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a b s t r a c t

Field-effect nanofluidic transistors (FENTs), biomimicking the structure and functionality of neuron, act as

biological transistors with the ability to gate switching responses to external stimuli. The switching ratio

has been verified to evaluate the performance of FENTs, but until recently, the response time, another

crucial indicator, has been ignored. Employing finite-element method, we investigated the relationship

among gate charge, switching ratio and response time by divisionally manipulating gate charge, including

entrance surface and the surface of confinement space, for ion transport to optimize switching capability.

The dual-split gate charge on FENTs exhibits synergistic effect on switching response. Based on the two

regional gate charge on FENTs, multivalence ions in lower concentration, high aspect ratio and single

channel show higher switching ratio but longer response time compared to monovalent ions. The findings

highlight the necessity of balancing these two signals in FENTs and offer insights for optimizing their

design and expanding applications to dual-signal-detection iontronics.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Neuron with nanoscale selectivity filters of biological ion chan-

nels enables to switch responses to external stimuli, allowing ultra-

fast and precise transport of target ions so as to maintain impor-

tant biological activities in sensory nervous system, including per-

ception, processing, and decision-making [1–4]. Over the past few

decades, great efforts have been made to develop a series of bionic

biological ion channels by mimicking the structure and operation

of neuron for successfully application in life science [5], memory

[6,7] and sensing [8–13]. Currently, traditional transistors for com-

putation and signal propagation principally rely on electrons as

carriers, offering fast response and high signal amplification [14–

17]. However, the high working voltage and the poor biocompat-

ibility have hindered their widespread implementation, particu-

larly in burgeoning areas like artificial neural network and brain-

computer interface. Inspired by biological ion channels, the con-

cept to ion transistors that employ ions as carriers have emerged

[18–22]. Nonetheless, ions with lower mobility compared with

electrons in traditional transistors carry more chemical informa-

tion to permit selective regulation of various functions and pro-

cesses within transistors [23,24]. Besides, since ions also serve as
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carriers in biological transistors, ion transistors possess compati-

bility with biological signals, promising for applications in artificial

intelligence [25–28].

Field-effect nanofluidic transistors (FENTs) have drawn great at-

tention in ion transistors, due to their large capacitance, strong

carrier induction capability and low working voltage [18,29,30].

These are similarly to traditional transistors, with the gate volt-

age or charge controlling the channel current. Generally, FENTs

take advantage of geometric confinement effect and charge effect

to manipulate electric double layer (EDL) by adjusting geometry

[31,32], surface charge [33–37] and probe molecules modification

[38–41], which provides opportunities for applications in sensing

detection covering ions [10,42], small molecules [43], nucleic acid

molecules [44–47] and proteins [48], even in the memory devices

[6,49] such as memristor. The properties of FENTs modulated by

surface charges have been verified understanding thus far, with ac-

cumulating experimental evidence for regulating along the narrow

channel configuration [50,51]. This approach of controlling the sur-

face charge of the channel on the gate obtains a benefit to en-

hance the switching ratio [52–54]. Until now, switching ratio has

been employed as gold standard to evaluate the performance of

FENTs. However, the relationship between response time, another

crucial but neglected indicator, and gate charge is still not explicit

in FENTs.
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Fig. 1. Simulative setup and “ON–OFF” state of ionic current. (a) Schematic of sim-

ulation model. The surface of the FENTs with length L and channel diameter D, was

separation into three regions: entrance surface, the surface of confinement space

and exit surface. The gate charge can be manipulated by regulating the surface

charge of these regions. (b) Schematics of “ON” and “OFF” states of ionic current.

Herein, we report that the divisional regulation of surface

charge on entrance surface and the surface of confinement space

in FENTs to study the role of gate charge, switching ratio and re-

sponse time (τ ), as well as the interplay between these perfor-

mances. To this end, transport simulations have been executed us-

ing a theoretical approach by numerical simulations, which com-

bines steady-state model for the calculations of switching ratio

with transient model for the calculations of τ . To distinguish

the key factor of divisional surface charge, we investigated differ-

ent mechanisms including salt concentration, aspect ratio, chan-

nel density and ions with the valence of ±1, ±2, ±3 in FENTs.

Our results clearly indicate that trivalent ions in low concentra-

tion, high aspect ratio and single channel, exhibit higher switch-

ing ratio but longer τ . Compared with trivalent ions, monovalent

ions have a relatively lower switching ratio, approximately one or-

ders of magnitude less than trivalent ions, along with a shorter

τ . Therefore, it is necessary to make a trade-off in these two sig-

nals for nanofluidic transistors. These findings help to optimize the

design of FENTs and extend to the manufacture of dual-signal-

detection iontronics.

Typically, the simulations of nanofluidics employ numerical cal-

culations especially, finite-element method, which offers a sim-

plified model and short computation time [55,56]. Thus, we per-

formed these calculations using the commercial multiphysical field

software COMSOL to investigate the role of divisional regulation of

surface charge on ion transport. The geometry in our simulations

is shown in Fig. 1a. Details on the parameters and boundary con-

ditions are provided in Supporting information. To explore the re-

sponsiveness of FENTs by gate charge controlling, we utilized in the

potential range of −1.0 ∼ +1.0V under the transmembrane volt-

age (Vt) to calculate the ionic current (It) through the FENTs using

steady-state solver. Note that surface charge is utilized to serve as

gate voltage as E external electric fields in this article [57,58]. The

relationship between the “ON–OFF” state of It and bias voltage is

schematically shown in Fig. 2a. Because of the channel with nega-

tive gate charge, it creates a charge-attraction interaction that facil-

itate cations entry in the channel at positive Vt, indicating the “ON”

state (Fig. 1b, left). While cations only move with the Vt without

gate charge controlling, indicating the “OFF” state (Fig. 1b, right).

With this configuration, in order to imitate the voltage applied

on the gate, surface charge density (σ ) ranging from −5 mC/m2

to 5 mC/m2 are selected to apply to the entrance surface and the

wall of confinement space, respectively. According to the Gauss’s

Fig. 2. Divisionally manipulated gate charge to control ion transport. (a) Schematic

of relationship between the “ON–OFF” state of It and gate charge. (b) The contour

map of ION/IOFF regulated by entrance-surface charge (σ E) and the charge of con-

finement space surface (σ C) with 0.1mmol/L KCl solution. ION: high-current end at

transmembrane bias +1V for gate with charge; IOFF: low-current end at transmem-

brane bias +1V for gate without charge; the switching ratio is calculated as ION/IOFF,

and the result is taken as a positive value. The solid black dot represents the FENTs

without gate charge. (c) The contour map of ionic conduction regulated by σ E and

σ C with 0.1mmol/L KCl solution. The white dashed line represents the value of val-

ley bottom, and the solid black dot represents minimum value (equal to 1).

law, the gate voltage (Vg) can be calculated as Vg =σD/(2ε0) form

surface charges, where Vg is ranging from −5.6V to 5.6V. ε0 is the

permittivity of vacuum. These parameter settings are comparable

to that of other nanofluidic transistors [57,58]. The phenomenon

of high switch ratio (defined as ION/IOFF in this article) is observed

at high σ E and low σ C, as shown in the green area of Fig. 2b. It

indicated that entrance surface charge and the charge of confine-

ment space exhibit synergistic effect on regulating ION/IOFF. Sub-

sequently, the contour map of rectification ratio is seen in the

Fig. S2 (Supporting information), which clearly demonstrates the

field-effect tunability over ionic diode property with devices of a

dual-split gate charge. Considering that the mobility of carriers is

also a criterion for evaluating the performance of the FENTs, the

ionic conductance (G) can be determined to measure, calculated as

G= ION/V. The contour map exhibits that G increases with the sur-

face charge including σ E and σ C (Fig. 2c). We attribute the result

to synergistic effect on the surface of confinement space in alliance

with entrance surface to facilitate the passage of ions in the chan-

nel. Moreover, the distribution maps and the profiles along Z-axis

of net ions concentration illustrate the distribution of ions within

the channel, which further confirms the enhancement of ionic con-

ductance (Figs. S3 and S4 in Supporting informaton).

To gain more insight into the effect of entrance surface charge

and charge of confinement space on ionic current switching state,

we investigated switching capability under different salt concen-

tration (Cs), aspect ratio (L/D) and channel density, respectively.

Subsequently, three features of surface charges were selected: (1)

σ E =0, σ C = −5 mC/m2; (2) σ E =−5 mC/m2, σ C =0; (3) σ E =−5

mC/m2, σ C =−5 mC/m2. When both the entrance surface and the

confinement space of the channel are charged, the channel exhibits

the maximum ION/IOFF. In contrast, if only one of them carries sur-

face charges, the ION/IOFF of channel decreases significantly. It in-

dicated that synergistic effects of entrance surface charge and the

charge of confinement space surface on enhancing the ION/IOFF. As

for the effect of salt concentration, the decrease of ION/IOFF with Cs
and with entrance surface charge is observed beyond a threshold
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Fig. 3. The effect of dual-split gate charge on switching capability. Switching ra-

tio (ION/IOFF) as a function of different Cs (a), L/D (b) and channel density (c). λ

is the Debye length, which can be calculated as shown in Section S4 (Support-

ing information). The values of red symbols are equal to 1. (d) τ as a function of

entrance surface charge (σ E). The insets: potential control scheme (top) and “ON”

state response (bottom) of ionic current (I) with constant bias voltage at +1V and

0.1mmol/L KCl solution. Normalized I is corresponding time-dependent normalized

current response. The red line delimits the range in which reaching equilibrium

state can be used to extrapolate τ . Dashed lines are guide for eyes.

concentration (10mmol/L). The lower the salt concentration, the

higher ION/IOFF (Fig. 3a and Fig. S5 in Supporting information). In

view of the aspect ratio, ION/IOFF increases with L/D, while as L/D

crosses from less than L/λ to more than L/λ, ION/IOFF rises rapidly

(Fig. 3b). These results demonstrate a strong correlation between

the switching capability of the FENTs and the position and size of

the EDL. Regarding channel density, the ION/IOFF decreases as the

channel density increases, while the G increases in agreement with

experimental findings reported in the literature (Fig. 3c and Fig. S6

in Supporting information) [59]. These results suggest that there is

an increase in the thickness of FENTs with enhanced ionic conduc-

tance, while the switching ratio of FENTs decreases. Overall, it is

necessary to manufacture a FENTs with overlapping EDL apertures

and single channel in order to achieve a high switching ratio.

The time scale for ion accumulation and establishment in the

channel is defined as the response time (τ ). τ of this model con-

trolled by the dual-split gate charge using transient solver, has

been investigated. The ionic current was monitored by apply-

ing constant bias voltage (+1V) to measure response time with

0.1mmol/L KCl solution (Fig. 3d, inset). It is seen that the τ in-

creases with an increase in entrance surface charge when the gate

charge is positive; it decreases as charge increases when the gate

charge is negative (Fig. 3d). Interestingly, dual-split gate charge

contributes to reducing the τ by approximately half significantly,

owing to the charged surface of confinement space facilitating the

ion transport. Furthermore, the presence of dual-split gate charge

raises switching ratio, shown in Fig. 1b Hence, dual-split gate

charge on the entrance surface and the surface of confinement

space promotes the enhancement of switching capability of FENTs.

On the contrary, the presence of gate charge on the confinement

space’ wall diminishes the asymmetry of channel, resulting in a

decrease in the rectification ratio, which it is the different between

nanofluidic transistor and ionic diode devices (Fig. S7 in Support-

ing information).

Fig. 4. Switching properties of FENTs based on different carriers. Gate charge con-

trol scheme (a), the “ON–OFF” response of anionic carriers in FENTs under Vt at

+1V (b) and cationic carriers in FENTs (c). The heat map of ION/IOFF (d) and τ (e)

with the valence of ions ranging from −3 to +3.

We further probed how ions with different valence influences

switching capability of FENTs. Note that the same ionic strength of

solutions was selected in the FENTs (KCl, 0.1mmol/L; MgCl2 and

K2SO4, 0.067mmol/L; FeCl3 and K3PO4, 0.05mmol/L), in order to

allow the ions to transport in EDL. Furthermore, the impact of ionic

hydration sizes on ionic current can be neglected in our system,

as the nanochannel size of 20nm surpasses the ionic hydration

size. By repeatedly switching the dual-split gate charge (σ g) from

0 to +5 mC/m2, the “ON–OFF” state of the ions were detected (Fig.

4a). It is seen that ion transport happens rapidly with time at +5

mC/m2. When σ g is switched to 0, the transport immediately stops

(Fig. 4b). Furthermore, the behavior of multivalent cations trans-

port is similar with that observed in multivalent anions (Fig. 4c).

As expected, high-valence ions exhibit large transmembrane ionic

current, due to strong electrostatic interaction between ions and

channel wall with decreasing energy barrier. This sequence with

“ON–OFF” switching capability can be repeated over several cycles.

To evaluate the switching capability, we measured switching ra-

tio and response time. Figs. 4d and e show the ION/IOFF and τ in

a valence of ions range from −3 to +3 (Fig. S8 in Supporting in-

formation). The anions with the valence of −3 have the higher

ION/IOFF (in the top of the heat map) than lower valence anions,

which indicates that the switching ratio is strongly related to the

gate charge. On the contrary, the anions with the valence of −3

have the lower τ (in the top of the heat map) than lower valence

anions. Furthermore, anions have a greater effect on response time

than cations (green areas in the upper part and yellow areas in

the lower part). The τ of ions can be attributed to different mobili-

ties of ions. Higher ion mobility leads to faster ion movement rates

within the channel, reducing the time required for ion accumula-

tion and consequently resulting in a shorter τ . At the meanwhile,

we measured the rectification ratio and the response time of the

ionic diodes, almost the same conclusion as that of the nanoflu-

idic transistors (Fig. S9 in Supporting information). Hence, a careful

balance should be struck between these two signals when dealing

with nanofluidic transistors or other iontronics. This implies that

response time controlling by gate charge combined with the va-

lence of ions and ion type, which provides a theoretical basis for

the selection of carrier types in iontronics.

The demonstration of synergistic effect of entrance surface

charge and the surface charge of confinement space on switch-

ing responses including switching ratio and responses time will

3
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lead to a better understa nding of gating ion transport in FENTs.

These results should help in the design of well-balanced switching

ratio and responses time FENTs and expanding their applications

to the development of dual-signal-detection iontronics. Moreover,

the control of responses time is achieved though gate charge ma-

nipulation in combination with valence and type of ions. These

findings establish a theoretical foundation for guiding the selec-

tion of carrier types in FENTs. To further explore the divisional and

non-uniform distribution of gate charge and design a local charge

FENTs, not only enhances the switching ratio but also diminishes

the response time, laying the foundation for future advancements.
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