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ABSTRACT: Biological ion channels are molecular devices that allow a rapid flow of
ions across the cell membrane. Normal physiological functions, such as generating
action potentials for cell-to-cell communication, are highly dependent on ion channels
that can open and close in response to external stimuli for regulating ion permeation.
Mimicking these biological functions using synthetic structures is a rapidly progressing
yet challenging area. Here we report the electric field modulation of the membrane
potential phenomena in mechanically and chemically robust solid-state ion channels,
an abiotic analogue to the voltage-gated ion channels in living systems. To understand
the complex physicochemical processes in the electric field regulated membrane
potential behavior, both quasi-static and transient characteristics of converting
transmembrane ion gradients into electric potential are investigated. It is found that
the transmembrane potential can be adequately tuned by an external electrical
stimulation, thanks to the unique properties of the voltage-regulated selective ion
transport through a nanoscale channel.
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Construction of protocells (artificial cells with a minimum
set of components to reproduce one or several cell

functions) provides a novel platform to understand the
complex biological−physical−chemical processes in a living
biological cell. The most indispensable components in
constructing protocells are the cell membranes in which ion
channels are embedded to facilitate chemical and electrical
communication with the extracellular environment. Most of the
work so far has used soft materials such as phospholipids and
polymersomes to implement the ion channel elements.1,2

Although these soft materials are native relatives to living cell
membranes and have proved to be very useful for a range of
interesting experiments,1 they exhibit a number of disadvan-
tages such as limited stability under various pH, salt
concentration, temperature, and mechanical stress conditions.
Fabrication of the membranes from solid-state materials
presents obvious advantages over their soft matter counterparts,
such as very high stability, adjustable surface properties, and the
potential for integration into devices and networks. Indeed,
development of mechanically and chemically robust solid-state
nanopores2 and nanochannels3 has already been a rapidly
growing area of research due to various practical applications,
such as single molecule sensors,4 energy conversion,5 and
desalination.6

One of the most important characteristics in biological ion
channels is its selectivity, which allows only specific kind of ions
to pass through. The mechanism by which many biological
channels achieve selectivity is on the molecular level. For
example, in voltage-gated ion channels,7 a conformational

change will be initiated when the proteins bearing charged
amino acids inside the ion channel relocates upon changes in
the transmembrane electric field. Direct implementing physical
conformational variation in solid-state platforms is a daunting
task.8 Instead, the electrostatic interactions, described by
Poisson−Nernst−Planck equations,9−11 are widely used to
achieve the charge selectivity in solid-state structures.12,13

Inspired by the action potential generation behavior in
voltage-gated ion channels, we here propose and demonstrate a
solid-state protocell built from top-down fabricated artificial
solid-state ion channels (ASIC), whose membrane potential
can be modulated by an orthogonal electric field. Previous
experimental studies in solid-state nanochannels have consid-
ered almost exclusively the voltage-driven phenomena, that is,
the passage of ions through the nanochannels upon a potential
gradient (i.e., the current−voltage relationship1,2,12,14). The
membrane potential phenomenon, essentially an open circuit
and concentration-driven process, has been barely investigated
in artificial ion channel systems.5,15,16 This study adds another
dimension to the unique properties of the regulated selective
ion transport through a nanoscale channel.

Device Structures. The protocell we envision to reproduce
the membrane potential phenomena in biological cells (Figure
1a) is schematically shown in Figure 1b. It is a three-terminal
device that is similar to a nanofluidic field effect transistor
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(FET),12,13 except that the longitudinal driving force is a
concentration gradient instead of a potential gradient. It is well-
known that biological voltage-gated ion channels consist of
three basic parts: a voltage sensor, a conducting pathway, and a
gate that can physically open/close.7 The protocell device
(Figure 1b) has all of these functional components. The
capacitor between the stimulation gate and the nanochannel
provides a mechanism for voltage sensing. The electrostatic
potential inside the nanochannel forms a virtual potential gate,

regulating the ion permeability through the nanochannel
(conducting pathway). The orthogonal electric field, produced
by the stimulation voltage (Vs), is expected to mediate the ionic
selectivity through electrostatic principles. Standard micro-
processing techniques are used to fabricate the protocell devices
(Figure 1c). A sacrificial layer removal method with a novel
“bond followed by etch” scheme17 is utilized to reliably produce
the nanochannels (ranges from 8 to 20 nm in height, Figure

Figure 1. Device principles and experimental setup. (a) Schematic of typical intracellular and extracellular fluid with different ionic concentrations.
The cell is in a charge polarization state due to the selective ion transport in ion channels, bringing about a resting membrane potential. (b) Cross-
section sketch of the solid-state protocell. A stimulation voltage normal to the nanochannel walls (step 1) alters the ion selectivity in the nanochannel
(step 2), resulting in a modulated transmembrane potential (ΔVct) (step 3). (c) Sketch of the planar layout for the assembled device. Two
microfluidic channels pump the electrolyte solutions to the cis and trans reservoirs, formed by SiO2 trenches with supporting pillars (preventing
PDMS collapse), as shown in the magnified scanning electron microscope (SEM) image. (d) Cross-section SEM image showing a single solid-state
ion channels with a height of 17 nm and a width of 1 μm.

Figure 2. Quasi-static modulation of ΔVct through stimulation voltage Vs. (a) Cation transport number t
+ as a function of Vs. Vsp, VN, and Vsn denote

the voltages at which the nanochannel is pure cation selectivity, no selectivity, and pure cation selectivity, respectively. (b) Results in the low salt
concentration regime with the device of σs = −0.28 mC/m2. Each ΔVct is recorded 5 s later after applying Vs. (c) Salt concentration dependence of
the quasi-static modulation for σs = −0.28 mC/m2 (red squares) and for σs = −1.6 mC/m2 (blue triangles). The legend denotes [cis]/[trans]
conditions. The modulation efficiency (dΔVct/dVs) decreases tremendously in highly charged nanochannels.
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1d). A detailed description of the device fabrication can be
found in the Methods section.
Working Principles. The steady-state membrane potential

ΔVct developed across an ion selective membrane (Figure 1b)
can be described by,18

Δ = −+V t
RT
F

(2 1) ln
[trans]

[cis]ct
(1)

where R, T, and F are the universal gas constant, absolute
temperature, and Faraday constant, respectively. [x] denotes
the salt concentration in the x side (x = cis or trans). t+ is the
cation transport number, that is, the ratio of cations to all ions
in the channel. With increasing Vs, the cation/anion
concentration will be diminished/enhanced accordingly. There-
fore t+ is a monotonic decreasing function of Vs, bounded
within 0 and 1 (Figure 2a). The stimulation voltages at which
t+→1 (pure cation selectivity), t+ = 1/2 (no selectivity), and
t+→0 (pure anion selectivity) is defined as Vsp, VN, and Vsn,
respectively (Figure 2a). By modulating the steady-state t+

through stimulation voltage Vs, it is therefore feasible to
modulate the membrane potential ΔVct.
Quasi-Static Behavior. We first carried out quasi-static

experiments to verify the above working principles. It is worth
noting here that, for the measurement shown in Figure 1b, one
cannot ignore that each Ag/AgCl probing electrode is in
contact with solutions of different concentrations, and therefore
they bear different electrode/electrolyte potentials.15,19 The
measurement gives the potential difference of the whole cell
from which the electrode potential difference must be
subtracted to obtain the intrinsic ΔVct value (Supplementary
Figure S1). All ΔVct values presented in this study are after this
electrode potential difference correction, unless otherwise
noted.
Figure 2b exhibits the steady-state ΔVct as a function of Vs at

low salt concentration conditions, with the device of a reduced
surface charge density (σs) as −0.28 mC/m2 (Supplementary
Figure S2). Figure 2b reveals a set of informative features as
predicted by eq 1. No membrane potential appears if there is
no cis−trans concentration gradient. When [cis] < [trans], ΔVct
exhibits the same trend as t+, while for [cis] > [trans], the trend
between ΔVct and t+ becomes opposite. Moreover, ΔVct can be
modulated into different polarities, thanks to t+ > 1/2 when Vs
= −1.5 V and t+ < 1/2 when Vs = 1.5 V (the Vsp, VN, and Vsn
value can be extracted from the measurements as −0.15 V, 0.64
V, and 1.25 V, respectively).
The quasi-static ΔVct modulation is also salt concentration

dependent. The red squares in Figure 2c show the steady-state
ΔVct−Vs relationships for [trans] ranging from 10 μM to 1 M
and [cis] fixed at 10 μM, using the same device of σs = −0.28
mC/m2. As can be seen, when increasing the trans
concentration, it is harder and harder to experimentally access
the Vsp and Vsn voltages because of the smaller Debye length
compared with the nanochannel dimensions, leading to a
situation where creating a unipolar ion environment becomes
impossible. The VN values can be extracted from the ΔVct = 0
point, which gives the same value of 0.64 V.
Another factor that affects the quasi-static behavior is the

surface charge density on the nanochannel walls. The blue
triangles in Figure 2c present the results for the device with σs =
−1.6 mC/m2 (Supplementary Figure S2). With such a high
negative surface charge, the nanochannel is dominated by
cations (t+ > 1/2), since Vs within ± 1.5 V is too small to
reverse the charge polarity (the smallest absolute Vs required to

reverse is approximately 2σsdox/ε0εox, which is around 4.7 V for
σs = −1.6 mC/m2 and dox = 50 nm). As a result, ΔVct can only
be modulated within the positive range for [trans] > [cis] (eq
1). The maximum modulation range of ΔVct in σs = −1.6 mC/
m2 is much less than that in σs = −0.28 mC/m2, when Vs ranges
from −1.5 to 1.5 V. This inefficient modulation is due to the
fact that an inherent high surface charge density resembles high
densities of surface states in a FET, making electrostatic
modulation over the ionic population (and thus t+) difficult.17

Therefore, a nanochannel with lower surface charge density is
favorable for an efficient modulation of ΔVct.
A thorough quasi-static ΔVct−Vs measurement at various cis

and trans concentrations (ranging from 10 μM to 1 M,
respectively) is performed for devices with high and low surface
charge densities (Supplementary Figure S3). Besides a
remarkable qualitative agreement between the experiment and
the predictions from eq 1, a reasonable quantitative agreement
is also attainable by numerical calculations from both classical
Teorell−Meyer−Sievers (TMS) model and space charge (SC)
model20−22 (Supplementary Figure S3).

Transient Behavior. The above quasi-static analysis applies
only if the stimulation voltage Vs changes at a rate slower than
that required for all ions to redistribute themselves via drift and
diffusion. If a voltage ramp is applied, the modulation behavior
will depend on the magnitude of dVs/dt. We investigate here an
extreme case with a step Vs to characterize the device transient
behavior. A representative ΔVct waveform as a function of time
is shown in Figure 3. The stimulation voltage Vs is stepped
from −1.5 to 1.5 V (Figure 3, inset a). Immediately following
the applied step, ΔVct rises from an equilibrium value (state 1)
of −69.7 ± 4.40 mV, to a peak value of 452.74 mV, and then
decays to another equilibrium value (state 2) of −30.3 ± 4.20
mV with a characteristic relaxation time τ.

Figure 3. Transient behavior of ΔVct upon a step change in the
stimulation voltage. Typical transient ΔVct characteristics when
applying a step voltage to the Vs at time t = 0. The characteristic
relaxation time τ to reach a new equilibrium state can be determined
by least-squares exponential fitting. Insets: (a) Schematic of the Vs
step. (b) Protocell cross-section with a nanochannel height H and
length L. (c) Equivalent circuit of the protocell. (d) Potential profiles
in the system at time t = 0−, 0+, and ∞, respectively. The trans side is
grounded. The potential difference in the trans side is much higher
than the cis side in this concentration configurations. The time course
of ΔVct is also schematically shown, which qualitatively agrees with the
experimental observations.
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The variation of ΔVct following a step in stimulation voltage
Vs can be understood by looking at the device structure (Figure
3, inset b) and its equivalent circuit (Figure 3, inset c). A
micro/nano channel interface acts as an ionic diode, with a
cation selective nanochannel as a p region.14 Therefore, the two
micro/nano channel interfaces can be treated as two diodes,23

connecting anode-to-anode through the nanochannel, capaci-
tively coupled to the stimulation electrode through a capacitor
Cox (Figure 3, inset c). Let us now consider one of the diodes.
When a charge-selective nanochannel is in isothermal Donnan
equilibrium with an adjacent microfluidic reservoir, a Donnan
potential will appear at the micro/nano channel interface and
can be expressed as24 VD = (RT/ziF)ln(ci

nc/ci
bulk), where zi is the

valence of ion i and ci
nc and ci

bulk are the concentration of ion i in
the nanochannel and in the reservoir, respectively. This
Donnan potential is analogous to the built-in potential in
semiconductor diodes. It can be seen that the higher the
reservoir concentration, the lower the Donnan potential. For
the case of [cis]/[trans] = 100 mM/100 μM, the Donnan
potential in the trans side is much higher than the cis side.
Referring to the inset d of Figure 3, immediately after the Vs

step is applied (t = 0+), the floating nanochannel body potential
will exactly follow the rapid change in Vs (dashed purple line).
As a result, ΔVct will experience the same abrupt change as in
Vs, up to the amount allowed by RC time constant limitations
(i.e., ΔVct at t = 0+ (∼ 0.5 V) is less than the step change in Vs
(3 V)). Following this, the potentials in the system will attempt
to reach steady-state as ions redistribute themselves via
Poisson−Nernst−Planck principles10,11,25 (dashed blue line).
This equivalent picture thus successfully explains the observed
time evolution of ΔVct. For completeness, notice that a falling
edge step in Vs, shows a similar but inverted behavior
(Supplementary Figure S4).
Identifying Factors Affecting Characteristic Relaxa-

tion Time. When applying an abrupt step stimulation voltage

(Figure 4a), the ionic concentration and potential distribution
in the nanochannel is disturbed from equilibrium. In a hydroxyl
group terminated SiO2 nanochannel filled with KCl solution,
there are three possible physicochemical processes happening
during this transient period26 (Figure 4b): (1) protonation or
deprotonation upon external electric field, (2) adsorption or
desorption of counterions in the Stern layer, and (3) ion
exchange between the nanochannel and reservoirs. These three
dynamic processes taken together determine the characteristic
time required to reach a new equilibrium.
Processes 1 and 2 are channel surface-related radial dynamics

that are dependent on the bias history of Vs. We found in the
experiments that the characteristic relaxation time τ is
dependent on both the prebias time (tpb) and the step
amplitude (ΔVstep) of Vs (Figure 4a). With a fixed voltage step,
the longer the prebias time, the slower it is to reach a new
equilibrium (Figure 4c), while for a fixed prebias time, a larger
step voltage in Vs results in a larger τ value (Figure 4d). Figure
4e further shows the characteristic relaxation time is indeed
affected by both tpb and ΔVstep. This dependence of τ on the Vs
history is because the amount of the transiently generated/
diminished H+ or K+ is strongly affected by the prebias time
and the voltage step amplitude. For example, Eijkel et al.
showed that the capacitive release or uptake of protons at the
dielectric-electrolyte interface is positively proportional to the
applied voltage,27 whereas Han et al. showed that the small but
inevitable leakage current related water electrolysis produces a
change of proton concentration, affected by both the bias
voltage and time.28 An excessive amount of the transient ions
requires a longer time to remove before reaching another
equilibrium state. It is thus important that any valid comparison
on the relaxation time must be performed with the same bias
history to ensure a comparable starting microenvironment.
Process 3 is an axial kinetic process which is governed by the

ambipolar drift-diffusion equation without generation and

Figure 4. Bias history dependence of the transient characteristic relaxation time. (a) The time sequence of Vs used to test the protocell device. The
dashed lines depict no voltage being applied. The device is first biased with voltage V1 for a period of tpb (prebias time), followed by a sudden change
into another level of V2. (b) Microscopic kinetics during a transient Vs step. (c) The prebias time dependence of the relaxation time under a constant
voltage step. (d) The voltage step amplitude dependence of the relaxation time with a fixed prebias time. (e) Contour plot showing the relaxation
time as a function of both the prebias time and the voltage step amplitude.

Nano Letters Letter

dx.doi.org/10.1021/nl303820a | Nano Lett. 2012, 12, 6441−64476444



recombination.12 The characteristic time in this process can be
estimated as τ ∼ L2/4Da, where L is the diffusion length and Da
is the ambipolar diffusion coefficient (Supplementary Meth-
ods). Figure 5a shows the characteristic time as a function of
nanochannel length ranging from 17 to 116 μm, with ΔVstep
and tpb being constant (decoupling the axial process from the
radial process to make the comparison valid). The parabolic
fitting curve in Figure 5a demonstrates a remarkable agreement
with the predicted parabolic dependence of τ on the channel
length.
The axial kinetics (process 3) are also dependent on the

reservoir concentrations. We measured the characteristic time
for different salt concentrations. As shown in Figure 5b, the
case of [cis] = 100 mM takes less time to reach equilibrium
than the case of [cis] = 10 mM at a same ΔVstep (both with
[trans] = 100 μM). This reduced τ value at higher cis
concentration is because of two factors. First, the higher the cis
concentration, the more pronounced Debye screening in the cis
side of the nanochannel. The effective channel length is
therefore reduced in the [cis] = 100 mM case, resulting in a
short diffusion time. Second, the relative change of the ion
concentration in the [cis] = 100 mM case is much smaller than
in the [cis] = 10 mM case (Supplementary Figure S5). As a
result, less time is needed to reach a new equilibrium in the
high concentration case. Figure 5b also shows the slope of the τ
∼ ΔVstep is dependent on the salt concentrations. This can be
explained by the model proposed by Eijkel et al.,27 where the
amount of protons transiently generated upon an applied gate
voltage can be expressed as N = VSCoxCbuff/(Cbuff + CDL), in
which Cbuff is the surface intrinsic (chemical) buffer capacitance
and CDL is the double layer capacitance. As a result, dτ/dVS ∼
dN/dVS ∼ 1/(Cbuff + CDL). Increasing the salt concentration
will lead to an increase of CDL and thus a decreased dτ/dVS,
consistent with Figure 5b.
We also investigate the effect of nanochannel surface charge

density on the characteristic time. Figure 5c shows that it takes
longer time for the low surface charge density device (with σs =
−0.28 mC/m2) to reach a new equilibrium than the native
device (with σs = −1.6 mC/m2). This can also be understood
by looking at the relative ion concentration change in the
nanochannel. With a reduced σs, a larger relative concentration
change occurs because of the more effective ion population
modulation. A numerical calculation shows that the relative
concentration change is indeed higher in the nanochannel with

a less charged surface (Supplementary Figure S6). The slope of
the τ ∼ ΔVstep is less dependent on the surface charge densities
at intermediate ΔVstep, as expected by dτ/dVS ∼ 1/(Cbuff +
CDL). This result, combined with the data shown in Figure 2,
indicates that there is a trade-off between the stimulation
efficiency and speed, owing to the surface charge effect.

Frequency-Dependent Switching Behavior. The step
analysis suggests the maximum continuous operation speed for
the protocell device. The dynamic behavior of the protocell in
continuous operation must be frequency-dependent. Once the
ASIC is disturbed from steady-state, the ability to reach a new
equilibrium before the next clock cycle is determined by the
switching period. Increasing frequency will produce less
changes in ionic concentrations from one cycle to the other,
since the radial surface reaction and the axial drift-diffusion do
not have enough time to respond. Therefore, it can be expected
that the modulation of the ion-contributed ΔVct will disappear at
high frequencies. Figure 6 shows the ΔVct waveforms in
continuous switching operations under various frequencies. At
lower frequencies (10 mHz to 1 Hz), ΔVct can always be
modulated stably between two steady-state values (indicated by
two arrows, −31 mV and −43 mV). At higher frequencies (>1
Hz), each clock-cycle is too short for the system to reach an
ionic equilibrium, and therefore the membrane potential ΔVct
value cannot be modulated between two steady-state values.
The modulation of ΔVct at higher frequencies mostly comes
from the electronic contributions instead of ionic ones, owing
to the close coupling of the floating nanochannel body
potential to Vs at the rising or falling edges (Figure 3c).
These results indicate a protocell device of maximum operation
frequency around 1 Hz, which can be further increased toward
the maximum action potential frequency in biological nerve
cells (∼200 Hz) by shrinking the device length (i.e., adopting a
gated nanopore structure29) and tailoring the surface charges.

Conclusions. In conclusion, we have demonstrated a solid-
state protocell with engineered ion channels, whose ion
selectivity and membrane potential can be modulated by
external electric field, harvesting the major components in a
biological voltage-gated ion channel. It can also be viewed as a
universal ion exchange membrane,30 where similar membrane
potential modulation has been observed. The experimental
results on quasi-statically converting the transmembrane ion
gradients into potential validate the voltage regulated selectivity
mechanism. Critical factors that affect the modulation efficiency

Figure 5. Device parameter dependence of the characteristic relaxation time. (a) Nanochannel length dependence. The solid line shows a parabolic
fitting of the relaxation time as a function of nanochannel length. (b) Microfluidic reservoir concentration dependence. The trans side is fixed with
100 μM KCl. The test is done with a device of channel length L = 31 μm and σs = −1.6 mC/m2. (c) Surface charge density dependence. The test is
carried out on the same device before and after the surface chemical modification, with L = 61 μm and [cis]/[trans] = 100 mM/100 μM.
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and transient modulation speed are also identified, which has an
immediate indication to the transient performances in nano-
fluidic FETs12,26 and chemical charge coupled devices.31 As a
concentration-driven system, the top-down fabricated solid-
state protocells provide an excellent engineered model platform
to study the membrane phenomena in biological samples,
which would lead to the creation of engineered nerve cells and
neuron networks due to this approach’s potential of integration
and surface tailoring. It also has practical indications to
desalination and energy generation using solid-state structures.
Methods. Device Fabrication. We used a sacrificial layer

method, more specifically, a “bond followed by etch” scheme,
to produce the nanochannels.17 Starting with a 4 in. SiO2/Si
wafer, an array of chromium thin films are patterned by wet
etching. A dielectric SiO2 layer is then deposited by plasma
enhanced chemical vapor deposition and followed by a rapid
thermal annealing process to improve its quality. A stimulation
gate electrode is thereafter formed by a double layer lift-off
process. The reservoirs with supporting pillars and the gate
electrode bonding pad are etched simultaneously by reactive
CHF3/Ar plasma. The device is then aligned and permanently
bonded with a microfluidic polydimethylsiloxane stamp by
treating them with oxygen plasma. The Cr etchant is pumped
into the microchannel and diffusively etches the Cr sacrificial
layer in situ. The end-point detection for the etching process is
done by looking at the color contrast under a microscope.
Deionized water is flushed through the microchannel to rinse
the device after the etching process is over, and then the device
is ready to use.
Electrical Characterization. The whole testing procedure is

done using an automatic system. The solutions were delivered

at a constant flow rate of 2 μL/min by pumps (New Era Pump
Systems), controlled by a LabVIEW (National Instruments)
program. The nanochannels were pumped with deionized water
for at least 3 h before use. Aqueous KCl solution is used as a
testing electrolyte. The electrical contacts are made of Ag/AgCl
electrodes. The quasi-static test is stimulated and measured
using two Keithley 2400 sourcemeters. The transient behavior
is stimulated and measured by Tektronix AFG 3252 and DPO
4104, respectively. Data postprocessing is done with MATLAB
(The MathWorks) software. All measurements are performed
inside a Faraday cage at room temperature (298 K).

Numerical Calculation. The steady-state distributions of the
cation/anion concentration and the open circuit potential are
calculated by solving the coupled 2D Poisson−Nernst−Planck
(PNP) equations in COMSOL script environment. We use
three modules in the COMSOL environment: electrostatics
(AC/DC Module), Nernst−Planck without electroneutrality
for the calculation of K+ ions (Chemical Engineering Module),
and Nernst−Planck without electroneutrality for the calculation
of Cl− ions (Chemical Engineering Module). The simulation
system contains a 20-nm-high nanochannel with different
physically measured lengths, connected by two 10 × 10 μm2

square reservoirs with various bath concentrations.
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Supplementary Figure S1 | Schematic of the potential profiles in the system of a 

nanochannel connected by two solutions with different concentrations, probed by 

Ag/AgCl electrodes. Each Ag/AgCl probing electrode is in contact with solutions of different 

concentrations and therefore they bear different electrode/electrolyte potentials, shown as Ve,c 

and Ve,t. The electrical setup measures necessarily the potential difference of the whole cell 

(∆Vct,measured, red arrow bar) from which the electrode potential difference 

(
, ,

[ ]
ln
[ ]

cl
e t e c

cl

cisRT
V V

F trans

−

−

− = − ) must be subtracted in order to obtain the ∆Vct,intrinsic value (blue 

arrow bar).  
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Supplementary Figure S2 | Measured nanochannel conductance as a function of KCl 

concentrations for the device used in Figure 2 in the main text, before and after the 

surface modification. The dimensions for this nanochannel device are W=11 µm, L=116 µm, 

H=20 nm. The surface charge is reduced from an intrinsic value of -1.6 mC/m2 to -0.28 mC/m2 

after the chemical modification. See supplementary methods for detailed fitting approach. 
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Supplementary Figure S3 | Reasonable quantitative agreement between the quasi-static 

experimental data (black) and the theoretical predictions from both the classical Teorell-

Meyer-Sievers (TMS) model (red) and space charge (SC) model (blue) for (a) as-fabricated 

device with σs =-1.6 mC/m2, and (b) surface-modified device with σs =-0.28 mC/m2. After 

applying each Vs (ranging from -1.5 V to 1.5 V, with step 50 mV), ∆Vct is recorded 5 seconds 

later for the system to reach its equilibrium state. The larger quantitative discrepancy in the TMS 

model than that in the SC model is because SC model assumes a radial distribution of the 

electric potential and ion concentration in space while TMS model ignores the radial non-

uniformity of ion concentrations inside the nanochannel. See supplementary methods for a 

detailed description of TMS model and SC model.  
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Supplementary Figure S4 | Typical transient behavior of ∆Vct upon a falling edge step in 

the stimulative voltage Vs. The stimulation voltage Vs is stepped from 1.5 V to -1.5 V. 

Immediately following the applied step, ∆Vct overshoots to a negative peak value, and then 

gradually increase to another equilibrium value through a characteristic relaxation time τ. 
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Supplementary Figure S5 | Simulated concentration profiles and the relative 

concentration change between two equilibrium states under two different bath 

concentration conditions. (a) Stable state minority ion (Cl-) concentration profiles for 

[cis]//[trans]=100mM//100µM (black) and for [cis]//[trans]=10mM//100µM (red) when the 

stimulative gate voltage is 1.5 V (solid lines) and -1.5 V (dashed lines). (b) Relative 

concentration change of Cl- for [cis]//[trans]=100mM//100µM (black) and for 

[cis]//[trans]=10mM//100µM (red) when the stimulative gate voltage changes from -1.5 V to 1.5 

V. (c) Stable state majority ion (K+) concentration profiles for [cis]//[trans]=100mM//100µM (black) 

and for [cis]//[trans]=10mM//100µM (red) when the stimulative gate voltage is 1.5 V (solid lines) 

and -1.5 V (dashed lines). (d) Relative concentration change of K+ for 

[cis]//[trans]=100mM//100µM (black) and for [cis]//[trans]=10mM//100µM (red) when the 

stimulative gate voltage changes from -1.5 V to 1.5 V. The concentration profile is the averaged 

concentration over the channel height 
/2

/2
( ) ( , ) /

h

h
c x c x y dy h

−
< >= ∫ . Detailed simulation method 

can be found in the supplementary methods. The length of the nanochannel used in the 

simulation is 61µm. 

 

-50 -40 -30 -20 -10 0 10 20 30 40 50

0.1

1

10

100

[K
+
] 

(m
M

)

x (µµµµm)

 10mM/100uM, +1.5V

 10mM/100uM, -1.5V

 100mM/100uM, +1.5V

 100mM/100uM, -1.5V

-50 -40 -30 -20 -10 0 10 20 30 40 50

0%

10%

20%

30%

40%

50%

60%

70%

 100mM/100uM

 10mM/100uM

P
e

rc
e

n
ta

g
e

 o
f 

[K
+

] 
c

h
a

n
g

e

x (µµµµm)

-50 -40 -30 -20 -10 0 10 20 30 40 50

0%

10%

20%

30%

40%

50%

60%

70%

P
e

rc
e

n
ta

g
e

 o
f 

[C
l- ] 

c
h

a
n

g
e

x (µµµµm)

 100mM/100uM

 10mM/100uM

-50 -40 -30 -20 -10 0 10 20 30 40 50
0.01

0.1

1

10

100

 10mM/100uM, +1.5V

 10mM/100uM, -1.5V

 100mM/100uM, +1.5V

 100mM/100uM, -1.5V

[C
l- ] 

(m
M

)

x (µµµµm)

a

b

c

d



 

S7 

 

 

Supplementary Figure S6 | Simulated concentration profiles and the relative 

concentration change between two equilibrium states under two different surface charge 

density conditions. (a) Stable state minority ion (Cl-) concentration profiles for σs =-1.5 mC/m2 

(black) and for σs =-0.28 mC/m2 (red) when the stimulative gate voltage is 1.5 V (solid lines) and 

-1.5 V (dashed lines). (b) Relative concentration change of Cl- for σs =-1.5 mC/m2 (black) and for 

σs =-0.28 mC/m2 (red) when the stimulative gate voltage changes from -1.5 V to 1.5 V. (c) 

Stable state majority ion (K+) concentration profiles for σs =-1.5 mC/m2 (black) and for σs =-0.28 

mC/m2 (red) when the stimulative gate voltage is 1.5 V (solid lines) and -1.5 V (dashed lines). (d) 

Relative concentration change of K+ for σs =-1.5 mC/m2 (black) and for σs =-0.28 mC/m2 (red) 

when the stimulative gate voltage changes from -1.5 V to 1.5 V. The concentration profile is the 

averaged concentration over the channel height 
/2

/2
( ) ( , ) /

h

h
c x c x y dy h

−
< >= ∫ . Detailed simulation 

method can be found in the supplementary methods. The length of the nanochannel used in the 

simulation is 61µm. 
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Supplementary Figure S7 | Simulation system used in the numerical calculation. It 

contains a nanochannel of length L (µm) and height 20 nm (domain 2) connected by two 10×10 

µm2 square reservoirs (domain 1 and 4). In addition, there is a SiO2 dielectric domain (domain 3) 

which has a thickness of 50 nm and length of (L-6) µm. The length of the nanochannel used for 

calculation is the same as the real device in order to make valid comparisons. Note the figure is 

not drawn to scale. 
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Supplementary Methods 

 

Surface charge determination 

The conductance of a nanochannel filled with KCl solutions is the superposition of the bulk 

conductance e(µK+µCl)CbNAWH/L and the double layer conductance 2µKσSW/L, where W, L and 

H are the width, length and height of nanochannels, respectively. µK and µCl 
are the mobility of K 

and Cl ions. Cb is the bulk concentration. NA is the Avogadro constant, e is the elementary 

charge. σS is the surface charge on the nanochannel walls. By knowing the dimensions of the 

lithographically defined channels (W, L), we can derive the value of H in high concentration 

regime (bulk conductance part) and the value of surface charge σS in low concentration regime 

(double layer conductance part) by fitting the experimental data of channel conductance as a 

function of Cb.  

Surface charge modification procedure 

By neutralizing the intrinsic surface charge through chemical modifications, it would allow for 

more efficient modulation over the cation/anion concentration inside the nanochannel. The 

procedure we used in the surface charge modification is as follows. 

1. Flushing the microchannel with ethanol (Sigma-Aldrich, category # 459836) for 3 hours. 

2. Flushing the microchannel with 2% v/v 3-Glycidoxypropyltrimethoxysilane (GPTS) (Sigma-

Aldrich, category # 440167) in ethanol (Sigma-Aldrich, category # 459836) for 3 hours. 

3. Flushing the microchannel with 50 mM ethanolamine (Sigma-Aldrich, category # 411000) for 

1.5 hours.  

 

Teorell–Meyer–Sievers (TMS) model 

Teorell–Meyer–Sievers (TMS) theory deals with the ion transport through a membrane 

consisting of a matrix of fixed charges 1,2,3. It states that the total membrane potential is equal to 

the sum of two Donnan potentials at the membrane boundaries and a Nernst-Planck diffusion 

potential within the membrane, which can be expressed as 2 , 
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1

1

( )
ln ln

( )

c t t t
ct c t

t c c c

Donnan Diffusion

R C R D R DRT RT
V V V

F R F C R D R D
γ

−
+ −

−
+ −

+
∆ = − = +

+
14243 14444244443

 

where R, T, and F are universal gas constant, absolute temperature and Faraday constant, 

respectively.  

In the Donnan potential component, Rx is the Donnan ratio at the nanochannel/micro reservoir 

interface in the x side (c: cis side, t: trans side) and can be expressed as,  

2/ 2 1 ( / 2 )x x xR s C s C= − + +  

where Cx is the micro reservoir concentration in the x side, s is the ionic concentration in the 

nanochannel, 02 /s ox s ox

A

V d
s

ehN

σ ε ε+
= , in which σs is the surface charge density, h is the 

nanochannel height, ε and d is the dielectric constant and thickness, respectively, Vs is the 

stimulative voltage, and NA is the Avogadro constant. 

In the diffusion potential component, γ reflects the diffusion coefficient differences between the 

cations and the anions, 
D D

D D
γ + −

+ −

−
=

+
, where D+ and D- is the diffusion coefficient of the cations 

and anions, respectively. By knowing all the parameters, it is able to calculate the Vs-∆Vct 

relation from the TMS model. It needs to be noted that the TMS model assumes a uniform 

distribution of fixed charge 1,2,3. 

 

Space charge (SC) model 

We calculated the steady state distributions of cation/anion concentrations by self-consistently 

solving the coupled Poisson-Nernst-Planck (PNP) equations (SC model 1,3).The steady-state 

distributions of the cation/anion concentration and the open-circuit potential under different Vs 

are calculated by solving the coupled two dimensional (2D) Poisson-Nernst-Planck (PNP) 

equations using COMSOL script environment. Supplementary Figure S7 shows the system that 

we use in the simulation.  

We use three modules in the COMSOL environment: Electrostatics (AC/DC Module), Nernst-

Planck without electroneutrality for calculation of K+ ions (Chemical Engineering Module) and 

Nernst-Planck without electroneutrality for calculation of Cl- ions (Chemical Engineering Module). 
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The governing equations and the corresponding boundary conditions are listed as follows 

(Supplementary Table S1 summarizes all the parameters used in the simulation),  

A. Electrostatics  

(1) Governing equations (Poisson equation): 

2

0 w i i

i

V Fz cε ε ∇ =−∑
 

for domain 1, 2 and 4, and 

2

0 0oxε ε ϕ∇ =  for domain 3. 

 (2) Boundary conditions:  

The Dirichlet boundary condition is used in the trans side, ( 10) 0V x L= + = . The cis side 

boundary condition is set as floating potential, where the potential is extracted as the ∆Vct value. 

The gate electrode (top side of domain 4) has Dirichlet boundary condition as sV V= . Neumann 

boundary conditions are applied for all the other reservoir walls, 0 0wn Vε ε− ⋅∇ = . The 

nanochannel walls which are not in contact with the gate dielectric have the boundary condition 

as 0 w sn Vε ε σ− ⋅∇ = . The Neumann boundary condition is imposed on the interface between the 

gate dielectric and nanochannel as 0 0w ox sn V nε ε ε ε ϕ σ− ⋅∇ + ⋅∇ = .
 
 

B. Steady state Nernst-Planck equation for either K+ or Cl- 

(1) Governing equations: 

( ) 0i i i i i iN D c z u c V∇ ⋅ = ∇ ⋅ − ∇ − ∇ =  
for domain 1, 2 and 4, and inactive in domain 3. 

 (2) Boundary conditions: 

The Dirichlet boundary condition is used for the ionic concentrations at the ends of the two 

reservoirs, ( / 2 10)i cisc x L C= − − =  and ( / 2 10)i transc x L C= + = . The normal ionic fluxes through 

all the other walls are set to be zero, 0in N⋅ = .  

The averaged K+ and Cl- concentrations along the x direction is calculated by 

/2

/2

( ) ( , ) /

y h

i i

y h

c x c x y dy h

=

=−

< >= ∫ , where h is the channel height. 
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Derivations of the characteristic time 

The mechanism that governs the ion transport in the transient process can be described by the 

following ambipolar drift-diffusion continuity equation, 

2

2

( , ) ( , ) ( , )
a a x

c x t c x t c x t
D E g R

t x x
µ± ± ±∂ ∂ ∂

= + + −
∂ ∂ ∂  

(S1) 

where c+ and c- is the cation and anion concentration, respectively. Da and µa is the ambipolar 

diffusion coefficient and mobility, respectively, which can be expressed as,  

( )
a

D D c c
D

D c D c

+ − + −

+ + − −

+
=

+
 and 

( )
a

c c

c c

µ µ
µ

µ µ
+ − + −

+ + − −

−
=

+
 

Unlike in the semiconductors, there is no generation and recombination process in ionic 

systems, therefore we ge g=0 and R=0. The ambipolar drift-diffusion continuity equation S1 can 

thus be simplified as,  

2

2

( , ) ( , ) ( , )
a a x

c x t c x t c x t
D E

t x x
µ± ± ±∂ ∂ ∂

= +
∂ ∂ ∂  

(S2) 

When no electric potential is applied across the nanochannel, as is the case of this study, Ex is 

only the self-field, which is determined by the net charge density through Gauss's law. To solve 

the total ambipolar drift diffusion continuity equation with the self-field term requires a numerical 

solution. However, we assume that term is negligible because the channel is quasi-neutral. 

Equation S2 without the last term is a classical diffusion equation  

2

2

( , ) ( , )
a

c x t c x t
D

t x

± ±∂ ∂
=

∂ ∂  
(S3) 

Equation S3 is known to have a characteristic time as 4 

2

4
diff

a

L

D
τ =  

where L is the nanochannel length.
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Supplementary Table 

Supplementary Table S1. Parameters used in the numerical simulation. 

Parameters Meaning Value Unit 

cisC  cis reservoir concentration Variable mM 

transC  trans reservoir concentration Variable mM 

0ε  Vacuum permittivity 8.85e-12 F/m 

oxε  PECVD SiO2 dielectric constant 
5
 5 No unit 

wε  KCl solution dielectric constant 
6
  70 No unit 

sσ  Surface charge density Variable C/m
2
 

ϕ  Potentials in gate dielectric 
 

V 

ic  
Concentration of ionic species i 

 
mol/m

3
 

bC  
Bulk concentration Variable mM 

iD  Diffusion coefficient 1.96e-9 (K
+
), 2.03e-9 (Cl

-
)  m

2
/s 

F  Faraday constant 96485.3415 s·A/mol 

i  Ion species 1 (K
+
), 2 (Cl

-
) No unit 

L Nanochannel length Variable µm 

n
 

Normal vector 
  

iN  Mass flux density of i
th
 species 

 
mol/(m

2
·s) 

ui Ionic mobility of i
th
 species 7.62e-8 (K

+
), 7.92e-8 (Cl

-
)  m

2
/(V·s) 

V  Potentials in the liquid 
 

V 

sV  
Stimulative gate voltage Variable V 

iz  Charge number +1 (K
+
), -1(Cl

-
) No unit 
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