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In order to calculate ion currents through solid-state nanopore transistors realistically, we 

propose a computational model based on the Poisson-Nernst-Plank equation. In the present 

model, we determine the surface charge density locally on the nanopore by imposing 

consistency between the ion distribution and chemical reaction at the surface. The model can 

consider a non-uniform influence by the gate voltage on the inner surface of the nanopore 

membrane, which enables us to investigate ion currents depending on the gate geometry such 

as thickness and vertical position within the nanopore. We verify the validity of the model by 

comparing the pH dependence of simulation results with extant experimental results. We also 

investigate the transistor behaviour depending on the surface material, pore geometry and gate 

position. In particular, we propose an optimized system to enhance the on/off ratio of the 

nanopore transistor. 

 

 

Introduction 

Nanopores have been used in various applications, notably in DNA 

sequencing1-6 and bio-sensing7-10. Since the dimension of nanopore is 

comparable to the Debye length in solution, the ion distribution and 

ion transport through the nanopore depend on the surface charge 

density on the nanopore wall. For example, it is known that pH 

condition or ion concentration affect the charge density on the 

nanopore wall,11-15 which in turn slows down the translocation speed 

of DNA.5, 16-18  

  Recently, it has been proposed that the surface charge density can 

be electrically controlled by embedding the gate electrode inside the 

solid-state nanopore, reminiscent of the metal-oxide-semiconductor 

field-effect transistor (MOSFET) in microelectronic devices.19-27 In 

the solid-state nanopore transistor, the gate potential affects the 

electric-double layer (EDL) by modifying charge groups on the 

surface as well as nearby ion concentration. The nanopore transistor 

has advantages that it can control the ionic transport precisely and 

instantaneously. Furthermore, in combination with the ionic diode,28-

30 it can manipulate, switch, redirect, and amplify the signal, 

realizing full-blown ionic circuits that mimic the electronic 

counterparts.21 Several experiments demonstrated the usefulness of 

the nanopore transistor.25, 26 For example, in ref. 25, the translocation 

speed of DNA was reduced by 20 folds in the “off” state of the 

transistor. Furthermore, the capture rate of DNA was also 

enhanced.26 However, more dramatic improvements are in demand 

for detecting individual base pairs.  

  The computational modeling is the favored method in 

understanding the working principle of nanopore transistor as 

well as designing a promising device structure. So far, various 

theoretical models31-37 have been suggested to understand the 

gate effect in the nanopore. However, each model has certain 

limitations that originate from the underlying approximations. 

For instance, the modulation of surface charge density was 

neglected in ref. 31-34. More recent models consider the 

variation of the surface charge density with respect to the gate 

voltage35-37. However, they still treat the gate effect within the 

one-dimensional model and so neglect the non-uniformity of 

surface potential on the inner wall, which becomes significant 

when the gate electrode is thinner than the nanopore membrane. 

Furthermore, the models calculate the potential distribution 

within EDL by the Grahame equation that precludes 

overlapping EDLs. This compromises the computational 

accuracy when the thickness of EDL is larger than the pore 

radius. 

In this study, we develop a numerical model of the nanopore 

transistor that explicitly considers the finite thickness of the 

gate electrode within the nanopore membrane. The present 

model calculates the potential distribution in the membrane 

based on the Poisson-Nernst-Planck (PNP) model.38-40 The 

surface charge density is determined by imposing self-

consistency among the ion distribution near the surface and the 

chemical reaction of surface hydroxyl groups.41, 42 Using the 

proposed computational model, we investigate the transistor 

behavior depending on the surface material, pore geometry and 

gate position. Based on the results, we propose a way to 

enhance the on/off ratio of the nanopore transistor by 

modifying the gate geometry. 
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Model 

As a model system, we assume a cylindrical nanopore 

transistor where the gate electrode is embedded and surface is 

covered by oxide. Fig. 1 shows the material structure and 

simulation domains of the typical gate-embedded conical 

nanopore transistor. The boundary conditions in PNP equation 

are compiled in table 1 for each boundary numbered in the 

figure. Since the dimension of reservoir is sufficiently large, 

ions do not flow along the radial direction on boundary 2 and 8, 

resulting in the no-flux and zero-charge boundary conditions.38-

40 In the present model, electric potentials within not only 

electrolyte but also membrane (dielectric films and oxides) are 

explicitly computed. On the other hand, the Nernst-Plank 

equation is the governing equation in solution that produce ion 

distribution and flow. We impose the axial symmetry and solve 

PNP equation on the 2-dimensional space.  

 

Fig. 1 Schematic of the nanopore used for PNP model. The sketch 

illustrates the electrolyte, oxide material, dielectric films, charged 

surface of the membrane (red, surface 4-6), gate/membrane interface 

(orange, surface 13-15) and axial symmetry line (dashed line, 

surface 19). The pore angle (θ) is also defined. 

Table 1 Boundary conditions for governing equations 

The reactive groups on the oxide surface is in chemical 

equilibrium with solution, which dictates their charge states. 

Here we assume that the hydroxyl group is a sole reactive 

group on the surface and it undergoes the following chemical 

reactions:41-45 

           - +R OH R O H⋅ ↔ ⋅ +                                 (1) 

+

2R OH R OH H+⋅ ↔ ⋅ + ,                               (2) 

where R indicates the metal atom in the oxide surface. The 

surface charge density ( chemσ ) at the specific position of sr on 

the surface is given by 

+
2OH O

chemσ ( ) Γ ( ) Γ ( )s s se e
−

= −r r r                           (3) 

where 
+
2OHΓ ( )sr  and 

OΓ ( )s
−

r are the density of 
+

2OH  and O − groups 

at sr on the surface, respectively, and e is the electron charge 

(positive). Since the density of reactive groups ( Γ ) is roughly 

constant over the surface, the following relation holds:  

+
2OH OH OΓ Γ ( ) Γ ( ) Γ ( )s s s

−

= + +r r r .                         (4) 

With 1pK  and 2pK  as equilibrium constants corresponding to the 

chemical reaction in eq. (1) and eq. (2), respectively, the ratios of 

charged reactive groups satisfy the following mass-action laws: 

-

1

+ O
-p

OH

[H ] Γ
10 =

Γ

K s                                       (5) 

2

2

+ OH
-p

OH

[H ] Γ
10 =

Γ
+

K s    ,                                  (6) 

where 
+[H ]s  indicates hydrogen activity close to sr .  From eq. (3)-

(6), chemσ relate to 
+[H ]s as follows: 

2 1 2

1 1 2

chem

1 1
p p p + + +

p p p+ + +

σ =

10 10 10 [H ] [H ] [H ]
Γ 1 1

[H ] [H ] [H ] 10 10 10

− −− − −

− − −

    
 + + − + +   
    

K K K

s s s

K K K

s s s

e
   (7) 

On the other hand, the ratio between 
+[H ]s  and 

+

0[H ] , the hydrogen 

activity in the bulk solution, is the same as that between ( )+ s
c  and 

Surface Nernst-Planck equation Poisson equation 

1 Concentration, 0i
c c=  Electric potential, D

V V= (= −1 V) 

2, 3, 7, 8 No flux, 0
i

− ⋅ =n N  Zero charge, 0⋅ =n D  

4-6 No flux, 0
i

− ⋅ =n N  Surface charge, ( )1 2 σ⋅ − =n D D  

9 Concentration, 0i
c c=  Ground, 0V =  

19 Axial symmetry Axial symmetry 

13-16  Electric potential, G
V V=  

10-12, 16-18  Zero charge, 0⋅ =n D  

 

i
c : ion concentration of the ith ionic species; 0

c : bulk concentration; n : vector normal to the surface; i
N : ionic flux of the ith ionic species; 

D
V : drain potential; D : Electric displacement field; σ : surface charge density; G

V : gate potential 
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( )
0+c , the corresponding cation concentrations because they lie in the 

same electrostatic potential. That is to say,   

( )
( )

( )
( )

+ pH

0 + ++

+ +0 0

[H ] c 10 c
[H ] = =

c c

−
s s

s   .                       (8) 

It is evident that eq. (7) and (8) are related self-consistently; for the 

given chem
σ ( )in

s
r , the PNP model brings forth ( )+ s

c . Then, 
+[H ]

s  is 

obtained through eq. (8), which in turn gives chem
σ ( )out

s
r  from eq. (7). 

chem
σ ( )out

s
r should match with chem

σ ( )in

s
r , leading to the self-

consistency condition. We recall that chemσ , 
+[H ]

s , and ( )+ s
c are all 

local functions that depend on sr . The self-consistency cycle 

determine chemσ ( )sr together with the ion current flowing through the 

nanopore transistor. 

 

Results and Discussions 

In this section, we present computational results on the ion 

current of the nanopore transistor based on the theoretical 

model proposed in the previous section. We employ the 

COMSOL Multiphysics program throughout this study. The ion 

concentration is set to 0.1 mM KCl and we fix some 

geometrical parameters for the convenience of comparison; 

narrow diameter of the pore (20 nm), pore length (500 nm), 

thickness of gate electrode (100 nm), and thickness of oxide 

layer (5 nm). The diffusion coefficient of K+ and Cl− are 
9 21.95 10 m s−×  and 

9 22.03 10 m s−× , respectively. The applied 

source-drain voltage is −1 V, i.e., K+ flows from the bottom to 

top reservoirs. We applied a wide range of gate voltages, from -

3 to 3 V, to show the influence of the gate potential clearly. The 

maximum electric field in our simulation is comparable to the 

typical dielectric strength of oxides. Therefore, the comparison 

with experiment should be made on the smaller voltage range. 

The channel dielectric materials are SiO2 or Al2O3 that are 

widely used in experiment. pK1/pK2 values of SiO2 and Al2O3 

are 7.5/−242-44 and 9.5/4.441, respectively. Density of chemical 

reaction groups of SiO2 and Al2O3 are assumed to be 8×10−18 

m−2.35 

 

pH dependence  

In order to check the validity of the present model, we first 

reproduce pH dependence of ion current in the nanopore transistor, 

which was examined in refs. 20, 25, and 45. In experiment, either 

monotonic20 or unipolar45 behaviour was found when the gate 

potential changes the sign. (The dielectric material was SiO2 in both 

experiments.) The difference originates from the pH condition of the 

solution. Fig. 2 shows the computed ion current versus gate voltage 

of the straight nanopore transistor in different pH conditions of 5 and 

7. We recall that SiO2 surface is negatively charged in both pH 5 and 

7 solutions. Since it is negatively charged, the concentration of 

positive ions inside the pore is much higher than that of negative 

ions, and so the number of positive ions is a critical parameter 

governing the ion current. This also results in the p-type behaviour. 

The inset figures in Fig. 2 show the positive ion concentration 

inside the pore. The ion current is modulated according to the gate 

voltage. When the negative gate potential is applied, the number of 

K+ around gate increases, resulting in the larger ion current in both 

pH conditions. In contrast, the positive gate reduces the K+ 

concentration around the gate region and hence the ionic current.  

In Fig. 2, the off state is observed only in the pH 5 condition 

where the oxide surface is negatively charged in small amounts 

under the zero gate potential. In this case, the concentration of 

K+ ions screening the surface charge is also small. The positive 

gate potential then easily repels K+ ions from the nanopore, 

reducing ion currents close to zero. On the other hand, if the 

oxide surface is more negatively charged as in pH 7 solution, 

K+ ions still remain around the gate in spite of the positive gate, 

and the off state is not achieved. These results are consistent 

with the experiment; in the acidic solution, unipolar behaviour 

is observed and the ion current shows a monotonic behaviour 

under pH 7 condition.  

To examine the influence of ion concentrations, we compare 

results under two different ion concentrations, 0.1 and 1 mM in 

Fig. S1 in the supplementary material. It is clear that transistor-

like behavior is maintained even in the higher KCl 

concentration. However, on/off ratio in the 0.1 mM condition is 

larger than that in the 1 mM condition. This is because in the 

low ion concentration, EDL related to the ion concentration 

inside the pore becomes thicker so the influence of gate 

potential becomes larger.  

In passing, we compare the present model with the prefixed 

surface charge model on the typical transistor-like behaviour in 

Fig. 2a. The results are shown in Fig. S2 in the supplementary 

material. In the prefixed model, a bipolar behavior was found, 

which is not consistent with experimental results. This indicates 

that the variation of surface charge is critical for realistic 

simulations.  
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Fig. 2 Ion current versus gate voltage in (a) pH 5, (b) pH 7 condition. 

Inset figures show the K+ ion distribution. The gate electrode inside 

the nanopore membrane is shown as shaded regions. 

 

Effect of oxide materials 

Next, we compare the p-type transistor behaviour and related 

properties depending on the oxide material covering the 

nanopore. This part was motivated by recent experiments 

showing that the ion current responds differently to the gate 

voltage depending on the material for gate oxides.34, 45, 46 In the 

previous studies,47 chemσ  under zero gate potential was used in 

explaining the material dependence. However, the gate-induced 

modulation in chemσ  should be also included because it also 

affects the response of the ion current significantly. In order to 

show the effect of gate oxide, we consider SiO2 and Al2O3 that 

are widely used in experiments. To compare fairly the influence 

of gate potential, we adjust the pH value such that surface 

charge densities on both oxides are the same under the zero 

gate potential. This is achieved with pH values of 5 and 7.6 for 

SiO2 and Al2O3, respectively.  

Fig. 3a shows the ion currents as a function of the gate voltage 

when SiO2 and Al2O3 cover the nanopore. It is seen that the ion 

current in Al2O3 is less sensitive to modulation of the gate 

voltage than that in SiO2. These behaviours can be explained 

from the response of surface potential and chemσ to the gate 

voltage as shown in Fig. 3b and 3c. In Fig. 3b, the surface 

potential of Al2O3 changes within a narrow range in 

comparison with SiO2, which results in the limited response as 

shown in Fig. 3a.  

Several factors such as gate voltage, dielectric constant of 

oxide, and chemical groups affect the surface potential. From 

the detailed analysis, we find that the modulation of chemσ is the 

dominant factor in the present case. In Fig. 3c, it is seen that 

chemσ  in Al2O3 changes linearly and more widely than SiO2. 

According to Eq. (7), pK and pH values determine the sign and 

magnitude of the surface charge.  The pK1 (9.5) and pK2 (4.4) 

values of Al2O3 are relatively close to the pH value (7.5), 

indicating that surface reactive groups readily assume positive 

or negative charges in response to the gate potential. The facile 

variation of chemσ on Al2O3 can effectively screen the gate 

potential, weakening its influence on the ion distribution. In 

contrast, SiO2 surface can be only negatively charged in the 

given pH condition due to the large difference between pK2 (-2) 

and pH condition (5), resulting in the non-linear behaviour of 

chemσ . The present results demonstrate that the current-voltage 

characteristics of nanopore transistors can be controlled by 

selecting gate oxides with proper pK values. 
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Fig. 3 (a) Ion current, (b) surface potential, and (c) surface charge 

density ( chemσ ) with respect to the gate voltage for SiO2 and Al2O3. 

Surface charge density and potential at surface are calculated at the 

middle position of the gate electrode.  

 

Influence of device geometry 

In this subsection, we study on transistor-like behaviour 

depending on the device geometry. Specifically, we try to 

maximize the on/off ratio, a critical device parameter as a 

transistor, by changing the position of the gate electrode and the 

pore angle. We limit the simulation condition to pH 5 solution 

and SiO2 as the oxide layer. First, we show in Fig. 4a current 

versus gate voltage depending on the position of gate electrode. 

When the position of the gate electrode moves from the middle 

of the membrane (h = 250 nm) to near the outer membrane at 

the bottom (h = 60 nm), the on current increases while the off 

current decreases, enhancing the on/off ratio monotonically, as 

can be seen in Fig. 4b.  

 

Fig. 4 (a) Ion current versus gate voltage depending on the position 

of gate electrode. The inset shows the position of gate electrode. (b) 

The on/off ratio with respect to the gate position when the magnitude 

of gate potential is 2 or 3 V. (c) Ion distribution depending on the 

gate potential and position of gate electrode. The gate electrode 

inside the nanopore membrane is shown as shaded regions.  

To explain the dependence on the gate position in the above, 

we analyze the ion concentration inside the pore. Fig. 4c shows 

colour maps for the K+ and Cl- concentrations on a plane 

perpendicular to the membrane for gate voltages of ±3 V and 

center/bottom gate positions. When the gate electrode is placed 

in the middle of the membrane, gate potential only affects the 

ion distribution inside the pore. If the gate position is lowered 

from 250 to 60 nm, the gate potential affects the salt 

concentration on broader regions including the pore entrances, 
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in particular at the bottom. This is because the gate electrode 

influences the potential of electrolyte near the bottom side of 

the membrane. Since the negative drain potential pulls K+ ions 

from the bottom to the top reservoir, the on current increases. 

The on/off ratio is further enhanced by reducing the K+ ions 

near the pore entrance under the positive gate potential. 

Therefore, the gate electrode placed near the lower side of the 

membrane produces larger on/off ratios. On the other hand, 

when the gate electrode is placed near the top side of the 

membrane, we find that the on/off ratio is reduced than for the 

middle position, which can be easily understood from the 

foregoing discussions. 

Next, to further enhance on/off ratio, we modify the pore 

angle of nanopore (θ) while the gate electrode is fixed at the 

bottom region (see Fig. 1). The gate dependent ion currents are 

shown in Fig. 5a. In contrast to the gate position in the above, 

increasing the pore angle does not lead to the monotonous 

change in on/off ratio as shown in the inset, and the on/off ratio 

peaks at a specific angle.  

When the pore angle opens up, both on and off currents 

increase and so the on/off ratio varies depending on the relative 

increase rate. In the low-angle region (θ < 6°), the increase of 

the on current is larger than that of the off current, which can be 

understood by the ion distribution shown in Fig. 5b in the case 

of straight pore (θ = 0°). When the pore angle is small, it is 

difficult for ions to pass through the narrow pore under the 

positive gate potential, which hinders the enhancement of the 

off current. Thus, the on/off ratio increases as the pore angle 

becomes bigger. As the pore angle exceeds the optimal value, 

however, the increase of the number of ions moving through 

the pore under the off state is larger than that under the on state, 

leading to the decrease of on/off ratio. Consequently, the on/off 

ratio peaked at around 6°. 

 

Fig. 5 (a) Ion current vs. gate voltage depending on the pore angle. 

Inset in (a) is the on/off ratio with respect to the pore angle when the 

magnitude of gate potential is 2 or 3 V. (b) Ion distribution 

depending on the gate potential and pore angle. The gate electrode 

inside the nanopore membrane is shown as shaded regions. 

 

Conclusion 

In summary, we proposed a computational model to simulate the 

effect of gate potential in a gate-embedded nanopores. The main 

improvement over the previous works is that the present model 

calculates the surface charge density locally, extending its 

applicability to wide range of nanopore transistors. By solving the 

model numerically, we showed that the unipolar behaviour is 

observed in the SiO2 surface at the pH 5 condition. In addition, by 

comparing the response of ion current in the different gate oxides, 

we demonstrated that that the current-voltage characteristics of 

nanopore transistors can be controlled by selecting gate oxides with 

proper pK values. We also optimized the geometry such as gate 

position and pore angle, to maximize on/off current ratios. Our 

results showed that geometric effect and chemical reaction can be 

tuned to control transistor-like behaviour of the ion current. We 

believe that the present model can be widely used in the research of 

the nanopore transistor. 
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