
  

Proceedings 2018, 2, 926; doi:10.3390/proceedings2130926 www.mdpi.com/journal/proceedings 

Proceedings 

Displacement Sensor with Inherent Read-Out Circuit 
Using Water-Gated Field Effect Transistor (WG-FET) † 
Ozan Ertop *, Bedri Gurkan Sonmez and Senol Mutlu 

Dept. of Electrical & Electronics Eng., Bogazici University, 34342 Istanbul, Turkey; 
gurkan.sonmez@boun.edu.tr (B.G.S.); senol.mutlu@boun.edu.tr (S.M.) 
* Correspondence: ozan.ertop@boun.edu.tr; Tel.: +90-212-359-7792 
† Presented at the Eurosensors 2018 Conference, Graz, Austria, 9–12 September 2018. 

Published: 26 November 2018 

Abstract: This paper presents, for the first time, a displacement sensor with inherent read-out circuit 
using an inverter built with WG-FET that has 16-nm-thick single crystalline silicon film. In WG-FET, 
electrical double layer (EDL) capacitances are formed at water/silicon and water/top gate interfaces. 
These two capacitances and the resistance of the de-ionized (DI) water droplet build a first order RC 
network. Propagation delay of an inverter built with WG-FET depends on this RC constant. When 
the distance between top gate and silicon film changes, EDL capacitances remain the same, but 
resistance of the DI-water droplet changes. Accordingly, propagation delay of the inverter changes 
linearly with this distance. Increasing the distance from 400 µm to 1200 µm changes low-to-high 
propagation delay tplh of the inverter from 1.08 ms to 1.36 ms and high-to-low propagation delay 
tphl from 0.48 ms to 0.56 ms, which yields sensitivities of 0.35 µs/µm and 0.1 µs/µm, respectively. 
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1. Introduction 

Water-gated field effect transistors (WG-FET) that use 16-nm-thick single crystalline silicon film 
as active layer have a high potential in chemical and biological sensors because of their liquid-solid 
interfaces and capability to form integrated read-out circuit [1–4]. In WG-FET, EDL capacitance at 
water/silicon interface is used as gate insulator, which allows easy and low-cost fabrication of a low 
voltage device with high channel control. In addition, EDL capacitances on both interfaces are 
independent of the distance between top gate and silicon layer, which simplifies the read-out process. 
Dependence of the DI-water resistance on the distance between top gate and silicon film makes the 
RC time constant of the inverter built with WG-FET sensitive to displacements. Since capacitances 
remain the same while only the resistance changes, the sensor response becomes approximately 
linear. 

A strain sensor [5] and a tactile sensor [6] have been shown before to give information about 
change in displacement by measuring resistance of liquid passively. However, since passive liquid 
resistance measurements involve EDL capacitances on electrodes and parasitic capacitances of wires 
and connectors, sensitive measurements become challenging. On-site active measurement with 
integrated read-out circuit can buffer and amplify electrical signal, solving problems of noise and 
parasitics. In this work, an active displacement sensor with inherent read-out circuit is demonstrated 
using a WG-FET for the first time. The WG-FET with 16-nm-thick silicon film as shown in Figure 1 is 
used to build a digital inverter gate. 
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Figure 1. WG-FET with adjustable top gate electrode gap. 

2. Materials and Methods 

The fabrication steps of the WG-FET were reported before [4]. The inverter configuration using 
a WG-FET and a pull-down resistor is given in Figure 2a. In this WG-FET, DI-water droplet resistance 
and EDL capacitances on silicon and top gate surfaces compose an RC network. The equation of the 
resistance is given as 

 
(1) 

where Rw is the resistance of the DI-water droplet, is the resistivity of DI-water, d is the distance 
between Si layer and top gate and A is the area of the active Si layer and top gate surface. Simplified 
equations of the EDL capacitances can be given as 

 
(2) 

where C1 is the EDL capacitance on top gate surface, C2 is the EDL capacitance on Si layer surface, ε is 
the permittivity of DI-water and λ is the double layer thickness. 

(a) (b) (c) 

Figure 2. (a) Inverter circuit; (b) Inverter equivalent circuit when WG-FET is on; (c) Inverter equivalent 
circuit when WG-FET is off. 

When WG-FET is turned on, the voltage across its source and drain becomes approximately 
zero. This condition leads to the equivalent circuit shown in Figure 2b. In this equivalent circuit, 
equation of the low-to-high propagation delay, tplh, can be expressed as 

2 2
w

plh
R C dt ρε

λ
≈ ≈  (3) 

However, when WG-FET is turned off, a voltage drop close to the voltage level supplied by 
power supply appears across its active channel. Therefore, its off-resistance Roff and gate capacitance 
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C2 must be modeled as a distributed network as shown in Figure 2c. The equivalent capacitance C2eq in 
this distributed network can be approximated as 

 
(4) 

which gives the equation of the high-to-low propagation delay as 

7 7
w

phl
R C dt ρε

λ
≈ ≈  (5) 

Since resistivity and permittivity of DI-water and double layer thickness are constant, 
propagation delays change linearly with displacement, d. 

WG-FET with top gate electrode and adjustable gap is prepared with the help of a 
micromanipulator as shown in Figure 3. An aluminum plate is shaped as parallel plate and connected 
to the micromanipulator. DI-water droplet is placed between the silicon surface and this plate. An 
inverter circuit is built by connecting an external pull-down resistor to this device. This way, a linear 
displacement sensor with inherent read-out circuit is formed. 

 
Figure 3. WG-FET under test with a parallel plate top gate electrode with adjustable gap. 

3. Results and Discussion 

Characteristic IDS-VDS curves of the WG-FET are presented in Figure 4a, which show the typical 
characteristics of the WG-FET. A maximum current of 500 µA and an on-off ratio of 86,000 A/A are 
obtained, where the maximum applied voltage is kept at 1 V. This transistor is used in the inverter 
configuration. Voltage transfer curve (VTC) of the inverter is shown in Figure 4b, which displays a 
rail-to-rail response with a typical gain of 6.7 V/V. 

  
(a) (b) 

Figure 4. (a) IDS vs. VDS curves of WG-FET; (b) Voltage transfer curve of inverter. 
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For characterization of the displacement sensor, a square wave with 100 Hz frequency and 1 V 
peak-to-peak voltage is applied as input. Output voltages are observed for different distances. As an 
example, input and output voltage-time graphs are given for 1000 µm distance between silicon layer 
and top gate electrode in Figure 5a, which also shows the propagation delays. For each distance, 
propagation delays tplh and tphl are extracted from the voltage-time curves and plotted in Figure 6b 
with their linear approximations. When the distance between top gate and silicon layer is increased 
from 400 µm to 1200 µm, low-to-high propagation delay tplh of the inverter increases from 1.08 ms to 
1.36 ms, yielding a sensitivity of 0.35 µs/µm; whereas high-to-low propagation delay tphl increases 
from 0.48 ms to 0.56 ms, resulting a sensitivity of 0.1 µs/µm. 

These results agree with the theoretical assumption that propagation delays change linearly with 
the distance. Also, as proposed by the Equations (3) and (5), low-to-high propagation delay is 3.5. 
times higher than high-to-low propagation delay. 

  
(a) (b) 

Figure 5. (a) VIN and VOUT vs. time curves of inverter for 1000 µm distance; (b) tphl and tplh vs. distance 
curves and their linear approximations. 

4. Conclusions 

It is concluded that changing the distance between top gate and silicon layer of a WG-FET 
changes the RC time constant linearly since this changes the resistance of the DI-water while keeping 
the EDL capacitances on both surfaces constant. Therefore, an active displacement sensor with 
inherent read-out circuit can be realized using WG-FETs. This can be in the form of a digital inverter 
gate measuring propagation delay as in this work. Similarly, WG-FETs can be used in analog circuit 
configurations such as common-source or differential amplifiers to measure displacement. 
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