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Abstract 

Water quality test is the first step for cleaning water which is a fundamental element for 

human health and the environment. The objective of this research is to develop very 

small, cheap, fast, accurate sensors to detect pollutants including phosphate, nitrate, 

mercury, and chloride in waters. This is a new testing and analysis technique, which can 

provide accurate sensing capability to assess the cleanness of waters at a very low cost. 

The proposed new technology is to manufacture graphene based sensors using the micro-

manufacturing. Graphene is a monolayer of carbon atoms with outstanding electrical 

properties well studied material for a decade by many research groups. Since graphene 

sensitively responds to molecules in liquids, this property will enable the tiny sensors to 

detect pollutants in water with very high sensitivity and super short response time to 

pollutants. Even though graphene responds to the surroundings, it does not have the 

selectivity to the specific target. In this research, the selective membranes are synthesized 

and applied to the graphene based sensors to detect the target ions such as nitrate, 

phosphate, chloride, and mercury. The selective membranes are prepared with two 

different key materials including molecular imprinted polymer and ionophore. The sensor 

is characterized by a semiconductor analyzer, and the sensors are tested with several ion 

solutions to verify their selectivity. The detection limits of the sensor are 0.82, 0.26, 0.87 

mg/L and 1.125 µg/L  for nitrate, phosphate, chloride and mercury, selectively. In 

addition, the detection limit of nitrate is enhanced to 0.32 mg/L using the AAO substrate.  



 

 

 iii 

 

Here, this research also includes developing perovskite solar cells as the power source of 

the sensors. Since solar energy is clean and independent, it is one of the important 

renewable energy resources. Silicon solar cells have already been commercialized and 

used to generate electricity in various fields because solar cells can directly generate 

electricity from photons, and they do not cause a problem to our environment as well. 

Among several types of solar cells, the perovskite solar cells have been studied by many 

research groups owing to low-cost fabrication, low fabrication temperature and high 

efficiency. This research includes the preparation of the materials and fabrication of 

flexible perovskite solar cells. We also characterize the surface morphology of the 

perovskite to check the grain size by atomic force microscopy (AFM) and scanning 

electron microscopy (SEM). The efficiency of solar cells is measured by the solar 

simulator. We study the relationship between the grain size and the CVD process time 

and successfully demonstrate the performance of devices. The flexible solar cells show 

the power conversion efficiency of 7.6 % under the AM 1.5 G. As extended research, we 

have tried to find the proper hole transport layer (HTL) for the device and applied two 

HTLs, including PEDOT:PSS and PTAA to the devices. 
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CHAPTER 1 

INTRODUCTION  

1.1 Motivation and Background 

Colorimetric detection is one of the widely used current techniques for water quality 

analysis, which determines the concentration of a target chemical element [1]. The 

colorimetric method can be used for organic and inorganic compounds. For example, the 

detection range of nitrate ranges from 1 to 15 ppm with a sensitivity of 1 ppm. It is useful 

where rough estimation is acceptable and direct monitoring is not necessary. The 

colorimetric method requires the equipment, a colorimeter, to detect the color difference 

between samples. This method also requires several time-consuming steps to prepare the 

samples. For these reasons, it is difficult to expect accurate and fast results with this 

technique. 

Another current approach for water quality analysis uses an ion selective electrode (ISE), 

which can convert the ion activity in the water into electrical signals [2]. The ISE requires 

multiple types of membranes for different target ions. The type of membranes includes a 

compound electrode, solid state, liquid based and glass. Among those, the glass 

membrane shows an excellent selectivity, but it is only limited to few cations such as 

Na+, Ag+ and H+. Although the ISE is more selective than the colorimetric method, it still 

has some disadvantages to be a part of the online water monitoring system. For example, 

the sensor probe is very fragile and difficult to handle. For this reason, the ISE requires a 

high maintenance fee. Another disadvantage is that the accuracy of the electrodes is 
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affected by high concentrations of chloride or bicarbonate ions in the sample water.  

Fluctuating pH levels can also easily alter the results. To solve those problems, we 

suggest the ion sensitive field effect transistor using graphene and ion selective 

membrane.  

Graphene is a single layer of graphite that has a two-dimensional (2D) honeycomb 

structure. It can be distinct depending on the structure. When it is stacked into 3D, it is 

graphite.  It also can be rolled into 1D which is a carbon nanotube. Although it was 

initially observed by electron microscopes in 1962, Graphene had been rediscovered by 

Geim and Novoselov in 2014. In the paper, they reported the isolation and properties of 

Graphene. They won the Nobel Prize in Physic in 2010 with the groundbreaking 

experiments regarding the two-dimensional material graphene [3]. By discovering the 

novel material, many research groups started to investigate the material and the 

applications for a decade. Therefore, the global graphene market has been increasing and 

is expected to keep increasing within the semiconductors, electronics, and energy fields 

[4-6]. 

In the single layer of graphite, the carbon atoms are bonded by sp2 bonds which cause the 

honeycomb structure. The strong bond makes graphene not only mechanically strong but 

also chemically inert [7]. It is about 100 times stronger than steel because of chemical 

bonds [8]. It is also quite stable under harsh conditions. These mechanical and chemical 

properties make graphene more useful for several applications [9-11]. Among several 
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properties, the most important property of graphene is electrical properties for sensor 

applications [12]. 

Graphene has both properties of conductor and semiconductors [13]. While the valence 

and conduction bands are overlapped in the conductive materials, the semiconductor has 

a gap between the conduction and valence bands. Graphene is an excellent conductivity, 

but it is not a metal. It is categorized as a semiconductor because of its a zero-gap. The 

conduction and valence bands are not overlapped, but they meet at the Fermi level [14]. 

Each carbon atom in the honeycomb structure has 6 electrons. Two electrons are in the 

inner orbital and four electrons are in the outer orbital. Among the 4 electrons in an outer 

orbital, only 3 electrons are connected to near three other carbons. The left one electron 

can freely move in a three-dimensional plane which makes graphene highly conductive. 

The free electrons are called pi electrons which are presented upper and lower in the 

layer. These pi orbitals in each carbon are overlapped and have bonding and antibonding 

orbitals which are the valence and conduction band, respectively. The cone shaped 6 

overlapped orbitals have a Fermi energy at the intersections where the effective mass of 

electrons is zero. It causes the new transport mechanism in graphene which is totally 

different from metals. The charge carriers in graphene can be ballistically moved over the 

2D material. As a result, it has a lower resistivity (10-6 Ω·cm) than metals at room 

temperature [15]. Since the electrical conductivity (Fermi level) of graphene can be 

changed by doping with holes or electrons, there have been a lot of trials for applications 

[16]. 
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Graphene was discovered by an exfoliation method with scotch tape. It is hard to get a 

large scale of monolayer graphene with the method. A lot of research groups have been 

used the chemical vapor deposition (CVD) method to synthesize the large size graphene 

[17]. In general, Ni film and Cu film are used in the CVD process because these metal 

films can absorb the carbon source (methane gas) in the surface and form the thin layer 

graphene sheet. The synthesis process is conducted under high temperature (1000 °C). 

The synthesized graphene needs to be transferred to the target substrate. Traditionally, 

PMMA has been used in the transfer process [18]. Although the PMMA method is a 

stable transfer method, it is difficult to transfer graphene to a specific location in the 

target substrate. Another transfer method is using a thermal release tape in the transfer 

process [19]. Handling graphene is much easier with the thermal release tape during the 

transfer process.  

While graphene is an extremely sensitive material to the surroundings, it doesn’t have a 

selectivity [20]. Therefore, the selective membrane is a crucial factor for the graphene 

based sensors to detect specific ions in water. Two different types of selective membranes 

are introduced and used in work. The first type is using ionophore based selective 

membrane. Since there are several commercialized ionophores, it can be used for the 

fabrication of the membrane solution. Ionophore can recognize a specific ion and bind the 

ion [21]. The bonded ion can also be released depending on the surrounded condition. 

The second type of selective membrane is based on a Molecularly Imprinted Polymer 

(MIP) which is using the molecular imprinting technique [22]. In the MIP, the template 
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molecule leaves cavities in the polymer matrix to give affinity to the polymer. Once the 

polymer has an affinity for the specific molecule, it can be used in the graphene based 

sensor for the selectivity. In this work, ionophore based selective membranes are used for 

nitrate, chloride and mercury detection. MIP based selective membrane is used for 

phosphate detection.  

A voltage should be applied to the electrodes during the measurement and the sensor 

measurement system also needs a power source to be operated. Therefore, developing a 

power source is an important topic for the sensor system. A solar cell is one of the best 

candidates for the power source because of its cleanness, independence and low price 

[23]. For the power source in the sensor system, a perovskite solar cell can be used 

because of high efficiency and low cost. The perovskite has an ABX3 crystal structure. A 

is an organic cation (methylammonium or formamidinium) and B is a big inorganic 

cation (Pb2
+). X3 is a halogen anion (chloride or iodide) [24]. Since the material has an 

optical bandgap (1.48 ~ 2.3 eV), it can generate an electron-hole pair from the visible 

light [25]. In this work, the perovskite film is fabricated by the CVD process and the 

processing time is controlled to get a perovskite film which has a large grain size [26]. 

The perovskite films are synthesized on the flexible substrate to fabricate flexible solar 

cells.  

1.2 Objectives of Research 

The first object is developing tiny sensors with graphene, which is very tiny, cheap, fast, 

accurate, sensitive, and durable for monitoring pollutants in waters. Each sensor will be 
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designed and fabricated for measuring phosphate, nitrate, mercury, and chlorine in 

waters. The size of a sensor will be as small as a dime. The sensor system including the 

sensors will be decreased at least 10,000 times compared to the current existing 

equipment. We can also expect at least 1,000 times cheaper devices than the bulky 

machine currently used for water quality detection. I propose a new type of sensor that is 

accurate, cheap and fast to exchange the current sensor system. Graphene is going to be 

used as a sensing material in our sensors. Graphene exhibits the following excellent 

characteristics: first, it is easily applied with current microfabrication technology. 

Second, it shows high sensitivity due to exposure of species to every single carbon atom. 

Third, it also shows a low electrical noise level. Last, it can be integrated into tiny 

sensors. I believe that graphene sensors solve major problems with the current sensors for 

environmental protection due to its high performance. 

The second object is a search and synthesis of the proper selective membranes. Although 

the graphene sensor has high sensitivity, the graphene doesn’t have a selectivity. 

Therefore, graphene based sensor needs selectivity. The selective membranes will be 

synthesized using ionophore or MIP for specific ions. Once the selective membranes are 

successfully synthesized, the membrane will be applied to the sensing area in the sensors. 

The membrane applied sensors are characterized by two different methods which are 

resistance change and FET properties. The demonstration of the mechanism is also an 

objective in this research.  



 

 

 7 

 

The last aim is to fabricate the flexible perovskite solar cells that can be used in the water 

monitoring system as a power source. Since solar power is clean and independent, it has 

been applied to several applications. The perovskite solar cells have a lot of advantages 

such as high efficiency, low cost, broad absorption range of light, long carrier lifetime, 

and simple structure. Especially, it can be synthesized to the flexible substrates. For these 

reasons, the perovskite solar cell can be a great candidate for the power source in the 

sensor system. The proposed technology will make great impacts on environmental 

protection and human health safety due to its clean and low-cost analysis method for 

water analysis. 

1.3 Methodology 

Graphene is used as a sensing material in IS-FET of Graphene’s properties include 

applicability to microfabrication technology, high sensitivity, long-term stability, and fast 

response [27]. Figure 1.1 (a) shows the schematic diagram for the structure of the IS-FET 

and the circuit [28]. The ion selective membrane is coated on graphene surface for 

detecting target pollutants selectively. Since the selective membrane protects the 

graphene surface, the sensing components can survive a long time without failure. For the 

test of the devices, the voltage between drain and source is fixed and the reference 

voltage is swiped. As a result, we can get the transfer curve of IS-FET which displays 

Dirac point of graphene. 
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Figure 1.1 (a) Schematic of the graphene based IS-FET (b) Images of the fabricated sensor. 
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As shown in figure 1.1 (b), the proposed sensor is much smaller than the current existing 

equipment. The total cost of the sensor system is also at least 100 times slower than the 

bulky equipment currently used in the water pollutant detection. Besides, the new sensor 

is small, simple, yet high performance. The novel system can solve the problems of the 

current system and provide high quality data to us. 

The proposed research can develop fundamental knowledge of the device mechanism as 

it allows the understanding of graphene property and application of it to the novel water 

monitoring system. Although a zero band gap property of graphene can be a barrier in the 

semiconductor field, we can make an advantage out of it by using the zero band gap 

property (Dirac point) for ion detection in IS-FET device. Dirac point change shows the 

change of the charge carrier density in graphene, and the concentration of solution 

changes the charge carrier density of graphene [29]. Therefore, the Dirac point shift 

indicates that the charge carrier density is changed by ions in the solution. It can be also 

expressed by a surface potential change between the solution and graphene because the 

surface potential change can affect the carrier density of graphene [30]. For these reasons, 

the concentration of the target ion can be detected by measuring the Dirac point shift. 

Theoretically, the Nernst equation can explain the relationship between the solution-

membrane interface potential and the target ion concentration [31]. Since the potential 

drop between the gate electrode and the sample solution is usually fixed by design, the 

ion concentration only causes the change of the charge carrier density in graphene. The 

above mechanism needs to be verified and developed through the experiment. 
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1.4 Thesis Overview 

Graphene synthesis and transfer methods are studied and reported in Chapter 2. Graphene 

is synthesized by the CVD method and the detailed process is described in the chapter. 

The synthesized graphene needs to be transferred to the target substrates using PMMA or 

thermal release tape. The synthesized graphene layers are characterized by Raman 

spectroscopy which can give us information such as quality, thickness and oxidation 

degree, etc. In the second part in Chapter 2, graphene based sensors are fabricated using 

MEMs technology including metal deposition, photolithography, etching processes. Two 

different types of sensors are prepared for the experiment. The first one is graphene based 

ion sensitive field effect transistor which is the main device in the work and the second 

type is graphene based sensor that can detect the target materials by measuring the 

resistance change of graphene. In Chapter 3, the selective membrane is introduced for the 

selectivity in the sensor. After introducing the selective membrane, the working principle 

of the devices is discussed in the chapter. In the second part of the chapter, four different 

selective membranes are introduced for nitrate, phosphate, chloride and mercury 

detection. The sensors are tested and characterized in this chapter. For enhancing the 

performance of the sensors, the porous structured AAO substrate is introduced in Chapter 

4. First, the fabrication method and characterization of the AAO substrate are depicted in 

the chapter. Then two different approaches are discussed for nitrate detection and 

temperature sensor. Each subchapter contains the performance of sensors.  
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Chapter 5, the perovskite solar cells are introduced and investigated for the power source 

of the sensor system. First of all, the background and working principle of the perovskite 

solar cells are discussed. The new type of fabrication process, called the CVD process, is 

investigated for high efficiency solar cells. In the last part of the chapter, the fabrication 

process of the flexible perovskite solar cells is studied and the performance of devices is 

reported. In the final chapter, Chapter 6, the overall results are summarized including the 

water pollutant sensors and the perovskite solar cells. Future work is also recommended 

for the additional research work about the graphene based sensors and the perovskite 

solar cells.  

 

CHAPTER 2 

FABRICATION AND CHARACTERIZATION OF GRAPHENE BASED ION 

SENSITIVE SENSORS 

2.1 Graphene synthesis and transfer 

2.1.1 Single layer graphene on copper and transfer using PMMA 

Figure 2.1 (a) shows a Chemical Vapor Deposition (CVD) system. Graphene was 

synthesized by the CVD system. The methane gas was used as the source material for the 

carbon and a Cu foil (Figure 2.1 (b)) was used for a substrate. The Cu foil which has 25-

50 μm thickness is annealed at 1000 °C with H2 gas for 30 minutes to remove the copper 

oxide layer on the surface. 
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Figure 2.1 (a) CVD system and the procedure of Graphene transfer (b) graphene on the Cu foil, (c) 

coating PMMA, (d) etching Cu (e) PMMA/Graphene film and (f) transfer PMMA/Graphene on 

Si/SiO2 substrate. 

 

Next, the methane gas passed through the chamber along with H2. In this step, the 

methane gas decomposed in the high temperature and absorbed into the Cu surface. 

Graphene seeds randomly formed on the surface of Cu foil and started to grow. H2, 

essential gas for graphene growth, has correlation graphene grain size, hence controlling 

the amount of H2 gas is a key point in the graphene growth process. After the growing 

time, the furnace turned off to cool to room temperature [32].  

The as-synthesized graphene sheet was transferred to the Si/SiO2 substrate. The first step 
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was the coating of PMMA solution on the graphene surface with the spin-coating method. 

We coated the polymer with 4000 rpm for 1 minute and the coated PMMA film is shown 

in figure 2.1 (c). For the spin-coating process, the Cu foil needs to be attached to the 

supporting substrate. After coating, the Cu foil annealed on the hot plate (60 °C for 2 

min). Then the Cu foil was floated on the Cu etchant, as shown in figure 2.1 (d). After 

completely dissolving of the Cu foil into the etchant, the remaining PMMA/Graphene 

layer can be seen in Figure 2.1(e). After finishing the etching process, the 

PMMA/graphene layer rinsed to remove the residue of the etchant. Finally, the 

PMMA/graphene sheet transferred to the objective substrate and dried on the hot plate 

(80 °C for 2 min). Figure 2.1 (f) shows the transferred PMMA/graphene film on the 

Si/SiO2 substrate. The PMMA is removed by acetone. 

 

2.1.2 Multilayer graphene on nickel and transfer using thermal release tape 

Figure 2.2 shows the structure of the graphene film and the procedure for the transfer 

with thermal release tape. Before the graphene synthesis process, Ni needs to be 

deposited on the Si/SiO2 substrate using ebeam evaporator. Then the film was thermally 

annealed to get the large grain size between 1 µm to 20 μm. Graphene was grown on the 

Ni film under high temperature (900 ~ 1000 °C). As well known, graphene can be grown 

on the copper and nickel surface [33]. But the synthesized graphene layer can be changed 

depending on the substrates.  
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Figure 2.2. (a) Graphene on Ni film structure, (b) Thermal release tape, (c) Transferred graphene 

and Ni film to the tape, (c) Ni etching process, (e) Graphene on the tape and (f) transfer process to 

the target location. 

 

 



 

 

 15 

 

This means that the substrate can change the thickness and the grain size of graphene 

under the same process. There have been some researches about the substrate effect 

related to Cu, Ni and Cu-Ni alloy. In the research, the growth of graphene on Cu is called 

a catalytic, self-limiting process and the growth of graphene on Ni is called a C 

segregation or precipitation process. The result also shows that Ni film usually leads to 

few layer graphene films, while Cu film leads to a single or bilayer graphene [34]. 

Therefore, the Ni film was used for the synthesis of few layer graphene films in the 

research. Figure 2.2 (a) shows the structure of the graphene/Ni on Si/SiO2 substrate.  

Thermal release tape is used to transfer the few layer graphene film. Since it is hard to get 

a continuous film with the transfer method, this method is only suitable for the few layer 

graphene because of the disadvantage [35]. However, it is a much easier method to 

handle the graphene during the transfer process. Figure 2.2 (b) shows the commercialized 

thermal release tape. The tape needs to be attached to the surface of graphene then the Ni 

film was detached from the Si/SiO2 substrate. The Ni film can be easily separated in the 

water.  Figure 2.2 (c) is the image of the tape which has graphene and Ni film. In the next 

step, the Ni film needs to be etched by the etchant as shown in figure 2.2 (d). Figure 2.2 

(e) is the graphene image on the tape. After cutting the tape, the tape attached to the 

target location, like in figure 2.2 (f). Once all graphenes are on the location, the substrate 

needs to be heated up to 100 ~120 °C which makes the adhesion of the tape weak.  
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2.1.3 Raman Spectroscopy 

The synthesized and transferred graphene sheets on Cu are characterized by Raman 

spectroscopy. In the Raman spectra, graphene shows three main features, D peak (1350 

cm−1), G peak (1582 cm−1) and 2D peak (2700 cm−1) [36]. Figure 2.3 (a) shows the 

Raman spectrum of graphene on Cu foil. The broad background comes from the surface 

plasmon emission of Cu substrate [37]. Although there is a broad background band, G 

peak and 2D peak are demonstrated in the graph. The inset image is the optical image for 

the surface of graphene on Cu substrate. Graphene sheet transferred on Si/SiO2 substrate 

also characterized by Raman spectroscopy.  

The result is shown in figure 2.3 (b). After the transfer process, the graphene sheet shows 

a much clearer G peak and 2D peak than before transfer in the Raman spectrum. Since 

the forces between stacked graphene layers make 2D peak wider and shorter, the intensity 

of G peak and 2D peak can show the number of graphene layers [38].  In the spectrum, 

the intensity of 2D peak is almost 2 times higher than G peak. This means the synthesized 

graphene is a single layer. In other words, the intensity of 2D peak decreases as 

increasing the number of graphene layers. The inset of Figure 2.3 (b) is the optical image 

which shows the transferred graphene sheet on the Si/SiO2 substrate. In the Raman 

spectra, we couldn’t find D peak which is related to the disorder of graphene structure 

[39]. These Raman spectra demonstrate that the synthesized graphene sheet is a single 

layer and doesn’t have defects.    
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Figure 2.3 Raman spectroscopy of single layer graphene from Cu film (a) before transfer and (b) 

after transfer. Insets are the optical image of Graphene on Cu foil and Si/SiO2 substrate (scale bar 

is 10 μm). 
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Figure 2.4 Raman spectroscopy of few layer graphene from Ni film. Insets are the optical image 

of Graphene on Si/SiO2 substrate (scale bar is 10 μm). 

 

Figure 2.4 shows Raman spectroscopy of few layer graphene which was transferred from 

Ni film. For the measurement, the synthesized graphene was transferred to Si/SiO2 

substrate and measured by Raman spectroscopy. The inset image is the optical image of 

the transferred graphene on Si/SiO2 substrate. The grains of graphene are observed in the 

image because it has about 4~5 layers of graphene. In the graph, there are three main 

peaks for graphene. The difference between the results is the intensity of the peaks. The 
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relationship between the ratio of peak intensity and the thickness of graphene has been 

well investigated by several research groups [40,41]. In terms of the single layer of 

graphene, the ratio of the peaks between G and 2D peaks was opposite to the result from 

the few layer graphene. The intensity of 2D peak was much stronger than G peak for the 

single layer graphene but the intensity of G peak was stronger than 2D peak for the few 

layer graphene. The results demonstrate that the transfer with thermal release tape was 

successful and confirm that the number of graphene layers. 

 

2.2 Fabrication of Ion Sensitive Field Effect Transistor 

2.2.1 Device structure and fabrication  

 

Figure 2.5 Structure of CVD Graphene sensor (a) 44 sensors in the wafer, (b) Each sensors 

structure, and (c) Optical image of sensing part (the scale bar is 10 μm). 

 

Figure 2.5 (a) shows 44 sensors fabricated on the Si wafer. To fabricate electrodes, Cr (30 

nm) and Au (100 nm) were deposited on Si wafer and wet-etched after UV 

photolithography. Graphene was transferred between the electrodes in the sensing area 
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and patterned with oxygen plasma. Last, we coated KMPR to cover electrodes parts and 

patterned the KMPR to open the graphene area. This KMPR can prevent leaking current 

through the solution by covering electrodes. In figure 2.5 (b), the structure of the device 

is depicted. Figure 2.5 (c) is the optical image of the sensing region which has an 

interdigitated shape. The graphene sheet is located between the electrodes and connects 

both electrodes. The electrodes are fully covered with KMPR, but KMPR was patterned 

using UV photolithography to make a window between electrodes. We will measure the 

interaction between solutions and Graphene through the window. O-ring was attached to 

the sensing region to reserve the solution during the measurement. 

 

2.2.2 Performance of the devices 

Figure 2.6 shows the response of the CVD graphene sensor. The two different phosphate 

buffer solutions (pH6 and pH8) and the different concentrated sodium nitrate (NaNO3) 

solutions were used for the measurement. To perform pH sensing experiments, a wetting 

and drying process was used. After the resistance of the device was stabilized, the pH6 

buffer drop was carefully placed on top of the sensing region which is inside o-ring. And 

then the buffer solution was changed with pH8 buffer solution after the resistance became 

stable. When we changed the solution, the previous solution should be removed from the 

sensing region with careful pipetting. Because the remained buffer solution could affect 

the next solution, it is important to suck up the previous buffer solution. 



 

 

 21 

 

 

Figure 2.6 Response of Graphene sensor with (a) Buffer solution and (b) Nitrate ion solution. 
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Figure 2.6 (a) shows the resistance depends on the different pH solutions. In the CVD 

graphene case, the results demonstrated that the graphene has n-type property which is 

opposite to p-type [42]. Since the main carriers are electrons in the n-type graphene, the 

resistance is decreased with pH6 buffer solution. In other words, H+ ion attracted 

electrons in the graphene sheet and the current easily flows between the electrodes [43].  

In contrast, the resistance is increased with a pH8 buffer solution. The response time was 

45 s and T90 %, the time to reach 90 % of final value, was 20 s. 

For sensing the nitrate ion, the nitrate ionophore solution was coated on the graphene 

before applying the NaNO3 solution. The synthesis method will be discussed in the next 

chapter. This membrane allows only nitrate ions and blocks other ions. By using this 

selective membrane, we can detect nitrate ions in the solution. Figure 2.6 (b) is the 

response of the sensor with NaNO3 solutions which have different concentrations.  Since 

the NO3
- ions repel the electrons in the graphene sheet, the resistance was increased as 

increasing the amount of ions. The response time and T90 % were 50 s and 15s, 

respectively. 
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Figure 2.7 Raman spectroscopy after measuring the resistance change.  
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As described above, the resistance measurement of graphene is an available method for 

sensing pH and ion in water. However, there is a serious disadvantage to the 

measurement. When the resistance was measured by the equipment, the applied voltage 

in graphene causes the oxidation and reduction of graphene [44]. Once graphene changes 

to the graphene oxide or reduced graphene, the properties of the material are changed 

[45]. As a result, the resistance can be keep changed by the electrochemical reaction. 

Figure 2.7 (a) shows Raman spectroscopy which shows the three main peaks for 

graphene oxide including D, G and 2D peaks. In the graph, the intensity of D peak is 

much enhanced compared to Raman spectroscopy of the pristine graphene. This means 

that the graphene was oxidized during the measurement. Figure 2.7 (b) shows Raman 

spectroscopy of the reduced graphene. Although the graph in figure 2.6 (a) and (b) shows 

quite stable results, it was hard to get those stable data due to the oxidation and the 

reduction. 

 

2.3 Conclusion 

In Chapter 2, the synthesis of graphene in two different substrates has been discussed. 

Also, the graphene transfer method was investigated for the fabrication of sensors. First, 

the single layer of graphene was synthesized by the CVD method on Cu foil and 

transferred to the Si/SiO2 substrate using PMMA. The transferred graphene was 

characterized by Raman spectroscopy. The result showed that the synthesized graphene 

was a single layer. Next, the few layer of graphene was synthesized on Ni film which is 
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deposited on Si/SiO2 substrate. The graphene was successfully transferred from Ni film 

to the Si/SiO2 substrate with thermal release tape. The thickness of graphene was also 

confirmed by Raman spectroscopy.  

The graphene based sensors were fabricated and the performance was tested by 

measuring the resistance change. The sensors were tested for the pH and nitrate ion 

measurement. Although the sensor worked for the target materials, the oxidation problem 

of graphene was observed after the measurement. This means that graphene is not a 

suitable material for the sensor. During the measurement, the applied voltage causes the 

oxidation in graphene. The oxidation was confirmed by Raman spectroscopy. For this 

reason, the resistance measurement system was changed to the solution gated field effect 

transistor measurement system because the applied voltage doesn’t need to be high in the 

new measurement system. The detailed structure of the sensor and system are discussed 

in the next chapter.  

 

CHAPTER 3 

SELECTIVE MEMBRANE AND VARIOUS IONS DETECTION OF GRAPHENE 

SENSORS   

3.1 Nitrate Detection 

In this work, we report the fabrication of ion sensitive field effect transistor which can 

detect nitrate in the water, and we clarify the sensing mechanism using a membrane-

solution potential change model. For the device, CVD graphene is used for a sensing 
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material and a polymer based nitrate selective membrane is used for the selectivity. While 

graphene can very sensitively respond to the surrounding environment, graphene needs 

the selectivity to detect specific ions in water. To solve the problem in graphene based 

sensor, the selective membrane including nitrate ionophore, PVC and plasticizer is 

directly applied to the graphene surface. The quantity of nitrate in water is estimated by 

measuring the Dirac point shift of graphene with a semiconductor analyzer because Dirac 

point sensitively responses to a graphene’s carrier density which can be changed by the 

membrane-solution potential difference. Nitrate is the only ion that can be recognized by 

the selective membrane. Therefore, the sensor can detect the quantity of nitrate in water 

without the interference of other ions. In the experiment, four different solutions 

(phosphate, sulfate, chloride and nitrate) are applied to the sensors to test the selectivity 

and four different concentrations (0.1, 1, 10 and 100 mg/L) are used for the sensitivity 

test. The detection limit is 0.82 mg/L, and the response time is about 10 seconds. 

 

3.1.1 Introduction 

The fertilizers have been increased by agricultural production to satisfy our demand. 

With increasing the consumption of agricultural products, the usage of the fertilizer has 

also been increasing. Nitrate is one of the major components of fertilizer [46]. Increasing 

the amount of nitrate in the soil also results in the rise of nitrate in water [47]. Another 

source of nitrate is cattle urine. The high concentration of nitrate in water is the major 

concern in New Zealand because the cattle farming rate has been significantly increased 
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over the last two decades [48]. Since nitrate from the fertilizers and urine dissolve into 

the drinking water, human being and other lives are exposed to water that contains highly 

concentrated nitrate. Even though nitrate is an essential element of our body and 

ecosystem, an excessive amount can cause various problems such as eutrophication in 

water and health problems in animals. The high concentration of nitrate in surface water 

can make algae and phytoplankton growth. The eutrophication leads to depleted oxygen 

in water resulting in fish kills [49]. For the human body, excessive nitrate can cause heart 

problems for the infant. It is called blue baby syndrome. The body color of infants shows 

blue because of the lack of oxygen [50]. Therefore, it is necessary to detect and control 

the concentration of nitrate in water. 

To measure the concentration of nitrate in water, various methods have been developed, 

such as colorimetric devices, conductometric sensors, and ion-selective electrodes that 

have high accuracy and low detection limits [51-53]. However, these methods still need 

to be overcome the following disadvantages. The colorimetric method needs several 

pretreatment processes for preparing the samples, and the conductometric method can 

cause an electrochemical reaction such as reduction and oxidation during the 

measurement. These reactions cause the noise in the sensor response. The precision of the 

ion-selective electrode is rarely better than 1%. But it still can be affected by other ions. 

These mentioned processes have a complicated fabrication process, and the samples need 

to be prepared by trained people. Besides, equipment is expensive and complex to 

operate. 
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Here, we suggest graphene based ion-sensitive field effect transistor (IS-FET) for the 

simple, cheap, sensitive and accurate nitrate sensor. IS-FET is a FET used to measure ion 

concentrations in solution. Although several research groups have studied the topic, no 

one used the hybrid film which consists of chemical vapor deposition (CVD) graphene 

and nitrate selective membrane to the IS-FET for nitrate detection yet [54]. In this paper, 

we focus on the synthesis process of the hybrid film, the sensor fabrication and the 

mechanism of the sensor. In terms of the hybrid membrane, each layer has a different 

function. Graphene is used for the sensing material and the nitrate selective membrane 

including nitrate ionophore is used for the selectivity of the sensor. After discovering 

graphene, the synthesis methods of graphene and graphene derivatives have been 

intensively studied to apply the materials for various applications such as diodes and 

solar cells to substitute metal electrodes and other functional layers because of its 

electrical conductivity [55-59]. Although a zero band gap property of graphene can be a 

barrier in the semiconductor field [60], we can take advantage of it by using the zero 

band gap property (Dirac point) for ion detection in an IS-FET device. Dirac point 

change shows the change of the charge carrier density in graphene, and the concentration 

of solution changes the charge carrier density of graphene. Therefore, the Dirac point 

shift indicates that the charge carrier density is changed by ions in the solution. It can also 

be expressed by a surface potential change between the solution and graphene because 

the surface potential change can affect the carrier density of graphene. For these reasons, 

the concentration of the target ions can be detected by measuring the Dirac point shift.  
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Although graphene has the sensitivity to the ions in water, it still needs the selectivity. To 

solve this problem, we synthesize the nitrate selective membrane solution and directly 

coat the solution on the graphene. The selective membrane is PVC based polymer 

membrane with the nitrate ionophore. 

Theoretically, the Nernstian equation can explain the relationship between the solution-

membrane interface potential and the target ion concentration. Since the potential drops 

between the gate electrode and the sample solution are usually fixed by design, the ion 

concentration only causes the change of the charge carrier density in graphene. The 

fabricated sensors are characterized by a semiconductor analyzer with several ionic 

solutions (chloride, phosphate, sulfate and nitrate) and different concentrations (0, 0.1, 1, 

10 and 100 mg/L). IS-FETs show the Dirac point shift from 0 V to 0.3 V with nitrate 

solutions. However, the devices do not show a clear shift with other ion solutions. We 

successfully demonstrate the relationship between the Dirac point shift and the nitrate 

concentration in the graphene based IS-FET.  

 

3.1.2 Fabrication of graphene based sensor 

Graphene is synthesized by the CVD method [61]. Cu foil (25 µm) is used as a substrate 

for graphene. Then the cleaned Cu foils are located in the furnace to anneal the Cu film 

under Ar/H2 atmosphere at 1000 °C. 
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Figure 3.1 Fabrication flow chart for graphene based IS-FET. 

 

In this annealing process, the grain size of Cu is increased. At this point, the H2/CH4 gas 

can be absorbed in the Cu foil. The absorbed methane gas diffuses out to the surface and 

forms the graphene layer during the cooling down process. The monolayer graphene is 

successfully synthesized on the Cu foil [62]. Figure 3.1 shows the fabrication flow chart 

of the graphene based IS-FET device. First, we need to transfer the graphene to the target 

substrate. Thermal release tape is used for the transfer process [63]. The thermal release 

tape is attached to the graphene. Then the Cu foil etches in the Cu etchant for 1 h. Before 

the transfer process, the target substrates need to be cleaned by oxygen plasma etching. 

This process increases the surface energy of the substrate. It is important to transfer 

graphene to the SiO2/Si substrate right after the oxygen plasma process for the successful 

transfer. Then remove the tape under the temperature (120 °C). The thermal release tape 
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loses the adhesion at the temperature. As described in figure 3.1, the transferred graphene 

needs to be patterned by photolithography. For the electrodes, the Cr/Au (30/100 nm) 

films are deposited by an e-beam evaporator and patterned by another photolithography 

process. The fabricated graphene FET is characterized by Raman spectroscopy and 

semiconductor analyzer. 

 

3.1.3 Synthesis of the nitrate selective membrane 

Figure 3.2 (a) shows the procedure of the synthesis procedure for the nitrate selective 

membrane. The membrane consists of three main materials including polyvinyl chloride 

(PVC), plasticizer and nitrate ionophore [64]. PVC is the polymer as the base material in 

the membrane. After adding ionophore in the polymer solution, the PVC solution needs 

the plasticizer to form the membrane. 1-(2-Nitrophenoxy)octane (NPOE) is used as the 

plasticizer. NPOE is well-known as a highly lipophilic plasticizer in polymer membrane 

fabrication. First, PVC powder 90 mg (45 wt%) is dissolved in 2 mL of the 

tetrahydrofuran (THF) which is a main solvent for the membrane. The nitrate ionophore 

mixture 30 mg (15 wt%) adds to the prepared solution before adding NPEO in the 

solution. The ionophore mixture consists of Methyltriphenyl phosphonium bromide, 

nitrocellulose, moistened with 2-propanol and tridodecyl-methyl ammonium nitrate. For 

the final step, 80 mg (40 wt%) NPOE adds to the THF solution including PVC and 

ionophore. The synthesized solution is coated on the surface of the device using a spin-

coater (2000 rpm for 30 s).  
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Figure 3.2 (a) Schematic diagram for the synthesis of nitrate selective membrane. Inset image 

shows the synthesized solution in (b) Schematic diagram for the mechanism of nitrate selective 

membrane. Optical image shows the surface of the sensing area after coating the membrane. 

Scale bar is 10 µm. 
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The order of the procedure is important for the synthesis of the membrane solution. As 

shown in the inset image, the solution is transparent. The solution has a higher viscosity 

than water as the polymers are dissolved in THF. Figure 3.2 (b) depicts the side view of 

the device structure to explain the mechanism of the nitrate selective membrane. There 

are three electrodes in the structure including the source, drain and reference electrodes. 

The graphene layer is between the source and drain electrodes on the Si/SiO2 substrate. 

The nitrate selective membrane is coated on the graphene. The ionic solution is located 

between the graphene/selective membrane and the reference electrode. Dirac point of 

graphene can be shifted depending on the concentration of the ionic solution because the 

charge carrier density in graphene can be changed by the potential difference between the 

solution and the selective membrane [65]. This potential change shows the doping effect 

in graphene [66]. The nitrate can only be recognized by the nitrate selective membrane 

[67]. Therefore, we can only detect the relationship between the nitrate concentration and 

the Dirac point shift without the interference of other ions in the solutions, using the 

nitrate selective membrane. The performance of the IS-FETs and the detailed mechanism 

is demonstrated in the results and discussion section. 

 

3.1.4 Fabricated sensor structure and transferred graphene 

Figure 3.3 (a) shows the sensor structure and the circuit for the measurement. In the 

measurement, the VDS is fixed to 0.05 V and the VG is swept from -1 V to 1 V.  
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Figure 3.3 (a) Schematic diagram of graphene IS-FET (b) Raman spectroscopy of graphene on 

Cu and SiO2. Inset image shows an optical image of the sensing area. 
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The voltage between the drain and source electrodes should be less than 0.1 V to prevent 

graphene from oxidation because graphene can be easily oxidized by the voltage. We use 

the Ag/AgCl as the reference electrode. Although the other metal electrode can also be 

used as the reference electrode, the Ag/AgCl electrode can provide a stable gate voltage 

[68]. As shown in the illustration, the KMPR layer protects the Au electrodes from the 

solution. KMPR, a negative photoresist, is coated on the device to block the leakage 

current from the electrodes to the solution. 

The graphene layer is only exposed to the solution through the patterned KMPR 

windows. Before and after the graphene transfer process, graphene is characterized by 

Raman spectroscopy. In figure 3.3 (b), the red curve demonstrates the Raman response of 

graphene on the copper substrate. The blue curve shows the response after the transfer 

process. The two main peaks including G (1530 cm-1) peak and 2D peak (2700 cm-1) are 

shown in both graphs [69]. Since the red curve includes the broad peak that comes from 

the copper substrate, the intensity of the peaks is much higher in the SiO2 substrate. 

However, the G and D peaks are in the same position. We also confirm that the 

synthesized graphene is monolayer with the peak intensity ratio between G and D peaks 

in the graph. The inset image in figure 3.3 (b) shows the sensing area. In this sensing 

area, there are 9 patterned graphene strips between two Au electrodes. The device 

performance is described in the following section. 
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3.1.5 Measurement and mechanism of the devices with the nitrate selective 

membrane 

 

Figure 3.4 Transfer curve of graphene FET before and after coating the nitrate selective 

membrane. 

 

The IS-FETs are tested by a semiconductor analyzer. For the measurement, deionized 

(DI) water is used. The graphene based IS-FET shows Dirac point in DI water. First, 

Dirac point of graphene is measured before and after coating the nitrate selective 

membrane on the sensing area. Figure 3.4 shows the transfer curve of the IS-FET. The 

black curve is the response without the nitrate selective membrane, and the red curve 
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shows the response of the sensor after coating the membrane. Before coating the 

membrane, Dirac point is located on the right side (about 0.1 V) from the origin in the 

graph. This means that graphene shows p-type property due to the residues and the 

defects in the graphene surface. The residues and the defects on graphene can cause the 

p-doping effect to graphene [70,71]. As a result, the main carrier in graphene is holes. 

However, the main carrier is changed from holes to electrons after coating the selective 

membrane. In the red curve, the location of Dirac point is changed to the left side (about -

0.55 V) from the origin. This means that the main carriers are electrons after coating the 

membrane. The electrical charge of the selective membrane can cause the doping effect 

on graphene [72]. Our results also support this phenomenon.  

As shown in Figure 3.4, Dirac point, the lowest point of the current level, is located on 

the negative side in the graph after coating the nitrate selective membrane. Figure 3.5 

shows the responses of the IS-FET with different solutions (chloride, sulfate, phosphate 

and nitrate) that have different concentrations (0.1, 1, 10, 100 mg/L). The black curves 

are the responses of the device in DI water. Every sensor shows the same location of 

Dirac point at -0.55 V with DI water. The prepared different solutions are applied to the 

IS-FET, and we measure the shifts of Dirac points. As increasing the concentration, Dirac 

points are shifted from -0.55 V to the right side (p-doping effect). In other words, Dirac 

point is also increased by increasing the concentration of solutions because of the 

potential change between graphene and solutions. 
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Figure 3.5 Transfer curves of graphene IS-FET with the nitrate selective membrane. Four 

different solutions were applied to the sensor. Sensor responses with (a) Chloride, (b) Sulfate, (c) 

Phosphate and (d) Nitrate solutions. 
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Figure 3.6 Schematic diagram for the working mechanism of the nitrate selective membrane. 

 

Figure 3.6 shows the working mechanism of the nitrate selective membrane. The 

membrane consists of Methyltriphenylphosphonium (MTPP)-bromide and 

Tridodecylmethylammonium (TDDMA)-nitrate as an ion exchanger and ionophore, 

respectively. When the membrane encounters the water, the bromide and nitrate ions 

dissolve in the solution for the equilibrium [73]. Since the membrane has a positive 

charge after losing ions, Dirac point is shifted to the left side in the graph, as shown in 

figure 3.4. As increasing the concentration of nitrate in water, the nitrate can be attracted 

by TDDMA which has a selectivity for the nitrate. The overall charge of the membrane 

can be balanced by exchanging the bromide in MTTP-Br with the nitrate. Therefore, the 

membrane can keep absorbing the nitrate maintain the charge balance. Dirac point is 

shifted to the right side as increasing the concentration of nitrate in the solution because 

the selective membrane loses its positive charge [74]. 
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Figure 3.7 Illustration of the potential change between the gate and the membrane. 

 

The sensing mechanism can be explained by the ion concentration induced solution-

membrane interface potential change. Figure 3.7 indicates that the potential drop from the 

gate electrode to the membrane interface is dominated by the interface potential between 

the sample solution and the membrane. The potential drop between the gate electrode and 

the sample solution is usually fixed by design [75]. Therefore, the relation between the 

solution-membrane interface potential and the target ion concentration can be given by 

the Nernstian Equation [76]. 
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Where Econst, R, T, F are the target ion species related to constant, gas constant, 

temperature, Faraday constant, respectively.  and  are the ion 

activities in the solution and in the membrane, which can be decided by the ion 

concentrations. Since the ion concentration in the ion selective membrane is a fixed 

value, the interface potential is determined only by the ion concentration in the solution. 

Therefore, the ion concentration causes the change of the charge carrier density in 

graphene. 

 

 

Figure 3.8 Selectivity of the nitrate selective membrane. 
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The prepared solutions are applied to the sensors to check the selectivity of the IS-FETs, 

the shifts of Dirac point and measured. The measurement is conducted under the same 

condition. VDS is fixed to 0.05 V, and the gate voltage is swept from -1 V to 1 V. Figure 

3.8 demonstrates the gate voltage shifts of the sensor depending on the concentrations. 

The origin of Dirac point is about -0.55 V, and the amount of shift (ΔVDP) varies 

depending on the solutions. For the nitrate solution, ΔVDP is increased up to 0.25 V as 

increasing the concentration. However, the ΔVDP does not change with other solutions. In 

other words, the nitrate solution only gives the doping effect on graphene. Although the 

sensor shows a small response to the highly concentrated chloride solution, it is 

acceptable for drinking water due to the higher EPA standard for chloride of 250 mg/L. 

The calculated detection limit is 0.82 mg/L which is lower than the EPA standard (10 

mg/L). The selectivity test is conducted with several sensors and the results are presented 

by the error bar. As a result, the selectivity of the IS-FETs is proved by these 

measurements. In this work, we successfully show the graphene based IS-FET can be a 

promising candidate as the nitrate sensor.      

 

3.1.6 Conclusions 

The nitrate selective membrane solution was prepared by mixing nitrate ionophore, PVC, 

plasticizer in the solvent.  For the hybrid film, the synthesized solution was directly 

coated on the graphene surface. The sensor performance was demonstrated by measuring 

the shift of the Dirac point of graphene with different ion solutions. Dirac point of 
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graphene was located at -0.55 V after coating the selective membrane, and it was shifted 

about 0.25 V to the right from the original location as increasing concentration of the 

nitrate solution. The selectivity of the sensors is also confirmed with four different ionic 

solutions. The experimental result of the Dirac point shift can be explained by the 

potential change mechanism. Finally, we successfully show that the ion sensitive FETs 

with the hybrid film is a promising method to estimate the quantity of nitrate ions for 

drinking water. 

 

3.2 Phosphate Detection 

This paper reports ion sensitive field effect transistor with graphene/ionophore hybrid 

membrane for phosphate detection. CVD graphene is used as a sensing material because 

the electrical property of graphene can be easily changed by a surrounding condition. In 

the experiment, a shift of Dirac point is measured to check the concentration of the ions 

in the water. Since graphene does not have selectivity for the specific ions, phosphate 

selective membrane is used for the selectivity. The membrane is synthesized by a 

molecular imprinted polymer. To check the selectivity of the graphene sensor coated with 

the selective membrane, the IS-FET is tested with several solutions, which have different 

ions and concentrations. The sensor response is measured by a semiconductor analyzer. 

Four different ion solutions are used for the measurement (phosphate, sulfate, chloride, 

and nitrate). Each solution has four different concentrations (0, 0.1, 1 and 10 mg/L). The 
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Dirac point shift from -0.4 V to -0.2 V as increasing the concentration. The detection 

limit and response time are 0.26 mg/L and 10s, respectively.  

3.2.1 Introduction 

Phosphorus is one of the essential elements for the growth of plants. However, an 

excessive quantity of phosphorus in water can make eutrophication and decrease water 

quality. Phosphorus is very toxic and can be accumulated in a living organism. Since 

phosphate (PO4
3-) is the derivative of phosphorus, the detection of phosphate is necessary 

for the quality of water. The maximum allowable concentration of phosphate to avoid 

accelerated eutrophication is about 0.35 mg/L [77]. Many researchers have studied the 

fabrication of the phosphate ion sensitive sensor to detect the phosphate ion in the water. 

The commercialized current phosphate detection method is a standard colorimetric 

method. However, this method still has some disadvantages [78]. It needs complicate 

processes such as filtration, calibration and several chemical reaction steps with many 

reagents before the measurement. Although the current standard methods have a 

detection limit below the level of the regulation limit, it still needs to be further 

developed to avoid the time consuming process. Therefore, the investigation of new 

devices is highly desirable to simplify the measurement. 

After the discovery of graphene, various techniques related to graphene families such as 

graphene oxide and reduced graphene were also studied by many research groups 

because of the low price [79-81]. However, further technical investigation and 

applications of graphene have been intensively studied and enhanced with different 
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growth methods, transfer and cleaning processes [82-84]. The advancement in graphene 

technology makes it possible to apply in sophisticated devices including solar cells, 

organic lighting emitting diode and sensors [85-88]. Especially, many researchers who 

study sensors have focused on graphene due to the superior electrical or mechanical 

properties of graphene [89]. Graphene-based sensors usually use the conductivity of 

graphene or Dirac point of graphene [90,91]. The conductivity and Dirac point of 

graphene can be shifted by the amount of ions in the solution. An ion sensitive field 

effect transistor (IS-FET) is one of the graphene sensors. Therefore, graphene can be used 

as the sensing material to substitute the traditional colorimetric standard method because 

it has several merits such as low price, high sensitivity and selectivity.  

To compete with the current standard colorimetric method as a good alternative, the 

minimum detection limit needs to be close to the current method. Also, the sensor should 

have good selectivity which means the sensor can detect phosphate in the water without 

interference from other ions. First of all, the phosphate selective membrane solution is 

synthesized and applied to the sensing area to detect phosphate in the water without 

interference from other ions. The polymer based phosphate selective membrane was 

synthesized by molecular imprinted technique [92]. The molecular imprinted polymer has 

cavities in the polymer matrix which have an affinity to a specifically chosen template 

ion [93]. In other words, the MIP, phosphate selective membrane, can only grab 

phosphate ions in the water. This means other ions such as nitrate, chloride and sulfate 

cannot penetrate the membrane and cannot give an effect on the graphene. To evaluate 
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the sensor performance, the semiconductor analyzer is used with several solutions that 

have different concentrations and different ions in the measurement. The selective 

membrane is as important as the sensor fabrication to successfully detect phosphate ions 

in the water. Therefore, we focus on the fabrication process of the sensor using the 

MEMs technique and the synthesis process of the phosphate selective membrane using 

molecular imprinting. Finally, we successfully show the ion selectivity and sensitivity of 

the IS-FET devices. The device fabrication process and the MIP solution synthesis 

process are well described in the experimental section. The device performance is also 

characterized in the results and discussion section.  

 

3.2.2 Preparation of graphene based sensor 

 

Figure 3.9. Fabrication flow chart of the graphene based phosphate sensor. 
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Figure 3.9 shows the flow chart for sensor fabrication. The first step is graphene growth. 

Graphene was synthesized by chemical vapor deposition (CVD) method. The synthesized 

graphene needs to be transferred to a target substrate with a thermal release tape method 

[94]. Traditionally, PMMA has been used in the transfer process, followed by acetone 

clearing because PMMA can support large size graphene and obtain continuous graphene 

coverage [95]. However, many research groups reported the disadvantage of PMMA 

[96]. Although the continuous graphene sheet can be obtained by using PMMA, it is 

difficult to remove the polymer residue and transfer the graphene to the target location in 

the sensing area. The sequence is as follows, first remove the protective film from the 

tape, and then put the adhesive part of the tape on the graphene sheet. The copper, 

catalyst substrate, is etched by a warm copper etchant (55~65 °C). The etching process 

takes 25 minutes for 25 µm. After etching the copper substrate, the film washes out 

several times with DI water to remove the chemicals. The adhesion between the target 

substrate and graphene is a critical factor in successful graphene transfer. The target 

substrate, SiO2, was treated with oxygen plasma for 15 minutes to enhance the adhesion 

[97]. After the process, the tape on the substrate should be pressed softly to the substrate. 

To detach graphene from the tape, the substrate needs to be heated to about 100 °C. 

Although it is hard to obtain continuous graphene film with the thermal release tape 

method, this method can give fewer residues on the graphene sheet. After transferring 

graphene, the photoresist (S1813) was coated by a spin-coater. Next, the coated 

photoresist was patterned with UV photolithography. The graphene was etched by using 
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oxygen plasma etching on opened parts of the photoresist. After removing the remaining 

photoresist with acetone, Cr (30 nm) and Au (100 nm) were deposited by e-beam 

evaporation on the substrate to make Au electrodes. The deposited Au and Cr films were 

also patterned by the wet etching method, followed by coating and patterning photoresist. 

During the wet etching process, the etching time is very important to prevent over-

etching. For the next layer, KMPR, a negative photoresist, was coated in the substrate, 

and then KMPR was patterned using photolithography. The last layer is the phosphate 

selective membrane. The synthesized membrane was coated by a spin-coater (2000 rpm 

for 1 min), and the O-ring was attached to define the sensing area. 

 

3.2.3 Preparation of selective membrane  

Figure 3.10 (a) shows the process of how to prepare the sensor with the phosphate 

selective membrane. The selective membrane is synthesized by a molecular imprinting 

technique, which makes cavities in the polymer like a stamping method [98,99]. Since the 

polymerization of monomers was involved with templates in the process, the monomer 

will have the affinity for original molecules after removing the templates. Therefore, the 

MIP membrane can be used for the selective membrane. The solution for the membrane 

was synthesized with cross-linking monomers (ethyleneglycoldimethacrylate (EGDMA) 

and polyurethane acylate (PUA)). The ratio of cross-linkers was 85:15 to provide 

increased mechanical stability and flexibility. 
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Figure 3.10 (a) Synthesize process of the selective membrane solution, (b) Synthesized selective 

membrane solution, (c) Polymerization process with UV light, and (d) Optical image for the 

sensing area after coating the solution. Scale bar is 10 µm. 
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Thiourea was used for the monomer, and the template was phenylphosphonic acid. Cross-

linkers (EGDMA (4.0 g) and PUA (0.71 g)), thiourea (0.59 g) and phenylphosphonic acid 

(0.40 g) were mixed with DMF solvent (2.44 g). Next, the initiator 1,1-azobis-

cyclohexanecarbonitrile (0.07 g) was added in the mixture. Figure 3.10 (b) shows the 

synthesized phosphate selective membrane solution that is transparent. The solution 

needs to be flushed with nitrogen gas to remove oxygen in the solution because the 

oxygen easily reacts with the free radicals and makes the solution polymerized. The 

synthesized solution was applied on the surface of the sensing area, and then the coated 

area was exposed to UV light (20 min) to polymerize the solution, as shown in figure 

3.10 (c). Then, the polymerized membrane was rinsed with methanol to remove the 

phenylphosphonic acid templates from the thiourea monomer. After washing the device, 

the surface of the sensing area is characterized by an optical microscope. Figure 3.10 (d) 

is the optical image of the sensing area. The plasticized the solution shows the wrinkles 

on the surface. The membrane coated devices are tested with different ion solutions, and 

the results are demonstrated in the measurement section.  

 

3.2.4 Sensing mechanism 

The KMPR layer can prevent leakage current. The patterned KMPR has windows for 

graphene, which can make graphene expose to the solutions. Through this window, the 

graphene can communicate with the solutions. 
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Figure 3.11 (a) Schematic diagram for the structure of IS-FET, (b) Schematic diagram for the 

mechanism of phosphate selective membrane. 

 



 

 

 53 

 

For the last layer, the selective membrane was coated on the graphene. In the inset image 

in figure 3.11 (a), the final device has O-rings which can confine the ionic solutions. 

Figure 3.11 (b) shows the mechanism of phosphate selective membrane. The selective 

membrane blocks other ions such as nitrate, chloride and sulfate in the solution, but only 

phosphate ions can penetrate the phosphate selective membrane, as shown in figure 3.11 

(b) [101]. In other words, the phosphate ion can only give the doping effect on graphene. 

Therefore, IS-FET can get the selectivity by coating the selective membrane. In this 

experiment, the ion solutions with different ions were applied to the sensor to verify 

whether IS-FET shows the selectivity or not. In the measurement, the fixed voltage (0.05 

V) was applied between the source and drain electrodes (VDS), while the reference 

voltage was swept from -1 V to 1 V. The transfer curve was obtained when the reference 

voltage was swept. The transfer curves were demonstrated in the next section. 

 

3.2.5 Measurement of the devices with the phosphate selective membrane 

Figure 3.12 (a) is the image of the fabricated sensor with 44 sensors on the Si/SiO2 wafer. 

The KMPR was coated and patterned for the electrodes area and sensing area. The 

magnified inset image shows the sensing area. There is the KMPR window between the 

Au electrodes through which graphene can interact with the solution. The 10 graphene 

bridges are connecting two electrodes. The little dark parts in the bridges are the sensing 

areas that are the KMPR windows. The graphene can be exposed to the solution through 

these windows. 
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Figure 3.12 (a) Wafer image after finishing the KMPR patterning process, (b) Raman 

spectroscopy of graphene in the sensing region. Inset image shows the optical image of the 

sensing region. 
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Raman spectroscopy was used to confirm the graphene layers. Figure 3.12 (b) shows 

Raman spectroscopy of the transferred graphene on the Si/SiO2 substrate. The Raman 

laser (532 nm) was focused on the graphene. The Raman spectroscopy shows the 

graphene bands (G band and 2D band) as well known in the previous study [102]. G band 

and 2D band are located in the 1530 cm-1 and 2700 cm-1, respectively. The result 

demonstrates that the graphene sheet does not get damaged during the several 

photolithography processes. After finishing the fabrication process, the selective 

membrane is coated on the graphene to cover the sensing area. 

 

 

Figure 3.13 Transfer curve of IS-FET with membrane and without membrane.   
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The IS-FET sensors were characterized by a semiconductor analyzer because the doping 

type of graphene can be confirmed with the transfer curve [103]. First, IS-FETs are tested 

without the membrane to check the effect of the selective membrane. The sensor shows a 

P-type property before coating the membrane. The graphene sheet got some damages and 

polymer residues during the transfer process [104]. These damages make graphene P-

type. In other words, holes are the main carriers in the graphene after finishing the 

fabrication process. Therefore, Dirac point of the graphene is located on the positive side. 

However, the property is changed to N-type after coating the membrane. After coating 

the membrane, the main carrier is changed from holes to electrons in the graphene 

surface. The electrons are affected by the ions in the solution. The reason why the main 

carriers change is the presence of a charged ion in the polymer matrix that can attract the 

electrons in the graphene [105]. Figure 3.13 depicts the transfer characteristic of the 

sensor with a selective membrane and without the membrane. In this figure, we confirm 

that the doping effects of graphene that come from the residue and the selective 

membrane. Dirac point is located on the positive side (0.1 V) before coating the 

membrane. However, it is shifted on the negative side (-0.4 V). And the overall current 

level is decreased due to the polymer membrane. 

The membrane solution is coated by a spin-coater (3000 rpm for 30 s). After coating the 

membrane, the sensor is tested with phosphate solutions that have different 

concentrations. Also, the other solutions (chloride, nitrate and sulfate) are applied to the 

sensor to confirm the selectivity of the sensors. 
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The main carrier of graphene, electrons, will be decreased as increasing the phosphate 

ions in water. Because the phosphate ions make the electrons in graphene repel from the 

surface. This phenomenon causes the doping effect of graphene, making Dirac point shift 

to left or right. Therefore, the measurement of the Dirac point can be a great 

measurement method for detecting the amount of ions in water. 

We applied the phosphate, chloride, nitrate, and sulfate solutions which have different 

concentrations (0, 0.1, 1 and 10 mg/L), and measure the responses of the FET devices to 

verify the function of the membrane. As increasing the concentration, the transfer curve 

shifts to the right side in both graphs. Without the selective membrane, the phosphate 

ions attract the holes in the graphene surface. After coating the membrane, the penetrated 

phosphate ions repel the electrons in the graphene surface. As a result, both transfer 

curves are shifted to the right side. The calculated detection limit is 0.26 mg/L, and the 

response time is about 10 seconds. Each ion solution has four different concentrations (0 

~ 10 mg/L). Figure 3.14 (a) shows the sensor response with chloride ion solution. As 

increasing the concentration, the Dirac point very slightly moves to left. However, the 

movement can be neglected. In figure 3.14 (b), the nitrate solutions were applied to the 

sensor. The nitrate solution could not make the Dirac point move as well. As shown in 

Figure 3.14 (c), we can also confirm that sulfate ion cannot affect the sensor. Figure 3.14 

(d) shows the response sensor with phosphate ion solutions. In contrast with other 

solutions, the Dirac point was shifted from left to right, as increasing the concentration. 
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Figure 3.14 Transfer curves of graphene IS-FET with phosphate selective membrane. Four 

different solutions were applied to the sensor. Each graph shows the sensor response with (a) 

Chloride, (b) Nitrate, (c) Sulfate, and (d) Phosphate solutions. 
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Selectivity is the key factor in sensor performance. Although the graphene sensor has 

high sensitivity with various ions in the solution, it does not have selectivity by itself. The 

synthesized phosphate selective membrane was applied to the sensor to give the sensor 

the selectivity. In other words, the devices can detect the phosphate without interference 

with other ions in the water, when the selective membrane is coated on graphene. 

 

 

Figure 3.15 Selectivity of the phosphate selective membrane. 

 

 



 

 

 61 

 

The sensor deposited with the selective membrane was characterized to check the 

interference. In figure 3.15, the responses of the sensor were compared after applying 

various solutions with different ions and concentrations. The reference voltage at Dirac 

point was measured as increasing the concentration. The result shows that the sensor only 

responded with phosphate solutions. The Dirac points are shifted from -0.4 V to -0.2 V 

with phosphate solutions. However, the sensor does not show a response with other 

solutions such as chloride, sulfate, and nitrate. As a result, we successfully confirm that 

the FET sensor has selectivity for phosphate solutions with the synthesized selective 

membrane. The results show that IS-FET can be a promising candidate to substitute the 

current colorimetric method. 

 

3.2.6 Conclusion 

The synthesized phosphate selective membrane was coated on the sensing area, and the 

sensors were characterized by the semiconductor analyzer. Since Dirac point of graphene 

shifts to the left or right side when it is affected by the doping effect, the sensor 

performance with the selective membrane was confirmed by measuring the shift of Dirac 

point of graphene with different ion solutions. We successfully synthesized the phosphate 

selective membrane and deposited the selective membrane to the sensor. Finally, the 

performance and selectivity of the IS-FET devices were successfully demonstrated. The 

Dirac point shifts from -0.4 V to -0.2 V without the interference of other ions. 
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3.3 Chloride Detection 

The objective of this research is developing graphene based chloride sensitive field effect 

transistor (IS-FET) including chloride selective membrane. This report includes the 

preparation method of polyvinyl chloride based the selective membrane. Also, we tested 

the sensitivity and the selectivity of the sensors with several ionic solutions that have 

different concentrations. The sensor response is characterized by the semiconductor 

analyzer and the sensitivity was defined by the Dirac point shift. The sensors are exposed 

to four ionic solutions including nitrate, phosphate, sulfate and chloride for the selectivity 

test. The results show that the sensor can be applied to the water monitoring system.       

 

3.3.1 Introduction 

In the human body, the body fluid contains a lot of chloride ions that contribute to the 

metabolism of the cells. So maintaining the balance of chloride is very important for 

health. When we drink water that has chloride, most of the chloride is absorbed in our 

body. If a person daily consumes 2 liters of water that has 10 mg/L of chloride, the 

person would be exposed to 20 mg per day. A normal adult has about 81.7 g chloride in 

their body and usually lose 530 mg chloride per day. Therefore, it is recommended to 

take 9mg per kg of body weight. However, an excessive amount of chloride can cause 

health problems in the human body. The increased chloride level in the body causes 

dehydration and results in hyperchloremia [106]. Therefore, it is necessary to monitor the 

amount of chloride in drinking water. 
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The traditional detection methods of chloride use silver nitrate for the titration. As a 

result, the white silver chloride is precipitated under the solution. The concentration of 

chloride can be assumed by the precipitated silver chloride. The titration method is a time 

consuming process and it is difficult to know the endpoint of the reaction. Another 

approach is a chloride selective electrode that has tridodecylmethylammonium chloride 

ion-exchanger in poly(n-butyl acrylate)membrane. Although the selective electrode 

method uses a small amount of plasticizer that can contaminate the samples, it also has 

the interference with other ions or pH [107]. 

To solve the problems, we suggest the graphene based IS-FET with the chloride selective 

membrane. The proposed structure consists of graphene that can enhance the sensitivity 

of the sensors and polymer based selective membrane that makes the sensor selective 

[108]. Since Dirac point of graphene can be sensitively shifted by surrounding charges, 

chemical vapor deposition (CVD) graphene is selected for the sensing material and 

chloride ionophore is added to the membrane for the selectivity. The sensor test with four 

different concentrations (0.1, 1, 10, 100 mg/L) and with four different solutions (nitrate, 

phosphate, sulfate and chloride). Finally, we successfully demonstrate the sensor 

responses about sensitivity and selectivity.  
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3.3.2 Synthesis of selective membrane and coating the membrane on the sensor 

 

 

Figure 3.16 (a) Synthesized solution for the chloride selective membrane (b) Optical image of the 

sensing area after coating the solution (scale bar = 10 µm) (c) Prepared chloride sensors (d) Dirac 

point measurement system. 

 

Figure 3.16 (a) shows the synthesized chloride selective membrane solution. For the 

chloride selective membrane, the first solution was prepared by dissolving the chloride 

ionophore (0.05 g) in dibutyl phthalate (0.15 g). An amount of about 0.002 g of 1-(2-

Nitrophenoxy)octane (NPOE) as a plasticizer was added to the prepared solution. As 

another part of a synthesis, the PVC solution was obtained by dissolving the PVC (0.15 

g) into tetrahydrofuran (6 ml). Finally, two prepared solutions need to be gently mixed. 
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The obtained solution coated on the graphene based devices using spin-coater to form the 

chloride selective membrane. Figure 3.16 (b) is the optical image after applying the 

solution to the sensing area. Since the solvent in the solution was evaporated during the 

coating process, the coated film has the wave structure. Figure 3.16 (c) shows the sensors 

after the coating process. The solution covers most of the sensing part and Au electrodes. 

Figure 3.16 (d) depicts the measurement system. Two clamps are connected to each of 

the Au electrodes (source and drain) and the Ag/AgCl electrode (gate) is immersed in the 

solution. The VDS is fixed as 0.05 V and the VG is swept from -1 V to 1 V. 

  

3.3.3 Sensor response with the chloride selective membranes 

The chloride sensors were characterized by using a semiconductor analyzer. The sensors 

need time for the stabilization of the signal. The current level of the device was shifted, 

but it was stabilized after 15 minutes. Figure 3.17 (a) shows the sensor performance with 

several solutions that have different concentrations. The black curve shows the response 

with DI water and the other curves demonstrate the response with other solutions. As 

increasing the concentration, Dirac points of the curves were shifted to the right side. In 

other words, the graphene shows p-doping property due to the chloride ions in water. To 

make it clear, the percentage of Dirac point change was calculated and was shown in 

figure 3.17 (b). The percentage of Dirac point change was about 25 % in the 100 mg/L 

chloride solution. The overall results show that Dirac point linearly shifts to the right side 

when the concentration of solutions logarithmically increases.   
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Figure 3.17 (a) Transfer curves of IS-FET with chloride solutions that have different 

concentrations. (b) Dirac point change curve depending on the concentration of chloride solution. 
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Figure 3.18 (a) Selectivity test of chloride sensitive IS-FET with different ion solutions (b) Dirac 

point change curves of the chloride sensor depending on the solutions. 
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The low detection limit of the sensor is 10 mg/L and the selectivity performance is tested 

with four different solutions (nitrate, phosphate, sulfate and chloride). Each solution has 

different concentrations (0.1, 1, 10, 10 mg/L). Figure 3.18 (a) shows the sensor response 

with different solutions. First of all, the black curve is the response with DI water and the 

red curve shows the response with phosphate (0.1 mg/L) in DI water. Sulfate (0.1 mg/L) 

was added to the phosphate solution. Dirac point shift is detected when chloride is added 

to the solution that already has other ions. This means that the graphene based IS-FET 

only responds to a chloride solution. Figure 3.18 (b) is the Dirac point change curve 

depending on the concentration. In other words, this graph shows the amount of Dirac 

point change. The error bars were from the overall data that shows the change of Dirac 

point. When the sensors were exposed to the nitrate, phosphate and sulfate solution, Dirac 

point was shifted only a few percentages. However, the sensor clearly shows the shift of 

Dirac point with chloride solution. The maximum shift is about 25 % with 100 mg/L. The 

calculated detection limit is 0.87 mg/L.     

 

3.3.4 Conclusion 

The synthesized chloride selective membrane was applied to IS-FET for chloride 

detection. The selective membrane solution coated on the sensing area using spin-coater. 

We also prepared several solutions (nitrate, phosphate, sulfate and chloride) that have 

different ions and concentrations to demonstrate the sensitivity and selectivity of the 

sensors. In terms of the selectivity test, Dirac point was linearly shifted depending on the 
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concentration that is logarithmically changed. The selectivity of the sensors is also 

characterized by different ionic solutions. The sensor shows only a small response (about 

2~5 %) with nitrate, phosphate and sulfate. However, the amount of change of Dirac 

point is about 25 % when 100 mg/L chloride solution was applied to the sensor. 

 

3.4 Mercury Detection 

This research aims to develop graphene based mercury sensitive field effect transistor 

(IS-FET). In the report, we explain the process of the fabrication of IS-FET and how to 

synthesize polyvinyl chloride (PVC) based on the mercury selective membrane. The 

sensor performance is measured by a semiconductor analyzer and the sensitivity is shown 

by the Dirac point shift. The detailed mechanism is also covered in the discussion part. 

The results show that the sensor can be a great candidate for the water monitoring system.    

 

3.4.1 Introduction 

Mercury is an extremely toxic material and can cause several problems for humans and 

the environment. The reason for the problem is that mercury can be accumulated in the 

ecosystem [109]. In the food chain, the higher positioned consumers have more mercury 

ion in their bodies because of the accumulation. Hence, mercury ion can cause health 

problems in the human body such as DNA, liver, kidney, lung, immune system and 

neurological system [110]. Finally, it can even lead to death. Therefore, it is very 

important to measure the quantity of mercury ion in drinking water. 
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Until now, many research groups have reported the method of how to detect the toxic ion 

in water including chromatography, fluorescence spectrometry, thermal decomposition 

and inductively coupled plasma methods [111-114]. Although that equipment can detect 

the low level of mercury ions in water, it needs a time consuming and complex process 

for the sampling and bulky equipment for the measurement. For these reasons, it is not a 

proper method for the online water monitoring system. 

Here, we suggest the graphene based IS-FET for the mercury ion detection in drinking 

water. Since graphene sensitively responds to the surroundings, it is used for the sensing 

material. The Mercury selective membrane is applied to the graphene for the selectivity. 

In this work, we report the synthesis method of the selective membrane and sensor 

performance.  

 

3.4.2 Synthesis of selective membrane and coating the membrane on the sensor 

Figure 3.19 (a) demonstrates the fabricated devices on a SiO2/Si substrate. The Au 

electrodes are patterned by the photolithography process and the synthesized graphene is 

transferred to the sensing area. KMPR is covered and patterned by photolithography to 

make a window that graphene can communicate through. The mercury selective 

membrane consists of mercury ionophore, polyvinyl chloride (PVC), 1-(2-

Nitrophenoxy)octane in tetrahydrofuran. Figure 3.19 (b) shows the chemicals for the 

selective membrane. First, the PVC powder (0.15 g) is dissolved in THF (6 ml). Then the 

ionophore (0.05 g) is added to the prepared PVC solution. 



 

 

 71 

 

 

Figure 3.19 (a) Prepared devices (b) Materials for mercury selective membrane (c) Synthesized 

mercury selective membrane solution. Optical image of the sensing area (d) before and (e) after 

coating the solution (scale bar = 10 µm). 
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The final solution can be obtained by adding NPOE (0.002 g) which is a plasticizer in the 

solution. Figure 3.19 (c) is the prepared solution for the mercury selective membrane. 

The next step is the deposition of the solution to the substrate. For the deposition, we 

used a spin-coater (6000 rpm for 1 min). Figure 3.19 (d) and (e) are the optical images of 

the sensing areas before and after coating the mercury selective membrane, respectively. 

The scale bar is 10 µm. For the measurement, two electrodes are wired to the 

semiconductor analyzer and the sensing area is dipped into the solution. Ag/AgCl 

reference electrode also connects to the equipment and the tip part of the electrode is also 

exposed to the solution. The voltage between drain and source (VDS) is fixed (0.05 V) and 

we swipe the reference voltage (VG) from -1 V to 1 V.    

 

3.4.3 Sensor response with the mercury selective membranes 

The property of the device is characterized before coating the selective membrane and 

after coating the selective membrane. In figure 3.20 (a), Dirac point of graphene is 

observed on the right side of the origin of the graph, before applying the membrane. This 

means the graphene is p doped before coating the membrane. However, Dirac point is 

shifted to the left side from the origin of the graph. It is shown in figure 3.20 (b). This 

shows the graphene is now n doped by the selective membrane. Here we can expect the 

mechanism of the device with those phenomena. First, the doping type of graphene is 

changed by the selective membrane. This shows that the membrane includes the 

negatively charged components which can trap the main carriers of graphene.  
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Figure 3.20 Transfer curves of IS-FET (a) before and (b) after coating mercury selective 

membrane. Dirac point is shifted to the left side after coating the membrane. 
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Figure 3.21 (a) Transfer curves of IS-FET depending on the concentration of mercury solution (b) 

Dirac point movements as increasing the concentration. 
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This gives an effect on the doping of graphene and shifts Dirac point of graphene. The 

detailed working principle can also be explained by using the phenomena. 

The shift of Dirac point is demonstrated with the solutions which have a different 

concentration (1, 10, 100, 1000 ppb). Figure 3.21 (a) shows the transfer curves of IS-FET 

depending on the mercury concentration. The black curve is the response to DI water. 

The location of Dirac point is almost the same as the curve in figure 3.21 (b). As 

increasing the concentration of mercury, Dirac point of graphene shifts to the left side 

from the black curve. It shows that graphene is n doped by the mercury ion in the 

solution. When the mercury ion in water is attracted by ionophore in the membrane, the 

selective membrane shows the positive charge which can dispel the hole carriers in 

graphene. As a result, graphene shows the n doped effect. Figure 3.21 (b) depicts the 

Dirac point movement depending on the concentration. In the graph, Dirac point is 

linearly changed to the left side as increasing the mercury concentration that is 

logarithmically changed. The movement of Dirac point is normalized to make it easy to 

compare the results.    

 

3.4.4 Conclusion 

The synthesized mercury selective membrane was coated on the sensing area of IS-FET 

using spin-coater. For the performance test of the sensor, we measure the Dirac point 

shift by semiconductor analyzer. Dirac point was linearly shifted to the left side as 
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increasing the concentration that is logarithmically changed. The device shows the 

response in the low concentrated mercury solution (1.125 ppb) in a minute. 

 

CHAPTER 4 

GRAPHENE BASED SENSORS USING ANODIC ALUMINUM OXIDE 

4.1 Graphene Based Ion Sensitive-FET Sensor with Porous Anodic Aluminum 

Oxide Substrate for Nitrate Detection 

In this paper, we report an ion sensitive field effect transistor sensor on anodic aluminum 

oxide (AAO) substrate, which can directly detect nitrate in water without a buffer 

solution. The free-standing AAO substrate has a highly ordered porous structure, which 

supports graphene and Au electrodes. The AAO substrate increases the exposed area of 

graphene in water. We describe the surface structure of the AAO substrate with scanning 

electron microscopy in each fabrication process. The device structure and mechanism are 

also explained in the paper. Graphene is used for the sensing material for its sensitivity in 

response to the surroundings. The nitrate selective membrane is synthesized and applied 

to the surface of graphene. The performance of the IS-FET sensors is characterized by a 

semiconductor analyzer. In the results, the performance of the device is significantly 

enhanced due to the porous structures of AAO. We successfully demonstrate the superior 

sensitivity and selectivity of the sensors. The detection limit is 0.32 ppm, and the 

response time is less than 3 seconds. 
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4.1.1 Introduction 

Ammonium nitrate is one of the major components in fertilizer [115]. Nitrate can be used 

to improve the nitrogen content in the soil. Since excessive nitrate can dissolve into the 

surface water, an increment of the amount of nitrate in the soil causes water pollution. 

Cattle urine is another nitrate source [116]. Subsequently, the amount of nitrate in water 

is extremely high near livestock farms and plantations. Near those places, humans and 

other forms of life can be exposed to water that has highly concentrated nitrate. When 

people are exposed to an excessive amount of nitrate, it can cause health problems such 

as blue baby syndrome. The name of this disease comes from the color of the baby due to 

the lack of oxygen in the body as a result of nitrate poisoning [117]. Excessive nitrate can 

also cause eutrophication in water which can prevent oxygen absorption from the surface 

of the water. As a result, high rates of fish mortalities are observed in bodies of water 

polluted with nitrate [118]. Therefore, measurement of the nitrate level in water is the 

first step to protect our environment.  

Colorimetric detection is one of the common techniques for water quality analysis, which 

determines the concentration of a target chemical element [119]. The detection range of 

nitrate is from 1 to 15 ppm with a sensitivity of 1 ppm. Although it is useful where rough 

estimation is acceptable and direct monitoring is not necessary, it requires several time-

consuming steps to prepare the samples. Another current approach for water quality 

analysis uses an ion selective electrode (ISE), which can convert the ion activity in the 

water into electrical signals [120]. The ISE requires multiple types of membranes for 
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different target ions. The type of membranes includes a compound electrode, solid state, 

liquid based and glass. Although the ISE is more selective than the colorimetric method, 

the sensor probe is very fragile and difficult to handle. For this reason, the ISE requires 

high maintenance costs.  

To solve the problems in current technologies, our group has been working on developing 

graphene-based devices which have a detection limit of 0.82 mg/L. Although this device 

has a relatively low detection limit, it still needs to be improved. Here, we propose to use 

anodic aluminum oxide (AAO) as a substrate to enhance the performance of the device. 

Porous AAO structure is fabricated by a well-known process called electrochemical 

oxidation of aluminum. The AAO fabrication technique has been studied by a lot of 

research groups and companies because of its well-ordered nanoporous structure and 

low-cost production. In the research, the relationship between AAO and experimental 

parameters has focused on the production of high quality porous nanostructures. In 

particular, the nanostructure is closely related to the electrolyte and the applied voltage. 

After two step anodizing method was invented, this method is still widely used [121]. 

This kind of small patterned structure can be widely applied to various applications such 

as filters, sensors, photonic and electronic devices [122-125]. Another application that 

uses the AAO nanostructure as a substrate in the IS-FET to enhance performance. 

Although several research groups have studied the topic, no one has used the hybrid film 

of graphene and nitrate selective membrane to the IS-FET for nitrate detection yet. 

Regarding the hybrid membrane, each layer has a different function. Graphene is used as 
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the sensing material, and the nitrate selective membrane includes a nitrate ionophore that 

is used for the selectivity of the sensor. Furthermore, we use the AAO substrate to 

enhance the sensor performance in this work. Dirac point change shows the change of the 

charge carrier density in graphene, and the concentration of solution changes the charge 

carrier density of graphene. Therefore, the Dirac point shift indicates that the charge 

carrier density is changed by ions in the solution. For these reasons, the concentration of 

the target ions can be detected by measuring the Dirac point shift. Besides, the porous 

structure of the AAO substrate can enhance the sensing performance by increasing the 

exposed area of graphene to nitrate and decreasing the noise level of the device. 

 

4.1.2 Experimental method 

Al plates (Zhong Nuo, YJ13G04) used for the anodization has 5N (99.999 %) purity and 

thickness (0.3 mm). We cut the Al plate (3cm x 4 cm) and clean surface impurities with 

three solutions. The first solution is Trichloroethylene (TCE) which can remove the 

organic materials on the surface. The second and third solutions are acetone and 

methanol, respectively. In each step, sonification (for 15 min) helps the cleaning process. 

After the cleaning process, the Al substrates were polished electrically to make the 

surface smooth. For the electropolishing process, we applied 20 V to the Al plate in the 

anode and graphite in the cathode for 4 min. A mixed solution of ethanol and perchloric 

acid (3:1) is used for the polishing process which is very important for the next anodizing 

process.  
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Figure 4.1 Fabrication flow chart for the device. (a) Al plate, after (b) Electropolishing, (c) 

Anodization, (d) Etching Al and barrier layer, (e) Au electrode deposition, and (f) Graphene 

transfer. (scale bar = 5 mm). 
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Figure 4.1 (a) and (b) show the images of the Al plates before and after electropolishing 

process, respectively. The polished surface shows a much smoother and more reflective 

surface like a mirror. Figure 4.2 (a) and (b) are the SEM images for the surface of Al and 

the electropolished Al, respectively. We can also observe the surface roughness change 

by the SEM images. Here, a two-step anodizing method was used for the highly ordered 

porous structure. The polished Al plates were anodized in the oxalic acid solution (0.3 M) 

with 40 V for 15 h. The bath temperature was maintained at 1 °C during the anodizing 

process. The first step of the anodization targets the porous structures on the surface. 

However, the porous oxide layer is not a highly ordered structure because the highly 

ordered structure needs a pre-structure which is a seed for the second oxide layer. This 

means that the first anodizing process helps the second anodization. After the first 

anodization, the oxide layer was removed by the mixture of phosphoric acid and chromic 

acid to achieve an ordered pre-structure on the surface. In the second anodization, we can 

get a much more ordered oxide structure because the chemical reaction starts from the 

pre-structure. The second anodizing process was carried out under the same condition as 

the first anodization. The only difference is the processing time. Since the thickness of 

the oxide film depends on the anodizing time, the Al plate needs to be anodized for at 

least 10 h to be the free-standing substrate. Before the second anodizing step, the 

backside of the Al substrate needs to be covered by a polymer to shield the Al from the 

oxidation reaction. The polymer used is poly(methyl methacrylate) (Sigma-Aldrich, 

182265, PMMA). Figure 4.1 (c) shows the anodized sample after the 10 h process. The 
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white oxide layer is observed by the naked eye. Figure 4.2 (c) demonstrates the surface 

structure after finishing the second anodizing process. The highly ordered porous 

structure is detected in the SEM image. In the next step, the free-standing Al oxide film 

can be obtained by etching the Al which is on the backside of the sample. The Al can be 

etched by a solution consisting of CuCl2 (3.4 g), HCl (38 %, 100 ml) and H2O (100 ml).  

After finishing the etch process, we can obtain the free-standing aluminum oxide layer 

which has a highly ordered structure. Figure 4.1 (d) is the image of the free standing 

AAO substrate which is transparent because of the thin and porous structure. The 

backside of the free-standing film needs to be floated on the KOH (0.1 M) solution to 

remove the barrier layer from the bottom. The oxide layer is completely perforated after 

this process. The highly ordered and perforated holes are observed in figure 4.2 (d). The 

porous structure is more obvious when compared with the previous SEM image in figure 

4.2 (c). Figure 4.2 (e) is the side view of the AAO structure. We can confirm the 

perforated holes by the SEM image.  

For the device fabrication, Au (150 nm) was deposited onto the AAO substrate by an e-

beam evaporator. During the deposition process, the substrate is covered with the shadow 

mask for the electrode structure. Figure 4.1 (e) is the image of the Au electrode on the 

substrate. The next step is the graphene transfer process. The graphene was synthesized 

on copper foil by the CVD method and transferred using the PMMA method. To achieve 

this, PMMA needs to be coated on the synthesized CVD graphene.  
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Figure 4.2 SEM images of the Al and AAO substrates (a) before and (b) after electropolishing, (c) 

after anodization, (d) after etching the barrier layer, (e) side view of AAO substrate, and (f) after 

transferring graphene on AAO substrate. 
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After etching the copper foil, the PMMA/graphene film was transferred to the AAO 

substrate. The PMMA can then be removed by acetone. The detailed transfer process can 

be found in previous research [126]. Figure 4.1 (f) shows the device after the graphene 

transfer process. The thin graphene layers are located between the Au electrodes. We 

tried to show the transferred graphene through SEM and successfully demonstrate the 

graphene layer on the AAO substrate. 

As shown in figure 4.2 (f), the graphene layer is suspended on the AAO substrate. Since 

graphene should be exposed to the solution during the measurement, the other parts need 

to be covered by the PMMA layer. Next, the graphene layer is treated by the selective 

membrane solution for nitrate detection. Following similar previous research, the nitrate 

selective membrane solution was prepared with polyvinyl chloride (PVC), plasticizer and 

nitrate ionophore [127]. Here, the plasticizer is 1-(2-Nitrophenoxy)octane (NPOE) which 

has been widely used as a highly lipophilic plasticizer for the membrane fabrication. 

First, PVC powder (90 mg) is dissolved in tetrahydrofuran (2 mL). Then nitrate 

ionophore (30 mg) is added to the PVC mixture, followed by adding the NPOE to the 

solution. The synthesized solution is then coated on the graphene by a drop-casting 

method. Now, the devices are ready to be tested. 

 

4.1.3 Results and discussion 

In these measurements, there are three electrodes including the drain, source and 

reference, as shown in Figure 4.3 (a). We applied 0.05 V between the drain and the 
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source electrodes and swiped the voltage (-1 ~ 1 V) to the reference electrode which is 

also called the gate voltage. The measurement system is the same as the traditional IS-

FET measurement system. The graphene based IS-FET shows the U-shaped curve in the 

transfer curve which shows the Dirac point of graphene. The transfer curves are measured 

by a semiconductor analyzer and DI water was used for the test. 

Figure 4.3 (b) demonstrate the side view of the device structure. The working principle of 

the selectivity can be explained by this figure. The nitrate selective membrane is directly 

applied to both sides of graphene. The nitrate selective membrane can recognize nitrate 

ions in water and absorbs the ion inside of the membrane because of the properties of the 

components in the membrane. 

To understand the principle of this mechanism, we need to know the components of the 

selective membrane. Methyltriphenylphosphonium (MTPP)-bromide and 

Tridodecylmethylammonium (TDDMA)-nitrate are the main components of the selective 

membrane. MTPP-bromide is the ion exchanger and TDDMA-nitrate is the ionophore. 

Since the bromide and nitrate ions in the membrane dissolve into the applied solution, the 

membrane is left with a positive charge which causes the shift to the left side. When the 

membrane meets nitrate ions in the solution, the membrane loses the positive charge. 

This phenomenon affects the current density of graphene. Finally, it makes a Dirac point 

shift in graphene. For these reasons, we can only detect nitrate without the interference of 

other ions.  
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Figure 4.3 (a) Schematic diagram of the measurement system for graphene IS-FET (b) Schematic 

diagram for the mechanism of nitrate selective membrane. 
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Figure 4.4 (a) Raman spectroscopy of graphene on glass and AAO substrate. (b) Transfer curve 

of graphene FET before and after coating the nitrate selective membrane. 
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This mechanism can be solved by the ion concentration induced solution-membrane 

interface potential change [128]. As shown in figure 4.3 (b), KMPR was coated on both 

sides of the Au electrodes to prevent the leakage current of the device.  

The quality of the transferred graphene is tested by Raman spectroscopy. Graphene is 

transferred to the AAO substrate and glass substrate for measurement. In figure 4.4 (a), 

we obtained the signature peaks for graphene which are the D, G and 2D peaks. Single 

layer graphene specifically shows higher 2D peak intensity than G peak. Here, the 

intensity of the 2D peak is lower than G peak. This shows that the synthesized graphene 

is a few layers thick. Based on the research, the graphene has about 3 layers of thickness. 

Figure 4.4 (a) also shows an increase in the overall peak intensity on the AAO substrate. 

This result comes from the surface-enhanced Raman scattering effect [129]. The 

nanoporous structure of the AAO film enhances the peak intensity. It shows that we had 

successfully fabricated the device which has suspended graphene layers on the AAO 

substrate. 

Figure 4.4 (b) shows the transfer curves for the device before and after coating the nitrate 

selective membrane. Before coating the membrane with graphene, the Dirac point was 

located on the right side of the graph. However, the graph shifted to the left side with the 

nitrate selective membrane. This means that the Fermi level of graphene is changed by 

applying the membrane because of the positive charges of the selective membrane [130]. 

The Dirac point was changed from 0.6 V to -0.4 V with the membrane. This also shows 
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that the main carrier of graphene is changed from holes to electrons. From these results, 

we can confirm that graphene sensitively responds to the surrounded environment.  

The mechanism of nitrate detection can also be explained by the Dirac point shift. The 

charge carrier density of graphene can be changed by the concentration of the ionic 

solution. This phenomenon can be described by the potential difference between the 

selective membrane and ionic solution. The potential difference is changed by the 

concentration of the ionic solution. This causes the change of charge carrier density of 

graphene. Finally, we can detect the concentration change by measuring the Dirac point 

shift in the graphene based IS-FETs. 

We prepared solutions that have different nitrate concentrations from 0 ppm to 10 ppm, 

including sulfate, chloride and phosphate. Figure 4.5 (a) depicts the response of the 

sensor depending on the concentration of the nitrate solution. Here, we can see that the 

Dirac point was shifted to the right side from the starting point. The Dirac point was 

located to -0.4 V with DI water. However, it starts to shift to the right from the original 

point. As we increased the concentration of the solution, the Dirac point shifted to -0.3 V. 

In this graph, we demonstrated that the carrier concentration in graphene is changed by 

the surrounded ions in water. Figure 4.5 (b) shows the real-time current measurement of 

the IS-FET sensor which can demonstrate the response time and the reusability. 

Changing solution causes the sharp peaks and the current levels to be recovered right 

after changing the solutions. The current level reaches about 90 % of final amplitudes in 

3 seconds.  
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Figure 4.5 (a) Transfer curves of graphene IS-FET with the nitrate selective membrane. (b) Real-

time current measurement of the IS-FET sensor when exposed to different concentrations. 
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The reusability of the sensor is also verified by showing the current level of the previous 

current in the same solution. Once the nitrate concentration is decreased, the current level 

is recovered to 30 µA again in DI water. The result confirms that the sensor can be 

reusable and be used for monitoring the quantity of nitrate in water. 

Subsequently, we also characterized the sensors with several ions to check the function of 

the selective membrane. The different solutions are applied to the same sensor. When 

each solution is applied to the sensor, the transfer curve was measured. Finally, we 

collected the data and drew the concentration versus the Dirac point shift graph to 

analyze the relationship between the two parameters. Figure 4.6 demonstrates the 

relationship. As described, IS-FET shows the response to nitrate solutions. The Dirac 

point was shifted up to -0.1 V as the nitrate concentration increased. However, the sensor 

didn’t show a shift of the Dirac point with other solutions including sulfate, chloride and 

phosphate. Although there were smaller shifts with those solutions, the difference was 

clear. The error bars include the results from 5 different devices. The performance of the 

nitrate selective membrane is verified by the results. 
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Figure 4.6 Selectivity of the nitrate selective membrane. 

 

In this work, we successfully fabricated and characterized graphene based IS-FET on the 

AAO substrate. The detection limit and response time are enhanced compared to the 

device on SiO2 [131].  In our previous results, the detection limit was 0.82 ppm but is 

now improved to 0.32 ppm in this work. The devices show a measurable response within 

3 s. Based on the above results, we show the IS-FET can be a great candidate for the next 

generation of ion sensors. 
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4.1.4 Conclusion  

Au electrodes are deposited on the AAO substrates which are prepared by a two-step 

anodizing process. The nitrate membrane is synthesized by mixing nitrate ionophore, 

PVC, and plasticizer in the solvent. For the selective membrane, the synthesized solution 

was directly applied to the graphene surface. The sensor performance was demonstrated 

by the semiconductor analyzer to measure the shift of the Dirac point of graphene. The 

Dirac point of graphene was changed from 0.6 V to -0.4 V after coating the selective 

membrane because of the charge of the membrane. The Dirac point starts to shift towards 

the right depending on the concentration of nitrate and the sensors are nitrate specific. We 

successfully demonstrate that the IS-FET can be a promising candidate to quantify nitrate 

ions in water. 

 

4.2 Graphene Based Temperature Sensors Suspended by Anodic Aluminum Oxide 

In the research, we investigate the substrate effect in graphene temperature sensors. 

Recently, there have been many research studies done on temperature sensors using 

nanofabrication techniques. However, the sensitivity and response time need to be 

improved. In this study, we propose a new type of temperature sensor which consists of 

graphene and Anodic Aluminum Oxide. For this device, graphene and AAO are used for 

the sensing material and the substrate, respectively. We characterize the sensitivity and 

the response time using the experimental results and simulation data. The real-time 

resistance change of graphene is monitored depending on the temperature and the 
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response time is also analyzed by COMSOL Multiphysics. To confirm the porous 

substrate effect, we compare the device performance of the AAO substrate to the 

performance of the glass substrate. In the results, the suspended graphene on the AAO 

substrate shows about 2 times higher sensitivity and much faster response time than the 

glass substrate. 

 

4.2.1 Introduction 

Temperature is one of the most important physical parameters that are closely related to 

our lives. Especially body temperature is an important parameter related to our health. 

Therefore, various temperature sensors have been developed by many research groups 

and companies. Among temperature sensors, some devices are already commercialized in 

the market including mercury thermometers and infrared thermometers that use different 

materials for sensing temperatures such as ceramics, polymers, metal and metal oxide. 

The sensing materials are different, but most temperature sensors measure a certain 

change to show a specific value temperature. Although these thermometers have several 

advantages, they still need to be developed to overcome the following limitations. Daniel 

Gabriel in 1714 invented the mercury thermometer, which is still widely used in our life 

due to its accuracy [132]. However, it still has various disadvantages such as slow 

response, difficulty in reading and the use of a toxic sensing material that can cause the 

disease called Minamata [133,134]. The infrared thermometer is a compact, light, fast 

and simple device that can measure temperature from a distance. However, the results 
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can be easily affected by dust or humidity and it is also quite expensive depending on the 

accuracy and range of temperature. 

To solve these problems, many research groups are researching the resistance change 

measurement which is a well-known temperature sensing mechanisms because of its 

accuracy and simplicity [135]. This thermometer uses a carbon-based material that is 

used as the sensing material with outstanding mechanical and electrical properties [136]. 

Among carbon-based materials, various graphene derivatives have also been used for 

various applications such as solar cells, diodes, ion sensors and optical sensors [137-144]. 

We apply a few layers of graphene due to the high mobility of its charge carriers. At 

baseline graphene based body temperature sensors have high sensitivity and accuracy and 

the sensitivity can be enhanced further by changing the substrate which suspends 

graphene [145]. Here, we investigate how the substrates can affect the sensitivity of the 

temperature sensor. Anodic aluminum oxide (AAO) substrate is prepared for the porous 

substrate that can suspend graphene and the glass substrate is also prepared for the flat 

substrate [146]. To compare the relative performance, graphene is transferred onto the 

AAO substrate and glass substrate.   

Several research groups have reported on the relationship between the resistance change 

of graphene and temperature change [147]. In the studies, graphene shows a negative 

value for the temperature coefficient of resistance (TCR) between 35 and 45 °C [148]. 

The negative TCR comes from the negative coefficient of thermal expansion (CTE) 

[149]. The CTE of graphene can be changed from negative to positive depending on the 
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temperature range [150]. To be specific, graphene has negative thermal expansion at 

relatively low temperatures, but it shows positive thermal expansion at high temperatures. 

The transition is caused by two competing effects: positive thermal expansion because of 

in-plane modes and negative expansion because of out-of-plane fluctuation [151]. For 

this reason, graphene exhibits positive CTE at a relatively high temperature and it shows 

a negative value at low temperatures [152]. Therefore, a negative TCR can be expected 

between 35 ~ 45 °C  because of the negative CTE value in this temperature range. The 

TCR values of the graphene in different substrates are derived from experimental results 

using an equation that includes initial resistance and the slope of the temperature-time 

graph [153]. Since the high TCR value means that the resistance can sensitively respond 

with temperature, the comparison of the TCR value is necessary to compare the substrate 

effect of graphene based temperature sensors. 
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4.2.2 Materials and methods 

 

 

Figure 4.7 Fabrication flow chart for the AAO substrate and the fabricated device. The scale bar 

is 5 mm. 

 

To compare the effects in different substrates, devices were fabricated on two different 

substrates including glass and AAO. The Al plates (ZhongNuo, YJ13G04) and the glass 

(Gold Seal™ Cover Slips) are used for the fabrication of AAO substrate and a glass 

substrate, respectively. Firstly, the glass (18 mm x 18 mm x 0.15 mm) and the Al plate 

(20 mm x 30 mm x 0.3 mm) substrates are prepared and cleaned to remove surface 

impurities by the following process. The substrates are cleaned with Trichloroethylene 

for 15 min using sonication. The same process is repeated with acetone and methanol to 
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finish the cleaning process. Before starting the anodization process, the Al plates is 

polished by electrical method (20 V for 4 min) using a solution of perchloric acid and 

ethanol (1:3 volume ratio) and running a voltage. The surface of Al plates is smoothed 

through the polishing process. As a result, the surface can reflect light like a mirror. It is 

very important to achieve a smooth surface for the fabrication of a uniform porous 

structure.  

Figure 4.7 illustrates the device fabrication process with the AAO substrate. Firstly, the 

polished Al substrate needs to be anodized twice. This process is called two step 

anodizing method. The Al substrates are anodized in phosphoric acid (1 wt%) solution 

with a voltage of 40 V. In the anodizing process, the temperature is also an important 

parameter to achieve a uniform structure. The temperature needs to be maintained at 1 °C 

for the anodizing process to occur slowly. Both anodizing processes use the same 

solution, temperature and voltage. However, for the first anodization, the voltage is 

applied to the substrate for about 10 h to achieve uniform dents on the surface. Although 

the porous structure can be formed during the first anodizing process, the surface of the 

oxide layer is not uniform. Thus, the first anodized oxide layer is to be etched away by Al 

oxide etchant (70 °C for 3 h) that consists of chromic acid and phosphoric acid. After 

etching the oxide layer, the Al surface has the uniform dents that can be used to seed the 

next porous oxide layer. In the second anodizing process, the oxide layer can be formed 

from the dents to obtain a more uniform porous structure. The second anodizing process 

uses identical conditions for the temperature, solution and voltage but finishes within a 
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few minutes. Hence, the entire process to achieve a thick AAO film lasts for 15 hours. 

The next procedure is the backside AAO etching step. Before the etching step, PMMA is 

coated on the AAO substrate to protect the oxide layer from the oxide etchant. Once 

coated, the plate is ready to etch on the Al. For etching Al plate, the AAO/Al substrate is 

dipped into the Al etchant (3.4 g CuCl2, 100 ml HCl (38%) and 100 ml H2O) until the 

reaction is finished. Then the barrier in the remained oxide layer needs to be etched away 

by KOH solution (0.1 M). The barrier layer etching is a very sensitive process because it 

is easy to lose the oxide layer in the etching process. The coated polymer can be removed 

by acetone. 

The next step is device fabrication. First, Au (100nm) is deposited on the AAO substrate 

using sputtering. Graphene is synthesized by the chemical vapor deposition (CVD) 

method based on the previous research [154]. The synthesized graphene consists of 3 

layers of graphene. Graphene needs to be transferred to the target location that is between 

both Au electrodes on the AAO and glass substrates. To protect graphene during the next 

processes, PMMA is coated on graphene and the below copper foil is etched by the 

copper etchant (50 ℃ for 1 h). After the etching process, the PMMA/graphene film floats 

in the etchant. The film is rinsed by DI water and transfers to the target location. Acetone 

is used to remove the PMMA layer on graphene. The last image in figure 4.7 shows the 

graphene on the device after the transfer process. The transferred graphene is patterned 

by oxygen plasma to define the current path using a shadow mask. The size of the 

graphene sheet is 3 mm x 4 mm [155]. 
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4.2.3 Results and discussion  

 

Figure 4.8 SEM images of the AAO substrates (a) after first anodization, (b) after etching 

the oxide layer, (c) after second anodization and (d) after transferring graphene on AAO 

substrate.    

 

Figure 4.8 shows the SEM images of the surfaces after each step. First, figure 4.8 depicts 

the AAO surface structure after the first anodizing process. In this image, the uniformity 

and size of the pores can be observed. Each pore size is about 50 nm. The first anodized 

film is then etched before the second anodizing process. After etching the porous oxide 
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layer, the surface shape is characterized by SEM. Figure 4.8 (b) demonstrates the 

morphology of the surface after etching. We can observe the bottom of the oxide layer 

from this image. The smooth Al surface has specially shaped dents after the oxidation 

process of the Al surface by the applied voltage in the solution. Each dent has a hexagon 

shape. Since the second anodizing starts from these dents, we hope to obtain a more 

uniform porous structure. More uniform dents lead to a more uniform porous structure. 

Therefore, the first anodizing process is the key step for structure uniformity.  

For the second anodizing process, the same solution and voltage are applied a second 

time to the Al plate with dents. And then the backside of the AAO layer and Al part are 

etched by their respective etchant. The detailed processes can be found in our previous 

research [156]. Figure 4.8 (c) shows the surface structure of the AAO layer after 

removing the barrier layer from the backside. The AAO is fully formed through the 

structure. In the figure, the porous structure is observed. After Au deposition using 

sputtering, CVD graphene is transferred on to the AAO substrate. Figure 4.8 (d) depicts 

the transferred graphene layers on the porous structure. The graphene film is seen 

covering a portion of the AAO substrate, and the porous structure can be observed 

through the thin graphene film. The wrinkle of the graphene sheet can also be founded in 

the image. The next step is confirmation of the graphene. 
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Figure 4.9 (a) Raman spectroscopy of graphene on glass and AAO substrate (b) Schematic 

diagram of the measurement system.   
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Graphene is transferred to both substrates including glass and AAO substrate. The 

transferred graphene films are characterized by Raman spectroscopy. Figure 4.9 (a) 

shows the Raman spectroscopy of graphene on AAO and glass substrate. The graphene 

on an AAO substrate displays higher intensity in the graph than the graphene on a glass 

substrate. Both curves have the main peaks of graphene such as D, G and 2D peaks 

represented at 1350, 1590 and 2700 cm-1, respectively. In both substrates, the peak 

locations are exactly the same. However, there is a noticeable difference in the intensity 

of the peaks.  

The high intensity in the AAO substrate can be explained by the following reason. Since 

nanostructures cause a phenomenon called the Raman scattering boost which leads to the 

surface-enhanced Raman scattering, the intensity of the peaks is increased by the 

nanostructure of the AAO substrate [157]. The thickness of graphene can be determined 

by comparing the intensity of G and 2D peaks. When graphene is a single layer, the 

intensity of the 2D peak is almost double the G peak intensity. However, the peak ratio is 

changed to the opposite as increasing the thickness of graphene. This means that the 

intensity of the G peak can be higher than the intensity of the 2D peak. In this 

experiment, we synthesize 3~4 layers of graphene and transfer it to the substrates. As a 

result, the Raman graph shows a reasonable peak ratio for 3~4 layers. The transferred 

graphene is appropriately characterized by Raman spectroscopy.  
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Figure 4.10 Comparison of the resistance change in the different substrate (a) Glass substrate and 

(b) AAO substrate. Inset images show the fabricated devices on different substrates. The scale bar 

is 5 mm. 
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Figure 4.9 (b) demonstrates the measurement system that consists of a hot plate, Agilent 

data logger and computer. The fabricated sensors are characterized by data acquisition 

equipment (Agilent, 34970A) which collects the resistance change of graphene as the 

resistance of graphene responds to the change in temperature. To measure the resistance 

of graphene, the wires are connected to the Au electrodes in the device. Then, the 

temperature of the device is controlled by the hot plate while the device is covered by the 

glass to reduce the effect of the heat dissipation from the device to air. The real-time 

resistance of the graphene is then collected by the data acquisition equipment and finally 

displayed in software on the computer. 

Figure 4.10 shows the resistance change as the temperature is increased in the two 

different substrates. The temperature is increased from 35 °C to 45 °C to simulate the 

target objective of the human body. We measure the resistance changes for every 1 °C. 

Figure 4.10 (a) represents the resistance change of graphene on the glass. The fabricated 

device is shown in the inset image. The resistance is changed from 1638 Ω to 1612 Ω 

(Δ26 Ω) as the temperature increases to 45 °C. The temperature is changed after the 

resistance is stabilized. The resistance slightly increases after reaching the peak point 

because the equipment takes time to reach the set temperature. The measurement takes a 

total of about 350 s. Figure 4.10 (b) shows the response of the resistance of graphene on 

the AAO substrate. The resistance is changed from 1369 Ω to 1341 Ω (Δ28 Ω) as the 

temperature increases. The resistance is measured for a total of 300 s. Since there are a lot 

of factors that affect the initial resistance of graphene including the size of transferred 



 

 

 106 

 

graphene, substrate and the quality of graphene film, the initial resistance is different for 

each sensor. Therefore, calculating TCR value is necessary for comparing the sensor 

performances. 

The TCR values (α) can be obtained by: 

 

 

  

Where, (dR/dT) and R0 is the change in resistance over time and the initial resistance, 

respectively [158]. Using equation (1), we obtain the TCR values for both devices. The 

TCR value of the sensor based on the AAO substrate is −20.45 x 10−4 °C -1, and the TCR 

for the device based on the glass substrate is -15.87 x 10−4 °C -1. In these results, we get a 

greater absolute TCR value in the AAO substrate and a negative TCR value. The 

negative value of CTE leads to a negative TCR value. This means that the resistance of 

graphene decreases with an increase in temperature. The higher the TCR value means 

that the most sensitive the sensor is in response to the temperature. 
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Figure 4.10 (a) TCR values in the glass and AAO substrate. Error bar comes from 5 different 

samples for each substrate. (b) Real-time resistance measurement of graphene-based temperature 

sensor when exposed to the different temperatures.  
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We prepared 5 devices and characterized the device performances to verify the TCR 

values. Figure 4.10 (a) represents the TCR values of the different substrates. TCR values 

are calculated using the equation (1), and the error bars indicate the range of performance 

for the 5 different devices. The average TCR values are -12.4 x 10-4 °C -1 and -24.1 x 10-

4 °C -1 for the Glass and AAO substrate, respectively. Based on these results, we 

successfully verify that the graphene device fabricated on the AAO substrate has about 

twice the sensitivity compared to the device on the glass substrate. 

Figure 4.10 (b) demonstrates a real-time resistance change of the sensors which were 

fabricated on the glass and AAO substrates. The sensors were exposed to two different 

temperatures which are room temperature (20 ℃) and 40 ℃. In the graph, the resistance 

level is decreased when the temperature is at 40 ℃. The resistance level is fully 

recovered at room temperature. It means that the graphene-based sensors can be reusable 

without any degradation caused by thermal oxidation. The graph also shows that the 

response time of the sensor on the AAO substrate is shorter than the sensor on the glass 

substrate.   
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Figure 4.11 Comsol simulation results of the graphene’s conductivity in different substrate (a) 

Glass and (b) AAO substrate. 
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COMSOL simulation software is used to estimate the response time of the graphene 

based temperature sensor. In the simulation, the conductance of graphene is calculated for 

5 s after setting the new temperature. Figure 4.11 shows the conductance difference 

between (a) glass and (b) AAO substrates. Graphene is located between Au electrodes, 

and the heat source is at the bottom of the substrates. As shown in 3D figures in the 

graphs, two different devices are depicted in the simulation. The substrate size is assigned 

to 10 x 10 mm which includes the Au electrode and graphene. For the AAO substrate, 

Al2O3 is assigned as the material and the holes in the substrate are filled with air. 

Although we could not use the actual hole size in AAO because of the unit limitation, the 

coverage of holes in the AAO substrate is very close with the real value. There are over 

1000 holes in the substrate which has 0.1 mm radius. The parameters are entered for 

materials including substrates, air and graphene based on the previous research which 

suggests the thermal conductivity, electrical conductivity and density [159]. Although we 

don’t expect the exact same results with the experimental data because of the limitation 

of the simulation tool, the results can be used for estimating the relationship between the 

heat transfer in the different substrates and conductance change in graphene. The current 

temperature of the substrate is set to 310 K and the new bottom temperature is set to 320 

K. Then, we observe the heat transfer in the substrates along with the conductance change 

of graphene for 5 s. In the 3D figures, we can notice that the AAO substrate has a brighter 

color than the glass substrate after 3 s. This is due to the better heat transfer performance 

of the AAO substrate than the glass substrate. Since graphene rapidly reacts with the 
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surface temperature of the substrate, the color of graphene also changes to red that shows 

a higher conductance level than the blue shown in the glass substrate. The results support 

that the AAO substrate can enhance the response time of the graphene based temperature 

sensor. In the experimental results, the device fabricated on the AAO substrate shows a 

faster response than the glass substrate. Therefore, the total experiment time is shorter 

with the AAO substrate. Finally, the device performances are successfully characterized 

by the experimental and simulation data. 

 

4.2.4 Conclusion  

In these experiments, we clarify the substrate effects in the graphene based temperature 

sensor. The devices are fabricated on glass and AAO substrates for comparison. The 

AAO substrates are prepared by a two-step anodizing method, and graphene is 

transferred between the Au electrodes on both substrates. The sensor performance is then 

demonstrated by measuring the resistance change of graphene depending on temperature. 

Based on the collected experimental data, TCR values are calculated by the equation to 

get the sensitivity of the sensors. The response time of the sensor is calculated by 

COMSOL simulation. The data shows that the AAO substrate is twice as sensitive and 

boasts a much faster response time than the glass substrate. In this work, we successfully 

demonstrate the substrate effect in the graphene based temperature sensor using both 

experimental and simulation results. 
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CHAPTER 5 

PSC POWER SOURCE FOR SENSORS 

5.1 Flexible Solar cells 

The objective of this research is to develop high-efficiency flexible perovskite solar cells 

using roll-to-roll manufacturing. This report includes the preparation of the materials and 

fabrication of flexible perovskite solar cells. Also, we characterize the surface 

morphology of the perovskite to check the grain size by atomic force microscopy (AFM) 

and scanning electron microscopy (SEM). The efficiency of solar cells is measured by the 

solar simulator. The relationship between efficiency and grain size is also included in the 

report. The flexible solar cells show the power conversion efficiency (7.6 %) under the 

AM 1.5 G. 

 

5.1.1 Introduction 

Solar energy is one of the crucial renewable energy resources. Since it is clean and 

independent, it can be applied to several applications such as solar cell and solar thermal 

energy. Solar cells can directly produce electricity from photon and it does not cause any 

problem to our environment as well. As big companies recently start to commercialize 

foldable devices, the flexible solar cell is also attracted by researchers. Especially, several 

research groups have been focused on perovskite solar cells because of low-cost 

fabrication, low fabrication temperature and high efficiency. Perovskite can also be 
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synthesized on the flexible substrate. Therefore, growing perovskite on a flexible 

substrate is an important research topic. 

Traditionally, the perovskite solar cells have a planar structure that consists of an electron 

transport layer (ETL), perovskite and hole transport layer (HTL) for the higher efficiency. 

However, it is not easy to apply the planar structure with traditional materials for flexible 

solar cells. Since high-temperature processes cannot apply to the flexible substrate, the 

materials need to be exchanged. For instance, conventional ETL (TiO2) needs 550 °C 

temperature for the sintering process [160]. Therefore it is not appropriate material for 

flexible substrate. Another reason is the transmittance of the material. Spiro is used as 

HTL in the planar structure but does not have high transmittance. For this reason, spiro 

cannot be used below the perovskite layer [161].  

To fabricate the flexible solar cells, we chose the inverted planar structure which has 

HTL/perovskite/ETL structure [162]. Poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) can be used as an hole transport layer for hole extraction in 

perovskite solar cells because of its high transmittance and conductivity. Phenyl-C61-

butyric acid methyl ester (PCBM) is substituted with TiO2 for ETL. As a result, the 

maximum fabrication temperature is decreased to 115 °C which is much lower than the 

traditional fabrication temperature (550 °C). This report includes how to prepare the 

materials, how to fabricate the device, the analysis of the synthesized material and the 

efficiency of the devices. 
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5.1.2 Device structure and the fabrication procedures 

 

 

Figure 5.1 (a) Fabricated flexible perovskite solar cells (b) Device structure of the solar cells. 
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Figure 5.1 (a) shows the fabricated flexible solar cells. Each device has three test areas (3 

x 3 mm2). The device is fabricated on the flexible substrate. The ITO is deposited on the 

PEN substrate for the transparent electrode. Since the ITO/PEN film has high 

transparency, low moisture permeability, high thermo-stability and high chemical 

stability, we chose these materials as a substrate. The sheet resistance of ITO/PEN is less 

than 15 ohm/sq which is similar to ITO glass. The ITO needs to be patterned by a wet 

etching method. Zinc powder spreads on the area that needs to be etched and ITO can be 

etched by dropping hydrogen chloride solution on the powder. 

Figure 5.1 (b) describes the structure of the devices. The device consists of several layers 

between the top and bottom electrodes including PEDOT:PSS, Perovskite, PCBM and 

BCP.  

PEDOT:PSS is a transparent conductive polymer which consists of the ionomers 

poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate. Due to its distinctive 

combination of conductivity and transparency, PEDOT:PSS can be used as a layer in 

organic electronic devices such as organic light-emitting diode (OLED) and organic solar 

cell (OSC). Before coating PEDOT:PSS solution, the ITO/PEN substrate needs to be 

treated by oxygen plasma to enhance the surface energy. Then PEDOT:PSS is coated on 

the patterned ITO/PEN substrate using spin-coater (8000 rpm for 40 s). The substrate 

needs to be post-annealed with 120 °C for 20 min. For the perovskite film, the PbI2 

solution is first coated on the PEDOT:PSS/ITO/PEN substrate. Then the PbI2 film 

changed to perovskite through the CVD process. PbI2 solution is prepared by dissolving 
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the PbI2 powder into the (DMF:DMSO=95:5) solvent and coats on the substrate (2500 

rpm for 60 s). During the CVD process, the samples are located on the quartz boat with 

mixed powder which the formanidinium iodide (0.95 g) and Methylammonium Bromide 

(0.05 g). The temperature is increased from room temperature to 115 °C for 1 h and 

maintained at 115 °C for 7 h. The CVD process time increase to 10 h which includes 2 h 

ramping time to get a larger grain size. PCBM is a well-known electron acceptor material 

because of its exceptional conductivity and electron accept capability. The PCBM 

solution is prepared by dissolving the PCBM powder (23 mg) into chlorobenzene (1 ml). 

The coating condition is 2500 rpm for 40 s. For the next layer, BCP powder (0.5 mg) 

disperses into IPA (1 ml). Then the BCP solution coated on the PCBM layer (4000 rpm 

for 20 s). This BCP layer can change the Schottky contact to the ohmic contact between 

PCBM and Ag. It can reduce the recombination rate by improving the quality of 

interfacial contact. As the last layer, Ag (120 nm) is deposited for the top electrode by the 

thermal evaporator. 
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5.1.3 Surface structure of the perovskite film 

 

Figure 5.2 (a) AFM image of perovskite film after CVD process for 8 h (b) AFM image for 10 h 

CVD (c) SEM image of perovskite film for 8 h (d) SEM image for 10 h CVD. 

 

As a part of the research, the duration time is controlled during the CVD process. The 

duration includes the ramping time. This means that the 10 h fabrication process takes a 

longer time to reach the target temperature (115 °C). We got a different perovskite film 

depending on the ramp of the temperature. The surface morphology is characterized by 
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AFM (Asylum Research) and SEM (Hitachi S4700). Figure 5.2 (a) depicts the surface 

morphology of perovskite film after the CVD process for 8 h. The grains are clearly 

shown in the image. The grain size is about 200~300 nm and the roughness of the surface 

(Rq) is 23.62 nm. Figure 5.2 (c) is the SEM image of the perovskite film. We confirm the 

surface shape by comparing both AFM and SEM images. Both images show a similar 

morphology. Figure 5.2 (b) and (d) demonstrate the morphology of the perovskite after 

the 10 h CVD process. In this case, while the grain size varies from 0.1 to 1 µm, we got a 

much larger grain size than the 8 h process. The roughness of the surface (Rq) is 28.51 

nm, and the overall film quality is uniform. The grains are also shown in figure 5.2 (d). In 

this experiment, it is shown that the grain size is related to the ramping time. The 

relationship needs to be studied more in the next research period to optimize the growing 

condition. 

 

5.1.4 Performance of the perovskite solar cells 

Figure 5.3 (a) represents the energy band diagram of a perovskite solar cell including the 

work function of the electrodes and HOMO/LUMO of the semiconductors. PEDOT:PSS 

and PCBM are used as HTL and ETL, respectively. These layers help to enhance the 

performance of the device by increasing open circuit voltage and short circuit current. 

PEDOT:PSS has a HOMO energy level at -5.2 eV, which can help the hole’s flow from 

perovskite to ITO. However, the large bandgap of PEDOT:PSS can effectively block the 

electrons from perovskite. The PCBM layer also has a similar function. 
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Figure 5.3 (a) Energy band diagram of the solar cell and the real device picture (b) IV curve of 

the flexible perovskite solar cell. 
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It accepts electrons but blocks holes. As shown in the energy band diagram, BCP has a 

wide bandgap and an electron affinity. This buffer layer also acts as a hole blocking 

barrier but an electron transporting layer. Since the BCP layer can also remove the 

Schottky barrier between PCBM and Ag, it is widely used for one of the layers in organic 

electronics such as an OLED and OSC including perovskite solar cells. The inset image 

shows the fabricated flexible perovskite solar cell. 

Figure 5.3 (b) shows the IV curve of the solar cell. The power conversion efficiency 

(PCE) is 7.6 % under AM 1.5 G. In the next phase of the project, the current and voltage 

could be increased by optimizing the layers in the device so that we get the best 

performance of the devices. The fill factor (FF) also can be increased up to 0.8. In this 

report, we successfully demonstrate the feasibility of the solution based fabrication as the 

first step for roll-to-roll manufacturing system. 

 

5.1.5 Conclusion 

The flexible perovskite solar cells are fabricated on the PEN substrate. The perovskite 

films grew by the CVD process for 8 h and 10 h. The grown perovskite film is 

characterized by AFM and SEM. The larger gains grew for the longer ramping time 

because of the growing speed of the perovskite seed. We successfully fabricated the 

perovskite solar cells with all solution-based fabrication and confirmed that these 

materials could be applied to the roll-to-roll manufacturing process. The highest PCE that 

we have gotten is 7.6 % with those materials. Since the efficiency could be enhanced by 
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the quality of the perovskite, it is necessary to clarify the relationship between the 

performance and the quality of perovskite. The optimization should be carried out for the 

roll-to-roll process. 

 

5.2 Hole Transport Layer 

The objective of this research is to optimize the process for high-efficiency flexible 

perovskite solar cells. In this report, we have studied the materials to introduce better hole 

transport layers (HTL) for the device. PTAA is used as HTL and the results are compared 

with the device which has PEDOT:PSS as HTL. The report includes the preparation of 

the materials and fabrication of perovskite solar cells. The surface morphologies of the 

perovskite were characterized by atomic force microscopy (AFM). The efficiency of 

solar cells is measured by the solar simulator. 

 

5.2.1 Introduction 

Traditionally, the perovskite solar cells consist of an electron transport layer (ETL), 

perovskite, hole transport layer (HTL) and electrode. Especially, the poly(3,4-

ethylenedioxythiophene)poly-(styrenesulfonate) PEDOT:PSS (AI4083) was used as HTL 

for flexible perovskite solar cells because of its transparency, work function and bandgap 

[163]. However, AI4083 has a highly acidic nature that can degrade the electrical 

property of indium tin oxide (ITO) and can be easily oxidized by water vapor and oxygen 

present in the air [164]. Therefore, it is necessary to substitute AI4083 with stable 
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material. One of the candidates is Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

(PTAA) because of its hydrophobicity and stability. 

When we compare the contact angle of PTAA with AI4083, the contact angle on PTAA 

was larger than that on AI 4083, indicating the hydrophobicity of PTAA. Previous studies 

verified that hydrophobic bottom layers helped the crystal growth of perovskite by 

isolating perovskite nuclei from each other [165]. Since the grain boundary growth rate of 

the perovskite on PTAA is higher than on AI 4083, we can expect the larger grain size on 

PTAA. Thus, using PTAA is more helpful for increasing the upper perovskite grains than 

using AI 4083. The XRD results show increased peaks for perovskite, indicating the 

enhanced crystallinity of the perovskite on PTAA compared to that on AI 4083, which is 

consistent with previous studies. Large grain sizes benefit the transfer of excitons in the 

perovskite film, thus reducing the probability of exciton quenching at grain boundaries 

and thereby improving photovoltaic performance. The branched-chain of PTAA can also 

fill the vacancy of the methylammonium ion formed in the annealing process which 

improved the stability of the perovskite and suppressed charge recombination at the 

interfaces. 

 

5.2.2 Device structure and the fabrication procedures 

Figure 5.4 shows the structure of solar cells and the energy band diagram of solar cells 

with (a) AI4083 and (b) PTAA. AI4083 and PTAA are used for HTL for the devices. 
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Both layers help to enhance the performance of the device by helping the holes flow 

between the perovskite and ITO and by blocking the electrons from perovskite. 

 

Figure 5.4 Energy band diagram of the solar cell with (a) AI4083 and (b) PTAA. 

 

AI4083 and PTAA have the same HOMO energy level at -5.2 eV which can help the 

hole’s flow from perovskite to ITO. However, the larger bandgap of PTAA can more 

effectively block the electrons than AI4083. 

The PTAA solution was prepared by dissolving the PTAA powder into the toluene (10 

mg/ml). After the prepared solution was coated on ITO/PEN substrate by spin-coating 

(4000 rpm for 40 s), the substrates need to be dried on a hot plate 100 ℃ for 10 min. 

Next, the PbI2 solution was coated on the AI4083/ITO/PEN and PTAA/ITO/PEN 

substrates. Then the PbI2 film changed to perovskite through the CVD process with 

MABr and FAI mixed powder. The ratio is 95:5 or 95 % FAI by weight and 5% MABr 
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by weight. The temperature is increased from room temperature to 115 ℃ for 1 h and 

maintained at 115 ℃ for 7 h. The CVD process time was increased to 10 h which 

includes 2 h ramping time to get a larger grain size. The PCBM solution is prepared by 

dissolving the PCBM powder (23 mg) into chlorobenzene (1 ml). The coating condition 

is 2500 rpm for 40 s. For the next layer, BCP powder (0.5 mg) disperses into IPA (1 ml). 

Then the BCP solution coated on the PCBM layer (4000 rpm for 20 s). As the last layer, 

Ag (120 nm) is deposited for the top electrode by the thermal evaporator. 

 

5.2.3 Grain size of the perovskite film 

 

Figure 5.5 AFM image of perovskite film on (a) AI4083 and on (b) PTAA. 

 

Figure 5.5 shows the surface morphology of the perovskite film. Both perovskite films 

were synthesized by the same CVD process. The only difference is the HTL below the 

PbI2. The results demonstrate that the perovskite on PTAA has a much larger grain size 
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than the perovskite on AI4083 because the perovskite nuclei are isolated by the 

hydrophobic PTAA film. The larger grain size of perovskite causes less recombination 

and efficient hole transfer. As a result, we can expect better device performance with the 

PTAA layer.    

 

5.2.3 Performance of the perovskite solar cells 

Figure 5.6 shows the IV curve of the solar cell with (a) AI4083 and (b) PTAA. The 

power conversion efficiency (PCE) is 7.6 % with AI4083. The PCE of the device with 

PTAA is 6.4 %. Although the device did not show the enhanced PCE with PTAA, the 

open-circuit voltage is increased because of the large grains. As decreasing the 

recombination with the large grains, we can expect the larger Voc. In the research, we 

confirm that the grain of perovskite can be increased by the PTAA layer and PTAA can 

be a great candidate for HTL in perovskite solar cells.  

 

5.2.4 Conclusion 

The perovskite solar cells are fabricated with different HTL materials such as AI4083 and 

PTAA. The perovskite films grew by the CVD process for 10 h on different HTL films 

and the grown perovskite film is characterized by AFM. We have confirmed that the 

hydrophobic surface of PTAA makes the larger grain size of perovskite by isolating PbI2 

nuclei from each other and expected better device performance with larger grain size. 

However, the device with AI4083 shows better PEC than the device with PTAA in the 

research. We believe that it is not because of the perovskite layer and the device will 

show better results by optimizing the process.  
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Figure 5.6 IV curve of the perovskite solar cell with (a) AI4083 and (b) PTAA. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Summaries 

The research aims to develop a graphene based sensors which can detect the ions in 

water, and to fabricate the perovskite solar cells as a power source of the sensors. For 

sensing the ions in water, current equipment is expensive and large. It also needs complex 

and time-consuming processes for the measurement. To solve the problems, the graphene 

based IS-FET was suggested in the research. The devices were designed and fabricated 

using MEMS technology. The fabricated sensors are much smaller, cheaper, and simpler 

than current technologies such as colorimetry and ion exchange electrode. The IS-FET 

sensors were characterized by a semiconductor analyzer to assess the performance of the 

sensors including sensitivity, selectivity, and response time. The target ions are nitrate, 

phosphate, chloride, and mercury.  

Chapter 2 is about the synthesis and transfer of graphene. Graphene was synthesized by 

the CVD process using several gases including CH4, H2, and Ar at high temperatures. 

The quality of graphene is analyzed by Raman spectroscopy to check the thickness and 

uniformity of graphene film. Graphene was successfully synthesized through an 

optimized process. The next topic was the transfer process of graphene to the target 

substrates. Two different methods were investigated for the graphene transfer. First, 

PMMA was used in the process, and a single layer of graphene was successfully 

transferred. Second, thermal release tape is used for the transfer. Although it was hard to 
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get a perfect graphene film with the thermal release tape, it is much easy to handle the 

graphene. Therefore, the thermal release tape method has been frequently used in this 

research work. For the sensor design, two types of sensors were fabricated for the 

experiment. The first type of sensor is designed for measuring the resistance change of 

graphene depending on the concentration of solutions. Since the graphene is exposed to 

the solutions with an applied voltage which can oxidize or reduce graphene, it is hard to 

get a stable signal from the devices. The phenomena were confirmed by Raman 

spectroscopy. Another type of sensor was designed and fabricated to solve the oxidation 

and reduction problems during the test. As a result, the graphene based IS-FET was used 

for the experiment. Since the IS-FET devices don’t need to use a high voltage for the 

measurement, the oxidation and reduction problems don’t exist during the experiment. 

In Chapter 3, the importance of selectivity in graphene based IS-FET devices is 

explained, and the principal of the selective membrane is described. In each small 

chapter, the four different selective membranes are introduced and synthesized by two 

different methods using ionophore and MIP. Nitrate, mercury and chloride selective 

membranes were synthesized with the ionophores, and phosphate selective membrane 

was synthesized with MIP. The synthesized selective membranes were directly coated on 

the graphene layer, and the sensors were characterized by a semiconductor analyzer to 

observe the Dirac point shift as changing the solution concentration. The sensor 

performance was analyzed based on the collected data. We successfully demonstrated the 

graphene based IS-FET sensors from the fabrication to the performance in this chapter. 
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In chapter 4, the fabrication of the porous AAO film has been discussed. First, the 

aluminum plates were electrically polished in the acidic solution to make the surface 

smooth. Then the polished substrates were oxidized with an applied voltage in the 

solution. This process is called anodization. There were two anodization steps in the 

fabrication because it is hard to get the uniform porous structures in the first anodization 

process. After the first anodization process, the fabricated oxide layer was removed by 

the oxide etchant to get the uniform dents under the oxide layer. In the second 

anodization process, the oxide layer starts to grow from the dents to form a more uniform 

structure. The fabricated porous structures were characterized by SEM. The AAO films 

were used for applications such as temperature and nitrate sensors. As follow-up 

research, the graphene based IS-FET was fabricated on the AAO substrate for nitrate 

detection. We observed the better performance of the sensor in terms of sensitivity and 

response time compared to the Si based sensors. Another application is about graphene 

based temperature sensor using an AAO substrate. For the research, graphene was 

transferred to the AAO substrate with gold electrodes, and the resistance change of the 

graphene was recorded depending on the temperature. The data from the AAO substrate 

was compared with the result from a glass substrate. We verified that the graphene based 

temperature sensor on the AAO substrate has higher sensitivity and faster response time 

than the sensor in the glass substate. The COMSOL simulation data also supported the 

experiment result. 
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In chapter 5, the fabrication of high efficiency perovskite solar cells has been discussed. 

The working principle and the structure of the perovskite solar cells are introduced. The 

perovskite layer in solar cells was synthesized by the CVD process. The synthesized 

layers were characterized by AFM and SEM. The temperature and process time were 

controlled to get a large grain size of perovskite. After optimizing the process, the glass 

substrate was changed to the PEN substrate for the flexible solar cells. The structure of 

the solar cell was also changed from planar to inverted structure because of the material 

limitations. Although the fabricated flexible solar cells showed lower performance than 

the conventional structured devices, it is still worthy of an investigation due to its simple, 

cheap, and fast fabrication process.  

 

6.2 Conclusions 

In the research, the graphene based sensors were investigated to detect the specific ions in 

water including phosphate, nitrate, chloride, and mercury. For the sensing material, the 

graphene was synthesized by the CVD process, and characterized by Raman 

spectroscopy. Then the selective membranes were synthesized with ionophore and MIP 

for the selectivity of the sensors.  

First, the ion sensors are prepared and tested with several solutions such as nitrate, 

sulfate, phosphate, and chloride. In the experiment, the detection limit of sensors was 

0.82, 0.87, and 0.26 mg/L for nitrate, chloride and phosphate, respectively. And the 

response time was about 10 s. In terms of the mercury, the lowest detected concentration 
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was 1.125 µg/L. For the selectivity test, the sensors are exposed to the solutions which 

are nitrate, sulfate, phosphate, and chloride. Each sensor only shows a response to the 

solution matched with its own selective membrane. As continuous research, the graphene 

based sensor was fabricated on the AAO substrate with uniform porous structures. The 

structure of AAO makes the sensor more sensitive and faster. In nitrate detection, the 

detection limit was decreased to 0.32 mg/L, and the response time was 3 s. The AAO 

substrate was also applied to the temperature sensor. The resistance change of graphene 

in the AAO substrate was larger and faster than the glass substrate. The average TCR 

values were -12.4 × 10-4 ℃-1 and -24.1 × 10-4 ℃-1 for the Glass and AAO substrate, 

respectively. The COMSOL simulation result also shows shorter response time on the 

AAO substrate.  

As a power source for the sensor system, the perovskite solar cells were designed and 

fabricated. There were two different solar cells with planar and inverted structures. For 

the planar structure, the device was fabricated on the glass substrate, and the efficiency 

was about 17 %. Since the inverted structure was planned for the flexible device, PEN 

was used as the substrate. The best efficiency of the flexible device was 7.6 %.  

 

6.3 Future Recommendations 

In the research, CVD graphene was used for the sensing material in the sensor. Although 

graphene has shown a great response to the target materials, many 2D materials and 

nanoparticles can be used in the sensor. For example, there have been many studies about 
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2D semiconductive materials including phosphorene, WSe, MoS2, etc. There are also 

famous semiconductive nanoparticles such as ZnO, CdS, CdSe, etc. These materials 

could be used as a substitute instead of the graphene layer in the device. Therefore, the 

first available approach for extended research is finding the proper sensing materials 

which can enhance the sensor performance. 

Changing the sensor structure could be another topic of the research. As shown in the 

research, sensor performance can be enhanced by changing the substrate. Since the 

performance is closely related to the sensor structure, Changing the sensor structure is a 

good topic for future research. Each sensor could also be assembled by changing the 

sensor structure to form the sensor array which can detect several ions at the same time. 

Next, several materials have been used for the fabrication of the perovskite solar cells 

including organic and inorganic materials. There is much ongoing research to find the 

best material for perovskite solar cells. Therefore, finding the best combination of 

materials is a critical topic in perovskite solar cells. Since each layer also needs to be 

fabricated with the optimized process, investigating the optimized condition could 

enhance the device performance.   

Lastly, the sensor part and the power source part were separately designed and fabricated 

in this research. Therefore, the perovskite solar cells could be assembled with sensors for 

the self-powered sensing system as future work.  
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