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ABSTRACT 

 

COMPARISON OF DIFFERENT METALS AS ELECTRODES FOR A FLEXIBLE 

MICRO pH SENSOR 

 

PAVAN KUMAR KOTA, MS 

The University of Texas at Arlington, 2016 

Supervising Professor: Dr. Jung-Chih Chiao 

 pH can be explained in general terms as a numerical scale used to state the acidity or 

basicity of an aqueous solution. Keeping track of pH is very useful in many applications like 

medicine, civil engineering, chemical engineering, biology, water purification etc. Most 

commonly used pH sensors employ glass electrodes but there are some disadvantages 

associated with these kinds of pH sensors. Glass is a rigid, chemically reactive and fragile 

material. Also, glass electrodes, owing to the size require significant quantity of solution to 

test for pH which makes it difficult to use in cases where we have very little quantities of the 

solution to be tested (say, milliliters). In addition, the sluggish response and requirement for a 

high input impedance pose a challenge for accurate pH measurements and thereby force us to 

look for a better alternative. 

 Currently the research in this field points to a flexible micro pH sensor which employs 

Gold as one of the electrode with an Iridium Oxide (IrOx) sensing film and another Ag/AgCl 

reference electrode. The potential difference between these two electrodes can be used to 
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calibrate the device and measure the pH of the solution. This method offers solution to many 

existing problems like flexibility, size of the sensor, fragile nature of the glass electrode etc.   

 In this work, we have demonstrated the ability to use other metals as material of choice 

to replace Gold as an electrode in the existing flexible micro pH sensor. In addition, the effect 

of using different adhesion layers for these metal thin films is also tested and the pH sensing 

ability of all these materials are compared to the Gold electrode-IrOx thin film based pH sensor. 

We have used a commercial Ag/AgCl electrode as a reference. Nickel (Ni) and Aluminum 

(Al) in conjuncture with different adhesion layers like Chromium (Cr), Titanium (Ti) and 

Carbon (C) have been used as the alternative for Gold. Hence, we have significantly reduced 

the cost of pH sensor by replacing Gold with other metals to fabricate pH sensors which can 

be used in applications such as soil testing, water purity testing etc., which do not need a Gold 

electrode based pH sensor. 

 The fabrication process includes metal deposition for electrodes, patterning, sol-gel 

coating and its thermal oxidation to form IrOx sensing film. This IrOx film has been 

characterized using scanning electron microscope (SEM) and electron dispersive analysis 

(EDAX). The sensors’ characterization and performance have been probed into, making note 

of many parameters like sensitivity, stability, reversibility and repeatability. The results are 

compared with Gold electrode based pH sensor. These sensors have shown encouraging 

sensing performance in the pH ranges of 2 to 12 in the case of Al based pH sensors and 4 to 

10 in the case of Ni based sensors with a near-Nernstian response at 25o C. The sensors have 

been tested using standard buffer solutions with foreknown pH values. 
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 In conclusion, the flexible IrOx pH sensor mentioned in this thesis can be used for 

sensing applications where small spaces and curved surfaces pose problems to a traditional 

glass electrode based sensor. They also gives a significant cost reduction when compared to 

gold electrode based flexible pH sensor. 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Motivation 

 

 Since the inception of the concept of pH in 1909, measuring pH of solutions has 

become essential for many applications like food, chemical and bio-material industries. pH 

can be measured by different means but using two different electrodes and measuring potential 

difference between them when placed in a solution and calibrating the device to accurately 

reveal the pH of that solution started as an idea in the 1920s. Developing on this idea, Dr. 

Beckman registered a patent for a ‘first of its kind’ pH measuring chemical instrument and 

named it ‘acidimeter’ [1]. The patent was formally accepted in October, 1934. 

1.2 Proposed Approach 

 

 We are more interested in using a flexible micro-scale pH sensor for many application. 

The different kinds of pH sensors currently being used which can be miniaturized and have a 

robust design are optical fiber pH sensor [2, 3-8], solid state pH sensors [9-12], hydrogel film 

pH sensor [13-15] and ion-sensitive field effect transistor (iSFET) pH sensors [1, 16-19]. The 

optical pH meter consumes power owing to the light source present in the device. The 

fabrication procedure employed in a hydrogel based sensor is complex and adds cost to the 

process. Similar to the optical fiber pH sensors, the iSFET pH sensor also consumes a lot of 

power. There has been innovation into metal-oxide based pH sensor which employs an 

electrode which has an overlaying metal-oxide sensing film and another reference electrode. 

The potential difference between the two electrodes is measured when the device is placed in 

the buffer solution of unknown pH. Based on this potential difference, the pH can be obtained. 
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This type of pH sensor has many advantages over other pH sensors that were mentioned in the 

beginning of this section because of the simplicity in fabrication, cost effectiveness and low 

power consumption. Especially, we have one particular type of metal oxide based pH sensor 

which uses an IrOx film (IROF). This metal oxide can be deposited onto a conducting electrode 

using many thin film deposition methods but the current method uses an inexpensive process 

of coating the electrode with sol-gel by dipping in the solution followed by drying the electrode 

and later using thermal treatment to oxidize the Iridium based compound in the sol-gel coating 

to form IrOx film. The process of sequential heat treatment of sol-gel to form an amorphous 

IROF [25] has been frequented by the industry. This is highly cost effective and gives better 

quality of IrOx sensing film [20]. 

1.3 Innovation 

 

 In order to obtain cost effectiveness and also to simplify the fabrication process we can 

use a metal-oxide based pH sensor. There are several solid state metal oxides that can be used 

for this purpose like PtO2, IrOx, RuO2, OsO2, Ta2O5, RhO2, TiO2 and SnO2 [9]. Of these IrOx, 

RuO2 and SnO2 have shown better pH sensing capabilities [21]. However SnO2 and RuO2 have 

drift and hysteresis problems leading to unstable responses and calibration problems [22, 23].  

Literature review shows that IROF has edge over other metal oxides to use it in pH sensing 

applications because of the stability, rapid response and low potential drift [24]. Also, there is 

an existing pH sensor fabricated using IROF formed from thermal treatment of sol-gel which 

has been coated onto the metal (Gold) electrode. The potential is measured between this 

electrode and an Ag/AgCl reference electrode. In many applications like water purity testing, 

soil analysis etc. employing gold as the metal electrode may prove to be expensive.  
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In this work, we tried to investigate the possibility and effectiveness of using different metals 

as the materials of choice to fabricate the electrode on a flexible substrate and the performance 

was compared to that of the existing Gold-IROF based pH sensor. Also, the effect of different 

adhesion layers is tested and the results are compared. We have discussed design, fabrication, 

characterization and testing of the flexible micro pH sensor. 

1.4 Thesis Organization 

 

 This thesis is divided into three parts. The first part which includes chapter 2 and 3 

deal with the fabrication and characterization of the flexible micro pH sensor. Chapter 2 deals 

with literature review of iridium oxide, preparation procedure and its use as a pH sensing 

material. It also emphasizes on different metals that can be used as electrodes for a micro scale 

IROF based pH sensors. Chapter 3 gives us an overview of the fabrication of electrodes using 

different metals followed by sol-gel coating and thermal treatment methods to form IrOx 

sensing film.  

 The second part of the thesis includes chapter 4, wherein, we see the detailed 

fabrication process which is followed by characterization of the sensing area of the devices 

using SEM and EDAX. 

The third part includes chapter 5 which gives us an understanding of the testing methodology 

used and the results obtained. Here, we tested the sensor in standard pH buffer solution and 

the results obtained for each type of the sensor are compared to the Gold electrode-IROF 

sensor. The parameters like sensitivity, repeatability and reversibility are obtained and 

compared. Observations and made and the results are discussed.  
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Iridium and Iridium Oxide (IrOx) 

 

Iridium (Ir) is a transition metal and also a noble metal, which means that it is not affected 

by different pH levels or the surroundings. This implies that Ir has high resistance to react to 

some of the highly alkaline or acidic reagents and oxidizing agents [26]. Iridium is highly 

corrosion resistant and studies show that it stays stable up to temperatures as high as 2000o C. 

Iridium is also expensive in its purest state. Ir most commonly exists in the +3 and +4 oxidation 

states as Ir2O3 and IrO2. The formation of different oxides of Ir can be explained as follows. 

Heating Ir in the presence of air results in IrO2 which tarnishes the Ir. When Ir is heated to a 

temperature of 750-1000o C, IrO4 is formed. Ir2O3 generally exists as hydrated oxide. The 

anhydrous form is usually difficult to prepare. The Iridium (III) oxide exists as Ir2O3.xH2O 

which is soluble in chemical reagents like alkalis and acids resulting in oxidization by regular 

oxidizing agents like air to form Ir (II) of IrO2.2H2O. 

Therefore, different types of Iridium oxide (IrOx) can be formed by the oxidation of Iridium 

under different conditions. The physical and chemical properties of the IrOx are dependent on 

the structure and composition which in turn depends on the fabrication method employed to 

form the oxide. One of the most stable oxides of Iridium is IrO2 and the crystal lattice structure 

is shown in Figure. 1. IrO2 crystallizes into a tetragonal rutile structure [27].  The rutile 

structure contains octahedral coordination of metal ions which are shred at the edges and form 

chains along the [001] direction. In a rutile structure, the O−O bonds are not of equal bond 

length, so the base of the octahedron is not symmetric, because of the fact that the shared edge 

is shorter than the edge parallel to the c axis.  



5 
 

 

Figure 1: The crystal structure of a unit cell of a tetragonal IrO2 [27] 

 

IrOx formation can be accomplished by both thermal and electrochemical methods. Anodic 

iridium oxide film (AIROF) can be obtained by electrochemical fabrication. The highly 

hydrated surface and poorly crystallized structure are the main attributes of these kinds of 

iridium oxide films [21]. Sputtering iridium oxide film (SIROF) and sol-gel (SG) based IrOx 

film are based on thermal method. In SG based IROF, we employ oxidation through annealing 

in the fabrication process. The different heating profile and temperature points will change the 

morphology of the iridium oxide [28]. The difference in structure is a crucial phenomenon 

which can be used in different applications. For example, the highly crystalline IrOx structures 

enhance the electro-chromic properties such as light dispersion and can be used to improve the 

absorption in the solar cell for energy harvesting applications [28]. The stability and quality of 

the surface is controlled by the crystallization of the constituent atoms. For pH sensing 

applications, a stable sensing film of IrOx is required. Less crystalline structures are physically 

stable in which the iridium atom is aligned and stacked in the same order. The structures with 

higher crystalline nature contain more disordered iridium oxide atoms. Hence, in crystalline 
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structures with higher crystallization, the atoms are loosely packed which is not good for long 

term sensing applications.  

Now that we have an idea about the IrOx, we will look into different ways of fabricating one 

to obtain the desired crystal structure so that it can be used in pH sensing applications. 

2.2 Techniques to deposit IrOx film 

2.2.1  Sputtering 

 

Depositing IrOx through the process of sputtering is used more often and gives an 

amorphous film. The cost of the target makes this process very costly. At room temperature, 

the SIROF has a distinctive rutile pattern from films deposited at 200ºC or more. In general, a 

good film quality is obtained from depositing at very slow rates (<2 nm/min). The sputter rate 

can be adjusted by different parameters of the sputtering machine such as the oxygen and argon 

pressure ratios, relative position of the target and RF power during the fabrication processes. 

The quality of the sensing film affects the pH sensing parameters such as potential drifts and 

redox interferences [21]. 

2.2.2  Electrodeposition 

 

In this process, the IrOx film can be deposited on a conducting electrode like Platinum 

(Pt), Titanium (Ti) etc. There is no need for an Ir substrate which means that the cost is reduced 

when compared to other methods. There has been research where IrOx film was 

electrodeposited on Indium Titanium Oxide (ITO) conducting polymer using Iridium 

Chloride, hydrogen peroxide, Potassium carbonate and Oxalic acid as a precursor. A current 

of 2-3 A/m2 is driven into cathode or anode at 100 C for 15 minutes. Deposition in such a case 

is affected by the properties of the deposition solution like pH, temperature etc. and also the 
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current density [29] which means that the IROF quality is highly dependent on many factors. 

This results in a film which is not highly reliable and can have varying results when used for 

pH sensing.   

2.2.3  Thermal Oxidation 

 

 Thermal treatment of pure Ir can leads to oxidation and formation of Iridium Oxide. 

Research shows that oxidation in Ir takes place at around 8000 C [30]. This results in an 

anhydrous oxide film which is similar in properties with the SIROF. The main problem 

associated with the thermal treatment, though it leads to a good quality oxide film, is that high 

temperatures are used. During high temperature treatment, the oxide film that is formed can 

crack. Also the substrate must be chosen in a way so that it can withstand the temperature. All 

these factors constraint us into choosing specific materials and also lead to an unstable oxide 

film because the cracks on the oxide film may cause adhesion problems. It is also worth 

mentioning that pure Ir is highly expensive and hence makes the process very costly.  

2.2.4  Thermal deposition using Sol-gel (SG) 

 

 Sol-gel IROF is formed when the sol-gel is ‘dip-coated’ and treated by sequential 

thermal process resulting in an IrOx film [28, 31-32]. Iridium Chloride (IrCl4) has been used 

as a starting material for the sol-gel dip coating process. The solution is formed by mixing 

Iridium Chloride, ethanol and acetic acid. Using the metal electrode withdrawal rate of 2.0 

cm/min from the sol-gel solution and a heat treatment at 3000 C, an oxide film with no 

impurities is formed. Crystallization takes place over 4500 C which means that by controlling 

the temperature and dip rate we can control the quality of IROF as desired. The factors like 
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dip coating and low temperature treatment make sol-gel thermal deposition of IROF 

economical and reliable.  

2.3 IrOx: Mechanism of pH sensing 

 

There have been five electrode mechanism formulated for the metal oxides: 

 Ion exchange on the surface layer which contains OH 
–
 groups. This mechanism is common 

to the glass electrode. 

 A redox equilibrium between a lower and a higher valence oxide or an oxide and a pure 

metal. 

For example, the Antimony (Sb) electrode: 

Sb2O2 + 6 H+ + 6 e - ⇌ 2 Sb + 3H2O 

 pH dependent potential can also be created in some cases by a steady state corrosion of the 

electrode material  

 A redox equilibrium involving a solid phase whose hydrogen content can be varied on 

continuous basis by passing an electric current through the electrode. This type of a reaction 

is termed as an intercalation reaction. A general scheme for the above mentioned reaction 

is as follows: 

HxMOn + y H+ + y e - ⇌   Hx+yMOn 

 Similarly, an intercalation reaction involving oxygen can also be described. Anyhow, there 

has been no examples of pH sensing mechanism involving such a reaction.  
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Hence, for Iridium based oxides three mechanisms have been proposed for a pH dependent 

redox intercalation equilibrium. This equilibrium is between two different oxidation states of 

iridium oxide [33].  

Ir2O3 + 6 H + + 6 e - ⇌ 2 Ir + 3 H2O  (1) 

IrO2 + 4 H + + 4 e - ⇌ Ir + 2 H2O  (2) 

2 IrO2 + 2 H + + 2 e – ⇌ Ir2O3 + H2O  (3) 

E = E0 + 2.303 (
𝑅𝑇
𝐹
) pH = E0 ± 0.05916 pH     (4) 

E0 is a constant called the standard electrode potential which is a reference potential and 

depends on the reference electrode of choice. For a standard hydrogen electrode the value of 

E0 is 926 mV and for an Ag/AgCl reference electrode this value is 577 mV. The value of (
𝑅𝑇

𝐹
) 

is approximately 25.69 at 250 C as R is the gas constant which is 8.314 J/deg and F is the 

faraday’s constant with a value of 96,487 C/eq.  

For a Nernstian response, the pH potential sensitivity is at -59 mV/pH [21, 33-34]. For most 

of the sensors that will be discussed in further chapters, the intercept at pH=0 gives a potential 

of the range of 550 mV to 630 mV with respect to the reference electrode which close to the 

theoretically expected value mentioned above. Although there is theoretical estimate of the 

expected relative potential between the electrode and the reference, this value is bound to 

change when we use different electrodes. This is because of the simple fact that the 
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stoichiometry of oxide compound and oxidation states of Iridium oxide change [21]. Hence, 

we have different values for the intercept at pH=0 for different metals. 

2.4 Different metals as electrodes in pH sensors 

 

The most stable metal that can be used as an electrode for pH sensing application is Au as it is 

a noble metal. Au doesn’t react easily with the atmosphere or other reagents. Therefore, it stays 

stable in the entire testing process. It is not affected by highly acidic and alkaline solutions. Au 

with an adhesion layer of Cr and a thin IROF on the surface can be used as a pH sensor. It has 

been demonstrated that a sensitivity of -77 mV/pH is obtained by using the Cr-Au thin film on 

a flexible substrate [40-42].  

We can also use different metals as electrodes for a pH sensor. As discussed above, they might 

each behave differently which means that their responses and sensitivities can be different for 

a given solution for which the pH needs to be tested. There has been research into using 

different metals as an electrode for a pH sensor while keeping the reference electrode fixed. 

Firstly, in [35, 38], discussion about using a platinum electrode with IROF as a pH sensor is 

presented. The precursor is the same which is used in the current research. This device has a 

good pH sensing capability to this sensor with a sensitivity of -77.6 mV/pH. To fabricate the 

device, a thin film of Ti is used as an adhesion layer and Pt is deposited on this layer. This 

device is not flexible as the substrate chosen is glass. When this device is transferred on to a 

flexible substrate there is a possibility of reduced performance [37]. It is observed that the 

sensitivity drops to -63.5 mV/pH. Also, Pt is a costly material and hence doesn’t fit into our 

research towards finding a cheaper alternative.  
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In another research presented in [36], an etched metal substrate like Ti is used and IrOx is 

deposited onto this substrate. This device, when tested for response towards pH resulted in a 

sensitivity of around -73 mV/pH. In addition, a variety of pure metals like Au, Ag, Ti, Cu, Ni 

etc. were tested. Although the sensitivities were good to use them as pH sensors, these results 

might not hold in case of metallic thin film on flexible substrate. For a metallic thin film, there 

are many factors that may change the sensitivity like oxide formation, reaction towards 

reagents etc. For the purpose of testing, a metal is chosen from this lot which can replace Gold 

as an electrode for pH sensing applications. 

There are many other substances that have been used in conjuncture with an IrOx thin film so 

that the device can be used for pH sensing applications. Some of them include Tin-doped 

indium oxide (ITO), W, Zr, Co, Stainless steel, SnO2 coated glass etc. and all of the devices 

thus formed have sensitivities in the range of 68 to 75 mV/pH [39].   

In this research, the metals are chosen keeping these approaches and results in mind and the 

sensitivities are compared for different adhesion layers used for the given metal. While 

performing this, the cost factor is also taken into consideration so that the metal that is assured 

to be a good pH sensing material can replace gold, thereby, reducing the cost of the device on 

the whole. 

2.5 Discussions 

 

The physical properties, fabrication method and pH sensing mechanism of IrOx thin film are 

reviewed. In addition, a discussion is made on different metals that have been used by other 

researchers for the purpose of pH sensing. Taking a cue from these, we can zero in onto a 
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particular methodology that can be employed for the fabrication and testing of pH sensors. We 

know that, low crystalline IrOx film has stable and better pH sensitivity. The substrate is chosen 

to be flexible which means that we would need to employ low temperature thermal annealing 

process. Keeping these aspects in mind, we have chosen the sol-gel process to fabricate the 

sensors. Sol-gel process has many advantages including low cost and high reliability. Now that 

we have chosen the process, the metal to be used to fabricate the electrode needs to be decided 

upon. In the previous section many metals have been discussed. But to ease the fabrication 

process and to keep the cost low, we choose electrode made from metals like Nickel which 

can be fabricated easily. The numerical value of sensitivity judges the performance of the 

sensor. Any sensor with a lower sensitivity would mean that there is a structural flaw in the 

film of either the electrode or the IROF. IROF that is porous or that has cracks can give a lower 

sensitivity. 

The next chapter deals with fabrication and characterization of the sensor. 
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CHAPTER THREE: SENSOR FABRICATION PROCESS 

 

3.1 Overview 

There are three major steps in the fabrication process of the pH sensor. These steps are enlisted 

below: 

 Fabrication of the metal electrode 

 Sol-gel process 

 Fabrication of Ag/AgCl reference electrode 

To fabricate a metal electrode on a flexible substrate we can use lift-off or etching. To make 

the fabrication simpler, we make use of the lift-off process. In the lift-off process, the 

photoresist is spun on the substrate to obtain the desired thickness. The photoresist is patterned 

by exposing and developing. Subsequently, metal deposition is done on the substrate by using 

either sputtering or e-beam evaporation. During metal deposition we can also deposit an 

adhesion layer before depositing the metal. When a conformal layer of metal is deposited of 

the desired thickness, we place the sample in acetone so as to strip the photoresist. When the 

photoresist is stripped, the metal is also removed and the patterned electrode structure is left 

behind on the substrate. To obtain a conformal and good electrode pattern, we need to keep a 

lot of aspects in mind.  

Firstly, the substrate should be clean. In general, we employ the cleaning methodology 

depending on the substrate of choice. Here, we used kapton as a substrate, and hence we made 

use of the appropriate cleaning method. Secondly, the photoresist needs to be spun on evenly 

and temperature needs to be precise for the pre-bake process. Next, we need to expose and 
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develop for precise time duration. Also, the metal deposition rate must be optimal to form a 

conformal metal deposition. Since, we have metal thin film, the lack of conformity can pose 

severe issues.  

At the end of the lift-off process, we get the metal electrode on which the sol-gel process is 

performed to deposit a thin film of IrOx. During sol gel process the entire electrode, except the 

sensing area, is covered with an SU-8 sacrificial layer. The electrodes are dipped into the sol-

gel to expose the sensing pads to the solution. After the sol-gel dries up, the SU-8 layer is 

removed and a sequential thermal treatment is performed to oxidize the precursor containing 

Ir to obtain a thin film of IrOx on the sensing area of the metal electrode. To expose just the 

sensing area to the solution for which the pH is to be tested, we insulate the rest of the electrode 

using photoresist. This is a virtual device packaging and protects the device from any external 

influence. 

There is also another important process involved which is the fabrication of Ag/AgCl reference 

electrode on the flexible substrate alongside the metal electrode. We use regular micro-

fabrication techniques to fabricate the silver electrode and then use electro-deposition to form 

a layer of AgCl on the electrode. This acts as a reference electrode. Though the fabrication 

methodology is discussed in this thesis, we used a standard commercial reference electrode of 

Ag/AgCl to reduce the complexity of the fabrication. 

A schematic depicting the fabrication methodology is shown in Figure 2. This method is 

employed in [41] to fabricate the sensors. Though the method employed is same with the 

fabrication methodology followed in this thesis, there are certain differences. 
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Figure 2: Flow to fabricate a flexible micro-pH sensor which has a metal electrode along with an IrOx thin 

sensing film and a reference Ag/AgCl electrode [41] 

 

The sol-gel process and Ag/AgCl reference electrode fabrication are discussed now. These 

processes remain common for all the metals. 

3.2 IrOx film formation: The sol-gel process 

At first, we will discuss about the coating agent which is used as a precursor for introducing Ir 

based compound onto the sensing area. The coating agent must have an Ir based compound 

which on thermal treatment oxidizes to form IrOx. This compound could be in solid state which 

means that we need to have a solvent that is used as a carrier for the Ir based compound. The 

solvent needs to dry up quickly to ease the process.  
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The process that takes care of all these aspects is introduced in [31] meant for rigid surfaces. 

The process involved one gram of anhydrous iridium chloride (IrCl4) dissolved in a solution 

which is essentially a mixture containing 42 ml of ethanol (C2H5OH) and 10 ml of acetic acid 

(CH3COOH). The solution thus formed was continuously mixed with a magnetic stirrer for at 

least an hour. 

This sol-gel, upon thermal treatment, oxidizes the IrCl4 to form IrOx. The chemical reaction 

that describes the process is shown below: 

2 IrCl4 + 3 H2O  
3000 𝐶
→     Ir2O3 + 6 HCl + Cl2 

 

Figure 3: Schematic of sol-gel coating and thermal treatment [42] 
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The main reason to choose dip coating is that when IrCl4 is dissolved into ethanol, the former 

just floats on the surface of the solution. When we use dip coating more IrCl4 particles are 

condensed onto the substrate which increases the thickness and conformity of the IrOx film. 

Therefore, dip coating is preferred when compared to spin or spray coating.  

Acetic acid is added to keep the pH at a low level so that there are no unnecessary chemical 

reactions taking place in the solution [31]. 

The schematic diagram for sol-gel process is presented in Figure 3. 

 

Figure 4: Six stages of dip coating process 

A detailed experimentation on the procedure needed to be followed for the dip coating process 

is presented in [42] and it turns out that to obtain higher sensitivity we need to withdraw the 

sample from the sol-gel solution at a rate of 10 cm/min. At higher withdrawal rate, the 
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thickness of the IrOx increases but the sensitivity reduces after a while. Dip coating has been 

clearly depicted in [32] showing different phases involved in the dip coating process. This 

gives us an idea as to what process needs to be followed. The process flow is shown in Figure 

4. As the electrode’s sensing area is now coated with sol-gel, the SU-8 layer that is used as 

protective coating to stop the sol-gel from reaching the other parts of the sensor is removed 

using a tweezer. As the substrate is flexible, it is very easy for us to perform the task.  

The next step is the annealing process in which we subject the sol-gel coated electrode through 

a sequence of thermal treatment. The resultant film must be an amorphous and stable. There is 

research into different temperature treatments and the resultant IROF quality which is 

presented in [42]. The annealing temperature has thus been narrowed down to the range of 

3000 C to 3500 C. At higher temperatures, it has been observed that the IrOx thin film formed 

has cracks on its surface which will deteriorate the performance of the sensor over a period of 

time.   

3.3 Ag/AgCl reference electrode 

Ag is deposited on the kapton substrate using electron beam evaporation and patterned similar 

to the metal electrode. To plate the silver electrode with AgCl electrochemical anodization is 

availed in which the silver electrode which acts as an anode is placed in 0.1M HCl along with 

a platinum cathode. A current of   0.5 mA is applied to the electrodes which results in a brown 

colored layer of AgCl on the surface of Ag electrode. The reference electrode is thus formed 

and is then cleaned with DI water. Then, in the next step, the electrode is immersed in 3M KCl 

solution for 24 hours to saturate and stabilize potentials [43].  



19 
 

For the current research we have used a commercially available Ag/AgCl electrode to make 

the fabrication simpler.  

3.4 Conclusion 

The process involving the formation of metal electrode is discussed. After the formation of 

metal electrode a layer of SU-8 is spun on the substrate and a window is created at the sensing 

region so as to expose the area and perform the sol-gel process on it. Sol-gel dip coating process 

is discussed and optimal withdrawal time is confirmed from literature. After the dip coating 

process, the substrate is dried up and the protective SU-8 layer is peeled off using a tweezer. 

Subsequently, the substrate with the electrode and sol-gel coating is subjected to a sequential 

thermal treatment which oxidizes the Ir compound in the sol-gel to give us IrOx thin film. An 

insulating coating is used to expose just the sensing area so that there is no interference between 

the test reagent and the electrode. 

 

 

 

 

 

 

 



20 
 

CHAPTER FOUR: MATERIAL SPECIFIC FABRICATION AND 

CHARACTERIZATION 
 

4.1 Nickel electrode based IROF pH sensor 
 

4.1.1 Nickel thin film electrode with no adhesion layer 

 

Our initial material of choice to fabricate the electrode was Nickel (Ni). First let us look at the 

process employed for the fabrication of the electrodes. We took a 125 micron kapton and 

cleaned it according to standard cleaning procedure so that there are no dust particles on the 

substrate. Once it is confirmed that the substrate is good to be used, we spun a positive 

photoresist on the substrate to obtain uniform coating and then pre-exposure bake was 

performed. We used a dark field mask and exposed it to UV light for specific time duration 

and developed it.  

The resultant pattern contains photoresist on the regions which does not form a part of the 

electrode. This means that, after lift-off we are left with metal deposited in the region where 

the electrode is expected.  

We used e-beam evaporation to deposit Ni using Ni pellets with a purity of 99.95 % and at a 

deposition rate of 1-1.5 A/s. After the deposition was done, the substrate was placed in a bath 

containing acetone and was agitated gently so that the photoresist along with the metal on top 

of it is stripped away leaving the metal patterned in the desired way on the substrate. The 

samples were then cut from the substrate to ease the process of SU-8 coating and sol-gel 

treatment. 
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It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 

off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled off very easily.  

After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off. To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed.   
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Then, SU-8-5 was used to create an insulation so that there is no interference between the other 

parts of the metal electrode and the pH buffer solution during the sensitivity test. The 

fabrication process is shown in Figure 5 where in the metal is Ni. 

Figure 6 shows the SEM of the Ni-IROF based pH sensor. To understand the surface 

composition of the sensing area, we can make use of Energy Dispersive X-ray Spectroscopy 

(EDAX).  The EDAX for the sensing area of the Ni-IROF pH sensor is presented in Figure 7. 

Metal 

Substrate (Kapton) 

 SU-8-5 

Figure 5: (a) A clean kapton substrate is chosen (b) Photoresist is spun, pre exposure bake, exposure and 

development is performed (c) Metal deposition (d) PR stripping using acetone, SU-8-100 spin coating and 

patterning (e) Sol-gel dip coating, SU-8-100 layer peel off and sequential thermal treatment (f) IrOx thin 

film formation (g) insulating the device with SU-8-5 just to expose the sensing area and metal connection 

pad (h)Top view of the sensor with sensing area of 1mm x 1mm. 
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Figure 6: SEM of the sensing area of the Ni electrode-IROF pH sensor 

 

 

Figure 7: EDAX in the sensing area of the Ni-IROF based pH sensor 

When the device was tested for sensitivity in different standard pH buffer solutions, it was 

shown that the sensor did not function outside the pH range of 4 to 10. As the range of pH that 

can be sensed by the device was limited, we needed to look for alternatives for the Ni-IROF 
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pH sensor. One way is to introduce an adhesion layer so that the metal electrode sticks firmly 

to the substrate. This allows us to use different adhesion layers. 

4.1.2 Nickel thin film electrode with Cr adhesion layer 

 

We took a 125 micron kapton and cleaned it according to standard cleaning procedure so that 

there are no dust particles on the substrate. Once it is confirmed that the substrate is good to 

be used, we spun a positive photoresist on the substrate to obtain uniform coating and then pre 

exposure bake was performed. We used a dark field mask and exposed it to UV light for 

specific time duration and developed it. The resultant pattern contains photoresist on the 

regions where we do not intend to deposit metal on the substrate. This means that, after lift-off 

we are left with metal deposited in the region where the electrode is expected.  

We then deposited Cr followed by Ni using e-beam evaporation without releasing the chamber 

pressure. The deposition was done at a rate of 1-1.5 A/s. After the deposition, the substrate 

was placed in a bath containing acetone and was agitated gently so that the photoresist along 

with the metal on top of it is stripped away leaving the metal with the adhesion layer of Cr 

patterned in the desired way on the substrate. The samples were then cut from the substrate to 

ease the process of SU-8 coating and sol-gel treatment. 

It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 

off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled very easily.  
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After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off.  

 

Figure 8: SEM of the sensing area of the Cr-Ni-IROF pH sensor 

 

Figure 9: EDAX in the sensing area of the Cr-Ni-IROF based pH sensor 

To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed. Then, SU-8-5 was used to create an insulation so that there is no 
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interference between the other parts of the metal electrode and the pH buffer solution during 

the sensitivity test. Figure 8 shows the SEM of the Cr-Ni-IROF based pH sensor. To 

understand the surface composition of the sensing area, we can make use of Energy 

Dispersive X-ray Spectroscopy (EDAX).  The EDAX for the sensing area of the Cr-Ni-IROF 

pH sensor is presented in Figure 9. 

4.1.3 Nickel thin film electrode with Ti adhesion layer 

 

We took a 125 micron kapton and cleaned it according to standard cleaning procedure so that 

there are no dust particles on the substrate. Once it is confirmed that the substrate is good to 

be used, we spun a positive photoresist on the substrate to obtain uniform coating and then pre 

exposure bake was performed. We used a dark field mask and exposed it to UV light for 

specific time duration and developed it. The resultant pattern contains photoresist on the 

regions where we do not intend to deposit metal on the substrate. This means that, after lift-off 

we are left with metal deposited in the region where the electrode is expected.  

We then deposited Ti followed by Ni using e-beam evaporation without releasing the chamber 

pressure. The deposition was done at a rate of 1-1.5 A/s. After the deposition, the substrate 

was placed in a bath containing acetone and was agitated gently so that the photoresist along 

with the metal on top of it is stripped away leaving the metal along with the adhesion layer of 

Ti patterned in the desired way on the substrate. The samples were then cut from the substrate 

to ease the process of SU-8 coating and sol-gel treatment. 

It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 
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off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled very easily.  

 

Figure 10: SEM of the sensing area of the Ti-Ni-IROF pH sensor 

 

After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off. To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed. Then, SU-8-5 was used to create an insulation so that there is no 

interference between the other parts of the metal electrode and the pH buffer solution during 

the sensitivity test. 

Figure 10 shows the SEM of the Ti-Ni-IROF based pH sensor. To understand the surface 

composition of the sensing area, we can make use of Energy Dispersive X-ray Spectroscopy 

(EDAX).  The EDAX for the sensing area of the Ti-Ni-IROF pH sensor is presented in Figure 

11. 
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Figure 11: EDAX in the sensing area of the Ti-Ni-IROF based pH sensor 

 

4.1.4 Nickel thin film electrode on a layer of sputtered carbon 

 

We took a 125 micron kapton and cleaned it according to standard cleaning procedure so that 

there are no dust particles on the substrate. Once it is confirmed that the substrate is good to 

be used, we spun a positive photoresist on the substrate to obtain uniform coating and then pre 

exposure bake was performed. We used a dark field mask and exposed it to UV light for 

specific time duration and developed it. The resultant pattern contains photoresist on the 

regions where we do not intend to deposit metal on the substrate. This means that, after lift-off 

we are left with metal deposited in the region where the electrode is expected.  

First we deposited carbon on the substrate using sputtering which was followed by deposition 

of Ni using e-beam evaporation. The deposition was done at a rate of 1-1.5 A/s. After the 

deposition, the substrate was placed in a bath containing acetone and was agitated gently so 

that the photoresist along with the metal on top of it is stripped away leaving the metal along 
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with the layer of carbon patterned in the desired way on the substrate. The samples were then 

cut from the substrate to ease the process of SU-8 coating and sol-gel treatment. 

It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 

off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled very easily.  

After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off. To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed. Then, SU-8-5 was used to create an insulation so that there is no 

interference between the other parts of the metal electrode and the pH buffer solution during 

the sensitivity test. 

All these devices are tested and the results are presented in the next chapter. All the Ni based 

sensors were sensitive to the standard pH buffer solution in the range of 4-10. Using different 

adhesion layers gave better sensitivity in some cases and less potential fluctuations in other 

cases but did not make the sensor sensitive in the pH range below 4 and above 10. Hence, we 

made use of another metal to fabricate the electrodes, which is, Aluminum (Al). 

4.2 Aluminum electrode based IROF pH sensor 
 

4.2.1 Aluminum thin film electrode with no adhesion layer 

The fabrication method used to fabricate Aluminum (Al) electrode is similar to that of Nickel. 

Al was deposited using both sputtering and electron beam evaporation but the sensitivity does 

not show any deviation from each other. 
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We took a 125 micron kapton and cleaned it according to standard cleaning procedure so that 

there are no dust particles on the substrate. Once it is confirmed that the substrate is good to 

be used, we spun a positive photoresist on the substrate to obtain uniform coating and then pre 

exposure bake was performed. We used a dark field mask and exposed it to UV light for 

specific time duration and developed it. The resultant pattern contains photoresist on the 

regions where we do not intend to deposit metal on the substrate. This means that, after lift-off 

we are left with metal deposited in the region where the electrode is expected.  

We deposited Al using e-beam evaporation using Al pellets with a purity of 99.99%. The 

deposition was done at a rate of 1-1.5 A/s. After the deposition, the substrate was placed in a 

bath containing acetone and was agitated gently so that the photoresist along with the metal on 

top of it is stripped away leaving the metal electrode pattern in the desired way on the substrate. 

The samples were then cut from the substrate to ease the process of SU-8 coating and sol-gel 

treatment. 

It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 

off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled very easily.  

After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off. To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed. Then, SU-8-5 was used to create an insulation so that there is no 

interference between the other parts of the metal electrode and the pH buffer solution during 

the sensitivity test. 
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Figure 12: SEM of the sensing area of the Al-IROF pH sensor 

 

 

Figure 13: EDAX in the sensing area of the Al-IROF based pH sensor 

 

Figure 12 shows the SEM of the Al-IROF based pH sensor. To understand the surface 

composition of the sensing area, we can make use of Energy Dispersive X-ray Spectroscopy 

(EDAX).  The EDAX for the sensing area of the Al-IROF pH sensor is presented in Figure 13. 
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4.2.2 Aluminum thin film electrode with Ti adhesion layer 

We took a 125 micron kapton and cleaned it according to standard cleaning procedure so that 

there are no dust particles on the substrate. Once it is confirmed that the substrate is good to 

be used, we spun a positive photoresist on the substrate to obtain uniform coating and then pre 

exposure bake was performed. We used a dark field mask and exposed it to UV light for 

specific time duration and developed it. The resultant pattern contains photoresist on the 

regions where we do not intend to deposit metal on the substrate. This means that, after lift-off 

we are left with metal deposited in the region where the electrode is expected.  

We then deposited Ti followed by Al using e-beam evaporation without releasing the chamber 

pressure. The deposition was done at a rate of 1-1.5 A/s. After the deposition, the substrate 

was placed in a bath containing acetone and was agitated gently so that the photoresist along 

with the metal on top of it is stripped away leaving the metal along with the adhesion layer of 

Ti patterned in the desired way on the substrate. The samples were then cut from the substrate 

to ease the process of SU-8 coating and sol-gel treatment. 

It was then required to cover the entire electrode barring the sensing area so that sol-gel 

treatment can be done. For this purpose, we needed a thick protective coat that could be peeled 

off after the process. We chose SU-8-100 which gives a pretty thick coating and can also be 

peeled very easily.  
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Figure 14: SEM of the sensing area of the Ti-Al-IROF pH sensor 

 

 

Figure 15: EDAX in the sensing area of the Ti-Al-IROF based pH sensor 

After this, the sol-gel dip coating process was accomplished and the SU-8 layer was peeled 

off. To form the IROF, the sequential thermal treatment, which was mentioned in the previous 

chapter, was performed. Then, SU-8-5 was used to create an insulation so that there is no 
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interference between the other parts of the metal electrode and the pH buffer solution during 

the sensitivity test. 

Figure 14 shows the SEM of the Ti-Al-IROF based pH sensor. To understand the surface 

composition of the sensing area, we can make use of Energy Dispersive X-ray Spectroscopy 

(EDAX).  The EDAX for the sensing area of the Ti-Al-IROF pH sensor is presented in Figure 

15. 

4.3 Gold electrode based IROF pH sensor (Reference for comparison) 

 

The similar can be said about the gold electrode fabrication using gold with a Cr adhesion 

layer. The next chapter discusses the testing methodology and the results obtained. The gold 

electrode upon sol-gel coating and thermal treatment followed by SU-8-5 insulation layer is 

shown in Figure 16 under an optical microscope. This gives a real time view of the sensing 

area. 

 

Figure 16: Optical microscope image of the sensing area of the Cr-Au-IROF pH sensor 
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CHAPTER FIVE: RESULTS 

 

5.1 Testing Methodology 

 

After the devices are fabricated with different metal electrodes, we need to test them to 

compare them for their performance. For this purpose, we use the metal electrode-IROF and 

an Ag/AgCl reference electrode. To test the performance, we use standard buffer solution with 

a foreknown pH value. The performance is analyzed using different performance parameters 

like sensitivity, repeatability and reversibility. Also, for each kind of metal electrode we can 

analyze the extrapolated potential value at pH=0. We know from theory that the values should 

be around 577mV. The test apparatus contains standard pH buffers like pH=2, pH=4, pH=7, 

pH=10 and pH=12. The metal-IROF electrode and the reference electrode are placed in the 

standard buffer solution and the potential between these two electrodes is measured using the 

National Instruments Data Acquisition (NI DAQ - 6009) tool. A lab view program is written 

so that a sample is taken every 0.1 seconds and the mean is taken for 10 samples obtained after 

each second.  

 

Figure 17: pH measurement set up 

Metal-

IROF 

electrode 

Ag/AgCl 

reference 

electrode 
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This average potential is plotted along with number of samples. The set is shown in figure 17. 

We used a commercial pH meter to measure the pH of the buffer solutions accurately. To judge 

the performance based on the quality of the IrOx film we can take a look at the EDAX for the 

specific electrodes mentioned in the previous chapter. The various performance parameters are 

discussed in the following sections. 

5.2 Sensitivity 

 

The sensitivity of the sensors was tested and validated by using standard pH solutions with 

varying pH values starting from highly acidic buffer solution with pH=1.936 gradually 

increasing to a highly alkaline buffer solution with pH=11.698. The pH value of individual 

buffer solutions are measured using a commercial pH meter.  

Initially our test sensor is that of a Ni-IROF. This sensor doesn’t function as assumed in highly 

acidic as well as highly alkaline solutions. So, we test the sensor only in the range of pH values 

where it is sensitive. The same can be said for all Ni based pH sensors tested in this work. 

They are sensitive in the pH range starting from 3.94 to 9.623. The reason for this limitation 

is also discussed by providing an explanation using SEM to see the effect of highly acidic and 

alkaline solution on the Ni thin film. Then we introduce Al based pH sensors and their 

sensitivity. In Al based pH sensors this effect is eliminated and they function in the pH range 

of 1.936 to 11.698. 

5.2.1 Sensitivity of Ni-IROF based pH sensor 

 

As discussed above the Ni electrode IrOx thin film based pH sensor only function in the pH 

range of 3.94 to 9.623. The sensor is tested in this range for 3 different pH values. The test was 
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repeated three times to look for consistency. We observe that the sensitivity is in the range of 

-57 mV/pH to -62 mV/pH with an average sensitivity of -59.12 mV/pH. Though the range is 

limited the sensitivity values are high when compared to the gold electrode based pH sensors 

presented in [41].  

Also, they show a highly Nernstian response with an R2
 value of around 0.997 to 0.999. The 

test is repeated again with decreasing pH values starting from pH=9.623. The sensitivities are 

almost the same and the response is quick and consistent. The graphs in the below figures 

depict the sensitivities of the Ni electrode IrOx thin film based pH sensor. 
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(b) 

Figure 18: The Nernstian sensitivity responses Ni IrOx thin film based pH sensor from (a) pH =3.94 to 

pH=9.623 (b) pH= 9.623 to pH= 3.94. 

 

The potential in Volts shown on the y-axis of the figures above is the potential between the 

test electrode (the pH sensor) and the reference electrode (Ag/AgCl). 

The sensors were also tested in highly acidic and highly alkaline pH solution which resulted 

in random response that was not consistent. Hence, to look at the surface so as to know what 

the effect was of highly acidic and highly alkaline solution on the thin films, we subjected the 

sensor to an SEM before and after contact with highly acidic and alkaline buffer solutions. The 

resultant SEM images showed that the surface of the sensing area got eroded or etched away. 

In other words they were affected by the highly acidic and alkaline solution. The SEM images 

are shown in the following figures. 
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Figure 19: SEM of the sensing area of Ni-IROF pH sensor before testing. 

 

 

Figure 20: SEM of the sensing area of Ni-IROF pH sensor tested in pH ranging from 3.94 to 9.623. 
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Figure 21: SEM of the sensing area of Ni-IROF pH sensor tested in pH of 1.936. The surface that was 

affected by the highly acidic buffer solution is also highlighted. 

 

 

Figure 22: SEM of the sensing area of Ni-IROF pH sensor tested in pH of 11.698. The surface that was 

affected by the highly acidic buffer solution is also highlighted. 
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5.2.2 Sensitivity of Cr-Ni-IROF based pH sensor 

 

To improve the performance and test the effect we introduced an adhesion layer to the above 

sensor. That is, we have fabricated the sensor using Ni with an adhesion layer of Cr and then 

introduced IrOx thin film on the sensing area. The performance of this type of sensor is tested 

and compared with the other sensors in this text. The sensitivities were in the range of -54 

mV/pH and -57 mV/pH when tested in the pH range of 3.94 to 9.623. The average sensitivity 

is around -55.9 mV/pH. We can see that the average sensitivity is slightly lower than the Ni-

IROF based pH sensor. Also, they show a highly Nernstian response with an R2
 value of around 

0.996 to 0.999. The test is repeated again with decreasing pH values starting from pH=9.623. 

The sensitivities are almost the same and the response is quick and consistent. The graphs in 

the below figures depict the sensitivities of the Cr-Ni electrode IrOx thin film based pH sensor. 

The results are shown the following graphs. 
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(b) 

Figure 23: The Nernstian sensitivity responses Cr-Ni IrOx thin film based pH sensor from (a) pH =3.94 to 

pH=9.623 (b) pH= 9.623 to pH= 3.94. 

 

The sensors were also tested in highly acidic and highly alkaline pH solution which resulted 

in random response that was not consistent. Hence, to look at the surface so as to know what 

the effect was of highly acidic and highly alkaline solution on the thin films, we subjected the 

sensor to an SEM before and after contact with highly acidic and alkaline buffer solutions.  

The resultant SEM images showed that the surface of the sensing area got eroded or etched 

away. In other words they were affected by the highly acidic and alkaline solution. The SEM 

images are shown in the following figures. 
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Figure 24: SEM of the sensing area of Cr-Ni-IROF pH sensor before testing 

 

 

Figure 25: SEM of the sensing area of Cr-Ni-IROF pH sensor tested in pH ranging from 3.94 to 9.623. 
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3  

Figure 26: SEM of the sensing area of Cr-Ni-IROF pH sensor tested in pH of 1.936 and 11.698. The 

surface that was affected by the buffer solutions is also highlighted. 

 

5.2.3 Sensitivity of Ti-Ni-IROF based pH sensor 

 

We introduced another adhesion layer to the Ni-IROF based pH sensor. That is, we have 

fabricated the sensor using Ni with an adhesion layer of Ti and then introduced IrOx thin film 

on the sensing area. The performance of this type of sensor is tested and compared with the 

other sensors in this text. The sensitivities were in the range of -54 mV/pH and -55 mV/pH 

when tested in the pH range of 3.94 to 9.623 with an exception of one test where the sensitivity 

dropped down to a value of -49mV/pH. The average sensitivity is around -53.6 mV/pH. We 

can see that the average sensitivity is slightly lower than the Ni-IROF and Cr-Ni-IROF based 

pH sensor. Also, they show a highly Nernstian response with an R2
 value of around 0.97 to 1. 

The test is repeated again with decreasing pH values starting from pH=9.623. The sensitivities 

are almost the same and the response is quick and consistent. The graphs in the below figures 
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depict the sensitivities of the Ti-Ni electrode IrOx thin film based pH sensor. The results are 

shown in the following graphs. 

 

(a) 

 

(b) 

Figure 27: The Nernstian sensitivity responses Ti-Ni IrOx thin film based pH sensor from (a) pH =3.94 to 

pH=9.623 (b) pH= 9.623 to pH= 3.94. 
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The sensors were also tested in highly acidic and highly alkaline pH solution which resulted 

in random response that was not consistent. Hence, to look at the surface so as to know what 

the effect was of highly acidic and highly alkaline solution on the thin films, we subjected the 

sensor to an SEM before and after contact with highly acidic and alkaline buffer solutions.  

 

 

Figure 28: SEM of the sensing area of Ti-Ni-IROF pH sensor before testing 

 

The resultant SEM images showed that the surface of the sensing area got eroded or etched 

away. In other words they were affected by the highly acidic and alkaline solution. The SEM 

images are shown in the figures 28-30. 
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Figure 29: SEM of the sensing area of Ti-Ni-IROF pH sensor tested in pH of 1.936. The surface that was 

affected by the highly acidic buffer solution is also highlighted. 

 

 

Figure 30: SEM of the sensing area of Ti-Ni-IROF pH sensor tested in pH of 11.698. The surface that was 

affected by the highly alkaline buffer solution is also highlighted. 
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5.2.4 Sensitivity of C-Ni-IROF based pH sensor 

 

This time we introduced another layer to the Ni-IROF based pH sensor. That is, we have 

fabricated the sensor using Ni after introducing a layer of sputtered C and then introduced IrOx 

thin film on the sensing area. The performance of this type of sensor is tested and compared 

with the other sensors in this text. The sensitivities were in the range of -43 mV/pH and -50 

mV/pH when tested in the pH range of 3.94 to 9.623. The average sensitivity is around -46.05 

mV/pH. We can see that the average sensitivity is way lower than the Ni-IROF, Cr-Ni-IROF, 

and Ti-Ni-IROF based pH sensor. But they show very high Nernstian response with an R2
 

value of around 0.998 to 1. The test is repeated again with decreasing pH values starting from 

pH=9.623. The sensitivities are almost the same and the response is quick and consistent. The 

graphs in the below figures depict the sensitivities of the C-Ni electrode IrOx thin film based 

pH sensor. The results are shown in the following graphs. 
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(b) 

Figure 31: The Nernstian sensitivity responses C-Ni-IrOx thin film based pH sensor from (a) pH =3.94 to 

pH=9.623 (b) pH= 9.623 to pH= 3.94. 

 

Though the sensitivities are lower, the advantage of using sputtered carbon before depositing 

Ni to form the electrode is that the fluctuation are very less when compared to other Ni based 

pH sensors. 

A cumulative performance comparison is shown in figure 32. In this graph, sensitivities of all 

the Ni based sensor are shown for comparison sake. We can see that sensitivity of Ni-IROF 

sensor is superior compared to other Ni based pH sensors and also that C-Ni-IROF sensor has 

the least sensitivity value. 
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Figure 32: Sensitivity comparison of different Ni based sensors tested in the same pH range and in the 

same pH buffer solutions. 

 

5.2.5 Sensitivity of Al-IROF based pH sensor 
 

Now that we tested Ni based sensors and found the limitation that the sensors can only be used 

in a very narrow window of pH values, though they have high sensitivity, we need to look for 

alternatives which can be used for broad range of pH values. We, therefore, use Aluminum as 

an alternative and the results are as follows. 

As discussed in the previous chapter Al electrode IrOx thin film based pH sensor function in a 

broad pH range and are tested in the pH range of 1.936 to 11.698. The sensor is tested in this 

range for 5 different pH values. The test was repeated three times to look for consistency. We 

observe that the sensitivity is in the range of -48 mV/pH to -55 mV/pH with an average 

sensitivity of -50.87 mV/pH. Also, they show a highly Nernstian response with an R2
 value of 
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around 0.988 to 0.995. The test is repeated again with decreasing pH values starting from 

pH=11.698. The sensitivities are almost the same and the response is quick and consistent. The 

graphs in the below figures depict the sensitivities of the Al electrode IrOx thin film based pH 

sensor. 

 

(a) 

 

 (b)  

Figure 33: The Nernstian sensitivity responses Al-IrOx thin film based pH sensor from (a) pH =1.936 to 

pH=11.698 (b) pH= 11.698 to pH= 1.936. 
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We saw that the Al-IROF based pH sensor works in the broad pH range which includes highly 

acidic as well as highly alkaline pH ranges. We looked at the surface closely before and after 

contact with these extreme pH levels under SEM and saw that there is no effect on the surface 

of Al-IROF pH sensor and hence we can confirm that the Ni based sensors did not give good 

pH sensitivity in these extreme pH ranges due to the fact that the surface got altered or affected. 

 

Figure 34: SEM of the sensing area of Al-IROF pH sensor before testing 

 

Figure 35: SEM of the sensing area of Ti-Ni-IROF pH sensor tested in pH range of 1.936 to 11.698. 
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5.2.6 Sensitivity of Ti-Al-IROF based pH sensor 

 

With an aim to enhance the performance of the Al-IROF based pH sensor, we introduced an 

adhesion layer to the Al-IROF based pH sensor. That is, we have fabricated the sensor using 

Al with an adhesion layer of Ti and then introduced IrOx thin film on the sensing area. The 

performance of this type of sensor is tested and compared with the other sensors in this text. 

The sensitivities were in the range of -59 mV/pH and -61 mV/pH when tested in the pH range 

of 1.936 to 11.698. The average sensitivity is around -60.03 mV/pH. We can see that the 

average sensitivity is higher than all other pH sensors discussed above. Also, this type of pH 

sensor showed a highly Nernstian response with an R2 value of around 0.998 to 0.9996. The 

test is repeated again with decreasing pH values starting from pH=11.698. The sensitivities are 

almost the same and the response is quick and consistent. The graphs in the below figures 

depict the sensitivities of the Ti-Al electrode IrOx thin film based pH sensor. The results are 

shown in the following graph. 
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(b) 

Figure 36: The Nernstian sensitivity responses Ti-Al-IrOx thin film based pH sensor from (a) pH =1.936 

to pH=11.698 (b) pH= 11.698 to pH= 1.936. 

 

A cumulative performance comparison is shown in figure 37. In this graph, sensitivities of all 

the Al based sensor are shown for comparison sake. We can see that sensitivity of Ti-Al-IROF 

sensor is superior compared to Al-IROF pH sensor. 

 

Figure 37: Sensitivity comparison of different Al based sensors tested in the same pH range and in the 

same pH buffer solutions. 
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5.2.7 Sensitivity of Cr-Au-IROF based pH sensor 

Now, we fabricate the sensor to which all the above sensor are to be compared in terms of 

performance parameter. That is the Gold-IROF pH sensor. The performance of this type of 

sensor is tested and compared with the other sensors in this text. The sensitivities were in the 

range of -44 mV/pH and -47 mV/pH when tested in the pH range of 1.936 to 11.698. The 

average sensitivity was 45.15 mV/pH. Also, they show a highly Nernstian response with an R2
 

value of around 0.995 to 0.997. The test is repeated again with decreasing pH values starting 

from pH=11.698. The sensitivities are almost the same and the response is quick and 

consistent. The graphs in the below figures depict the sensitivities of the Au electrode IrOx thin 

film based pH sensor. 
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(b) 

Figure 38: The Nernstian sensitivity responses Cr-Au-IrOx thin film based pH sensor from (a) pH =1.936 

to pH=11.698 (b) pH= 11.698 to pH= 1.936. 

 

Figure 39 shows a comparison of all the sensors tested in this research work.  

 

Figure 39: Sensitivity comparison of different Ni, Al and Au based sensors tested in the same pH range 

and in the same pH buffer solutions. 
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We have seen in this section about the sensitivities of each type of sensor and compared the 

sensitivity values. We know that for reference Ag/AgCl electrode the potential obtained when 

the graph is extrapolated to pH=0 must be close to 577 mV. We have tabulated this potential 

obtained from extrapolation of the sensitivity graphs. In total we have 6 tests for each sensor 

hence we have taken the average of this value obtained from each graph and obtained the 

average potential value which has been tabulated. 

TYPE OF SENSOR Potential at pH=0 (mV) 

Ni-IROF 627 

Cr-Ni-IROF 586.6 

Ti-Ni-IROF 563.1 

C-Ni-IROF 470.8 

Al-IROF 545.3 

Ti-Al-IROF 633.6 

Cr-Au-IROF 600.1 

 

Table 1: Potential between metal-IROF electrode and Ag/AgCl reference electrode at pH=0 found by 

extrapolation 

 

5.3 Reversibility and Repeatability 

 

Though it is vague to discuss reversibility and repeatability of sensors, we use the parameters 

mentioned in [41] to understand the reversibility and repeatability. For this, we have used 

parameters mentioned in the literature, which are, potential fluctuation (ΔV), potential 

deviation (𝛿V), and potential drift (V /). In addition to these parameters there is also another 

parameter called the hysteresis (dV). We have used the reference diagram that has been 

mentioned in [41] to understand all the parameters. 
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Figure 40: Pictorial depiction of (a) Potential drift, fluctuation and deviation (b) hysteresis 

ΔV is the stable, small, and non-random voltage fluctuating range which occurs after the 

electrochemical potential reaches a stable value. The potential fluctuation may be caused due 

to many reasons including the noise from the recording instrument or unstable source 

interference such as stirring or liquid movement during the test. δV is the potential difference 

between the different tests of the same electrode in the same buffer solutions. The potential 

deviation may be caused due to the oxidation state and the surface OH─ ion exchange of 

iridium oxide. This may shift the equilibrium slightly which causes surface charge [21, 44-45]. 

Potential drift V / is defined as the potential shift which is from the peak potential value to 90% 

of the equilibrium potential value as showed in figure 40. The potential drift may be caused by 

some reasons such as the procedure of temperature affection, sensor age, and different 

fabrication methods [21]. 

The sensor is tested three times in the same pH solutions in the pH range for which the device 

is functioning. The test is different from sensitivity test in the way that for the test of sensitivity 

the sensor is placed in a pH buffer solution and the potential between the sensing electrode and 
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the Ag/AgCl electrode is noted. Then, in the next step, before placing the sensor in the next 

standard pH solution we clean it with de-ionized (DI) water and blow it dry using a jet of dry 

N2. But in this test, the sensors are continuously tested in one pH after another without cleaning 

the surface and data is continuously monitored. All the data is then plotted with potential 

between sensing electrode and Ag/AgCl reference electrode on y-axis and the sample number 

on x-axis. Repeating the test three times also lets us now the repeatability of the device. 

5.3.1 Reversibility and repeatability test on Ni-IROF based pH sensor 
 

The sensor was able to detect 5 different pH solutions from 3.94 to 9.623 and showed 

reversibility when tested in the decreasing order of pH. The graph in the following figure 

shows the test for reversibility and repeatability. 

We can see from the figure that the sensors are fairly reversible and repeatable.  

 

Figure 41: Reversibility and repeatability test performed on Ni-IROF pH sensor with the pH testing 

sequence 3.94 – 9.623 – 3.94 
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5.3.2 Reversibility and repeatability test on Cr-Ni-IROF based pH sensor 
 

The sensor was able to detect 5 different pH solutions from 3.94 to 9.623 and showed 

reversibility when tested in the decreasing order of pH. The graph in the following figure 

shows the test for reversibility and repeatability. 

We can see from the figure that the sensors are fairly reversible and repeatable.  

 

Figure 42: Reversibility and repeatability test performed on Cr-Ni-IROF pH sensor with the pH testing 

sequence 3.94 – 9.623 – 3.94 
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We can see from the figure that the sensors are fairly reversible and repeatable.  

 

Figure 43: Reversibility and repeatability test performed on Ti-Ni-IROF pH sensor with the pH testing 

sequence 3.94 – 9.623 – 3.94 
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Figure 44: Reversibility and repeatability test performed on C-Ni-IROF pH sensor with the pH testing 

sequence 3.94 – 9.623 – 3.94 
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Figure 45: Reversibility and repeatability test performed on Al-IROF pH sensor with the pH testing 

sequence 1.936 – 11.698 – 1.936 
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Figure 46: Reversibility and repeatability test performed on Ti-Al-IROF pH sensor with the pH testing 

sequence 1.936 – 11.698 – 1.936 
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Figure 47: Reversibility and repeatability test performed on Cr-Au-IROF pH sensor with the pH testing 

sequence 1.936 – 11.698 – 1.936. 

 

5.4 Performance evaluation and comparison of different sensors 
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We took an average of potential drift from different pH buffers and also over different readings 

which resulted in average potential drift.  

Potential deviation is the variation in the stable value of the potential over different readings 

and different pH solutions. We took an average of potential deviation from different pH buffers 

and also over different readings which resulted in average potential deviation.   

Average sensitivity can be defined as the average of sensitivities from different readings for a 

particular type of sensor. 

Potential fluctuation is defined as the variation in the potential between the sensor and 

reference electrode when placed in a pH solution after reaching a stable value. This variation 

is expected to be small for good functioning of the pH sensor because after reaching a stable 

value if the variation is too high then it is difficult to discern the pH of the solution accurately. 

Average potential fluctuation is therefore defined as the average of potential fluctuations from 

different pH buffers and also over different readings. 

Hysteresis is the next performance evaluating parameter. During reversibility test, we test a 

sensor for a particular pH value twice because we initially test the sensor in the increasing pH 

values and then in the decreasing order of pH values during one reading. So, we obtain two 

different potentials for the same pH in the course of the measurement. It is expected that, for 

an ideal sensor, these two potentials are the same. But in real case there is a little variation 

between these two values. This difference is called hysteresis. Average hysteresis is therefore 

defined as the average of hysteresis from different pH buffers and also over different readings. 
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From table 2 we can talk about the performance of the sensor based on different parameters 

and their values. 

Type of 
sensor 

Sensitive 
in the pH 

range 
Sensitivity 

Avg. 
Hysteresis 

(dV) 

Avg. 
Potential 

Fluctuation 
(ΔV) 

Avg. 
Potential 
Deviation   

(𝛿 V) 

Avg. 
Potential 
Drift (V/) 

Ni-IROF 4 to 10 59.17 mV/pH 4.1 mV 16.2 mV 12.25 mV 14.96 mV 

Cr-Ni-IROF 4 to 10 55.9 mV/pH 5.02 mV 24.73 mV 12.22 mV 12.44 mV 

Ti-Ni-IROF 4 to 10 53.67 mV/pH 2.42 mV 17 mV 12.77 mV 11.64 mV 

C-Ni-IROF 4 to 10 46.05 mV/pH 6.135 mV 3.317 mV 14.26 mV 11.98 mV 

Al-IROF 2 to 12 50.87 mV/pH 29.69 mV 25.8 mV 18.595 mV 23.062 mV 

Ti-Al-IROF 2 to 12 60.03 mV/pH 25.396 mV 24.147 mV 22.964 mV 25.414 mV 

Cr-Au-IROF 2 to 12 45.15 mV/pH 4.42 mV 6.28 mV 10.2 mV 8.5 mV 

 

Table 2: Performance evaluating parameters of different pH sensors and their comparison 

 

5.5 Discussion 

 

First, let us compare the Ni based sensors. The Ni based sensors have shown sensitivities in a 

varied range from as high as 59.17 mV/pH for Ni-IROF pH sensor to 46.05 mV/pH for C-Ni-
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IROF pH sensor. Adding an adhesion layer reduced the sensitivity of the sensors and in the 

order of decreasing sensitivities stand Cr, Ti and then a layer of sputtered carbon as the 

adhesion layers. All of these pH sensors were sensitive in pH range of 4 to 10.  

Ni based sensors showed really low hysteresis which is good when used as a pH sensor because 

the sensors would be more reliable. The hysteresis was found to be in the range of 2 to 6 mV 

and was different for different adhesion layers. Introducing an adhesion layer of Ti showed 

low hysteresis of around 2.42 mV and introducing a layer of sputtered carbon before depositing 

Ni to form C-Ni-IROF pH sensor increased the hysteresis to 6.135 mV. But the Ni based pH 

sensors have very low hysteresis compared to Al and Au based pH sensors. 

Coming to the parameter called potential fluctuations, we see that all the Ni based sensors have 

average potential fluctuations when compared to Al based pH sensors with the exception of 

C-Ni-IROF pH sensor which had a potential fluctuation value of 3.317 mV which is less than 

Au based pH sensor and it is also the lowest of the sensors. This means that the fluctuations 

after stabilization are very low which means that it easy to discern the pH values.  

The next parameter that we will discuss is the potential deviation. For Ni based pH sensors the 

potential deviation is approximately the same. This value is lower when compared to Al based 

sensors and higher when compared to the Au based sensor. For optimal performance we want 

the value of the potential deviation to be minimum.  

Finally, we discuss about the potential drift for the Ni based sensors. The potential drift is low 

for all the Ni based sensors and are comparably similar to that of Au based sensors. 
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Let us now compare the Al based sensors. The Al based sensors have shown high sensitivity 

values of 50.87 mV/pH for Al-IROF pH sensor and 60.03 mV/pH for Ti-Al-IROF pH sensor. 

Adding an adhesion layer increased the sensitivity of the sensors by approximately 10 mV/pH. 

All of these pH sensors were sensitive in pH range of 2 to 12 which is the main advantage of 

using Al based sensors over Ni based sensors.  

Al based sensors showed higher hysteresis when used as a pH sensor when compared to Ni 

based sensors but lower than Au based sensors. The hysteresis was found to be in the range of 

25 to 30 mV. Introducing an adhesion layer of Ti showed lower hysteresis but the difference 

is not significant. 

Coming to the parameter called potential fluctuations, we see that all the Al based sensors have 

higher potential fluctuations when compared to Ni and Au based pH sensors. This means that 

the fluctuations after stabilization are high and that it is difficult to discern the pH values easily.  

The next parameter that we will discuss is the potential deviation. For Al based pH sensors the 

potential deviation is approximately the same. This value is higher when compared to all other 

pH sensors. For optimal performance we want the value of the potential deviation to be 

minimum.  

Finally, we discuss about the potential drift for the Al based sensors. The potential drift is very 

high for all the Al based sensors which is not desirable for a good performance. 
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5.6 Conclusion 

 

In conclusion we can say many things about the devices that have been fabricated in this work. 

All Ni based sensors are functional in a very narrow pH range which means that they can be 

used in applications where the pH range is known to be in the range of 4 to 10 beforehand. But 

in this range their performance is good and is comparable to the Au based pH sensor. The Ni 

based sensors not only have good sensitivities but also have optimal performance parameters. 

Most importantly, the C-Ni-IROF based pH sensor has low sensitivity when compared to other 

Ni based pH sensors but it has a very low value of potential fluctuations which means that the 

performance can be better. The Ti-Ni-IROF pH sensor has a very low hysteresis which is good 

for repeatability of the device.  

The Al based sensors have a wide pH range of 2 to 12 but the performance is low when 

compared to Ni based sensors. They have high value of potential fluctuation and hysteresis 

which is not good for accurate sensing and repeatability. Hence, the Al based sensors can be 

used in cases where we need to use a low cost sensor for broad range of pH values and when 

accuracy is not that important. 

The Au based sensor is apt to use in pH sensing applications with a wide range and good 

performance. 
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