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ABSTRACT

This paper presents a stimulus-response method for surface potential sensing of silicon nanowire
field-effect transistors (Si-NW FETs). When an ‘ion-step’ from low to high ionic strength is given as
stimulus to the surface, a change of current through the Si-NWs is measured. When the surface potential
is changed from negative for a bare SiO, surface to neutral/positive when there is poly-L-lysine
adsorption, this change is measured by a change in current variation at the ion-step.
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INTRODUCTION

Silicon nanowire (Si-NWs) are used widely as field-effect transistors for application of pH sensing[1],
flow velocity sensing[2], biosensing[3] and so on. The sensing mechanism is based on the conductivity
change of the NW due to a surface potential modulation on the gate oxide, which can result from pH
changes, streaming potential changes or charged biomolecule binding. Surface potential ¢, is linearly re-
lated to surface charge density as o = Cq¢,, With Cy the double layer capacitance which is constant at
constant ionic strength. Steady-state measurements of the Si-NW surface potential are quite sensitive to
drift, decreasing the sensitivity. Stimulus-response measurements on the other hand make the measure-
ment less sensitive to baseline drift, as the system response to an actuation step is measured.

THEORY

A stimulus-response method to measure the surface potential of ion-selective FETs was introduced in
1990[4,5], namely by performing a transient ionic strength change (‘ion step’). An ‘ion-step’ from low to
high ionic strength gives a sudden increase of Cg, which causes a drop in ¢, that is linearly proportional
to o. At Nernstian surfaces, ¢, then returns to its original value due to a subsequent increase in o. At sub-
Nernstian surfaces, a steady-state ¢, decrease remains. In this paper, we demonstrate that the latter new
variant of the ion-step method can be applied to nanowire sensing. As proof of principle we demonstrate
the measurement of poly-L-lysine adsorption to the Si-NW.

EXPERIMENTAL

Si-NW arrays with height of ~100 nm are fabricated as previously reported[6]. One Si-NW array has
either 100 (length 50 pm)or 200 NWs (length 100 um). Details on sample delivery and lab-on-a-chip
(LOC) system can be found in [7]. Si-NW chips are cleaned with acetone and IPA, then treated with
UV/ozone (UV/Ozone ProCleaner Plus, Bioforce nanoscience) for 5 min. PDMS microfluidic chips with
microchannels of 200 um width and 50 um height are used to deliver solutions. An Ag/AgCl wire is in-
serted into the microchannel as reference electrode for controlling the solution potential, and therefore
the CI" concentration for the salt solution is kept constant during all the measurements. poly-L-lysine
(PLL) coating is realized by immersing the chip in 0.2 mg/ml PLL solution in 5 mM PBS 10 mM NacCl
solution at pH 7.0 for 2 h. Then the chip is washed with PBS solution and DI water, then dried with N,
flow. Figures 1 (a) and (b) show the schematic diagram and microscope image of Si-NW LOC system,
respectively. An ion-step from 10 mM K* (10 mM KCI + 1 mM buffer) to 50 mM K* (10 mM KCI + 40
mM KNO; + 1 mM buffer) is applied to the sensor. The buffer used is a mixture of citric acid and Tris.
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Figure 1: (a) Schematic and (b) microscope image of the Si-NW LOC. The inset on (b)“shows igh resolution
scanning electron microscope image of Si-NW sensing array in a sensing window.

Samples are delivered by pressure source (MFCS-8C, Fluigent) and the solution switch is realized with
an injection valve (Cheminert nanovolume 10-port valve, Valco Instruments Co. Inc.). A flow speed of
24 mm/sec is estimated. A driven ac voltage of 10 mV is applied to the Si-NW array at frequency of 30
Hz by a lock-in-amplifier (SR 830, Stanford Research Systems).

RESULTS AND DISCUSSION

The ion step response for a SiO, gate oxide at different pH values is shown in Fig. 2, expressed as a
change of the current through the wires. Due to the negative charge of the oxide surface, a reduction of
surface potential ¢, when increasing the salt concentration reduces the current in the Si-NW sensor. The
current change increases from pH5 to 9 due to the increase of surface potential in negative direction.
However, unexpectedly we observe a strong change at pH 3.2 even when we stabilize the surface in that
solution for over 1 h before the measurements. Here more investigation is needed.

Figure 3(a) shows the pH response A¢ with and without PLL coating, expressed as the surface
potential change with respect to the value at pH4.0. We see that A¢ becomes linearized with pH change
due to the introduction of amine groups at the surface. Figure 3(b) demonstrates the feasibility of the ion-
step approach, showing ion-step measurements before and after incubation of Si-NWs with PLL. A
reduction of the ion-step response from 2nA to almost zero at pH 5.0 is observed, which corresponds to
A ~12 mV. We interpret this reduction as the result of the reduction of the surface potential of the gate
surface from strongly negative to neutral at pH 5.0 due to the electrostatic adsorption of PLL (positively
charged below pH 9.0) on the oxide surface. This method can be used for applications such as biosensing.
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Figure 2: lon-step response of a SiO, NW surface at different pH.
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Figure 3: (a) pH responses of Si-NWs with bare SiO, gate or PLL coating. (b) lon-step responses of a bare SiO,
surface (black) and of a SiO, surface with adsorbed PLL (red) at pH 5.0, indicating the sensing of PLL adsorption.

CONCLUSIONS

We demonstrated that the surface potential change due to PLL adsorption to Si-NWs can be meas-
ured with the ion-step method. By increasing the ionic strength from 10 mM to 50 mM, a current reduc-
tion is observed for a negatively charged surface while after PLL adsorption, due to the reduction of the
surface potential, the current change reduces to almost zero. This stimulus-response method can be used
as an alternative method for surface potential sensing with less sensitivity to baseline drift.
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