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ABSTRACT 
 

This study reports a comparison of the behavior of liquid-based memristor sensors when 
tested with different concentrations of liquid glucose. A thin film of titanium dioxide (TiO2) 
serves as the sensing layer and is prepared through a sol-gel process using a spin coating 
method. This TiO2 layer has been spin coated on three sensors with a spin speed of 2000, 
2500 and 3000 rpm respectively. A nine-well structure was patterned on the TiO2 layer for 
all three sensors.  Four different concentrations of liquid D-glucose 10, 20, 30, and 40 mM 
were tested on this sensor. These memristor sensors were characterized using a Keithley 
4200-SCS Semiconductor Characterization System for current-voltage (I-V) measurements. 
The experimental results show that the ROFF/RON (off-state resistance to on-state resistance 
ratio) increases as the glucose concentration increases in line with the increase in the spin 
speed of TiO2 sol-gel coating. The memristor sensor with the highest glucose concentration 
at the highest spin speed of 3000 rpm resulted in the highest ROFF/RON ratio of 2.25 and 
subsequently contributed to the highest sensitivity of 56.25 (mM) -1. In conclusion, increasing 
the spin speed of the TiO2 sol-gel coating will increase the ratio and thus increase the 
sensitivity of the sensor. 
 
Keywords: Liquid-based memristor sensor; ROFF/RON ratio; sol-gel spin coating 

 
 
1. INTRODUCTION  
 

The memristor was theoretically introduced as the fourth fundamental circuit element by Leon 
O. Chua in 1971 [1]. Memristor behavior is presented by a pinched hysteresis loop in two 
constitutive variables, current-voltage (I-V) [2]. In 2008, scientists at Hewlett Packard's lab 
succeeded in fabricating the first practical memristor device [3]. To date, numerous application 
areas have been explored by scientists to ascertain the potential areas for memristor applications.  
 
The largest memristor research is in memory applications. This is because memristors have the 
advantage of being non-volatile (retaining memory without power). In addition, there are other 
potential areas of investigation namely computing, neuromorphic [4], and sensing [5-8]. 
Memristor behavior is represented mathematically by the ROFF/RON ratio [9-10]. This ratio is 
available at different reading voltages. A good memory device has a high ROFF/RON ratio and vice 
versa. 
 
The ROFF/RON ratio is not only used in memory applications, but is also used in sensing 
applications to determine the sensing capability of memristor devices. This ratio is represented 
by the hysteresis loop area of the memristor. In sensing applications, a high ROFF/RON ratio will 
result in a high sensitivity sensor. The behavior of the memristor biosensor is examined by the 
voltage gap between the minimum current reached in the forward and backward branches of the 
I - V curve [5], [11–18]. 
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In this study, a liquid-based memristor sensor with a nine-well structure on a TiO2 layer is 
designed and fabricated to detect four different concentrations of liquid D-glucose of 10, 20, 30, 
and 40 mM. The function of the well structure is to allow a chemical reaction between liquid and 
sensing layer. A memristor sensor structure consisting of a thin layer of TiO2 is expected to create 
a chemical reaction with liquid D-glucose, C6H12O6. The hydroxide ion, OH- from glucose will react 
with oxide ion, O2- at TiO2 thin film surface and produce different behavior of memristor for 
different glucose concentration.  
 
The behavior of this sensor will be analyzed in terms of the hysteresis loop area determined by 
the ROFF/RON ratio. The values of RON and ROFF are obtained using the equation (1) and (2). The 
ratio will change when detecting a specific liquid because it depends on the composition and 
concentration of the liquid. Changes in this ratio will affect the sensitivity of the sensor. The 
sensitivity, S of a liquid-based memristor sensor can be calculated using equation (3). 
 

 𝑅𝑂𝑁 =
𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝐼𝑂𝑁
                                                                                                                             (1) 

 

𝑅𝑂𝐹𝐹 =
𝑅𝑒𝑎𝑑𝑖𝑛𝑔 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝐼𝑂𝐹𝐹
                                                                                                                                        (2) 

 

 𝑆 =

𝑅𝑂𝐹𝐹
𝑅𝑂𝑁

𝑟𝑎𝑡𝑖𝑜

𝐷−𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
                                                                                                                                  (3) 

     
Figure 1 shows the location of RON and ROFF in the I-V characteristic. The ROFF/RON ratio can be 
calculated on the loop area in a positive voltage sweep or the loop area in a negative voltage 
sweep. This study consider the switching behavior of the memristor as unipolar switching. In 
unipolar switching, the positive and negative voltage sweeps are at the same value where the 
memristor can be switched by applying voltages of the same or opposite polarity continuously. 
This means that the resistance value can change with the same pole voltage [19]. 
 

 
 

Figure 1. I-V characteristic of memristor [20]. 
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2. METHODOLOGY 
 
2.1 Mask Design 
 
Before starting the fabrication process, the masks need to be designed using AutoCAD software. 
FIGURE 2 shows all three masks (top view) that involve in fabricating a liquid-based memristor 
sensor. The 1st & 2nd masks are printed on a metal plate while 3rd mask is printed on a plastic 
mold.  
 

        
                                           (a) 1st mask                         (b) 2nd mask                           (c) 3rd mask 

 
Figure 2. Three masks were designed using AutoCAD (a) 1st mask (patterning the nine-well structure on 

the TiO2 layer) (b) 2nd mask (patterning the Aluminum layer) and (c) 3rd mask (patterning the PDMS 
layer). 

 

2.2 Fabrication 
 

The fabrication process begins by cutting Indium Tin Oxide (ITO) coated glass to a size of 50 mm 
x 30 mm using a glass cutter. ITO glass is used as a substrate for memristor sensors. The entire 
fabrication processes for the memristor sensor are recorded in Table 1. 
 

Table 1 Fabrication processes of liquid-based memristor sensor 
 

Step No. Process steps Time 

1 
 

Cleaning of ITO glass using ethanol followed by acetone and also 
deionized water in an ultrasonic bath 

30 minutes 

2 Spray drying the ITO glass using nitrogen gas 3 minutes 
3 Preparation of TiO2 sol-gel solution:  

(i) Mix and stir solution A (2.5 ml glacial acetic acid 99%, 1.5 ml titanium 
isopropoxide 97% and 23 ml absolute ethanol 99.8%) at a speed of 
1500 rpm 

(ii) Mix and stir solution B (3 drops Triton X-100, 0.2 ml deionized water 
and 23 ml absolute ethanol 99.8%) at a speed of 1500 rpm 

(iii) Mix and stir solution A and solution B at a speed of 1500 rpm 

 
1 ½ hour 

 
 

1 ½ hour 
 

1 ½ hour 
4 Deposition of TiO2 thin films on ITO glass using TiO2 sol-gel spin coating 

method at three different spin speeds: 
(i) 2000 rpm  
(ii) 2500 rpm 
(iii) 3000 rpm 

 
 

25 seconds 
25 seconds 
25 seconds 

5 Post-bake at 200°C in furnace 10 minutes 
6 TiO2 thin film etching using Reactive Ion Etch (RIE) machine with 1st 

mask (metal mask) to pattern nine-well structure with diameter of 3.0 
mm  

45 seconds 

7 Aluminum (Al) deposition on top of TiO2 layer using Physical Vapor 
Deposition (PVD) machine with 2nd mask (metal mask) to pattern Al 
contact 

6 minutes 
 

8 Preparation of polydimethylsiloxane (PDMS) as a liquid channel by:  
(i) mixing elastomer (10) & curing agent (1)  
(ii) baked in oven at temperature of 200°C  
(iii) PDMS patterning using 3rd mask (plastic mold) 

1 hour 
 

9 PDMS bonding on top of ITO glass using adhesive tape   
10 Post-bake at 200°C in oven 2 hours 
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A top view of a liquid-based memristor sensor with nine-well structure having a diameter of 3 
mm each is shown in Figure 3. Each layer of this sensor plays its own role. The TiO2 layer with the 
nine-well stucture serves as the sensing layer. While the Al contact serves as the upper electrode 
and the ITO glass as the lower electrode. The PDMS liquid channel serves to transport liquid and 
become a reaction chamber. 
 

 
 

Figure 3.  Top view of liquid-based memristor sensor. 

 
2.3 Characterization 
 
The Keithley 4200-SCS Semiconductor Characterization System is used to characterize memristor 
behavior in terms of current-voltage (I-V) characteristic curves. The voltage is swept from -5 V to 
0 V, 0 V to 5V and 5 V to -5V. The characterization of sensor was studied in two conditions, i.e. the 
sensor was tested without liquid glucose and the sensor was tested with four concentrations of 
liquid glucose, namely 10, 20, 30, and 40 mM. These four glucose concentrations were tested on 
three memristor sensors that had different spin speeds for the TiO2 sol-gel coating which were 
2000, 2500, and 3000 rpm respectively. 
 
 
3. RESULTS AND DISCUSSIONS 
 
The experimental and calculation results are divided into two main parts. The first part shows 
the experimental and calculation results for three memristor sensors with spin speed of TiO2 sol-
gel coating of 2000, 2500 and 3000 rpm respectively. These three sensors were tested without 
liquid glucose. 
 
Figure 4(a) shows the I–V characteristics of three memristor sensors (each of them has a different 
spin speed of TiO2 sol-gel coating of 2000, 2500 and 3000 rpm) tested without liquid glucose. This 
memristor sensor behaves the same as a normal memristor. However, small changes in current 
were observed in each voltage sweep from 0 to 5 V for all three sensors. As spin speed of TiO2 

coating is increased, the hysteresis loop area also increased due to the decrement of the thickness 
of TiO2 layer.  
 
The ROFF/RON ratio for five reading voltages of 1, 2, 3, 4 and 5 V are calculated and plotted in Figure 
4(b). This graph shows that the ratio increases as the spin speed increases. This ratios changes in 
descending order with increasing voltage for each spin speed.  
 
The linear graph in Figure 4(c) shows the relationship between ROFF/RON ratio and spin speed at 
a reading voltage of 2 V. The highest ratio value of 1.27 was recorded for a spin speed of 3000 
rpm followed by 1.19 recorded for a spin speed of 2500 rpm and 1.10 recorded for a spin speed 
of 2000 rpm. 
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                                               (a)                                                                                                       (b) 
 

 
(c) 

 
Figure 4. (a) I-V characteristics of memristor sensor with a different spin speed of TiO2 sol-gel (b) 

ROFF/RON ratio of memristor sensor for different spin speed of TiO2 sol-gel (c) ROFF/RON ratio of memristor 
sensor for different spin speed at reading voltage of 2 V. 

 
The second part shows the experimental and calculation results for three memristor sensors with 

spin speed of TiO2 sol-gel coating of 2000, 2500 and 3000 rpm respectively. These three sensors 
were tested with four liquid glucose concentrations of 10, 20, 30, and 40 mM. 
 

Figure 5(a) shows the I-V characteristics of memristor sensors with spin speed of TiO2 sol-gel 
coating of 2000 rpm tested with different concentration of liquid glucose.  It behaves like a normal 
memristor. Based on the graph, a small change in current was observed at each voltage sweep of 
0 to 5 V when different liquid glucose concentrations were tested. By increasing the concentration 
of liquid glucose, the area of the hysteresis loop will also increase. The 40 mM liquid concentration 
the largest hysteresis loop area, followed by 30 mM, 20 mM, and 10 mM. It was found that the 
area of the hysteresis loop will enlarge when the concentration of liquid glucose is increased.  
 
Figure 5(b) shows the calculated ROFF/RON ratio at five reading voltages of 1, 2, 3, 4 and 5 V for a 
spin speed of 2000 rpm TiO2 sol-gel coating. This graph shows the ratio is decreasing for reading 
voltages between 1 to 5 V. The highest ratio was recorded at a reading voltage of 1 V. The ratio 
increased as the  glucose concentration increased . 
 
The linear graph in Figure 5(c) shows the relationship between ROFF/RON ratio and glucose 
concentrations at reading voltage of 2 V. The highest ratio value of 1.40 is recorded for highest 
glucose concentration of 40 mM. Referring to the graph, the sensitivity, S of the memristor sensor 
can be calculated using equation (3) where it is equal to 35 (mM) -1. 

 
 



Bibi Nadia Taib, et al. / A Comparative Investigation on Liquid-Based Memristor Sensor for Glucose Detection 

346 
 

 

    
(a) (b) 

 

 
(c) 

 
Figure 5. (a)  I-V characteristics of memristor sensor with different glucose concentrations (b) ROFF/RON 
ratio of memristor sensor for different glucose concentrations (c) ROFF/RON ratio of memristor sensor for 

different glucose concentrations at reading voltage of 2 V. 

 
Figure 6(a) shows the I-V characteristics of memristor sensors with spin speed of TiO2 sol-gel 
coating of 2500 rpm tested with different concentration of liquid glucose.  It behaves like a normal 
memristor. Based on the graph, a small change in current was observed at each voltage sweep of 
0 to 5 V when different liquid glucose concentrations were tested. As the liquid glucose 
concentration is increased, the area of the hysteresis loop will also increase. The 40 mM liquid 
concentration the largest hysteresis loop area, followed by 30 mM, 20 mM and 10 mM. It was 
found that the area of the hysteresis loop will enlarge when the concentration of liquid glucose is 
increased.  
 
Figure 6(b) shows the calculated ROFF/RON ratio at five reading voltages of 1, 2, 3, 4 and 5 V for a 
spin speed of 2500 rpm TiO2 sol-gel coating. This graph shows the ratio is decreasing for reading 
voltages between 1 to 5 V. The highest ratio was recorded at a reading voltage of 1 V.  There are 
some ratio errors at reading voltages between 1 to 3 V for glucose concentrations of 10 mM and 
30 mM. The ratio for 10 mM should be smaller than 20mM followed by 30 mM and 40 mM.  
 
The linear graph in Figure 6(c) shows the relationship between ROFF/RON ratio and glucose 
concentrations at reading voltage of 2 V. The highest ratio value of 1.42 is recorded for highest 
glucose concentration of 40 mM. Referring to the graph, the sensitivity, S of the memristor sensor 
can be calculated using equation (3) where it is equal to 35.5 (mM) -1. 
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(a)                                                                                               (b) 

 

 
(c) 

 
Figure 6. (a)  I-V characteristics of memristor sensor with different glucose concentrations (b) ROFF/RON 
ratio of memristor sensor for different glucose concentrations (c) ROFF/RON ratio of memristor sensor for 

different glucose concentrations at reading voltage of 2 V. 

 

Figure 7(a) shows the I-V characteristics of memristor sensors with spin speed of TiO2 sol-gel 
coating of 3000 rpm tested with different concentration of liquid glucose.  It behaves like a normal 
memristor. The graph shows a small change in current was observed at each voltage sweep of 0 
to 5 V when different liquid glucose concentrations were tested. As the liquid glucose 
concentration is increased, the area of the hysteresis loop will also increase. The 40 mM liquid 
concentration the largest hysteresis loop area, followed by 30 mM, 20 mM and 10 mM. It was 
found that the area of the hysteresis loop will enlarge when the concentration of liquid glucose is 
increased.  
 
Figure 7(b) shows the calculated ROFF/RON ratio at five reading voltages of 1, 2, 3, 4 and 5 V for a 
spin speed of 3000 rpm TiO2 sol-gel coating. This graph shows the ratio is decreasing for reading 
voltages between 1 to 5 V. The highest ratio was recorded at a reading voltage of 1 V. The ratio 
also increased as the glucose concentration increased. 
 
The linear graph in Figure 7(c) shows the relationship between ROFF/RON ratio and glucose 
concentrations at reading voltage of 2 V. The highest ratio value of 2.25 is recorded for highest 
glucose concentration of 40 mM. Referring to the graph, the sensitivity, S of the memristor sensor 
can be calculated using equation (3) where it is equal to 56.25 (mM) -1. 
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(a)                                                                                                (b) 

 

 
(c) 

 
Figure 7.  (a) I-V characteristics of memristor sensor with different glucose concentrations (b) ROFF/RON 
ratio of memristor sensor for different glucose concentrations (c) ROFF/RON ratio of memristor sensor for 

different glucose concentrations at reading voltage of 2 V. 

 
 
4. CONCLUSION 
 
The liquid-based memristor sensor with a nine-well structure have been designed and fabricated. 
Each well structure built on the TiO2 layer has the same diameter of 3 mm. A large well diameter 
contributes to a high ROFF/RON ratio. The thickness of the TiO2 layer is different for the three 
sensors because it depends on the spin speed of the TiO2 sol-gel coating which is 2000, 2500 and 
3000 rpm respectively. Four glucose concentrations of 10, 20, 30, and 40 mM were prepared and 
tested on the three memristor sensors that having different TiO2 thicknesses. The presence of 
liquid glucose, which is a hydroxide-based liquid also contributes to the change in the ROFF/RON 
ratio. It can be concluded that there is a reaction between oxide ion, O2- in TiO2 layer and 
hydroxide ion, OH-  in liquid glucose. As the liquid glucose concentration increased, the ratio 
increased. The sensitivity of memristor sensor is directly proportional to the ratio. With the 
highest spin speed of 3000 rpm, the memristor sensor will have the highest ratio and in turn 
contributes to the high sensitivity of the sensor. 
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