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ABSTRACT 

A nanofluidic field effect device was experimentally 
demonstrated with DC and time-dependent gated transport.  
Time-dependent transport was shown with sine and square 
waveforms over two orders of magnitude frequency range (0.1–
10 Hz) over four specific electrolyte concentrations in the 1x10-4–
1x10-1 M range.  Time dependent transport was found to have a 
higher degree of current modulation and a higher amount of total 
charge transfer through the nanofluidic channels compared to DC 
gating.  An equivalent circuit model was developed to show the 
RC time constants for the PDMS, Stern, and diffuse layers which 
are hypothesized to be excited at the frequencies used in this 
experimental evaluation leading to enhanced ionic transport. 

 
INTRODUCTION 

Field effect nanofluidic devices (FENDs), geometrically 
analogous to solid-state field effect transistors, have been 
reported as diodes, rectifiers, and switches [1-3].  We report a 
FEND through a systematic study of sine and square wave gate 
modulation where, for the first time, time-dependent gating 
allows for active control over the electric double layer (EDL) for 
significant enhancement in measured current compared to purely 
DC gating at similar gate voltages.   Time-dependent gating was 
selected for investigation the because introduction of time 
dependent signals are thought to require lower driving voltages 
than the DC counterpart [4] for equivalent device performance in 
microchannels. Moreover, we hypothesize that the active EDL 
modulation will permit enhanced total charge transfer through the 
nanochannels when applied frequencies are of similar magnitude 
to the native RC time constants for the EDL layers suggesting 
new technology for better pumping and ionic flow control.  
Technology development interest in FENDs arises from the 
operational length scales (sub-20 nm) at the level of fundamental 
biology with potential applications in water desalination [5], drug 
delivery [5], and DNA sequencing [2].   

AC Electroosmosis  (ACEO [6]) in microfluidics, relies on 
generating an effective electric field at a lower voltage than an 
equivalent DC signal by using an AC amplitude and frequency. 
The lower voltages limit faradaic reactions such as electrolysis 
and reduce Joule heating in microchannels. Moreover, as ACEO 
became better understood and the new name induced charge 
electroosmotic flow (ICEO) was proposed [7], it became evident 
that AC signals provides a component of the electric field arising 
from the induced charge to generate a body force on the ions and 
fluid. These ideas helped developed travelling wave 
electroosmotic pumps and separators [8, 9] which have been 
useful in exploiting the non-linear electrokinetics in microfluidics 
due to use of AC signals.  

It is worth noting that when a time-varying (i.e., AC) signal 
is used as a gate potential, at low frequencies (and hence the DC 
limit) nearly all the potential drop occurs across the EDL. In 
microfluidics, since most devices operate in a thin EDL regime 
(κh >> 1; where κ is the inverse Debye length and h is the channel 
half-height) the transverse component of the electric field due to 
the AC potential at low frequencies (1-10 Hz) is too small to 
generate an appreciable body force and cause motion. At higher 

frequencies (103-105 Hz), [10, 11] ACEO occurs and with 
increasing frequencies approaching the charge relaxation time 
limits the stable formation of the EDL. With a disrupted EDL, the 
space charge in the fluid near the wall is insufficient to generally 
induce net fluid motion [12]. Therefore, in microfluidics the 
‘sweet spot’ for operating ACEO is in few kHz frequency ranges 
at voltages in the few V range (<10 V). [10, 11]  Nanofluidics 
presents a different aspect and provides a new avenue to exploit 
surface charge for a new generation of fluidic platforms as 
opposed to the traditionally studies ACEO flow seen in 
microchannels.  

At the nanoscale, with critical device dimensions below 
100 nm (here at 16 nm), κh ≤ 1 or κh << 1, depending on 
electrolyte concentrations. Under such conditions, a significant 
portion of the nanochannel is occupied by the EDL. [13, 14] 
Therefore, at low frequencies, it is expected that an AC signal 
cause ion and fluid motion leading to quantifiable changes in 
measured current. Therefore, not only do we expect a much 
higher modulation of the field effect compared to a microchannel, 
we also expect a much broader range of frequencies to manipulate 
charge and mass transfer through the nanochannels while gaining 
in reduced joule heating and faradaic reactions, even with a single 
gate electrode instead of the array of gate electrodes seen in 
microchannels.  

In microchannels, where almost all experimental work 
examining AC driven flow has been focused to date, direct 
influence of wall surface charge is limited in controlling bulk 
fluid flow.  However, the use of multiple electrodes with high 
gating voltages (~10–100 V) for velocity control [6] led to 
development of AC electroosmotic pumps.  Additionally, a 
velocity dependence on frequency has been experimentally 
shown in microfluidic channels [10].  Yet, for nanochannels, 
frequency dependent gating is nearly non-existent with only two 
other limited experimental studies on frequency dependent fluid 
velocity [4, 15] and our previous report on measured current 
dependence on frequency (0.1-0.5 Hz) for a sine waveform and 
concentration. [16] 

 
METHODS 

Here, for the first time, we systematically investigated over 
a 2 orders of magnitude frequency range (0.1-10 Hz) for both sine 
and square gating, a RMS matched comparison against DC gating 
for aqueous KCl (1x10-5 - 0.1 M) in 16 nm deep nanochannels.  
The FEND comprises a bank of three 2.5 mm long, 30 μm wide, 
and 16 nm deep nanochannels connected to two microfluidic 
channel reservoirs 3 cm long, 50 μm wide, and 8 μm deep. The 
channel network was wet-etched into a borosilicate substrate with 
a gold gate electrode embedded in the nanochannel ‘roof’ and 
insulated fluidically and electrically by a polydimethylsiloxane 
(PDMS) layer (Figure 1).  The entire device assembly was bonded 
with an O2 plasma bonding process.  Fabrication methods for  
these long, ultra-low aspect ratio (ULAR) nanochannels has been 
reported by us previously [3, 16]. Channels were filled with 
aqueous KCl (1x10-5-0.1 M) at pH 7±0.02.  Independent voltage 
sources were used to generate the axial (Va) and gate (Vg) 
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potentials with current measured through a Keithley 6485 
picoammeter.  All testing equipment shared a common ground.  

 

 
Figure 1: (Left) An exploded device schematic showing the three 

layer structure and locations of applied potentials and measured 

current.  Only one of the 4 shown gate electrodes was active.  (Top 

Right) a nanochannel AFM scan showing the 16 ± 3 nm depth of 

the nanochannel.  (Bottom Right) A cross sectional schematic 

view of the device. Va (purple) is the axial current driven through 

the nanochannels while Vg (red) is applied signal to the gate 

electrode insulated from the nanochannels by the PDMS 

dielectric layer.  

 

RESULTS 
After verifying device operation [3, 16], the AC conductance 

using the IRMS (RMS current) from sine wave applied axially at 
0.1 Hz showed the nanochannel conductance was higher than the 
purely DC axial signal for dilute electrolytes (≤ 1 mM) or in the 
surface charge governed regime (SCGR) [2] (Figure 2).  Notably, 
this result is in agreement with our hypothesis that at low 
frequencies, electroosmotic flow will occur and be more 
modulated than the equivalent (RMS voltage matched) DC 
counterpart since the total electric field is expected to be much 
higher in the transverse direction. The nanochannel conductance 
was to estimate the nanochannel depth to be ~19 nm [3, 5] in 
reasonable agreement with the etched channel depth of 16 ± 3 nm.  

A representative plot of current vs. time for Vg = ±2 V DC 
and Vg = 2 VRMS for AC with axial potential Va = 3 V is shown in 
Figure 3.  IRMS was 66 pA for sine gating, 73 pA for square, and 
IDC was 6.3 pA i.e., RMS matched AC provides nearly an order 
of magnitude higher measured current than DC.  The rapid decay 
for the square wave (Figure 3B, shown with orange arrow) 
suggests the charging and discharging of the fluidic capacitors at 
the dielectric-fluid interface and subsequent control over the 
EDL.  Since the flow is driven electrokinetically and is governed 
by ion transport, the measurement current over time was used to 
estimate the total charge, Q that has passed through the 
nanochannel. Therefore, the area under a current-time plot (i.e., 

0

T

Q Idt  ) where, I is the current and T is the measurement time.  

For all cases in this work, a given gate voltage was applied over 
a 30 second period before the voltage was stepped up or down 
resulting in total charge values that can be directly compared 
(Figure 4).   

Figure 4 shows Q for all three tested frequencies (0.1, 1, and 
10 Hz) across the 2 orders of magnitude range for both the sine 
and square wave.  Q increases with frequency for all measured 
concentrations in a sine wave while for a square wave gate input, 
the 1 Hz frequency shows the highest Q in the square wave case, 
the 10 Hz signal that produces the highest current response in the  

 

 
Figure 2: The black DC data points show device conductance in 

the surface charge governed (purple shading) and bulk transport 

governed regimes (no shading) [3].  The blue data shows 

nanochannel condutance using the IRMS for a 0. 1 Hz sine wave.  

The red line is the bulk fluid conductance for a 19 nm channel 

which was seen to be in reasonable agreement with measured 

data.  Dashed lines are provided as eye guides. 

 

 

 

 
Figure 3: Current vs.  time for the DC and 0.1 Hz AC cases at 

1x10-4 M as a representative plot with Va = 3 V.  (A) Sine 

waveform at the gate.  (B) Square waveform at the gate.  The plots 

show the charging and discharging cycle evident for square wave 

gating and also the increase in RMS current compared to DC only 

for similar gate voltage.   

 

sine case shows the lowest charge transfer indicating an optimal 
frequency for charge transfer in the 0.1 – 10 Hz range, but 
requires further investigation.  Additionally, in the sine wave 
cases, the total charge through the device remains relatively 
constant across frequency (with a slight drop moving from the 
SCGR to the BTGR) while in the square wave case, the charge 
transfer in the SCGR is constant but drops off in the BTGR.  The 
differences in transport (both between frequencies and between  
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Figure 4: Average charge flowing through the nanochannels for 

both  (A) Sine and (B) Square waveforms.  Va = 3 V in all cases.  

Dashed lines are eye guides.  The pink data shows comparative 

DC charge transfer.  For sine gating, charge transfer increases 

with frequency and is relatively invariant across concentrations.  

But, for square wave gating, both a frequency and concentration 

dependence was seen, with charge transfer decreasing with 

increasing concentration. 

  

AC and DC signals) decrease as the concentration increases and 
moved into the BTGR.  All AC cases were shown to have higher 
average charge than the RMS matched DC case where charge 
through the device for the Vg = 2 V case was added to the 
Vg  = -2 V case.   

A FEND equivalent circuit model was developed (Figure 5) 
for fitting to the measured current data.  The model assigns a 
series of R/C circuit elements to the PDMS isolation layer, Stern 
layer, and the fluid diffuse layer and also accounts for the bulk 
fluid resistance.  Each layer was modeled as a capacitor and 
resistor in parallel to allow for varying RC time constants for each 
component.  The model solves the series of RC elements assigned 
to the three layers seen in Figure 5 for the total impedance 
according to the expression, 

ZT= RPDMS

1+jωCPDMSRPDMS
+ RS

1+jωCSRS
+ RD

1+jωCDRD
+Rb (1) 

where ZT is the total impedance, RPDMS is the resistance of the 
PDMS, RS is the resistance of the Stern layer, RD is the resistance 
of the diffuse layer, Rb is the bulk resistance, ω is the frequency 
of the applied signal, CPDMS is the capacitance of the PDMS layer, 
CS is the capacitance of the Stern layer, and CD is the capacitance 
of the diffuse layer.  

 

Figure 5: An equivalent circuit model for sine gating as a 
representative case.  PDMS, Stern, and diffuse layers were 
modeled as R/C circuits.   
 

Since the R and C values were assumed to stay constant for 
a given electrolyte concentration, the bulk resistance value for 
each concentration (found from the DC conductance data in 
Figure 2) was also held constant. The model shows RC time 

constants for the PDMS layer was ~97 s and diffuse layer was 

~0.02 s with all RC constants shown in Table 1.  Therefore, the 

gate voltage frequency can modulate diffuse layer ion 

distributions.  Moreover, the Stern layer modulation would 

require frequencies on the order of 100 kHz (based on RC time 

constants) so for the frequencies studied here, it would remain 

relatively in the steady state. The stability of the Stern layer 

throughout this process supports the claims this term can often be 

neglected when modeling similar systems. [17]   

 
Table 1: A summary of the time constants from the Equivalent 

Circuit Model.  Across three concentrations examined for each of 

the layers, the RC time constant was evaluated.  The PDMS time 

constant (RpdmsCpdms) remained constant with concentration 

change, the Stern Layer time constant (RsCs) remained constant 

with concentration change, and the diffuse layer time constant 

(RdCd) changed with concentration as the layer thickness was 

altered.  The model and data agree within 3% and is well within 
the experimental error.   

 
 

CONCLUSIONS 
An AC gated FEND was demonstrated with two applied 

waveforms over a range of frequencies (0.1 – 10 Hz). AC gated 
FENDs were shown to have a more than an order of magnitude 
higher of charge transfer than the equivalent DC system while in 
the surface charge governed regime.  An equivalent circuit model 
shows RC time constants for the PDMS layer was ~97 s and 
diffuse layer was ~0.02 s.  Therefore, the gate voltage frequency 
appear to modulate diffuse layer ion distributions based on the 
choice of gate frequencies used here.  Moreover, the Stern layer 
modulation would require frequencies on the order of 100 kHz 
and does not currently appear to be affected by our current gating 
platform.  
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