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Abstract

:

Existing and future display and non-display applications of thermotropic liquid crystals rely on the development of new mesogenic materials. Electrical measurements of such materials determine their suitability for a specific application. In the case of molecular liquid crystals, their direct current (DC) electrical conductivity is caused by inorganic and/or organic ions typically present in small quantities even in highly purified materials. Important information about ions in liquid crystals can be obtained by measuring their DC electrical conductivity. Available experimental reports indicate that evaluation of the DC electrical conductivity of liquid crystals is a very non-trivial task as there are many ambiguities. In this paper, we discuss how to eliminate ambiguities in electrical measurements of liquid crystals by considering interactions between ions and substrates of a liquid crystal cell. In addition, we analyze factors affecting a proper evaluation of DC electrical conductivity of advanced multifunctional materials composed of liquid crystals and nanoparticles.
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1. Introduction


Tunable liquid crystal components can be found in numerous devices and commercial products. They include ubiquitous liquid crystal displays [1,2,3,4], electrically controlled lenses [5,6], waveguides [7,8], waveplates and filters [9,10], spatial light modulators [11], diffractive elements [12,13], privacy windows and shutters [14,15,16,17], reconfigurable meta- and plasmonic devices [18,19,20], intensity modulators and lasers [21,22,23], sensors [24], and smart devices tailored to microwave and millimeter-wave applications [25,26,27]. As a rule, such devices rely on the reorientation of liquid crystals under the action of applied electric fields. This reorientation can be altered by ions typically present in molecular liquid crystals in minute quantities [28,29,30,31]. In the simplest case, a standard electric field screening effect caused by ions can result in unpredictable changes in the performance of liquid crystal devices [28,29,30,31]. In addition, ions in molecular liquid crystals can result in extra power losses due to the Joule heating effect. That’s why electrical measurements of any new liquid crystal material are a standard part of its material characterization [32,33]. Last but not least, the presence of ions in liquid crystal materials is important for understanding the unusual behavior of ferroelectric nematic liquid crystals [34] and polymer stabilized liquid crystals [35,36].



The importance of properly performed electrical measurements of liquid crystals was emphasized in many papers [37,38]. Standard experimental techniques include dielectric and impedance spectroscopy [39,40,41,42], transient current measurements [43,44], residual direct current (DC) voltage measurements [45,46], voltage holding ratio [45,47], and flicker minimization methods [47]. A proper evaluation of the DC electrical conductivity of liquid crystals is very critical because its value determines the suitability of mesogenic materials for a particular application [32,33]. In a typical experimental setting, the measurements of the electrical resistivity    ρ  L C     or its inverse, DC electrical conductivity    λ  D C   =  1     ρ  L C      , are routinely performed. As a rule, the DC electrical conductivity measurements of liquid crystals are carried out using a sandwich-type cell of a single thickness. Only a few papers report the values of the DC electrical conductivity and/or concentration of ions obtained for cells of several thicknesses [38,40,48,49,50,51,52]. Even though the process of measuring the ionic conductivity is rather straightforward, the reported values of the ionic conductivity even of the same type of liquid crystals (as an example, consider a standard nematic 5CB) can vary significantly (up to two orders of magnitude) depending on the cell thickness and time [31,40,49]. To reduce this ambiguity, in evaluating the values of the DC electrical conductivity of molecular liquid crystals it is important to consider interactions between ions and substrates of the liquid crystal cell. Such interactions can result in the time-dependent and thickness-dependent DC electrical conductivity of molecular liquid crystals [53,54,55,56]. Because systematic (i.e., combining experiment and modelling) studies of such ionic effects are still rather rare, it is both interesting and important to study them in greater detail.



Future liquid crystal technologies rely on the development of advanced liquid crystal materials. Mixing liquid crystals with nanomaterials is considered a promising way to produce such multifunctional materials [57,58,59,60,61]. From both academic and industrial points of view, it is crucial to study electrical properties of such materials. Research results obtained by independent teams during the last two decades point to very non-trivial ionic effects in liquid crystals doped with nanoparticles of different origins (ferroelectric [62,63,64,65,66,67,68,69,70], magnetic [52,71,72,73,74,75,76,77,78], semiconductor and dielectric [79,80,81,82,83,84,85,86,87], carbon-based [88,89,90,91,92,93,94,95,96,97,98], and metal [99,100,101,102,103,104,105,106], additional references can be found in recent topical reviews [31,107,108,109]). If nanoparticles are added to liquid crystals, an analysis of the existing literature also reveals a great variability of the reported values of ionic conductivity of seemingly similar materials making the comparison of the reported results a very difficult task [31,107,108,109]. As a result, a proper evaluation of the DC electrical conductivity of molecular liquid crystals doped with nanoparticles is quite a challenging problem because its value can be substantially affected by interactions between ions, nanomaterials, and substrates of a liquid crystal cell [53].



In this paper, we present an analysis of how interactions between ions, cell substrates, and nanoparticles can affect the value of the DC electrical conductivity of molecular liquid crystals in real experimental settings. We use already reported experimental results [38,50,52,54,110] and analyze them from the same conceptual approach with a hope that the presented analysis and suggestions would be useful for experimentalists measuring electrical properties of liquid crystal materials. By discussing several experimental cases in the framework of the Langmuir adsorption model, we point to the importance of the following experimentally observed outcomes of such interactions: (i) interactions between ions and substrates of a liquid crystal cell result in time dependence of the measured value of the DC electrical conductivity; (ii) the measured value of the DC electrical conductivity also depends on the cell thickness; (iii) under certain conditions, nanomaterials in molecular liquid crystals can behave as sources of ions and exhibit behavior similar to that of weak electrolytes. We also show that whenever nanoparticles are used to improve the functionality of liquid crystals, a proper electrical characterization of such advanced materials should consider the combined effect of interactions between ions, substrates, and nanoparticles. We also describe how to decouple these processes in a typical experimental setting. In addition, some suggestions to improve existing experimental procedures for the evaluation of the DC electrical conductivity of liquid crystal materials are provided.




2. Materials and Methods


The DC electrical conductivity was measured by applying a dielectric spectroscopy method [38,42,111]. Sandwich-type cells of known thickness were filled with nematic liquid crystals 5CB [54,110], MJ961180 [38,112], and 6CB [52]. Nematic liquid crystals 5CB were used to analyze the time-dependent electrical conductivity. The dependence of the DC electrical conductivity on the cell thickness was illustrated using nematic liquid crystals MJ961180, and the combined effects of the cell thickness and iron-oxide nanoparticles was studied in nematic liquid crystals 6CB. The cell thickness was controlled by means of spacers. Indium–tin oxide substrates were covered with polyimide thin films to impose either planar (5CB, MJ961180) or homeotropic (6CB) boundary conditions. Additional experimental details can be found in papers [38,52,110].



The DC electrical conductivity    λ  D C     was found by measuring the electrical conductivity    λ  A C     as a function of frequency f using an oscilloscopic technique (a version of impedance measurements when a known alternating current (AC) voltage signal    V  A C     of frequency f is applied across a sample, and the current through a sample    I  A C     is measured; in this case,    V  A C    ,    I  A C   ,   and a phase lag between them are measured using an oscilloscope. This experimental setup allows us to perform the same type of electrical measurements as a standard impedance analyzer (Figure 1)). By knowing geometric parameters of the cell (its thickness and area), both dielectric permittivity and electrical conductivity can be found [111]. In the intermediate range of frequencies (~102–104 Hz), the dependence of the electrical conductivity on frequency can be approximated by a power law known as Jonscher’s power law or the universal dielectric response:


   λ  A C   =  λ  D C   + A  f m   



(1)




where A and m are empirical parameters [42,111].



An analysis of the reported experimental results [38,52,110] was performed in the framework of the Langmuir adsorption model applied recently to molecular liquid crystals containing ions and nanoparticles [109]. An essential feature of this model is the consideration of the possibility of ionic contamination of the cell substrate and/or nanoparticles [109]. The details of this approach, its limitations, and its applicability to describe molecular liquid crystals with ions and nanomaterials can be found in recent papers [109,113].




3. Time-Dependent DC Electrical Conductivity of Liquid Crystal Cells


The first case study is related to the role of interactions between ions and substrates of the liquid crystal cell. In general, the liquid crystal substrates can act as a source of ions (if they are contaminated with ions) or they can capture ions already present in liquid crystals prior to filling an empty cell. In any real situation, we can expect a competition between ion-capturing and ion-releasing processes [113]. Experimental results reported in paper [110] allow us to analyze this competition between ionic processes in greater detail. According to [110], an empty cell was irradiated with a UV light prior to filling it with nematic liquid crystals 5CB. The source of UV light was a metal halide lamp (Panacol, Steinbach, Germany). The light intensity was 8 mW/cm2. An ionizing UV light resulted in a generation of ions on the substrates of an empty liquid crystal cell. An empty cell exposed to a UV light was filled with nematic liquid crystals 5CB and the DC electrical conductivity was measured as a function of time (Figure 2a, circles). The observed non-monotonous time dependence of the DC electrical conductivity can be explained in terms of the competition between ion-releasing and ion-capturing processes [54]. Some ions already present in liquid crystals (prior to filling an empty cell) are captured by the substrates of a liquid crystal cell (Figure 2b, black curve (   n 1   )). At the same time, ions present on the substrates of a liquid crystal cell can be released into the liquid crystal bulk (Figure 2b, red curve (   n 2   )). The combination of ion-releasing and ion-capturing processes, shown in Figure 2b, results in an experimentally observed non-monotonous dependence    λ  D C    t    (Figure 2a).



Solid curves, shown in Figure 2, can be generated by applying Equations (2)–(4), briefly discussed below (additional details can be found in paper [113]).



The DC electrical conductivity    λ  D C     of molecular liquid crystals is defined by Equation (2):


   λ  D C   =   ∑  i   q i   μ i   n i   



(2)




where    q i  =  e  = 1.6 ×   10   − 19   C     i = 1 ,   2    ,    n i +  =  n i −  =  n i    is the volume concentration of ions of type  i  (we use index “1” (  i = 1  ) to denote ions (fully dissociated ionic species) present in liquid crystals prior to filling an empty cell, and index “2” (  i = 2  ) for ions generated by the substrates of a liquid crystal cell;   i = 1 ,   2  ), and    μ i  =  μ i +  +  μ i −    is the effective ion mobility of ions of type  i  (  i = 1 ,   2  ). Interactions between ions of type  i  and substrates are described by rate Equation (3):


    d  n i    d t   = −  k  S i   a ±    n i     σ  S i    d    1 −  Θ  S 1  ±  −  Θ  S 2  ±    +  k  S i   d ±      σ  S i    d   Θ  S i  ±   



(3)




where the parameters    k  S i   a ±     and    k  S i   d ±     describe the time rate of ion-capturing and ion-releasing processes, respectively, and quantities    Θ  S i  ±    stand for the fractional surface coverage of substrates by the i-th ions (i = 1, 2). Parameter    σ  S i     is the surface density of all surface sites on two substrates, and  d  is the cell thickness [113].



Equation (3) represents the conservation of the total number of ions of the i-th type:


   n  0 i   +    σ  S i    d   ν  S i   =  n i  +    σ  S i    d   Θ  Si  ±   



(4)




where    n  0 i     is the initial concentration of ions of the i-th type in liquid crystals, and    ν  S i     is the contamination factor of substrates [113].



Solid curves, shown in Figure 2b, were generated by applying Equations (2)–(4) and using material parameters listed in Table 1. Figure 2b also reveals the presence of two characteristic time constants describing the ion-capturing (   τ 1  = 23.7   min) and ion-releasing (   τ 2  = 8.9   min) processes.



The results shown in Figure 2 suggest the adoption of the following experimental procedure for electrical measurements of liquid crystals. It is a good practice to record the time when an empty cell was filled with liquid crystals, and to measure the electrical conductivity as a function of time.



It should be noted that the model used to analyze the behavior of the DC electrical conductivity (Equations (2)–(4)) is elementary and has its limitations. Additional studies are required to uncover the mechanisms of ion generation in liquid crystal materials and liquid crystal substrates exposed to UV irradiation. Only a very limited number of publications can be found on this topic [114,115,116].




4. Steady-State DC Electrical Conductivity as a Function of the Cell Thickness


Equations (3) and (4) depend on the cell thickness. As a result, it can be expected that even a steady-state value of the DC electrical conductivity depends on the cell thickness. Indeed, the dependence of the DC electrical conductivity on the cell thickness was discussed in several papers [38,50]. Experimental results discussed in papers [38,50] were presented as a relative change in the DC electrical conductivity,     Δ  λ  D C      λ  D C      . Figure 3a shows an absolute value of the steady-state DC electrical conductivity of nematic liquid crystals MJ961190 plotted as a function of the cell thickness.



The observed non-monotonous dependence    λ  D C    d    (Figure 3a) can be explained by considering the presence of two processes (ion capturing and ion releasing) modeled in Figure 3b. Ions present in liquid crystals prior to filling an empty cell (their ion density is    n 1   ) are captured by the surface of the cell substrates. This ion-capturing effect becomes weaker (i.e., the concentration    n 1    increases) as the cell gap increases (Figure 3b, black curve (   n 1   )). Once an empty cell is filled, ions originated from contaminated substrates are released into the bulk of liquid crystals. This ion-releasing effect is stronger in the case of thinner cells and becomes weaker if thicker cells are used (in other words, the ion density    n 2    decreases when the cell gap increases (Figure 3b, red curve (   n 2   ))).



Solid curves, shown in Figure 3, were generated by solving Equations (2)–(4), assuming steady-state conditions (    d  n i    d t   = 0  ). Material parameters are listed in Table 2.



It should be stressed that the range of available experimental datapoints shown in Figure 3 is limited. The smallest cell thickness is 4 µm. Even though theoretical curves show the dependence of the electrical conductivity starting from the thickness of 1 µm, an elementary model used in this paper can reach its limits and may require some modifications in the case of very thin cells. In addition, for thicker cells (>100 µm), the quality of alignment can affect the measured values of electrical conductivity because of its anisotropy. Even though all studied samples were inspected under crossed polarizers to verify their planar alignment, the alignment quality of thicker cells gradually decreases with increases in the cell thickness.



Figure 3 allows us to suggest the following improvements to existing experimental procedures for evaluations of the DC electrical conductivity. Even in a steady-state regime, the value of the DC electrical conductivity should be measured using cells of several thicknesses to obtain an idea about possible ionic processes in such systems.




5. Steady-State DC Electrical Conductivity of Nematic Liquid Crystals 6CB Doped with Iron Oxide Nanoparticles


If nanoparticles are used to modify the properties of liquid crystals, the evaluation of the DC electrical conductivity becomes more challenging because ions can interact with both nanoparticles and substrates of the cell. Moreover, nanoparticles can also act as a source of ions due to their uncontrolled ionic contamination [117]. Under certain conditions, nanomaterials contaminated with ions can behave in molecular liquid crystals in a similar way as weak electrolytes do [117]. As a result, to obtain deeper insight into the origin of ionic processes in such systems, it is important to measure the DC electrical conductivity as a function of the concentration of nanoparticles and as a function of the cell thickness. While the former aspect of experimental research was addressed in many publications (references to original publications can be found in topical review [31]), the latter issue remains practically unexplored [52]. Therefore, it is interesting and instructive to apply the same Langmuir adsorption model to analyze recently reported experimental data obtained for nematic liquid crystals 6CB doped with iron oxide nanoparticles [52].



In this case, to account for nanoparticle-induced ionic processes, Equations (3) and (4) can be modified by adding new terms responsible for both ion capturing and ion releasing by nanoparticles (Equations (5) and (6)) [113]:


    d  n i    d t   = −  k  S i   a ±    n i     σ  S i    d    1 −  Θ  S 1  ±  −  Θ  S 2  ±    +  k  S i   d ±      σ  S i    d   Θ  S i  ±  −  k  N P i   a ±    n i   n  N P    A  N P    σ  S i   N P     1 −  Θ  N P 1  ±  −  Θ  N P 2  ±    +  k  N P i   d ±    n  N P    σ  S i   N P    A  N P    Θ  N P i  ±   



(5)






   n  0 i   +    σ  S i    d   ν  S i   +  n  N P    A  N P    σ  S i   N P    ν  N P i   =  n i  +    σ  S i    d   Θ  S i  ±  +  n  N P    A  N P    σ  S i   N P    Θ  N P i  ±   



(6)




where the subscript “NP” refers to nanoparticles, and    A  N P     is the surface area of a single nanoparticle.



Experimental datapoints and theoretical curves computed by applying Equations (2), (5), and (6) are shown in Figure 4. Figure 4 indicates that for a given cell thickness, measurements of the DC electrical conductivity as a function of the concentration of nanoparticles can reveal whether nanomaterials act as ion-capturing or ion-generating objects. In the case shown in Figure 4, nanoparticles behave as ion-generating objects. It should be noted that the ion-releasing effect becomes more pronounced for thicker cells (Figure 4, red curve (50 µm thick cell)) and weakens if thinner cells are used (Figure 4, black curve (5 µm thick cell)). This fact can be explained in the following way. The substrates of a liquid crystal cell can capture only a limited number of ions released by nanoparticles. As a result, as the cell thickness increases, the ion density of ions brought by contaminated nanoparticles into a liquid crystal host also increases and leads to the increase in the electrical conductivity, as is evidenced from Figure 4.



Figure 5 offers additional insights into the ionic effects observed in liquid crystals 6CB doped with iron oxide nanoparticles. The concentration of ions which were present in liquid crystals prior to doping them with nanoparticles (   n 1   ) decreases as the concentration of nanoparticles increases (Figure 5, black curves (   n 1   )). This is caused by the ion-capturing effect (nanoparticles capture ions). In addition, some fraction of such ions become trapped by the substrates of a cell. Figure 5a,b indicate that, in the case of ions which are inherently present in liquid crystals, the ion-capturing effect due to nanoparticles is much stronger than the ion-capturing effect due to the substrates for thicker cells (in this case, a noticeable decrease in the ion density    n 1    begins at lower values of the weight concentration of nanoparticles    ω  N P    ). Figure 5 also shows that nanoparticles also act as a source of a new type of ions in liquid crystals (Figure 5, red curves (   n 2   )). The concentration of ions generated by nanoparticles (   n 2   ) increases as the concentration of nanodopants increases (Figure 5, red curves (   n 2   )). Interestingly, this increase becomes weaker if thinner cells are used because ions released by contaminated nanoparticles become trapped by the surfaces of the liquid crystal cell. According to Figure 5, in the case of a 50 µm-thick cell the concentration of ions generated by nanoparticles is nearly one order of magnitude greater than that in the case of a 5 µm-thick cell.



It is interesting to comment on the values of material parameters used to generate solid curves shown in Figure 4 and Figure 5. The values of all parameters listed in Table 3 are kept the same (for 5 µm and 50 µm thick cells) except for the value of the contamination factor of nanoparticles (its values it still on the order of 10−3 for both cases). Minor changes in the preparation process of liquid crystals doped with nanoparticles can result in some changes in the level of ionic contamination of nanoparticles.



Figure 4 and Figure 5 can be used for improving experimental procedures for assessing DC electrical conductivity of liquid crystals doped with nanoparticles. The ion-capturing and ion-releasing processes caused by interactions between ions, substrates, and nanoparticles can result in dependence of the DC electrical conductivity on the cell thickness and on the concentration of nanoparticles. The use of relatively thin cells can hinder the strength of nanoparticle-induced ion-capturing or ion-releasing effect. To reveal the effect of nanoparticles on the electrical conductivity of liquid crystals not affected by the substrates, thicker cells should be used.




6. Conclusions


The results presented in this paper have important practical implications. If an experimentalist is aimed at improving experimental procedures for evaluating the DC electrical conductivity of liquid crystal materials several factors should be considered. In the case of undoped liquid crystal materials, interactions between ions and substrates of a liquid crystal cell can results in time-dependent electrical conductivity (Figure 2). Moreover, the DC electrical conductivity also depends on the cell thickness even if a steady state is reached (Figure 3). Therefore, it is advisable to record the time when an empty cell is filled with liquid crystal materials and measure the electrical conductivity as a function of time until a steady state is reached. Such measurements can provide valuable information about ionic processes in liquid crystal materials and to what degree the DC electrical conductivity is affected by the cell substrates. Time-dependent experiments can also reveal whether the cell substrates act as a source of ion generation or a source of ion capturing. Additional insight into the ionic phenomena in liquid crystals can be obtained by measuring the dependence of the DC electrical conductivity on the cell thickness. Such measurements can identify a range of cell thicknesses corresponding to the situation when interactions between ions and cell substrates can alter the DC electrical conductivity of liquid crystals and the range of cell thicknesses which do not alter the DC electrical conductivity.



In the case of liquid crystals doped with nanomaterials, a proper evaluation of the DC electrical conductivity of such systems can be obtained by varying both the concentration of nanoparticles and the cell thickness (Figure 4 and Figure 5). To understand the variations in the measured values of the DC electrical conductivity, interactions between ions, nanoparticles, and substrates of liquid crystal cells should be considered. It is important to realize the dual (both ion capturing and ion releasing) role played by the substrates and nanoparticles. The use of thin cells can hinder the effect of nanoparticles on the electrical conductivity of liquid crystals. To mitigate this effect, thicker cells can be used. At the same time, the alignment quality should also be considered because it can set a limit on the maximum value of the cell thickness.



An adoption of the proposed suggestions could help reduce or even eliminate ambiguities in electrical measurements of liquid crystal materials performed by independent research groups around the globe.
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Figure 1. Schematic diagram of an experimental setup. 
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Figure 2. Time-dependent DC electrical conductivity and ion densities of nematic liquid crystals. The material parameters to generate solid curves are listed in Table 1. (a) Time-dependent DC electrical conductivity of a liquid crystal cell filled with nematic liquid crystals 5CB. The cell thickness is 13.5 µm. Red circles represent experimental datapoints reported in paper [110], and solid curve is a curve obtained by applying Equations (2)–(4). (b) The ion density of ions which were present in liquid crystals prior to filling an empty cell (   n 1   ) and ions originated from the cell substrates (   n 2   ) plotted as a function of time. 
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Figure 3. The dependence of the steady-state DC electrical conductivity and ion densities of nematic liquid crystals MJ961190 on the cell thickness. The material parameters to generate solid curves are listed in Table 2. (a) The dependence of the DC electrical conductivity of nematic liquid crystals MJ961190 on the cell thickness. (b) The dependence of the ion density of ions which were present in liquid crystals prior to filling an empty cell (   n 1   ) and ions originated from the cell substrates (   n 2   ) on the cell thickness. 
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Figure 4. The dependence of the steady-state DC electrical conductivity of nematic liquid crystals 6CB on the weight concentration of iron oxide nanoparticles. The measurements were carried out using thin (5 µm) and thick (50 µm) cells. The material parameters to generate solid curves are listed in Table 3. Experimental datapoints are from paper [52]. 
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Figure 5. The dependence of the steady-state value of ion densities in nematic liquid crystals 6CB doped with iron oxide nanoparticles on the weight concentration of nanoparticles. The material parameters to generate solid curves are listed in Table 3. (a) The dependence of the ion density    n 1    (ions which were present in liquid crystals prior to mixing them with nanoparticles) and of the ion density    n 2    (ions originated in liquid crystals due to the ionic contamination of iron oxide nanoparticles) on the weight concentration of nanoparticles. The cell thickness is 5 µm (thin cell). (b) The dependence of the ion density    n 1    (ions which were present in liquid crystals prior to mixing them with nanoparticles) and of the ion density    n 2    (ions originated in liquid crystals due to the ionic contamination of iron oxide nanoparticles) on the weight concentration of nanoparticles. The cell thickness is 50 µm (thick cell). 
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Table 1. Parameters used to generate solid curves shown in Figure 2.
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	Physical Parameter
	Value





	    n  01     
	  9.36 ×   10   20     m−3



	    n  02     
	 0  m−3



	    σ  S 1     
	  1.6 ×   10   18     m−2



	    σ  S 2     
	  1.6 ×   10   18     m−2



	    k  S 1   d ±     
	  3.5 ×   10   − 4     s−1



	    k  S 2   d ±     
	  1 ×   10   − 3     s−1



	    K  S 1   =  k  S 1   a ±   /  k  S 1   d ±     
	  8.5 ×   10   − 24     m3



	    K  S 2   =  k  S 2   a ±   /  k  S 2   d ±     
	  7.37 ×   10   − 24     m3



	    ν  S 1     
	0



	    ν  S 2     
	   6.325 ×   10   − 3     



	    μ 1    
	  1.92 ×   10   − 10     m2/Vs



	    μ 2    
	  2.1 ×   10   − 10     m2/Vs



	  d  
	13.5 µm
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Table 2. Parameters used to generate solid curves shown in Figure 3.
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	Physical Parameter
	Value





	    n  01     
	  1.5 ×   10   19     m−3



	    n  02     
	 0  m−3



	    σ  S 1     
	  3.6 ×   10   18     m−2



	    σ  S 2     
	  0.75 ×   10   16     m−2



	    K  S 1   =  k  S 1   a ±   /  k  S 1   d ±     
	  4.0 ×   10   − 24     m3



	    K  S 2   =  k  S 2   a ±   /  k  S 2   d ±     
	  5.0 ×   10   − 24     m3



	    ν  S 1     
	0



	    ν  S 2     
	   2.5 ×   10   − 2     



	    μ 1    
	  2.5 ×   10   − 9     m2/Vs



	    μ 2    
	  5.0 ×   10   − 10     m2/Vs
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Table 3. Parameters used to generate solid curves shown in Figure 4 and Figure 5.
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	Physical Parameter
	Value (5 µm Thick Cell)
	Value (50 µm Thick Cell)





	    n  01     
	  2.5 ×   10   20     m−3
	  2.5 ×   10   20     m−3



	    n  02     
	 0  m−3
	 0  m−3



	    σ  S 1     
	  2.0 ×   10   18     m−2
	  2.0 ×   10   18     m−2



	    σ  S 2     
	  1.0 ×   10   18     m−2
	  1.0 ×   10   18     m−2



	    σ  N P 1     
	  2.0 ×   10   18     m−2
	  2.0 ×   10   18     m−2



	    σ  N P 2     
	  1.0 ×   10   18     m−2
	  1.0 ×   10   18     m−2



	    K  N P 1   =  k  N P 1   a ±   /  k  N P 1   d ±     
	  2.0 ×   10   − 24     m3
	  2.0 ×   10   − 24     m3



	    K  N P 2   =  k  N P 2   a ±   /  k  N P 2   d ±     
	  3.0 ×   10   − 25     m3
	  3.0 ×   10   − 25     m3



	    K  S 1   =  k  S 1   a ±   /  k  S 1   d ±     
	  1.0 ×   10   − 24     m3
	  1.0 ×   10   − 24     m3



	    K  S 2   =  k  S 2   a ±   /  k  S 2   d ±     
	  6.0 ×   10   − 24     m3
	  6.0 ×   10   − 24     m3



	    ν  S 1     
	0
	0



	    ν  S 2     
	  0  
	0



	    ν  N P 1     
	  0  
	0



	    ν  N P 2     
	   0.7 ×   10   − 3     
	   3.2 ×   10   − 3     



	    μ 1    
	  6.32 ×   10   − 10     m2/Vs
	  6.32 ×   10   − 10     m2/Vs



	    μ 2    
	  12.64 ×   10   − 10     m2/Vs
	  12.64 ×   10   − 10     m2/Vs



	    R  N P     
	2.5 nm
	2.5 nm
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