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ABSTRACT 

 
DEVELOPMENT OF CONDUCTIVE OXIDE BASED THIN FILM 

MODIFIED ELECTRODES AND BIOSENSORS APPLICATIONS 

 
From the first biosensor produced in 1956 to the present day, biosensors have 

been highly developed and diversified. In biosensor manufacturing, thin films have 

become a rapidly emerging field. Depending on the thin film material used, thin films 

have many advantageous properties for biosensors, such as high surface-to-volume ratio, 

conductivity, stability, specificity, biocompatibility, and good electrocatalytic activity. 

Dopamine is a neurotransmitter that has a significant impact on the emergence and 

treatment of certain diseases such as Alzheimer's and Parkinson's diseases. Dopamine 

monitoring is important for the prevention of these diseases, and it is a favorable option 

to use biosensors, which are useful and practical tools, instead of time-consuming and 

expensive conventional methods. For this purpose, in this thesis, a non-enzymatic 

electrochemical biosensor based on thin film electrodes was developed for monitoring 

dopamine levels. The electrodes were developed by deposition of Zn2SnO4 (ZTO) thin 

film on ITO thin film substrate by DC magnetron sputtering technique. The properties of 

the electrodes were determined by thickness, optical transmittance, XRD and SEM 

analysis. Electrochemical analysis, namely CV, EIS and DPV measurements, were 

performed before and after the electrodes were sonicated and modified with APTES 

before their application to the voltammetric detection of dopamine. In addition, 

electrochemical measurements were performed before/after sonication, APTES 

modification. Dopamine was detected by a voltammetric method using DPV technique. 

Furthermore, experiments in the presence of interferents such as ascorbic acid (AA), uric 

acid (UA) etc. showed that the thin film electrodes can be successfully applied for 

voltammetric determination of dopamine. As a result, the biosensor technology developed 

in this study has the potential to be wearable in the future, enabling non-invasive 

monitoring of dopamine levels in body fluids such as saliva, tears and sweat. 
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ÖZET 

 
İLETKEN OKSİT TABANLI İNCE FİLM MODİFİYE 

ELEKTRODLARIN GELİŞTİRİLMESİ VE BİYOSENSÖR 

UYGULAMALARI 

 
1956 yılında üretilen ilk biyosensörden günümüze kadar geçen sürede, 

biyosensörler oldukça gelişmiş ve çeşitli alanlarda kullanılmaya başlamıştır. Biyosensör 

üretiminde ince filmlerin kullanılması ise hızla gelişen bir alan haline gelmiştir. İnce 

filmlerin sahip olduğu yüksek yüzey-hacim oranı, iletkenlik, kararlılık, özgüllük, 

biyouyumluluk ve iyi elektrokatalitik aktivite gibi özellikler, biyosensörler için oldukça 

avantajlıdır. Dopamin ise, Alzheimer ve Parkinson gibi bazı hastalıkların ortaya çıkması 

ve tedavisinde önemli bir etkisi olan nörotransmiterdir. Vücuttaki dopamin miktarının 

takibi bu hastalıkların önlenmesi için önemlidir. Dopamin miktarını belirlemek için 

kullanılan geleneksel yöntemler zaman alıcı ve pahalıdır. Bu yöntemlerin yerine 

kullanışlı ve pratik araçlar olan biyosensörlerin kullanılması daha uygun ve hayat 

kolaylaştırıcı bir seçenektir. Bu kapsamda tezde hazırlanan ince film elektrotlar 

kullanılarak enzime gerek duymaksızın dopamin tayinini mümkün kılan bir 

elektrokimyasal biyosensör geliştirilmiştir. Elektrotlar, DC mıknatıssal saçtırma tekniği 

ile ITO ince film substratı üzerine Zn2SnO4 (ZTO) ince filminin biriktirilmesiyle 

üretilmiştir. Üretilen elektrotların karakteristik özellikleri kalınlık, optik geçirgenlik, 

XRD ve SEM analizleri ile belirlenmiştir. Elektrot yüzeyleri sonikasyon ve APTES ile 

modifiye edilip dopamin ile muamele edildikten sonra ise elektrokimyasal analiz 

yöntemleri olan CV, EIS ve DPV ölçümleri yapılmıştır. Ayrıca elektrokimyasal ölçümler 

sonikasyondan önce, APTES modifikasyonundan önce ve sonra gerçekleştirilmiş olup 

ortamdaki dopamin miktar tayini DPV tekniğine dayalı voltametrik yöntemle 

gerçekleştirilebilmiştir. Ayrıca askorbik asit (AA), ürik asit (UA) vb. gibi girişim 

yapabilecek türlerin varlığında yapılan deneylerde, geliştirilen ince film elektrotların 

voltametrik dopamin tayini için başarılı bir şekilde uygulanabileceğini göstermiştir. 

Sonuç olarak, çalışmada geliştirilen biyosensör teknolojisi gelecekte giyilebilir hale 

getirilerek tükürük, gözyaşı ve ter gibi vücut sıvılarında dopamin seviyesinin invaziv 

olmayan bir yöntemle izlenmesini sağlama potansiyeline sahiptir.  
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CHAPTER 1 

 

INTRODUCTION 

 
1.1. Biosensors 

 
Interest in biosensors has been increasing over the years due to its advantageous 

usage properties. Production of a biosensor requires utilization of interdisciplinary fields 

such as biology, chemistry, physics, and engineering. Biosensor is a device that detects 

the concentration or presence of a biological material and generates electrical signals as 

a result of chemical and biological reactions occurred between the analyte and the 

bioreceptor (Bhalla et al., 2016; Mehrotra, 2016).  

 

 
Figure 1.1. Illustration of the biosensor components.  

(Source: http://2018.igem.org/Team:Queens_Canada/Background) 

 

A biosensor consists of different components such as analyte, bioreceptor, 

transducer and detector (Figure 1.1). Analyte is the biomaterial that is wanted to detect. 

For instance, DNA, glucose, cholesterol, lactate, and dopamine are some of the analytes. 

The analyte is recognized by bioreceptor, and this process is called as biorecognition. The 

bioreceptor (such as antibodies, enzymes, immobilized cells, and nucleic acids) identifies 

the analyte, and binding between the bioreceptor and the analyte occurs. Signal is 

generated as a result of chemical and biological reactions, and the change of 

conformation. This signal become measurable with the help of transducer. The 
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unmeasurable signal obtained as an alteration of heat, pH, light, or charge is converted to 

a measurable signal by transducer. This conversion process is called as signalization. In 

the final step, the signals obtained proportional to the concentration of the analyte are 

processed and amplified by detector. In a system of electronic display, the signals are 

quantified, and the final data can be obtained as in several ways such as graphical, 

pictorial, and numerical (Parkhey & Mohan, 2018).  

 

 
Figure 1.2. Representation of the Clark electrode. 

(Source: https://clinicalgate.com/additional-equipment-used-in-anaesthesia-and-

intensive-care/) 

 

Although the basics of the biosensor date back to the early 1900s, the first 

biosensor was invented by Leland C. Clark in 1956. This amperometric biosensor, namely 

Clark electrode (it was named after Leland C. Clark), detects concentration of oxygen in 

a gas or a liquid such as blood (Heineman & Jensen, 2006). In an amperometric biosensor, 

current is measured which is obtained due to the application of voltage between the two 

electrodes (Mendelson, 2011). In a Clark-type electrode, there is an oxygen permeable 

membrane (made from teflon) between the part containing the electrodes and the sample 

(gas or liquid) containing oxygen (Figure 1.2). The electrodes which are platinum cathode 

and silver anode stay in an electrolyte such as sodium chloride (NaCl) and potassium 

chloride (KCl) (Chang et al., 1993). The oxygen passes through the membrane and 



3 
 

reaches to the platinum cathode. The oxygen molecules are reduced electrolytically at the 

cathode while oxidation of silver occurs at the anode. The catalysis is increased due to 

the application of voltage between the two electrodes. As a result of this voltage 

application, the obtained current is proportional to the oxygen concentration.  

In 1962, Clark and Lyons also developed an amperometric electrode that is for the 

enzymatic detection of the glucose (Clark & Lyons, 1962). The basis of this electrode is 

the Clark oxygen electrode. They used a semi-permeable dialysis membrane to coat the 

oxygen electrode with the enzyme of glucose oxidase (GOx) (Davis & Higson, 2014). 

Thus, they did an enzyme immobilization. The concentration of glucose was detected 

with respect to the oxygen consumption from the sample containing glucose. The amount 

of oxygen consumption represented the concentration of glucose. This glucose electrode 

is further improved as a first commercial glucose biosensor by Yellow Spring 

Instruments, in 1975 (Yoo & Lee, 2010). They conducted the glucose detection with 

respect to amperometric measurement of hydrogen peroxide (H2O2).  

There are certain features that are expected to exist is biosensors. For instance, 

biosensors must have high selectivity, specificity, and sensitivity (Revathi & Rajendra 

Kumar, 2019). In other words, biosensors must have the ability to detect the desired 

biomaterial among the other unwanted substances successfully. Also, reproducibility and 

repeatability are the other important properties. Biosensors should be used multiple times 

in order to reduce the production cost and obtain the higher efficiency as much as possible 

from one biosensor device. The detection time, namely response time, of the biosensors 

should not be long. In general, the expected response time should not be more than 30 

seconds. Moreover, the size of the biosensors should be small enough to make them easy 

to handle and also, make the fabrication process easier. Biosensors should have the ability 

to detect the desired analyte which has the volume as small as possible. In other words, 

detection limit of the biosensors should be low. In addition, stability is another significant 

feature when enzymes or proteins are used in biosensors (Gibson, 1999). The stability is 

related to activity retention of a protein, enzyme, or device. After the production of 

biosensors, either during the use or during the storage time, this activity retention must 

be increased. 

Biosensors can be categorized in terms of analyte type, bioreceptor type, and 

mechanism of transduction (Ali et al., 2017). If the categorization is based on the analyte, 

there will be biosensors that detect dopamine, glucose, lactate, drugs, toxins, enzymes, 

and nucleic acids. According to the bioreceptor type, the biosensor types can be classified 
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as proteins, aptamers, DNA, enzymes, and oligonucleotides. The transduction mechanism 

used in the biosensors also determines the biosensor type such as mass dependent, 

sensitive to radiation, optical, thermal, piezoelectric, and electrochemical. These 

categorized biosensor types can be further increased. In this work, an electrochemical 

biosensor is developed for dopamine detection. An electrochemical biosensor converts 

the chemical signal coming from analyte-bioreceptor interaction to an electrical signal 

which are voltage or current (Jothi & Nageswaran, 2019). Conductometric, voltammetric, 

potentiometric, and amperometric biosensors are the sub-categories of the 

electrochemical biosensors. There are many studies on electrochemical biosensors in the 

literature, and various analytes can be determined by producing a wide variety of 

electrochemical biosensor electrodes (Erdem, 2007; Mathur et al., 2009; Alwarappan et 

al., 2009; Yilmaz et al., 2017; Erdem et al., 2015; Congur et al., 2019; Erdem & Eksin, 

2019; Congur et al., 2021).  

Biosensors have a wide range of usage area. They are used in environmental 

monitoring (e.g., pollutant detection), food and beverage control, agriculture, 

pharmaceutical industry (in terms of drug discovery or improvement), tissue engineering, 

plant biology, prosthetic devices, criminology disease monitoring (in terms of disease 

detection or treatment) such as detecting the markers and microorganisms that induce the 

diseases, etc. (Hasan et al., 2014). Body fluids such as saliva, sweat, urine, and blood are 

used for detection of the diseases. Foods, beverages, and agricultural products can be 

controlled by using biosensors if there exists any toxins or contaminants. Thus, the 

unwanted substances or microorganisms can be detected earlier, and the quality and 

safety of the products can be enhanced (Mehrotra, 2016).  

 

1.2. Purpose of the Thesis 

 
The purpose of this thesis is to develop the single-use electrodes based on thin 

films and apply them to determine dopamine voltammetrically. The electrodes were 

produced by coating Zn2SnO4 (ZTO) on the In2O3:SnO2 (ITO) substrate, by applying the 

DC magnetron sputtering method. Then, the surface of the electrodes was firstly sonicated 

and then modified by APTES. After all, these electrodes were applied for dopamine 

determination.  
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CHAPTER 2 

 

BACKGROUND INFORMATION 

 
2.1. Enzymatic and Non-Enzymatic Biosensors 

 
Electrochemical biosensors can also be divided into another two groups which are 

enzymatic biosensors and non-enzymatic biosensors. In enzymatic biosensors, enzyme 

immobilization is done by applying different procedures such as entrapment, adsorption, 

cross linking, and covalent bonding (Nguyen et al., 2019; Revathi & Rajendra Kumar, 

2019).  

Entrapment is the method that the enzyme is immobilized in a polymer such as 

gel. This immobilization process is not done chemically and also, this method provides 

stability. However, the gel may have an unwanted effect on the active site of the enzymes 

which may affect the substrate binding. Adsorption is another immobilization method in 

which weak interactions such as van der Waals forces, hydrophobic interactions, and 

electrostatic interactions are used. Although adsorption is a cost effective and easy 

method, and not harmful for the enzymes, some disadvantages are present in which the 

differences occurred in the environmental conditions may negatively affect the enzymes 

due to the weak interactions. Furthermore, contamination may occur because adsorption 

of the unwanted substances may be occurred. It can be said that cross linking is also a 

chemical method since a supporting material is used, and the biomaterial is chemically 

connected to this supporting material. Although this process provides enhanced stability 

and efficiency due to the strong chemical bonding, the activity of the enzyme may be lost 

because of the application of some of the crosslinking reagents. Lastly, covalent bonding 

is a common method for enzyme immobilization because it provides stability due to its 

strong interactions. Low ionic strength, low temperature, and physiological pH conditions 

may be suitable for this method. However, this strong covalent bonding may affect the 

enzyme in a negative way.  

To sum up, enzymatic biosensors offer high selectivity, high sensitivity, and high 

specificity due to unique enzyme-substrate interactions. On the other hand, because of the 

difficulties in the enzyme immobilization process, enzymatic biosensors may be unstable, 



6 
 

have short shelf life, and high cost. For instance, the environment conditions of enzymes 

are important because enzymes can degrade under inappropriate conditions such as wrong 

pH and temperature values.  

Biosensors have been developed to work without enzymes in order to overcome 

the challenges present in the enzymatic biosensors. Non-enzymatic biosensors are simple, 

reproducible, and stable because of the absence of the enzymes. Nanomaterials such as 

platinum (Pt), gold (Au), graphene, quantum dots, and carbon nanotubes (CNTs) are used 

in non-enzymatic biosensors (Revathi & Rajendra Kumar, 2019). These nanomaterials 

meet the requirements of suitable morphology, high surface area, and electron transport, 

and therefore, the non-enzymatic biosensors made of nanomaterials are selective, and 

provide to increase the electrocatalytic activity. Also, low cost metal oxide nanomaterials 

such as nickel oxide (NiO), zinc oxide (ZnO), tin dioxide (SnO2), and manganese dioxide 

(MnO2) are used in non-enzymatic biosensors. The catalytic activity of these metal oxide 

nanomaterials is high.  

Besides the advantageous properties of the nanomaterials mentioned above, there 

may be still some issues when they used by themselves. Some of the characteristics of the 

biosensors are required to improve in terms of sensitivity, specificity, and selectivity. This 

issue has been managed by using chemically modified electrodes (CMEs). Chemical 

modifications such as covalent bonding and adsorption can be applied to the electrodes, 

such as gold and platinum. Furthermore, the interest has been increasing for using carbon 

materials, hybrid materials, polymers, enzymes, nanomaterials, etc. for biosensors in 

order to increase the response time, stability, sensitivity, specificity, and selectivity. 

However, especially for some non-enzymatic biosensors, there may be some issues such 

as working problems under physiological conditions, and the requirement for finding 

biocompatible materials for some types of biosensors such as wearable biosensors.  

 

2.2. Thin Films 

 
Thin film is a material that can be deposited on either a surface or a substrate by 

a variety of deposition techniques. Tvarozek et al. suggested that thin films can be thought 

as two-dimensional (2D) materials since the thickness of the thin films are significantly 

low (Tvarozek et al., 1998). Thus, surface-to-volume ratio of thin films are high. Also, 

on this thin scale, they gain distinct properties when compared to thick bulk substances 
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having the same molecular formula (Mylvaganam et al., 2014). In general, thickness of 

the thin films is less than 1 μm. According to the Figure 2.1, it can be said that foil is 

between the thin films and the thick films (having thickness of more than 1 μm) in terms 

of thickness. Also, based on the Figure 2.1, the thinnest substances are atoms and 

molecules while the thickest substances are sheet and plate. 

 

 
Figure 2.1. General comparison of thickness of thin films with some other materials. 

(Source: https://www.susumu.co.jp/germany/tech/know_how_02.php) 

 

There are several thin film deposition techniques. Basically, there are three main 

categories which are physical deposition methods (PDM), chemical deposition methods 

(CDM), and solution based chemistry (Gould et al., 2017). PDM is generally called as 

physical vapor deposition techniques and requires vacuum conditions. First, the material 

used to generate the desired thin film becomes vapor, and then, it becomes solid due to 

condensation. Thus, the substrate is coated with the desired thin film. Thermal 

evaporation, pulsed laser deposition, molecular beam epitaxy, magnetron sputtering are 

the techniques that belong to the category of physical vapor deposition. CDM is also 

called as chemical vapor deposition techniques and high temperature is needed to coat 

the substrate. Before the actual deposition process, the precursor is heated until it becomes 

gaseous. After that, the substrate surface and the hot gaseous precursor start to react. This 

reaction leads thin film to be produced. Chemical vapor deposition (CVD) techniques are 

divided into sub-categories which are metal organic CVD, low pressure CVD, 

atmospheric pressure CVD, and plasma enhanced CVD. In the category of solution based 

chemistry, chemical solutions are used to generate a variety of films such as thick films, 
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thin films, multilayered films, porous films, and dense films (Ukoba et al., 2018). Solution 

based chemistry includes the techniques of chemical bath deposition, sol-gel, spin 

coating, dip coating, screen printing, and spray pyrolysis.  

 

2.3. Thin Film Biosensors 

 
There is a widespread usage of thin films in biosensors nowadays. The electrodes 

of the biosensors are modified with thin films. These thin film-modified electrodes 

become like a transducer having physicochemical properties in terms of electrical, 

magnetic, mechanical, and optical properties. Thus, the signal obtained as a result of the 

analyte-electrode interaction can be converted into a suitable signal that can be measured 

(Koydemir et al., 2013; Tvarozek et al., 1998). Gold (Au) is a common material used as 

an electrode or a transducer for sensors. Gold thin films provide high surface-to-volume 

ratio, good catalytic properties, amplification of electrochemical response, stability, and 

biocompatibility (Sharma et al., 2015). Gold thin films are favorable for enzymatic 

biosensors because they strongly bind to biomolecules and immobilize them on the 

surface covalently. Also, In2O3:SnO2 (ITO) has a frequent usage in sensors since it has 

some preferred properties such as that it is electrically conductive, optically transparent, 

and colorless as a thin film (Pruna et al., 2017).  

Other thin film materials for biosensor production includes metals such as 

platinum (Pt), silver (Ag), aluminum (Al), and titanium (Ti); allotropes of carbon such as 

diamond and graphene; polymers such as polyethylene (PE), Parylene C, polyimide (PI), 

PDMS, polypropylene (PP), and polymethylmethacrylate (PMMA); and metal oxides 

such as ZnO, NiO, titanium dioxide (TiO2); and transparent conductive oxides such as 

ITO (Koydemir et al., 2013). Images of the patterned thin film gold and platinum 

electrodes can be seen as an example, in Figure 2.2. If there is a requirement for a 

biocompatible material, some of the polymers such as Parylene C, some of the metal 

oxides such as TiO2, and ultra-nanocrystalline diamond will be suitable for this purpose. 

The biosensors made from biocompatible materials can be used for several purposes such 

as wearable devices and drug delivery applications. Also, some of the metals such as Au 

and Ti are the biocompatible materials. Diamond and graphene are the other materials 

used in biosensors because of their beneficial properties. Diamond has strength, good 

electrochemical activity, and thermal conductivity while graphene has high surface-to-
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volume ratio, cost effectiveness, and simple processing. Chemical vapor deposition is an 

appropriate deposition technique to produce diamond thin films. If polymers are selected 

for biosensor fabrication, there will be a requirement of channeled/porous structure, and 

hydrophobicity or hydrophilicity. Also, polymers can increase specificity since they 

provide to eliminate the unwanted interactions between the analytes and surface of the 

material. 

 

    

                                                           A               B 
Figure 2.2. Images of the thin film biosensors. A) Thin film gold electrode. B) Thin film 

platinum electrode. (Source: 

https://www.micruxfluidic.com/en/electrochemical-solutions/thin-film-

electrochemical-sensors/single-electrodes-se/) 

 

In this work, Zn2SnO4 (ZTO) thin film was deposited onto ITO thin film to prepare 

an electrode for biosensing applications. ZTO thin film was deposited with DC magnetron 

sputtering technique, by using a Zn2Sn (ZT) target and O2 gas. ZTO thin film is an 

amorphous and dielectric material with a low conductivity and good transparency, while 

ITO thin film is electrically conductive, optically transparent, colorless, and has low sheet 

resistance (Ekmekcioglu et al., 2021; Demirhan et al., 2020). Recently, interest in 

semiconductor materials has been increasing. There are many studies in the literature 

about ZTO thin films, which is also the one of the semiconductor materials. ZTO has 

remarkable optical and electrical properties. Thanks to these features, ZTO is used in 

areas such as solar cells, lithium-ion batteries, photocatalyst materials, and gas sensors 

(Kim et al., 2011; Winkler et al., 2012; Kim et al., 2015; Jacob et al., 2020).  

 

2.4. Magnetron Sputtering 

 
Magnetron sputtering is one of the subcategory techniques of physical vapor 

deposition (PVD). It is an effective and economical technique. A substrate or a surface 
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such as glass, textile, polyester film, or solid polycarbonate sheet can be coated with 

metals, conductive oxides, insulating oxides, and alloys in the desired thickness. The 

coated surface can be either rigid or flexible. In general, the maximum thickness that 

magnetron sputter can deposit is 5 μm (Hassan, 2017).  

 

 
Figure 2.3. Illustration of the inside of the magnetron sputter coating chamber. 

(Source: Hassan, 2017) 

 

Magnetron sputtering coatings are done under vacuum conditions in a chamber. 

Rough pump (RP) and turbo molecular pump (TMP) are used to provide high vacuum. In 

Figure 2.3, inside of the vacuum chamber can be seen. The desired type of target is placed 

in front of the magnets. The target which will be deposited on the surface of a substrate 

can be a metal or an alloy, in general. During the deposition process, a required amount 

of inert gas, which is usually argon or helium, is introduced into the magnetron sputtering 

system. Also, a required amount of power is supplied to the system via DC (Direct 

Current) or RF (Radio Frequency) power supply. The energetic ions of the gases collide 

to the target and detach the atoms from the surface of the target, and these atoms are 

deposited on the surface of the substrate (Hassan, 2017). Plasma is formed during this 

coating process. Moreover, cooling is applied with water because heat of the target 

increases while the deposition continues. As a result, a thin film is produced on the 

substrate surface.  
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Magnetron sputtering is advantageous compared to conventional sputtering 

technique which can be called as “normal” sputtering. The working principle of normal 

sputtering is the same as magnetron sputtering, except magnetic field is not used during 

the coating process in normal sputtering. As a result of this, thin film deposition rates of 

normal sputtering are very low. For instance, when there is a requirement for 1 μm or 

more than 1 μm thin film thickness, the deposition process will continue for several days 

or weeks, which is a very long duration. Therefore, normal sputtering has been developed 

to overcome this issue, and its sophisticated version which is magnetron sputtering has 

been used for approximately more than 50 years (Braun, 2015).  

 

2.5. Dopamine 

 
Dopamine is a significant neurotransmitter in the mammalian brain (Ashton, 

2018). Molecular formula of the dopamine is C8H11NO2, and its structure can be seen in 

the Figure 2.4. Dopamine is an organic molecule consisting of a benzene ring with two 

hydroxyl groups and an amine group attached to an ethyl chain. Neurotransmitters are the 

chemical messengers in the brain that are synthesized from a neuron and attached to 

neurons or another cells, enabling the communication between the cells by carrying 

signals. After neurotransmitters are released from neurons, they travel between cells until 

they bind to receptor of another cell. Then, this message, carried by the neurotransmitter 

that binds to the receptor of the cell, is transmitted by this cell to neighboring cells (Breed 

& Moore, 2012).  

 

 
Figure 2.4. Structure of the dopamine. 

(Source: https://chem.nlm.nih.gov/chemidplus/rn/51-61-6) 

 

Different neurotransmitters are synthesized in each part of the brain. There are 

three parts in the brain where dopamine is synthesized mainly: the substantia nigra (SN), 

the ventral tegmental area (VTA), and the retrorubral field (RF). The SN, VTA, and RF 
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are both located in the midbrain. The SN and VTA are also adjacent to each other. These 

three brain parts have a crucial role in movement, learning, and memory, which are related 

to cognitive and motor functions (Nair-Roberts et al., 2008).  

Excessive or insufficient amounts of dopamine result in certain disorders such as 

Parkinson’s disease, Alzheimer’s disease, depression, and schizophrenia (Wolfe et al., 

1990). Therefore, determination of abnormal levels of dopamine is significant for the 

diagnosis and treatment of these diseases. Dopamine levels in the body can be determined 

from the biological fluids such as urine, plasma, sweat, tear, and saliva.  

There are several methods for detecting dopamine, including capillary 

electrophoresis, ELISA (enzyme-linked immunosorbent assay), HPLC (high 

performance liquid chromatography), mass spectroscopy, using fluorescent probes (such 

as quantum dots and organic dyes), and electrochemical analysis (Gong et al., 2020; Barth 

et al., 2006; De Benedetto et al., 2014; Carrera et al., 2007; Namkung et al., 2017; 

Nichkova et al., 2013; Wu et al., 2017; Wu et al., 2016).  

Most of these detection techniques are time consuming, costly, and demanding. 

To overcome these problems, using electrochemical biosensors, which is a cost effective 

and faster method, is a favorable option. In this thesis, the single-use electrodes produced 

by deposition of ZTO thin film on ITO thin film were used as electrochemical biosensors 

to determine dopamine.  

 

2.6. X-Ray Diffraction (XRD) 

 
X-ray diffraction (XRD) is a non-destructive technique that is used to analyze the 

materials crystallographically. In other words, XRD measurement gives an information 

about whether an unknown material is crystalline or amorphous. In addition, the physical 

and chemical properties of the materials can be examined from XRD the measurement 

data (Sima et al., 2016). For instance, average grain size, strain, crystal defects, texture, 

and phases are some of the characteristics that can be understood from XRD measurement 

data (Bunaciu et al., 2015). XRD measurement can be done with a small amount or 

concentration of sample, and the sample is not damaged during the measurement. A wide 

variety of materials such as thin films, rocks, polymers, and crystallines can be examined 

by using XRD.  
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The working principle of XRD is based on refraction of X-rays in a specific order 

according to unique atomic arrangement of each crystalline phase. During the 

measurement, monochromatic X-ray beams scatter at particular angles from the sample 

that causes interferences. As a result of constructive and destructive interferences, XRD 

pattern is formed due to lower and higher intensities. If peaks are seen in a XRD graph, 

basically it can be said that this sample consists of crystalline structures. From the specific 

locations of peaks, the atomic arrangement of a sample can be identified, because XRD 

pattern is like a fingerprint for the substances (Kohli and Mittal, 2019).  

 

 
Figure 2.5. Illustration of X-ray diffractometer instrumental setup. 

(Source: Hughes, 2008) 

 

An X-ray diffractometer consists of three basic parts which are sample holder, X-

ray tube (X-ray source), and X-ray detector (Bunaciu et al., 2015). These parts can be 

seen in the Figure 2.5. As a result of heat application to a filament, X-rays are generated 

from the cathode tube, resulting in electrons being produced. After a voltage application, 

these electrons are directed to the target and bombard it. As a result of this bombardment, 

inner shell electrons are subtracted, and X-rays are generated and directed to the sample. 

Then, constructive interference happens. The X-ray detector converts the signal to a 

readable output. XRD graph is formed by using this readable data.  

XRD is used in a wide variety of fields. Some of these fields are engineering, 

pharmaceuticals, physics, biology, electronics, and material science. In addition, the use 

of XRD in the fields such as glass industry, microelectronics, thin film coatings, forensic 

science, and pharmaceutical industry is significant when there is a requirement for 

identifying unknown materials. 

 



14 
 

2.7. Cyclic Voltammetry (CV) 

 
Cyclic voltammetry (CV) is a frequently used electrochemical measurement 

technique that measures current as a result of applied potential. The field of 

electrochemistry studies electron transfers in reactions. When chemical changes occur, 

electrons flow. In general, this chemical change occurs when a metal complex become 

oxidized or reduced. CV basically converts chemical information into electrical signal. 

One of the common uses of CV is to analyze the oxidation and reduction states of the 

materials (Wang et al., 2021). As a result of the data obtained from the CV measurement, 

a cyclic voltammogram is obtained (Figure 2.6). A cyclic voltammogram is plotted using 

the relationship between the applied potential and the resulting current flowing through 

the material being measured. 

 

 
Figure 2.6. Representation of a standard cyclic voltammogram. 

(Source: https://www.comsol.com/blogs/analyzing-cyclic-voltammetry-at-a-microdisk-

electrode-with-simulation/) 

 

An electrochemical cell is often used in order to perform cyclic voltammetry 

(Figure 2.7). A standard three-electrode electrochemical cell setup consists of a working 

electrode, a counter electrode, and a reference electrode. During a CV measurement, the 

reference electrode is responsible for measuring the applied potential, and current flows 

through the working and counter electrodes.  

On the surface of the working electrode, the electrochemical reactions to be 

measured occur. In this thesis, ITO, ZTO and ZTO/ITO electrodes were used as the 

working electrodes. During CV measurements, these electrodes were cycled until 

reaching a steady-state and stabilizing the cyclic voltammogram. Since the potential 
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applied to the electrochemical cell is measured by the reference electrode, it has a stable 

and good equilibrium potential. Counter electrode is like a complementary part of the CV 

system. In other words, counter electrode completes the electrical circuit. If oxidation 

occurs in working electrode, then reduction occurs in counter electrode and vice versa 

(Elgrishi et al., 2018).  

It is significant to choose the appropriate electrolyte solution in CV measurement. 

Electrolyte solution consists of the solvent and supporting electrolyte which is a salt and 

dissolved in the solvent. Transfer of electrons occur as a result of redox reactions in CV 

measurement. The ion transfer in the solution provides the maintenance of electrical 

neutrality. The solvent must be stable during oxidation and reduction processes (Elgrishi 

et al., 2018). In this work, supporting electrolyte solution is K3[Fe(CN)6]/K4[Fe(CN)6] 

(potassium ferricyanide) containing 0.10 M KCl (potassium chloride). 

 

 
Figure 2.7. Illustration of a standard three-electrode electrochemical cell setup. 

(Source: Elgrishi et al., 2018) 

 

2.8. Electrochemical Impedance Spectroscopy (EIS) 

 
Electrochemical Impedance Spectroscopy (EIS) is a sensitive and powerful 

electrochemical measurement technique. One of the usage areas of EIS is to analyze the 

electrodes electrochemically (Li et al., 2018). Electrochemical reactions occurred at the 

electrodes can be studied by applying the EIS method. In general, in order to measure the 
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electrochemical impedance, the current resulting from the application of AC (alternating 

current) potential is measured. EIS can be used in the fields such as electrode kinetics, 

photovoltaic systems, batteries, bioelectrochemistry, corrosion, and solid state 

electrochemistry. 

Both CV and EIS use three-electrode electrochemical cell setup consisting of 

working electrode, reference electrode, and counter electrode. This electrochemical cell 

setup has been previously explained in the CV section, and Figure 2.7 shows the 

illustration of this setup.  

EIS measurement data is commonly plotted in Nyquist plot (Figure 2.8). In a 

Nyquist plot, y-axis is negative. Also, low frequency values exist on the right side of the 

graph while high frequency values exist on the left side of the graph (Choi et al., 2020). 

Each point on the Nyquist diagram represents impedance at a frequency.  

Although CV and EIS techniques look similar, they are different from each other. 

CV provides information about qualitative characteristics such as type of the reactions 

occurred, while EIS provides information about quantitative characteristics. For instance, 

EIS can be used for determining the exact rate of a reaction. Furthermore, in CV, the start 

and end potential values are determined and electrochemical reactions occur during the 

applied potential in this range. Then, a voltammogram is plotted using the data obtained 

by measuring the current produced in this process. On the other hand, different AC 

frequencies with a certain amplitude are applied during EIS measurement (Pajkossy, 

2020).  

 

 
Figure 2.8. Illustration of a Nyquist diagram.  

(Source: Choi et al., 2020) 
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2.9. Differential Pulse Voltammetry (DPV) 

 
Differential pulse voltammetry (DPV) is a sensitive voltammetric technique that 

is used for the electrochemical measurements. While performing DPV measurement, a 

base potential value is determined. DPV involves applying amplitude potential pulses on 

a linear ramp potential. A base potential value is selected at which is no faradaic reaction, 

and is also applied to the electrode (Simões & Xavier, 2017). This potential is increased 

equally between the pulses applied. The current is measured just before and immediately 

after the pulse is applied. The differential pulse voltammogram consists of these measured 

current differences and applied potentials. Peaks occur in the voltammogram due to the 

redox processes (Simões & Xavier, 2017).  

Three-electrode electrochemical cell setup is also used for DPV measurements. 

As mentioned before, this electrochemical cell consists of working electrode, reference 

electrode, and counter electrode. The working principle of this three-electrode 

electrochemical cell has been previously explained in the CV section. Also, the 

illustration of this electrochemical cell can be seen in the Figure 2.7. 
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CHAPTER 3 

 

EXPERIMENTAL PROCEDURE 

 
3.1. Deposition of ZTO Thin Films 

 
In this study, ITO coated glass and uncoated glass were used as a substrate. 

Uncoated glass was basically used for two purposes. One of the purposes is to measure 

thickness of the thin films. The second purpose is to observe the differences between 

uncoated and ITO coated substrate use, and to compare them in terms of advantages or 

disadvantages. Same ZTO deposition procedure was applied with same parameters to 

both ITO coated and uncoated glasses. ITO coating procedure applied to glass was done 

with DC magnetron sputtering technique which was explained before (Chapter 2). The 

dimensions of the substrates were 75x25 mm. The schematic representation and real 

image of the DC magnetron sputtering system used for ZTO thin film deposition can be 

seen in the Figure 3.1 and Figure 3.2. 

 

 
Figure 3.1. Image of the DC magnetron sputtering system. 
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Figure 3.2. Schematic representation of the DC magnetron sputtering system. 

 

To prepare the substrates for the deposition process, they were cleaned with 

acetone in order to get rid of the unwanted materials such as dust. Unless uncoated 

substrates, a small area of the long edge of the ITO coated substrates were covered with 

aluminum foil. This process was done to obtain uncoated free ITO surface as an electrode 

for the electrochemical measurements. After that, the substrates with and without 

aluminum foil were placed in the center of the sample holder with the help of binder clips. 

The dimensions of the sample holder were 150x150 mm. The sample holder was placed 

into the chamber. The distance between the ITO coated substrates and the ZT target was 

adjusted to 7 cm. Rough pump and turbo molecular pump were used to obtain high 

vacuum conditions in the chamber. When 8.0x10-6 Torr was achieved as a base pressure, 

DC power supply was adjusted to 15 Watt and plasma was generated. The pre-sputtering 

process was done for 10 minutes in the presence of 30 sccm argon gas. The shutter staying 

above the target was kept closed during the pre-sputter process. Oxygen gas was released 

for 2-3 minutes after the pre-sputtering, in which plasma was still generated. The mass 

flow rate of the argon gas (30 sccm) was kept constant for all deposition processes while 

the mass flow rate of the oxygen gas was adjusted to different values for each deposition 

process (Table 3.1). Therefore, the working pressure values changed according to the 

mass flow rate of the oxygen. For the deposition process, the shutter was opened, and 
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ZTO coating was applied for the required time. The durations of ZTO coatings were 

adjusted to the desired time for each deposition process.  

 

Table 3.1. Deposition parameters of ZTO thin films. 

Sample Working Pressure 
(Torr) 

Ar 
(sccm) 

O2 
(sccm) 

Power 
(W) 

Deposition 
Time (min) 

ZTO-0 1.5x10-3 30 5.0 15 3 

ZTO-1 1.6x10-3 30 7.5 15 3 

ZTO-2 1.6x10-3 30 10.0 15 3 

ZTO-3 1.7x10-3 30 12.5 15 3 
 

 

As a result of ZTO deposition on ITO coated and uncoated glasses, ZTO/ITO 

electrodes and ZTO samples were produced. Mass flow rate of the oxygen gas were 

adjusted to 7.5 sccm, 10 sccm, and 12.5 sccm for different thin film deposition processes. 

Therefore, according to oxygen concentration, three types of ZTO thin films were 

produced. ZTO/ITO electrodes were cut by a diamond cutter. The reduced size of each 

electrode was of 5x25 mm (Figure 3.3). Electrochemical measurements were done with 

these small samples.  

   

              

                                                       A                           B 
Figure 3.3. Images of the samples after the cutting process. (A) ITO substrates. (B) 

ZTO/ITO electrodes. 

 

3.2. Characterization of ZTO Thin Films 

 
Physical, optical, and electrochemical characterizations of the bare ITO, ZTO, and 

ZTO/ITO electrodes were done after the ZTO thin film deposition by DC magnetron 

sputtering.  



21 
 

3.2.1. Thickness Measurement 

 
Thickness of the ZTO films depends on both thin film deposition time and 

concentration of the oxygen gas sent during the deposition. For thickness measurement, 

before the deposition process, a few drops of photoresist were dropped to different areas 

of the substrate surface (Figure 3.4). After the thin film deposition, the photoresist 

droplets were removed with acetone. As a result, small uncoated areas were obtained as 

well as large areas coated with ZTO.   

 

 
Figure 3.4. Image of the uncoated glass substrate with three drops of photoresist. 

 

 

 
Figure 3.5. Image of the profilometer at Physics Department. 

 

Thickness measurements of ZTO thin films were determined by using a surface 

profilometer. The image of the profilometer can be seen in Figure 3.5. The instrument 

used for this purpose was Veeco DEKTAK 150 Profilometer. This surface profilometer 

has a diamond tipped stylus. This stylus moves in a straight line between coated and 

uncoated areas in order to determine the thickness of the films. The thickness values of 

ZTO films were obtained by applying this technique. The measurement results can be 

seen in Chapter 4.  
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3.2.2. Optical Transmission 

 
Optical transmission measurements of ZTO and ZTO/ITO thin films were done 

by a double beam UV-VIS-NIR Perkin Elmer Lambda 950 spectrophotometer. During 

the measurements, the range of wavelength was adjusted to 2600 nm to 200 nm, data 

interval was 4 nm, and scanning speed was 993.61 nm/min. The permeability of ZTO and 

ITO/ZTO films was examined in Chapter 4 according to the results obtained.  

 

3.2.3. X-Ray Diffraction (XRD) 

 
Structure analysis of the ZTO and ZTO/ITO samples were performed by applying 

X-Ray Diffraction (XRD) with the device of Philips X’Pert. This X-Ray diffractometer 

has copper K-α radiation (λ=0.154 Å). The XRD data were recorded between 10 < 2  < 

90. The working principle of XRD is explained in Chapter 2.  

 

3.2.4. Scanning Electron Microscopy (SEM) 

 
Surface morphology of the ITO, ZTO, and ZTO/ITO samples were determined by 

applying Scanning Electron Microscopy (SEM) with the device of FEI QUANTA 250 

FEG at 15 kV. The SEM analysis was done before the surface modification of the 

samples.  

 

3.3. Process of Sonication and APTES Modification of the Electrodes 

 
ZTO/ITO and ITO electrodes which were cut to 5x20 mm size with a diamond 

cutter were sonicated in acetone for 10 minutes, in 0.1 M NaOH for 5 minutes, and in 

deionized water (DI water) for 15 minutes, respectively. Then, the electrodes were left to 

dry at 25ºC during 15 minutes.  

After then, the ITO and the ZTO/ITO electrodes were kept in APTES solution 

(1%, 2%, and 5%) prepared in acetone for 1 hour at 25ºC. Then, the electrodes were 

washed with acetone and distilled water (dH2O), and they were left to dry at 25ºC during 



23 
 

15 minutes. Thus, APTES-modified electrodes: APTES/ITO and APTES/ZTO/ITO were 

ready to use.  

 

3.4. Electrochemical Characterization of Electrodes 

 
After the sonication and APTES modification processes, electrochemical 

properties of the modified ZTO/ITO electrodes were analyzed by conducting 

electrochemical measurements with CV, EIS, and DPV methods.  

 

3.4.1. Cyclic Voltammetry (CV) 

 
After the sonication and modification step, cyclic voltammetry measurements 

were conducted. CV measurements were performed in a standard three-electrode 

electrochemical cell. The reference electrode was Ag/AgCl, and the counter electrode was 

platinum wire. The supporting electrolyte solution is 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] 

(1:1) containing 0.10 M KCl.  

 

3.4.2. Electrochemical Impedance Spectroscopy (EIS) 

 
EIS measurements were also performed in a standard three-electrode 

electrochemical cell. The reference electrode was Ag/AgCl, and the counter electrode was 

platinum wire. The supporting electrolyte solution is 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] 

(1:1) containing 0.10 M KCl.  

 

3.5. Voltammetric Detection of Dopamine 

 
After the surface of the ZTO/ITO electrodes were modified with APTES, 

voltammetric detection of dopamine (DA) was performed. Firstly, DA solutions in 

different concentrations were prepared by using phosphate-buffered saline solution (PBS; 

0.05 M with pH 7.0). The solutions of DA were prepared varying from 0.1 μM to 3 μM. 

The electrodes modified with APTES were then immersed into the dopamine solution 

and kept for a while. Then, differential pulse voltammetry (DPV) technique was applied 
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in order to measure the dopamine oxidation signal. Voltammetric measurement was 

performed in the electrochemical cell containing a standard three-electrode system: 

APTES-modified ZTO/ITO electrode as working electrode, the reference electrode as 

Ag/AgCl and the counter electrode as platinum wire. 

Selectivity of electrodes was tested in the presence of many substances such as, 

ascorbic acid (AA), uric acid (UA) as well as bovine serum albumin (BSA) and fish sperm 

DNA (fsDNA). The stock solution of AA and UA was prepared with 0.05 M PBS (pH 

7.0). BSA solution was prepared with 0.05 M acetate buffer solution (ABS with pH 4.8), 

and it was diluted by using 0.05 M PBS (pH 7.0). fsDNA solution was prepared with ultra 

pure water and it was diluted with 0.05 M PBS (pH 7.0).  

The dopamine solution was prepared fresh daily by using 0.05 M PBS (pH 7.0) 

and kept at +4ºC protected from the light.  

Other chemicals were in analytical reagent grade and were purchased from Sigma 

and Merck. Ultra pure and deionized water were used in all solutions. Milli-Q ultra-pure 

water was used to prepare all solutions freshly. 
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 
4.1. Thickness Measurement 

 
In this work, ZTO thin films with different rates of oxygen mass flow were 

deposited onto ITO substrates. As a physical property, thickness of these ZTO thin films 

were determined by using a surface profilometer. In Table 4.1 and Table 4.2, the thickness 

differences between ZTO thin film samples are shown. The thickness measurement 

values of all ZTO samples are under 100 nm. Also, the thickness of ITO thin film used as 

ITO substrate is 200 nm. 

 

Table 4.1. Data obtained from thickness measurement of ZTO thin films. 

Sample Deposition 
Time (min) 

Ar 
(sccm) 

O2 
(sccm) Thickness (nm) 

ZTO-0 3.0 30 5.0 76 

ZTO-1 3.0 30 7.5 68 

ZTO-2 3.0 30 10.0 63 

ZTO-3 3.0 30 12.5 53 

 

 

There is not a significant difference in thickness between the samples, because 

oxygen content of the samples is very close to each other. In Table 4.1, ZTO samples 

containing 5 sccm, 7.5 sccm, 10 sccm, and 12.5 sccm O2 are compared with each other. 

The thickness measurement of the ZTO-0 (the sample with 5 sccm O2) is included in the 

table for comparison purposes only. The deposition time of these samples are same, which 

is 3 minutes. It is observed from the table that thickness decreases as oxygen content 

increases. The thickest sample is ZTO-0 (containing 5 sccm O2) while the thinnest sample 

is ZTO-3 (containing 12.5 sccm O2). In Table 4.2, ZTO samples containing 7.5 sccm O2 
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are compared with each other. In this case, deposition times of the samples are different 

which are 3 minutes, 4 minutes, and 5 minutes. Parameters of ZTO-4 and ZTO-5 were 

not used for the production of electrodes, their measurements were made with the 

profilometer to see the thickness difference due to the change in the deposition time while 

the oxygen concentration was constant. Although their thickness is almost the same, the 

thickest sample is ZTO-5 (5 minutes) while the thinnest sample is ZTO-1 (3 minutes) as 

expected.  

 

Table 4.2. Data obtained from thickness measurement of ZTO thin films deposited in 

the presence of 7.5 sccm O2. 

Sample Deposition 
Time (min) 

Ar 
(sccm) 

O2 
(sccm) Thickness (nm) 

ZTO-1 3.0 30 7.5 68 

ZTO-4 4.0 30 7.5 72 

ZTO-5 5.0 30 7.5 78 

 

 

4.2. Optical Transmission 

 
ITO and ZTO used in this study are both transparent oxides. Optical properties of 

the samples were investigated by applying optical transmittance measurement. This 

measurement was made between 200-2600 nm wavelength. This range covers both the 

visible region (400 nm - 700 nm) and part of the infrared region (700 nm – 1 mm).  

Figure 4.1 shows the changes in optical transmittance with the change of oxygen 

content in ZTO thin films. In these samples, deposition times are same while oxygen 

content varies from 7.5 sccm to 12.5 sccm. Also, the optical transmission data of the 

uncoated substrate is available in the graph. Table 4.3 indicates the optical transmission 

values at 550 nm, which is in the visible range. Although there is no significant difference 

between the ZTO samples, according to the table and the graph, the most transparent 

sample is ZTO-3 (with 12.5 sccm O2) while the least transparent sample is ZTO-1 (with 

7.5 sccm O2) at 550 nm. It is understood that optical transmittance increases as oxygen 

concentration increases in ZTO samples. In addition, the uncoated substrate is 91.87% 
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optically transparent while the optical transmittance of ZTO samples is between 74-80%, 

in the visible range.  

Figure 4.2 shows the changes in optical transmittance with the change of 

deposition time in ZTO thin films. The oxygen concentration of the samples in this graph 

are same however, deposition times are not same. At 550 nm (Table 4.3), optical 

transmittance values of the samples are very similar, which is an expected result because 

deposition time difference between each sample is only 1 minute. Additionally, the most 

transparent sample is ZTO-5 (5 minutes deposition). Furthermore, in terms of optical 

transmittance, the uncoated substrate is 91.87% transparent while the ZTO samples are 

72-75% transparent. Due to the lower oxygen concentration applied during deposition, 

the optical transmittance values of ZTO-4 and ZTO-5 at 550 nm are lower than those of 

ZTO-2 and ZTO-3.  

The last two optical transmission graphs were plotted with the measurement data 

obtained from ZTO/ITO samples. In Figure 4.3, the graph shows the comparison between 

the uncoated substrate, ITO coated substrate, and ZTO/ITO samples with different 

oxygen concentrations in ZTO. Optical transmission values at 550 nm are 77.69% for 

ITO substrate, 75.18% for ZTO/ITO-1, 84.10% for ZTO/ITO-2, and 85.28% for 

ZTO/ITO-3. The optical transmittance value of ZTO/ITO-1 is lower than that of ITO, 

because ZTO/ITO-1 has more metallic property due to the ZTO deposition process with 

lower oxygen concentration. The transmission values of the ZTO/ITO-2 and ZTO/ITO-3 

samples are higher than the ITO sample because ZTO can absorb more light than ITO.  
Lastly, the graph in the Figure 4.4 provides to observe the optical transmission 

differences of uncoated substrate, ITO substrate, and ZTO/ITO samples with different 

deposition times. Optical transmission values at 550 nm are 77.69% for ITO substrate, 

75.18% for ZTO/ITO-1, 69.26% for ZTO/ITO-4, and 78.47% for ZTO/ITO-5. Compared 

to the ITO substrate, optical transmission of both ZTO/ITO-1 and ZTO/ITO-4 has lower 

values, because their metallic properties are more dominant due to low oxygen 

concentration of ZTO. Unlike ZTO/ITO-1 and ZTO/ITO-4 samples, the optical 

transmission value of ZTO/ITO-5 (5 min ZTO deposition) is slightly higher than that of 

the ITO substrate. The reason for this small difference is that the ZTO deposition time in 

ZTO/ITO-5 is longer than in other samples, despite the low oxygen concentration (7.5 

sccm O2).  
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Figure 4.1. Optical transmission graph of the ZTO samples deposited with different 

mass flow rates of O2. 

 

 

 
Figure 4.2. Optical transmission graph of the ZTO samples deposited at different times 

with 7.5 sccm O2. 
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Figure 4.3. Optical transmission graph of the ZTO/ITO samples deposited with different 

mass flow rates of O2. 

 

 

 
Figure 4.4. Optical transmission graph of the ZTO/ITO samples deposited at different 

times with 7.5 sccm O2. 
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According to the test results obtained by using spectrophotometer, ZTO/ITO 

electrodes have good optical transmittance properties. This feature will be useful in the 

future when the electrodes are further developed for use in biosensor applications. 

Wearable and flexible biosensor production can be given as an example for the future 

development of the biosensor. Moreover, the good optical transmittance properties of 

ZTO/ITO electrodes can be useful for observing how the analyte moves through the 

biosensor with the human eye or microscope. 

 

Table 4.3. Optical transmission values of ZTO and ZTO/ITO samples at 550 nm. 

Sample Deposition 
Time (min) 

O2 
(sccm) 

Optical 
Transmission at 

550 nm (%) 
Glass 

 (Uncoated) 
 

91.87 

ITO 77.69 

ZTO-1 3.0 7.5 74.13 

ZTO-2 3.0 10.0 78.85 

ZTO-3 3.0 12.5 79.43 

ZTO-1 3.0 7.5 74.13 

ZTO-4 4.0 7.5 72.66 

ZTO-5 5.0 7.5 74.49 

ZTO/ITO-1 3.0 7.5 75.18 

ZTO/ITO-2 3.0 10.0 84.10 

ZTO/ITO-3 3.0 12.5 85.28 

ZTO/ITO-1 3.0 7.5 75.18 

ZTO/ITO-4 4.0 7.5 69.26 

ZTO/ITO-5 5.0 7.5 78.47 
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In addition, as it can be seen in Figure 4.5, ZTO/ITO electrodes with different 

tones of yellowish color were obtained as a result of different oxygen concentrations 

given during ZTO depositions. The darkest-colored ZTO/ITO electrode was obtained 

using 7.5 sccm of oxygen, while the lightest-colored electrode was obtained using 12.5 

sccm of oxygen. Therefore, it can be said that the higher oxygen concentration given to 

the chamber, the more transparent resulting ZTO thin films, as long as the deposition 

times are the same.  

 

 
Figure 4.5. Image of the ZTO/ITO electrodes. The oxygen concentrations of ZTO thin 

films during deposition are 7.5 sccm, 10 sccm, and 12.5 sccm (from left to 

right).  

 

4.3. X-Ray Diffraction (XRD) 

 
XRD analysis of the ZTO and ZTO/ITO samples were done in order to determine 

whether the thin films in these samples were crystalline or amorphous. Figure 4.6 and 

Figure 4.7 show the data obtained as a result of XRD measurement of the ZTO samples 

while Figure 4.8 is related to the XRD results obtained from ZTO/ITO samples.  

XRD patterns of bare ITO and ZTO/ITO samples can be seen in Figure 4.8. Since 

there are several peaks at specific positions, it is understood that ITO thin film has 

polycrystal structure. The peaks are marked on the XRD pattern. These peaks 

approximately at 21.6º, 30.6º, 35.5º, 37.8º, 50.6º, and 60.7º corresponds to planes of (211), 

(222), (400), (411), (440), and (622), respectively (Tuna et al., 2010; Erdogan et al., 2020; 

Ozbay et al., 2020; Koseoglu et al., 2015). These peaks indicates that ITO thin films are 

crystallize in a cubic structure (Prepelita et al., 2017). According to the XRD pattern, the 

preferential growth of the ITO thin film is the (400) orientation. This depends on the thin 

film deposition conditions (Ma et al., 1995).  



32 
 

 
Figure 4.6. XRD graph of ZTO samples deposited with different mass flow rates of O2. 

 

 

 
Figure 4.7. XRD graph of ZTO samples deposited at different times with 7.5 sccm O2. 
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Figure 4.8. XRD graph of the ZTO/ITO samples deposited at different times with 7.5 

sccm O2. 

 

Since ZTO has amorphous structure, it is seen that there are only peaks belongs 

to ITO in the XRD patterns of ZTO/ITO samples. This confirms that there are ITO thin 

films underneath the ZTO thin films. In addition, it is observed that intensities of some 

peaks become smaller in the XRD pattern of the ZTO/ITO samples when compared to 

XRD pattern of ITO. This situation occurs when X-rays pass through the thin films and 

hit the substrate, if more than enough power is applied.  

 

4.4. Scanning Electron Microscopy (SEM) 

 
Surface morphologies of the ZTO and ZTO/ITO samples were examined by 

performing SEM analysis. Since the SEM images of the samples are similar, only a few 

images were selected. The selected images belong to ITO, ZTO, and ZTO/ITO samples. 

When the SEM images below are examined, morphological differences between ITO and 

ZTO thin films can be seen.  
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Figure 4.9. SEM image of ITO. 

 

Figure 4.9 shows SEM image of the ITO thin film surface. The grains forming the 

thin film are shown in the image. It is observed that size distribution of ITO thin film is 

uniform and there are no cracks throughout the film. This indicates that ITO thin film has 

good surface morphology. In addition, this SEM image is similar to the SEM images of 

ITO thin films in the literature (Heo et al., 2014; Jadhavar et al., 2015).   

 

 
Figure 4.10. SEM image of ZTO (7.5 sccm O2). 
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Figure 4.11. SEM image of ZTO/ITO (10 sccm O2). 

 

Surface morphology of ZTO thin film is shown in both Figure 4.10 and Figure 

4.11. The SEM analysis showed that both ZTO and ZTO/ITO samples have almost 

identical morphology. According to the SEM images, it can be said that ZTO thin films 

have small grains. Also, ZTO thin films are uniform and lack of cracks. In other words, 

ZTO thin films have continuous surface morphology. This provides an uninterrupted flow 

of electric current. Moreover, this SEM images are similar to the SEM images of ZTO 

thin films in the literature (Han et al., 2015). 

Consequently, XRD and SEM analysis results of ITO, ZTO, and ZTO/ITO thin 

films are consistent with each other. All of these measurement results confirm that the 

structure of the ZTO thin film is amorphous while the structure of the ITO thin film is 

crystalline.  

 

4.5. Cyclic Voltammetry (CV) 

 
CV experiments were performed for observing the electrochemical properties of 

the ZTO/ITO electrodes. Among the ZTO/ITO electrodes, ZTO thin film electrodes 

produced using 7.5 sccm O2 were used in our study since the highest peak current was 

recorded by using these electrodes in combination with CV technique (Figure 4.12).  
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Figure 4.12. Cyclic voltammograms obtained by (a) ITO, (b) ZTO/ITO (7.5 sccm O2), 

(c) ZTO/ITO (10.0 sccm O2), (d) ZTO/ITO (12.5 sccm O2). 

 

In order to apply these electrodes for voltammetric detection of dopamine, as we 

explained, first the electrodes were sonicated in acetone, NaOH, and DI water, 

respectively. After then, the electrodes were let to dried for a required time. APTES 

modification was then followed by using APTES in the concentrations of 1%, 2%, and 

5% of APTES.  

 

 
Figure 4.13. Cyclic voltammograms obtained by (a) ITO, (b) ZTO/ITO, (c) sonicated 

ZTO/ITO. 
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There are specific symbols shown in the Tables 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, 

4.11. The explanations of these specific symbols are given below:  

Ia: Anodic current 

Ic: Cathodic current 

Qa: Anodic charge 

Qc: Cathodic charge 

 

Table 4.4. The data obtained by using CV measurements of ITO, ZTO/ITO, and 

sonicated ZTO/ITO electrodes. The number of experiments (n) was 3. 

Electrodes Ia (μA) Qa (mC) Ic (μA) Qc (mC) 

ITO 194.71 ± 
19.70 1.55 ± 0.07 153.65 ± 

35.89 1.45 ± 0.21  

ZTO/ITO 26.95 ± 
31.20 0.39 ± 0.30 16.95 ± 

22.01 0.44 ± 0.31  

Sonicated 
ZTO/ITO 

71.47 ± 
23.32 0.60 ± 0.08 67.04 ± 

22.25  0.69 ± 0.13  

 

 

Figure 4.13 shows the CV curves obtained by ITO, ZTO/ITO, and sonicated 

ZTO/ITO. It was observed that there was a decrease at the peak current value from ITO 

to ZTO/ITO. The highest anodic peak current (Ia) was measured as 194.71 ± 19.70 μA 

(RSD%, 10.12%, n=3) using ITO electrode. On the other hand, the lowest Ia was 

measured as 26.95 ± 31.20 μA (RSD%, 115.79%, n=3) by ZTO/ITO electrodes (Table 

4.4). The reason for this decrease can be explained by the fact that ITO is a conductor 

while ZTO is a dielectric material with a poor electrical conductivity. As ZTO is a 

dielectric, it has a high sheet resistance by resulting a decrease at current value. Then 

again, there is an increase at the peak current value from ZTO/ITO electrode to sonicated 

ZTO/ITO electrode. After the surface of ZTO/ITO electrodes was modified with 

sonication, the Ia was measured as 71.47 ± 23.32 μA (RSD%, 32.63%, n=3). Also, the 

relative standard deviation (RSD%) of ZTO/ITO electrodes were decreased after the 

sonication, from 115.79% to 32.63%, which was a good and expected decrease (Table 

4.4). In a study in the literature, it was shown that ultrasonic irradiation causes an increase 

in the rate of charge transfer reactions in both anodic and cathodic reactions (Suliman et 
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al., 2006). Thus, the capacitance of the double layer at the metal-electrolyte interface 

increased due to sonication. It is known that if the capacitance increases, the current also 

increases, and vice versa (Campbell et al., 1998). In other words, current is proportional 

to capacitance. In conclusion, the increase in the peak current and decrease in the RSD% 

of the sonicated ZTO/ITO electrodes were due to the sonication process applied to the 

ZTO/ITO electrodes.  

 

  
Figure 4.14. (A) Cyclic voltammograms obtained by (a) sonicated ZTO/ITO, (b) 1% 

APTES-modified ZTO/ITO, (c) 2% APTES-modified ZTO/ITO, (d) 5% 

APTES-modified ZTO/ITO. (B) Direct comparison of the CV curves 

obtained by sonicated ZTO/ITO and 2% APTES and modified ZTO/ITO. 

 

Figure 4.14A shows CV curves obtained by sonicated ZTO/ITO electrodes, and 

APTES-modified ZTO/ITO electrodes in different ratios of APTES: 1%, 2% and 5%. 

According to the data (Figure 4.14A and Table 4.5) it was found that APTES modification 
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makes ZTO/ITO electrodes more conductive. The optimum APTES ratio was chosen as 

2 % according to the CV data. It was observed that the peak current values of sonicated 

ZTO/ITO and 2% APTES-modified ZTO/ITO were higher than 1% APTES-modified 

ZTO/ITO. In Table 4.5, the average anodic peak current of sonicated ZTO/ITO was 

measured as 71477.00 ± 23.32 μA (RSD%, 32.63%, n=3), the one of 2% APTES-

modified ZTO/ITO was measured as 116892.83 ± 31.01 μA (RSD%, 26.53%, n=3), and 

the one of 1% APTES-modified ZTO/ITO was measured as 66065.75 ± 36.13 μA 

(RSD%, 54.69%, n=3). Although there is an increase in the average peak current of 5% 

APTES-modified ZTO/ITO (197354.50 ± 181.35 μA with the RSD%, 91.89%, n=3), 2% 

APTES-modified ZTO/ITO electrode was selected for our further experiments due to the 

better reproducibility of 2% APTES-modified electrode. A direct comparison of the CV 

curves of sonicated ZTO/ITO and 2% APTES modified-ZTO/ITO can be seen in the 

Figure 4.14B. The reason at the increase in peak current could be explained that 2% 

APTES modification provides a higher surface area comparison to 1% APTES 

modification at electrode surface. Miecznikowski and Cox showed also that there was an 

increase at surface area as a result of APTES modification on the ITO surface by using 

SEM images. Also, adsorption of APTES allows electrons to bind to the electrode surface 

(Miecznikowski & Cox, 2020). There is an easy electron transfer between the positively 

charged amino group and the negatively charged [Fe(CN)6]3-/4- (Zhao et al., 2021). 

Therefore, it can be concluded that ZTO/ITO electrodes modified with 2% APTES are 

becoming more conductive and yield a high surface area that is suitable for dopamine 

binding.  

 

Table 4.5. The data obtained by using CV measurements of sonicated ZTO/ITO and 

APTES-modified ZTO/ITO electrodes. The number of experiments (n) was 3. 

Electrodes Ia (μA) Qa (mC) Ic (μA) Qc (mC) 

Sonicated ZTO/ITO 71477.00 
± 23.32  0.60 ± 0.08 67.04 ± 

22.25  0.69 ± 0.13  

1% APTES-modified 
ZTO/ITO 

66065.75 
± 36.13  0.54 ± 0.24  62.75 ± 

34.25  0.70 ± 0.34  

2% APTES-modified 
ZTO/ITO 

116892.83 
± 31.01  1.03 ± 0.49  110.41 ± 

32.33  1.15 ± 0.41  

5% APTES-modified 
ZTO/ITO 

197354.50 
± 181.35  1.30 ± 0.99  164.89 ± 

133.61  1.50 ± 0.42  
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In solvent-based silanization, solution concentration affects the APTES growth 

on surface and morphology of APTES. Silanization is an effective method used for the 

surface modification of the materials (Boccafoschi et al., 2018). Surface of metal oxides 

can be silanized, and APTES is one of the silane-coupling agents. It is known that APTES 

can bind to oxidized substrates. Sonication with NaOH activates the hydroxyl groups on 

the electrode surface. This hydroxylated surface of the ZTO reacts with APTES and as a 

result, amine groups are introduced to the ZTO surface. However, the head and tail parts 

of the APTES molecule tend to interact with each other, causing APTES to form either 

monolayers or multiple layers on a surface. In other words, APTES has the ability of self-

polymerization (Arnfinnsdottir et al., 2020). Kim and Kwon showed that if the APTES 

concentration is more or less than sufficient, aggregation forms on the electrode surface 

due to the self-polymerization of APTES instead (Kim & Kwon, 2017). On the other 

hand, smooth and uniform APTES film can be obtained by using an appropriate APTES 

ratio. Thus, the optimum APTES% is chosen as 2% in our study.  

 

 
Figure 4.15. Cyclic voltammograms obtained by (A) ITO electrodes: (a) ITO, (b) 

sonicated ITO, (c) 2% APTES-modified ITO; (B) ZTO/ITO electrodes: (a) 

ZTO/ITO, (b) sonicated ZTO/ITO, (c) 2% APTES-modified ZTO/ITO. 
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Table 4.6. The data obtained by using CV measurements of ITO, sonicated ITO, and 

ITO electrodes modified with 2% APTES. The number of experiments (n) 

was 3. 

Electrodes Ia (μA) Qa (mC) Ic (μA) Qc (mC) 

ITO 194.71 ± 
19.70 1.55 ± 0.07 153.65 ± 

35.89 1.45 ± 0.21  

Sonicated ITO 443.47 ± 
12.15  2.70 ± 0.21  427.95 ± 

7.27  2.70 ± 0.21  

2% APTES-modified 
ITO 

462.02 ± 
47.10  2.75 ± 0.00  455.94 ± 

43.69  2.85 ± 0.21  

 

 

Table 4.7. The data obtained by using CV measurements of ZTO/ITO, sonicated 

ZTO/ITO, and ZTO/ITO electrodes modified with 2% APTES. The number 

of experiments (n) was 3. 

Electrodes Ia (μA) Qa (mC) Ic (μA) Qc (mC) 

ZTO/ITO 26.95 ± 
31.20  0.39 ± 0.30  16.94 ± 

22.01  0.44 ± 0.31  

Sonicated ZTO/ITO 71.47 ± 
23.32  0.60 ± 0.08  67.04 ± 

22.25 0.69 ± 0.13  

2% APTES-modified 
ZTO/ITO 

116.89 ± 
31.01  1.03 ± 0.49  110.41 ± 

32.33 1.15 ± 0.41  

 

 

The voltammograms obtained by using ITO, sonicated ITO, and 2% APTES-

modified ITO can be seen in the Figure 4.15A, while the voltammograms obtained by 

using ZTO/ITO, sonicated ZTO/ITO, and 2% APTES-modified ZTO/ITO can be seen in 

the Figure 4.15B. The average values of current measured by each of ITO electrode in 

respect to from high to low, i.e: 2% APTES-modified ITO (462.02 ± 47.10 μA with the 

RSD%, 10.20%, n=3), sonicated ITO (443.47 ± 12.15 μA with the RSD%, 2.74%, n=3), 

and ITO (194.71 ± 19.70 μA with the RSD%, 10.12%, n=3) (Table 4.6). Similar results 

were obtained using ZTO/ITO electrodes. 2% APTES-modified ZTO/ITO has presented 

the highest peak current (116.89 ± 31.01 μA with the RSD%, 26.53%, n=3) while 

ZTO/ITO has given the lowest peak current (26.95 ± 31.20 μA with the RSD%, 115.79%, 

n=3), and the CV curve of the sonicated ZTO/ITO is in the middle of these two samples 

(71.47 ± 23.32 μA with the RSD%, 32.63%, n=3) (Table 4.7). The reason of the difference 
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between sonicated and non-sonicated electrode samples is that ITO and ZTO/ITO become 

more conductive after the sonication step. The process of increasing conductivity after 

sonication was previously explained. Furthermore, the reason for the CV curve difference 

caused by the 2% APTES modification was also previously explained. Briefly, 2% 

APTES modification provides a higher surface area with conductivity. In addition, there 

was a dramatic decrease in the relative standard deviation of the 2% APTES-modified 

ZTO/ITO electrodes in comparison to the one of ZTO/ITO electrodes.  

As a consequence, all of the cyclic voltammetry measurement results 

demonstrates that the processes of sonication and APTES modification were successfully 

applied to the electrodes. In other words, the changes at the peak currents refer also that 

the surface of the electrodes were successfully modified by using APTES.  

When the CV results were compared, an increase about 63.54% was observed 

after APTES modification onto the surfaces of ZTO/ITO electrodes, while an increase of 

only 4% was recorded in the presence of APTES modification onto the surface of ITO 

electrodes. Accordingly, it was decided to test APTES modified ZTO/ITO electrodes for 

electrochemical monitoring of dopamine as a biosensor application.  

 

4.6. Electrochemical Impedance Spectroscopy (EIS) 

 
EIS measurements were applied to determine other electrochemical properties of 

the ZTO/ITO electrodes (Randviir & Banks, 2013). EIS measurements were applied 

herein to determine electrochemical properties of the ZTO/ITO electrodes. EIS 

experiments were performed before/after sonication and APTES modification steps.  

All data shown in each of Nyquist diagrams is the fitted versions of the related 

data obtained by EIS measurement. 

Rs, Cd, Rct, and W are the related parameters in the inset diagrams. Rs is the 

solution resistance. Cd is the double layer capacitance that depends on the void charge 

capacitance at the electrode/electrolyte interface. Rct is the charge transfer resistance at 

the electrode/electrolyte interface. W is the Warburg impedance that results from mass 

transfer at the electrode surface.  

The Nyquist plots are plotted by using the data obtained from EIS measurements. 

The portion represented by the electron transfer resistance in the higher frequency range 

is the semicircle. This portion gives information about the electron transfer kinetics of the 
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redox probe which is at the electron surface. Also, the non-semicircular part of the 

Nyquist plots, that is the more linear part, corresponds to a lower frequency range, and 

corresponds the diffusion limited process (diffusion of ferricyanide [Fe(CN)6]3-/4-). An 

increase in the diameter of the semicircle is a sign that the electron flow is blocked 

(Soylemez et al., 2016).  

 

 
Figure 4.16. Nyquist diagrams of (a) ITO, (b) Sonicated ZTO/ITO, (c) ZTO/ITO 

electrodes. Inset Nyquist diagram shows the close-up view of a, b, and c at 

low impedance range.  

 

 

Table 4.8. Average Rct and change % at Rct values measured by ITO, ZTO/ITO, and 

sonicated ZTO/ITO electrodes. 

Electrodes Average Rct Value 
(Ohm) Change % at 

Rct Value (%) 
 

(According to 
ZTO/ITO)  

ITO 2360.00 ± 1994.04  

ZTO/ITO 264268.92 ± 849876.16  

Sonicated ZTO/ITO 7702.82 ± 24131.42  97.00 decrease  
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Figure 4.16 shows the Nyquist diagrams of bare ITO, ZTO/ITO, and sonicated 

ZTO/ITO. As mentioned before, ZTO thin film is a dielectric material with a poor 

conductivity. Since ZTO thin film deposited on ITO leads to decrease the conductivity, 

and it can act as a barrier for the electron transfer, the semicircle portion of the Nyquist 

plot is related to ZTO/ITO electrodes as expected. Accordingly, the highest average Rct 

value was measured as 264268.92 ± 849876.16 Ω (RSD%, 321.59%, n=3) for ZTO/ITO 

electrodes (Table 4.8). The more linear part in the Nyquist plot is related to both ITO and 

sonicated ZTO/ITO. The lowest average Rct value was 2360.00 ± 1994.04 Ω (RSD%, 

84.49%, n=3) for ITO, and the average Rct value of sonicated ZTO/ITO was 7702.82 ± 

24131.42 Ω. Inset diagram shows more clearly the curves a and c in contrast to curve b. 

It can be seen that the curves are similar but not the same. Diameter of the ITO curve is 

smaller than the diameter of the sonicated ZTO/ITO curve as expected result due to the 

fact that ITO is more conductive than sonicated ZTO/ITO. On the other hand, this shows 

that sonication is effective step to increase the conductivity of ZTO/ITO electrodes so 

that the change at Rct value was resulted with a decrease as 97.00% (Table 4.8) after 

sonication step. 

 

 
Figure 4.17. Nyquist diagrams of (a) sonicated ZTO/ITO, (b) 1% APTES-modified 

ZTO/ITO, (c) 2% APTES-modified ZTO/ITO, (d) 5% APTES-modified 

ZTO/ITO electrodes. Inset Nyquist diagram shows the close-up view of a, 

b, c, and d at low impedance range.  
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Table 4.9. Average Rct and change % at Rct values measured by sonicated ZTO/ITO and 

APTES-modified ZTO/ITO electrodes. 

Electrodes Average Rct Value 
(Ohm) Change % at Rct 

Value (%) 
Sonicated ZTO/ITO 7702.82 ± 24131.42  

1% APTES-modified 
ZTO/ITO 5221.57 ± 10513.80  32.21 decrease  

2% APTES-modified 
ZTO/ITO 227.38 ± 167.79  97.04 decrease  

5% APTES-modified 
ZTO/ITO 349.60 ± 409.27  95.46 decrease  

 

 

The EIS measurement data of sonicated ZTO/ITO and APTES-modified 

ZTO/ITO electrodes are shown in Figure 4.17. ZTO/ITO electrodes were prepared in 

different APTES concentrations: 1%, 2%, and 5%. The data obtained by Nyquist diagram 

is found as consistent with the data obtained by cyclic voltammogram (Figure 4.14A). It 

is also understood from this Nyquist plot that the 2% APTES concentration is appropriate 

for the ZTO/ITO electrodes, since ZTO/ITO electrodes modified with 2% APTES 

increase conductivity while also having the lowest relative standard deviation (227.38 ± 

167.79 Ω with the RSD%, 73.80%, n=3) (Table 4.9) of all. Moreover, the change at Rct 

value after 2% APTES modification was measured as 97.04% decrease, which was the 

highest decrease of all. This can be better understood by looking at the inset diagram. 

Inset diagram shows also that 5% APTES-modified ZTO/ITO electrodes (349.60 ± 

409.27 Ω with the RSD%, 117.07%, n=3) are more conductive than 1% APTES-modified 

ZTO/ITO electrodes (5221.57 ± 10513.80 Ω with the RSD%, 201.35%, n=3) since 1% 

APTES-modified ZTO/ITO electrodes have the longest semicircular diameter of all. The 

reason for this difference may be that 2% APTES modification provides the higher 

electrode surface area that is also suitable for analyte binding, whereas 1% APTES 

concentration is less than sufficient, and 5% APTES concentration leads to self-

polymerization of APTES. Therefore, 1% APTES-modified ZTO/ITO electrodes exhibit 

more electron blocking behaviour than 5% APTES-modified ZTO/ITO electrodes. As a 

result, it has been confirmed once again that the APTES modification enables electrons 
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to bind to the electrode surface and makes the electrode surface more conductive. This 

confirmation is understood from the Nyquist diagram, because the semicircular radius of 

all APTES modified electrodes in the diagram appears to be smaller than the semicircular 

radius of the sonicated ZTO/ITO electrodes (7702.82 ± 24131.42 Ω with the RSD%, 

313.28%, n=3).  

 

  
Figure 4.18. Nyquist diagrams of (A) ITO electrodes: (a) ITO, (b) sonicated ITO, (c) 2% 

APTES-modified ITO. (B) ZTO/ITO electrodes: (a) ZTO/ITO, (b) sonicated 

ZTO/ITO, (c) 2% APTES-modified ZTO/ITO. Inset Nyquist diagram shows 

the close-up view of a, b, and c at low impedance range.  

 

Figure 4.18A shows the Nyquist diagram of the ITO, sonicated ITO, and 2% 

APTES-modified ITO electrodes, and Figure 4.18B shows the Nyquist diagrams of 

ZTO/ITO, sonicated ZTO/ITO, and 2% APTES-modified ZTO/ITO electrodes. Inset 

diagram in Figure 4.18B shows sonicated and APTES-modified electrodes in detail. As 

expected from the results, it was observed that the surface conductivity increased first 
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with sonication and then with APTES modification. Surface of the ZTO/ITO electrode 

has an insulating layer of ZTO which blocks the electron transfer to occur. In other words, 

ZTO thin film blocks the [Fe(CN)6]3-/4- (ferricyanide) diffusion towards to the electrode 

surface, and this causes an dramatical increase at the charge transfer resistance. Although 

the ITO thin film surface is conductive even in this state, its surface has become more 

conductive by applying the sonication/modification steps. Sonication causes an increase 

at the conductivity since ultrasonic irradiation provides to increase the rate of the charge 

transfer reactions. Therefore, the decrease at the semicircle diameter of the sonicated 

ZTO/ITO electrodes is the result of the ultrasonic irradiation application. Moreover, there 

is a further reduction in the semicircle diameter of the ZTO/ITO electrodes modified with 

2% APTES according to the data shown in Nyquist diagram. The reason of this reduction 

is that modification of 2% APTES provides a higher surface area and thus, it allows more 

electrons to bind to the electrode surface. In Table 4.11, the average anodic peak current 

of ZTO/ITO was 264268.92 ± 849876.16 μA (RSD%, 321.59%, n=3), the one of 

sonicated ZTO/ITO was 7702.82 ± 24131.42 μA (RSD%, 313.28%, n=3), and the one of 

2% APTES-modified ZTO/ITO was recorded as 227.38 ± 167.79 μA (RSD%, 73.79%, 

n=3). The Nyquist diagram of ITO electrodes shows that the sonicated and 2% APTES-

modified electrode curves are almost identical since every ITO electrode already has 

conductivity. Also, the level of increase at the conductivity is almost same when surface 

modifications are applied. In Table 4.10, the average anodic peak current of ITO was 

2360.00 ± 1994.04 μA (RSD%, 84.40%, n=3), the one of sonicated ITO was 49.20 ± 3.81 

μA (RSD%, 7.76%, n=3), and the one of 2% APTES-modified ZTO/ITO was 0 μA 

(RSD%, 0%, n=3).  

 

Table 4.10. Average Rct and change % at Rct values measured by ITO, sonicated ITO, 

and 2% APTES-modified ITO electrodes. 

Electrodes Average Rct 
Value (Ohm) 

Change % at 
Rct Value (%) 

 
(According to 

ITO)  
ITO 2360.00 ± 

1994.04  

Sonicated ITO 49.20 ± 3.81  97.91 decrease 

2% APTES-modified 
ITO 0  100.00 decrease  
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Table 4.11. Average Rct and change % at Rct values measured by ZTO/ITO, sonicated 

ZTO/ITO, and 2% APTES-modified ZTO/ITO electrodes. 

Electrodes Average Rct 
Value (Ohm) 

Change % at 
Rct Value (%) 

 
(According to 

ZTO/ITO)  
ZTO/ITO 264268.92 ± 

849876.16  

Sonicated ZTO/ITO 7702.82 ± 
24131.42 97.08 decrease 

2% APTES-modified 
ZTO/ITO 227.38 ± 167.79 97.04 decrease  

 

 

As a result, Nyquist diagrams obtained from EIS measurements are in a good 

agreement with voltammograms obtained from CV measurements.  

Table 4.10 and Table 4.11 show the change at Rct and RSD % values that have 

changed after sonication and APTES modification (i.e, 100% decrease for ITO electrodes, 

and 97.04% decrease for ZTO/ITO electrodes). The reason for the significant decrease in 

the Rct value of the 2% APTES-modified electrodes is that the amino ends form a 

monolayer on the surface, allowing the diffusion of redox probe ([Fe(CN)6]3-/4-) on the 

surface (Canbaz & Sezgintürk, 2014). In other words, electrodes modified with 2% 

APTES exhibit a lower resistance against the redox probe molecules to diffuse. As a 

result, the decrease at Rct value indicates that APTES modification onto the surface of 

ZTO/ITO electrodes was performed successfully.  

 

4.7. Dopamine Detection with ZTO/ITO Electrodes 

 
Differential pulse voltammetry (DPV) measurements were applied by using 2% 

APTES-modified electrodes (APTES/ZTO/ITO) in different concentrations of dopamine 

(DA). The electrodes were treated by using dopamine solutions in different 

concentrations: 0.1 μM, 0.3 μM, 0.5 μM, 1 μM, and 3 μM. In addition, the control 

experiment was performed in the absence of dopamine in the solution. There has been an 

increase at the oxidation signal of dopamine when its concentration is increased from 0.1 

μM to 1 μM (shown in Figure 4.19). However, a decrease at dopamine signal was 

recorded when its concentration increased from 1 μM to 3 μM (not shown).  
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Figure 4.19. (A) Differential pulse voltammograms obtained by using the 2% APTES-

modified ZTO/ITO electrodes in the absence and presence of dopamine: (a) 

Control experiment in PBS (0.05 M, pH 7.0), (b) 0.1 μM DA, (c) 0.3 μM 

DA, (d) 0.5 μM DA, (e) 1 μM DA. (B) Calibration graph obtained by 2% 

APTES-modified ZTO/ITO electrodes in the presence of 0.1-1 μM DA.  

 

Silanization, which is the introduction of amine groups at the electrode surface 

following by APTES modification, is a common method due to its low cost and 

robustness (Arnfinnsdottir et al., 2020). Silanization allows the preparation of active 

organic aminosilane monolayers onto the surface of metal oxide films. The monosilane 

monolayer allows the quick formation of covalent bonds between the metal oxide surface 

and the anchoring groups. In addition, the bulky alkoxy groups that APTES has provide 

the improvement of the stability (Hijazi et al., 2018). Thus, dopamine is absorbed by the 

surface of the ZTO/ITO electrodes as a result of silanization.  
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Figure 4.19A shows differential pulse voltammogram of the untreated and 

dopamine-treated APTES/ZTO/ITO electrodes. In this voltammogram, it can be seen that 

the oxidation peak current of DA observed at +0.5 V increases while increasing the 

concentration of DA. Also, Figure 4.19B shows the calibration curve obtained by the 

APTES/ZTO/ITO electrodes in different concentrations of DA. This calibration curve 

indicates that the oxidation peak current increases linearly when the DA concentration 

increases.  

The LOD is related with the analytic sensitivity, and it is the smallest amount of 

the analyte that can be detected. The LOD (limit of detection) (Miller & Miller, 2018) of 

DA was calculated according to the equation obtained by using the calibration graph 

obtained between 0.1 – 1 μM DA and found to be 0.013 μM.  

 

Table 4.12. Comparison of the performances of APTES/ZTO/ITO electrodes over to the 

electrodes reported in earlier studies in terms of DA detection. 

Electrode Linear Range (μM) LOD (μM) Reference 

ERGO/GCE 0.50 – 60 0.5000 (Yang et al., 2014) 

18-BDD/Ta 0.40 – 600 0.1000 (Yang et al., 2020) 

Hydrogel/GCE 0.08 – 250 0.0440 (Wang et al., 2019) 

AuNPs/GCE 0.20 – 30 0.0026 (Zhu et al., 2017) 

CNNS-GO/GCE 1.00 – 20 0.0960 (Zhang et al., 2014) 

Pd/CNFs 0.50 – 160 0.2000 (Huang et al., 2008) 

APTES/ZTO/ITO 0.10 – 1.0 0.0130 This work 
 

In Table 4.12, there are abbreviations for the electrodes. The long names of these 

electrodes are written below. 

 ERGO/GCE: Electrochemically reduced graphene oxide / Glassy carbon 

electrode 

 18-BDD/Ta: 18 sccm - Boron-doped diamond / Tantalum 

 Hydrogel/GCE: Hydrogel / Glassy carbon electrode 

 AuNPs/GCE: Gold nanoparticles / Glassy carbon electrode 
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 CNNS-GO/GCE: Graphitic carbon nitride nanosheets - Graphene oxide / 

Glassy carbon electrode 

 Pd/CNFs: Palladium nanoparticle-loaded carbon nanofibers 

 

The comparison of the APTES/ZTO/ITO electrodes over to other electrodes that 

are earlier reported in the literature in terms of DA detection, can be seen in the Table 

4.12. Although the APTES/ZTO/ITO electrodes do not have a wide linear range, LOD of 

the APTES/ZTO/ITO electrodes appears to be lower in contrast to the ones of earlier 

studies shown in the table 4.12. Therefore, it can be said that APTES/ZTO/ITO electrodes 

have shown a good sensitivity for electrochemical detecting DA.  

 

4.8. Selectivity of ZTO/ITO Electrodes 

 
DPV measurements were performed in which dopamine (DA), uric acid (UA), 

ascorbic acid (AA), bovine serum albumin (BSA), and fish sperm double-stranded DNA 

(fsDNA) were present even the concentration of interferents is higher (i.e 100 folds) than 

DA solution in order to indicate the selectivity of APTES-modified ZTO/ITO electrodes 

over to AA, UA, BSA and fsDNA.  

Figure 4.20A and Figure 4.20B shows differential pulse voltammograms of 2% 

APTES-modified ZTO/ITO electrodes measured separately in 0.1 μM DA, 1 μM DA, 

and 10 μM AA solutions. Similarly, Figure 4.20C and Figure 4.20D shows the 

voltammograms obtained by 2% APTES-modified ZTO/ITO electrodes individually in 

the presence of 0.1 μM DA, 1 μM DA, and 10 μM UA. At both experiments, the control 

measurements were also performed after the electrodes were kept in PBS solution. 

According to the result of both experiments, it can be seen that DA is attached more onto 

the electrodes instead of AA and UA, even the concentration of DA is very low in 

comparison to the one of AA or UA. The peak current of DA is higher than the peak 

currents of AA and UA. Also, the oxidation signal of each compound is measured at 

different peak potential. It can be concluded that the 2% APTES-modified ZTO/ITO 

electrodes are selective in terms of DA detection since AA and UA do not have catechol 

and amine groups in their structure, unlike DA (Kim et al., 2013). Thus, the adhesion of 

AA and UA may not occur efficiently while using APTES-modified ZTO/ITO electrodes.  
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Figure 4.20. Differential pulse voltammograms presenting the oxidation signals measured 

by 2% APTES-modified ZTO/ITO. (A) (a) Control experiment in PBS (0.05 

M, pH 7.0), (b) 0.1 μM DA, (c) 10 μM AA, (B) (a) 1 μM DA, (b) 10 μM 

AA, (C) (a) control experiment in PBS (0.05 M, pH 7.0), (b) 0.1 μM DA, (c) 

10 μM UA, and (D) (a) 1 μM DA, (b) 10 μM UA.  

 

 
Figure 4.21. Differential pulse voltammograms presenting the oxidation signals measured 

by 2% APTES-modified ZTO/ITO. (A) (a) Control experiment in PBS (0.05 

M, pH 7.0), (b) 0.1 μM DA, (c) 10 μM BSA, (B) (a) 1 μM DA, (b) 10 μM 

BSA, (C) (a) control experiment in PBS (0.05 M, pH 7.0), (b) 0.1 μM DA, 

(c) 300 ppm fsDNA, and (D) (a) 1 μM DA, (b) 300 ppm fsDNA.  
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Figure 4.21A and Figure 4.21B shows differential pulse voltammogram of 2% 

APTES-modified ZTO/ITO electrodes measured separately in 0.1 μM DA, 1 μM DA, 

and 10 μM BSA solutions. Figure 4.21C and Figure 4.21D shows the voltammograms 

measured by 2% APTES-modified ZTO/ITO electrodes individually in 0.1 μM DA 

(equals to 0.0189 ppm), 1 μM DA (equals to 0.189 ppm), and 300 ppm fsDNA solutions. 

At both experiments, the control measurements were done while the electrodes were in 

PBS solution. It can be seen in the Figure 4.21A that the oxidation signal of BSA 

measured at +0.25 V is slightly higher than the one of DA, and also in different peak 

position. This can be explained by that BSA and DA have different adsorption abilities 

onto the APTES-modified ZTO/ITO electrodes due to the large number of amino acid 

residues in BSA comparison to DA (Assadpour & Jafari, 2019; Chen & Huang, 2009). 

Their oxidation signals appeared at different peak positions. Therefore, it can be proposed 

that even if DA and BSA exist in the same medium, APTES modified ZTO/ITO 

electrodes presents much more selective behavior in terms of voltammetric DA detection.  

In the presence of fsDNA, the possible binding of DNA was tested and compared 

to the signal of DA (Figure 4.21B). It is known that hybridization can occur between the 

DNA and a silanized electrode surface (Xu et al., 2001). The peak current of DA is 

measured higher than the one of fsDNA as well as at different peak potentials respectively 

at +0.5 V and +1.1 V. This also can be explained by the different adsorption abilities of 

DNA and DA onto the surface of APTES-modified ZTO/ITO electrodes. As a conclusion, 

APTES-modified ZTO/ITO electrodes can detect DA voltammetrically with a good 

selectively despite the presence of high concentrations of DNA molecules.  

 

 
Figure 4.22. Differential pulse voltammograms presenting the oxidation signals measured 

by 2% APTES-modified ZTO/ITO. (A) (a) 1 μM DA, (b) Mixture of 1 μM 

DA and 1 μM AA, (B) (a) 1 μM DA, (b) Mixture of 1 μM DA and 1 μM 

UA.  
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Figure 4.22 shows differential pulse voltammograms of 2% APTES-modified 

ZTO/ITO electrodes measured in the mixture sample containing the solutions of 1 μM 

DA and 1 μM AA, or 1 μM DA and 1 μM UA. Even if there is substance in the same 

concentration level as much as DA, these electrodes recognize DA selectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 
 

CHAPTER 5 

 

CONCLUSION 

 
Studies conducted with biosensors have been increasing since the Clark electrode 

first appeared in 1956. Leland C. Clark, ‘father of biosensors’, took the lead for biosensor 

development by designing the Clark electrode that works for detecting oxygen. Since 

then, a great variety of studies have been done. A biosensor, that is for detecting a 

biological material (namely analyte), has four basic components: Analyte, bioreceptor, 

transducer, and detector. When the biomaterial is introduced to the biosensor, analyte-

bioreceptor interactions occur. These interactions lead to signal formation. Then, the 

signals are transformed into a readable format with the help of transducer.  

In this thesis, a non-enzymatic electrochemical biosensor with thin film electrodes 

was fabricated, characterized and then they were tested for monitoring of dopamine. It 

has a vital importance to monitor the concentration level of dopamine in the body since 

abnormal levels of dopamine can lead to serious diseases such as Alzheimer's disease, 

Parkinson's disease, and schizophrenia. As a result of studies conducted with people 

suffering from these common diseases, it has been seen that low dopamine levels in the 

brain can cause Alzheimer’s disease and Parkinson’s disease, however of this fact high 

levels of dopamine can cause schizophrenia (Lei et al., 2020). It is a favorable option to 

use dopamine biosensors, which is a useful and practical tool for early detection and 

treatment of these diseases. Dopamine levels in the body can be monitored by dopamine 

biosensors using the samples from urine, plasma, sweat, tears, and saliva.  

Thin films have been become an emerging area, and they are generally used in the 

electrodes of the biosensors. Depending on the thin film material used, thin films can 

provide high surface-to-volume ratio, conductivity, stability, specificity, 

biocompatibility, and good electrocatalytic activity. These are the favorable features for 

biosensors. Also, thin film electrodes are like a transducer with physicochemical 

properties such as electrical, magnetic, mechanical, and optical properties. In this thesis, 

ZTO thin film was deposited on ITO thin film by DC magnetron sputtering technique and 

thus, thin film electrodes were obtained.  
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The idea of producing the ZTO/ITO electrodes used in this study was decided 

after researching the studies in the literature in which ITO was combined with ZTO. 

Optical transmittance and mechanical flexibility in these studies were found to be more 

improved than those in which ITO was used as a single layer (Kim et al., 2015). However, 

most of the studies using ZTO and ITO together are not related to biosensors. Therefore, 

it can be said that the study represented in this thesis is original according to the best of 

our knowledge, ZTO/ITO electrodes modified with APTES have been developed and 

applied for the first time on the electrochemical determination of dopamine.  

The ZTO/ITO electrodes were fabricated by DC magnetron sputtering technique, 

which is a rapid, cost effective, and noncomplicated method for thin film deposition. 

Then, measurements of thickness, optical transmission, XRD, and SEM were made with 

the ITO, ZTO, and ZTO/ITO electrodes. The thickness values of different ZTO thin film 

samples were measured with a surface profilometer to see the difference in thickness 

depending on the oxygen concentration and the deposition time. As shown in Table 4.1 

and Table 4.2, the thickness values of all samples were below 100 nm. Since the ITO 

substrate used has a thickness of 200 nm, the total thickness of the electrodes is close to 

300 nm. In addition, optical transmission measurements have shown that when the 

appropriate oxygen concentration (above 7.5 sccm) is used, the optical transmittance of 

ZTO/ITO electrodes in the visible region is greater than the optical transmittance of ITO 

(77.69%). This feature will be useful if it is desired to use light while developing the 

working principle of the electrodes. Moreover, XRD has proven that ZTO has an 

amorphous structure, while ITO has a crystalline structure in the produced ZTO/ITO 

electrodes. This morphological difference is clearly visible on the SEM images.  

The surface of the electrodes was treated with sonication and APTES, 

respectively. Then, the electrochemical measurements were performed with the surface 

modified electrodes. As a result of the force produced by the sound waves sent during 

sonication, both the surface of the electrodes was cleaned, and the surface area of the 

electrodes increased by obtaining hydroxylated electrode surface. The APTES 

modification provides amine groups on the electrode surface thereby allowing diffusion 

for charge transfer reactions to occur. In addition, silanization with APTES allows organic 

molecules such as dopamine to bind to the surface by adsorption. When the CV and EIS 

results of electrodes with and without surface modification were compared, it was seen 

that the surfaces of ZTO/ITO electrodes were successfully modified by using APTES. It 

was determined that the appropriate APTES concentration was 2% in our study. Then, 



57 
 

the APTES/ZTO/ITO electrodes were applied for DA detection in its different 

concentrations. Moreover, voltammetric measurements in combination with 

APTES/ZTO/ITO electrodes were performed for DA as well as other substituents, such 

as: AA, UA, BSA and fsDNA. The results showed that dopamine binds to the surface of 

the APTES/ZTO/ITO electrodes and can be selectively detected by the electrochemical 

biosensor, however of the fact that other substituents (i.e possible interferents) have a 

higher concentration than DA. The selectivity of APTES/ZTO/ITO electrodes to DA was 

also tested in the mixture sample containing DA and AA or DA and UA in the same 

concentration level of these compounds. The results showed that dopamine can be 

sensitively and selectively detected by using APTES/ZTO/ITO electrodes, even if these 

interferents are in a higher concentration available in the medium in contrast to the one 

of DA. The LOD value of dopamine was calculated and found to be 0.013 μM, that is 

comparable lower in contrast to the ones reported in earlier studies (Yang et al., 2014; 

Yang et al., 2020; Wang et al., 2019; Zhang et al., 2014; Huang et al., 2008).  

To conclude, the surface-modified thin film electrodes was successfully designed, 

fabricated, characterized, and then implemented as a single-use electrochemical biosensor 

towards to voltammetric detection of dopamine levels. This biosensor has an easy 

fabrication procedure. Furtherly, it can be validated and easily manufactured after being 

claimed for its clinical use. Consequently, to detect the level of dopamine for health 

monitoring of patients with Alzheimer’s or Parkinson’s disease will be more cost 

effective and easier. In addition, this biosensor can be furtherly improved for non-invasive 

dopamine monitoring in body fluids (e.g., saliva, plasma, sweat, tear, and urine). Under 

this goal, the biosensor also be developed as wearable to allow patients to use it more 

easily. If flexible materials such as polyimide are used as substrate, because of the 

property of stretch, the biosensor can be mounted to or placed into the clothes and other 

accessories. Therefore, as people sweat, the dopamine detection process can occur 

automatically which will be a very advantageous feature for dopamine monitoring. As a 

subjective perspective, more attention should be paid to non-enzymatic dopamine 

biosensors based on thin films modified platforms. In that area, there is a noteworthy 

potential of electrochemical monitoring dopamine levels using such a kind of noninvasive 

methods which could easily be applied in the most appropriate potential body fluids; 

saliva, tear, and sweat.  
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