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This thesis presents a cost-effective, solution-based methodology for the fabrication of zinc 
oxide nanoparticles (ZnO NPs) devices aimed at pH sensing applications. ZnO NPs were 
dispersed in methanol and subsequently spin-coated onto glass substrates. Experimental results 
indicate that ZnO deposited directly from the solution is susceptible to defects, evidenced by a 
high sheet resistance of 10^10 Ω/□ in the absence of light, as well as sensitivity to 
environmental changes, low electrical stability, and vulnerability to water etching. 

To mitigate these limitations, a novel processing technique involving exposure of ZnO to 
ultraviolet (UV) vacuum heating (UVVH) was developed. In pursuit of long-term stability, 
various polymers were evaluated as passivation materials, including polyvinyl 
alcohol/polydimethylsiloxane (PVA/PDMS) bilayers, ethylene-vinyl acetate (EVA), and 
ethylene-vinyl alcohol (EVOH). 

The intrinsic high resistivity of ZnO NPs is attributed to ionized oxygen molecules adsorbed on 
the nanoparticle surface. These adsorbed oxygen molecules act to trap free electrons within the 
nanoparticle, serving as scattering centers that decrease both carrier concentration and mobility, 
thereby increasing film resistivity. The UVVH process effectively removes the ionized 
adsorbed oxygen molecules, while the passivation layer prevents re-adsorption, maintaining a 
low resistivity level for the ZnO NPs. This enhanced process yields resistivity values 
comparable to those achieved through traditional physical and chemical vapor deposition 
techniques.  

The proposed method involves exposing the solution-processed ZnO NP film to 365 nm UV 
light and encapsulating it with an 80 μm layer of EVOH under vacuum conditions. The 
manufacturing process reaches a maximum temperature of 190 °C, making it suitable for 
flexible substrates such as polyimide. The resulting ZnO film exhibits a sheet resistance of 2.5 
× 104 Ω/□ and a thickness of 2.35 μm. The EVOH passivation layer significantly enhances film 
stability, demonstrating resilience upon exposure to ambient conditions, with resistivity 
remaining consistent after 60 days. 

Various thicknesses of EVOH passivation were also applied to evaluate their effects on the 
electrical stability of the nanoparticle films. The implementation of the UVVH process 
facilitates the production of a highly sensitive ZnO NP semiconductor pH sensor, wholly 
realized through a solution-based process that eschews high-energy consumption methods. The 
sensor exhibits diode-like electrical characteristics, with an increase in threshold voltage 
corresponding to decreases in the pH of the measured solution, yielding a sensitivity of 360 
mV/pH. Maximum processing temperature is recorded at 120 °C, utilizing the UVVH technique. 
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The waterproof and oxygen-isolating polymer EVOH effectively passivates the ZnO NPs. The 
operational principle of the sensor, alongside its diode-like attributes, is closely linked to the 
adsorption of ionized oxygen molecules on the surface of the ZnO NPs. Furthermore, a 
mathematical model derived from the adsorption isotherm closely correlates with the 
experimental data. This fully solution-based manufacturing approach holds significant promise 
for applications in medical sensing and flexible wearable electronics. 
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Chapter 1     

Introduction 
Solution-processed electronics have raised great interest as an alternative fabrication method to 

replace the conventional cleanroom process [1]. These kinds of devices have the potential 

application in human-computer interface [2], point-of-care equipment [3], [4], wearable devices 

[5], and light-emitting devices [6]. This fabrication method can significantly simplify the 

process and reduce the cost during organic or inorganic material deposition. The solution-

processed electronics technology can be used on some flexible substrates such as conductive 

textile and also some fixed substrates such as glass. With the development of printing 

technology, an increasing number of printed semiconductor devices are reported as research 

study, such as printed OLED on textile [7], supercapacitors as the energy storage[8], and thin-

film transistors. Printed semiconductor device can use an organic channel layer, for example, 

(poly(3,4-ethylenedixothiophene)- poly(styrene sulfonate) (PEDOT:PSS)[9] [10], 2,7-dihexyl-

dithieno[2,3-d;2’,3’-d’]benzo[1,2-b; 4,5-b’]dithiophene (DTBDT-C6) [11]). For Printed 

Inorganic material channel layer, single-walled carbon nanotubes (SC-SWCNTs) [12], (In2O3 

[13],[14],[15], IZO[16], IGZO[17], [18], ZnO[19], [20], [21]). Although some materials may 

require glove box processing,  it provides a low-cost, low-temperature method with inherently 

lower environmental impact than cleanroom-processed films [1]. The choice of functional 

materials used in the deposited film is critical to its behavior and its suitability for solution 

processing. This thesis focuses on the area of solution-deposited inorganic semiconductor 

materials.  

ZnO NPs, as an inexpensive, easy-to-synthesize, intrinsic n-type semiconductor material, has 

received extensive research attention and is a potential semiconductor biosensor material [22]. 
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At the same time, studies in recent years have shown that solution-deposited nano-zinc oxide 

has also received widespread attention because of its simple and direct production process.  

Before 2010, the main material for the channel layer is alloyed (IZO, IGZO). There was more 

pure metal oxide TFT reported after 2010 like In2O3 or ZnO. One of the possible reasons is that 

with the application and popularization of more efficient synthetic manufacturing methods [23], 

the fabrication cost of pure metal oxide is cheaper than before. Although the alloy has better 

electrical properties, it is more difficult to synthesize the alloy than pure metal oxide. With more 

development and research about metal oxide semiconductors, the properties of pure metal oxide 

semiconductors have been increased and the cost of fabrication has been decreased.  

Most of the solution-processed metal oxide semiconductor devices are partially deposited from 

solution with lithography-determined electrodes [13], [14], [15]. The Indium oxide active layer 

and the gate dielectric was ink-jet printed but the drain, source, and gate electrodes were 

photolithography structures. The majority of the solution-processed deposition ZnO as a 

channel layer is spin-coating [20], [24], [25]. In 2019, José reported a full-screen printed ZnO 

field-effect transistor [21].  

ZnO possesses a direct band gap of 3.37 eV and a significant free exciton binding energy, which 

facilitates effective photon absorption and exciton generation. From the previous study [25], 

the ZnO NPs would adsorb the oxygen molecules from the air, the oxygen molecules can trap 

the electrons from the nanoparticles and form the surface depletion layer, causing the high 

resistivity of the film. This adsorbed species is easily influenced by environmental factors such 

as light and moisture, leading to the unstable electrical properties of the nanoparticle film.  UV 

light can temporarily remove the adsorbed oxygen molecules, but the nanoparticles can re-

adsorb them in the atmospheric environment.  This study presents a novel UV-vacuum-heating 

fabrication method (UVVH process) that involves exposing ZnO NPs to vacuum ultraviolet 

(VUV) radiation to promote the desorption of ionized oxygen molecules from the surface of 

ZnO NPs. To prevent exposure of the ZnO NPs to oxygen again, three encapsulation 

materials—ethylene-vinyl acetate (EVA), polyvinyl alcohol (PVA), and ethylene vinyl alcohol 

(EVOH)—were employed. The study highlights the significant impact of adsorbed ionized 

oxygen molecules on the resistivity of ZnO NPs films. By altering the types and thicknesses of 

applied passivation layers, the adsorption process can be further modulated, thus influencing 
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the resistivity of ZnO NPs through the substances adsorbed on their surfaces. The findings 

reveal that, without a passivation layer, the resistivity of ZnO NPs increases markedly, with a 

dramatic surge—by a factor of 106—in resistivity observed just one day after UVVH treatment 

compared to immediately after the process. Conversely, ZnO NPs films with a thin EVOH 

passivation layer displayed a gradual increase in resistivity. As the thickness of the passivation 

layer increased, the rate of resistivity change decreased. Notably, with an 80 μm EVOH 

passivation layer, the resistivity remained stable after 60 days of storage in darkness. The results 

suggest that the resistivity of ZnO NPs can be controlled by regulating the amount of adsorbed 

ionized oxygen molecules on their surfaces. Given the ionized nature of oxygen adsorption, it 

is hypothesized that the surface charge of ZnO NPs influences both the adsorption and 

desorption of ionized oxygen molecules, thereby affecting resistivity. Furthermore, the surface 

charge of ZnO NPs changes in solutions with varying pH levels, indicating the potential 

application of UVVH-treated ZnO NPs as pH-sensing materials. 

The pH value of human body fluids serves as a crucial biological indicator with significant 

implications for clinical diagnosis. The normal pH range of human blood is between 7.3 and 

7.5. A pH level below 7.3 is indicative of acidosis, while a pH level above 7.5 suggests alkalosis 

[26]. In the context of cancer diagnosis, the extracellular environment of cancerous cells 

exhibits a slightly lower pH than normal cells due to its acidic nature The pH of the human 

body serves as a valuable indicator for diagnosing chronic diseases. For instance, chronic 

wounds exhibit a more alkaline pH than healthy skin. This alteration is attributed to the 

proliferation of bacteria and mold within the wound environment [27]. Nonetheless, the 

sensitivity of traditional pH sensors is limited by the Nernst limit (59 mV/pH), which can 

restrict diagnostic efficacy. Consequently, overcoming the Nernst limit to develop high-

sensitivity pH sensors has garnered considerable research interest.  

Due to their distinctive physical and chemical properties, ion-sensitive metal oxides exhibit 

considerable potential for application in pH sensing. These materials can adsorb charges on 

their surfaces in solution, resulting in a surface potential that is contingent upon ion 

concentration. Additionally, they are characterized by chemical stability, biocompatibility, and 

cost-effective manufacturing, facilitated by environmentally friendly synthesis processes. In the 

field of pH sensors, their high surface area-to-volume ratio enhances ion adsorption from the 

solution, thereby improving sensitivity [28]. Recent advancements have focused on developing 
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pH sensors that utilize metal oxides, such as ZnO [29],  RuO2 [30], WO3 [31] and IrO2 [32] as 

sensing layers. 

Compared with other metal oxides, ZnO is a common substance in the earth's crust and has low 

toxicity, is recyclable, and is easy to synthesize. As an ion-sensitive metal oxide, ZnO is also a 

promising material for pH measurement in solutions, which serves as a crucial indicator in 

medical diagnostics. [29], [33], [34], [35] However, the sensitivity of conventional ZnO pH 

sensors is also constrained by the Nernst limit of 59 mV/pH [29], [34]. Studies have indicated 

that this Nernst limit can be surpassed by employing field-effect transistors[36] or charge-

coupled devices [37]. However, these methods typically involve complex structures and 

manufacturing processes. Previous research suggests incorporating nanoparticles can increase 

the number of active surface sites in pH sensors, subsequently enhancing sensitivity [35]. ZnO 

NPs thin films are characterized by convenient synthesis, safe manufacturing practices, and 

cost-effectiveness [38]. 

Various techniques exist for depositing ZnO, including but not limited to atomic layer 

deposition (ALD) [39],  sputtering [40], spin-coating [41], [42] and printing [43], [44]. 

Nonetheless, achieving ZnO films with superior properties often necessitates relatively high 

temperatures (exceeding 300 °C) [43] or stringent fabrication conditions such as vapor 

deposition [45]. Among the various methods employed, solution-processed technology is 

recognized as a cost-effective and efficient deposition technique. In this approach, the target 

substance is dissolved or dispersed in an appropriate solvent and subsequently deposited onto 

the selected substrate using printing or spin coating methods. In contrast to conventional vapor 

deposition techniques, the solution-processed deposition of ZnO NPs does not impose stringent 

requirements regarding the deposition environment or energy consumption.  While solution-

processed ZnO NPs are straightforward and compatible with diverse substrates, the resulting 

films generally exhibit high electrical resistivity and low electrical stability [41]. To date, there 

are no reports of pH sensors utilizing ZnO NPs that exceed the Nernst limit. 
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1.1 Research Aim and Objectives  

The main aim of this study is to develop a low-cost and high-performance solution-based ZnO 

NPs device fabrication method for detecting pH levels in the medical device field. Furthermore, 

as the study progresses, the ZnO NPs fabricated from the UVVH process show diode-like 

behavior, and this diode-like device can be used as the pH sensor whose sensitivity is beyond 

the Nernst limit. This finding also provides another possible direction for the study, which is to 

develop a wearable human health detector.  

In order to achieve the main aim, the following objectives were formulated. 

1. Develop a method to optimize the electrical property of solution-processed ZnO NPs.  The 

as deposited ZnO NPs films show the resistivity at the level of 106 Ω·cm. The targeted resistivity 

is at the range between 100 to 103 Ω·cm to ensure the sensor can operate at least at currents in 

the microampere range. 

2. Develop a passivation method that does not require a clean room process to ensure that the 

ZnO NPs device can work in different pH solution environments (pH 9 -4). 

3. Ensure that the ZnO NPs deposited by this method have sufficient stability to work for at 

least 5 pH values.  

4. Realise the super-Nernst limit (beyond 59 mV/pH) detection of different pH level solutions 

by the sensor 

1.2 Statement of Novelty 

This thesis has achieved the following novelty: 

1. A new fabrication technology was developed to obtain high-performance ZnO by exposing 

nanoparticles to a UV-vacuum-heating environment (UVVH), to reduce the resistivity of the 

ZnO NPs film.   
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2. Realised the long-term stability of ZnO NPs through polymer (EVOH) film packaging. The 

device has low resistivity (5.8 Ω·cm), which is one million times smaller than the as-deposited 

film. The low resistivity status can be kept for at least 60 days in an ambient environment. 

 

3. Fabricate a diode-like ZnO NPs device using UVVH process and the EVOH passivation. The 

device shows an on/off ratio of 105. The diode-like behaviour is achieved by modulating the 

surface adsorption of the oxygen molecules, and this has never been reported before. 

 

4. The diode-like ZnO NPs device can work as pH sensors with threshold voltage shifts under 

different pH conditions. The sensitivity is 360 mV/pH and beyond the Nernst limit. The current 

value follow-through device was modelled by a combination of electrical and absorption 

equations and fitted with the experimental data. 

1.3 Thesis Structure 

This thesis can be mainly divided into the following parts.  

Chapter 2 is mainly about the literature review. The parts mentioned in the second chapter 

mainly include the fabrication methods of ZnO NPs, the methods of semiconductor deposition 

by solution and their possible device applications, solution composition and their specific 

functions, different printed electronic technologies and methods for the characterization of 

semiconductors.  Besides, the oxygen adsorption mechanism is also included in.  

Chapter 3 mainly talks about the specific experimental fabrication process, including the 

composition of the ZnO NPs solution, the material of the silver electrode and the printing 

process. The most important part of the third chapter is to introduce a new manufacturing 

process to improve the performance of ZnO NPs by vacuum UV exposure (UVVH), as well as 

its passivation materials. The process for diode-like ZnO NPs pH sensor will also be introduced.  

Chapter 4 introduces the electrical properties of the UVVH-treated ZnO NPs and their stability 

by passivating different materials. The method includes SEM, XPS, hall measurement, transfer 

length measurement, IV measurement and long-time stability measurement. The results from 

three passivation materials EVA, PVA and EVOH will be introduced. The fabricated ZnO film 
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has a sheet resistance of 2.5 x 104 Ω/⧠ and a thickness of 2.35 µm. The EVOH passivation layer 

enhanced film stability, protecting it when exposed to the ambient environment. The resistivity 

of the ZnO NPs layer with EVOH passivation remains unchanged after 60 days in the ambient 

environment.  

Chapter 5 introduces the characterization of the ZnO NPs pH sensor.   The sensor demonstrates 

diode-like electrical characteristics, with its threshold voltage increasing as the pH of the 

measured solution decreases, yielding a sensitivity of 360 ± 11 mV/pH. The maximum 

processing temperature is 120°C, and the manufacturing procedure employs a UV-vacuum-

heating (UVVH) technique. The working principle of the sensor, as well as its diode-like 

characteristics, are also included Finally, the mathematical model derived from the adsorption 

isotherm effectively correlates with the experimental data.  

Finally, the conclusions and the future work are in chapter 6.  
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Chapter 2     

Literature Review 

Introduction  

This chapter provides a comprehensive summary of the pertinent literature at this research stage. 

Key topics covered include the solution deposition method for semiconductor fabrication and 

related manufacturing processes, advancements in printed electronics technology, significant 

device applications, and the effects of UV ray absorption by ZnO NPs. Additionally, the 

characterisation techniques for semiconductor materials, including Hall measurements and 

Transfer Length Measurement (TLM) analysis, are discussed. Given that the primary 

application of solution-deposited semiconductors at this stage is in the fabrication of transistors, 

related device technologies are also presented in this chapter. 

Nanostructured ZnO is recognized as a low-toxicity and sustainable semiconductor material 

with significant applications in electronic devices, including transistors [46], [47], ultraviolet 

(UV) photodetectors [48] and memristors [49], [50], [51]. Its appeal in semiconductor 

electronics arises from its wide bandgap, thermal stability, and high carrier mobility [38], [52]. 

In addition, ZnO exhibits considerable potential in sensing applications, such as gas sensors 

[53], [54], attributable to its excellent electrical properties and elevated surface-to-volume ratio 

[33]. ZnO is also a promising material for pH measurement in solutions, which serves as  a 

crucial indicator in medical diagnostics [29], [33], [34], [35]. However, the sensitivity of 

conventional ZnO pH sensors is also constrained by the Nernst limit of 59 mV/pH [29], [34]. 

Notably, studies have indicated that this Nernst limit can be surpassed by employing field-effect 
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transistors [36] or charge-coupled devices [37]; however, these methods typically involve 

complex structures and manufacturing processes. Previous research suggests incorporating 

nanoparticles can increase the number of active surface sites in pH sensors, subsequently 

enhancing sensitivity [35]. ZnO NPs thin films are characterized by convenient synthesis, safe 

manufacturing practices, and cost-effectiveness [38]. 

Various techniques exist for depositing ZnO, including but not limited to atomic layer 

deposition (ALD) [39],  sputtering [40], spin-coating [41], [42] and printing [43], [44]. 

Nonetheless, achieving ZnO films with superior properties often necessitates relatively high 

temperatures (exceeding 300 °C) [43] or stringent fabrication conditions such as vapour 

deposition [45]. Among the various methods employed, solution-processed technology is 

recognized as a cost-effective and efficient deposition technique. In this approach, the target 

substance is dissolved or dispersed in an appropriate solvent and subsequently deposited onto 

the selected substrate using printing or spin coating methods. In contrast to conventional vapour 

deposition techniques, the solution-processed deposition of ZnO NPs does not impose stringent 

requirements regarding the deposition environment or energy consumption.  While solution-

processed ZnO NPs are straightforward and compatible with diverse substrates, the resulting 

films generally exhibit high electrical resistivity and low electrical stability [41]. To date, there 

are no reports of pH sensors utilising ZnO NPs that exceed the Nernst limit. 

2.1 Vapor Deposition 

Traditional deposition methods are classified into two categories: physical vapor deposition 

(PVD) and chemical vapor deposition (CVD) 

PVD primarily involves the conversion of a material into a vapor phase, followed by its transfer 

to a substrate to achieve deposition or coating. The predominant methods for material excitation 

in PVD are evaporation and sputtering. Evaporation entails the conversion of the material into 

vapor through high-temperature heating, whereas sputtering involves bombarding the target 

material with ionized gas, resulting in the ejection of its atoms or molecules. While PVD is 

widely utilized across various applications, it is generally more challenging to control the 

uniformity of the films produced compared to those obtained via CVD [55]. A simplified PVD 
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(sputtering) diagram is shown in Figure 2.1. Argon ions bombard the target material to generate 

sputtered atoms, which diffuse to the substrate surface and deposit on it. 

 

Figure 2.1: Diagram illustration for PVD process reproduced from [55]. 

The fundamental principle of CVD involves exposing the substrate to gaseous precursors of 

the target material, facilitating the deposition of the material on the substrate surface via 

chemical reactions. Under controlled temperature and pressure conditions, the precursors 

undergo synthesis or decomposition reactions on the substrate, resulting in the formation of 

deposits that adhere to the substrate surface, thus completing the deposition process [56]. 

Compared to PVD, films produced via CVD tend to exhibit greater uniformity. However, the 

involvement of chemical reactions in the deposition process may lead to longer deposition 

times. Furthermore, due to the need for precise control over the reaction conditions, the CVD 

process and the associated equipment can be comparatively more complex. Additionally, the 

requirement for specific precursors may influence the overall fabrication process. During the 

chemical reaction, various by-products are generated; while most of these by-products are 

typically removed by the airflow, they may still impact the final fabrication outcomes.  
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Figure 2.2: The basic principles of CVD are derived from [56]. H2 represents the hydrogen 

gas and AX represents the precursors of material A, and HX represents the additional 

substances generated during the deposition process. 

As shown in Figure 2.2, the principle of CVD was presented. The substance AX is the 

precursor of solid A. In the reaction chamber, hydrogen reacts with AX to generate HX gas 

and A precipitate. The A precipitate is deposited on the substrate, and the HX gas leaves the 

reaction chamber with the gas flow, thus completing the deposition process. 

2.2 Solution-processed deposition  

The deposition of semiconductors via solution processes primarily involves the dispersion of 

semiconductor materials into appropriate solvents, which may include organic solvents or water. 

This mixture is subjected to thorough homogenization through techniques such as ultrasonic 

vibration, heating, or mechanical stirring. Following this, the resultant ink is uniformly applied 

to the substrate using methods such as spin coating or printing, and subsequently dried.  

For organic semiconductor materials, it is imperative to maintain the annealing temperature 

below 100°C to prevent thermal degradation that could compromise their semiconducting 
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properties. In contrast, inorganic metal semiconductors can theoretically withstand annealing 

temperatures exceeding 1000°C [57].  However, in practice, most researchers opt to restrict the 

annealing temperature to below 500°C to minimize energy consumption during the 

manufacturing process.  

The solution-based deposition method offers several advantages, including cost-effectiveness, 

high efficiency, and recyclability. The synthesis of nanoparticles within this framework is 

predominantly categorized into two methodologies: bottom-up and top-down approaches [57]. 

The top-down approach involves the reduction of larger particles into nanoscale dimensions 

through physical extrusion. However, due to its significant energy requirements, this method 

has garnered limited attention. Conversely, the bottom-up approach facilitates the assembly of 

nanoparticles by integrating various atoms via chemical reactions, which can occur in either 

solvent-based or vapor environments. The lower energy demands associated with atom 

integration have led to increased research interest in this technique. An overview of the process 

is illustrated in Figure 2.3. 

 

Figure 2.3: The metal oxide fabrication process for both bottom-up and top-down reproduced 

from [57]. 
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It is not a specific type of semiconductor shown in Figure 2.3, just used to distinguish the 

deposition and aligned method from the conventional fabrication process. The solution process 

has a relatively direct fabrication process in comparison with photolithography and etching. 

Most of the solution-processed semiconductor is using intrinsic doping material such as some 

organic polymer or some metal oxide. Organic material is more reported as the channel layer 

than the inorganic material from the latest report.  

There are two main methods for the synthesis of zinc oxide solution: direct mixing of 

nanoparticles and synthesis with precursors. Synthesizing directly with nanomaterials is the 

simplest and most direct way. It is by mixing a certain proportion of nano-zinc oxide particles 

into the organic solvent and stirring evenly by means of ultrasonic vibration. Synthesis via 

precursors can be divided into two directions: 

  1. Use Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) [58] 

  2. Use Amminehydroxo zinc aqueous solution Zn(OH)2(NH3)x [59] 

The first process is in organic solution. The second process is all in water. The stirring time is 

very long. Most of the reported times are more than 10 hours. 

In terms of the deposition method, there are two major types which are spin coating and printing. 

Most of the ZnO nanoparticle semiconductors was using spin coating because it can produce a 

better morphological property. But Liu reported that after three times of inkjet printing, they 

achieve the same property with spin coating ZnO layer transistor [60]. The geometric properties 

of the printed work also depend on the resolution of the printer. During the printing process, 

the layer can be cured by directly heating or precursor reaction.  

2.2.1 Metal oxide nanoparticle semiconductor functional layer by direct 
deposition or precursor deposition 

Precursor deposition primarily involves the chemical reaction of two or more substances to 

achieve the desired deposit. For ZnO deposition, ZnO is typically synthesized by reacting zinc 

acetate with an alkali followed by heating [59]. Theoretically, precursor deposition can produce 
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homogeneous films; however, a potential downside is the presence of impurities arising from 

incomplete reactions. 

In metal oxide nanoparticle semiconductors, current flows only between adjacent particles. The 

n-type conductivity observed in metal oxide semiconductors is attributed to oxygen vacancies 

within the metal lattice, which exhibit three charge states: 0, +1, and +2. These charge states 

are influenced by the length and angle of the metal-oxygen bond. For instance, in ZnO lattices, 

an oxide vacancy with a +2 charge state is 26% more outward than one with a neutral state [52].  

Most metal oxide transistors employ metal drain and source electrodes to create a Schottky 

barrier. When a gate bias is applied, the semiconductor's conduction band minimum decreases, 

reducing the barrier enough to permit current flow through the channel. However, such 

transistors face challenges, preventing them from fully meeting industry standards. Two 

primary issues are hysteresis and the variation of the threshold voltage. 

During both forward and backward bias scanning of these transistors, varying drain currents 

are generated in the channel, as demonstrated in Figure 2.4. This behavior, known as hysteresis, 

was reported by Vidor as being caused by charged groups in the dielectric material, such as 

hydroxyl groups [25]. As depicted in Figure 2.5, in the absence of gate bias, hydroxyl groups 

remain non-polarized. Some molecules migrate to the surface, attracting electrons in the 

nanoparticle layer and causing electron trapping in the channel. Upon application of gate bias, 

generated holes migrate to the surface, releasing adsorbed hydroxyl groups and consequently 

freeing trapped electrons within the channel layer, thereby enhancing conductivity. The 

polarization of hydroxyl groups occurs gradually, leading to transistor hysteresis. Figure 2.6 

shows the specific structure of this transistor with hysteresis properties. PVP stands for 

Polyvinylpyrrolidone, a water-soluble polymer dielectric material. This hysteresis effect is not 

only reflected in transistors. Based on Greenham et. al, [61] applying varying offset voltages to 

both ends of ZnO NPs influences the adsorption and desorption dynamics of ionised oxygen 

molecules on their surface. This phenomenon is hypothesized to result from the migration of 

positively charged oxygen vacancies within the ZnO NPs under the applied bias voltage. This 

migration modulates the surface adsorption charges, consequently altering the resistance of the 

ZnO NPs. Moreover, the annealing temperature is noted to significantly affect electron trapping 
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under natural conditions. The higher annealing temperature usually shows high current and less 

hysteresis [21].  

 

Figure 2.4: The IV curve shows the hysteresis  phenomenon of ZnO NPs transistor [25]. After 

the forward bias, the PVP dipoles were polarised and release the trapped electron and causing 

the high current level. 

 

Figure 2.5: A bottom gate structure ZnO nanoparticle transistor with PVP as the dielectric layer 

and aluminium as the electrode [25]. Polyvinylpyrrolidone, a water-soluble polymer dielectric 

material. 
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Figure 2.6: The full structure of the ZnO nanoparticle transistor [25]. 

The annealing temperature plays a critical role in the performance of functional layers. To 

enhance performance, a higher temperature is necessary during the fabrication process. 

Marques reported a fabrication method for printing a logic gate utilizing indium oxide as the 

channel layer [15]. Their work necessitates an annealing temperature of 400°C to convert the 

precursor into the semiconductor layer. The required annealing temperature can be decreased 

by utilizing nanoparticles directly. Carvalho reported that an increased weight percentage of 

ZnO can effectively reduce the annealing temperature  [21]. They reported that a film transistor 

constructed with 40% weight ZnO nanoparticles, when annealed at 150 °C, exhibits properties 

comparable to those of a film with 15% ZnO annealed at 400 °C. 

The underlying cause of the threshold voltage shift remains inadequately understood, as it tends 

to change with prolonged use of the transistors. Akrofi et al. [22] have reported a method to 

mitigate this issue by employing a three-layer dielectric stack to eliminate threshold voltage 

shifts. However, the fabrication process outlined in their study relies on conventional 

lithography, which is more complex than direct printing methods. 
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2.2.2 Solution-processed organic semiconductor functional layer.  

Solution-Processed organic semiconductor transistors are more commonly reported than their 

inorganic counterparts. Similar to inorganic printed transistors, organic transistors also employ 

Schottky barrier junctions to achieve their structural configurations. Typically, carbon or metal 

is utilized as the drain and source electrodes, while polymer compounds serve as the 

semiconductor material. The ease of processing carbon-based polymers, which can be cured at 

low temperatures, contributes to their widespread use in printed transistor research. These 

transistors have been reported in various applications, including sensors, logic gates, and 

amplifiers. Kanh introduced an electrolyte-gated transistor designed for glucose sensing [62].  

Singh reported a printed dual-gated transistor used as logic or gate [11].  

2.3 Electronic Printing Technology: a method for solution-processed 
deposition  

For solution-processed semiconductor devices, inkjet printing is the most commonly utilised 

deposition method due to its higher resolution and lower operational complexity. The 

resolutions associated with various printing techniques are presented below.  

Table 2.1: Resolution of different printing techniques [1]. 

Printing Method Resolution (µm) Speed (m/min) Thickness (µm) Viscosity (mPa·s) 

Inkjet printing 0.4 - 50 1 – 100 0.3 – 20 1 - 40 

Transfer printing 0.1 – 90     

Screen printing 50 – 100 10 – 100 3 – 100 500 – 50000  

Gravure printing 20 – 75  20 – 1000 0.1 – 5 1 – 200 

Knife coating 50 – 100 1 – 10  0.1 – 5  1 – 200  

The data presented in the table indicate that the accuracy of the majority of printing technologies 

does not surpass 1 µm. Furthermore, with the exception of screen printing, these technologies 

do not necessitate highly viscous solutions. 
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2.3.1 Ink-jet printing 

As described in Figure 2.7, inkjet printing involves using a computer to design the device 

structure, which is then printed through a nozzle, similar to traditional commercial printers. 

This process, known as drop-on-demand, allows ink droplets to be expelled based on signals 

from a computer program. There are two primary methods for ejecting ink droplets from the 

nozzle. The first method employs heating to create a bubble that forces the ink out, while the 

second method utilizes a piezoelectric element to press the ink out of the nozzle.  

The primary advantage of inkjet printing lies in its high precision; however, it is also associated 

with significant drawbacks, particularly in terms of cost. For the Dimatix inkjet printer, the 

cartridges are typically designed by manufacturers for single use and cannot be reused, leading 

to high expenses associated with cartridge replacement. 

 

 

Figure 2.7: Process of inkjet printing [63]. 

Several types of electronic devices fabricated by the inkjet printer were reported. Whittow et, 

al. [64] proposed a inkjet printed antennas deposited on textile. The antennas was printed on a 

pre-deposited interface layer aching an efficiency of 53%. Li et, al. [65] proposed a fully inkjet 

printed capacitor. The PVP dielectric material was used to for the insulator layer. The ink was 

cured by UV light after printing and exhibit good insulating behaviour.  
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2.3.2 Screen printing 

Screen printing typically offers lower resolution compared to inkjet printing. Figure 2.8 shows 

the fundamental process involving using a pre-designed mesh as a mask positioned over the 

substrate, onto which the ink material is poured. A squeegee is then employed to press the ink 

through the mesh, facilitating its deposition onto the substrate. The ink is subsequently cured 

through either oven heating or UV exposure. This process is repeated until all device structures 

are fully realized. 

 

 

Figure 2.8: The working principle of screen printing entails the following steps 

a) preparation of the ink from precursors or bulk materials; b) fixation of the screen template 

onto the substrate, followed by the use of a squeegee to press the ink through the template 

according to the designed structure; c) post-annealing of the ink to form the desired layer [63]. 

Figure 2.9 shows the a fully screen-printed transistor [21]. The carbon electrode was printed 

on the flexible substrate as the interdigitated structure forming source and drain electrodes. 

Secondly, a ZnO NPs layer were printed on the top of the carbon electrode working as the 

active semiconductor layer. Then, the solid electrolyte layer was printed on the top of the ZnO 

NPs layer to generate the dielectric layer. Finally, the silver gate electrode was printed on the 

top of the electrolyte dielectric layer.  
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Figure 2.9: The structure of the fully screen-printed ZnO FET [21]. 

 

2.3.3 Dispenser printing  

Similar to inkjet printing, dispenser printing is a computer-controlled printing method; 

however, it can process inks with significantly higher viscosities. In principle, the viscosity 

range for dispenser printing can reach up to 106 mPa·s [66]. However, dispensing printing has 

a lower resolution. The highest resolution of dispensing is around 100 micrometres.         

As depicted in Figure 2.10, the system comprises two main components: the air compressor 

and the robotic arm holding the syringe. The air compressor facilitates ink ejection through the 

needle onto the substrate. The computer program controls the robotic arm to produce the device 

figure. The resolution of the printed work is contingent upon the inner diameter of the needle 

and the accuracy of the robotic arm, which typically measures hundreds of micrometres. During 

the printing, because the diameter of the needle is hundreds of micrometres, the solvent at the 

edge of the needle quickly evaporates, leading to the blockage of fluid flow. The oil-based 

solvent is preferred over the water-based solvent in this printing system to avoid this unwanted 

phenomenon. Besides, to prevent the unintended deposition of low-viscosity ink onto the 

substrate, the air pump can also generate a vacuum above the ink, effectively lifting it. 
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Figure 2.10: The pneumatics dispenser printer system [67]. 

Chen et al. [44], proposed a fully dispenerosolrer printed memristor with Ag /ZnO/ Ag structure. 

The silver electrodes were printed on the glass substrate with a 1 mm gap between them. Then, 

the ZnO NPs ink was printed on the silver electrode as a dispenser, followed by a second silver 

electrode printed on the ZnO NPs layer. The structure is shown in Figure 2.11.  It shows volatile 

characteristics and can be applied in artificial synapses as short-term memory devices. Meijing 

et al. [68] proposed a fully dispenser-printed device structure for healthcare applications. The 

structure was printed on the textile as a wearable device. The fabrication process is shown in 

Figure 2.12. The structure contains an interface layer on the textile to form the substrate layer, 

avoiding ink penetration through the textile. Then, the silver conductive track was printed on 

the interface layer, followed by an encapsulation layer printed on its top to protect it. Finally, a 

carbon pad was printed on the encapsulation layer, forming the skin contact. The structure was 

proposed as the potential solution for a bio-signal monitor.  
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Figure 2.11: A fully dispenser-printed memory device [44]. 

 

Figure 2.12: Dispenser-printed electrode structure for healthcare applications [68], a) 

interface layer, b) silver layer, c) encapsulation layer, d) carbon layer. 
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2.4 Material for the solution-processed semiconductor channel layer   

The solution-processed deposited semiconductor can be divided into organic and inorganic 

types. The organic semiconductor material includes but not limit (poly(3,4-

ethylenedixothiophene)- poly(styrene sulfonate) (PEDOT:PSS)[9] [10], 2,7-dihexyl-

dithieno[2,3-d;2’,3’-d’]benzo[1,2-b; 4,5-b’]dithiophene (DTBDT-C6) [11]). For solution-

processed inorganic material channel layer, single-walled carbon nanotubes (SC-SWCNTs) 

[12], (In2O3[13],[14],[15], IZO[16], IGZO[17], [18], ZnO[19], [20], [21]). Although some 

materials may require glove box processing,  it provides a low-cost, low-temperature method 

with inherently lower environmental impact than cleanroom-processed films [1]. The choice of 

functional materials used in the deposited film is critical to its behaviour and its suitability for 

solution processing.  

The characteristics of printed semiconductor devices utilising state-of-the-art technology are as 

follows. Most printed semiconductor devices operate at the microscale, with the highest 

resolution typically not exceeding 1 µm. The thickness of the channel layer is inconsistently 

reported in the literature, ranging from 50 nm in inkjet printing to 20 µm in screen printing. 

This parameter is critical for printing, particularly in layer-by-layer structures like thin-film 

transistors. Additionally, the channel width is generally more significant than the channel length, 

exhibiting considerable variations across studies, which enhances the drain current. This design 

is analogous to traditional semiconductor devices but features significantly larger dimensions 

than cleanroom-fabricated counterparts. Inkjet printing is predominantly utilised for solution-

processed semiconductor devices due to its operational simplicity and higher resolution. 

Moreover, the equipment required for inkjet printing is relatively more affordable compared to 

that used for photolithography. Some solution-processed transistors are partially printed, 

featuring electrodes defined by lithography or dielectric materials applied via spin coating. 

Table 2.2 summarises the dimensions and materials of 10 different solution-processed 

fabricated field-effect transistors (FETs). 
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Table 2.2: Channel width and length of solution-processed semiconductor layer from literature. 

Fabrication process Channel 
Width 

Channel 
Length 

Channel 
Material   

Partially printed with photolithography defined electrode 
[69] 

200 to 
600 µm 

10 to100 
µm 

Crystalline 
indium 
oxide 

Ink-jet printed [13] 200 µm 90 µm Crystalline 
indium 
oxide 

Screen printed [21] 4 cm 330 µm ZnO NPs 

Photolithography [20] 500 µm 1.5 to 5 
µm 

ZnO NPs 

Doctor-Blade printed [19] 2 mm 5 µm ZnO NPs 

Ink-jet printed [60] 600 µm 10 – 100 
µm 

ZnO NPs 

Partially printed with photolithography defined electrode 
[70] 

4 cm 90 µm Indium 
oxide 

Ink-jet printed [62] 500 µm 1 mm PEDOT:PSS 

Ink-jet printed [11] 500 µm 1.2 mm DTBDT-C6 

Screen printed [71] 500 µm 200 µm PEDOT:PSS 
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2.4.1 Material for the electrode 

The material for the printed electrode can be concluded as: 

Most of the electrodes fabricated using spin-coating and printed inorganic metal oxide 

semiconductor are structured by photolithography [13], [14], [15], [20], [25], [69]. The material 

includes ITO[13], [70], Ag nanoparticle[72], carbon and Al [73]. For the top gate, PEDOT: PSS 

[14], Al+Ti alloy, Ag[21]. But PEDOT: PSS has higher resistance than the metal material [14]. 

PEDOT: PSS, Ag nanoparticle, ITO, and carbon nano power can be printed 

2.4.2 Material for dielectric layer 

For printed thin-film transistors, there are not too many choices in the printed dielectric. It is 

hard to solution process the dielectric layer. An alternative solution is to deposit an electrolyte 

layer as the dielectric layer. When fabricating printed transistors, all of the material used as a 

dielectric is electrolyte polymer. This kind of electrolyte is ion conductive and electron 

insulated [74]. When printing, the electrolyte should be liquid. After curing, it becomes solid. 

There are some transistors reported using liquid electrolytes without curing [62].  

This kind of transistor’s working function is not clear now. Wang divided this kind of transistor 

into two types: electrical double layer transistor (EDLT) and electrochemical transistor (ECT) 

[75]. As shown in Figure 2.13 The different idea between them is the permittivity of the 

semiconductor channel material.  

Huang reported a different idea from Wang. She reported the injection of the ion from the gate 

dielectric to the channel depends on the relationship between gate voltage and threshold voltage 

[74]. As Figure 2.14 shows, when the gate voltage is higher than the threshold voltage, the 

working function is equal to EDLT mentioned before; when the gate voltage is lower than the 

threshold voltage, the working is equal to ECT mentioned before.  
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Figure 2.13: The working function of electrolyte gated field-effect transistor: 

a) When no gate voltage is applied, the carriers(ion) in the electrolyte is not orientational, the 

transistor is off; b) when there is a biased voltage, an electrical double layer will be formed in 

the dielectric material and attract the carriers inside the channel; c) When the biased voltage, 

the ion will be injected into the semiconductor material and improve the conductivity of channel 

layer (ECT) [75].  

Electrolyte dielectric deposition is reported by both screen printing and ink-jet printing. This is 

because it can be thicker than insulator dielectric. The most common electrolyte dielectric 

material is called CSPE (composite solid polymer electrolyte). This is commercially available. 

However, there are also some solution-processed gate insulator layers published using 

Aluminium Oxide [76] [77].  The depositions are both done by spinning coating to achieve a 

highly homogeneous layer. Compared with organic electrolyte dielectric layer, the inorganic 

layer can achieve a thinner layer with similar dielectric properties.  

 

Figure 2.14: Different models about the electrolyte-gated transistor working function [74]. 
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2.4.3 Material for solvents. 

For the Printing process, it is important to use reliable dispersion for the nanoparticles. Two 

types of dispersions can be used as the ink for ZnO film: precursor ink and nanoparticle ink.  

The precursor ink normally contains different types of substances. After printing, they will react 

with each other by heating on the substrate to form the target material. For ZnO, normally the 

precursor is zinc acetate [78]. The main advantage of the precursor process is more 

homogenised printed film after annealing. However, the reaction is difficult to control which 

leads to uncertain results on the substrate. The film possibly contains both product and 

unreacted reactants from the chemical reaction. This effect may also lead to discontinuing film, 

where the unreacted reactants are located between two product nanoparticles.  

The nanoparticle ink is normally colloid: a kind of mfixture where one type of substance 

disperses into the medium rather than dissolve[78]. It is normally made by adding the 

nanoparticle powder into the solvents and only contains the nanoparticles which needed to be 

printed on the substrate. The process to fabricate the nanoparticle powder has been introduced 

in the previous section of this paper. The substance size of the colloid is larger than that in the 

solution. The advantage of nanoparticle ink is the direct printing process without any chemical 

reaction needed to form the film. The disadvantages mainly focus on the less homogenizer film 

than the fabricated film from precious. Because the nanoparticles in the dispersion easily 

aggregate to each other to form a larger particle. The aggregation process is random and 

unpredictable causing the non-uniform thickness of the film and finally leading to the bad 

properties of the devices. Therefore, the nanoparticle ink normally contains surfactants to avoid 

aggregation. For example, Lee used titanium diisopropoxide bis(acetylacetonate) (Ti(acac)2) 

as the surfactants for the ZnO ink, which has been proven to improve the ink stability [79]. 

In general, the roles of different materials in the ink includes solvent, surfactants and viscosity 

modifier [80]. The solvent normally works as the dispersion medium contributes to the solution 

environment. The basic properties of the solvent include not reacting with the nanoparticle, 

being easily evaporated and can dispersing the nanoparticles. The most common solvents are 

water, alcohol, and the mixture from polar and non-polar solvents. The surfactants normally are 

used to avoid the aggregation of the nanoparticles.  
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2.4.4 Material for encapsulation 

Currently, there are limited studies on the encapsulation of ZnO nanoparticles. In 2018, Sun 

introduced a method for encapsulating ZnO micro-array UV sensors using polyvinyl alcohol 

(PVA) glue [81]. PVA is a non-toxic, cost-effective, and versatile polymer material. As 

illustrated in Figure 2.15, the PVA solution is evenly applied to the surface of ZnO microwires 

and allowed to dry. Once the PVA is completely dry, the PVA film, along with the ZnO, is 

peeled off. Subsequently, gold is deposited on the ZnO as an electrode. The ZnO photoresistor 

is fabricated by heating zinc to 950°C for oxidation. Upon completion of heating, the ZnO 

microstrips are placed on glass to undergo the described encapsulation process. Due to the weak 

adhesion of ZnO to the glass, the ZnO can be easily separated. However, a significant issue 

with this encapsulation method is that, while the substrate is bendable, the bent device's 

performance is not very stable [81]. Both the light resistance and dark resistance of the bent 

device are higher than in the flat state. This instability may stem from incomplete drying of 

water molecules within the PVA, which adhere to the ZnO surface and alter its properties. The 

interaction with water molecules increases the carrier concentration in ZnO. This principle will 

be further explored in the subsequent section. During bending, because of the piezoelectric field 

modifies the energy band and the surface charge of ZnO , the polarity of the water molecules is 

altered, influencing the interaction between ZnO and water and ultimately affecting the carrier 

concentration within the ZnO [81].   

Although PVA is an excellent encapsulation material, it cannot be used alone as an 

encapsulation material in solution pH sensors due to its water-soluble properties. It may need 

to be used with a water-insoluble encapsulation material, such as polydimethylsiloxane (PDMS) 

[82]. PDMS is a widely used bioelectronic material with biocompatibility, chemical stability, 

and insolubility in water [83]. It is usually used in the field of medical devices. Due to its good 

hydrophobicity, PDMS has also been used in the field of semiconductor encapsulation [82]. 

However, since its oxygen barrier ability is not as good as that of PVA, it may not stabilize the 

electrical properties of ZnO NPs as an encapsulation material, which will be described in detail 

in the following sections. 

Similar to PVA, EVOH as an oxygen-barrier polymer has also been used in the field of 

semiconductor encapsulation [84]. Unlike PVA, EVOH not only has excellent oxygen barrier 
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properties but is also insoluble in water and can well isolate moisture. However, due to hydroxyl 

functional groups, EVOH still absorbs water molecules. As the relative humidity of the air 

increases, the oxygen barrier properties of EVOH will decrease [85]. Ji et al. [86] proposed a 

novel encapsulation method using EVOH for perovskite solar cells to reduce the moisture effect 

on the functional material.  

 

Figure 2.15: Encapsulation method for ZnO micro array UV sensor [81]. 

Some other packaging methods have also been proposed in other flexible electronics fields. In 

2019, Sheng proposed a method of encapsulating flexible capacitors by hot-pressing ethylene-

vinyl acetate (EVA) film with fluorinated ethylene propylene(FEP) [87]. EVA is a hot-melt 

packaging material, often used in flexible packaging. It has excellent corrosion resistance, 

flexibility and recyclability. However, its oxygen barrier property is much worse than that of 

PVA and EVOH. As shown in Figure 2.16, the FEP is covered on the surface of the EVA, and 

the pressure is applied to the heated EVA through the FEP, so that the EVA film is tightly 

attached to the textile. After the EVA is cooled, the FEP film is torn off from the surface of the 

EVA to complete the package. Due to the material properties, the cooled EVA will not stick to 

the surface of the FEP film. 
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Figure 2.16: Encapsulation method using EVA and FEP film [87]. 

There is also a part of research published by mixing EVA puree with ZnO nanoparticles to 

make a thin film [88], [89], [90]. There is also a part of research published by mixing EVA 

puree with ZnO NPs to make a thin film. These films are used in the packaging of solar 

panels[88], materials for purifying greenhouse gases[89], and pressure-sensitive materials[90]. 

However, these EVA nano ZnO films have a common manufacturing defect. That is, the 

performance of ZnO cannot be improved by annealing. Since EVA melts at around 90°C, 

annealing the composite film is impossible. This also indicates that the possibility of making 

ZnO sensors by this method is not very high.  

2.6 UV and oxygen molecules effect on ZnO NPs film  

ZnO exhibits high sensitivity to UV light absorption at approximately 360 nm. The 

phenomenon of resistance change in ZnO when exposed to UV light is attributed to the 

absorption and subsequent release of oxygen molecules at its surface [91]. As shown in Figure 

17, exposure of ZnO to UV light generates electron-hole pairs within the material. The 

generated holes recombine with electrons bound to oxygen molecules, facilitating the release 

of oxygen molecules from the surface of the nanoparticles. Consequently, the carrier 

concentration in ZnO increases. Conversely, when the UV light is turned off, oxygen molecules 

in the air, recombine with the surface of the ZnO, resulting in a decrease in carrier concentration 

[91] [92] [93].  The following equations can show the function [91]: 

 



 Chapter 2  

31 

𝑂𝑂2 (g) + e- → 𝑂𝑂2−(ad)                                      (2.1) 

hv → e- + h+                                                                              (2.2) 

𝑂𝑂2− (ad) + h+ → 𝑂𝑂2 (g)                                    (2.3) 

OV is the lattice oxygen of the ZnO. V0 is the oxygen vacancy. Since these reactions are 

reversible and in dynamic equilibrium, the reaction can proceed more rapidly by reducing the 

concentration of the corresponding substances in the environment. The attachment of water 

molecules to the surface of ZnO will increase the carrier concentration inside ZnO, which the 

following equation can explain[94]. 

H2O + 2Zn + OV → 2Zn+ - OH + Vo + 2e-     (2.4) 

It has been documented in the literature [24] exposing ZnO to UV light in humid air can enhance 

the carrier concentration within the material. However, to achieve the desired performance 

gains, ZnO must be maintained in an environment with relative humidity exceeding 50 percent. 

Consequently, ZnO produced via this method may not reliably exhibit high performance in 

ambient air. Additionally, related studies have investigated the effects of exposing ZnO to UV 

light in various environments [95]. They placed ZnO in a pure nitrogen environment and 

exposed it to UV light, which can also increase the carrier concentration of ZnO. However, 

long-term working stability was not mentioned. 

Based on the interaction between adsorbed oxygen molecules and ZnO NPs, Yihao et al. [96] 

proposed a surface acoustic wave (SAW) UV sensor based on ZnO. The sensor uses the change 

in resistivity of ZnO under UV and non-UV conditions to cause the sensor's resonant frequency 

to change. They also mentioned that moisture in the air will have a very large impact on the 

measurement results. So, they also proposed a packaging method to avoid the influence of 

moisture on the sensor. Figure 2.18 shows the structure of the ZnO SAW UV sensor. The 

working principles are similar to the ones mentioned in equations 2.1 to 2.3. The oxygen 

molecules adsorbed on the ZnO surface trapped the electrons, forming the ionised oxygen 

molecules and increasing the resistivity of the ZnO layer. After the ZnO layer is exposed to UV 

light, the adsorbed ionised oxygen molecules are released from the surface of the ZnO, and the 

film's resistivity decreases, which changes the resonant frequency of the SAW device. The 

hydrophobic layer was deposited on the ZnO layer to avoid the influence of moisture on the 

resistivity of the ZnO functional film.  
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Figure 2.17: Schematic diagram of the influence of UV rays and water molecules on ZnO [24]. 

 

Figure 2.18: Structure of the ZnO surface acoustic wave UV sensor with the hydrophobic layer 

for moisture isolation [96].  
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Greenham et al. [92] proposed a ZnO UV sensor that operates based on changes in current 

related to this principle. They observed that, following exposure, the resistivity of the ZnO 

device does not return rapidly to its pre-exposure state. Subsequently, they developed a 

memory device utilising this adsorption principle [61]. This device is illustrated in Figure 

2.19. The fabrication involves spin-coating a ZnO nanoparticle solution onto pre-deposited 

indium tin oxide (ITO), followed by heating and drying. An aluminium electrode is then 

deposited onto the surface of the ZnO nanoparticles using physical vapour deposition. 

 

Figure 2.19: Structure of the ZnO memory device reproduced from [61]. 

 

The electrical characterisation of the memory device is presented in Figure 2.20. The voltage 

range from -3 V to 3 V represents the forward process, while the same range represents the 

reverse process. As indicated in the figure, the current during the forward process is more 

significant than that during the reverse process. This observation is explained by the fact that 

applying a positive voltage to the ITO electrode creates additional oxygen molecule adsorption 

sites at the Al/ZnO interface, leading to increased adsorption of oxygen molecules and an 

associated rise in resistivity, thereby transitioning the device into a high-resistance state. 

Conversely, applying a negative voltage decreases the number of adsorption sites for oxygen 

molecules, resulting in a reduced number of adsorbed oxygen molecules, which in turn lowers 

the resistance and transitions the device into a low-resistance state. Their research shows that 
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not only UV can affect the adsorption process of oxygen molecules, but voltage can also have 

an impact. 

 

Figure 2.20: I-V characterisation of ZnO memory device [61]. 

 

2.7 pH sensor 

pH, defined as the potential of hydrogen, is a critical indicator for assessing the acidity and 

alkalinity of a solution. It is determined by the concentration of hydrogen ions present in the 

solution. At room temperature, a pH value greater than 7 indicates an alkaline solution, while 

a pH value below 7 signifies an acidic solution. The measurement of pH is essential for 

evaluating the rate of chemical reactions, conducting biological environmental assessments, 

and performing medical monitoring. 
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2.7.1 Glass electrode pH sensor 
 

The glass electrode sensor is the most commonly used commercial pH sensor [97]. As shown 

in Figure 2.21, it consists of a glass electrode and a reference electrode. When the glass 

electrode is immersed in a solution, the hydrogen ions in the solution are adsorbed to the 

surface of the glass membrane, forming a surface potential. The potential formed is related to 

the pH value of the solution. By comparing it with the potential of the reference electrode 

typically inside a standard pH solution, the pH value of the solution is measured. The ceramic 

junction ensures the ionic strength is the same in testing and reference electrodes. Glass 

electrodes are widely used because of their stable chemical properties, wide applications, and 

simple operation. Its disadvantages are that it is fragile, has a long response time, and is easily 

affected by temperature. Besides, the glass electrode has a theoretical maximum sensitivity, 

the Nernst limit. The voltage change per pH between the internal electrode and the reference 

electrode has a maximum value of approximately 59 mV. So, the sensitivity of this type of pH 

sensor can not be beyond 59 mv/pH.  

 

Figure 2.21: pH measurement using the glass electrode [98]. 
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2.7.2 Polymer and carbon pH sensor 

Some conductive polymers like poly(1,2-diaminobenzene) and carbon nanotubes can also be 

used as the pH sensor material [99]. The advantages of using polymers as the pH sensors are 

including but not limiting: high flexibility and suitable for wearable device, stretchable and 

bendable, can be deposited through solution processed deposition method and suitable for many 

types of substrate, and highly biocompatible. Their disadvantages includes: bad chemical 

stability and small pH sensing range, poor reproducibility  and short life time [28].  

2.7.3 Metal oxide pH sensor 

Compared with glass electrodes, metal oxide pH sensors have the characteristics of fast 

response, high thermal stability, low cost, high integration and miniaturisation.  In the field of 

pH sensors, their high surface area-to-volume ratio enhances ion adsorption from the solution, 

thereby improving sensitivity [28]. However, metal oxides are easily affected by environmental 

factors, such as light, which sometimes causes their electrical properties to be unstable, thus 

affecting the detection accuracy [28].  Recent advancements have focused on developing pH 

sensors that utilize metal oxides, such as ZnO [29], RuO2 [30], WO3 [31] and IrO2 [32] as 

sensing layers. 

As shown in equation 2.5, the operating principle of metal oxide pH sensors is based on the 

ability of hydroxyl groups on the metal oxide surface to function as adsorption sites for anions 

and cations, facilitating ion adsorption and generating surface potential. Different ions produce 

distinct potentials; specifically, the adsorption of hydrogen ions results in the formation of 

positive charges, whereas the adsorption of hydroxide ions leads to the development of negative 

charges [100]. These adsorbed charges are cheap, recyclable, and low-toxic metal oxide, and 

ZnO has critical potential applications in this field. 

𝑀𝑀𝑀𝑀𝐻𝐻2+  
𝐻𝐻+

⇔  𝑀𝑀𝑀𝑀𝑀𝑀 
𝑂𝑂𝐻𝐻−

���  𝑀𝑀𝑂𝑂−    (2.5) 
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Compared with other metal oxides, ZnO is a common substance in the earth's crust and has low 

toxicity, is recyclable, and is easy to synthesize. As an ion-sensitive metal oxide, ZnO is also a 

promising material for pH measurement in solutions, which serves as a crucial indicator in 

medical diagnostics [29], [33], [34], [35]. Traditional ZnO pH sensors primarily determine the 

pH value of a solution by establishing contact between a ZnO electrode and the solution, and 

subsequently measuring the potential difference between the ZnO electrode and a reference 

electrode as shown in Figure 2.22.  In this ZnO pH sensor microfluidic chip, the pH solution 

to be tested flows from the inlet to the outlet. When the solution reaches the ZnO layer, the 

hydrogen ions in the solution are adsorbed by zinc oxide, thereby generating a surface potential. 

The pH of the solution is determined by measuring the potential difference between the ZnO 

electrode and the reference electrode [34]. 

Figure 2.23 shows a flexible ZnO electrode pH sensor. The manufacturing process of this 

design sputters ZnO onto a flexible PCB board that has been pre-plated with gold electrodes. A 

layer of (3-aminopropyl) triethoxysilane (APTES) is drop-cast on the ZnO as a protective layer 

to prevent ZnO from being over-etched in the solution. Similar to the above principle, this 

sensor also measures the pH of the solution by comparing the potential difference between the 

ZnO and gold electrodes [29]. 

 

Figure 2.22: ZnO microfluidic pH sensor a) scheme and b) photograph [34]. 
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Figure 2.23: Flexible ZnO pH sensor a) cross-view and b) top-view [29]. 

However, the sensitivity of this type of sensor is constrained by the Nernst limit, which 

establishes a theoretical maximum of 59 mV/ pH unit. The table shows the comparison between 

the different metal oxide pH sensors. 
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Table 2.3: The sensitivity of different metal oxide pH sensors. 

Senor types Sensor material Sensitivity (mV/pH) 

Field effect transistor[101] ZnO  38 

Field effect transistor[102] ZnO/silicon 

nanowire 

46 

Electrochemical[103]  Iridium oxide 51.7 

Interdigitated electrode array[104] ZnO  3.72 

Extended gate sensing[105] ZnO nanorod 53.55 

Existing literature indicates that various channel materials and charge coupling devices have 

been studied and designed to achieve sensitivity surpassing the Nernst limit [36], [37]. As 

shown in Figure 2.24, A field effect transistor type pH sensor was simulated [36], which is 

different from the electrode type pH sensor mentioned above. The ele This sensor has a more 

complex structure. The dielectric layer under the gate electrode of this transistor contacts the 

pH electrolyte. Since the electrolyte changes the surface potential of the dielectric material, the 

threshold voltage of this transistor will also change. The IV curve of this sensor is shown in 

Figure 2.25. As electrolyte solutions of different pH values come into contact with the gate 

dielectric layer, the current in the channel is affected accordingly, and its threshold voltage 

changes accordingly. They claim that the sensitivity of their sensor is 180 mV/pH, which 

exceeds the Nernst limit. Shogo et al. also [37] proposed a wearable pH sensor using metal 

oxide beyond the Nernst limit. The device is shown in Figure 2.26 and the sensitivity of the 

devices is claimed as 240 mV/pH. They used a Schottky-barrier-based charge-coupled device 

structure. However, the complexity of this device design poses significant challenges in the 

fabrication.  
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Figure 2.24: a) Design of the FET sensor across the Nernst limit b) View of the detection layer 

[36]. 

 

Figure 2.25: The IV curve of the field effect transistor pH sensor [36]. 
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Figure 2.26: Charge coupling device across the Nernst limit [37]. 

2.7.4 Super Nernstian Sensitivity 

Yujian et al. demonstrated a possible model of super-Nernstian sensitivity, which innovatively 

explains the mechanism of action of pH sensors [106]. In their equation, the Nernst sensitivity 

was written as 1
𝑟𝑟

 × 59.12 mV/pH. They added an adjustment coefficient 1/r to the traditional 

Nernst formula. This coefficient is the ratio of the number of hydrogen ions involved in the 

interaction to the number of transferred electrons during the sensor's detection process. When 

the amount of hydrogen ions is greater than the transferred electrons due to chemical reactions, 

such as acid doping, the coefficient is greater than 1, and the device sensitivity is greater than 

59 mV/pH. 

2.8 Measurement method 

2.8.1 Transmission length measurement (TLM) 

TLM is to measure the contact resistance and sheet resistance of materials by measuring 

samples of the same width but different spacing.  As shown in the equation below, when 
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measuring semiconductor resistance, the measured quantity can be divided into three parts as 

shown in the following equation: 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  =  2𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  +  2𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  + 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠             (2.5) 

Where Rmetal is the metal resistance, which can be ignored with very small amount. Rcontact is 

the contact resistance and Rsemi is the semiconductor resistance.  

 

Figure 2.27: TLM structure for measurement. 

As shown in Figure 2.27, the method is by depositing the same conductor material on the 

semiconductor surface. A data table as shown in Figure 2.27 is obtained by measuring the 

resistance of different spacings. The slope in the function expression of the resulting straight 

line is the quotient of sheet resistance and width. The intercept is twice the contact resistance. 

The equation can be written as follows: 

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
𝑅𝑅𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒
𝑊𝑊

 (2𝐿𝐿𝑇𝑇 + 𝐿𝐿)                                                       (2.6) 
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W is the equal width of the metal. According to formula 11, it can be judged that the intercept 

of the linear function obtained after sorting and summarising the measured data is twice the 

contact resistance, and the slope is the quotient of the semiconductor sheet resistance and the 

metal width. The intersection of the straight line and the horizontal axis is twice the transfer 

length. 

2.8.2 Hall measurement  

Hall measurement is used for the carrier mobility in the semiconductor film. The measurement 

system is based on the hall effect. When electrons in a solid are driven by voltage and pass 

through a directional magnetic field, they are deflected by the Lorentz force and move to both 

ends of the solid, where they continue to accumulate. The accumulated electrons form an 

electric field and exert a force on the electrons moving in the conductor. When the applied 

electric field force is sufficient to offset the Lorentz force generated by the magnetic field, the 

electric field at both ends of the solid no longer increases. At this time, the voltage generated 

by the electric field is the Hall voltage. 

 

Figure 2.28: The working function of hall effect measurement. 
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 As shown in the Figure 2.28, B is the applied magnetic field, and V is the voltmeter for 

measuring the Hall voltage. e is the carrier (electron), and I is the current which is opposite 

direction of electron movement. F is the direction of the Lorentz force on the electron. When a 

current passes through an applied vertical magnetic field, a force perpendicular to the current 

line is applied to the carriers. At this time, the carriers will move to the direction perpendicular 

to the current and accumulate continuously. This newly formed electric field will also exert an 

electric field force on the carriers, which is in the opposite direction to the Lorentz force 

experienced by the carriers moving in the horizontal direction. When accumulated to a certain 

extent, the newly formed electric field force will cancel out the Lorentz force generated by the 

movement of carriers along the horizontal direction. This allows carriers to pass through the 

sample normally. At this time, the newly generated electric field potential is measured as the 

Hall voltage. 

 

𝑛𝑛𝑠𝑠 =
𝐼𝐼𝐼𝐼
𝑞𝑞|𝑉𝑉𝐻𝐻|

                            (2.7) 

𝜇𝜇 =  
1

𝑞𝑞𝑛𝑛𝑠𝑠𝑅𝑅𝑠𝑠
                              (2.8)    

𝑛𝑛𝑠𝑠 is the sheet carrier concentration. Rs is the sheet resistance and 𝜇𝜇 is the carrier mobility. q is 

the charge of the electron. The sheet carrier concentration and carrier mobility of the measured 

sample can be deduced and calculated by the above formula.  
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2.8.3 XPS measurement  

X-ray Photoelectron Spectroscopy (XPS) is a technique employed to analyze the composition 

and chemical states of functional groups at the surface of materials. This characterization 

method is based on the phenomena of photoemission. When X-rays are directed onto the sample 

surface, they excite electrons (photoelectrons) within the material. These excited electrons are 

subsequently released into a vacuum, and their kinetic energy is directly related to the binding 

energy between the electrons and the atoms in the sample. By measuring this kinetic energy, 

information regarding the binding energies can be obtained, allowing for the inference of the 

original chemical states present on the surface of the solid sample [108]. 

2.9 Conclusions of Chapter 2 

This chapter provides a comprehensive summary and review of the pertinent knowledge 

documented in the literature. The solution processed ZnO NPs shows high resistivity and low 

electrical stability. The topics covered include, but are not limited to, methods of solution-

deposited semiconductors, printing techniques, solution compositions, relevant application 

devices, and the response of ZnO to UV light. The conventional pH sensor shows the Nernst 

limit sensitivity. Some pH sensors beyond this limit but the fabrication process is relatively 

complex. ZnO is a promising material for this type of sensing, however, its electrical properties 

are affected and limited by the adsorbed oxygen molecules. The strategies discussed herein for 

enhancing the performance of ZnO through UV exposure present numerous insights for this 

study. UV exposure is known to temporarily reduce the resistance of ZnO by disrupting the 

electrostatic attraction between ZnO nanoparticles and atmospheric oxygen. Water molecules 

play a pivotal role by liberating the charge carriers bound by oxygen within the ZnO. These 

principles exhibit similarities, suggesting that ZnO performance can be enhanced by exposure 

to an environment containing solely water molecules. Additionally, to maintain ZnO in a high-

energy state, it must be encapsulated in a low-oxygen environment during manufacturing to 

prevent oxygen from reattaching to the ZnO surface. However, these experiments were all 

conducted in air. It is reasonable to speculate that the efficiency of this physical phenomenon 

can be improved in a vacuum environment, so that the target molecules  
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can more fully contact the surface of ZnO NPs. This led to the subsequent UV-Vacuum-Heating 

(UVVH) manufacturing technology. The following chapter 3 will outline the fabrication 

methods derived from these methods. 
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Chapter 3   

Solution-Processed Fabrication 

Method and UVVH Treatment 

with Different Passivation 
Introduction 

Solution-processed functional films have been demonstrated in many applications, including 

human-computer interface [2]. point-of-care equipment [3], [4], wearable devices [5], and light-

emitting devices [6]. These spin-coated or printed films have been utilized in numerous sensing 

applications, such as gas [109], biomarkers [62], and moisture [110]. Solution processed-

deposition method at room temperature in ambient conditions offer a low-cost, low-temperature 

fabrication method with reduced environmental impact compared to chemical or physical vapor 

deposition process [1]. These functional films are categorized into organic and inorganic 

materials; however, in this thesis, we focus on the fabrication of solution-processed inorganic 

semiconductor layer.  

 Inorganic semiconductor materials, such as metal oxides, including Indium Oxide (In2O3) [13], 

[15], Indium Zinc Oxide (IZO) [16], Indium gallium zinc oxide (IGZO) [17], [18], and Zinc 

Oxide (ZnO) [20], [21], [111], [112], [113], [114], are compatible with solution-based 

deposition manufacturing processes. For example, metal oxide precursors or particles would be 
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added to a dispersion agent formulated to the correct rheology for printing [13], [69], [115] or 

spin coating [92], [116] onto a substrate, followed by a suitable drying/curing step to form  

semiconductor layer.   Semiconducting ZnO NP sensors that change resistance have gained 

widespread attention due to their low cost, high electron mobility and robust chemical and 

thermal stability [117]. The predominant sensing mechanism by which the ZnO functional 

layers respond to a measurand is chemical surface adsorption [117].  For n-type ZnO NP, the 

adsorption of chemical analytes on the nanoparticle's surface influences carrier binding or 

release, thereby modulating its resistance [118]. Oxygen molecules, for example, bind free 

electrons within ZnO NPs forming highly active oxygen species increasing the film resistivity 

[118], [119], [120], [121]. The sensing mechanism within ZnO NPs for reducing substances is 

closely tied to surface oxygen, whereby reducing substances undergo oxidation by oxygen 

species, releasing trapped electrons and consequently reducing the resistivity of ZnO NPs [118], 

[119]. Even with low target molecule concentration of 1 ppm, chemiresistive sensors can 

exhibit a resistance change of over 50% [118].  Studies have indicated that chemical analytes 

are not required to be in direct contact with the ZnO surface; rather, deposition of a dielectric 

layer such as aluminum oxide, silicon oxide, or APTES on the ZnO surface allows analyte 

adsorption to alter ZnO resistance through a field effect [22], [29], [96], [122]. 

However, ZnO NP presents two primary drawbacks: high resistivity and susceptibility to 

environmental influences, resulting in unpredictable electrical behavior of devices. Therefore, 

improving the ZnO device's electrical stability is critical in this research area [123].  While 

solution-processed metal oxide semiconductor materials are resilient to decomposition in 

ambient environments, their electronic properties remain susceptible to environmental 

influences [124]. Molecules from the ambient environment with weak hydrogen bonds can 

become dissociated leading to electron binding within the ZnO, influencing its resistivity [91]. 

Additionally, resistance measurements are likely conducted immediately after film deposition 

due to the propensity of ZnO film resistance to increase upon exposure to ambient conditions. 

Limited studies have explored the long-term stability of the electrical properties of ZnO NP 

films. According to the literature [24], [91], [93], [117], the elevated resistivity of ZnO NP 

correlates with oxygen molecules adsorbed on its surface, which diminishes the carrier 

concentration of ZnO NPs. While high-resistivity ZnO films exhibit improved semiconductor 

response rates, their electrical characteristics are more influenced by environmental factors such 
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as light and moisture. To mitigate high resistivity and enhance electrical stability, UV light can 

temporarily revert adsorbed oxygen to the gas phase, facilitating its removal from the surface 

of ZnO NP films under negative pressure condition. After being stored in a dark environment, 

the resistivity of the samples would increase considerably [125]. Preventing oxygen re-

adsorption requires the use of passivation layers composed of hydroxyl groups, such as water 

molecules. Therefore, a passivation layer with low oxygen permeability and high thermal 

stability is essential to sustain low resistivity over time.  

 Several polymer passivation layers have demonstrated capability in meeting the 

aforementioned requirements [126], with Ethylene Vinyl Alcohol (EVOH) being particularly 

prominent. Ethylene Vinyl Alcohol (EVOH), derived from Ethylene Vinyl Acetate (EVA) 

[127], serves as a widely utilized flexible oxygen barrier in various applications [127], [128], 

[129], including its role as an airtight encapsulant for sensitive electronic materials. This 

polymer film finds extensive use as a passivation layer in electrical applications, including solar 

cells [86], [130], supercapacitors [87] and thin film transistors [131]. EVOH is an 

environmentally friendly, durable, and a low toxicity polymer that can be used as a cost-

effective gas barrier material [127], [128], [129]. The presence of hydroxyl functional groups 

within its molecular structure enables facile adsorption onto the surface of ZnO NPs. 

Additionally, the oxygen permeability of EVOH barrier films can be modulated by adjusting 

the heating temperatures. Elevating the film temperature to within the range of 180–200°C, 

where 200°C represents the melting point, enhances the oxygen permeability of EVOH, 

allowing oxygen to escape from the ZnO film surface [132]. After cooling, the film regains its 

exceptional oxygen barrier properties. 

Therefore, in this chapter, we introduce a novel solution-based UV-Vacuum-Heating (UVVH) 

fabrication process to passivate ZnO NP films that reduces film resistivity and enhances 

electrical stability. The method involves spin-coating ZnO NP onto a patterned silver electrode, 

followed by heating the solution-processed ZnO NP film in a vacuum environment while 

continuously exposing it to UV light to eliminate the oxygen molecules. UV light aids in 

disrupting the bond between oxygen molecules and ZnO NP, while negative pressure aspiration 

and heating extract the oxygen molecules from the ZnO NP film. To assess the electrical 

stability of the ZnO NP films and prevent reabsorption of oxygen molecules, surface passivation 

is essential [133]. The passivation effect of water and polymers EVA, EVOH and polyvinyl 
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alcohol (PVA)  polydimethylsiloxane (PDMS) composite layer have been investigated. The 

theory and physics behind the fabrication method will be introduced in the next chapter.   

3.1 Electrode printing  

For the electrode printing, The commercial silver ink TC-C4007 was speed mixed at 3000 rpm 

for 1 minute before the printing. The Fisnar F7300NV dispenser printer was used for the device 

fabrication. The printed is shown in Figure 3.1.  

 

Figure 3.1: Schematic diagram of Fisnar F7300NV dispenser printer. The figure is reproduced  

from the research group members’ publication [68]. 

The specific use parameters of the dispensing printer in this study are: air pressure of 200 to 

400 kpa, needle tube moving speed of 0.8mm/s and needle tube radius of 0.1mm. The specific 

use process is, first of all, in order to ensure the sustainability of printing, the needle must be as 

close as possible to the substrate. According to the measurement, the distance between the 

needle and the substrate is between 0.08 mm and 0.1 mm. After adjusting the distance, pour the 

silver ink into the syringe. In order to examine the effect of different air pressures on silver 
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electrodes, air pressures of 200 kPa, 300 kPa and 400 kPa were used to print the electrodes, 

respectively. Finally, for consistency, the needle should not move too fast. Otherwise, it will 

leave different ink dots at the beginning and end of printing. The smallest width of each pressure 

was shown as follows: 

Table 3.1 The smallest width of the silver contact with different air pressure. The resolution 

was measured using microscope. 

Air pressure using in the printing (kPa) Highest resolution of silver line (mm) 

200 0.13 

300 0.16 

400 0.19 

 

After printing the silver electrodes, a methanolic zinc oxide solution was spin-coated on the 

glass substrate. The ZnO thin films were formed by spin coating at 2000 rpm for 20 seconds 

upon the sliver contact. 

There were three silver electrodes patterns printed on the glass. The printing pressure is 200 

kpa and the speed is 3 mm/s. First, to test the time-dependent stability, an interdigitated 

electrode structure was used, with an effective channel width (W) and length (L) as shown in 

the schematic diagram Figure 3.2 a and 3.2b with a W/L ratio of 90 ± 5 mm : 0.85 ± 0.06 mm 

= 105.  For TLM, six 10 mm long, 0.25 mm wide lines were printed on the glass with the 

distance between the adjacent lines being 2 mm, 4 mm, 6 mm, 8 mm and 10mm. Figure 3.3 

shows the TLM lines with 4 mm and 6 mm wide spacing. These films were used for measuring 

the contact resistance, sheet resistance and the transfer length. For Hall measurements on 

separate samples, four additional silver contacts were printed on the corners of the 

15 mm × 15 mm square glass substrates.  The carbon electrodes used for the pH sensor were 

printed as the 2.5 mm x 15 mm on each side of the glass substrate.  
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Figure 3.2: a) Geometry design parameter of the interdigitate electrode device and the length 

and width of ZnO NP film. b) ZnO NP film with interdigitated silver electrode after UV-

vacuum-heat EVOH passivation. The effective electrode channel width is 90 mm and the length 

is 0.85 mm.  The IDT is used to increased the measured material width and decrease the material 

length, this reduces the resistance of the sample and simplifies the measurement. 
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Figure 3.3: TLM structure with the gaps between lines of 4 mm and 6 mm and passivated by 

EVA. 

3.2 UV Vacuum Process with Water  

From Vidor’s work [24], UV light can remove the adsorbed oxygen molecules on the surface 

of ZnO NPs, and water molecules can work as a passivation. His work was done in the 

atmosphere. It can be predicted that, under the vacuum environment, the adsorbed oxygen 

molecules can be more efficiently removed and the water vapour can contact the NPs surface 

without the influence of other gas. 

For the investigation of water molecular interactions, the experimental setup and procedure are 

detailed in Figures 3.4 and 3.5. A customised vacuum chamber with two holes in the side wall 

was used to optimise the ZnO film. The UV lamp and the hot plate were connected to the power 
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supply outside the chamber, and the humidity sensor was connected to the Arduino UNO. The 

connection holes were sealed using silicone gel. 

Ten millilitres of deionised water were placed in a beaker adjacent to the ZnO, and both were 

subjected to heating under vacuum conditions. Once the relative humidity reached 70%, a 365 

nm UV lamp was activated for one hour of exposure. The specific procedure is as follows: the 

vacuum box was evacuated to -0.98 bar, and the vacuum pump was subsequently heated to 50 ℃ 

using a hot plate. This heating process was maintained for approximately 20 minutes until the 

relative humidity within the cabinet achieved 70%. At this point, the UV lamp was switched 

on, and the exposure continued for an additional one and a half hours.  

 

 

Figure 3.4: Schematic diagram of the vacuum ultraviolet light exposure system for water 

passivation. The UV lamp and humidity sensor inside the vacuum chamber are controlled by a 

microcontroller. An external power supply controls the hot plate. The UV light wavelength is 

365 nm. 
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Figure 3.5: Schematic diagram of the fabrication process for the UV-vacuum-water process. 

3.3 UVVH PVA and PDMS bi-layer passivation Process 

The fabrication process for UVVH and PVA/PDMS  passivation treatment is shown in Figure 

3.6. The steps 4 to 6 show the UVVH process. During the UVVH process, the vacuum pump 

should always be turned on. The equipment used for the UVVH process is shown in Figure 3.7.  

A dispenser printer deposited interdigitated silver electrodes onto a glass substrate. The 

electrodes had a gap width of 100 ± 5 mm and a gap length of 0.85 ± 0.06 mm. Following 

deposition, the electrodes were cured at 135 °C. For Hall measurements on separate samples, 

four additional silver contacts were printed on the corners of the 15 mm × 15 mm square glass 

substrates. ZnO NPs with a diameter of 100/20 nm (1:1, 0.2 g) were dispersed in 1.8 mL of 

methanol using ultrasonication. The resultant ZnO NP solution was spin-coated onto the pre-

patterned glass substrate with silver contacts at 2000 rpm. The ZnO NP film was coated with 

200 μL of a 15 wt% polyvinyl alcohol (PVA) solution in water, which was then dried at 50 °C 

for 30 minutes. A layer of polydimethylsiloxane (PDMS) solution was spin-coated onto the 

PVA layer at 3000 rpm and cured at 135 °C for 30 minutes. The samples were then placed in a 

vacuum chamber under 365 nm UV irradiation for one hour at 110 °C, then cooling for another 

hour. The vacuum pump was maintained throughout the process to ensure a low-pressure 

environment. Finally, the fabricated samples were stored in a vacuum in a dark, ambient 

environment. 



Chapter 3 

56 

 

Figure 3.6: The fabrication process for the enhanced solution-processed ZnO device with 

PVA/PDMS passivation. Steps 4, 5, and 6 are the UVVH treatment process. 

 

Figure 3.7: Schematic diagram of the vacuum ultraviolet light exposure system. The UV light 

and humidity sensor inside the vacuum box are controlled by a microcontroller. An external 

power supply controlled the hot-plate. 
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3.4 UVVH EVA Passivation Process  

For the fabrication of the ethylene-vinyl acetate (EVA) film, 0.1 g of EVA stock was immersed 

in 1 ml of trichlorobenzene and allowed to soak for one day. Following this, the mixture was 

speed mixed at 3000 rpm for 1 minute and subsequently heated in a water bath at 100 °C. Once 

the solution was thoroughly mixed, it was evenly poured onto a glass substrate and heated in 

an oven at 135 °C for 1 hour to facilitate drying. Afterwards, the cooled film was carefully 

peeled off from the glass. 

In the EVA passivation step (Figure 3.8), the EVA film was positioned atop the zinc oxide and 

silver contacts. The samples were then transferred into a vacuum chamber. Upon reaching a 

sufficient vacuum level, a UV LED was activated to facilitate the disconnection of oxygen 

molecules from the zinc oxide nanoparticles. The chamber was heated to 100 °C for 20 minutes 

to allow the EVA film to melt, followed by cooling in a vacuum. To ensure improved 

encapsulation, a hot-pressing step was performed within an argon glove box. 

For the extrusion process, a fluorinated ethylene propylene (FEP) film was initially placed on 

a hot plate within the glove box and preheated to 135 °C. The EVA film was then placed on top 

of the FEP film, and pressure was applied. Finally, after the EVA film had cooled, the FEP film 

was removed to complete the packaging process.  

3.5 UVVH EVOH Passivation Process 

In Zhang's study [134], it was observed that a mixture of ZnO NPs with sizes ranging between 

20-100 nm exhibited enhanced absorption of incident UV light, leading to increased removal 

of oxygen. In this work, two sizes of ZnO NPs (100 nm diameter NP from Merck, and 20 nm 

diameter NP from Thermo Scientific), were blended in a ratio of 1:1 by weight and 0.205 g of 

the blended particles were dissolved in 1.6 mL methanol (CH4O, 99.8% from Merck). The 

solution was sonicated for 1 hour and then stored in a refrigerator at 4 ℃ to reduce precipitation 

effects due to solvent volatilisation.  

For the EVOH passivation solution, 1 g Poly(vinyl alcohol-co-ethylene) (PVA-co-PE) with 

ethylene 32 mol% (Merck) and 10 mL dimethyl sulfoxide (DMSO from Merck) was stirred and 
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heated at 80 °C on the hot plate under vacuum conditions for 4 hours. The EVOH solution is 

applied directly onto the ZnO film during the fabrication process. 

 

 

Figure 3.8: The fabrication process for the enhanced solution-processed ZnO device with EVA 

passivation.  
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Figure 3.9: Schematic fabrication process flow for UVVH process and EVOH passivation.  

Starting from dispenser printing interdigitated silver electrode, spinning coating ZnO NP layer. 

The fabrication process in step 3 is to dry the DMSO/EVOH or hot melt the EVA film. The 

EVOH solution is drop cast, and the EVA film is directly applied on the ZnO surface.  Steps 4 

shows the passivation treatment using EVOH and EVA polymers under UV-vacuum-heat 

process for one hour and then cool down to room temperature under UV-vacuum condition. 

For the EVOH passivation shown in Figure 3.9, 20-150 µL of EVOH/DMSO solution was 

drop-cast onto the surface of the ZnO NP, to achieve different thickness of passivation layer. 

The sample was then placed in the vacuum ultraviolet exposure equipment and heated to 80 °C 

for one hour to remove the DMSO solvent, after which the sample was heated to 190 °C for 

one hour. During the UVVH process, the vacuum pump was kept turned on to generate a 

negative pressure. EVA passivation layers can absorb 85% of the 365 nm wavelength UV light 

[135], and EVOH passivation can absorb 50% [136]. Finally, the sample was allowed to cool 

to room temperature whilst still being exposed to the UV light under vacuum.  
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3.6 ZnO NPs diode-like pH sensor fabrication process 

Commercial carbon ink (Myldan Auto Design) was utilised for electrode printing. Zinc oxide 

nanoparticles (100 nm, Merck) were dissolved in methanol at a 10% weight ratio, and the 

resulting solution was subjected to sonication for one hour prior to spin-coating. For the 

preparation of the EVOH/DMSO solution, 1.5 g of poly(vinyl alcohol-co-ethylene) (ethylene 

32 mol%, Merck) was dissolved in 10 mL of dimethyl sulfoxide (DMSO, Merck) and stirred at 

90°C. 

The titanium precursor, titanium diisopropoxide bis(acetylacetonate) (Merck), was diluted 20-

fold in isopropanol (IPA) before use. Colloidal silica (30 wt% suspension in water, Merck) was 

diluted 100-fold in deionised water. Hydrochloric acid and sodium hydroxide were used to 

adjust the phosphate-buffered saline (PBS, 1×) to various pH levels, which were measured 

using a commercial pH sensor. 

All the IV measurements were taken in darkness. The current-voltage (IV) characteristics of 

the sensor were measured using a Keithley 2401 Source Meter Unit (SMU). Each reading was 

taken five minutes after applying the pH solution to the detection area. Following measurements 

and evaporation of the pH solution, the sensors were rinsed with deionised water in preparation 

for subsequent testing. 

Figure 3.10 illustrates the fabrication process of the ZnO NPs-based pH sensor. Carbon 

electrodes were dispenser-printed with dimensions of 2.5 mm in width and 15 mm in length 

onto a glass substrate. The ZnO NPs solution was spin-coated onto the substrate at 2000 rpm 

for 30 seconds. A layer of EVOH/DMSO (10 mm in width and 15 mm in length) was printed 

on the ZnO NPs and heated on a hot plate at 80 °C for one hour. The titania precursor, titanium 

diisopropoxide bis(acetylacetonate), was spin-coated on the ZnO NPs at 4000 rpm for 20 

seconds and heated to 90 °C for 10 minutes to generate titania particle film. Metal 

acetylacetonate can be used to form metal oxide nanoparticles by heating [137]. The colloidal 

silica solution was then spin-coated onto the sample at 4000 rpm for one minute. Then, the 

samples were heated at 110 °C for 60 minutes to form the silica particle film. The titanium 

oxide and silica particle film, almost insoluble in weak acids and alkali solutions, protected the 

ZnO NPs while testing and cleaning pH solutions. After deposition, the samples were subjected 
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to UVVH treatment at 120 °C for two hours, then cooled to room temperature under vacuum 

and UV conditions. The detection solution was applied to the ZnO NPs connected to the positive 

electrode. As previously reported [7], the UVVH process removes surface-adsorbed ionised 

oxygen, thereby reducing the resistivity of the ZnO NP film. The EVOH layer prevents the re-

adsorption of oxygen, maintaining the low resistivity state (LR ZnO). Without EVOH 

passivation, ZnO NPs rapidly adsorb atmospheric oxygen molecules, leading to a high 

resistivity state (HR ZnO). Figure 3.11 depicts the UVVH-treated ZnO NPs pH sensor.  

 

 

Figure 3.10: The fabrication process of UVVH-treated ZnO NPs pH sensor.  

It begins with printing carbon electrodes and spinning the ZnO NPs onto the glass substrate. 

Dispensing prints the EVOH/DMSO solution on one side of the ZnO NPs and heated it to 80 ℃. 

Step three shows the spinning coats of titanium oxide precursor and silica as the protection for 

ZnO NPs. Followed by UVVH treatment, heats for two hours and cools to room temperature. 

The region for the pH solution is the ZnO NPs that do not contain EVOH. Step five shows the 

measurement setup.  
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Figure 3.11: UVVH-treated ZnO NPs pH sensors. The length of the carbon electrode is 

15mm. The EVOH passivation layer is a 15 mm x 10 mm rectangle.  The structure was designed 

based on the phenomenon that adsorbed oxygen molecules can also be controlled by an 

electrical bias field, allowing the resistivity of ZnO at the LR-HR interface to be easily 

controlled by the applied voltage. 

 

3.7 ZnO NPs intrinsic diode-like device fabrication process 

To demonstrate that the intrinsic properties of the diode-like ZnO NPs enable characterisation 

in both solid and liquid electrode environments, The fabrication process is detailed in Figure 

3.12. Following the deposition of ZnO NPs and EVOH with subsequent UVVH treatment, a 

carbon electrode solution was printed onto the high-resistance (HR) ZnO NPs (without EVOH) 
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and dried at room temperature. The fabrication process details include: first, one carbon 

electrode was printed on the glass substrate  with 2 x 15 mm size.  Then the ZnO NPs film was 

spined coated on the substrate with 2000 rpm. After that, the EVOH solution was printed on 

the ZnO NPs film dried at 80 ℃ for one hour. Following by the UVVH treatment for 2 hours. 

After the UVVH treatment, the samples were stored in the vacuum chamber until another 

carbon electrode was printed on the LR and HR ZnO NPs interface. Finally, the carbon ink was 

evaporated under the vacuum in room temperature. 

 

Figure 3.12: Fabrication process of the ZnO NPs diode-like device without liquid electrode. 

3.8 Conclusions of Chapter 3 

Chapter 3 details the fabrication equipment and process flow for the ZnO NPs device. All 

material deposition methods utilized are solution-based, with particular emphasis on the UVVH 

fabrication process. The fabrication method was developed based on the interaction between 

oxygen molecules and ZnO NPs affected by UV light exposure. The maximum temperature of 

the manufacturing process is 180 degrees Celsius, which is suitable for most flexible substrates. 

The vacuum level must be at least -0.98 mbar, and the vacuum pump must be running all the 

time to ensure uninterrupted vacuuming. The wavelength of ultraviolet light is 365 nm. This 

manufacturing method for reducing the resistivity of ZnO NPs has been published in the journal 
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ACS Applied Electronic Material and at the 50th Micro and Nano Engineering conference. The 

enhanced characterization of ZnO NPs achieved through this method will be discussed in 

Chapter 4, along with its manufacturing principles in subsequent chapters. Chapter 5 will 

introduce the characterization of diode-like ZnO NPs and its pH sensing application.  
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Chapter 4   

Electrical Properties and 

Characterisation of UVVH 

Treated ZnO NPs Film 
 

Introduction 

This chapter introduces the measurement results of the ZnO NPs film with the UVVH treatment 

and polymer passivation. The characterisation includes scanning electron microscopy (SEM), 

X-ray photoelectron spectroscopy (XPS), Hall measurement, transfer length measurement 

(TLM), current-voltage (IV) measurement and time-based electrical stabilities.  To assess the 

electrical stability of the ZnO NP films and prevent re-absorption of oxygen molecules, surface 

passivation is essential [133]. The passivation effects of water and polymers EVA, EVOH and 

PVA/PMDS have been individually investigated. The fabricated ZnO film has a sheet resistance 

of 2.5 x 104 Ω/⧠ and a thickness of 2.35 µm.  After 60 days, the resistivity of ZnO NP film 

passivated with EVA or water molecules increased by a factor of 106, while the resistivity of 

ZnO NP passivated with EVOH and PVA/PDMS only doubled. Re-exposing the films to UV 

light in an atmospheric environment achieves a 104 order of magnitude reduction in resistance 

for films passivated with EVA and water molecules, whereas films passivated with EVOH 
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experience only a 20% reduction in resistivity. The effect of the UVVH process will also be 

discussed in this chapter.  

4.1 SEM of ZnO NPs film 

The SEM image was taken using the Zeiss NVision 40 system.  Figure 4.1 shows the scanning 

electron microscope (SEM) image of the ZnO NPs film thickness of 2.35 µm and its porous 

form. The film was made using two sizes of ZnO NPs (100 nm:20 nm = 1:1) and was deposited 

on the glass by spin-coating the premade nanoparticle solutions at 2000 rpm for 20 seconds. 

The figure shows two nanoparticles differing in size. The larger, relatively blocky nanoparticles 

have a size of approximately 100 nm, while the smaller, relatively flocculent nanoparticles 

measure about 20 nm. It is evident from the figure that the two nanoparticle sizes adhere well 

to each other, with the smaller particles effectively encapsulating the larger ones. The SEM 

image was taken by Amanda Green. 

 

Figure 4.1: Cross-sectional SEM image of the solution-processed ZnO NP film on a glass 

substrate. The SEM image was taken by Amanda Green.  

 

100 nm 

20 nm 
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4.2 IV Characterization and Electrical stability of the UVVH-treated ZnO 

NPs film with different passivation 

To avoid the influence of ambient light, all ZnO NPs samples were stored in the dark at room 

temperature, and measurements were performed in a dark setting. The resistance of the thin 

film was measured using a Keithley 2636B and Keysight B1500A source measurement unit 

with a Polytec MSA-400 MEMS probe station.  The principles of both measurements were 

introduced in the previous chapter. Electrical results were obtained from two samples, with 5 

measurements taken from each unless otherwise stated. All the data in the plots show the 

average value.  

Figure 4.2a shows the resistance values of the interdigital device with the unprocessed ZnO 

NP film obtained for different UV-vacuum-heating processing times with measurements were 

taken immediately after the process. The initial resistance of the unprocessed film was 200 MΩ 

but drops to 5 kΩ after 10 minutes and drops further to 1.3 kΩ after 60 minutes. Figure 4.2b 

summaries the ZnO sheet resistance under different EVOH thickness after 1 and 60 days. With 

thinner EVOH film (10 to 40 µm), the sheet resistance was significantly increased after 60 days 

but for the 80 µm EVOH film passivation, the sheet resistance was stable.  

Figure 4.3 shows the change in ZnO sheet resistance over time calculated from the results of 

the interdigitated device. The W/L ratio of the ZnO NP film is 105, and its film sheet resistance 

is calculated from Rsh = R × W/L where R is the measured resistance. The 10-80 µm EVOH 

represents the different passivation film thicknesses. The thickness of the EVA film is 0.8 mm. 

All the passivation processes are under combined UV-vacuum-heating condition. The water 

molecule passivated ZnO film had a sheet resistance of 0.21 MΩ/□ immediately after 

processing which increased to 10 GΩ/□ after one day, and finally settled at 20 GΩ/□. The 

resistance of the device passivated by EVA was initially around 42 kΩ/□ and this settled to 5 

GΩ/□ after 3 days. The initial resistances of EVOH passivated ZnO films are: 14 kΩ/□, 12 

kΩ/□, 31 kΩ/□, 68 kΩ/□ for EVOH thickness of 10, 20, 40 and 80 µm respectively. After 60 

days these values had increased to 4.0 GΩ/□, 2.6 GΩ/□, 7.8 MΩ/□ and 13 kΩ/□. Table 4.1 

summarizes the response of all devices following re-exposure to 365 nm UV light after 60 days. 
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The resistance of the devices with water passivation and EVA passivation decreased by 104 

times after being irradiated by UV light for 10 seconds. Devices passivated with EVOH are less 

responsive to UV exposure. The sheet resistance would decrease by a factor of 1000 for EVOH 

thickness of 10 to 20 µm. However, the sheet resistance of EVOH thicknesses of 40 µm and 

80 µm is reduced by a factor of 50 and 1.4. The negligible resistivity change in the device with 

the 80 µm thick passivation layer is due to the lack of adsorbed oxygen molecules on the surface 

of the ZnO NP film. This can be attributed to the thicker EVOH film reducing the UV 

absorption on the ZnO film.  

 

 

Figure 4.2: a) The resistance of interdigitated device without any passivation obtained after 

different UV-vacuum-heating times. The samples were exposed to the 365 nm wavelength UV 

b) 

a) 
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and heated to 190 °C in 10-2 mbar vacuum condition. b) ZnO NP bulk sheet resistance with 

different EVOH passivation thickness measured on Day 1 and Day 60. The lines joining the 

dots are for the eye guide, showing the change in bulk and sheet resistance with time and EVOH 

thicknesses. 

 

Figure 4.3: Measured time-dependent sheet resistance changes. The sheet resistance is 

calculated from the measured resistance of the device to its W/L ratio (See Appendix A). The 

lines joining the dots are only for eye guidance.  

The I-V curve of the unpassivated and the passivated ZnO NPs film on the interdigitated silver 

electrode is shown in the following figures (Figures 4.4, 4.5, and 4.6). The interdigitated 

electrode structure was introduced in Chapter 3, with an effective channel width (W) and length 

(L) as shown in the schematic diagram Figure 3.2a and 3.2b in Chapter 3 with a W/L ratio of 

90 ± 5 mm : 0.85 ± 0.06 mm = 105.   The as-deposited ZnO NP film exhibits high resistivity 

and hysteresis, and the EVOH passivated ZnO NP film without a UV-vacuum-heat process 
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shows a low current level but no significant hysteresis. The passivated ZnO NP film fabricated 

with the UV-vacuum-heat process shows a significantly higher current level and lower 

hysteresis. 

The hysteresis phenomenon was also discussed in the previous literature review chapter. 

Greenham et al. [138] observed a similar phenomenon, attributing it to the adsorption and 

desorption of oxygen molecules on the surface of ZnO. A comparison of Figures 4.4 and 4.5 

reveals that the hysteresis phenomenon is considerably diminished in the presence of a 

passivation layer. This reduction may result from the passivation layer's ability to isolate the 

oxygen molecules from the ZnO nanoparticles, thereby hindering the desorption and re-

adsorption of oxygen on the surface of the ZnO nanoparticles. Furthermore, a comparison of 

Figures 4.5 and 4.6 indicates that while applying the passivation layer leads to a relative 

reduction in the resistivity of the ZnO nanoparticle film, the resistivity of the film after UVVH 

treatment is decreased to a greater extent. 

Table 4.1: Resistance response for 365 nm UV of interdigitated devices stored for 60 days in 

darkness after processing. 

Interdigitated devices 
with different 
passivation 

Initial ZnO 
sheet 
resistance 
after 
processing (Ω/
□) 

ZnO sheet 
resistance after 
60 days stored 
in darkness (Ω/
□) 

Sheet resistance after re-
exposure to 30 mW/cm2 
UV for 10 seconds (Ω/□) 

10 µm EVOH 1.03 × 104 4.64 × 109 3.91 × 106 

20 µm EVOH 1.23 × 104 3.26 × 109 1.93 × 106 

40 µm EVOH 2.31 × 104 2.21 × 106 4.31 × 105 

80 µm EVOH 6.00 × 104 1.11 × 105 0.88 × 105 

800 µm EVA 4.56 × 104 5.78 × 109 1.82 × 105 

Water passivation  6.31 × 104 2.42 × 1010 6.08 × 106 
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Figure 4.4: Measured I-V curve for the ZnO NP film with the interdigitated silver electrode, 

without EVOH passivation or UVVH process. 

 

Figure 4.5: Measured I-V curve for the ZnO NP film with the interdigitated silver electrode, 

with EVOH passivation but without UVVH process. 
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Figure 4.6: Measured I-V curve for the ZnO NP film with interdigitated silver electrode, with 

EVOH passivation and UVVH process.  

It can be seen from Table 4.2 that the resistivity of ZnO deposited from solution is significantly 

higher than that deposited from clean room. The resistivity of solution-processed ZnO NP film 

is 3 to 5 orders of magnitude higher than that of films deposited using other techniques. 

Variations in resistivity are further influenced by specific solution and post-processing 

methodologies used. The resistivity of ZnO NP film passivated by EVOH and with UV-

vacuum-heat process shows similar resistivity with the ALD deposited ZnO film and 

significantly lower than other deposition methods. This may be due to the deposition of oxygen 

molecules on the surface of ZnO nanoparticles, which restricts the movement of electrons inside 

them [91]. However, the light conditions during the measurement and the stability of the 

material over time are not given in the literature. No matter how it is deposited, if ZnO is 

exposed to air for a certain period of time, its resistance will rise due to the contact with air.  So, 

to ensure the stability of the device, ZnO must be passivated. According to the previous study 

[22], Al2O3 and HfO2 insulator layer are used to protect the ZnO channel. However, the 

fabrication process of this layer is complex and requires several steps in the cleanroom. In 

principle, the protection layer should be as thin as possible to ensure the sensitivity of the device.  
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Table 4.2: Comparison of ZnO Films Deposited by Different Methods 

Deposition method Sheet 
resistance 
(Ω/⧠) 

Thickness 
(nm) 

Carrier 
concentration 
(cm-3) 

Resistivity 
(Ω.cm) 

ALD[139] 1.3 x 105 80 1 x 1017 1.04 
Atmospheric pressure chemical 
vapour deposition[140] 

1.8 x 107 300 6.55 x 1014 2460 

Solution-processed ZnO with 
N2 annealed [141] 

9.9 x 108 100 1.7 x 1014 9900 

Solution-processed ZnO with 
O2 annealed [141] 

3.8 x 1010 100 1.6 x 1014 380000 

Ink-jet printed ZnO [60] 5 x 109  81     40500  
ZnO film in this work with 
EVOH passivation 

2.5 x 104  2350 2.28 x 1017 5.8 

As shown in Figure 4.7, the time-dependent results for the PVA/PDMS passivated ZnO NPs 

film are similar to those for the EVOH passivated one. This device employs the previously 

mentioned interdigitated silver electrodes. A PVA aqueous solution is drop-cast onto the 

surface of the ZnO NPs film and subsequently dried. Following this, pre-stirred PDMS at a 10:1 

ratio is spin-coated onto the ZnO NP film at a speed of 3000 rpm. The manufacturing process 

is completed with a UVVH treatment. PVA serves as an oxygen-isolating polymer and contains 

a substantial number of hydroxyl groups. After the ZnO NPs undergo UVVH treatment, the 

PVA passivation layer can maintain low resistivity over an extended period. This observation 

underscores the critical role of the passivation layer's oxygen-isolating properties. Similar to 

EVOH, PVA's abundant hydroxyl groups may enhance its adhesion to ZnO NPs. The thickness 

of the PVA/PDMS film is only 30 µm, yet the resistivity of the passivated ZnO NPs remains 

almost unchanged for up to 3 months. This stability may be attributed to PVA's superior oxygen 

isolation performance. However, due to its water-soluble nature, PVA does not adequately fulfil 

the passivation requirements in aqueous solutions.  
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Figure 4.7: The resistivity (derived from interdigitated devices) 12 weeks after UVVH 

treatment for PVA/PDMS passivated and non-passivated ZnO NP film. 

4.3 TLM and Hall measurement results  

The sheet resistance of the unprocessed ZnO film (without UV-vacuum-heat process) taken by 

TLM immediately after deposition (see Figure 4.8) was 12 GΩ/□ and the contact resistance 

was 100 MΩ. The processed ZnO with water molecule passivation had a sheet resistance of 9 

MΩ/□ and a contact resistance of 0.2 MΩ. The processed ZnO with EVA passivation exhibited 

a sheet resistance of 30 kΩ/□ and a contact resistance of 0.6 kΩ. The processed ZnO with the 

10 µm thick EVOH passivation had a sheet resistance of 25 kΩ/□ and contact resistance of 0.5 

kΩ. These results show broad agreement with the resistivity measurements obtained from the 

interdigital devices (see Table 4.1).  
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Figure 4.8: TLM for the ZnO NPs film with 1 cm width and 0.2 to 1 cm length a) as deposited 

b) with 365 nm vacuum UV and water c) with UVVH EVA passivation d) with UVVH EVOH 

passivation. The slope of the red line represents the sheet resistance of the film. The intercept 

of y-axis is twice the contact resistance of the silver electrode and the semiconductor film. The 

intersection of the x-axis is the transmission length. 

The resistivity and carrier concentration of the thin film are measured using an HL5500 Hall 

measurement system. Figure 4.9 illustrates the Hall effect measurement results for ZnO NP 

films categorised by the presence or absence of passivation and the UVVH treatment. The 

resistivity and carrier concentration of the passivated ZnO NP with UVVH treatment are 3.63 

Ω·cm and 1.37 x 1017/cm3, respectively. The values of the passivated film without UVVH 

treatment are 6115 Ω·cm and 2.83 x 1015/cm3. The values of the non-passivated film with 

UVVH treatment are 16.76 Ω·cm and 4.21 x 1016/cm3. The values of the non-passivated film 

without UVVH treatment are 3.21 x 106 Ω·cm and 2.13 x 1013/cm3.  
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Figure 4.9: Hall measurement result for the ZnO NP film with and without passivation or 

UVVH treatment  

4.4 Discussion of UVVH treatment – surface oxygen molecules adsorption 

and released 

It has been observed that reducing the oxygen partial pressure during the fabrication process 

increases the conductivity of ZnO. This can be due to the lower oxygen partial pressure resulting 

in more oxygen vacancies in the ZnO lattice structure. Oxygen vacancies have long been 

considered to be one reason why ZnO exhibits n-type semiconducting properties [52]. The 

calculation based on first principles shows that oxygen vacancies are located at very deep 

energy levels, are not shallow donors, and cannot, therefore, provide n-type conduction [52] 

[142]. However, recent research shows that the oxygen vacancies on the surface of the ZnO NP 
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easily absorb the oxygen molecule from the ambient environment and then trap the electron in 

the nanoparticle [117].  

According to the theoretical model proposed by Saputra et al,[117] the ZnO surface with 

oxygen vacancies, or zinc oxygen dimer vacancies, can quickly adsorb oxygen molecules and 

convert them into two individual oxygen atoms. The oxygen atoms will trap the free electron 

and become oxygen ions, thereby reducing the carrier concentration inside the ZnO film itself 

and increasing its resistivity.  

Experiments investigating the electrical characteristics of nano ZnO under UV light exposure 

and in the presence of water have yielded a consistent hypothesis which is oxygen molecules 

adhere to the ZnO NP, binding with electrons [24], [91], [93]. Ultraviolet (UV) light can 

transiently release ionized oxygen molecules from the surface of ZnO NPs, thereby increasing 

the majority carrier concentration, with water molecules facilitating the maintenance of this 

concentration. The following equation can be used to define this phenomenon [25], [91], [94]: 

O2 (g) + e- → O2
- (ad)             (4.1) 

hv → e- +h+                   (4.2) 

O2
- (ad) + h+ → O2 (g)              (4.3) 

H2O + 2Zn + Ov → 2(Zn – OH) + Vo + 2e- (4.4) 

Where O2 (g) and O2
- (ad) are oxygen molecule in the gas phase and adsorbed oxygen molecule 

on the ZnO surface, hv is the UV energy, 𝑒𝑒− and ℎ+are electron and hole. OV is the oxygen in 

lattice, Zn - OH represents the zinc atoms with adsorbed hydroxyl groups, Vo represents the 

oxygen vacancy. When ZnO is exposed to ultraviolet light, its internal electrons transition and 

leave holes in the valence band, forming electron-hole pairs. The formed holes migrate to the 

ZnO surface and neutralize the electrons bound by the oxygen molecules, thereby releasing the 

oxygen molecules, and leaving behind the electrons that have transitioned. The carrier 

concentration increases accordingly, and the resistivity of the ZnO decreases macroscopically. 

When the UV exposure is stopped, the oxygen molecules in the ambient environment will 

combine on the surface of ZnO to begin to reduce the carrier concentration again. Vidor et al 

[24] shows that if the ZnO is exposed to a higher relative humidity environment, the resistance 
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of the ZnO will decrease significantly. After exposure to UV and moisture, if it is stored in a 

high humidity environment, the ZnO NP film will maintain a greater carrier concentration and 

lower resistance than a device stored in a dry environment [24]. This is due to the water 

molecules adsorbed on the surface of ZnO which reduce the number of oxygen molecules 

adsorbed on its surface. However, the water molecules cannot be easily retained on the surface 

of the ZnO and will evaporate unless a high environmental humidity prevents this.  

Figure 4.10 presents the schematic diagram explaining the impact of ZnO NPs surface exposure 

to 365 nm UV radiation in vacuum condition, as described from literature [24], [118], [119]. 

The released oxygen molecules in gas phase diffuse into the environment. In this process, 

applying heat enhances the release rate of oxygen molecules.  

The presence of the vacuum diminishes the concentration of released oxygen molecules at the 

ZnO NP surface. Figure 4.10 also illustrates the transient use of water molecules as a 

passivation layer at the ZnO NP surface; however, this effect is short-lived as the water 

molecules evaporate, leading to oxygen re-adsorption. The lower path in Figure 4.10 illustrates 

the application of  EVOH polymer passivation to prevent oxygen molecule re-adsorption, 

preserving the ZnO electron concentration. In addition, the passivation layer with lower oxygen 

permeability maintains the higher ZnO electron concentration for a longer duration. Regarding 

the effect of water molecules on the conductivity of ZnO film, Liau et al [94] also proposed that 

water molecules will be dissociated into hydroxyl groups after contacting and adsorption on the 

ZnO film surface and increase the electron concentration [94]. The research of Rawal et al on 

the interaction between water molecules and ZnO NP proposed that the dangling bonds exist 

on the surface of ZnO NP will dissociate the adsorbed water molecules [143].  
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Figure 4.10: Schematic diagram of the release of carriers bound by oxygen on the ZnO surface 

by UV exposure in vacuum condition. Top path (derived from literature [24], [118], [119]) 

shows the interaction of water molecules attached to the surface of the nanoparticles and after 

leaving in ambient atmospheric condition, the oxygen molecules readily re-absorbed on the 

surface of ZnO. The bottom path shows the polymer passivation material (EVOH) that are more 

effective in preventing oxygen from being re-adsorbed. 

X-ray photoelectron spectroscopy (XPS) was used to examine the surface composition of both 

non-passivated and passivated ZnO films. The XPS measurement was taken and in 

collaboration with Ben. Rowlinson. An AlKα X-ray source with a photon energy of 1486.6 eV 

is used. All spectra have had standard C1s surface charging corrections applied at 284.8 eV.    

The non-passivated sample has been left in ambient conditions for 60 days. The passivated 

sample uses a thickness of approximately 800 nm of EVOH, which is processed using the UV-

vacuum-heating treatment, immediately before being placed in the XPS vacuum chamber. The 

EVOH layer is etched using an Ar ion gun in-situ until the Zn2p and O1s spectral peaks are 

present in the survey measurement. High-resolution XPS characterisation of the O1s and Zn2p 
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regions are then made. The Zn2p spectra for the passivated and non-passivated samples are 

shown in Figure 4.11, with O1s spectra  shown in Figure 4.12.  

 

Figure 4.11: Measured XPS results for Zn2p and O-Zn spectral peaks for a) unpassivated ZnO 

NP film b) passivated ZnO NP film.  

 

Figure 4.12: Measured O 1s XPS spectra of ZnO NP film, a) without EVOH passivation and 

UV-vacuum-heat process b) with the passivation and the UV-vacuum-heat process. 

The de-convoluted core level O1s spectrum in Figure 4.12a for a non-passivated EVOH 

sample shows a distinct primary peak at 529.76 eV, characteristic of the O-Zn bond. A 

secondary peak at 531.56 eV is attributed to a combination of surface O2
- , H2O, and -OH 

a) b) 
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hydroxyl groups that arise from atmospheric moisture adsorption [144], [145]. The EVOH-

passivated sample in Figure 4.12b has a primary peak at 529.54 eV and a broad secondary 

peak at 531.70 eV, arising from O-Zn bond and -OH groups, respectively. Secondary peaks in 

core level O1s are often ascribed to oxygen vacancies, although there is recent evidence by 

Frankcombe et al. [144] that suggests little evidence of oxygen defects in the bulk region of 

ZnO and more likely to be due to interaction of the hydroxyl from H2O or surface oxygen on 

the ZnO surface. As such, the secondary peak at higher binding energies of 531.56 eV for the 

non-passivated sample and 531.70 eV for the EVOH-passivated sample are interpreted as -

OH groups, with a characteristic binding energy 1-2 eV higher than that of the O-Zn bond. 1 

The atomic ratio of O-Zn to -OH at the measured surface is 40.8% O-Zn to 59.2% -OH for the 

non-passivated sample versus 55.4% O-Zn to 44.6% -OH for the EVOH-passivated. This 

indicates a reduction in the concentration of -OH groups, surface O2
- and H2O in the EVOH-

passivated sample and demonstrates the effectiveness of simultaneous UV-vacuum-heat 

treatment. 

The TLM results are summarized in Figure 4.13 with the full datasets being supplied in the 

supplementary material section. Figure 4.13a shows the sheet resistance of the different 

passivation methods when processed under UV-vacuum conditions. The water passivation 

reduced the ZnO sheet resistivity by approximately 103 times compared to the unpassivated 

ZnO NP, which is consistent with chemical equations 4.1 to 4.4. The use of UV-vacuum-water 

process increases the condensation of the water vapor on the surface of the ZnO NP film, 

leading to a lower sheet resistance compared to Vidor et al. [24] in which their ZnO was 

processed at atmospheric pressure. Notably, the TLM results for the two polymer passivation 

layers yielded similar results reducing the resistance by approximately 5 ×105 times which is 

consistent with results from the interdigitated devices shown in Table 4.1. In contrast, for the 

water passivated ZnO NP film the TLM results do not agree with the interdigitated device due 

to the timing of the measurements. The interdigitated device was measured immediately after 

processing, whereas the TLM structure was measured 1 hour after the UV-vacuum-water 

process.  The delay in the TLM measurement causes re-adsorption of oxygen, increasing the 

ZnO NP sheet resistance. The UV-vacuum-water process has a greater oxygen permeability 

through the polymer layers, which leads to a higher initial sheet resistance. Figure 4.13b shows 

the contact resistance of the as-deposited, UV-vacuum-water treated ZnO NPs, EVA and 
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EVOH passivated ZnO NPs. A consistent transfer length of 0.05 mm extracted from the TLM 

results for all ZnO NP passivated films indicates a reliable ohmic contact between the solution-

processed ZnO NPs and the silver electrodes. These contacts are unaffected by the passivation 

materials or the UV-vacuum treatment process.  

 

Figure 4.13: a) Sheet resistance and b) contact resistance results extracted from TLM 

measurement. 

Regarding the ZnO NP film's long-term electrical stability investigation, the electron carrier 

concentration of the EVA passivated ZnO NP film reduces to a stable level after 4 days. This 

is due to the higher level of oxygen permeability of EVA compared with EVOH (the oxygen 

transmission rate of EVA is 180 cm3 mm/ m2 day atm [129], while the rate of EVOH is 0.1 cm3 

mm/ m2 day atm[129]). Also, the bond between the ZnO film and the EVA is not as strong as 

for the EVOH due to the different processing methods with the EVA being applied as a dry 

film and then heated to 190 oC. The hydroxyl functional groups in EVOH enable a much 

stronger bond to the ZnO surface and contribute to the lower sheet resistance of the EVOH 

passivated ZnO NP films. 

As shown in Table 4.1, upon re-exposure to UV light after 60 days, the resistivity of ZnO NPs 

passivated by EVA remained lower than that of unpassivated films when measured one minute 

after re-exposure. This indicates that the oxygen molecules are very quickly re-adsorbed on the 

surface of the unpassivated films whereas the EVA does slow down the reabsorption process. 

a) b) 
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Although EVOH significantly reduces oxygen transmission rates, it only limits oxygen 

migration to the ZnO NP film surface, and its film thickness has a significant impact on its 

effectiveness. For EVOH films of 10 µm and 20 µm thickness, the resistance begins to increase 

after 2 days, underscoring the inability of these thin layers to provide adequate passivation. The 

80 µm thick EVOH-ZnO device exhibited minimal resistance increase even after 60 days, 

demonstrating superior stability. Note that the initial resistance of thicker EVOH passivated 

interdigitated ZnO devices tends to be higher. This could be attributed to reduced UV 

illumination efficacy in removing oxygen molecules from the ZnO surface during passivation. 

Additionally, the DMSO solvent used in the EVOH solution does etch the ZnO film during the 

passivation process, resulting in thinner film thicknesses. The thicker the EVOH, the longer the 

ZnO is exposed to the DMSO before it evaporates, resulting in higher initial resistance 

compared with thinner EVOH layers.  

The conductivity of the film can be influenced by the carrier concentration and the mobility. As 

shown in the SEM image of Figure 4.1, the porous nature of ZnO NP film allows oxygen 

molecule to incorporate into it, resulting in surface depletion. This effect reduces the carrier 

concentration and mobility while considerably increasing film resistivity. The photoresponse 

of the ZnO NP film can be explained by [146], (i) the rapid photogeneration and recombination 

of electron-hole pairs, and (ii) the slow adsorption of the oxygen molecule. With the passivation 

and UV-vacuum-heat process, secondary recombination can be very slow, as a result, the ZnO 

NP film has a higher carrier concentration and mobility. 

4.7 Conclusions of Chapter 4 

This chapter has demonstrated a novel fabrication method that enhances the electrical properties 

of solution-processed ZnO NP film using UV exposure and heating the sample in a vacuum 

environment. This method has reduced the resistance of the solution processed ZnO NP film to 

levels comparable with chemical or physical vapor deposited films. This enhancement can 

achieve long-term stability with a solution processed EVOH passivation layer of 80 µm 

thickness. The resistivity of the film was reduced to 5.9 Ω·cm, which is comparable to the vapor 

deposition film. The fabrication method proposed in this paper can initially minimise the 

influence of oxygen on ZnO NP and slow down any subsequent adsorption effect. In the 

comparison of the two passivation materials (EVA and EVOH), it can be concluded that it is 



Chapter 4 

84 

beneficial for any passivating polymer to have hydroxyl functional groups to bond closely to 

the ZnO surface and contribute to the reduction in resistance. The oxygen transmission rate 

through the passivation layer could be further improved by adding inorganic materials that have 

lower oxygen transmission rates. The inclusion of glass flakes or nanoparticles, for example, 

would make the path the oxygen molecules travel much longer. The addition of such materials 

will, however, alter the mechanical properties of the passivating film. Solution processing is 

inexpensive, and the materials used are environmentally sustainable. ZnO films are widely used 

to monitor UV and to as a chemical sensor to detect reducing substances. One drawback of 

using the thick EVOH passivation layer is the reduced sensitivity to these measurements, and 

the EVA passivation may be better suited to photoresistor applications. Low-resistivity 

solution-processed ZnO NPs can be particularly sensitive to substances that dissociate due to 

hydrogen bonding, making them suitable for use in biochemical sensors and field effect 

transistors. 
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Chapter 5   

Characterisation of the ZnO NPs 

diode-like pH sensor 
Introduction 

The pH value of human body fluids serves as a crucial biological indicator with significant 

implications for clinical diagnosis. The normal pH range of human blood is between 7.3 and 

7.5. A pH level below 7.3 is indicative of acidosis, while a pH level above 7.5 suggests alkalosis 

[26]. In the context of cancer diagnosis, the extracellular environment of cancerous cells 

exhibits a slightly lower pH than normal cells due to its acidic nature [34]. Nonetheless, the 

sensitivity of traditional pH sensors is limited by the Nernst limit (59 mV/pH), which can 

restrict diagnostic efficacy. Consequently, overcoming the Nernst limit to develop high-

sensitivity pH sensors has garnered considerable research interest. Recent advancements have 

focused on developing pH sensors that utilize metal oxides, such as ZnO [29], RuO2 [30], WO3 

[31] and IrO2 [32] as sensing layers. 

According to the results from section 4, the UVVH process can significantly diminish the 

resistivity of ZnO NPs. Additionally, passivation with ethylene vinyl alcohol (EVOH) polymer 

considerably enhances electrical stability. The UVVH process effectively removes ionised 

oxygen molecules adsorbed on the surface of ZnO, exposing a more significant number of 

adsorption sites, which increases the operational efficiency of ZnO NP pH sensors.   
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This chapter presents a novel pH sensor utilising UVVH-treated solution-processed ZnO NPs 

devices beyond the Nernst limit. The device demonstrates diode-like electrical behaviour, with 

its threshold voltage exhibiting a dependency on the pH of the tested solution. The operating 

principle is also analysed, and a mathematical model is presented to characterise its electrical 

behaviour. Two types of ZnO NPs films (100 nm and 100/20 nm) were both tested and the 

results will be shown in the following section. According to Yujian et al. work [106], When the 

amount of hydrogen ion species participating in the reaction is greater than the number of 

electrons transferred due to the chemical reaction, the sensitivity of the device will exceed the 

Nernst limit. The mechanism of the ZnO NPs diode-like device is due to adsorbed ionised 

oxygen molecules, where the number of electrons transferred is less than the number of 

hydrogen ions involved, so the sensitivity exceeds the Nernst limit. 

5.1 Contact angle measurement of the ZnO NPs film after UVVH treatment. 

In solution sensing, the more hydrophilic property can make the detection material more easily 

interact with the detection substance in the solution, thereby achieving better sensitivity. Since 

the 100/20nm mixed film is more hydrophobic, the pure 100nm ZnO film is more suitable for 

solution detection. In solution pH sensing, higher wettability enhances the film's ability to 

adsorb charges from the solution more effectively. When the contact angle is less than 90°, the 

material is generally considered to be hydrophilic and easily wetted. When the contact angle is 

greater than 90°, the material is generally considered to be hydrophobic and not easily wetted 

[147].  

The contact angle measurement was shown in the following figures. Figure 5.1 depicts the 

contact angle measurements for ZnO NPs across varying conditions. Specifically, Figure 5.1 

illustrates the contact angle of the as-deposited ZnO NPs film, and the contact angles for ZnO 

NPs films following UVVH treatment at 120 °C and 180 °C, respectively. Post-UVVH 

treatment, the contact angle increased, indicating a significant reduction in the surface energy 

of the ZnO NPs. This reduction is attributed to removing chemical functional groups, such as 

adsorbed oxygen molecules or hydroxyl groups, from the ZnO NPs surface during the UVVH 

process. A high wettability is vital for solution sensing, as it enhances the adsorption of target 

substances onto the ZnO NPs film, thereby inducing changes in electrical properties. Through 

the comparison between the 100 nm ZnO film and 100/20 nm mixture film, the 100 nm ZnO 
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film shows higher wettability than the mixture film. This may be because the 100 nm ZnO film 

has more porous structure which allowed the water molecule to contact with the surface better.  

The ZnO NPs film without UVVH treatment showed a contact angle close to zero regardless 

of particle size. After UVVH treatment at 120 °C, the contact angle of the ZnO NPs mixed film 

was 49°, and the contact angle of the 100 nm ZnO NPs film was 25°. After UVVH treatment at 

180 °C, the contact angle of the 100/20 nm film was 116°, and the contact angle of the 100 nm 

film was 94°.      

    

Figure 5.1: Contact angle results for 100nm and 100/20 nm ZnO NPs film with different 

UVVH temperature conditions. The contact angle was measured by KRÜSS DSA30. 

5.2 Devise structure   

Figure 5.2 shows the structure and the measurement setup of the device. During the UVVH 

process, ionised oxygen adsorbed onto the surface of ZnO NPs is removed, forming low-

resistivity zinc oxide (LR ZnO). The subsequent application of EVOH passivation preserves 

this low resistivity level by hindering the re-adsorption of oxygen molecules from the ambient 
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atmosphere. In contrast, regions lacking EVOH passivation undergo oxygen re-adsorption 

following UVVH treatment, forming the surface depletion layer and leading to high-resistivity 

zinc oxide (HR ZnO) development [41], [92], [148]. The operational area of the pH sensor is 

situated at the interface between the LR and HR ZnO NPs. Owing to the porous structure of the 

nanoparticle film, the pH solution can permeate through the film, allowing it to directly contact 

the edge of the LR ZnO region, functioning as a liquid electrode. This can be proved by similar 

IV results in measuring 400 µL water or PBS buffer resistance using the carbon electrode with 

and without the ZnO, TiOx, and SiO2 multilayer on its top (Figure 5.3 and 5.4), where liquid 

permeates through the NPs film and contacts the electrode. Upon immersion in a solution, ZnO 

NPs facilitate the re-adsorption of water molecules onto their surface, forming surface hydroxyl 

groups [94], [149]. The surface hydroxyl groups interact with ions present in the solution, 

leading to the generation of an electrical potential [150]. The underlying mechanism of surface 

charging involves the adsorption of protons or hydroxide ions by the hydroxyl functional groups 

on the oxide surface [34], [100]. Specific hydrogen ion binding sites on the ZnO surface will 

be protonated in an acidic environment, establishing a positive charge. In alkaline conditions, 

the adsorption of hydroxide ions occurred. It leads to the development of a negative charge. 

The point of zero charge (PZC), defined as the pH at which the net charge on the surface is 

minimised, is observed at approximately pH 9 [150]. This means, when the pH value of the 

solution is less than 9, the ZnO NPs surface predominantly exhibits a positive charge, whereas, 

at pH value exceeding 9, the surface is primarily characterised by negative charges.  
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Figure 5.2: The structure of the diode-like ZnO NPs pH sensor. During the measurement the 

positive terminal of the source meter was connected the HR ZnO part and the negative was 

connected to the LR ZnO part.  

 

 
 Figure 5.3: IV curve for the water used for pH solution using the carbon electrode (same as 

the pH sensor) with and without the ZnO NPs.  
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Figure 5.4: IV curve for the PBS buffer used for pH solution using the carbon with and without 

the ZnO NPs.  

5.3 pH measurement results 

The Film fabricated by 100 nm ZnO particles 

All the IV measurements were taken in darkness. The current-voltage (IV) characteristics of 

the sensor were measured using a Keithley 2401 Source Meter Unit (SMU). Each reading was 

taken five minutes after applying the pH solution to the detection area. Following measurements 

and evaporation of the pH solution, the sensors were rinsed with deionised water in preparation 

for subsequent testing. Each measurement was followed by drying in vacuum. The error bar of 

the pH curve was obtained by repeating measurement-drying-measurement three times.  

For the pH measurement, a 50 µL aliquot of the pH solution was applied to the detection region 

of the devices, and a 5-minute interval was allowed to ensure sufficient adsorption of ions by 

the ZnO NPs. Figure 5.5 displays the linear-scale current-voltage (I-V) characteristics of the 

ZnO NPs pH sensor using 100 nm nanoparticles, with the corresponding logarithmic scale 

depicted in the Figure 5.6. The ZnO NPs devices exhibit diode-like I-V characteristics. The 

voltage sweep was conducted from -1.5 V to 3 V in 0.1 V increments. The ZnO NPs devices 
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Figure 5.5: a) - e) Diode-like pH sensor behaviour for five devices. They all start with 

measuring pH 9 as the reference and then the target pH level. The threshold voltage increases 

as the pH level applied to the device decreases. f) One device measures different pH solutions. 

 

e) f) 

a) 

 

b) 

d) c) 
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Figure 5.6: a) - f) Logarithmic scale IV curve for the ZnO NPs (100 nm) pH sensor. 

a) b) 

 

c) d) 

 

e) 

 

f) 
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show the diode-like IV characteristic. The voltage sweep was set from -1.5V to 3V with a 0.1V 

step.  

Figures 5.5a–5.5e depict individual pH sensing measurements from five distinct devices. Each 

pH condition was measured thrice through titration and drying to obtain average values. 

According to Fortunato’s study on WO3 nanoparticle pH sensors [31], where pH 9 was 

employed as the initial measurement point due to the minimal output voltage at this pH. Initial 

measurements of this work similarly utilised pH 9. This choice is attributed to the minimum 

surface potential observed in ZnO nanoparticles at approximately pH 9. For the pH 9 

measurement, the diode-like devices exhibit an off-state current on the order of 10⁻⁹ A and a 

turn-on current of approximately 10⁻⁴ A, achieving an on/off ratio of 10⁵ at 2.5 V. The threshold 

voltage for detecting pH 9 is consistently 0.31 V across all devices, increasing progressively as 

the pH level decreases. Figure 5.5f illustrates pH detection using a single device across various 

solutions. The threshold voltage transitions from 0.47 V to 2.31 V as the pH decreases from 9 

to 4, corroborating the pH measurement results across all devices. The current at 2.5V decreases 

from 1.1 × 10⁻⁴ A to 6 × 10-6 A.  

The subthreshold slope is a critical parameter that characterizes the influence of gate voltage 

on the channel current of a field-effect transistor. Additionally, it serves as a measurement 

indicator for diode devices, elucidating the relationship between forward bias voltage and 

current  [151]. The IV characteristic curves, presented on a logarithmic scale in Figure 5.6, 

illustrate the current variations of the ZnO NPs diode-like pH sensor within the subthreshold 

range. Notably, as the pH of the measured solution decreases, the subthreshold slope of the 

device correspondingly decreases. As summarised in Figure 5.7, for pH values ranging from 9 

to 4, the observed subthreshold slope values are: 129 ± 5 mV/dec, 160 ± 13 mV/dec, 214 ± 8 

mV/dec, 285 ± 15 mV/dec, 321 ± 21 mV/dec, and 375 ± 17 mV/dec. These findings suggest 

that, at lower pH levels, the effect of voltage on the device's channel current diminishes. The 

underlying mechanism will be elaborated upon in sections 5.4 and 5.5. 
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Figure 5.7: The subthreshold slope changes for ZnO NPs diode-like pH sensor. 

 

The Film fabricated by mixed 100 nm and 20 nm ZnO particles 

The measurement is the same with the 100 nm film. Figure 5.8 displays the linear-scale current-

voltage (I-V) characteristics of the ZnO NPs pH sensor using 100/20 nm nanoparticles, with 

the corresponding logarithmic scale depicted in the Figure 5.9. The measurement protocol is 

the same with the 100 nm device. For the pH 9 measurement, the diode-like devices exhibit an 

off-state current on the order of 10⁻8 A and a turn-on current of approximately 8 x 10⁻5 A, 

achieving an on/off ratio of 8 x 103 at 2.5 V, which is smaller than the 100 nm ZnO NPs film. 

The average error bar of 100/20 nm film (> 20%) is also much larger than the 100 nm one 

(<5%). Figure 5.8 shows the error range in the turn-on state, while Figure 5.9 shows the error 

range in the subthreshold state. In the subthreshold region, the slope of the 100/20 nm film is  
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Figure 5.8: a)-f) IV response for the diode-like pH sensor using 100/20 nm ZnO NPs 

semiconductor film. The current error bar at the turn-on region is much larger than the 100 nm 

films. 

a) b) 

c) d) 

e) 

 

f) 
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Figure 5.9:  a)-f)  Logarithmic scale IV curve for the ZnO NPs (100/20 nm mixture) pH sensor. 

The curve. The error bar at sub-threshold region is also much large than the 100 nm films.  

 

a) 

c) d) 

e) f) 

b) 
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smaller than that of the 100 nm film, which indicates that the 100/20 nm film is less sensitive 

to voltage than the 100 nm film. 

These disadvantages may be due to the instability of its electrical properties during the 

measurement process. In a solution environment, the surface of ZnO NPs will adsorb ions in 

the solution and form surface charges. Driven by the electric field, these smaller nanoparticles 

are more likely to undergo electrophoresis, thereby affecting the contact between particles at 

the LR-HR interface and affecting its resistivity. The 100 nm ZnO NPs shows better electrical 

performance and stability than the 100+20 nm ZnO NPs film. So that, in the following 

section, the device are all based on 100 nm ZnO NPs films.  

5.4 IV Characterization and Discussion of the LR-HR ZnO NPs interface  

To demonstrate that the intrinsic properties of the diode-like ZnO NPs enable characterisation 

in both solid and liquid electrode environments, Figure 5.10 presents the diode-like electrical 

characterisation of UVVH-treated ZnO NPs in a liquid-free electrode environment. The 

fabrication process is detailed in the previous chapter 3 (Figure 3.12). Following the deposition 

of ZnO NPs and EVOH with subsequent UVVH treatment, a carbon electrode solution was 

printed onto the high-resistance (HR) ZnO NPs (without EVOH) and dried at room temperature. 

Voltage was swept from -10 V to 10 V, yielding a turn-off current of 3.9 × 10⁻⁹ A at -10 V and 

a turn-on current of 3.5 × 10⁻⁴ A at 10 V, resulting in an on/off ratio of approximately 10⁵. The 

threshold voltage was observed at 4.9 V. The diode-like behavior of LR-HR ZnO NPs is due to 

its inherent properties, not due to chemical reactions with water molecules or substances in the 

solution. Regardless of whether it is in a solution environment or not, the interface will show 

diode-like electrical characteristics. 
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Figure 5.10: The intrinsic diode-like behaviour of the LR-HR ZnO NPs interface with a solid 
carbon electrode.   

The pH sensing mechanism of ZnO can be attributed to the adsorption of the ions onto the ZnO 

NPs, forming charged functional groups on its surface. [34], [100], [152] When studying the 

effect of surface adsorption on the electrical properties of ZnO NPs, the oxygen molecules 

adsorbed on the surface of ZnO NPs are a factor that cannot be ignored because the amount of 

surface adsorption will significantly affect the resistivity of ZnO NPs.[25], [41], [153], [154] 

The following formula can express the relationship between the resistivity of ZnO NPs and the 

surface-adsorbed oxygen: [41], [93], [96]. 

O2 (g) + e- → O2
- (ad)                                                                            (5.1) 

Where O2 (g) represent oxygen molecules in the atmosphere, e- represents the free electron in 

the ZnO NPs, and O2
- (ad) represents the ionised surface adsorbed oxygen molecules.   

Figure 5.11 illustrates the proposed mechanism of carrier transport underlying the diode-like 

behaviour and pH-sensing properties of ZnO NPs.  Figure 5.11a depicts the state after UVVH 

treatment. ZnO NPs at the LR-HR interface re-adsorb oxygen molecules onto their surface. 
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These re-adsorbed oxygen molecules trap electrons and acquire negative charges, forming a 

low-conductivity surface depletion layer between the electrodes (pH solution) and the LR ZnO 

NPs film. Based on Greenham et. al,[61], [155], [156], applying varying offset voltages to both 

ends of ZnO NPs influences the adsorption and desorption dynamics of ionised oxygen 

molecules on their surface. This phenomenon is hypothesised to result from the migration of 

positively charged oxygen vacancies within the ZnO NPs under the applied bias voltage. This 

migration modulates the surface adsorption charges, consequently altering the resistance of the 

ZnO NPs. 

As shown in Figure 5.11b, under a forward bias, the negatively charged adsorbed ionised 

oxygen molecules migrate away from the interface between the LR ZnO NPs and the electrode. 

This reduces the depletion layer at the interface between the LR ZnO NPs and the electrode, 

facilitating electron transfer from the LR ZnO to the electrode and turning the device on. Figure 

5.11c shows that when a reverse bias is applied, the adsorbed ionised oxygen molecules migrate 

into the LR ZnO NPs, expanding the depletion layer at the interface between the LR ZnO NPs 

and the electrode. This enlarged depletion layer inhibits electron transfer, effectively turning 

the device off.  
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Figure 5.11:  Carrier transport process for the ZnO NPs diode-like behaviour 

a) The carrier status without a bias voltage. After UVVH, the ZnO NPs at the LR-HR interface 

re-adsorb the oxygen molecules on its surface. The re-adsorbed oxygen molecules trap the 

electron and are negatively charged, forming a low conductivity surface depletion layer 

between the electrodes and the LR ZnO NPs film b) With forward bias applied, the negatively 
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charged adsorbed ionized oxygen molecules migrate to the positive side, out of the LR ZnO 

NPs, and the depletion layer between the LR ZnO NPs and the electrode is reduced. The 

electrons can freely transfer from the LR ZnO to the electrode, and the device is turned on. c) 

With the reverse bias applied, the adsorbed ionized oxygen molecules migrate into the LR ZnO 

NPs, increasing the depletion layer between the electrode and the LR ZnO NPs, and the device 

is turned off. 

5.5 Titration curve 

Figure 5.12 illustrates the titration curve of the device, showing a sensitivity of 360 ± 11 

mV/pH unit for the threshold voltage shift. Besides, the threshold voltage of the intrinsic diode 

device is higher than that of the pH-sensing device. This discrepancy is attributed to the 

suboptimal contact between the second carbon electrode, printed on the HR region, and the 

low-resistance (LR) ZnO NPs compared to the liquid electrode. Consequently, adsorbed ionised 

oxygen molecules at the LR ZnO/electrode interface require more energy to migrate, increasing 

the threshold voltage.  

 

Figure 5.12: The titration curve shows the sensor's sensitivity is 360 ± 11 mV/pH.   
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5.6 Time depends on measurement and pH sensing mechanism 

Figure 5.13 depicts the time-dependent current response of a ZnO NPs-based pH sensor 

under an applied forward bias voltage of 2.5 V. Measurements were recorded five minutes 

after introducing the pH solution to the sensor. The reason for choosing 2.5 V is that it 

exceeds the threshold voltage for all pH measurements based on previous measurements. 

Higher voltages may cause electrophoresis of ZnO NPs, making the measurement results 

inaccurate. After the voltage is applied, the device stabilizes in about 20 seconds and 

continues to measure for 40 seconds. 

 

Figure 5.13: The time-dependent measurement for the ZnO NPs pH sensor shows a stable 

character.  The voltage between the electrodes was set as 2.5V.  

Figure 5.14 shows the equivalent circuit diagram of the ZnO NPs pH sensor. RLR and RS 

represent the resistance of low-resistance ZnO NPs and the solution, respectively. R represents 

the resistance of the high resistivity ZnO NPs. C and Cs represent the capacitance of the LR-

HR interface and the solution. The diode represents the interface between the LR ZnO NPs and 
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the HR ZnO NPs. From this figure, it can be inferred that the current flowing through the sensor 

under forward voltage bias can be written as:  

I = V/( RLR + RS + Rinter)                                                                                                (5.2) 

RLR and Rs are fixed values determined through prior measurements of the material's resistivity. 

Rinter is determined by the adsorbed ionised oxygen molecule, which can be affected by the 

voltage across the sensor and the pH value of the measured solution. 

 

Figure 5.14: The schematic diagram of the ZnO NPs pH sensor structure and the equivalent 

circuit. RLR and RS represent the resistance of low-resistance ZnO NPs and the solution, 

respectively. R represents the resistance of the high resistivity ZnO NPs. The diode represents 

the interface between the LR ZnO NPs and the HR ZnO NPs. 

Figure 5.15 presents the proposed pH-sensing mechanism. Upon adsorption of hydrogen ions 

from the pH solution, electrostatic interactions form between the positively charged hydrogen 

ions and the negatively charged adsorbed ionised oxygen molecules. During forward bias 

application, these interactions impose a higher energy barrier for migrating ionised oxygen 

molecules, increasing the device's threshold voltage. A higher hydrogen ion concentration 
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(lower pH value) strengthens this electrostatic force, further elevating the threshold voltage and 

enhancing the resistivity of the interface.  

 

Figure 5.15: With the surface hydrogen ion adsorption, the positive hydrogen ions and 

adsorbed ionised oxygen molecules form electrostatic forces and attract each other. While 

applying the forward bias voltage, the ionised oxygen molecules require more energy to migrate, 

increasing the threshold voltage. 

To elucidate the relationship between the hydrogen ion concentration in the solution and its 

adsorption on the ZnO NPs, the Freundlich adsorption isotherm was employed as a suitable 

model to describe multilayer adsorption on heterogeneous surfaces [157], The Freundlich 

isotherm is expressed as follows: [158] 

                           𝑋𝑋
𝑚𝑚

=  𝐾𝐾𝑓𝑓  ×  𝐶𝐶𝑒𝑒𝑒𝑒
1/𝑛𝑛                                                                                        (5.3)                                                  

Here, x is the adsorbed mass of the adsorbate, m represents the mass of the adsorbent, and Ceq 

represents the adsorbate equivalent concentration in the solution. Kf and n are the Freundlich 
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parameters. The Freundlich isotherm describes the relationship between the adsorbate-to-

adsorbent mass ratio and the equilibrium concentration of the adsorbate. Since the mass of ZnO 

NPs and the adsorbed hydrogen ions is negligible compared to the pH solution mass, the 

equilibrium concentration of hydrogen ions is effectively equivalent to the initial solution 

concentration. The mass of adsorbed hydrogen ions can thus be written as: 

         𝑥𝑥𝐻𝐻  =  𝐾𝐾𝑓𝑓 ×  𝐶𝐶𝑒𝑒𝑒𝑒
1/𝑛𝑛  ×  𝑚𝑚𝑎𝑎−𝑍𝑍𝑍𝑍𝑍𝑍                                                                            (5.4)  

xH is the mass of adsorbed hydrogen ions, and ma-ZnO is the mass of LR ZnO NPs at the 

interface. The PZC of ZnO NPs is approximately at pH 9; when the nanoparticles are exposed 

to a solution with a pH below this threshold, their surface charge becomes positively charged. 

In this context, hydrogen ions are capable of interacting with the surface of the metal oxide, 

leading to surface compensation effects. The dynamics of adsorption and desorption of 

ionized oxygen molecules on the ZnO NPs can be modulated by the electric field applied to 

the film  [61], [155], [156]. The adsorption of hydrogen ions onto the surface of ZnO NPs 

induces the attraction of adsorbed ionised oxygen molecules, thereby increasing the energy 

required for their migration. It has been proposed that the density of the counter ions 

adsorption site is proportional to the density of the potential-determining ion on the metal 

oxide surface, with counter ions compensating for the potential-determining ions to form ion 

pairs [100].  Consequently, a higher degree of hydrogen ion adsorption leads to an increased 

amount of remaining adsorbed ionised oxygen molecules under a fixed forward voltage bias. 

It is hypothesised that the amount of adsorbed ionised oxygen molecules is proportional to the 

amount of adsorbed hydrogen ions under these conditions.  

                                       𝑛𝑛𝑜𝑜𝑜𝑜 ∝
𝑥𝑥𝐻𝐻 
𝑀𝑀𝐻𝐻

× 𝑁𝑁𝐴𝐴                                                                                             (5.5) 

                     𝑛𝑛𝑜𝑜𝑜𝑜 =  
𝑎𝑎 × 𝐾𝐾𝑓𝑓× 𝐶𝐶𝑒𝑒𝑒𝑒

1/𝑛𝑛 × 𝑁𝑁𝐴𝐴 × 𝑚𝑚𝑎𝑎−𝑍𝑍𝑍𝑍𝑍𝑍 

𝑀𝑀𝐻𝐻
                                                                       (5.6)  

nox represents the amount of the remaining adsorbed ionized oxygen molecules. MH represents 

the molar mass of hydrogen ions. NA represents the Avogadro constant. Parameter a serves as 

the fitting constant, balancing the adsorbed oxygen molecules and hydrogen ions. Given the 

electrostatic nature of the interaction between the hydrogen ions and adsorbed ionised oxygen 

molecules, the value of a is influenced by the forward bias voltage. Ideally, an increase in the 
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forward bias breaks this interaction and reduces the value of a. While the presence of 

adsorbed ionised oxygen molecules is known to increase the resistivity of ZnO NPs films, the 

precise quantitative impact requires further investigation and validation. An interpretation 

suggests that adsorbed ionised oxygen molecules enhance carrier scattering within the 

material, consequently diminishing carrier mobility. Furthermore, carrier mobility is inversely 

proportional to the areal density of these adsorbed ionised oxygen molecules [159], [160]. 

When the carrier concentration is defined, the relationship between carrier mobility and the 

density of adsorbed ionised oxygen molecules can be articulated as follows [159]:  

                      
1

µ(𝑁𝑁𝑜𝑜𝑜𝑜)
=  

𝑁𝑁𝑜𝑜𝑜𝑜
𝐶𝐶(𝑛𝑛)

+ 
1
µ0

=  
𝑛𝑛𝑜𝑜𝑜𝑜

𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 ×  𝐶𝐶(𝑛𝑛)
+  

1
µ0

                                                   (5.7) 

Here µ(Nox) represents the carrier mobility of adsorbed ZnO NPs. Nox is the areal density of the 

adsorbed ionised oxygen molecule, representing the carrier mobility at the interface. Anps is the 

total surface area of the ZnO NPs. µ0 corresponds to the pristine mobility of ZnO NPs without 

adsorption, the same as the LR ZnO NPs. The coefficient C(n) reflects the scattering 

characteristics resulting from adsorption, which is influenced by carrier concentration and 

adsorption properties. Given that the resistivity ρ = 1/neµq, where ne is the carrier concentration 

and q is the elementary charge. Resistance R = ρLcross/Across, where Lcross and Across are the length 

and cross-sectional area of the ZnO NPs interface. So, the resistance of the ZnO NPs with 

adsorbed ionized oxygen molecules can be expressed as: 

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  
𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 × 𝑛𝑛𝑒𝑒 × q × 𝐶𝐶(𝑛𝑛) × 𝑀𝑀𝐻𝐻
× 𝑎𝑎 × 𝐾𝐾𝑓𝑓 ×  𝐶𝐶𝑒𝑒𝑒𝑒

1/𝑛𝑛 × 𝑁𝑁𝐴𝐴  ×  𝑚𝑚𝑎𝑎−𝑍𝑍𝑍𝑍𝑍𝑍 +
𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑛𝑛𝑒𝑒 × q ×  µ0 (5.8)  

From equation (5.8), the term Lcross/(Across×ne×µ0×q) can be interpreted as an extension RLR in 

the LR-HR interface. Allowing it to be incorporated into RLR. Extract the coefficient                  

Lcross /(Across×Anps×ne×q×C(n)×MH), and a coefficient b = Lcross /(Across×Anps×ne×q×C(n)×MH) 

is defined.   By substituting Equation (5.8) into Equation (5.1), the relationship between the 

forward bias current and the hydrogen ion concentration is established. 

                          𝐼𝐼 =  
𝑉𝑉

𝑅𝑅𝐿𝐿𝐿𝐿 +  𝑅𝑅𝑠𝑠 +   𝑎𝑎 × b × 𝐾𝐾𝑓𝑓 ×  𝐶𝐶𝑒𝑒𝑒𝑒
1/𝑛𝑛  × 𝑁𝑁𝐴𝐴  ×  𝑚𝑚𝑎𝑎−𝑍𝑍𝑍𝑍𝑍𝑍  

                          (5.9)  
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According to the circuit shown in Figure 5.14. The sum of RLR and Rs is set as 15 KΩ, 

calculated by the film resistance from the fully passivated film. The results are consistent with 

the value from the resistivity calculation. Figure 5.16 correlates the current at the 60th second 

with proton concentration, providing further insight into the influence of surface hydrogen ion 

adsorption on the electrical properties of ZnO NPs-based devices.  The fitted curve is generated 

by equation 5.9 under 2.5 V forward bias. The coefficient of determination (r2) of the fitting 

curve is 0.98, which proves that the correlation between the fitting curve and the actual data is 

very high. It is worth mentioning that the fitting curve only considers the effect of ion adsorption 

on the electrical properties of ZnO NPs and does not consider the impact of ions generated by 

chemical reactions on the overall current. It is not applicable in strong acid and base 

environments. The fitting function may not be suitable for high bias voltage. The higher voltage 

can cause the electrolysis of water, which can lead to the device being unstable. 

 

Figure 5.16: The current value from a for each pH measurement at 60th second, and the fitted 

curve is obtained from the derived equation 5.9. 
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The fitting coefficient results: n = 3.24 ± 0.16; 𝑎𝑎 × b × 𝐾𝐾𝑓𝑓 × 𝑁𝑁𝐴𝐴  ×  𝑚𝑚𝑎𝑎−𝑍𝑍𝑍𝑍𝑍𝑍 = 7.04 ×106 ± 

2×105, with the hydrogen ion concentration as mg/L. Because the thickness of the film 

measured by SEM is between 1.8 to 2.2 µm and the particle diameter is assumed as 100 nm.  

Some of the fitting parameters can be estimated. The mass of total ZnO NPs providing 

adsorption sites is estimated to be between 2 × 10-8 to 6 × 10-8 g, which is calculated from the 

volume and the density, and the surface area is estimated to be 3 × 10-7 to 7 × 10-7 m2. From the 

datasheet of ZnO NPs (see Appendix B), the surface area shows a value of 10 to 25 m2/g, which 

is consistent with the calculation (12 to 35 m2/g). The carrier concentration is estimated to be 2 

× 1017 to 8 × 1017 cm-3, and the coefficient C(n) reflecting the scattering characteristics can be 

estimated between 1013 to 1014 V-1s-1. From these estimations, 𝑎𝑎 × 𝐾𝐾𝑓𝑓  can be calculated 

between 0.5 to 23.  

5.7 Simulation circuit 

Figure 5.17 illustrates the simulation circuit derived from the equivalent circuit depicted in 

Figure 5.14 for the UVVH-treated ZnO NPs pH sensor. The circuit was simulated using 

Multisim software.  The term RTiO_SiO2 denotes the resistances of high-resistivity (HR) ZnO 

NPs, while ZnO_interface refers to the interface between low-resistivity (LR) ZnO and HR 

ZnO. The ideality factor was varied from 1 to 6, resulting in a distinct shift in the threshold 

voltage. The ideality factor, or emission coefficient, is a parameter within the diode 

mathematical model, where an ideality factor of 1 signifies an ideal diode. A higher ideality 

factor is typically associated with carrier recombination in diodes, characterising the process by 

which conductive electrons lose energy.[161] In the context of the ZnO NPs pH sensing 

mechanism, an increased concentration of hydrogen ions leads to a greater number of ionised 

oxygen molecules and enhanced electron scattering, decreasing the kinetic energy of the 

electrons during drifting. Figure 5.18 presents the simulation results, demonstrating that the IV 

characteristics are closer to the lower pH detection with a higher ideality factor. 
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Figure 5.17: Simulation circuit for diode-like ZnO NPs pH sensor. 

 

Figure 5.18: The IV character of the simulation circuit with varying forward emission 

coefficients. The IV range of the ideality factor from 1 to 6 is consistent with sensor IV 

response with the pH range of the test solution from pH 9 to pH 4.  

Shambel et al. proposed that as the diode's internal resistance decreases, the diode's ideality 

factor increases [162]. This is consistent with what is mentioned in this chapter. As hydrogen 

ions and adsorption occur, the internal resistance of the ZnO Diode-like pH sensor increases, 
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which changes its IV curve and increases the ideality factor. As can be seen from Figure 5.18, 

when the ideality factor is 1, its IV characteristic curve is similar to that of the solution detecting 

pH 9. When the ideality factor is 6, its characteristic curve is identical to that of pH 4. 

5.8 Repeatable use for the ZnO NPs diode-like pH sensor 

Figure 5.19 illustrates the second pH measurement of the ZnO NPs sensor, spanning a range 

from pH 9 to pH 4. Following the initial measurement from pH 9 to pH 4, the device underwent 

re-treatment via the UVVH process for 2 hours. The current level at 3 V exhibited similarity to 

the initial usage. However, in comparison to the first measurement, although the threshold 

voltage reverted, it remains elevated relative to the initial usage.  

 

Figure 5.19: Repeatable use for the ZnO NPs diode-like pH sensor testing. After the first time 

measurement from pH 9 to pH 4, the device was retreated by the UVVH process. Although the 

threshold voltage shifts back, it’s still more significant than the first-time detection. 

This anomaly may be attributed to the migration of ZnO NPs as a consequence of the 

electrophoresis phenomenon. The increased interparticle distance likely resulted in a greater 

adsorption of oxygen molecules onto the particle surfaces. Additionally, in an acidic 
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environment, ZnO is known to undergo specific chemical reactions that may enhance the 

availability of adsorption sites on its surface. Despite not achieving complete recovery, the 

device demonstrates potential for sustainable application, and strategies for enhancing its 

reusability will be a focus of future research. 

5.9 Memory effect of the diode-like ZnO NPs  

The intrinsic diode-like ZnO NPs also show memory effect. The result is shown in Figure 5.20. 

The electrode on the HR-ZnO part is changed to a commercial silver nanowire for better 

connection to the LR-HR interface. The scan was from -10 V to 10 V and then backwards. The 

device shows both diode behaviour and memory effect. The memory effect still requires further 

investigation. One possible explanation is that when a high forward voltage bias is applied to 

the device, the adsorbed ionised oxygen molecules will accumulate in the HR-ZnO NPs part. 

The resistance at the interface will remain small until the reverse bias is applied, which will 

cause the adsorbed ionised oxygen molecule to move back to the LR-ZnO part, leading to high 

resistance at the interface. This behaviour shows a very low rest current and may apply to the 

memristor in the future.  

 

Figure 5.20: Memory effect of diode-like ZnO NPs device. 
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5.10 Conclusions of Chapter 5 

This chapter presents a novel pH sensor utilising UVVH-treated solution-processed ZnO NPs, 

exhibiting a sensitivity of 360 ± 11 mV/pH. The sensor demonstrates diode-like behaviour, with 

an on-off ratio of 105. A plausible working principle for the sensor is proposed, indicating that 

the device's threshold voltage increases from 0.47 V to 2.31 V as the pH of the solution 

decreases from 9 to 4. The current formula derived from the adsorption isotherms aligns well 

with the experimental data. The observed diode characteristics are attributed to the migration 

of ionised oxygen molecules adsorbed on the surface of ZnO NPs. The subsequent adsorption 

of hydrogen ions inhibits this migration, with the reduction directly proportional to the 

concentration of hydrogen ions in the solution. The simulation results of the circuit diagram 

closely correlate with the actual measurement outcomes, further validating the proposed 

principle. Given its high pH sensitivity, this device demonstrates significant potential for 

applications such as cancer cell detection. Additionally, the solution-based manufacturing 

process, coupled with a maximum processing temperature of 120°C, indicates potential 

application in flexible electronic sensors. 
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Chapter 6     

Conclusions and Future Work 
This thesis demonstrated a novel fabrication method that enhances the electrical properties of 

solution-processed ZnO nanoparticle film by using exposure to 365 nm UV light in a vacuum. 

The resistance of the solution-processed ZnO film has been decreased by a factor of 106, which 

is comparable to ALD-deposited ZnO films. This enhancement can be stable in the long term 

with the application of a solution-processed EVOH passivation layer of 80 µm thickness. The 

fabricated ZnO film has a sheet resistance of 2.5 x 104 Ω/⧠ and a thickness of 2.35 µm. The 

EVOH passivation layer enhanced film stability, protecting it when exposed to the ambient 

environment. The resistivity of the ZnO NPs layer with EVOH passivation remains unchanged 

after 60 days in the ambient environment. The fabrication method proposed in this paper can 

initially minimise the influence of oxygen on ZnO NP and radically slow down any subsequent 

effect. Through the comparison of the different passivation materials, it can be concluded that 

it is beneficial for any passivating polymer to have hydroxyl functional groups to adsorb the 

ZnO surface and the passivation layer must be of suitable thickness to be effective. The oxygen 

transmission rate through the passivation layer could be further improved in the future by the 

addition of inorganic material which have lower oxygen transmission rates. The inclusion of 

glass flakes or nanoparticles, for example, would make the path the oxygen molecules travel 

much longer. The addition of such materials will, however, alter the mechanical properties of 

the passivating film. Solution processing is inexpensive, and the materials used are 

environmentally sustainable. 

By using the UVVH process, a highly sensitive ZnO NPs semiconductor pH sensor fabricated 

using a fully solution-based process that eliminates the need for a high-temperature process. 
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The sensor demonstrates diode-like electrical characteristics, with its threshold voltage 

increasing as the pH of the measured solution decreases, yielding a sensitivity of 360 ± 11 

mV/pH. The maximum processing temperature is 120°C, and the manufacturing procedure 

employs a UVVH technique. To ensure the electrical properties of ZnO NPs, a waterproof and 

oxygen-isolating polymer, EVOH was used to passivate ZnO NPs. From the comparison, the 

pure 100 nm ZnO NPs film works more stably than the 100/20 nm mixed film. This may be 

due to the smaller-sized NPs being easily influenced by the electrophoresis effect. The working 

principle of the sensor, as well as its diode-like characteristics, are closely associated with the 

adsorption of ionised oxygen molecules on the surface of the ZnO NPs. Finally, the 

mathematical model derived from the adsorption isotherm effectively correlates with the 

experimental data. The deposition method mentioned in this study and the maximum annealing 

temperature of 200 ℃ can adapt to most flexible substrates. The fully solution-based 

manufacturing approach shows promising potential for applications in medical sensing and 

flexible wearable electronics for ion-based detection applications.  

Future work 

UVVH-treated ZnO nanoparticles (NPs) exhibit distinctive electrical characteristics. By 

manipulating the number of oxygen molecules adsorbed onto their surfaces, the resistivity of 

these NPs can be effectively controlled. Future research directions can be summarized as 

follows: 

1. To address the challenge of recycling ZnO NPs in pH sensors, the impact of 

electrophoresis on the nanoparticles can be mitigated by applying another passivation 

film, for example, spin-on glass, with moderate permeability at the LR-HR interface, 

thereby protecting the ZnO NPs. This can reduce the electrophoresis on the NPs, which 

makes the device more stable and reusable. 

2. Given that cancer cells demonstrate increased acidity compared to normal cells, this 

presents opportunities for advancements in the field of cancer cell diagnostics. Because 

the pH diode-like sensor has the best sensitivity between pH 7 to pH 6, it has a potential 

application in cancer cell detection. 
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3. The adsorption of oxygen on the surface of ZnO NPs can be regulated by employing 

various materials with differing oxygen permeabilities, thereby controlling their 

electrical properties. This concept is primarily focused on the memristor characteristics 

exhibited by diode-like ZnO NPs, enabling data storage and calculations through precise 

control of the number of adsorbed molecules. 

4. Smaller devices typically offer faster processing speeds, and significant integration can 

be accomplished by utilizing printing techniques for the fabrication of these 

miniaturized devices. In the domain of flexible wearable integrated circuits, the 

nonlinear characteristics resulting from the interaction of LR-HR ZnO NPs demonstrate 

significant potential for applications in logic circuits. 
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Appendix A Printed ZnO NPs film and 

Effect of Ti(acac)2  

To facilitate the display of the effect of this Ti precursor on the zinc oxide film, the film was 

made by a dispensing printer. As shown in Figure A1.1, The surface cracks of the film formed 

in the ZnO solvent mixed with Ti(acac) were much smaller than that of the unincorporated part. 

Both films were made in the same way and dried at the same temperature. Printing traces can 

be clearly seen in the film without adding surfactant. Films with added surfactant exhibited 

particle trajectories during drying. It is certain that even a very small amount of Ti(acac) can 

have a large effect on the geometry of the ZnO film and can make the ZnO film more uniform. 

However, the specific mechanism of action is still unclear. 

 

a) b)                  

Figure. A1.1: Dispenser printed ZnO NPs film dry in the air using dispensing printer a) with 

and b)without Ti(acac) 
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Figure A1.2: Measured time-dependent resistance change of interdigitated devices with 

different passivation processes. The interdigitated device width is 90 mm, and the length is 0.85 

mm. The thickness of the EVOH passivation is from 10 µm to 80 µm. The thickness of EVA 

film is 800 µm.    
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Appendix B  [Datasheet of ZnO NPs] 
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