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1. INTRODUCTION 

Field effect fluidic devices as shown in Figure 1 
were introduced in [1] to control electro-osmotic 
flow (EOF) in microfluidic channels through 
electrical modulation of the channel Zeta-potential.  
In these devices, the drain and source electrical 
contacts to fluids inside the channel were 
accomplished by using exposed electrodes, and the 
control gate electrode was isolated from the 
channel fluids by a thin insulator film [2,3]. To 
pump fluids with EOF in a given direction, the 
drain-source electrodes are used to apply a 
potential difference along the channel (VDC) while 
the Zeta potential is modulated by gate voltage 
(VGS). When VDS becomes large, electrolysis occurs 
in the drain/source electrodes and bubbles form. 

To prevent bubble formation VDS and VGS are 
switched from large positive values to negative 
values or sinusoidally varied. The reversal of EOF 
due to reversal of VDS is cancelled when VGS is 
switched with the same frequency and phase thus 
maintaining the same EOF direction.  
 In this paper we propose to use flowFETs as 
ion-sensitive and selective sensors by noting that 
different ions in the channel have different charges 
and mobility. Thus, we explore the DC component 
of the drain-source current IDS to detect and 
quantify ions and their concentrations in the 
channel as illustrated in Figure 2 below. The drain-
source contacts can be readily used to perform 
cyclic voltametry, differential pulse voltametry (I-
V), potentiometry (V at I~0), amperometry (I at 
V~0), chrono-amperometery (I-t at a fixed V), and 
other variations of these techniques.  
 A gate electrode with narrow channels at the 
gate region is used to modulate the ionic 
concentrations near the source contact (the drain 
contact is connected to the fluid reservoir while the 
source contact is separated by the gate region. If 
the channel width is in the order of a few Debye 
screening lengths, the gate voltage effectively 
modulates the channel ionic charge content and the 
electrical resistance of the channel. For example, a 
negative gate voltage attracts positive charges in 
the channel and immobilizes (although not 
completely) these charges near the gate region 
while a positive gate voltage attracts negative 
charges. 
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Fig. 1.  Basic flowFET structure. The direction of the EOF is 
controlled by the gate electrode voltage. 
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 The effect of this gate-tunable resistance is to 
limit the overall source electrode current. When 
this gate-tunable resistance is connected in series 
with the oxidation-reduction source electrode, the 
device IDS-VDS characteristic displays an ion-
specific and gate-dependent peak characteristic. 
This peak can be utilized for identification of ionic 
species and ionic concentration. 

2. DEVICE CONSTRUCTION 

Figure 3 shows the flowFET used in our studies. 
Its fabrication process and operation characteristics 
are given in [2]. The device has a 20-µm high, 
200-µm wide main channel. The gate electrode 
was formed by electroplating nickel through a 20-
µm thick photoresist mold. The mold had 10 
openings, 10-µm wide, 100-µm long, separated by 
10-µm. The structure was over electroplated so 
that grown pillars with mushroom structures 
forming closed channels forming 20-µm high, 10-
µm wide 10 parallel channels. The electroplated 
channel array structure is conformally coated with 
0.5-µm thick parylene [2]. The measured gate 
capacitance was around 2 pF at 100 kHz. 

3. ION SENSING WITH FLOWFETs 

FlowFETs have symmetric drain-source regions, 
but in our devices the drain contact is closer to the 
fluidic input channel while the source contact is 
near the discharge end. Thus, the physical flow 
when the sample is first introduced in the device is 
from the drain to the source.  
 The IDS is next monitored as a function of VDS
at different VGS. At DC and low frequencies, IDS is 
determined by two limiting mechanisms: (1) 
electron transfer between drain/source electrodes 
and the ions in the channel and (2) ion migration 
from drain to source. Charge transfer between 
electrodes and ions depends on the 

Figure 2: (left) principle of ion-selective conductivity modulation by gate voltage in a narrow channel which acts as a 
“tunable” sieve. For this effect to be observable, the height of the modulated channel region must be in the order of the Debye
length. (right) The gate tunable sieve decreases the supply of free ions at the source hence yielding a peak in the ionic drain
current. 

Fig. 3.  FlowFET device used for the experiments. 
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oxidation/reduction potentials, and it is voltage 
dependent. However currents generated by ion 
migration are essentially Ohmic at low gate 
voltages and may exhibit saturation behavior 
(similar to MOSFET [4]) when the channel is 
pinched-off. An imbalance between these two 
currents can cause depletion or accumulation of 
ions at the electrodes as shown in Figure 2a. 
 In our devices the oxidation/reduction process 
at the drain electrode does not deplete the ions in 
the vicinity of the drain electrode because the 
external fluid reservoir is near the drain contact 
which supplies an unlimited amount of ions. 
However, near the source electrode, the 
oxidation/reduction process depletes the ions 
owing to the very small volume of the fluids near 
the source junction. The gate electrode controls the 
rate at which the ions can be replenished near the 
source contact. Thus, the gate voltage can be 
viewed as a parameter that controls the effective 
volume near the source contact.  

The IDS-VDS measurements in the microfluidic 
channel exhibit classical oxidation-reduction peaks 
that are routinely observed in cyclic voltametry as 
shown in Fig. 4. The total current is composed of 
anodic and cathodic currents. For reversible 
oxidation/reduction couples, the peak current (IDSP)
is given by [3]:

2/12/12/351068.2 vCADnxI oxDSP =               (1) 
 where n is the number of electrons transferred 
from the electrode to the ions and is equal to zi for 
the ith ion in the solution, A is the electrode area, D
is the diffusion coefficient, Cox is the concentration 
of the oxidized (positively charged ions) specie, 
and v is the volume. In principle a different peak 
can occur corresponding to the reduction of 
different positively ionized species in the solution. 
The reverse process of electron transfer from the 
reduced species to the electrode (oxidation 
process) also occurs when the voltage is reversed. 
In the reversible process the negative peak 
corresponding to the oxidation process is just 
negative of the above equation. The voltage at 
which the peak current occurs (VDSP) is [3]:  

n
EVDSP

056.00 +=                             (2) 

where E0 is the standard electrode potential, also 
called standard half-cell potential, that is measured 

against a hydrogen electrode ( 00 =HE ). E0 for 
different metals are tabulated and can be found in 
standard reference sources. and n is the number of 
electrons exchanged between the electrode and the 
ions as in eq. 1.  

4. EXPERIMENTS 

 For the experiments the flowFETs were tested 
using an Agilent 4145b semiconductor parameter 
analyzer. Figure 4 shows the IDS-VDS of the 
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(b) 
Fig. 4: IDS versus VDS plots of the sensor with different fluids. 
The gate capacitance was 2pF and the gate voltage was 
varied between -5V to +5V with 2.5V steps.  IDS-VDS
performed with (a) 10-4 mole/L AgNO3, and (b) with 50% 10-

4 mole/L NaCl+ 50% and 10-4 mole/L CuSO4.  Note that for 
(b) the Cu++ current is much higher than that for the 
electrolysis peak. The drain-source contact to the fluid is 
slightly asymmetric giving rise to the asymmetry in the IDS-
VDS. Addition of the ions causes additional contributions to 
IDS that depends both on the drain and gate voltages.  
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flowFET with different concentrations of CuSO4
and AgNO3.  The de-ionized water (DI) undergoes 
electrolyses around +2 volts as evidenced by the 
small peak at 2 V. Although the drain-source 
contacts have the same area and are symmetric, the 
microchannel on the drain side is directly 
connected to the fluid reservoir. This asymmetry 
limits the ionic concentration near the source 
contact giving rise the peak in the current at +2V. 
At -2V, however, ions are readily replenished from 
the nearby reservoir and instead of showing a peak, 
the current increases exponentially.  
 Figure 4a shows the effect of AgNO3 (10-4

mol/L) on the IDS-VDS measurements. There are 
two peaks in the IDS-VDS curve shown performed at 
VGS=-5V. It appears that when the VGS is negative, 
it prevents the negative ions (in this case NO3

-)
from flowing to the source region. Thus, the 
injection of electrons from the source contact into 
the channel electrolytes efficiently reduces the 
positive ions (Ag+ + e- => Ag0). Since the negative 
gate voltage also attracts the positive ions to the 
gate, the concentration of positive ions near the 
source contact is very limited giving rise to the 
peak in the IDS. Finally, to clearly demonstrate the 
“selectivity” of the device, we used 10-4 mol/L 
CuSO4 and 10-4 mol/L NaCl. Fig. 4b shows the 
two clearly defined peaks in the IDS-VDS curves that 
were measured at VGS=-5V and at VGS=-2.5 V. The 
role of the gate-source voltage in this experiment 
can be viewed as programming the permeability of 
the gate region to different ions in the channel  
 It is important to note that all the redox 
potentials discussed above are affected by the 
channel resistances due to the absence of a 
reference electrode. The channel resistance is 
primarily determined by the dimensions and the 
structure of the channel under the gate region, 
ionic concentration and the gate potential. Thus, 
the redox potentials should be viewed as 
approximate values. 

5. CONCLUSIONS 

We showed for the first time that flowFETs can be 
used as ion-selective sensors.  In DC mode 
sensing, two peaks in IDS-VDS were observed that 
correspond to H+ and Cu++ ionic content of the 
channel fluid. The narrow-channel gate region acts 

as a programmable membrane with “tunable” 
transport characteristics that can be altered using 
the gate voltage.  
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