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Many of the theoretical work was developed for analyzing dou-

ble layer properties of inner and diffuse parts since 1970s by using 

simple electrodes. So far, Gouy Chapman (GC) and related to 

theories only used by most experimentalists [1,2] Because the 

other theoretical works involved complicated mathematical equa-

tions, which often due to the absence of analytical solutions. 

Bikerman, showed the change of the distribution function from 

the Boltzmann functions by taking into finite volume of ions [3]. 

The finite size ions may play an important role in a concentrated 

solution. After that, Borukhov et al [4,5], developed the simple 

modified poison Boltzmann model which includes the steric ef-

fects in electrolytes environment and it has been reinvented many 

times by kilic Bazant et al.[6,7] and Kornshev [8].The importance 

of Modified Poisson Boltzmann equation in electrical double layer 

is explained Lou et al [9] and Ping et al. [10] 

The significant device applications of One dimensional 

nanostructure of nanowire were clearly described by Thomas 

Mikolajick [11]. The sensitivity of Nanowire FET and the electro-

chemical detection of the nanowire FET discussed in detail 

[12,13]. The well-developed Schottky barrier nanowire FET model 

in liquid environments shown by Nozaki et al [14]. In our previous 

work we have shown the finite size ions effects in various electro-

lytes environments by implementing the modified Poisson Boltz-

mann model on nanowire field effect transistor for the designing of 

sensor applications [15]. 

In this work, we have applied the exact analytic expression of 

the modified Poisson Boltzmann and the Poisson Boltzmann equa-

tion on the nanowire FET for noticing the characteristics between 

the counterion and coion distributions profiles as well as electric 

double layer potential drop appearances at negative charge densi-

ties for the given 1:1 electrolytes concentrations. 

The modern Modified Poisson Boltzmann (MPB) theory is com-

monly used in the electrolyte environments. The modified part of 

the Boltzmann distribution in the MPB equation of co-ions is giv-
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For counterions, 

 

In Equations (1) and (2), ν = (z+1)a3c∞ is the total volume frac-

tion of the positive and negative ions (called the packing parame-

ter) and a is the effective ion size. We have taken a binary symmet-

ric electrolyte and assume that the surface of the nanowire FET has 

a negative charge. Thus, we have z=│z+│=│z-│ and c∞=c+
∞=c-

∞, 

so the Borukhov et al., MPB equation can be rewritten as, 
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Figure 1. (a) 3D view of Nanowire FET model in electrolyte environments. (b) 3d view of schematic device model (c) 2d cross section area 

view of device model. 
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In equation (3), where ψ(r) is the electric potential forces that act 

on each ion, ci
∞ is the bulk concentration of the ion “i”, z i is the 

valence number of ion “i”, e is the proton charge (1.6 × 10–19 C), T 

is the temperature (°K) and k is the Boltzmann constant (1.38 × 10–

23 J/°K). The molar ionic concentrations Mi expressed as Mi=ci
∞10–

3/NA. Where NA is the Avogadro constant (6.022×1023). ɛ=ɛ0ɛr, ɛr is 

the relative permittivity of the solution and ɛ0 is the dielectric con-

stant of the vacuum. The relative permittivity for water, Si, and 

SiO2 are used in 80, 12.1, and 4.2, respectively. By including the 

effective ion size in modified Poisson Boltzmann equation, which 

includes the steric effects and makes clear resolution in results for 

designing the sensor. By making ion size is equal to zero these 

equations reduce to standard Poisson Boltzmann equation and it 

make it is point like charges without the steric effects. 

In order to analyze electrical double layer potential and the ionic 

distribution characteristics for various ionic concentrations with 

 

        

        

Figure 3. Electric double layer comparison of PB and MPB model on nanowire FET in 0.1M (a) and 1M (c) concentration corresponding 

enlarged view (b, d). Solid line shows NaCl, dashed line shows CsCl and dotted lines shows PB values 
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finite volume ions, we subjected our Silicon nanowire Schottky 

barrier FET 3 D device design with the implementation of Poisson 

Boltzmann and modified Poisson Boltzmann equation model in 

liquid environment. The 3D and 2D device geometry as shown in 

figure 1 (a, b & c). The channel length of the semiconducting Sili-

con nanowire was 1000nm and the diameter was 20 nm. the length 

of the source and drain contacts were 100nm. 

3nm SiO2 native oxide layer was covered entire nanowire sur-

face. The top of the layer was surrounded the aqueous environment 

providing electrolyte concentration. The thickness of the gate oxide 

insulator and the liquid phase are set to 100 nm and 300 nm, re-

spectively. After modeling and the setting the parameters the de-

vice geometry, the PB and MPB equation is solved numerically 

using Finite element analysis software. In the solid-liquid interface, 

the surface charge density is applied in between the Si nanowire 

and the electrolyte concentration. Gate, source, and drain, electric 

potentials are applied to the respective contacts. For all calcula-

tions, a gate voltage Vg of 5V and a drain voltage Vd of 0.5V is 

used. 

 

        

        

Figure 2. Ionic profile results between MPB and PB model implemented on nanowire FET. (a) Cation (b) anion distributions in NaCl solu-

tion 0.1M concentration and (c, d) corresponding magnified view 
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For comparing the MPB and PB equation models on nanowire 

FET, we have chosen lower ion radius NaCl and higher ion radius 

of CsCl electrolyte solutions. We have taken NaCl, the effective 

ion size, a, of Na is 2.32 × 10–10 m and in CsCl a of Cs is 3.2 × 

10–10 m and the concentration have taken 0.1M and 1M. Here, we 

have considered the surface charge density in the range between –

0.1to –0.4 C/m^2. 

Figure 2. shows the comparisons between ionic distributions 

profile with the nanowire positions. Fig.2 (a & b) shows the cation 

and anion distributions of the 0.1M concentration of NaCl electro-

lytes used in MPB equation and the PB equation. From the magni-

fied view of the figure 2(c & d), It is clearly seen the PB equation 

overestimates the cation distributions and in anion distribution, it 

produces indefinite results for the given surface charges. The ionic 

size effect plays important role when the negative charge density is 

higher than -0.1C/m^2 surface charges. From the results we can 

conclude the MPB equation produces the sensible results and the 

PB equation produces unthinkable results for the given surface 

charges. 

The figure 3. (a & c) shows the electric double layer potential 

profiles in various concentration of different electrolytes with MPB 

and PB equation models and fig. (b & d) shows the equivalent 

magnified view. In PB equation we could not find any difference in 

Na+ ions and Cs+ ions due to that, it considers ions as point like 

charges. The MPB model provides clear results for the Na+ ions 

profiles and Cs+ ions profile in double layer characteristics. In 

electric double layer characteristics always the PB equation under-

estimates the value. By taking account on this, we could design our 

sensing element properly by using the MPB equation. The ionic 

size effect becomes more important when the negative surface 

charge is larger than -0.1C/m^2.when the surface charge of nan-

owire FET is higher than -0.1 C/m^2 the potential drop of CsCl 

solution is higher than NaCl solution. 

The figure 4.b shows the difference between Na+, Cs+ ions elec-

trical potential drop and PB model potential drop at the position of 

dashed green line in fig 4.a. The potential drop of small ion Na+ is 

smaller than the larger ion of Cs+ for a given surface charge and 

concentration in nanowire FET. From the figure we can observe the 

PB equation produces the common results for the both the ionic 

solution since it is considered as point like charges and MPB equa-

tion produces clear results for the different ion sizes. The calcula-

tion performed here only the difference in NaCl and CsCl ion size. 

From the study we can conclude The MPB equation potential drop 

produces the clear results and PB equation deviates the original 

results since it does not consider the steric effects. 

In this work, we have compared the PB model and the MPB 

model on the nanowire FET device in electrolyte environments. In 

the cation profile, the MPB shows the reasonable results compared 

with the PB model and in the anion profile the MPB shows the 

actual results but the PB equation shows the indeterminate. When 

compared into electric double layer characteristics, The Na+ and 

Cs+ ions shows the clear results while the PB model shows the 

underestimate values which is not suitable for sensor designing 

purpose at higher surface charge and concentration. The CsCl ions 

have higher potential drop due to the ion size is high than NaCl 

 

    

    

Figure 4. (a) Electric potential Comparisons of Na+, Cs+ ions in MPB model and PB model (in the position of Dashed green line, (b) with 

change of surface charges from -0.1 to 0.4 C/m^2. 
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solution. But the PB model shows the insignificant values which is 

not acceptable for sensor design at particular specifications. 

[1] Gouy, G. Compt. Rend., 149, 654 (1909). 

[2] Chapman, D.L., The London, Edinburgh, and Dublin Philo-

sophical Magazine and Journal of Science, 25, 475 (1913). 

[3] Bikerman, J.J., The London, Edinburgh, and Dublin Philosoph-

ical Magazine and Journal of Science, 33, 384 (1942). 

[4] Borukhov, I.; Andelman, D.; Orland, H., Phys. Rev. Lett., 79, 

435, (1997). 

[5] Borukhov, I.; Andelman, D.; Orland, H., Electrochim. Acta, 46, 

221 (2000). 

[6] Kilic, M.S.; Bazant, M.Z.; Ajdari., A. Phys. Rev. E, 75, 021502 

(2007). 

[7] Kilic, M.S.; Bazant, M.Z.; Ajdari, A. Phys. Rev. E, 75, 021503 

(2007). 

[8] Kornyshev, A.A., J. Phys. Chem. B, 111, 5545 (2007). 

[9] Lou, P.; Lee, J. Y., J. Chem, Theory Comput., 5(4), 1079 

(2009). 

[10]Ping L, Lee JY., Korean Chem. Soc., 9, 2553 (2010). 

[11]Thomas Mikolajick, André Heinzig, Jens Trommer, Sebastian 

Pregl, Matthias Grube, Gianaurelio Cuniberti and Walter M. 

Weber, Rapid Research Letters, 7, 10, 793 (2013). 

[12]Cui Y, Wei Q, Park H, et al., Science, 293, 1289 (2001). 

[13]Griehaber D, MacKenzie R, Voros J, et al., Sensors, 8, 1400 

(2008). 

[14] Nozaki D., Kunstmann J., Zorgiebel F. et al., Nano Res., 7, 

380 (2014). 

[15] Umapathi K., Meenakshi Sundaram N. & Kalpana P., Physics 

and Chemistry of Liquids, DOI: 10.1080/00319104.2017. 


