the special electrochemical cell design and bright injective-recombinative electroluminescence in liquid phase was observed. 


ECL-cells are similar to liquid crystal-cells and consist of two  glass  substrates  with  transparent electrodes assembled with a cell gap of 10...50 (m and filled with a mixture of organic dyes in aprotonic solvent. No polaroids or alignment layers are required. From the electrochemical point of view, ECL is  a self-regenerating process providing light radiation due to  recombination  of  oppositely charged dye radicals. At first DC ECL systems the seal was added to provide conductivity of solution. 


But ECL-reactions are characterized by high electrochemical potentials (compatible with visible light photon energy)and, at the same time, 1 sq.cm cell with the 15 (m gap contains only 1.5 (l of solvent and 3 (g of dye, therefore the achievement of required seal’s purification is conjugates with significant difficulties.  In particular, A. Bard, has generalized dc cell’s nonprospect after carrying out the cycle of investigations and reaching only 0.5 hour life-time for dc ecl systems with supporting electrolyte2. 


The most stable at ultra high potentials are electrolyteless electrochemical systems. Electrolyte-less thin film cells were offered considerably earlier3, but were not investigated actively, as it was considered that they can not supply acceptable brightness. In electrolyte-less systems no ions are formed by electrolyte dissociation process, therefore only that ions, which injected from electrodes, can transport electrical charge.  Bipolar injected ions can not exist in volume cell for a long time, since they actively recombine with forming neutral particles. As a result, appropriate ion-radicals form the separated areas of space charge, which create opposite electrical field and limit cell current. Dashed line in Figure 1 shows utmost (100% efficiency) light brightness calculated in accordance to the electromigration  model. 





�EMBED Word.Picture.8���


                                Seals:  


Tetrabutylammoniumperchlorate (C4H9)4NClO4


Lithium perchlorate                      LiClO4


Solvents for systems with electrolyte 


Acetonitrile                                                  CH3CN


Dimethylformamide                          (CH3)NCHO


Solvents for electrolyteless systems:


Benzonitrile                                                  C6H5CN 


Dimethoxyethane  (glim)     CH3OCH2-CH2OCH3


Dyes:


�


Rubrene        T-way


(5,6,11,12- tetraphenyltetracene)


ES=2.3 eV, ET=1.15 eV


E+=0.87 V, E-=1.53 V, (ecl=0.56(   


�


9,10-diphenylanthracene        S-way


ES=3.0 eV, ET=1.8 eV, 


E+=1.25 V, E-=1.84 V, (ecl= 0.43(





Fig.1. DC thin cell construction, main ECL processes and examples of ECL materials
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                Fig.2. Brightness vs. cell gap





During the early 1980`s almost all works in the field of electrolyteless DC thin cell devices were published by a group of H.Schaper (Germany, "Philips")4. By using industrial hermetic technology and thin cells with low polarity solvent they achieved rather long lifetimes (200...400 hours) 4 and anomaly high brightness5 (2.5 cd/m2) for electrolyteless cells. They were the first who observed light emitting ordered structures 6 and fast-response performance 7 of  these cells. But attempts to explain the anomaly high brightness and electric current density throughout dielectric liquid were not convincing8. Probably that a deficient understanding of DC electrolyteless ECL and complicated technology were the reasons why no further attempts have been made to reproduce 


the results achieved by Schaper`s group. 





electrode-dielectric liquid interface and charge injection


 in DC ECL-systems 


Large electrode areas and high level of current densities in electrolyteless ECL cells allow to investigate the interface. We have measured charge characteristics of the interface double layers by using simple but correct experiment 1.  In the working cell, which has the formed and charged double layers, current is interrupted. Then the cell is discharged on 20 M( resistor. Voltage-time dependence is  registered  and potential-charge characteristic is derived.  Specific capacitance of the double layer is rather large (achieves 20 (F/cm2 ) and easy calculations convince that interface charge can not be formed by impurities only (the needed concentration is 40 (M, concentrations of impurities and organic dye are 1 nM and 4 mM respectively). One can see that at applied voltage 1.1 V curve has sharp inflection, which indicates changing of double layer structure. If we suppose that distance from an electrode at which new ions localized is proportional to total charge, then the curve must be a straight line in coordinates C-2 = f(V) (these coordinates are usually used in semiconductor electronics). The transformed dependence is presented in  figure 3 and consists of two straight lines, which corresponds to effective diameters of ions 0.5 nm and 1.3 nm (taking into account the decreased dielectric constant in double layer field). Probably, it is formed  complex with directed solvent  and dye molecules, which provide charge carrying from electrode to dye molecule and its effective luminescence.


Characteristics of ECL cells are determined by the charge transport across the cell volume and the ion-radicals forming at the interfaces as well. In 10...100 (m-gap cells transport processes have a main effect on cell performance and so it is difficult to investigate electrode kinetic in such cells. To solve this problem we designed special ECL cells with 0.3...1.1 (m gap and some experiments were carried out 1,9.  Current density up to 300 mA/cm2 and light brightness up to 10000 cd/m2 were achieved in the submicron gap cells. .


��


                                       Fig.3. Cell capacitance vs voltage                                     Fig.4. Current vs voltage for submicron cell   


 (12). These cells were fabricated by microelectronics technology and consist from Indium-Tin Oxide cornice hanging over the silicon substrate and distanced from it by dielectric foot 1 . Straight line in I-V characteristic of the cell in coordinates log(I) - sq.root(V) for ultra thin cell with 0.8 (m gap and filled by glim only indicates Scottky emission (1 Volt is subtracted to take account of the double layer potential).   Note, that the energy barrier consists of two parts. The first part with potential difference more than 1 Volt is tunneling thin and corresponds to space of double electrical layer. This part of energy barrier does not limit the electric current. Another part with potential difference less than 1 Volt is outside of double layer, is changed under applied electric field and limits the current by Scottky rule.





Electrohydrodynamic  convection   in  DC  ECL  cells


Light emission in DC electrolyteless cells is not  uniform,  but  localized  in  ordered structures which changed vs. applied voltage. These structures are visualizations of electrohydrodinamic  (EHD) streams in. In the ECL devices EHD streams play the main role in ion transport, increasing current density in more than 1000 times.  Ordered structures are periodic with size step  48(5( for 25 ( cell. Stream velocities can be evaluated from experimental data of ECL-cell’s fast responce,  10,11 . Experimental and theoretical data  are presented in figures 5 and 6.
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�EMBED Word.Picture.8���      Fig.5.  Decay curves at different applied voltages                                             Fig.6. Stream’s velocity vs.  brightness


Computing simulation for simple honeycomb EHD structures was carry out 11 . In this work electrical power and friction losses are equalized and  it is find that  velocity field and charge distribution  are not uniform and  have high  maximums. Thin theoretic line correspond s to  total theoretic calculations. In practice shape  of  EHD - structures changed  vs. voltage 11  and produce the difference between  theoretical and experimental results. Thick line uses data of real velocities from fast response measurements at different voltages and only theoretical space charge density vs. voltage is added to calculate current and brightness11. Note, that it is used  internal cell voltage, which is corrected on potential step in electrochemical double layers (for described system it is equal to 2.7 Volts).


Within the framework of offered model, which is based on space charge  limited injection, nonuniform charge and velocity distribution and  high value of  the EHD stream’s velocity -


 a) anomaly of  large current (some mA/ñm2)  at voltage less than 5 volts through 15-30( layers of liquid dielectric 


  b) anomaly of fast response time (5-10 (s)  of  thin electrolyteless ECL  devices


are correctly explained .





Prospects of practical application 


The set of achievable parameters is unique, especially it should be noted planarity  and transparency of displays, the preservation of rather high current efficiency at low (0.1 cd/m2) levels of brightness. The main characteristics of ECL displays are listed below.


 -light efficiency                                                                   6 ...8 lm/w; 


 -power consumption                                                        5 mw/cm2 at 50 Cd/m2 brightness; 


-driving voltages                                                                 4 ...6 V DC;


 -response time                                                                    5 ...30 (s; 


 -spatial resolution                                                              25... 50 (m;


 -optical transmission                                                         75 ...80 %; 


 -operating temperature                                                   -55... + 50(C;


Digital display ( two  seven-segment  digits) is made and investigated.  It is  driving on-line from CMOS-logic microcircuits with current consumption  30 (a  per segment .
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ABSTRACT





One of the least investigated section of electroluminescence - electrochemiluminescence (ECL) -  light emission arising as the result of recombination of organic ions formed by electrochemical reactions  -  is considered. Carrying out analogy with light emission diodes and gas discharge lamps  leads to classifing ECL as liquid-phase recombination electroluminescence. Liquid environment creates specific conditions for electroluminescence  process -  high concentration of active particles with opportunity of their redistribution in space by hydrodynamic carrying. Well known luminescent systems - organic dye solutions are used as ECL working  media.


ECL was investigated in thin electrolyteless cells, excited by a direct current and in cells with submicron interelectrode distance, fabricated by microelectronics technology. On the basis of received experimental results the most important physical processes of ECL have been simulated:  formation and structure of a double electrical layer at  electrode - liquid dielectric interface, charge injection  into solution, charge carrying by electrohydrodynamic  flows . The main parameters of processes of charge injection and carrying have been calculated from experimental data.
































INTRODUCTION





Two main mechanisms of recombination electroluminescence - due to injection (for example, light-emitting diodes) and due to ionization (for example, gas discharge and electroluminescent phosphors) are well known.


Even Faraday observed liquid-phase ionizative-recombinative electroluminescence - light emission from liquid dielectrics at high voltages, but the observation of injective-recombinative electroluminescence is significantly more difficult.


Electrochemical double layer can inject charged ion-radicals at rather low voltage. The main obstacle of light-emissive devices creation on the basis of  common electrochemical  cells  is  the   heterogeneity of electrode-electrolyte system, which excludes the recombination process1. The mentioned restrictions have been overcome by using the special electrochemical cell design and bright injective-recombinative electroluminescence in liquid phase was observed. 


ECL-cells are similar to liquid crystal-cells and consist of two  glass  substrates  with  transparent electrodes assembled with a cell gap of 10...50 (m and filled with a mixture of organic dyes in aprotonic solvent. No polaroids or alignment layers are required. From the electrochemical point of view, ECL is  a self-regenerating process providing light radiation due to  recombination  of  oppositely charged dye radicals. At first DC ECL systems the seal was added to provide conductivity of solution. 


But ECL-reactions are characterized by high electrochemical potentials (compatible with visible light photon energy)and, at the same time, 1 sq.cm cell with the 15 (m gap contains only 1.5 (l of solvent and 3 (g of dye, therefore the achievement of required seal’s purification is conjugates with significant difficulties.  In particular, A. Bard, has generalized dc cell’s nonprospect after carrying out the cycle of investigations and reaching only 0.5 hour life-time for dc ecl systems with supporting electrolyte2. 


The most stable at ultra high potentials are electrolyteless electrochemical systems. Electrolyte-less thin film cells were offered considerably earlier3, but were not investigated actively, as it was considered that they can not supply acceptable brightness. In electrolyte-less systems no ions are formed by electrolyte dissociation process, therefore only that ions, which injected from electrodes, can transport electrical charge.  Bipolar injected ions can not exist in volume cell for a long time, since they actively recombine with forming neutral particles. As a result, appropriate ion-radicals form the separated areas of space charge, which create opposite electrical field and limit cell current. Dashed line in Figure 2 shows utmost (100% efficiency) light brightness calculated in accordance to the electromigration  model. 
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Fig.1. DC thin cell construction, main ECL processes and examples of ECL materials
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Fig.2. Brightness vs. cell gap





During the early 1980`s almost all works in the field of electrolyteless DC thin cell devices were published by a group of H.Schaper (Germany, "Philips")4. By using industrial hermetic technology and thin cells with low polarity solvent they achieved rather long lifetimes (200...400 hours) 4 and anomaly high brightness5 (2.5 cd/m2) for electrolyteless cells. They were the first who observed light emitting ordered structures 6 and fast-response performance 7 of  these cells. But attempts to explain the anomaly high brightness and electric current density throughout dielectric liquid were not convincing8. Probably that a deficient understanding of DC electrolyteless ECL and complicated technology were the reasons why no further attempts have been made to reproduce the results achieved by Schaper`s group. 














electrode-dielectric liquid interface and charge injection in DC ECL-systems 





Large electrode areas and high level of current densities in electrolyteless ECL cells allow to investigate the interface. We have measured charge characteristics of the interface double layers by using simple but correct experiment 1.  In the working cell, which has the formed and charged double layers, current is interrupted. Then the cell is discharged on 20 M( resistor. Voltage-time dependence is  registered  and potential-charge characteristic is derived.  Specific capacitance of the double layer is rather large (achieves 20 (F/cm2 ) and easy calculations convince that interface charge can not be formed by impurities only (the needed concentration is 40 (M, concentrations of impurities and organic dye are 1 nM and 4 mM respectively). One can see that at applied voltage 1.1 V curve has sharp inflection, which indicates changing of double layer structure. If we suppose that distance from an electrode at which new ions localized is proportional to total charge, then the curve must be a straight line in coordinates C-2 = f(V) (these coordinates are usually used in semiconductor electronics). The transformed dependence is presented in  figure 3 and consists of two straight lines, which corresponds to effective diameters of ions 0.5 nm and 1.3 nm (taking into account the decreased dielectric constant in double layer field). Probably, it is formed  complex with directed solvent  and dye molecules, which provide charge carrying from electrode to dye molecule and its effective luminescence.
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Fig.4. Current vs voltage for submicron cell   


 Characteristics of ECL cells are determined by the charge transport across the cell volume and the ion-radicals forming at the interfaces as well.In 10-100 (m gap cells transport processes have a main effect on cell performance and so it is difficult to investigate electrode kinetic in such cells. To solve this problem we designed special ECL cells with 0.3...1.1 (m gap and some experiments were carried out 1,9.  Current density up to 300 mA/cm2 and light brightness up to 10000 cd/m2 were achieved in the submicron gap cells1. 


These cells were fabricated by microelectronics technology and consist from Indium-Tin Oxide cornice hanging over the silicon substrate and distanced from it by dielectric foot 1 . Straight line in I-V characteristic of the cell in coordinates log(I) - sq.root(V) for ultra thin cell with 0.8 (m gap and filled by glim only indicates Scottky emission (1 Volt is subtracted to take account of the double layer potential).   Note, that the energy barrier consists of two parts. The first part with potential difference more than 1 Volt is tunneling thin and corresponds to space of double electrical layer. This part of energy barrier does not limit the electric current. Another part with potential difference less than 1 Volt is outside of double layer, is changed under applied electric field and limits the current by Scottky rule.
































Electrohydrodynamic  convection   in  DC  ECL  cells





Light emission in DC electrolyteless cells is not  uniform,  but  localized  in  ordered structures which changed vs. applied voltage. These structures are visualizations of electrohydrodinamic  (EHD) streams in. In the ECL devices EHD streams play the main role in ion transport, increasing current density in more than 1000 times.  Ordered structures are periodic with size step  48(5( for 25 ( cell. Stream velocities can be evaluated from experimental data of ECL-cell’s fast responce,  10,11 . Experimental and theoretical data  are presented in figures 5 and 6.


Computing simulation for simple honeycomb EHD structures was carry out 11 . In this work electrical power and friction losses are equalized and  it is find that  velocity field and charge distribution  are not uniform and  have high  maximums. Thin theoretic line correspond s to  total theoretic calculations. In practice shape  of  EHD - structures changed  vs. voltage 11  and produce the difference between  theoretical and experimental results. Thick line uses data of real velocities from fast response measurements at different voltages and only theoretical space charge density vs. voltage is added to calculate current and brightness11. Note, that it is used  internal cell voltage, which is corrected on potential step in electrochemical double layers (for described system it is equal to 2.7 Volts).


 Within the framework of offered model, which is based on space charge  limited injection, nonuniform charge and velocity distribution and  high value of  the EHD stream’s velocity -


 a) anomaly of  large current (some mA/ñm2)  at voltage less than 5 volts through 15-30( layers of liquid dielectric 
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Fig.5.  Decay curves at different applied voltages


  b) anomaly of fast response time (5-10 (s)  of  thin electrolyteless ECL  devices


  -  are correctly explained .
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 Fig.6. Stream’s velocity vs.  brightness





Prospects of practical application





The set of achievable parameters is unique, especially it should be noted planarity  and transparency of displays, the preservation of rather high current efficiency at low (0.1 cd/m2) levels of brightness. The main characteristics of ECL displays are listed below.


 -light efficiency                         6 ...8 lm/w; 


 -power consumption                 5 mw/cm2 at 50 Cd/m2 brightness; 


-driving voltages                          4 ...6 V DC;


 -response time                             5 ...30 (s; 


 -spatial resolution                       25... 50 (m;


 -optical transmission                      75 ...80 %; 


 -operating temperature                  -55... + 50(C;








Digital display ( two  seven-segment  digits) is made and investigated.  It is  driving on-line from CMOS-logic microcircuits with current consumption 30 (a  per segment .
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