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Chapter 1  General Introduction 

 Background of This Thesis  

Sensors have played a key role in the development of human civilization. They 

have been used for different sectors like gas sensing,1,2 environmental monitoring,3,4 

monitoring constituents in food products,5,6 and so on. As shown in Figure 1.1, sensors 

can be broadly classified into two categories, flexible7 and non-flexible8. Non-flexible 

sensors hindered by their rigidity from capturing analytes and therefore, were generally 

used in place. On the other hands, flexible sensors can capture target analytes more 

efficiently, indicating the high portability.9 There has been a recent increase in demand 

for flexible sensors because of the widespread use of wearable and healthcare device.10-

13 Typically, they are composed of a flexible polymer substrate and sensing materials. 

Various types of sensing materials, including metal materials, conductive polymers, and 

functional metal oxide, have been used to fabricate flexible sensors.14-16 Among them, 

conducting polymers constructed as flexible sensors have been extensively explored due 

to their soft nature, high flexibility, stretchability, and skin affinity, which is able to 

sustain the mechanical deformation as wearable electronics.17 However, they are 

generally expensive, have low long-term stability, and require the complex and high-cost 

fabrication methods. On the other hands, the advantages of functional metal oxides, 

including their non-toxicity, low cost, and long-term durability, are of great significance 

in the development of flexible sensors for wearable electronics.18 

Metal oxide films have been synthesized using many physical and chemical 

processes, such as radio frequency magnetron sputtering, pulsed laser deposition, 

chemical spray pyrolysis, and electrodeposition.19-29 However, these methods may require 
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a vacuum system and high fabrication temperatures in addition to heat-resistant and/or 

conductive substrates, leading to certain disadvantages, such as high environmental 

impacts, significant expense or limited substrate ranges. Therefore, it is difficult to 

fabricate metal oxide films on flexible polymer substrates with low heat and chemical 

durability due to their high fabrication temperature and complex processes, resulting in 

few reports on metal oxide-based flexible sensors. Production of them requires novel 

approaches in fabrication processes for metal oxide films to reduce the damage to the 

substrates.  

 

 

 

 

 

Figure 1.1 Schematic illustrations of flexible and non-flexible sensors. 

 Solution Processes for Fabrication Metal Oxide Films  

To obtain flexible sensors for industrial and commercial needs, metal oxide films 

can be fabricated on polymer substrates such as polyimide and polyethylene terephthalate 

(PET) with good adhesion. Since the PET substrates have poor thermal durability, the 

metal oxide films should be fabricated at 150°C or less are. Solution processes, including 

chemical bath deposition (CBD), hydrothermal and successive ionic adsorption and 
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reaction (SILAR), have significant advantages over other techniques by allowing film 

fabrication at temperatures below 100 °Cunder atmospheric pressure. However, there 

were few reports of metal oxide films directly fabricated on polymer substrates because 

these methods damage the substrate as a result of their extended immersion in hot alkaline 

solution (several hours to a few days). To overcome the problems of conventional solution 

processes, “spin-spray method” and “mist spin spray method” have been applied to 

fabricate metal oxide films on polymer substrates. They do not adversely affect the 

substrate because of the low fabrication temperature and high deposition rate (which 

allows a short deposition time). 

 Spin-spray Method 

Spin-spray method is one of the solution processes for metal oxide films. This 

method was initially developed for ferrite film fabrication, and we also achieved direct 

fabrication of Mn3O4 and ZnO films on substrates using this method.36-39 The spin-spray 

method is characterized by its low deposition temperature (< 100 °C), simple equipment, 

high deposition rate and low cost. Figure 1.2 shows a schematic illustration of the spin-

spray technique, where (a) is the side view and (b) is the top view. In this method, the 

two solutions are sprayed on the substrate placed on a rotating disk heated to a 

temperature below 100 °C. One is an aqueous solution of metal ions, referred to as the 

source solution. The other is an aqueous solution of alkaline chemicals, referred to as the 

reaction solution. The spin-spray method is utilizing chemical reaction, it is similar to that 

of CBD method and SILAR method. However, these two methods are completely 

different from the spin-spray method. In the CBD method, the film is fabricated in a 

stationary solution, and there is no temperature gradient or pH gradient in the reaction 
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field. On the other hand, in the spin spray method, there are temperature gradients and pH 

gradients in the reaction field since the two solutions with different pH values are 

separately sprayed onto heated substrates fixed on the rotating disk table, as shown in 

Figure 1.2. The SILAR method is similar to the spin-spray method in that the film is 

fabricated using two solutions. However, the chemical reaction for film fabrication is 

carried out statically and the substrate is once cleaned with pure water before being 

applied to the other solution. In the spin-spray method, the fresh solution is supplied 

continuously and the unreacted solution is removed via the centrifugal force.40 Therefore, 

the spin-spray method has many advantages for films fabrication, such as one step 

fabrication and a high fabrication rate, compared to these fabrication methods. 

 

 

 

 

 

 

 

Figure 1.2 Schematic illustrations of the spin spray technique; (a) side view and (b) top 

view. 

 Mist Spin Spray Method 

Mist spin spray (MSS) method was developed and used to fabricate metal oxide 

films. Figure 1.3 shows the schematic illustration of the MSS apparatus. This method can 

be described as a kind of spin-spray method based on the use of so-called mist droplets 
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generated by the ultrasonication of a precursor solution. An ultrasonic transducer 

operating at a frequency of 2.4 MHz can provide droplets as small as 0.1‒3 µm in 

diameter that are subsequently transported to the substrate via a carrier gas. In this method, 

two precursor solutions, referred to as the source and reaction solutions, respectively, are 

prepared as the same as the case for a standard spin-spray process. In contrast to the 

standard spin-spray method, the mist droplets are formed by ultrasonication of the two 

solutions and then sprayed onto the substrate, which is fixed on a rotating table. In this 

manner, dense and crack-free metal oxide thin films with nanoscale thicknesses can be 

fabricated within a short time span (30 min) at a relatively low temperature of 90°C 

through the effective utilization of chemical reactions. Therefore, it is an energy-saving 

and environment-friendly method compared with conventional physical and chemical 

processes. In addition, it is generally difficult to fabricate crystalline metal oxide thin 

films on polymer substrate with good adhesion by conventional solution processes since 

there is no epitaxial effect between the film and the substrate. The films fabricated by the 

MSS method strongly adhere to the substrate.  

 

 

 

 

 

 

 

 

Figure 1.3 A schematic illustration of the mist spin spray apparatus.  
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 Spin Spray Reaction 

The spin-spray method and Mist spin spray (MSS) method enable to the low 

temperature fabrication of metal oxide films at low temperature below 100℃ with high 

deposition rate through the effective utilization of “spin spray reactions”. Figure 1.4 

shows the illustration of the spin spray reaction. In the spin-spray method and MSS 

method, the source and reaction solution were sprayed onto the heated substrate and the 

liquid film was fabricated on the substrate surface. It is important for the fabrication of 

metal oxide films by these methods to increase the hydrophilicity of the substrate surface 

by the plasma treatment before the film fabrication. There were a large number of polar 

functional groups such as hydroxyl groups, on the substrate surface due to the 

hydrophilicity caused by plasma treatment (Figure 1.4 (a)). In the liquid film of the 

source solution, metal ions selectively absorb to the hydroxyl groups on the substrate 

surface (Figure 1.4 (b)). The metal ions and/or metal hydroxides are forced to hydrolyze 

when spraying the reaction solution to the substrate, resulting in the formation of metal 

oxides on the substrate (Figure 1.4 (c)).  Since the hydroxyl groups supply in excess re-

adhere on the oxide layer, the processes of adsorption, oxidation and crystallization is 

repeated, and the film grows in thickness with time (Figure 1.4 (d)).   

 

 

 

 

 

 

Figure 1.3 A schematic illustration of the spin spray reaction.  

(a) (b) (c) (d) 
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 Zinc Oxide (ZnO)  

 Properties of ZnO 

Zinc oxide (ZnO) has several desirable properties, including a wide energy band gap (3.37 

eV), a large free exciton binding energy (60 mV) and good optical transparency in the 

visible light.42-43 ZnO has a hexagonal crystal system and a wurtzite crystal structure at 

ambient conditions, and belong to a space group of P63mc.44 In this structure, one atom 

is located at the center of a tetrahedron formed by four atoms on one side. The distance 

between the atom at the apex of the tetrahedron and the atom at the center is 1.992 Å, 

which is almost equal to the ionic radius of 0.74 Å for tetracoordinated Zn2+ and 1.24 Å 

for tetracoordinated O-2, indicating that both ions are in are in contact. Since the length of 

the tetrahedral ridge is 3.21 Å, which is much larger than the radii of both ions, the 

interaction between the ions located between the tetrahedral vertices can be neglected. 

Table 1.1 show the basic properties of ZnO at 300 K. Since the wurtzite crystal structure 

does not have inversion symmetry and belongs to a polar space group, ZnO crystal 

exhibits crystallographic polarity along c-axis. This polarity provides an anisotropic 

growth along c-axis, a spontaneous polarization, and piezoelectricity.  

 

 

 

 

 

 

Table 1.1 Basic properties of ZnO single crystal and bulk. 

 

 

Properties  

a 0.32494 nm 

b 0.32494 nm 

c 0.52038 nm 

α 90 deg. 

β 90 deg. 

γ 120 deg. 

Density (g/cm3) 5.6806 

Stable phase at 300 K Wurtzite 
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 Potential Applications of ZnO 

ZnO is ranked as a prominent third-generation semiconductor due to its various 

advantages of nontoxicity, chemical stability, rich defect properties, and easy to grow in 

a rich variety of nanostructures. ZnO is widely used in catalysis, electrical devices, 

optoelectronics, biological imaging, and energy harvesting & storage.45 Those properties 

are relevant for cost-effective fabrication of next generation multiple functional devices 

on a single given substrate. In addition. the large exciton binding energy of ZnO (60 mV) 

paves the way for an intense near-band-edge excitonic emission at room and higher 

temperatures, because this value is 2.4 times that of the room-temperature (RT) thermal 

energy (𝑘𝐵𝑇=25meV).46 There have also been a number of reports on laser emission from 

ZnO-based structures at RT and beyond. However, it is difficult to fabricate a p-type ZnO 

semiconductor due to a strong self-compensation effect arising from the presence of 

native defects or hydrogen impurities. Kawasaki et al. developed the preparation of p-i-n 

junction only consisting ZnO and achieved violet electroluminescence. 

 Cuprous Oxide (Cu2O)  

 Properties of Cu2O 

Cuprous oxide (Cu2O) is a p-type semiconductor with a direct band gap of ~2.17 

eV and has a cubic cuprite structure.47 In this structure, each O ion is surrounded by four 

Cu ions and each Cu ion is surrounded by two O ions.  

In the past, the conductivity of Cu2O was investigated under various oxygen 

partial pressures to determine the defect species, and it was found that the defect species 

were vacancies in the copper sites or oxygen in the interstitial positions. Subsequent 

measurements of diffusion coefficients revealed that the mobility of vacancies in copper 
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sites is more than 10 times faster than that of oxygen in interstitial sites.48,49 It is now 

believed that the holes are generated by defect formation in the vacancies at the copper 

sites. 

 Potential Applications of Cu2O 

Cu2O has been one of the most intensively investigated binary transition metal 

oxide crystals in the past decades. Besides the well-known merits including low-cost, 

nontoxicity, abundance and easy synthesis, the tailored architectures of Cu2O crystals 

have attracted great research interests because of their physicochemical properties for 

achieving various functions. Cu2O has generated significant interest for applications, 

including (1) optoelectronics50,51 (2) catalytic chemistry52,53 and (3) biosensors54-56, as 

described below. 

(1) Optoelectronics50,51  

Cu2O has been attracting attention as a light-absorbing layer in solar cells 

because of its ability to absorb light in the visible region. In order to further improve the 

power generation efficiency, not only the fabrication of high-purity Cu2O film but also 

the control of its film structure is important. There are some reports that power generation 

efficiency was improved by increasing the particle size of Cu2O and the texture structure 

of the interface where light is diffusely reflected. 

(2) Catalytic chemistry52,53 

Cu2O is expected to be a visible light responsive photocatalyst because it can 

absorb light in the visible range. In particular, there have been many reports on its 

application as a photoelectrode for water splitting. As a photoelectrode, it is important to 
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increase the surface area that can be in contact with water and therefore, there are many 

reports on the control of Cu2O surface structure. 

(3) Biosensors54-56 

Cu2O, which is non-toxic, has been reported to have many applications in the 

biomedical field. In recent years, there have been many reports on glucose sensors without 

using enzymes. It is important to increase the surface area that can be in contact with 

glucose and therefore, there are many reports on the control of Cu2O surface structure.    

 Cupric Oxide (CuO)  

 Properties of CuO 

Cupric oxide (CuO) is abundant, non-toxic and has a high visible light absorption 

coefficient.57 CuO is a p-type semiconductor with an energy band gap of 1.2 eV and 

belongs to the monoclinic crystal system.58 The copper atom is coordinated by 4 oxygen 

atoms in an approximately square planar configuration. In addition, CuO nanostructures 

with large surface areas and potential size effects possess superior physical and chemical 

properties that remarkably differ from those of their micro or bulk counterparts.59-61 These 

nanostructures have been extensively investigated because of their promising applications 

in various fields.62,63 

 Potential Applications of CuO 

CuO is also promising materials for the fabrication of solar cells because of their 

high solar absorbance, low thermal emittance, relatively good electrical properties, and 

high carrier concentration.64 CuO nanostructures are also considered as electrode 

materials for the next-generation rechargeable lithium-ion batteries (LIBs) because of 

their high theoretical capacity, safety, and environmental friendliness.65-67 Furthermore, 
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CuO nanostructures are extensively used in various other applications, including (1) gas 

sensors68-70 (2) biosensors71-73 and (3) photocatalysis78,79 as described below. 

(1) Gas sensors68-70 

It is surface conductivity that makes CuO an ideal material for semiconductor 

resistive gas sensor applications and in fact CuO nanomaterials were used for detection 

of many different compounds such as CO, hydrogen cyanide and humidity. As sensing 

properties closely relate to the chemical reaction on the surface of sensor, the specific 

area is a key factor to achieve high sensitivity sensor. 

(2) Biosensors71-73 

CuO, which is non-toxic, has been reported to have many applications in the 

biomedical field. In recent years, there have been many reports on high-performance 

glucose sensors without using enzymes. The better efficiency of the oxidized reaction in 

CuO based sensor resulted from high surface area, surface energy which enhanced 

electron transfer ability of CuO nanomaterials. 

(3) Photocatalysis78,79 

CuO is expected to be a visible light responsive photocatalyst because it can 

absorb light in the visible range. However, some groups reported that CuO shows almost 

no or very little photocatalyst properties under visible light. Adding some amount of H2O2 

could help to greatly improve the photocatalyst efficiency under visible light. 
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 Thesis Objective and Overview 

The main focuses of this thesis are shown as follows: 

(1) To fabricate Cu2O, CuO and ZnO films by novel solution processes, including spin-

spray method and mist spin spray method, at temperatures below 100°C. 

(2) To investigate the properties of the obtained Cu2O, CuO and ZnO films, which 

include the material, optical, electrical characteristics. 

(3) To find out the potential flexible sensor applications for the Cu2O, CuO and ZnO 

films fabricated on flexible polymer substrates by spin-spray method and mist spin 

spray method. 

This thesis consists of 7 chapters. The chapter construction, which draft the relationship 

among each chapter is illustrate in Figure 1.5. The descriptions in each chapter is shown 

as follows: 

Chapter 1 contains the background and objective of this study. The potential 

flexible sensor applications based on metal oxide films are introduced in this chapter. The 

schematics and general procedure of spin-spray method and mist spin spray method for 

fabrication of metal oxide based-flexible sensors are demonstrated. It suggested that all 

of these processes using utilizing spin spray reaction do not deteriorate the substrate duet 

to their low fabrication temperature and short deposition time. Besides, basic properties 

and potential applications of the Cu2O, CuO and ZnO films are described. 

Chapter 2 presents the fabrication of phase-pure Cu2O films on glass substrates 

by the spin-spray method. The formation mechanism of Cu2O films is proposed by using 

XRD and FESEM analysis. Control of the grain size, the crystalline orientation of the 
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films, the surface morphology, and the optical band gap by adjusting the precursor 

solution condition is discussed. 

Chapter 3 describes the effect of irradiated UV light on the optical and electrical 

properties of the spin-sprayed ZnO films. UV-vis analysis shows the increase of carrier 

concentration indicating the generation of new donors in the ZnO film by UV treatment. 

The conductive improvement mechanism of the ZnO film by UV light irradiation is 

discussed.   

Chapter 4 shows the fabrication of CuO nanostructures on glass substrates by 

the spin-spray method. The formation mechanism of CuO nanostructures is proposed by 

using FESEM analysis. The morphology-controlled synthesis of CuO nanostructures by 

using different complexing agents in the precursor solution is discussed. 

 Chapter 5 focuses on the fabrication of CuO thin films by the mist spin spray 

method. The formation mechanism of CuO thin films is proposed by using FESEM 

analysis. This method allows precise control of the film grain size, surface morphology 

and optical band gap by adjusting the compositions of the initial solutions.  

In Chapter 6, the spin-spray method and MSS method are applied to fabricate 

metal oxide films on PET substrates for flexible sensor applications, including bending 

sensors, flexible photodetector, flexible humidity sensors and flexible glucose sensors. 

Their sensitivity, resolution, stability and mechanical fatigue durability are evaluated. 

Optimization of the particle size, film thickness, and film morphology by controlling the 

spin spray reactions is discussed to fabricate metal oxide film-based flexible sensors with 

high sensing performance and mechanical fatigue durability, 

Chapter 7 summarize and generally conclude the thesis.  
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Figure 1.5 Flow chart of this thesis. 
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Chapter 2 Phase-pure Cu2O Films Fabricated by Spin-spray Method  

 Introduction 

Cu2O films have generated significant interest for a wide range of applications 

including catalysts, gas sensors, biosensors, and solar cells owing to their p-type 

conductively, natural abundance, non-toxicity, and a high visible light absorption 

coefficient.1 Over the past decades, various physical and chemical methods have been 

proposed to fabricate Cu2O films.2-5 However, they have disadvantages such as a high 

environmental load, high cost, and limited substrate choice because they require a high 

vacuum, high fabrication temperature, a heat-resistant substrate, and/or a conductive 

substrate. In addition, most of these techniques result in Cu2O films that have impurities 

such as Cu, CuO, and Cu(OH)2. These impurities have a negative impact on optical and 

electrical properties, and therefore, the fabrication process of the phase-pure Cu2O films 

have to be investigated and developed for the Cu2O-based device applications. Besides, 

it is also important to control the morphology and exposed crystal planes appropriately 

since these properties have serious impact to the device performances.1 

In this chapter, the spin-spray method was applied for fabricating phase-pure 

Cu2O films on the seed-free glass substrates. It is generally difficult to fabricate 

crystalline Cu2O films on amorphous glass substrates with good adhesion by conventional 

solution processes since there is no epitaxial effect between the film and the substrate. 

The Cu2O films fabricated by the spin-spray method strongly adhere to the glass substrate. 

This method also allowed precise control of the film grain size, surface morphology and 

optical band gap by adjusting the compositions of the initial solutions. 
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 Experiments 

 Substrate and Chemicals 

Borosilicate glass substrates were purchased from MATUSNAMI GLASS Ind., 

Ltd., Japan. Copper (II) sulfate pentahydrate (CuSO4⸱5H2O, 99.0 %), ascorbic acid 

(C6H8O6, 99.0 %), sodium hydroxide (NaOH, 99.0 %), and ammonia (NH3 aq. 28 w%) 

were all purchased from FUJIFILM Wako Pure Chemical Corporation, Ltd., Japan. All 

the chemicals were used as received without further purification. Deionized water was 

used for all the experiments.  

 Fabrication of Cu2O films via spin-spray method 

Cu2O films were fabricated on borosilicate glass (30 × 40 × 0.20 mm) via the 

spin-spray method. Before fabrication, the substrates were ultrasonically cleaned in 

deionized water for 10 min, and were then treated using a ultraviolet-ozone cleaner 

(BioForce Nanosciences, Inc., USA, UV Ozone Cleaner ProCleanerTM Plus) for 10 min 

to increase the surface hydrophilicity.  

The source and reaction solutions were sprayed on to the substrate placed on the 

rotating disk table heated to 70°C, and the rotation rate of the table was 150 rpm. The 

source solution was prepared by dissolving 0.04 M of CuSO4⸱5H2O and L-Ascorbic Acid 

in 0.7 L of deionized water at pH 2.3. Here, L-Ascorbic Acid was used as a kind of 

reducing agent. Their reduction reaction in the source solution is given below.  

Cu
2+

 + C6H8C6 → 2Cu
+
 + C6H6C6 + 2H+           (1) 

Three kinds of reaction solution were prepared using the different concentrations of NH3 

aq. solution (0.2, 0.6, 1.2 M), the different concentrations of NaOH solutions (0.2, 0.4, 

0.6 M), and their mixture. The concentration of NaOH and NH3 in the mixed solution was 
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changed in the range from 0.2–0.6 M and from 0.2–1.2 M, respectively. The supply rate 

for each solution was 50 mL/min, and the duration of the film deposition was 10 min. 

After the deposition, the Cu2O films were ultrasonically cleaned in deionized water for 

10 min. The sample fabricated using a mixed solution with different NaOH and NH3 aq. 

concentrations, is expressed as the sample name of Sx-Ay. Here, x and y are the 

concentrations of NaOH (Sodium hydroxides) and NH3 aq. (aqueous Ammonia), 

respectively. 

 Characterization  

The crystallinity and microstructure of the samples were analyzed using X-ray 

diffraction (XRD; BRUKER Co., USA, D8 FOCUS/TXS) at a scan angle (2θ) in the 

range of 20–80°. X-ray at a wavelength of 0.15418 nm was generated using a Cu-Kα 

source applying at 35 kV and 50 mA. The surface morphologies of the samples were 

examined using field-emission scanning electron microscopy (FESEM, HITACHI, Japan, 

S-4700) in secondary electron mode at a working voltage of 8 kV. After drying the 

samples at 60 °C for 24 h, X-ray photoelectron spectroscopy (XPS; Physical Electronics, 

Inc., USA, PHI 5000) was used to investigate the chemical states. All the XPS spectra 

were fitted using a numerical simulation program (XPSPEAK 41) with a Shirley 

background and a Lorentzian/Gaussian line shape. The presence of impurities in the 

samples was confirmed using attenuated total reflection Fourier-transform infrared 

(ATR-FTIR) spectroscopy (FT-IR IRPrestige-21, Shimadzu Corp., Japan). 
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 Results  

 Structural and material characterizations of Cu2O Films 

The formed Cu2O powders were just stuck on the surface of the substrate when 

only NaOH solution was used as the reaction solution. These Cu2O powders did not 

adhere strongly to the substrate, and they were all dislodged from the substrate after 

ultrasonic cleaning in deionized water. On the other hand, neither Cu2O film formation 

nor Cu2O powder precipitation occurred when solutions of only NH3 were used as the 

reaction solution. In contrast, for the case of the mixed NaOH and NH3 solutions, Cu2O 

films could be fabricated on the substrates at all the investigated NaOH and NH3 aq. 

concentrations. Figure 2.1 shows photos of the Cu2O films fabricated on glass substrates 

using the various mixed solutions. As shown in Figure 2.1, the spin-spray method 

enabled to the one-step fabrication of dense Cu2O films on the seed-free glass substrates 

at low temperature of 70℃ and in a short time of 10 min. In addition, the films did not 

peel off from the substrates even after ultrasonic cleaning for 10 min, indicating good 

adhesion between the films and the substrates.  

 

 

 

 

 

 

 

Figure 2.1 Photos of Cu2O films fabricated on glass substrates using NaOH and NH3 

mixed solution with the different concentrations as the reaction solution; (a) S0.2-A0.8, (b) 

S0.3-A0.8, (c) S0.4-A0.8, (d) S0.4-A0.2, (e) S0.4-A0.4, (f) S0.4-A1.2. 
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Figure 2.2 (a) shows the XRD patterns for the Cu2O films fabricated from the 

mixed solutions with different NaOH and NH3 concentrations. All the peaks were in good 

agreement with the standard JCPDS card for cubic Cu2O. As shown in Figure 2.2 (a), 

S0.2-A0.8 was strongly oriented in the [100], and the relative intensity of (111) to (200) 

continuously increased with increasing NaOH concentration from 0.2 to 0.4 M. In 

addition, S0.4-A1.2 was strongly oriented in the [100], and the relative intensity of (111) to 

(200) continuously increased with decreasing NH3 concentration from 0.2 to 0.4 M.  

Figure 2.2 (b) shows the ATR-FTIR spectra of S0.2-A0.8 and S0.4-A1.2. The band 

at around 600 cm-1 is attributed to the vibrational mode of Cu-O in Cu2O.6 On the other 

hand, there were no bands between 3000–3500 cm-1, which corresponds to O-H and N-H 

stretch band.7,8 Also, the ascorbic acid band was not detected form the ATR-FTIR spectra. 

Therefore, the Cu2O films fabricated by spin-spray method contain no impurities, such as 

OH, amines, and ascorbic acid. Figure 2.2 (c) shows the XPS spectra of the Cu2p3/2 

peaks for S0.4-A0.2, S0.2-A0.8 and S0.4-A1.2. The fitting of the peaks indicates a binding 

energy of 932.6 eV, corresponding to that of Cu+ in Cu2O.9 In addition, no other 

diffraction peaks arising from possible impurities such as Cu, CuO and Cu(OH)2 were 

detected, indicating that phase-pure Cu2O was successfully fabricated.  

 Morphology Observation of Cu2O films    

Figure 2.3 (a)-(f) shows the surface and the cross-sectional SEM images of S0.2-

A0.8, S0.3-A0.8, and S0.4-A0.8. S0.2-A0.8 had a very flat surface with low light scattering and 

higher transparency than other samples. Most of the exposed grains of S0.2-A0.8 have flat 

planes. On the other hand, for S0.3-A0.8 and S0.4-A0.8, four-sided pyramidal grains appeared 

on the surface. Figure 2.3 shows that the thickness of the films increased in tandem with 
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the increasing NaOH concentration and was 1.95, 2.79, and 3.18 NaOH concentrations 

of 0.2, 0.3, and 0.4 M, respectively. Figure 2.4 (a)-(f) shows the surface and the cross-

sectional SEM images of S0.4-A0.2, S0.4-A0.4, and S0.4-A1.2. It shows that S0.4-A1.2 is a 

continuous uniform film composed of submicron sized grains, while S0.4-A0.2 and S0.4-

A0.4 are films composed of octahedral nanoparticles. The grain size and film thickness of 

S0.4-A0.2 and S0.4-A0.4 were smaller than those of S0.4-A1.2, indicating that the higher 

ammonia concentration tended to cause a higher fabrication rate for the film.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 (a) XRD patterns, (b) ATR-FTIR spectra and (c) XPS spectra of Cu2O film 

fabricated using NaOH and NH3 mixed solution with the different concentrations. 
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Figure 2.3 Surface and cross-sectional SEM images of (a)(b) S0.2-A0.8, (c)(d) S0.3-A0.8, 

(e)(f) S0.4-A0.8. 

 

 

 

 

 

 

Figure 2.4 Surface and cross-sectional SEM images of (a)(b) S0.4-A0.2, (c)(d) S0.4-A0.4, 

(e)(f) S0.4-A1.2. 

 Optical properties of Cu2O films    

The optical band gap of Cu2O films should be designed for applications such as 

photocatalysis and solar cell electrodes. The estimated optical band gap was obtained 

using the following equation for a semiconductor. 

Ahν = K(hν − Eg)m 2⁄          (6) 

Where A is the absorption coefficient, hν is the photon energy, Eg is the optical band gap, 

K is a constant, and m is equal to 1 for band gaps with a direct transition and 2 for indirect 
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transitions. The absorption coefficient A was obtained using the equation Ahν =

−(lnT) d⁄ , where d is the film thickness (nm) and T is the transmittance. 

Figure 2.5 shows the plots of (Ahν)2 − hν for S0.2-A0.8, S0.3-A0.8, S0.4-A0.8, S0.4-

A0.2, S0.2-A0.4, and S0.4-A1.2 in a direct transition. The intercept of the (Ahν)2 − hν plot 

along the hν axis determines the band gap Eg. The band gaps of S0.2-A0.8, S0.3-A0.8, S0.4-

A0.8, S0.4-A0.2, S0.2-A0.4, and S0.4-A1.2. were 2.20, 2.13, 2.14, 2.31, 2.13, and 2.05 eV, 

respectively. From Figure 2.3 and 2.4, the films with small particle sizes, i.e., S0.4-A0.2 

and S0.4-A0.8, had large bandgap values and the films with large particle sizes, i.e., S0.4-

A1.2 and S0.2-A0.8, had low band gap values. Since the grain size of S0.4-A0.2 and S0.4-A0.8 

were between 100–600 nm, the large band gap values can be attributed to quantum 

confinement effects.18,19 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Tauc polts of (a) S0.2-A0.8, (b) S0.3-A0.8, (c) S0.4-A0.8, (d) S0.4-A0.2, (e) S0.4-A0.4 

and (f) S0.4-A1.2. 
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 Discussion  

 Formation Mechanism of Cu2O Films via Spin-spray method  

For the spin-spray method, the source and the reaction solution were sprayed onto 

the substrate and the unreacted solutions that had not contributed to film formation cleared 

out by the centrifugal force. In this situation, there was a reaction field of the “liquid film” 

on the rotating disk and the substrate was placed in this liquid film, as shown in Figure 

2.6 (a). In addition, there is a large temperature difference between the liquid film surface, 

on to which the room temperature solutions were sprayed continuously, and the substrate 

surface heated to ≥ 70°C on the rotating table, as shown in Figure 2.6 (b). The liquid film 

played an important role on the Cu2O film formation on the substrate. 

 

 

 

 

 

 

 

Figure 2.6 (a) Schematic illustrations of liquid film formed during film fabrication and 

(b) temperature gradient around placed in the liquid film. 

In this chapter, three kinds of reaction solution were prepared using the NaOH 

solution, the NH3 aq. solution, and their mixture. In the case of the NaOH solution, the 

formed Cu2O powders in the reaction were just stuck on the substrate surface, but did not 

(a) (b) 
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adhere strongly to the substrate. The Cu+ ions in the source solution reacted with OH− 

ions in the reaction solution to form Cu2O powder by the following chemical reactions. 

NaOH → Na+ + OH
-
            (2) 

2Cu
+
 + 2OH

-
 → 2CuOH → Cu2O + H2O            (3) 

Under these conditions, the reaction in eq. (3) was too fast that the sprayed Cu+ ions 

mostly precipitated as Cu2O powders in the liquid film before reaching the substrate 

surface. Therefore, heterogeneous nucleation on the substrate was not achieved and the 

Cu2O powders did not strongly adhere to the substrate. On the other hand, neither Cu2O 

film formation nor Cu2O powder precipitation occurred when solutions of only NH3 were 

used as the reaction solution. NH3 aq. provides NH4
+ and OH− as shown in eq. (4).  

NH3 + H2O → NH4
+ + OH

-
         (4) 

The sprayed Cu+ ions from the source solution reacted with OH− to form Cu2O, as shown 

in eq. (3). However, Cu2O easily dissolved through the formation of an ammine complex 

via the chemical reaction shown in eq. (5). 

  Cu2O + 4NH3 + H2O → Cu(NH3)2
+ + 2OH

-
         (5) 

As a result, the Cu2O films did not remain on the substrates. 

In contrast, for the case of the mixed NaOH and NH3 solutions, phase-pure Cu2O 

films which contained no impurities, such as OH, amines, and ascorbic acid, could be 

fabricated on the substrates with good adhesion, as shown in Figure 2.2. Figure 2.6 (b) 

shows there is a large temperature difference between the liquid film surface and the 

substrate surface. Homogeneous nucleation was suppressed in the liquid film because the 

copper ions reacted with ammonia to form ammine complexes, as shown in eq. (5). On 

the other hands, the ammine complex is only decomposed near the substrate surface, and 
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therefore, the Cu+ ions react with OH− ions leading to the formation of the Cu2O film, as 

shown in eq. (3).  

For the fabrication of a phase-pure Cu2O film via solution processing, it is 

important to precipitate it from a solution that contains only Cu+ ions, which is free of 

Cu2+ ions. Therefore, a reducing agent is required to fabricate phase-pure Cu2O via 

solution processing. Furthermore, it is necessary to prevent Cu+ from being re-oxidized 

to Cu2+ by dissolved oxygen in the solution. The reducing agent, L-ascorbic acid, reacts 

with dissolved oxygen and acts as an oxidation inhibitor. The reduction potential of L-

ascorbic acid depends on the pH of the solution, and the reduction rate of copper is 

markedly decreased at a pH value higher than 5.0. According to M. Emadi et al., an acidic 

environment is required for the efficient reduction of Cu2+ by L-ascorbic acid and the 

optimal pH is 2.38.10 Although an alkaline environment is required to deposit Cu2O from 

the solution as shown in eq. (3), the reduction of Cu ions is insufficient and CuO and 

Cu(OH)2 impurities are easily incorporated in the growing film. Cu2O films were 

fabricated by spraying the source solution at pH 2.3 and the reaction solution at pH 13 or 

more on the substrates fixed to the rotating table. Hence, there were two regions on the 

rotating table where the pH values were completely different as shown in Figure 2.7 since 

the nozzle for the source and reaction solution were placed separately. In other words, the 

substrates were alternately immersed in the liquid film in alkaline and acidic 

environments. The formation of Cu2O films were promoted in the alkaline liquid film, 

but the reduction rate of copper by L-ascorbic acid was significantly decreased at high 

pH. However, ascorbic acid can recover its reduction ability and the oxidation of Cu+ was 

suppressed by rotating the table and immersing the substrate in the acidic liquid film.  
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Figure 2.7 Schematic illustrations of two regions with different pH on rotating disc (top 

view). 

 Effect of NaOH on Sample Morphology and Growth Orientation  

The concentration of the mixed NaOH solution was changed from 0.2 to 0.4 M 

with 0.8 M NH3 aq. to investigate the role of NaOH on film formation. The shapes of the 

exposed surface grains were closely related to the orientation of the films, as shown in 

Figure 2.2 (a) and Figure 2.3. For S0.2-A0.8 which is the [100]-oriented film, most of the 

exposed grains have flat planes correspond to the {100}.11 On the other hand, for S0.3-A0.8 

and S0.4-A0.8, four-sided pyramidal grains appeared on the surface. Their side faces could 

be attributed to the (111), indicating that the grains grow in the [100].12 As shown in eq 

(3), the formation rate of CuOH, which is a precursor to Cu2O, depended on the 

concentrations of Cu+ ions and OH− ions. However, it depended only on the OH− ions 

concentration because the Cu+ ions concentration was constant under our experimental 

conditions. Therefore, it can be concluded that the fabrication rate of Cu2O increases 
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alongside the NaOH concentration, which is in good agreement with film thickness 

shown in Figure 2.3. As shown in Figure 2.2 (a), S0.2-A0.8 was strongly oriented in the 

[100], and the relative intensity of (111) to (200) continuously increased with increasing 

NaOH concentration from 0.2 to 0.4 M. T. Shinagawa et al. reported that the trend for the 

preferred growth orientation between the ⟨100⟩ and ⟨111⟩ can be explained qualitatively 

by considering the fabrication rate.13 In the cubic cuprite structure, the polar (100) had a 

higher surface energy than the nonpolar (111).14,15 Therefore, a lower deposition rate 

favors the ⟨100⟩ based on a thermodynamic equilibrium control, while a higher deposition 

rate is under a nonequilibrium control and results in the ⟨111⟩. Since S0.2-A0.8 with a lower 

deposition rate was grown under conditions closest to the thermodynamic equilibrium, 

the growth rate along the [100] was the fastest. On the other hand, S0.3-A0.8 and S0.4-A0.8 

with relatively high deposition rates were likely to expose the more energetically stable 

{111} at the surface, resulting in the formation of four-sided pyramidal grains. 

 Effect of NH3 on Sample Morphology and Growth Orientation  

The NH3 aq. concentration in the mixed solution was then varied from 0.2 to 1.2 

M with 0.4 M NaOH to investigate the role of NH3 on the film formation. The surface 

morphology of S0.4-A0.2 and S0.4-A0.4 contained both plane-triangular grains which grow 

in the [111] and four-sided pyramidal grains which grew in the [100].13 On the other hand, 

S0.4-A1.2 was composed of relatively corner-less and rounded grains, and it did not contain 

triangular grains that are relevant to the (111). NH3 aq. dissolves Cu2O as shown in eq. 

(5), so it stands to reason that the growth rate increases as the NH3 concentration is 

decreased. Therefore, as we have indicated above, the differences in the orientation of the 

films can be explained by the differences in the growth rate. However, the grain size and 
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the film thickness decreased with lower NH3 aq. concentrations, as shown in Figure 2.4. 

As previously described, for the mixed NaOH and NH3 aq. solutions, the copper ions 

form an ammine complex with ammonia. This prevented copper ions from precipitating 

as Cu2O particles in the liquid film before reaching the substrate surface. However, for 

the case of S0.4-A0.2 and S0.4-A0.4, because the NH3 aq. concentration was too low to 

completely suppress the precipitation of Cu2O particles, a part of the copper ions that 

should originally have been used for film fabrication precipitated as Cu2O particles, and 

these particles flowed out of the liquid film via the centrifugal force. Therefore, the grain 

size and film thickness of S0.4-A0.2 and S0.4-A0.4 were smaller than those of S0.4-A1.2, 

although the lower ammonia concentration tended to cause a higher fabrication rate for 

the film. The films prepared with a high NH3 aq. concentration had fewer nucleation sites 

but larger submicron grain sizes. NH3 dissolves Cu2O as shown in eq. (5), and dissolution 

and reprecipitation occur more actively on the film surface when the Cu2O films were 

fabricated from a reaction solution at a higher NH3 aq. concentration. Therefore, the 

increase in particle size was due to Ostwald ripening, where small crystals are dissolved 

and then reprecipitated on large crystals.16 

 Electrical properties of Cu2O Films via Spin-spray method  

The electrical resistivity of the all samples was in the range of 102 Ω·cm with 4-

point probe method. It was too high to measure the carrier density and the mobility of 

samples by hole effect measurement. In general, the films with few impurities consisting 

of large particles exhibit high electrical conductivity due to their low grain boundary 

resistance. Although S0.4-A1.2 was a phase-pure Cu2O film composed of large particles 

compared to other reports,17-19 it showed high electrical resistivity of 2.43 × 102 Ω·cm. 
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C2O is widely known to be a native p-type semiconductor and its p-type conductivity 

originates from a thermodynamic preference for Cu vacancies in the lattice, which in turn 

generate robust electron acceptors at the valence-band top.20 Therefore, the high electrical 

resistivity of Cu2O films via spin-spray method indicated the small amount of Cu 

vacancies in the films. These results showed that the spin-spray method enable to 

fabricate highly crystalline Cu2O films with few defects. 

Conclusion 

Phase-pure Cu2O films, 2-3 µm in thickness, were fabricated on glass substrates 

in a very short time of 10 min at low temperature of 70 °C via the spin-spray technique 

using a mixed NaOH and NH3 aq. solution as the reaction solution. NaOH played the role 

to increase the nucleation density and higher pH in the reaction site faster deposition rate. 

On the other hand, NH3 aq. contributed to homogeneous nucleation and grain growth via 

Ostwald ripening accompanied by dissolution and precipitation. Their concentration 

ratios changed the orientation and size of the grains in the films. Cu2O films fabricated 

from the reaction solution with an NaOH concentration higher than that of the NH3 aq. 

was strongly oriented in the [111]. On the other hand, films fabricated from solutions with 

a higher concentration of NH3 aq. than of NaOH was preferentially oriented in the [100]. 

The film prepared from the reaction solution of 0.4 M NaOH and 0.2 M NH3 aq., S0.4-

A0.2, was composed of nanoparticles with a size of ~100-600 nm. The Cu2O film had a 

rough surface with a high specific surface area and a considerably large band gap of 2.31 

eV. The film prepared from the reaction solution with 0.2 M NaOH and 0.8 M NH3 aq., 

S0.2-A0.8, had a planar surface with relatively low light scattering and higher transparency 

than other samples. 
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Chapter 3 CuO Nanostructures Fabricated by Spin-spray Method  

 Introduction 

Nanostructured CuO films are often used in gas-sensing devices because of its 

high surface activity and oxygen adsorption capability.1,2 In the past decades, various 

physical and chemical methods have been used to fabricate CuO nanostructures such as 

nanowires, nanosheets and nanoparticles.3-5 However, these methods may require a 

vacuum system and high fabrication temperatures in addition to heat-resistant and/or 

conductive substrates, leading to certain disadvantages, such as high environmental 

impacts, significant expense or limited substrate ranges. On the other hands, solution-

based processes, including chemical bath deposition, successive ionic adsorption and 

reaction (SILAR) and chemical bath deposition (CBD) have significant advantages over 

other techniques by allowing film fabrication at temperatures below 100°C under 

atmospheric pressure.6,7 However, it is difficult to fabricate the CuO nanostructures on 

the seed-free glass substrates with good adhesion by the conventional solution-based 

processes. 

To overcome the problems of these solution processes and to obtain good 

adhesion between the film and substrate, the spin-spray method has been applied to 

fabricate CuO nanostructures on the seed-free glass substrate in this chapter. In addition, 

two types of the CuO nanostructures were fabricated by using the appropriate complexing 

agent in the source solution. We discuss the formation mechanism of the CuO 

nanostructure via spin-spray reactions in terms of the complexing agents and the reaction 

field with pH gradient. 
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 Experiment 

 Substrate and chemicals 

Borosilicate glass substrates were purchased from MATUSNAMI GLASS Ind., 

Ltd., Japan. Copper(II) sulfate pentahydrate (CuSO4·5H2O, 99.0%), ethylenediamine 

(C2H8N2, 99.0%), trisodium citrate (C6H5Na3O7, 99.0%), sodium hydroxide (NaOH, 

99.0%), and ammonia (NH3 aq. 28 w%) were all purchased from FUJIFILM Wako Pure 

Chemical Corporation, Ltd., Japan. All of the chemicals were used as received without 

further purification. Deionized water was used for all of the experiments.  

 Fabrication of CuO nanostructures by spin-spray method 

CuO films were fabricated on borosilicate glass (30 × 40 × 0.20 mm) and via the 

spin-spray method. Before fabrication, the substrates were ultrasonically cleaned in 

deionized water for 10 min, and were then treated using a ultraviolet-ozone cleaner 

(BioForce Nanosciences, Inc., USA, UV Ozone Cleaner ProCleanerTM Plus) for 10 min 

to increase the surface hydrophilicity. The reaction and source solutions were prepared 

by dissolving the precursor materials in 0.7 L of deionized water. The reaction solution 

was prepared using NaOH solution at pH 11 or 13. Two source solutions were prepared 

by dissolving 1.2 M NH3 aq., 0.06 M C2H8N2 or 0.06 M C6H5Na3O7 in 0.04 M 

CuSO4⸱5H2O solution. The reaction and source solutions were pumped to their respective 

nozzles at a flow rate of 0.05 L/min and sprayed onto the substrate on the rotating table 

(150 rpm) with N2 carrier gas. The rotating table was heated at 90 °C during fabrication 

and the deposition time was 10 min. Samples fabricated on Glass substrate using 

C2H8N2(EDA) and C6H5Na3O7(Cit) are referred to as CuO-Glass-EDA and CuO-Glass-
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Cit, respectively. After fabrication, all samples were ultrasonically cleaned in deionized 

water to remove any surface contaminants. 

 Characterization  

The crystallinity and microstructure of the samples were analyzed by X-ray 

diffraction (XRD, BRUKER Co., USA, D8 FOCUS/TXS) at a scan angle (2θ) range of 

20–80°. X-rays were generated using a Cu-Kα source at 35 kV and 50 mA  at a wavelength 

of 0.15418 nm. The surface morphologies of the samples were observed by field emission 

scanning electron microscopy (FESEM, HITACHI, Japan, S-4700) in secondary electron 

mode at a working voltage of 8 kV. After drying the samples at 60 °C for 12 h, X-ray 

photoelectron spectroscopy (XPS, PhysicalElectronics, Inc., USA, PHI 5000) was used 

to investigate the chemical states. All XPS spectra were fitted using a numerical 

simulation program (XPSPEAK 41) with a Shirley background and a 

Lorentzian/Gaussian line shape. 
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 Results  

 Characteristics of Nanostructured CuO Films  

The spin-spray method enabled the one-step fabrication of CuO films using 

C2H8N2(EDA) and C6H5Na3O7(Cit) on the glass substrates at low temperature (90℃) and 

short time (10 min). The two samples were referred as CuO-Glass-EDA and CuO-Glass-

Cit, respectively. Figure 3.1 (a) and (b) shows that CuO-Glass-EDA and CuO-Glass-Cit 

were deposited uniformly on the glass substrates and appeared blacks and dark gray in 

colors, respectively. These films exhibited strong adhesion to the substrate without 

peeling off, even after ultrasonication at 45 kHz of 200 W in deionized water for 10 min, 

as shown in Figure 3.1 (a) and (b). XRD patterns of the samples showed peaks 

characteristic of the monoclinic phase of CuO with good accordance to the ICCD data 

(JCPDS 48-1548), as shown in Figure 3.1 (c). No impurity peaks from Cu(OH)2, Cu2O, 

ethylenediamine or trisodium citrate were observed.  

Figure 3.2 shows the ATR-FTIR spectra of CuO-Glass-EDA, CuO-Glass-Cit 

and the glass substrate. The band at around 600 cm-1 in the sample spectra is attributed to 

the vibrational mode of Cu-O in CuO.8 In the spectra of CuO-Glass-Cit, two intense bands 

are observed at 3500 cm-1 and at 1635 cm-1, were attributed to the O–H stretching and O–

H–O scissors-bending.9 The band at 2600–3600 cm-1 is very broad because of hydrogen-

bridging between the water molecules.10 These results indicated that adsorbed water was 

present on the surface of CuO-Glass-Cit. 
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Figure 3.1 Digital photos of (a) CuO-Glass-EDA and (b) CuO-Glass-Cit (c) XRD 

patterns of CuO-Glass-NH, CuO-Glass-EDA and CuO-Glass-Cit 

 

 

 

 

 

 

 

 

Figure 3.2 ATR-FTIR spectra of the CuO-Glass-EDA, CuO-Glass-Cit and glass substrate.   

 

(a) 

(b) 

(c) 
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 Morphology of Nanostructured CuO Films  

Figure 3.3 shows surface and cross-sectional FESEM images of CuO-Glass-

EDA and CuO-Glass-Cit. Figure 3.3 (a) and (b) show that the surface of CuO-Glass-

EDA was composed of nanosheets having a high aspect ratio, i.e. 2.23 µm in the lateral 

direction and 20 nm in thickness. These nanosheets, not aggregated but sparsely located, 

grew vertically on the substrate forming a grass-like nanosheet array, as shown in Figure 

3.3 (c). CuO-Glass-Cit was composed of nanosheet clusters and the substrate surface was 

fully covered with these clusters to forming a carpet-like morphology, as shown in Figure 

3.3 (d). The magnified image in Figure 3.3 (e) shows that tiny multilayered nanosheets, 

135 nm in lateral direction and 23 nm in thickness, accumulated with their sheet surfaces 

orientated parallel to the substrate. These nanosheet clusters aggregated to each other to 

form a dense film structure of 1.05 µm in the thickness, as shown in Figure 3.3 (f). 

Figure 3.3 Surface and cross-sectional FESEM images of (a, b) CuO-Glass-EDA and 

(c, d) CuO-Glass-Cit. 
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 Optical Properties of Nanostructured CuO Films  

The optical band gaps of the CuO-Glass-EDA and CuO-Glass-Cit specimens 

were calculated from optical diffuse reflectance data. These band gaps were determined 

on the basis of the relationship between the absorption coefficient (α) calculated by K-M 

transform and the photon energy (hν), written as  

𝛼ℎ𝜈 = Α(Eg − ℎ𝜈)
n
,           (1) 

where Eg is the band gap energy, A is a constant and n has a value of 1/2 or 2 for allowed 

direct and indirect transitions, respectively. Figure 3.4 (a) and (b) presents plots of (αhν)2 

versus hν for the CuO-Glass-EDA and CuO-Glass-Cit, from which the optical band gaps 

were obtained from the intercepts of extrapolated straight lines with the photon energy 

axis. On this basis, CuO-Glass-EDA and CuO-Glass-Cit specimens were found to possess 

direct band gaps of 1.61 and 1.52 eV, respectively.  

 

 

 

 

 

 

 

Figure 3.4 Tauc plots for the (a) CuO-Glass-EDA and (b) CuO-Glass- Cit. 

 



42 

 

 Discussion  

 Formation Mechanism of CuO dense film and nanosheet array  

Figure 3.3 shows that sheet-like CuO nanostructures were fabricated on glass 

substrates with good adhesion via the spin-spray method. The formation of the CuO 

nanosheets by the spin-spray method can be explained as follows. When the source 

solution was prepared by dissolving the only CuSO4⸱5H2O in deionized water without 

organic compounds, no films were formed on the substrate by the spin-spray method. 

Therefore, the organic compounds such as ethylenediamine and trisodium citrate were 

important to fabricate CuO films. Cu2+ in the source solutions for CuO-Cit and CuO-EDA 

formed complexes according to: 

2CuSO4 + 2Na3C6H5O7 → [Cu2(C6H5O7)2]
2– + 6Na+ + 2SO4

2–,    (2) 

CuSO4 + 2C2H8N2 → [Cu(C2H8N2)2]
2+ + SO4

2–.       (3) 

The source solutions for CuO-Glass-Cit and CuO-Glass-EDA were weakly acidic with 

pH values of 4.56 and 6.06, respectively, while the reaction solution was strongly alkaline 

NaOH with a pH of 13. In the spin-spray method, the sprayed reaction and source 

solutions mixed and reacted to form functional oxide films.11 The sprayed weakly acidic 

and strongly alkaline solutions were distributed on the rotating stage in areas (i) and (iii), 

forming the weakly alkaline areas (ii-a) and (ii-b) between (i) and (iii), as shown in Figure 

3.5. This means there was a pH difference between areas (i) and (iii) which served as the 

reaction field for the film, as shown in Figure 3.5. The rotating substrate started from 

area (i) and arrived at area (iii) after passing through area (ii-a) which had a large pH 

gradient. In area (ii-a), copper complexes such as [Cu2(C6H5O7)2]
2– and [Cu(C2H8N2)2]

2+ 
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transformed to Cu(OH)2 nuclei on the substrate because of the large amount of OH– 

present, according to:12,13 

[Cu2(C6H5O7)2]
2– + 4OH– → 2Cu(OH)2 + 2C6H4O7

3–,            (4) 

[Cu(C2H8N2)2]
2+ + 2OH– → Cu(OH)2 + 2C2H8N2.

             (5) 

Cu(OH)2 nuclei formed on the substrate in area (ii-a) and transformed to Cu(OH)4
2– 

because of the excess OH– in area (iii), as expressed by:14 

Cu(OH)2 +2OH– ⇄ Cu(OH)4
2–.     (6) 

Cudennec and Lecerf reported that Cu(OH)4
2– rapidly transformed into CuO even at 

temperatures below 100 °C with the loss of two OH– and one water molecule, according 

to:15 

Cu(OH)4
2– ⇄ CuO +2OH– + H2O.             (7) 

Excessive alkalinity promoted the reaction in equation (6) but suppressed the 

transformation from Cu(OH)4
2– to CuO resulting in the formation of Cu(OH)2, as shown 

in equations (6) and (7).16 This is why it is difficult to rapidly deposit CuO by 

conventional solution hydrothermal and chemical bath deposition methods in which Cu2+ 

and OH– coexist in the reaction field for a long time without a pH gradient. In the spin-

spray method, the separated Cu2+ and OH– were mixed on the rotating table to create a 

reaction field with a pH gradient, as shown in Figure 3.5. The substrate arrived back at 

the weakly acidic area (i) after passing through area (ii-b). CuO was rapidly formed on 

the substrate by the condensation reaction of Cu(OH)4
2– complex anions linked by 

hydrogen bonds, according to: 

Cu(OH)4
2– + 2H+ → CuO↓ + 2H2O.       (8) 
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The spin-spray method enabled the reactions in equations (6) and (8) to occur efficiently 

in areas (iii) and (i), respectively. Unreacted species and/or unnecessary nucleated nano 

hydroxides were continuously removed from the reaction field, and fresh reaction and 

source solutions were constantly supplied to the reaction field. Pure CuO films containing 

no impurities such as Cu(OH)2 were therefore obtained. 

The reaction in equation (6) suggested that the CuO morphology depended on the 

manner of the linkage of hydrogen bonds between Cu(OH)4
2– complex anions. Cu(OH)4

2– 

is a square planer complex anion. Liao et al. reported that a high molar ratio of NaOH to 

a complexing agent such as C2H8N2 or C6H8O7 in area (ii-b) led to hydrogen bonding 

along the [010], resulting in tiny two dimensional CuO nanoflakes.17 The high alkalinity 

environment in area (iii) promoted the reaction in equation (6) and also promoted the back 

transformation of CuO to Cu(OH)4
2–, as shown in equation (7).16 Therefore, CuO 

repeatedly dissolved and precipitated on the substrate fixed on the rotating table. Finally, 

the formed tiny nanoflakes served as seeds to deposit the aggregated and non-aggregated 

CuO nanosheets through Ostwald ripening.17 The CuO nanosheet obtained by the above 

process was reported to grow in the [010] with its top surface being the (001).16 Figure 

3.3 shows that CuO-Glass-Cit was a dense film in which CuO nanosheet clusters 

accumulated with their (001) surfaces orientated parallel to each other and perpendicular 

to the substrate plane, and a large number of (111) were exposed on the CuO-Glass-Cit 

surface. This perpendicular alignment of nanosheets was one of the reasons that CuO-

Glass-Cit showed a high 111 peak intensity in the XRD pattern in Figure 3.1 (c). 
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Figure 3.3 shows that the surface morphology of the samples depended on the 

complexing agent that was added. Dubal et al. reported that negatively charged OH– or 

OH groups selectively adsorbed to the CuO nanosheet surface, and that this caused 

nanosheet aggregation by the electrostatic attraction between OH– and Cu2+ of adjacent 

nanosheets.18 CuO-Glass-Cit was a dense film composed of nanosheets because the OH 

groups of the added citric acid promoted aggregation. The functional groups of the added 

ethylenediamine were amino groups, so CuO-Glass-EDA had no OH groups. In addition, 

CuO nanosheets formed in the weakly acid area (i). There were almost no OH– or OH 

groups to promote aggregation between the nanosheets in CuO-Glass-EDA. This led to 

the sparsely located nanosheets grown vertically on the substrate, as shown in Figure 3.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Schematic illustrations of three areas with different pH values on the rotating 

table. 
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 Surface properties of CuO dense film  

The result in Figure 3.2 indicated that adsorbed water was present on the surface 

of CuO-Glass-Cit. Water molecules were strongly adsorbed on the CuO-Cit surface, 

despite the sample having been dried at 60 °C for 12 h before ATR-FTIR measurement. 

A large number of (111) were exposed on the CuO-Glass-Cit surface, as described in 

section 3.4.1. Yu et al. reported that water molecules adsorbed on the CuO (111) 

dissociated into H and OH species and that the surface was covered with OH groups. 

Water molecules were chemisorbed by OH groups on the CuO (111) and could not desorb 

even at high temperature under vacuum conditions, indicating that the CuO-Glass-Cit 

surface was in hydrated form.18,19  

 Optical band gaps of CuO dense film and nanosheet array  

The data in Figure 3.4 also indicated a blue shift in the optical band gaps 

between the CuO dense film and non-aggregated CuO nanosheet. Such a blue shift in 

nanostructured CuO films has been reported in many studies, where it has been argued 

that the observed shift was due to the quantum confinement effects. If the grain size is 

smaller than the exciton Bohr radius (up to 28.7 nm for CuO), the quantum confinement 

effect will play an important role in the blue shift of the band gap.20 As shown in Figure 

3.3 (b) and (c), the nanosheet thickness of CuO-Glass-EDA is 20 nm, which was smaller 

than the Bohr radius of CuO. Figure 3.3 (e) and (f) indicated that the nanosheets 

composing CuO-Glass-Cit aggregated to each other to form a dense film structure of 1.05 

µm in the thickness, which was larger than the Bohr radius of CuO.21,22 Therefore, the 

blue shift in band gaps of the CuO-Glass-EDA and CuO-Glass-Cit was due to the 

quantum confinement effect.23,24 
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Conclusion 

Sheet-like CuO nanostructures were fabricated on glass substrates at low 

temperature of 90 °C in a short time of 10 min via the spin-spray method using the 

appropriate complexing agent. These CuO nanostructures exhibited the good adhesion 

with glass substrates. The sample fabricated using citric acid as the complexing agent was 

composed of nanosheet clusters and the substrate surface was fully covered with these 

clusters to forming a carpet-like morphology. These nanosheet clusters aggregated to each 

other to form a dense film structure in the thickness direction. On the other hands, the 

sample prepared using EDA as the complexing agent was composed of nanosheets having 

a high aspect ratio, i.e. 2 µm in the lateral direction and 20 nm in thickness. These 

nanosheets, not aggregated but sparsely located, grew vertically on the substrate forming 

a grass-like nanosheet array.  
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Chapter 4 CuO Thin Film Fabricated by Mist Spin Spray Method 

 Introduction 

CuO thin films have been synthesized using many physical and chemical 

processes, such as radio frequency magnetron sputtering, pulsed laser deposition, 

chemical spray pyrolysis, and electrodeposition.1 However, these methods may require a 

vacuum system and high fabrication temperatures in addition to heat-resistant and/or 

conductive substrates, leading to certain disadvantages, such as high environmental 

impacts, significant expense or limited substrate ranges. Solution-based processes, 

including chemical bath deposition, successive ionic adsorption and reaction, and spin-

spray methods, have significant advantages over other techniques by allowing film 

fabrication at temperatures below 100 °C under atmospheric pressure.2-4 However, it is 

difficult to produce dense, crack-free films with nanoscale thicknesses by these 

conventional solution techniques. 

A unique solution-based process known as mist chemical vaper deposition (mist-

CVD) has recently attracted attention. This technology does not require a vacuum, is 

highly scalable but inexpensive and can provide dense metal oxide films with nanoscale 

thicknesses.5,6 This method can be described as a CVD process based on the use of so-

called mist droplets generated by the ultrasonication of a precursor solution. An ultrasonic 

transducer operating at a frequency of 2.4 MHz can provide droplets as small as 0.1‒3 

µm in diameter that are subsequently transported to the substrate via a carrier gas.7 

However, the mist-CVD technique requires a relative high deposition temperature (over 

200 °C) due to the need for thermal decomposition of the precursor.  
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In this chapter, a solution process termed the mist spin spray (MSS) method was 

developed and used to fabricate nanostructured CuO thin films with high purity. In this 

manner, dense and crack-free CuO thin films with nanoscale thicknesses can be fabricated 

on seed-free glass substrates within a short time span at a relatively low temperature 

through the effective utilization of chemical reactions. Therefore, it is an energy-saving 

and environment-friendly method compared with the mist-CVD and conventional 

physical and chemical processes. In addition, it is generally difficult to fabricate 

crystalline CuO thin films on amorphous glass substrates with good adhesion by 

conventional solution processes since there is no epitaxial effect between the film and the 

substrate. The CuO films fabricated by the MSS method strongly adhere to the glass 

substrate. The MSS method also allowed precise control of the film grain size, surface 

morphology and optical band gap by adjusting the compositions of the initial solutions.  

 Experiments 

 Fabrication of CuO films via the MSS method 

All the chemical reagents used in this study were purchased from the FUJIFILM 

Wako Pure Chemical Corporation, Ltd., Japan. The borosilicate glass substrates 

(40×30×0.17 mm) were ultrasonically cleaned in deionized water and ethanol for 10 min 

and then treated using a UV-ozone apparatus (BIOFORCE Nanosciences, UV Ozone 

Cleaner Pro Cleaner Plus) for 10 min to increase the surface hydrophilicity. Each source 

solution comprised a 50 mL aqueous solution containing CuSO4⸱5H2O at a concentration 

of 0.04 M and NH3 at a concentration of 1.5, 3.0 or 6.0 M. Each reaction solution was 

also a 50 mL aqueous solution containing NaOH at concentrations of 0.05, 0.10 or 0.50 

M. The mist droplets produced from the source and reaction solutions were sprayed onto 
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the substrate using N2 as the carrier gas at a flow rate of 4.0 L/min. The distance between 

the nozzles and the substrate was 2 mm, the film fabrication time was 30 min, the 

substrate was heated at 90 °C and the table was rotated at 150 rpm. The fabricated CuO 

films were ultrasonically cleaned in deionized water for 10 min after being prepared. 

Samples were fabricated using various NH3 and NaOH levels in the source and reaction 

solutions, respectively, and are referred to herein using the nomenclature Ax-Sy, where x 

and y are the concentrations of NH3 and NaOH, respectively. 

 Characterization and performance 

The crystallinity and microstructure of each CuO film was analyzed using X-ray 

diffraction (XRD, BRUKER Co., D8 FOCUS/TXS) over the 2θ range of 20–80° with an 

X-ray wavelength of 0.15418 nm generated using a Cu-Kα target operated at 45 kV and 

40 mA. The surface morphologies of the films were observed via field emission scanning 

electron microscopy (FESEM, HITACHI, S-4700) in the secondary electron mode with 

a working voltage of 15 kV. The average grain size in each sample was determined 

statistically from the sizes of the grains observed in surface FESEM images acquired at 

several points on the same film. X-ray photoelectron spectroscopy (XPS, Physical 

Electronics, Inc., PHI 5000) using Mg-Kα radiation (ℎ𝜈  = 1253.6 eV) was used to 

investigate the chemical states of the specimens. The presence of impurities in each 

sample was assessed using attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy (IRPrestige-21, Shimadzu Corp., Japan). The absorbance of the films 

in the ultraviolet–visible (UV–vis) region was evaluated with a V-670 spectrophotometer 

(JASCO).  
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 Results  

 Structural and Material Characterizations of CuO Thin Films 

The MSS method enabled the one-step fabrication of CuO thin films at a low 

temperature of 90 °C. Figure 4.1 (a) presents photographic images of the as-deposited 

samples generated using starting solutions with various concentrations of NH3 and NaOH. 

Each film was deposited uniformly on the seed-free glass substrate and was transparent 

with a light brown coloration. The films exhibited strong adhesion to the substrates and 

did not peel off even after ultrasonication in deionized water for 10 min at a frequency of 

45 kHz and a power level of 200 W. The crystal structures and phase purities of the 

samples were investigated by XRD. The patterns obtained in Figure 4.1 (b) were in good 

agreement with the ICCD data (JCPDS 48-1548) for the monoclinic phase of CuO even 

though the peak intensities were not so strong for a high accelerating voltage of 45 kV 

and current 40 mA to X-ray tube. These results indicated that the MSS method enabled 

to fabricate crystalline CuO films were fabricated directly on the amorphous glass 

substrates without utilizing epitaxial effect even small thickness of 30 nm. No peaks 

related to the formation of Cu(OH)2 or Cu2O as impurities were observed, indicating that 

phase-pure CuO films were obtained using the MSS method.  

The samples were further analyzed by XPS and ATR-FTIR to provide a more 

precise assessment of the presence of impurities. Figure 4.2 (a) and (b) show the XPS 

survey spectra and the XPS spectra of the Cu 2p region for A1.5-S0.1, A6.0-S0.1 and 

A1.5-S0.5. As shown in Figure 4.2 (a), the Cu, O and C elements existed in the samples. 

In addition, no Na1s, N1s, and S2p peaks were identified, demonstrating that there were 

no impurities, such as Na, N and S ions, on the sample surfaces. Figure 4.2 (b) showed 
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that the main peaks at 933.6 and 953.4 eV were attributed to Cu2p3/2 and Cu2p1/2, 

respectively, while the satellite peaks at 939–945 and 962.2 eV indicated the presence of 

Cu2+ ions.8 These results provided further evidence that the film samples comprised CuO 

and were in good agreement with the XRD patterns in Figure 4.1 (b) that did not indicate 

any other copper oxide and/or hydroxide phases. Figure 4.3 shows the ATR-FTIR spectra 

produced by the A1.5-S0.1, A6.0-S0.1 and A1.5-S0.5 specimens. No bands were 

observed in the range from 3000 to 3600 cm-1, which corresponds to O–H and N–H 

stretching region, suggesting that absorbed water, hydroxyl and amine groups were not 

present.9,10  

 

 

 

 

 

 

 

 

 

Figure 4.1 (a) Photographic images of CuO thin films fabricated on glass substrates using 

different concentrations of aqueous ammonia (A1.5-A6.0) in the source solution and of 

sodium hydroxide (S0.1-S0.5) in the reaction solution and (b) XRD patterns obtained 

from the A1.5-S0.1, A3.0-S0.1, A6.0-S0.1, A1.5-S0.05 and A1.5-S0.5 specimens. 

A1.5-S0.1 

(b) (a) 

A3.0-S0.1 A6.0-S0.1 

A1.5-S0.05 A1.5-S0.5 
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Figure 4.2 (a) XPS survey spectra and (b) XPS spectra of the Cu 2p regions for A1.5-

S0.1, A6.0-S0.1 and A1.5-S0.5. 

 

 

 

 

 

Figure 4.3 (a) ATR-FTIR spectra obtained from the glass substrate and from the A1.5-

S0.1, A6.0-S0.1 and A1.5-S0.5 specimens. 
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 Morphological Characterization of CuO Thin Films 

The surface morphologies and film thicknesses of the samples were studied 

using FESEM, and representative images are shown in Figure 4.4 (a)-(j). The outer 

surfaces of the samples were found to be uniform and it was evident that the films fully 

covered the glass substrates. Figure 4.4 (a) demonstrates that the A1.5-S0.1 sample was 

composed of nanoparticles with an average diameter of 22.4 nm. This film was also flat, 

continuous and uniform with a thickness of 33.2 nm, as shown in Figure 4.4 (b). 

The effects of the amount of NH3 on the film morphology were examined by 

varying the NH3 concentration in the source solution from 3.0 to 6.0 M while maintaining 

the NaOH concentration at 0.1 M NaOH. Nanoparticle clusters composed of grains from 

10 to 30 nm in size were observed on the surface of the A3.0-S0.1 specimen, such that 

the surface was relatively rough (Figure 4.4 (c)). The cross-sectional FESEM image of 

this same material, having a film thickness of 43.4 nm, showed that there were no cracks 

in the film thickness direction (Figure 4.4 (d)). In contrast, the A6.0-A0.1 sample 

comprised more rounded gains with sizes between 60 and 150 nm, as shown in Figure 

4.4 (e). Figure 4.4 (e) and (f) indicate that this film was 46.4 nm thick and made of grains 

having an average size of 102.1 nm. These results confirm that the CuO thin films 

prepared with a higher NH3 concentration had larger grain sizes. 

The NaOH concentration in the reaction solution was changed from 0.05 to 0.5 

M while using 1.5 M NH3 to investigate the effect of the NaOH amount on the 

morphological properties of the films. Figure 4.4 (g) and (h) show that the A1.5-S0.5 

specimen consisted of nanoparticles having sizes of 20 to 50 nm and relatively flat 

surfaces. The average grain size in the A1.5-S0.5 was 37.2 nm, even for a film thickness 

of 57.8 nm. Hence, the grain size and film thickness of the A1.5-S0.5 were larger than 
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those of the A1.5-S0.1, indicating that a more rapid thin film growth rate was obtained 

when using a high NaOH concentration. Conversely, the A1.5-S0.05 sample fabricated 

from a low NaOH concentration solution had an extremely rough surface, as shown in 

Figure 4.4 (i) and (j), along with a porous structure Figure 4.4 (i)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Surface and cross-sectional SEM images of the (a) (b) A1.5-S0.1, (c) (d) A3.0-

S0.1, (e) (f) A6.0-S0.1, (g) (h) A1.5-S0.5 and (i) (j) A1.5-S0.05 specimens. 
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 Optical Characterization of CuO Thin Films 

Figure 4.5 (a) presents the UV-vis transmittance spectra of the nanostructured 

CuO thin films. The transmittance values of the A1.5-S0.1, A1.5-S0.5 and A6.0-S0.1 

films ranged from 20% to 80% in the visible light region of the spectrum, indicating that 

these materials were semi-transparent. However, the A3.0-S0.1 and A1.5-A0.05 

exhibited lower transparency at visible wavelengths as a consequence of the relatively 

rough surfaces of these films (Figure 4.4 (c) and (i)).  

 

 

 

 

 

 

 

 

Figure 4.5 (a) UV-vis spectra of the A1.5-S0.1, A3.0-S0.1, A6.0-S0.1, A1.5-S0.5 and 

A1.5-S0.05 specimens and (b) Tauc plots for the A1.5-S0.1, A6.0-S0.1 and A1.5-S0 

specimens. 

 Discussion 

 Film Formation Mechanism 

1.4.1.1 Thin Film Fabrication at Low Temperatures 

In the MSS method, the source and reaction solutions are ultrasonically atomized 

and the resulting mists are sprayed onto the substrates using a flow of N2. In the present 

(a) (b) 
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work, the source mist contained the copper amine complex [Cu(NH3)4]
2+ that was 

generated in the source solution via the reaction 

CuSO4 + 4NH3 → [Cu(NH3)4]
2+ + SO4

2-.    (1) 

In addition, the NaOH in the reaction mist provides OH– ions according to the reaction, 

so that the mist has a pH over 12. The CuO films were fabricated by spraying the source 

and reaction mists onto a substrate fixed on a rotating table, as shown in Figure 4.6 (a). 

The nozzles dispensing the source and reaction mists were separate and the substrates 

were rotated so that each one was alternately exposed to the two mists. In other words, 

the two mists were supplied in an alternating manner to the substrates. This alternating 

supply system made it possible to provide a strongly alkaline environment in the region 

Ⅲ shown in Figure 4.6 (a), which was important for the fabrication of phase-pure CuO 

films at temperatures below 100 °C.11 The rotating substrate started from the region Ⅰ and 

arrived at the region Ⅲ after passing through the region Ⅱ-a, as shown in Figure 4.6 (a). 

The copper amine complex in the source mist combined with OH– ions in the reaction 

mist to form Cu(OH)2 nuclei on the substrate based on the reaction  

[Cu(NH3)4]
2+ + 2OH– → Cu(OH)2 + 4NH3.

   (2) 

In the region Ⅲ, these Cu(OH)2 nuclei rapidly transformed to Cu(OH)4
2– because of the 

excess of OH– in the highly alkaline reaction mist, according to the reaction:12 

Cu(OH)2 +2OH– ⇄ Cu(OH)4
2–.     (3) 

Cudennec and Lecerf reported that Cu(OH)4
2– rapidly generates CuO even at 

temperatures below 100 °C with the simultaneous loss of two OH– and one water 

molecule via the reaction:13 

Cu(OH)4
2– ⇄ CuO +2OH– + H2O.          (4) 
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Typically, the dehydration of Cu(OH)2 to form CuO occurs at relatively high 

temperatures in excess of 150 °C.13,14 However, during the MSS process, the reactions in 

eqs. (2)-(4) proceeded efficiently on the basis of the alternating supply of the source and 

reaction mists to the substrate surface, such that phase-pure CuO films could be produced 

at a lower temperature of 90 °C. 

1.4.1.2 Fabrication of nanoscale thick, dense and high purity CuO films 

In the present MSS method, the N2 carrier gas continually transported the room 

temperature mist droplets to the 90 °C substrate, after which these droplets adhered to the 

substrate surface as shown in Figure 4.6 (a) and (b). The attached droplets were rapidly 

absorbed onto the substrate as a result of the high wettability of the ozone-treated glass 

such that a liquid film was formed (Figure 4.6 (c)). This film was thinner than 1.0 µm 

because the mist droplets had diameters in the range of 0.1‒3 µm.15 The distance between 

the nozzle and the substrate played an important role in the formation of the liquid film. 

When the distance was too small, the liquid film was blown out from the substrate surface 

by the carrier gas. On the other hands, when the distance was too long, the mist droplets 

were not able to reach the substrate surface, indicating that no liquid film was formed on 

the substrate. In this study, the distance of 2 mm was adjusted and it was the most 

appropriate to fabricate several tens nm thick CuO film.  

The solid-liquid interface between the liquid film and the substrate surface was 

heated, while the gas-liquid interface between the liquid film and the atmosphere was 

cooled by the carrier gas and the room temperature droplets, creating a large temperature 

gradient between these two interfaces (Figure 4.6 (d)). As shown in Figure 4.4, the MSS 

method enabled the fabrication of crack-free, dense CuO films several tens of nm in 
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thickness, and the large temperature gradient played an important role in this process. In 

the region Ⅰ, the mist droplets of the source solution were sprayed onto the rotating 

substrate and the liquid film was formed on the substrate surface. As a consequence of 

the temperature gradient in the liquid film, the copper amine complex was only 

decomposed near the substrate surface and Cu2+ ions adhered to the film surface. In the 

region Ⅱ-a, the liquid film of source solution was eliminated from the substrate surface 

by the solution flow in the liquid film generated by the centrifugal force of the rotating 

table (Figure 4.6 (c)). As a result, any unreacted species and impurities such as amines 

and sulfates were removed and only Cu2+ ions remained on the film surface. When the 

rotating substrate arrived at the region Ⅲ after passing the region Ⅱ-a, the Cu2+ ions on 

the film surface reacted with OH– ions to form CuO nuclei on the substrate via the 

reactions in eqs. (2)-(4). In the region Ⅱ-b, any impurities including sodium ions were 

removed as the same way in the region Ⅱ-a. Therefore, the high-purity CuO thin films 

were obtained by the MSS method.  

In general, it is difficult to fabricate crack-free CuO thin films with nanoscale 

thickness by conventional solution processes. In solution processes, the formation of 

high-density nuclei on the substrates is required to prepare crack-free films. However, the 

crystal growth is promoted in the solution condition where nuclei are sufficiently formed, 

resulting in the fabrication of relatively thick films. In the MSS method, the strongly 

alkaline environment in the region Ⅲ promoted the nuclei formation, resulting in the 

fabrication of dense film covering the entire substrate. On the other hands, the temperature 

gradient in the thin liquid film also confined the crystal growth to the thickness direction. 

Therefore, the MSS method enabled to fabricate crack-free CuO films having a thickness 

of approximately 30 nm. These films exhibited good adhesions to the substrates because 
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each CuO crystals in the films were grown only from the nuclei formed on the substrate 

surface. 

1.4.1.2 Effect of NH3 and NaOH on the film morphology 

Figure 4.4 indicates that the surface morphology was changed when varying the 

NH3 and NaOH concentrations. Specifically, films prepared with a higher NH3 

concentration had larger particle sizes. The NH3 in the source solution reacted with 

dissolved CuO to form an amine via the reaction      

CuO + 4NH3 + H2O ⇄ [Cu(NH3)4]
2+ + 2OH–.          (5) 

The dissolution and reprecipitation of CuO crystals would have proceeded more rapidly 

on the film surface when using a higher NH3 concentration. Consequently, the particle 

sizes in the film were increased as a result of Ostwald ripening associated with the 

dissolution of small crystals followed by the reprecipitation of larger crystals.16 The 

NaOH provided OH– ions to the reaction field through the dissociation and promoted the 

growth of CuO crystals as shown in eqs. (2)‒(4). The grain size and film thickness of the 

A1.5-S0.5 specimen were larger than those of the A1.5-S0.1 sample, as is evident in 

Figure 4.4 (a) and (g), and the former material also exhibited a much rougher surface 

than the other films. The mist droplets generated by the ultrasonic atomizer had sizes of 

0.1‒3.0 µm and, when these droplets adhered to the liquid film on the substrate, a local 

gradient of the ratio of the NH3 to NaOH concentrations was generated in the film. This 

gradient was especially large in the case of the A1.5-S0.05 sample because this film was 

prepared from the reaction solution having the lowest NaOH concentration. The reaction 

shown in eq. (5) by which CuO was dissolved would have proceeded more efficiently in 

regions within the liquid film having higher concentration ratios. However, the 
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dissolution and reprecipitation of CuO crystals (that is, Ostwald ripening) would have 

occurred locally at zones with lower NH3 concentrations. Therefore, there were many 

pores on the surface of the A1.5-S0.05 film (Figure 4.4 (i)) because regions of high NH3 

to NaOH concentration ratios were present and CuO crystals at the edges of the pores 

were bonded via Ostwald ripening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Schematic illustrations of (a) four regions on the rotating table, (b) mist 

droplets carried and adhered to the substrate surface, (c) the liquid film formed during 

film fabrication and (d) the temperature gradient around the liquid film. 
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 Optical band gap evaluation    

As shown in Figure 4.5 (a), the UV-vis transmittance spectra of the samples 

showed the sharp absorption edge around the wavelength of 298 nm, which was attributed 

to the light absorption of the glass substrates. Besides, the relatively slow absorption was 

also observed in the wavelength range of 450 to 580 nm, assigned to the light absorption 

of the CuO film, as shown in the UV-vis spectra of the samples. The thickness of several 

tens nm was too small to absorb the light in the wavelength range of 450‒580 nm 

efficiently and it was the reason why a direct band gap semiconductor CuO did not show 

the sharp variation. 

The optical band gaps of the A1.5-S0.1, A1.5-S0.5 and A6.0-S0.1 specimens 

were calculated from optical transmittance data. These band gaps were determined on the 

basis of the relationship between the absorption coefficient of the material (𝛼) and the 

photon energy (ℎ𝜈), written as  

𝛼ℎ𝜈 = Α(Eg − ℎ𝜈)
n
,         (7) 

where Eg is the band gap energy, A is a constant and n has a value of 1/2 or 2 for 

allowed direct and indirect transitions, respectively. Figure 4.6 (b) presents plots of 

(𝛼ℎ𝜈)2 versus ℎ𝜈 for the A1.5-S0.1, A1.5-S0.5 and A6.0-S0.1 films, from which the 

optical band gaps were obtained from the intercepts of extrapolated straight lines with the 

photon energy axis.17 On this basis, the A1.5-S0.1, A1.5-S0.5 and A6.0-S0.1 specimens, 

which had grain sizes varying from 10 to 100 nm, were found to possess direct band gaps 

of 2.54, 2.35 and 2.16 eV, respectively. The data in Fig. 6 also indicated that a blue shift 

in the optical band gaps with decreases in their grain size. Such a blue shift in CuO thin 

films with different grain sizes has been reported in many studies, where it has been 
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argued that the observed shift was due to the quantum confinement effects.18-20 The 

quantum confinement in semiconductors originates from the geometric restraint of 

electrons and holes as independent wave-particles or as bound pairs known as excitons. 

If the grain size is smaller than the exciton Bohr radius (up to 28.7 nm for CuO), the 

quantum confinement effect will play an important role in the blue shift of the band 

gap.21,22 As shown in Figure 4.4 (a), the average grain size of A1.5-S0.1 is 22.4 nm, 

which was smaller than the Bohr radius of CuO. Figure 4.4 (e) and (g) indicated that 

A1.5-S0.5 was mostly composed of grans smaller than 28.7 nm, while the grains of A6.0-

S0.1 were larger than 28.7 nm. Therefore, the blue shift in band gaps of the A1.5-S0.1, 

A1.5-S0.5 and A6.0-S0.1 was due to the quantum confinement effect.  
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Conclusion 

The MSS method was developed as a means of fabricating nanostructured CuO 

thin films on glass substrates without seed layers, and the resulting films showed good 

adhesion with the substrates. In this process, a copper amine complex source solution and 

a NaOH reaction solution are atomized using ultrasonic transducers to generate mists. 

These two mists are then sprayed onto heated substrates fixed on a rotating table, where 

they react to grow CuO thin films under atmospheric pressure. This method enables the 

fabrication of dense, crack-free CuO films having a thickness of approximately 30 nm at 

a relatively low temperature of 90 °C. Besides, it is possible to tune the grain size, surface 

morphology and optical band gap of the film by adjusting the concentrations of NH3 and 

NaOH in the source and reaction solutions, respectively. Specifically, films prepared with 

higher NH3 and NaOH concentrations show larger grain sizes and higher optical band 

gaps, while the use of a low NaOH concentration generates numerous pores on the film 

surface. 
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Chapter 5 Conductive ZnO Films Fabricated by Spin-spray Method 

 Introduction 

Zinc oxide (ZnO) receives significant attention for use in electronics due to 

several desirable properties, including a wide energy band gap (3.37 eV) and good optical 

transparency in the visible light.1 ZnO films have been synthesized using many physical 

and chemical processes, such as radio frequency magnetron sputtering, pulsed laser 

deposition and chemical spray pyrolysis.2-7 However, these methods may require a 

complex system and high fabrication temperatures, leading to certain disadvantages, such 

as high environmental impacts or significant expense.  

Previous studies reported the preparation of transparent ZnO films at 90 °C by 

the spin‐spray method, a facile and low-environmental-load solution process.8 The 

resistivity of these films was over 10 Ω·cm —too high for use as transparent electrodes. 

UV light irradiation to these films for one day at room temperature decreased the film 

resistivity drastically, four orders of magnitude or more, to 4.4×10−3 Ω·cm.9 Previous 

studies reported that citric acid was contained in the films; UV irradiation reduced the 

citric acid amount through the photocatalytic effect of ZnO. The improvement of 

conductivity was assumed to result from doping ZnO with the products of decomposition 

of citric acid, such as hydrogen and carbon, without clear evidence.10 The identification 

of donor species is important for further decreasing the resistivity and increasing 

applications of the films. 
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 Experiments 

 Fabrication of ZnO films via spin-spray method 

Aqueous solution of zinc nitrate hexahydrate (Wako Pure Chemical Industries, Ltd., 

Japan, 99.0%) and ammonia-water (Wako Pure Chemical Industries, Ltd., Japan, 28.0%) 

with trisodium citrate (Wako Pure Chemical Industries, Ltd., Japan, 97.0%) were used as the 

source and reaction solutions. Here, Millipore deionized water was used for preparing the 

solutions. The source solution was prepared by dissolving 10 mM of zinc nitrate in 1000 mL 

of deionized water. The reaction solution was prepared by dissolving 60 mL of ammonia-

water and 4 mM of trisodium citrate in 940 mL of deionized water. The substrates, which 

consisted of borosilicate glass 40 × 30 × 0.17t mm3 in size (mastunami glass industry, Ltd, 

Japan), were washed in an ultrasonic bath with Millipore deionized water and ethanol for 10 

min each. The rinsed substrates were exposed to a glow discharge plasma for 10 min to obtain 

a hydrophilic surface. They were then mounted on a rotating table for spin-spray deposition; 

the temperature and rotation rate of the table were 90 °C and 150 rpm, respectively. The source 

solution and reaction solution were simultaneously sprayed onto the substrates through 

separate nozzles using diaphragm pumps. The supply rate of each solution was 3.0 L h−1, and 

the deposition time was 10 min. After deposition, the ZnO films were subjected to UV 

irradiation using a black-light-blue lamp (FL8BLB, Toshiba Lighting & Technology Co., 

Japan, wavelength = 300-400 nm, intensity = 1 mW/cm2) for 1 h to obtain conductive 

films. 

 Characterization  

The resistivity of the films was measured using the four-probe method with a 

resistivity meter (MCP-T610; Mitsubishi Chemical AnalyTech.). The crystallographic 
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properties were evaluated by x-ray diffraction analysis (XRD; Rint2000; Rigaku). The 

elemental depth profile in the films were measured by Time-Of-Flight Secondary Ion 

Mass Spectrometry (TOF-SIMS; ION-TOF). The transmittance of the films was 

confirmed with a UV–Vis spectrometer (Lambda 35 spectrometer; Perkin Elmer). 

 Results 

 Morphology and XRD Analysis of ZnO Film 

A ZnO film was fabricated on a glass substrate by the spin‐spray method as in 

the previous study.8,9 Figure 5.1 shows the surface and cross-sectional SEM images of 

the ZnO films. No pores or cracks were observed in the SEM images (Figure 5.1 (a)). As 

shown in Figure 5.1 (b), the film thickness was 1.0 µm. Figure 5.2 (a) shows the XRD 

patterns of the sample before and after UV treatment. The XRD peaks show good 

correspondence to the wurtzite phase of ZnO, according to the ICCD data (No. 36-1451), 

without the presence of an impurity peak from Zn(OH)2. The crystal structures of the ZnO 

films did not change greatly before and after UV irradiation, but the (002) peak slightly 

shifted to a lower 2θ value after UV treatment, indicating an increase in interplanar 

distance, d002 (Figure 5.2 (b)) .10  

 

 

 

 

Figure 5.1 (a) Surface and (b) cross-sectional SEM images of the ZnO film. 
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Figure 5.2 (a) The XRD patterns and (b) the peak shift of the (002) peak of the ZnO film 

before and after UV treatment. 

 Electrical and optical properties of ZnO Film 

Figure 5.3 (a) demonstrates the decrease of the resistivity of the ZnO film by 

UV light irradiation for 60 min at room temperature and the electrical properties of the 

sample after UV treatment. The as‐grown sample, in the absence of any dopant ions, 

showed a high resistivity of 55.3 Ω·cm. However, the resistivity of the UV‐treated sample 

was 4.43 × 10−2 Ω·cm, which was three orders of magnitude lower than that of the as-

grown sample. The resistivity did not change even after subsequent dark storage for 3 

days, indicating that the reduced resistivity was clearly maintained in the absence of UV 

light. The carrier concentration and the mobility of the sample after UV treatment for 60 

min were 2.00 × 1020 cm−3 and 0.95 cm2/V·s, respectively (Figure 5.3 (a)). The UV‐

treated sample had a lower carrier mobility, but a much higher carrier concentration 

compared with ZnO films doped with group 13 (Ⅲa) elements, such as Al, Ga and In, 

prepared by other methods.11-13 Figure 5.3 (b) shows the UV-vis spectra of the sample 

before and after UV treatment. Both samples had a transmittance of 75%–85 % and an 

absorption edge around 380 nm. In the near-infrared region, the as-grown sample had a 

high transmittance of more than 80%, while the UV-treated sample showed a low 
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transmittance. The optical band gap of the samples before and after UV treatment were 

3.36 eV and 3.55 eV, respectively, as calculated from extrapolating the linear portion of 

the Tauc Plot ((αhυ)2 vs. hυ, where α is the absorption coefficient and hυ is the photon 

energy) to the energy axis (Figure 5.3 (b)).14  

 

 

 

 

 

 

 

Figure 5.3 (a) The resistivity of the ZnO film with UV light irradiation times; the inset 

presents the electrical properties of the sample after UV treatment for 60 min. (b) The 

optical transmittance and of the ZnO film before and after UV treatment; the inset 

presents the optical band gap of the ZnO film before and after UV treatment. 

 Elemental analysis of ZnO Film  

The elemental profile in the samples before and after UV treatment were 

measured by time-of-flight secondary ion mass spectrometry (TOF-SIMS; ION-TOF) 

and 1H solid-state NMR spectroscopy as shown in Figure 5.4. Note that the sputtering 

rate of the UV-treated sample with high conductivity is slightly faster than that of the 

low-conductivity as-grown sample. The CH3COO− and ZnO− signals in Figure 5.4 (a) 

were attributed to the citric acid and the ZnO film. In the spin-spray method, the ZnO 

film was prepared using the source solution containing citric acid. As shown in Figure 

5.4 (a), citric acid exists only around the film surface, and the amount of citric acid 
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drastically decreased after UV treatment. The OH− signal in the ZnO film was higher than 

the ZnO− signal as shown in Figure 5.4 (a), implying a large amount of hydrogen in the 

ZnO film prepared by the spin-spray method. 

 

 

 

 

 

 

 

 

 

Figure 5.4 (a) TOF-SIMS depth profiles of the ZnO film before and after UV treatment. 

(b) 1H solid-state NMR spectra of the ZnO film before and after UV treatment.  

 Discussion 

 Donor Formation in ZnO Film by UV Treatment 

Figure 5.3 (a) showed that the high resistivity, 55.3 Ω cm, of the as-deposited 

ZnO film by the spin-spray method was drastically decreased down to 4.43 × 10−2 Ω cm 

after UV treatment for 60 min. In addition, the UV‐treated sample had a much higher 

carrier concentration of 2.00 × 1020 cm−3. As shown in Figure 5.3 (b), the shift of the 

band gap to a higher value after UV treatment can be ascribed to the Brustein–Moss effect 

arising from the increase in carrier concentration induced by UV irradiation.15 Besides, 

in the near-infrared region, the as-grown sample had a high transmittance of more than 
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80%, while the UV-treated sample showed a low transmittance (Figure 5.3 (b)). This 

result revealed that the UV-treated sample was degenerate; the fermi energy penetrates 

the conduction band because of its high electron carrier concentration, above 1020 cm3.16 

In contrast, the high near-infrared transmittance of the as-grown sample demonstrated 

that it was not degenerate and had a lower carrier concentration than the UV-treated 

sample did. These results indicated the generation of new donors with high concentration 

in the ZnO film by UV treatment. 

 Identification of Donor Species by Elemental Analysis 

To investigate the dopant ions in the ZnO film, the elemental profile in the 

samples before and after UV treatment were measured by TOF-SIMS; ION-TOF, XRD 

analysis and 1H solid-state NMR spectroscopy. As shown in Figure 5.4 (a), citric acid 

exists only around the film surface, and the amount of citric acid drastically decreased 

after UV treatment because of ZnO-photocatalyzed decomposition.17 Previous studies 

reported that the improvement of conductivity was assumed to result from doping ZnO 

with the products of decomposition of citric acid, such as hydrogen and carbon.18  

However, citric acid exists only around the film surface, and therefore has little influence 

on the bulk resistivity of the as-grown sample. After UV treatment, the amount of citric 

acid drastically decreased because of ZnO-photocatalyzed decomposition of citric acid 

around the surface into H2O and CO2, which were released into the atmosphere.17 

Therefore, the decomposition of citric acid did not greatly affect the electrical properties 

of the UV-treated sample; that is, it is not a direct cause of the decrease in resistivity of 

the ZnO film by UV irradiation. Precious report that ZnO nanorod arrays were fabricated 

by using the reaction solution without citric acid via the spin-spray method.8 The high 



76 

 

resistivity, 1.84 × 103 Ω cm, of the as-deposited ZnO nanorod arrays was drastically 

decreased down to 7.31 × 10−1 Ω cm with 4-point probe method after UV treatment for 

60 min. This results also indicated that citric acids did not contribute to conductivity 

improvement. In chapter 6, flexible photodetector was fabricated by using the conductive 

ZnO nanorod arrays after UV treatment.  

Incorporated hydrogen (H) in the form of interstitial hydrogen in bond‐centered 

sites (H𝑖), substitutional hydrogen on the oxygen lattice site (HO), and three O–H bonds 

in a zinc vacancy (V𝑍𝑛 −H3) exists as shallow donors which contribute to the n‐type 

conductivity of ZnO 19,20. The conductivity of undoped ZnO has been believed to be 

caused by native defects, such as oxygen vacancies (VO ) and interstitial zinc (Zn𝑖 ). 

However, many studies have recently reported that the VO exhibit deep energy levels in 

the ZnO gap and cannot act as shallow donors, indicating that VO trap two electrons. 21 

Besides, Zn𝑖 is expected to be present at a low concentration under the n‐type condition 

due to its high formation energy.22 Therefore, unintentionally-incorporated H  is 

considered to be a likely source of n-type conductivity with a high carrier concentration. 

H-related defects in ZnO have attracted great interest and have been extensively studied 

because of their profound effects on the electrical properties of ZnO. 1H solid-state NMR 

spectroscopy represents a powerful and quantitative technique that can detect and 

distinguish hydrogen species in different local environments. Figure 5.4 (b) shows the 

1H NMR spectra of the samples before and after UV treatment. A high, broad peak at 4.9 

ppm and a set of low peaks from 0 ppm to 2.5 ppm can be observed for the as-grown 

sample. The NMR spectrum of the UV-treated sample shows that the intensity of the 

relatively broad peak at 4.9 ppm significantly decreased, while that of the set of peaks at 

0–2.5 ppm, assigned to HO and V𝑍𝑛−H3, increased after UV treatment for 60 min.23,24 
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These results revealed that the improved conductivity of the sample film upon UV 

irradiation results from the generated H donors such as HO and V𝑍𝑛−H3 in the ZnO film. 

The broad peak at 4.9 ppm can be attributed to water trapped in ZnO crystals.25,26 The H𝑖 

gives rise to a narrow peak at 4.1 ppm, but the trapped water peak intensity was too high 

to detect the H𝑖 peak in Figure 5.4 (b).  

 Hydrogen Donor Formation by UV Light Irradiation  

In agreement with the interpretation of the NMR results, the OH− signal in 

Figure 5.4 (a) can be attributed to trapped water, indicating that the ZnO film prepared 

by the spin-spray method contained a large amount of water in the ZnO crystals. In this 

method, the ZnO film was fabricated through the dehydration of Zn(OH)2; water formed 

by dehydration remained in the film due to the low temperature of fabrication. As shown 

in Figure 5.4 (a), the OH− signal intensity of the UV-treated sample was lower than that 

of the as-grown sample in the film, indicating the decrease of trapped water from UV 

treatment. This result was in good agreement with the NMR results as shown in Figure 

5.4 (b). In contrast, the OH− signal intensity around the film surface did not change before 

and after UV treatment. Therefore, the decrease of the trapped water in the ZnO film was 

not due to the release of species into the atmosphere. These results in Figure 5.4 (a) and 

(b), suggested that the trapped water decomposed to form the HO and V𝑍𝑛−H3 upon 

UV treatment via the mechanism proposed below, as shown in Figure 5.5.  

(1) Holes and electrons with strong oxidation and reduction powers were generated 

when the photocatalytic ZnO film was irradiated with UV light. 

(2) The generated holes decomposed the trapped water to form H+ ions and OH 

radicals.  
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(3) The formed H+ ions and the electrons associated with VO and VZn to generate the 

HO and V𝑍𝑛−H3, respectively.19,20,24 Concurrently, the electrons associated with the 

VO reduced OH radicals to form OH− ions, which were then incorporated into the 

VO, resulting in the formation of the thermodynamically stable H𝑖.
19 

As shown in Figure 5.2 (b), the (002) peak slightly shifted to a lower 2θ value after UV 

treatment, indicating an increase in interplanar distance, d002. The d002 spacing was 

reported to decrease with increasing oxygen vacancy in ZnO films.10 Therefore, this 

observed increase of d002 spacing in Figure 5.2 (b) suggests the incorporation of H donors 

such as H𝑖, HO and V𝑍𝑛−H3 into the ZnO lattice with a decrease in oxygen vacancies 

after UV irradiation. 

 

 

 

 

 

 

Figure 5.5 Schematic illustration of the hydrogen donor formation mechanism in the ZnO 

film by UV treatment.  

 

(1) (2) (3) 
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Conclusion 

The high resistivity, 55.3 Ω cm, of the as-deposited ZnO film by the spin-spray 

method was drastically decreased down to 4.43 × 10−2 Ω cm after UV treatment for 60 

min. UV-vis analysis confirmed the increase of carrier concentration indicating the 

generation of new donors in the ZnO film by UV treatment. The TOF-SIMS depth profile 

and 1H solid-state NMR spectroscopy analysis revealed a large amount of trapped water 

in the as-deposited ZnO film, while hydrogen donors, such as H𝑖 , HO and V𝑍𝑛−H3, 

were formed in the UV-treated ZnO film. The trapped water was decomposed to form H+ 

and OH− ions by photocatalytic activity of UV- irradiated ZnO. These ions associated 

with the VO and VZn resulted the generation of thermodynamically stable H donors.  
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Chapter 6 Flexible Applications of Metal Oxide Films Fabricated 

                by Controlling Spin Spray Reaction  

 Introduction 

Recently, flexible bending sensors have attracted considerable attention owing 

to the widespread use of wearable and healthcare device.1,2 Typically, they are composed 

of a flexible polymer substrate and sensing materials. Various types of sensing materials, 

including metal materials, conductive polymers, and functional metal oxide, have been 

used to fabricate flexible sensors.3-5 Generally, metal materials and conductive polymers 

are expensive, have low long-term stability, and require the complex and high-cost 

fabrication methods. On the other hands, the advantages of metal oxides, including their 

non-toxicity, low cost, and long-term durability, are of great significance in the 

development of flexible sensors for wearable electronics.6 However, it is difficult to 

fabricate metal oxide films on flexible polymer substrates with low heat and chemical 

durability due to their high fabrication temperature and complex processes. Therefore, 

there were few reports on flexible bending sensors based on metal oxides. 

Spin-spray method and mist spin spray method enable to the low temperature 

fabrication of metal oxide films at low temperature below 100℃ with high deposition 

rate through the effective utilization of “spin spray reactions”. In chapter 2,3,4, various 

metal oxide films including ZnO, Cu2O and CuO films were fabricated below 90℃ in 10 

min by the spin-spray method. Besides, chapter 5 reported the fabrication of CuO thin 

film at 90℃ in 30 min using the mist spin spray method. All of these processes using 

utilizing spin spray reaction do not deteriorate the substrate duet to their low fabrication 

temperature and short deposition time. In this chapter, various types of flexible sensors 



83 

 

applications fabricated on PET substrates were investigated using Cu2O, CuO and ZnO 
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 Flexible Bending Sensor based on Cu2O Films  

 Experiment 

 Fabrication and Performance of Cu2O Bending Sensor    

According to Chapter 2, the spin-spray method enabled the one-step fabrication 

of a Cu2O film at the low temperature of 70°C A Cu2O film was fabricated on PET 

substrates (40 × 40 × 0.125 mm) via the spin-spray method. Chapter 2 provides more 

detail on the fabrication process of a Cu2O film via the spin‐spray method. The source 

solution and the reaction solution were prepared by using the mixed CuSO4⸱5H2O (0.04 

M) and C6H8O6 (0.04 M) solution and by dissolving NaOH (0.4 M) in NH3 aq. (1.2 M) 

solution, respectively.  

The bending deformation of the sensor was performed by changing the distance 

between both of its ends. The bending characteristic was evaluated using the curvature 

measured from the shape profile of the sensor captured by a charge-coupled device (CCD) 

camera. The electrical signals of the bending deformation were recorded at the same time 

using a Keithley 2400 digital meter at a constant voltage of 5 V. The mechanical fatigue 

of the sensor was investigated using bending–release cycles (Tension-Free U-shape 

Folding Test Jig DLDM111LH and Desktop model bending endurance tester 

TCDM111LH, Yuasa System Co., Ltd., Japan). 

 Characterization of Cu2O Bending Sensor    

The crystallinity and microstructure of the samples were analyzed using X-ray 

diffraction (XRD; Rint2000; Rigaku). The surface morphologies of the samples were 
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examined using field-emission scanning electron microscopy (FESEM, HITACHI, Japan, 

S-4700). X-ray photoelectron spectroscopy (XPS; Physical Electronics, Inc., USA, PHI 

5000) was used to investigate the chemical states. All the XPS spectra were fitted using 

a numerical simulation program (XPSPEAK 41) with a Shirley background and a 

Lorentzian/Gaussian line shape. The presence of impurities in the samples was confirmed 

using attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy 

(FT-IR IRPrestige-21, Shimadzu Corp., Japan).  

 Result and Discussion 

 Characterization of the Cu2O Film on the PET Substrate    

According to Chapter 2, the spin-spray method enabled the one-step fabrication 

of a Cu2O film at the low temperature of 70°C with a high deposition rate of >0.35 

µm/min. Because this method results in low heat damage of the substrate during 

fabrication, fabrication could be achieved even on the PET substrate with a low thermal 

durability. Figure 6.2.1 (a) shows the uniformly deposited, orange sample on the 

substrate. The film exhibited strong adhesion to the substrate without peeling off, even 

after ultrasonication at 45 kHz of 200 W in deionized water for 10 min. It is important for 

the fabrication of metal oxide films by the spin-spray method to increase the 

hydrophilicity of the substrate surface by the plasma treatment before the film fabrication. 

There were a large number of polar functional groups such as carbonyl, hydroxyl and 

aldehyde/ketone (-COOH, -OH and -CO), on the surface of the PET substrate due to the 

hydrophilicity caused by plasma treatment.7 The formed crystal nuclei of Cu2O due to 

heterogeneous nucleation were chemically bonded to the functional groups on the 

substrate surface and grew to form a Cu2O film, as indicated in eq. (3). Therefore, the 

film fabricated by the spin-stray method exhibited strong adhesion to the substrate. 
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Figure 6.2.1 (b) presents the surface and cross-sectional SEM images of the sample. The 

3.56-µm-thick film was uniform with a relatively flat surface and composed of 

submicron-sized grains, as shown in Figure 6.2.1 (b). The spin-spray method enabled the 

fabrication of a Cu2O film with a larger particle size at a higher deposition rate than the 

Cu2O films fabricated by other methods. This morphology was very similar to that of S0.4-

A0.8, as shown in Figure 2.3 (e) and 6.2.1 (b) 

The structural properties of the sample on the PET substrate were characterized 

by XRD, and the obtained patterns are presented in Figure 6.2.1 (c). The XRD peaks 

corresponded to the cubic phase of Cu2O with good accordance to the ICCD data (No. 

77-0199) in addition to PET peaks without the presence of impurity peaks from Cu(OH)2 

or CuO. The presence of impurities in the sample was further analyzed using XPS and 

ATR-FTIR. Figure 6.2.1 (d) presents the XPS spectra of the Cu2p region for the sample. 

The peaks at 932.4 and 952.2 eV correspond to Cu2p3/2 and Cu2p1/2, respectively, 

indicating the presence of Cu+.8 As shown in Figure 2e, the Cu2p3/2 peak could be fitted 

to a single peak with a binding energy of 932.4 eV. These XPS results indicate the pure 

phase formation of Cu2O without impurities such as metal Cu, CuO, and Cu(OH)2. Figure 

6.2.1 (f) presents the ATR-FTIR spectra of the sample. The band at approximately 600 

cm−1 is attributed to the vibrational mode of Cu–O in Cu2O.9 No band was present 

between 3000 and 3500 cm−1, which corresponds to the region of O–H and N–H 

stretching, and no ascorbic acid-related bands were detected.10,11 The ATR-FTIR results 

indicate that the sample film did not contain any impurities, such as water, amines, or 

ascorbic acid. These results were very similar to those of S0.4-A1.2, as shown in Figure 

6.2.1 (b) and 2.4 (e)-(f).  
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Figure 6.2.1 (a) Photograph of fabricated Cu2O film, (b) surface and cross-sectional 

FESEM image of sample film, (c) XRD patterns of sample film and PET substrate, (d) 

XPS Cu 2p spectra of sample film, (e) XPS curve fitting of Cu2p2/3 peak, and (f) ATR-

FTIR spectra of sample film. 

 Fabrication of the Anisotropic Cu2O Bending Sensor    

To fabricate a flexible bending sensor by using the fabricated Cu2O film, silver 

(Ag) paste was printed on top of the film sample at the two counter ends using the 

squeegee method as the contact electrodes (40 mm × 10 mm), to which Cu wires were 

attached for the film resistance measurement. Figure 6.2.2 (a) presents photographs of 

the bending sensor based on the Cu2O film fabricated by the spin-spray method. The 

sensor was sufficiently flexible to be used in bent conditions, as shown in Figure 6.2.2 

(b). Curvature (κ) was the most appropriate criterion to evaluate the bending 

characteristics, and thus, in the present study, the bending performance was evaluated by 

(a) 
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measuring the electrical resistance between the electrodes under various curvatures.12 To 

investigate the anisotropic bending performance of the sensor, the resistance change was 

measured under various curvature when bending in parallel and perpendicular to the 

direction of current flow. As illustrated in Figure 6.2.2 (c) and (d), we study the Cu2O 

bending sensor in two bending modes; parallel bending and perpendicular bending. 

 

 

 

 

Figure 6.2.2 (a) Photograph of the Cu2O bending sensor and (b) the sensor in a bent state 

and schematic illustration of the bending (c) parallel and (d) perpendicular to the current 

flow direction.  

 Performance of the Anisotropic Cu2O Bending Sensor    

Figure 6.2.3 (a) presents the I–V curves of the sensor in the parallel and 

perpendicular bending with various curvatures such as 0, 0.10, 0.15, and 0.20 mm−1. An 

excellent linear relationship between the voltages and currents is observed in all the I–V 

curves, indicating the ohmic behavior and constant resistance of the sensor in the static 

state. The slope of the I–V curves, which is negatively correlated to the resistance, 

decreased significantly as the curvature in the parallel bending increased, demonstrating 

the excellent electromechanical performance. On the other hands, the slope of the I-V 

curves changed little in the perpendicular bending. Figure 6.2.3 (b) shows the relative 

resistance variation (ΔR/R0, where ΔR is the relative change in resistance and R0 is the 

resistance of the Cu2O bending sensor under the flat state) under various curvature in the 

(a) (b) 
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parallel and perpendicular bending. While the parallel bending led to the high resistance 

change of the sensor, the resistance variation changed little in the perpendicular bending. 

The sensor responded to a wide range of the parallel bending with curvatures between 0 

and 0.21 mm−1. Besides, it is clear from Figure 6.2.3 (b) that the Cu2O bending sensor 

showed the excellent anisotropic bending performance. The electrical bending 

performance in the parallel bending was further investigated by evaluating the sensor 

sensitivity with the gauge factor (GF), which is defined as GF = (ΔR/R0)/ε, where ε is the 

applied strain. The applied strain can be calculated from the formula ε = (d × κ)/2, where 

d is the thickness of the PET substrate and κ is the applied curvature.13 In the present 

study, d is 0.125 mm. As shown in Figure 6.2.3 (b), the curve of the resistance variation 

in the parallel bending versus curvature can be divided into two linear parts, which are 

region Ⅰ (0 < κ < 0.05 mm-1) and Ⅱ (0.05 < κ < 0.2 mm-1) with the regression coefficient 

(R2) of 0.993 and 0.995, respectively. The high linearity in each of the two regions shows 

that the Cu2O sensor possesses excellent sensing properties. In addition, the GFs in the 

two regions were 5.31 and 21.8, respectively, indicating the good bending sensitivities.  

In region I (0 < κ < 0.05 mm−1), the linear response of the Cu2O-based sensor is 

due to the piezoresistive effect in the Cu2O film, which is a p-type semiconductor. In 

semiconductors, the changes in resistivity are related to the change in mobility induced 

by the lattice deformation.14 In general, the resistivity of p-type semiconductors increases 

linearly with respect to the strain due to the increase of the hole population with decreased 

mobility by the deformation.15 This characterization of the piezoresistive effect is 

consistent with the result in region I of Figure 6.2.3 (b), showing the sensing performance 

with high linearity. However, the bending sensing performance in region II (0.05 < κ < 

0.20 mm−1) is due not only to the piezoresistive effect but also to the “grain-boundary 
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resistance effect”. As shown in Figure 6.2.1 (b), there are many grain boundaries in the 

polycrystalline Cu2O film composed of submicron-sized grains. The bending would lead 

to the expansion of the distance between the grains along the bending direction, resulting 

in the increase of grain-boundary resistance.16 Because the distance between the grains 

expands in proportion to the applied strain (ε), the resistance variation in the bending 

changes linearly with the curvature (κ) calculated from the formula κ = (2/d) × ε.17 The 

combined effect of this grain-boundary resistance and the piezoresistive effect led to the 

high linear response of the Cu2O bending sensor shown in region II. On the other hands, 

the perpendicular bending applies no stress in the direction of current follow, indicating 

that both of lattice deformation and the distance between the grains in the direction 

changes little. Therefore, the resistance in the direction perpendicular to the bending 

direction hardly changes due to the small inhibition of the conductive pathways, resulting 

in the anisotropic bending performance of the Cu2O sensor. 

 

 

 

 

 

 

 

Figure 6.2.3 (a) I–V curves of bending sensor in the parallel and perpendicular bending 

with curvatures of 0, 0.10, 0.15, and 0.20 mm−1 and (b) resistance variation of bending 

sensor under a wide range of the bending with curvatures between 0 and 0.21 mm−1.  

(a) (b) 
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The resolution, repeatability and mechanical fatigue durability are important 

characteristics of the sensor devices from the perspective of practical applications. To 

evaluate the resolution of the Cu2O bending sensor, the sensing response to minute 

changes in curvature when bending in parallel to the current follow direction was 

investigated. Figure 6.2.4 (a) shows the resistance variation of the sensor held at various 

curvatures (0.164, 0.167, 0.170, 0.172, and 0.175 mm−1) for 5 s. The sensor responded to 

very small curvature changes (Δκ = ~ 0.03 mm−1, i.e., Δε = ~ 1.88 × 10−3), demonstrating 

the high-resolution performance. In addition, the sensor had a short response time (~ 163 

ms) between curvatures of 0.164 and 0.167 mm−1, as shown in Figure 6.2.4 (a). Figure 

6.2.4 (b) shows the repeatability of the sensor investigated by exercising the bending–

release cycle between curvatures of 0 and ~ 0.16 mm−1. The result of Figure 6.2.4 (b) 

demonstrated that the resistance variation of the sensor showed almost no frequency 

dependence in certain bending. Such reliable response is essential for practical 

applications of bending sensors such as motion monitoring.  

Figure 6.2.4 (c) shows the fatigue testing of the sensor for 1,000 bending–release 

cycles at 1.0 Hz between curvatures of 0 and ~ 0.16 mm−1. The sensor resistance at the 

flat state increased slightly from 0 to 1,000 bending–release cycles. The change in the 

resistance before and after the fatigue testing was approximately 20%. The sensor 

displayed good repeatability and reversibility even after approximately 1,000 bending–

release cycles, indicating the sufficient durability and stability of the sensor for practical 

applications. The thickness of the Cu2O film was 3.56 µm as shown in Figure 6.2.1 (b), 

which was small compared to the thickness of the PET substrate (0.125 mm). The applied 

strain of the film at bending state can be approximated to the surface strain of the PET 

substrate. Therefore, the strain of the Cu2O film when bending between the curvatures of 
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0 and 0.16 mm−1 was very small (0.01), indicating that the film was not deformed 

significantly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.4 Resistance variation of the bending sensor held (a) at curvatures of 0.164, 

0.167, 0.170, 0.153,72nd 0.175 mm−1 for 5 s, (b) under bending−release cycle between 

curvatures of 0 and 0.16 mm−1 at a frequency of 0.15, 0.5, and 1.0 Hz, and (c) Resistance 

variation of the bending sensor held for 1000 bending−release cycles between curvatures 

of 0 and 0.16 mm−1 at a frequency of 1.0 Hz. 

 

(a) (b) 

(c) 
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 Applications of Cu2O Bending Sensor 

Given its excellent bending stability and sensitivity, the Cu2O bending sensor 

can be used for wearable devices to detect human motions. The sensor, which is thin, 

flexible, and non-toxic, can be easily attached to the human body. In addition, this sensor 

can be easily cut with scissors to fit the size of the detection points on the human body. 

To demonstrate the feasibility of the Cu2O bending sensor, a real-time detection example 

is presented in Figure 6.2.5. First, the sensor was cut and attached to the index finger to 

monitor the finger motion, as shown in Figure 6.2.5 (a). Figure 6.2.5 (a) and (b) show 

the real-time sensing curves toward the finger bending and stretching at various motion 

angles and speeds, respectively. In addition, the sensor was attached to the wrist to 

monitor specific wrist motions, as shown in Figure 6.2.5 (c) and (d). These results 

demonstrate the excellent stability and repeatability of the sensor over a wide range of 

motion angles and speeds. In addition, the sensor was cut and adhered directly to the 

throat to monitor neck, chin, and larynx motions, as shown in the Figure 6.2.5 (e). Figure 

6.2.5 (e) shows the real-time response patterns for nodding, mouth opening/closing, and 

swallowing motions, which were caused by neck, chin, and larynx movement, 

respectively. The sensor can monitor not only large-scale human activity such as nodding 

but also small-scale human motion such as mouth opening/closing and swallowing. All 

these results demonstrate the potential application of the Cu2O bending sensor for high-

performance wearable electronic devices for health-care monitoring. 
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Figure 6.2.5. Real-time monitoring of human motions by the bending sensor. Sensing 

curves of the bending sensor attached on an index finger under different (a) motion angles 

and (b) motion speeds; the inset presents photographs of the finger bending to the 

corresponding positions. Sensing curves of the bending sensor attached on a wrist under 

different (c) motion angles and (d) motion speeds; the inset presents photographs of the 

wrist bending to the corresponding positions. (e) Nodding, mouth opening/closing, and 

swallowing sensing by attaching the bending sensor to the throat; the inset presents 

photographs of the bending sensor attached to the throat. 
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The high anisotropic response in various direction endows the Cu2O bending 

sensor the potential ability to monitor not only simple motions such as the bending and 

stretching, but also complicated human body motions. We prepared two anisotropic 

bending sensors (sensor A and B) and sandwiched the insulating PET sheet between the 

sensors to fabricate the integrated sensor with a three-layer structure, as shown in Figure 

6.2.6 (a). Note that the sensor A and B attached to each other perpendicular to the 

electrode direction as shown in Figure 6.2.6 (b). The angle illustrated in Figure 6.2.6 (c) 

rotated from the x-axis (parallel to the electrode direction of sensor A) to the bending 

direction line is defined as θ, which is referred to as a bending direction angle in the 

present study. To evaluate the bending performance of the integrated sensor, the 

resistance of the sensor A and B were measured, respectively. Figure 6.2.6 (d) shows the 

resistance variations of the integrated sensor at the bending direction angle of 0°, 45° and 

90°. At the bending direction angle of 0°, the sensor A showed the high bending response, 

while the sensor B showed almost no response. On the contrary, the bending at 90° led to 

the high bending response of sensor B but little change in the resistance variation of the 

sensor A. Both of the sensor A and B responded slightly to the bending at 45°. The 

integrated sensor was attached on the wrist surface as shown in Figure 6.2.6 (e). Figure 

6.2.6 (e) shows the resistance variation of the sensor during bending and stretching 

motions of the wrist at various angles. The sensor A responded rapidly and repeatedly 

against the wrist motions at various angles, while the sensor B showed little bending 

response against the motions. In addition, the integrated sensor was attached the palm of 

the hand to monitor the hand gesture, such as “zero”, “one”, “two” and “three”, as shown 

in Figure 6.2.7 (a)-(d). In comparison with the bending responses of the sensor A and B, 

the integrated sensor was able to monitor the complicated hand motions such as the 
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gesture “zero”, “one”, “two” and “three” which caused the sensor to bend at the bending 

direction angle of approximately 0°, 10°, 45° and 90°, respectively, as shown in Figure 

6.2.7 (e). All these indicated that the Cu2O bending sensor possesses a great potential for 

monitoring the detailed and complicated human motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.6. (a)-(b) Photograph of the integrated bending sensor, (c) schematic 

illustration of the bending direction angle and sensing curves of the integrated bending 

sensor (d) under various bending direction angles and (d) attached on a wrist under 

different motion angles; the inset presents photographs of the wrist bending to the 

corresponding positions. 

 

(a) (b) (c) 

(d) (e) 
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Figure 6.2.7. (a)-(d) Photograph of the integrated bending sensor attached on the palm 

of the hand and various hand gestures and (e) sensing curves of the integrated bending 

sensor under various hand gestures.  

  

(e) 
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 Flexible Photodetector based on Cu2O/ZnO Films   

 Experiment 

 Fabrication of Flexible Cu2O/ZnO Photodetector    

A ZnO film was fabricated on a ITO coated PET substrate (40 mm × 30 mm × 

0.125 mm) via the spin-spray method. Then, a Cu2O film was fabricated on the 

ZnO/ITO/PET substrate by the spin-spray method. Chapter 2 and 5 provides more detail 

on the fabrication process of Cu2O and ZnO films via the spin‐spray method, respectively. 

The source solution and the reaction solution were prepared by using the mixed 

CuSO4⸱5H2O (0.04 M) and C6H8O6 (0.04 M) solution and by dissolving NaOH (0.4 M) 

in NH3 aq. (1.2 M) solution, respectively.  

 Performance and Characterization of Cu2O/ZnO Photodetector    

The Cu2O/ZnO heterojunction film were tested as photodetector by tracking the 

current density voltage (J-V) curves and the time dependent self-powered photo-response 

at 1 V applied bias, under Xe light irradiation (1000 W) in air and at room temperature. 

The light illuminated the sample from the bottom, passing through the ITO/PET substrate. 

Electrical measurements were carried out by using a Keithley 2400 digital meter with the 

working electrode in contact with the top oxide layer.The crystallinity and microstructure 

of the samples were analyzed using XRD (Rint2000; Rigaku). The surface morphologies 

of the samples were examined using FESEM (HITACHI, Japan, S-4700).  
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 Results and Discussion 

 Characterization of Flexible Cu2O/ZnO Photodetector    

From the I−V curves of tIn Chapter 2 and 5, Cu2O and ZnO films were 

fabricated on glass substrate at low temperature below 90℃ by the spin-spray method. 

Therefore, this method does not adversely affect the substrate, indicating that the flexible 

PET with low thermal durability can be utilized as substrates to fabricate flexible sensors. 

In this section, Cu2O and ZnO films were fabricated on a ITO coated PET substrate by 

the spin-spray method for flexible photodetectors. Figure 6.3.1 (a) schematically depicts 

the structure of the fabricated Cu2O/ZnO photodetector. A ZnO film fabricated on a 

flexible ITO/PET substrate by the spin-spray method. The fabricated ZnO film was 

subjected to UV irradiation for 60 min to improve the film resistivity. Then, a Cu2O film 

was fabricated on the ZnO/ITO/PET by the spin-spray method. Figure 6.3.1 (b) and (c) 

showed the surface FESEM images of the ZnO/ITO/PET and the Cu2O/ZnO/ITO/PET, 

respectively. As shown in Figure 6.3.1 (b), ZnO nanorod (NR) array was fabricated on 

the ITO/PET substrate. Previous studies reported that ZnO films with and without citric 

acid in source solution during the spin-spray process possessed the dense film and NR 

array structure, respectively. To fabricate the ZnO film, citric acid was not used during 

the spin-spray process, and therefore, the sample structure was NR arrays, as shown in 

Figure 6.8 (b). Figure 6.8 (c) showed that Cu2O particles were evenly distributed on the 

surface of ZnO NRs and wrapped around the top of the nanorods. In general, it is difficult 

to coat complex structures such as NR array by conventional dry processes. In the spin-

spray method, the liquid film was formed on the reaction field and the substrate was 

immersed into the liquid film. Therefore, Cu+ and OH- ions can efficiently be attached to 
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the surface of NRs, resulting in the fabrication of the Cu2O nanoparticle-wrapped ZnO 

NR array, as shown in Figure 6.3.1 (c). 

 

 

 

 

Figure 6.3.1 (a) Schematic illustration of the Cu2O/ZnO heterojunction. (b) FESEM 

images of (b) the ZnO/ITO/PET and (c) the Cu2O/ZnO/ITO/PET. 

 Performance as Flexible Cu2O/ZnO Photodetector    

From the I−V curves of the Cu2O/ZnO/ITO/PET in the dark (Figure 6.3.2 (a)), 

it is clear that the as-fabricated Cu2O/ZnO/ITO/PET shows typical rectification behavior, 

indicating the formation of p-type Cu2O/n-type ZnO heterojunctions.18 The rising voltage 

of the Cu2O/ZnO/ITO/PET was 0.7 V as shown in Figure 6.3.2 (b). However, a high 

leakage current was measured due to the thin-thickness of the Cu2O film. Figure 6.3.2 

(c) and (d) showed the time dependent photo-response of the ZnO/ITO/PET and 

Cu2O/ZnO/ITO/PET at 1 V, respectively. Apparently, the Cu2O/ZnO/ITO/PET exhibited 

optimal performance, with photocurrents enhanced over a single ZnO. As shown Figure 

6.3.2 (c), the response and recovery times for the ZnO/ITO/PET are very slow, more than 

10 s and more than 20 s, respectively. On the other hand, the Cu2O/ZnO/ITO/PET showed 

enhanced response and recovery times below 4.7 s and 6.7 s, respectively (Figure 6.3.2 

(d)). The underlying photo-response mechanism investigated in this work is depicted in 

Figure 6.3.2 (e), showing the electronic band bending and the space-charge region, which 

provide the driving force to separate the excitons generated under illumination. The 
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energy gap and the band alignment play a crucial role in the photo-response mechanism. 

I propose in Figure 6.3.2 (e) the Cu2O/ZnO junction scheme for conduction and valence 

band, in agreement with the present literature in the field.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.2 (a) the I−V curve and (b) the rising voltage of the Cu2O/ZnO/ITO/PET in 

the dark. The time dependent photo-response of (c) the ZnO/ITO/PET and (d) the 

Cu2O/ZnO/ITO/PET at 1 V. 
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 Flexible humidity sensor based on CuO nanostructures   

 Experiment 

 Fabrication of Flexible CuO Humidity Sensor  

CuO films were fabricated on PET substrates (30 × 30 × 0.17 mm) via the spin-

spray method. Chapter 4 provides more detail on the fabrication process of CuO films via 

the spin‐spray method. The reaction solution was prepared using NaOH solution at pH 

13. Two source solutions were prepared by dissolving 0.06 M C2H8N2 or 0.06 M 

C6H5Na3O7 in 0.04 M CuSO4⸱5H2O solution. Samples fabricated on PET substrate using 

C2H8N2(EDA) and C6H5Na3O7(Cit) are referred to as CuO-PET-EDA and CuO-PET-Cit, 

respectively. After fabrication, all samples were ultrasonically cleaned in deionized water 

to remove any surface contaminants. To fabricate the humidity sensors, two 2 mm × 2 

mm Au films separated by a distance of 10 mm were sputter coated on top of the samples 

to serve as contact electrodes, as shown in Figure 6.4.1 (a).  

 Performance of Flexible CuO Humidity Sensor  

The humidity-sensing performance of the samples was evaluated by measuring 

the electrical resistance with 5 V applied bias under various relative humidity (RH) 

conditions at room temperature (20 ± 1 °C). Figure 6.4.1 (b) shows the humidity 

measuring system which was developed to measure the humidity-sensing performance. 

The system consisted of a mass flow controller, chamber, hygrometer and the fabricated 

humidity sensor. The RH in the chamber was controlled by changing the ratio of dry and 

wet N2 gases, as shown in Figure 6.4.1 (b). The fabricated sensor was placed in the 

chamber and the resistance was recorded using an electrical source meter. The humidity 

response was defined as ∆R/R0 (%) = (R0 − R) / R0 × 100, in which R and R0 are the 

resistance under humid and ambient dry conditions at room temperature, respectively. 
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The response time and recovery time were defined as the times required to reach 90% of 

the final resistance value for water adsorption and desorption, respectively. The reliability 

of the sensing performance of CuO-PET-EDA against mechanical bending was evaluated 

by measuring the resistance with the various bending angle. The bending angle was 

defined as the angle between the straight line connecting the two ends of the sensor and 

the tangent line extending from the edge of the sensor. 

 

 

 

 

 

 

 

 

Figure 6.4.1 Schematic illustration of the (a) fabricated CuO humidity sensor and (b) 

humidity measuring system 

 

 Performance of Flexible CuO Humidity Sensor  

The crystallinity and microstructure of the samples were analyzed using XRD 

(BRUKER Co., USA, D8 FOCUS/TXS). The surface morphologies of the samples were 

examined using FESEM (HITACHI, Japan, S-4700). XPS (Physical Electronics, Inc., 

USA, PHI 5000) was used to investigate the chemical states. The presence of impurities 

in the samples was confirmed using attenuated total reflection Fourier-transform infrared 

(ATR-FTIR) spectroscopy (FT-IR IRPrestige-21, Shimadzu Corp., Japan).  
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 Results and Discussion 

 Characterization of Flexible CuO Humidity Sensor  

In Chapter 3, CuO nanostructures of various shapes including carpet-like and 

grass-like arranged CuO nanosheets were fabricated on glass substrates at low 

temperature of 90℃ by the spin-spray method using different complexing agents.  In 

this section, nanostructured CuO films were fabricated on PET substrates by the spin-

spray method for applications as flexible humidity sensors. Because this method does not 

adversely affect the substrate because of the low fabrication temperature (90℃) and a 

short deposition time (10 min), the fabrication could be achieved even on the flexible PET 

substrate with low thermal durability. The two samples via the spin-spray method using 

C2H8N2(EDA) and C6H5Na3O7(Cit) on the PET substrates were referred as CuO-PET-

EDA and CuO-PET-Cit, respectively.  

Figure 6.4.2 (a) and (b) shows that CuO-PET-EDA and CuO-PET-Cit were 

deposited uniformly on the PET substrate and appeared dark gray and black, respectively. 

The resulting films exhibited strong adhesion to the substrate without peeling off, even 

after ultrasonication at 45 kHz of 200 W in deionized water for 10 min. It is important for 

the fabrication of metal oxide films by the spin-spray method to increase the 

hydrophilicity of the substrate surface by the plasma treatment before the film fabrication. 

There were a large number of polar functional groups such as carbonyl, hydroxyl, and 

aldehyde/ketone (−COOH, −OH, and −CO), on the surface of the PET substrate due to 

the hydrophilicity caused by plasma treatment.7 The formed crystal nuclei of CuO due to 

heterogeneous nucleation were chemically bonded to the functional groups on the 

substrate surface and grew to form a CuO film, as indicated in equations (6)-(8). 

Therefore, the film fabricated by the spin-spray method exhibited strong adhesion to the 
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substrate. Figure 6.4.2 (c) shows that the film was sufficiently flexible to be used in bent 

conditions. Flexible humidity sensors were fabricated by using the samples as shown in 

Figure 6.4.2 (d). XRD patterns of CuO-PET-Cit and CuO-PET-EDA showed peaks 

characteristic of the monoclinic phase of CuO with good accordance to the ICCD data 

(JCPDS 48-1548), as shown in Figure 6.4.2 (e). No impurity peaks from Cu(OH)2 Cu2O, 

ethylenediamine or trisodium citrate were observed. These results of CuO-PET-EDA and 

CuO-PET-Cit were similar to those of CuO-Glass-EDA and CuO-Glass-Cit prepared in 

chapter 3.  

The performance of gas sensors such as humidity sensors is significantly 

influenced by the surface characteristics of the sensing materials. To clarify the chemical 

state of the sample surface, the XPS were carried out and the results were shown in Figure 

6.4.2. Figure 6.4.2 (f) shows XPS spectra of the Cu2p region for CuO-PET-Cit and CuO-

PET-EDA. The peaks at 933.4 eV and 953.2 eV were attributed to Cu2p3/2 and Cu2p1/2, 

respectively, indicating the presence of Cu2+.19 Satellite peaks were observed at 940–945 

eV and 961.8 eV, further confirming that the samples were CuO.20 These results were in 

good agreement with the XRD patterns in Figure 6.4.2 (e) showing CuO as the sole phase. 

Figure 6.4.2 (g) shows XPS spectra of the O1s region for CuO-Cit and CuO-EDA. The 

O1s spectrum of CuO-EDA could be fitted to two peaks with binding energies at 529.7 

eV and 531.1 eV, which were attributed to oxygen in CuO and Cu(OH)2, respectively.21 

The O1s spectrum of CuO-Cit could be fitted to three peaks at 529.7 eV, 531.3 eV and 

532.7 eV, with the latter corresponding to O in water molecules confirming that CuO-Cit 

was in hydrated form.22-25 Water molecules were strongly adsorbed on the CuO-Cit 

surface, despite the sample having been dried at 60 °C for 12 h before XPS measurement.  
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Figure 6.4.2 Digital photos of (a) CuO-PET-Cit, (b) CuO-PET-EDA, (c) CuO-PET-EDA 

in a bent state and (d) the humidity sensor based on CuO-PET-EDA. (e) XRD patterns of 

CuO-PET-Cit, CuO-PET-EDA and the PET substrate. XPS spectra of the (f) Cu 2p and 

(g) O 1s regions for CuO-PET-Cit and CuO-PET-EDA.  

 Morphological Characterization of Flexible Humidity Sensors    

Figure 6.4.3 shows surface and cross-sectional FESEM images of CuO-PET-Cit 

and CuO-PET-EDA. CuO-PET-Cit was composed of nanosheet clusters and the substrate 

surface was fully covered with these clusters to forming a carpet-like morphology, as 

shown in Figure 6.4.3 (a). The magnified image in Figure 6.4.3 (b) shows that tiny 



106 

 

multilayered nanosheets, 170 nm in lateral direction and 35 nm in thickness, accumulated 

with their sheet surfaces orientated parallel to the substrate. These nanosheet clusters 

aggregated to each other to form a dense film structure in the thickness direction, as 

shown in Figure 6.4.3 (c). Figure 6.4.3 (d) and (e) show that the surface of CuO-PET-

EDA was composed of nanosheets having a high aspect ratio, i.e. 2 µm in the lateral 

direction and 20 nm in thickness. These nanosheets, not aggregated but sparsely located, 

grew vertically on the substrate forming a grass-like nanosheet array, as shown in Figure 

6.4.3 (f). As shown in Figure 6.4.3 and 6.4.3, the morphologies of the CuO-PET-Cit and 

CuO-PET-EDA were very similar to those of CuO-Glass-Cit and CuO-Glass-EDA. 

Therefore, their formation mechanism can be explained according to chapter 3. 

 

 

 

 

 

 

 

 

Figure 6.4.3 Surface and cross-sectional FESEM images of (a)–(c) CuO-PET-Cit and 

(d)–(f) CuO-PET-EDA. 
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 Performance as Flexible Humidity Sensors    

Figure 6.4.4 (a) shows the humidity response (ΔR/R0) of CuO-Cit and CuO-

EDA at 20–90% RH at room temperature. The operating temperature was set below 

100℃ due to PET substrate with low thermal durability. R0 of CuO-PET-Cit and CuO-

PET-EDA were 423 MΩ and 58.2 MΩ, respectively. The response of CuO-PET-Cit 

changed little with RH, indicating that CuO-PET-Cit did not act as a humidity sensor. 

CuO-PET-EDA showed a high response of about 170% to the change in RH, even though 

the response was evaluated by the resistance change between two contact electrodes. 

These results indicated the selective sensing of humidity by adjusting the morphology of 

CuO nanostructures. The sensing test for five samples was carried out and all of them 

showed similar sensor characteristics, indicating the good reproducibility for all samples. 

The humidity response of CuO-PET-EDA with RH was fitted as a linear function, as 

shown in Figure 6.4.4 (a). These results demonstrated that CuO-EDA showed a linear 

increment upon changing the RH. The linear function was modeled as: ΔR/R0 (%) = 5.318 

+ 1.951RH and the regression coefficient (R2) was 0.9812, indicating that the good linear 

response in the entire RH range. The hysteresis characteristic is an important parameter 

for evaluating the accuracy and efficiency of the sensor. Figure 6.4.4 (b) shows the 

hysteresis characteristic curve of CuO-EDA. It is found that the humidity hysteresis curve 

exhibits a very narrow hysteresis loop. The maximal humidity hysteresis is calculated to 

be about 4 % RH at 70% RH, indicating a good reliability of the humidity sensor. Figure 

6.4.4 (c) shows the repeatability of CuO-EDA between 20 and 70% RH over three cycles, 

which indicated that CuO-EDA possessed good repeatability and stability for RH 

monitoring. Figure 6.4.4 (d) shows the time-dependent adsorption response curve (from 

20 to 70% RH) and desorption recovery curve (from 70 to 20% RH) of CuO-EDA. The 
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response and recovery times were 2.1 s and 2.8 s, respectively. CuO-EDA possessed 

faster response and recovery times than various reported humidity sensor.26-30  

The humidity-sensing mechanism of p-type semiconductors such as CuO can be 

explained by the adsorption and desorption of oxygen molecules.31 Under dry conditions 

at room temperature, oxygen molecules adsorbed on the CuO surface trap electrons, 

which leads to an increase in the hole density of CuO. This decreases the resistance of 

CuO. As the RH increases, adsorbed oxygen molecules are substituted by water 

molecules on the CuO surface. Trapped electrons are released back into CuO, so the 

resistance increases. This mechanism well matches the repeatable response profile in 

Figure 6.4.4 (a). CuO-Cit did not show any humidity response, as shown in Figure 6.4.4 

(a). This was attributed to a difference in the degree of water adsorption. A large number 

of (111) were exposed on the CuO-Cit surface, as described in section 3.2. Yu et al. 

reported that water molecules adsorbed on the CuO (111) dissociated into H and OH 

species and that the surface was covered with OH groups.32 Water molecules were 

chemisorbed by OH groups on the CuO (111), and could not desorb even at high 

temperature under vacuum conditions. Figure 6.4.4 (f) shows that water molecules 

remained on the surface of CuO-PET-Cit even under a vacuum condition during the XPS 

measurement. These results suggested that water molecules absorbed on the surface in 

wet condition did not readily desorb from the surface even under dry conditions, 

indicating that the amount of absorbed water molecules was little changed between dry 

and wet conditions. Therefore, CuO-PET-Cit did not respond to a change in RH. CuO-

PET-EDA contained non-aggregated CuO nanosheets orientated perpendicular to the 

substrate and separated by several hundreds of nm or more, so had a very large surface 
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area. Nanosheets were approximately 20 nm in thickness and the surface-to-volume ratio 

was high, which promoted the humidity sensor performance. 

Figure 6.4.4 (a) Humidity responses of CuO-PET-Cit and CuO-PET-EDA as a function 

of RH. (b) Hysteresis characteristic curve of CuO-PET-EDA. (c) Repeatability and (d) 

response and recovery times of CuO-PET-EDA between 20% and 70% RH. 

CuO-PET-EDA exhibited high sensitivity even in a bent state. The reliability of 

the sensing performance of CuO-PET-EDA against mechanical bending was evaluated 

by measuring the resistance with the bending angle (θ) fixed at 60° and 90°, as shown in 

Figure 6.4.5 (a). Figure 6.4.5 (c) shows time-dependent response and recovery curves 
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for CuO-PET-EDA fixed at various bending angles. The sensitivities of the sample fixed 

at 60° and 90° were almost the same as that when flat. This demonstrated that the 

performance of the CuO-EDA sensor was stable against mechanical bending. To further 

investigate the capability of the CuO-PET-EDA sensor against mechanical fatigue, CuO-

PET-EDA was repeatedly bent and relaxed. Figure 6.4.5 (b) shows a schematic of the 

bending-relaxation process. The flat sample was bent until the bending angle reached 90 ° 

and then returned to the flat state. This process was defined as one cycle. Figure 6.4.5 (d) 

shows time-dependent response and recovery curves after 0 (without bending), 500 and 

1000 cycles. Even after 1000 cycles, there was almost no difference in humidity 

sensitivity performance.  

Figure 6.4.5 (a) Schematic illustration of CuO-PET-EDA with the bending angle fixed 

at 60° and 90°. (b) Schematic illustration of the bending-relaxation process and time-

dependent response and recovery curves of CuO-PET-EDA between 20% and 70% RH 

for (c) different bending angles and (d) multiple bending-relaxing cycles. 

(a) (b) 



111 

 

Figure 6.4.6 shows surface FESEM images of CuO-PET-EDA and CuO-PET-

Cit after 1000 cycles. Propagating cracks were observed on the CuO-PET-Cit surface, as 

shown in Figure 6.4.6 (a) and (b). Generally, SMOs such as CuO-PET-Cit have low 

durability against bending due to their hard nature. On the other hands, no cracks were 

observed on the CuO-PET-EDA surface in which CuO nanosheets grew sparsely and 

vertically on the substrate, as shown in Figure 6.4.6 (c). Besides, no cracks were also 

observed on each nanosheet, as shown in Figure 6.4.6 (d). Cracks did not readily 

propagate in CuO-PET-EDA because the nanosheets were not aggregated but sparsely 

located on the substrate. CuO nanosheet arrays orientated perpendicular to the substrate 

such as in CuO-PET-EDA are therefore promising materials for flexible humidity sensors, 

because of their high sensitivity, rapid response and robust durability. 

Figure 6.4.6 Surface FESEM images of (a, b) CuO-PET-Cit and (c, d) CuO-PET-EDA 

after 1000 bending-relaxation cycles. 
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 Flexible glucose sensor based on CuO Thin Film   

 Experiment 

 Fabrication, Performance and Characterization 

                               of Flexible CuO Glucose Sensor  

A CuO thin film was fabricated on ITO/PET substrates (40 mm × 30 mm × 0.125 

mm) via the MSS method. Chapter 5 provides more detail on the fabrication process of 

CuO films via the spin‐spray method. The source solution and the reaction solution were 

prepared by using the mixed CuSO4⸱5H2O (0.04 M) and NH3 aq. (1.5 M) solution and the 

NaOH (0.1 M) solution, respectively. Electrochemical measurements were carried out in 

the electrode setup using CuO/ITO/PET samples as the working electrodes, with platinum 

as a counter electrode, and a saturated Ag/AgCl electrode as the reference electrode. A 

0.1 M NaOH solution was used as the electrolyte for electrochemical measurements with 

a cyclic voltammetry (CV) and the linear sweep voltammetry (LSV) recorded using an 

electrochemical workstation (Hokuto Denko Co., HZ-7000). The crystallinity and 

microstructure of the samples were analyzed using XRD (Rint2000; Rigaku). The surface 

morphologies of the samples were examined using FESEM (HITACHI, Japan, S-4700). 

 Results and Discussion 

 Characterization of Flexible CuO Glucose Sensor  

A CuO thin film was fabricated on In chapter 4, CuO thin films were fabricated 

on glass substrates at low temperature of 90℃ by the mis spin spray (MSS) method. In 

this section, a CuO thin film was fabricated on the ITO/PET substrate by the MSS method 

for a flexible glucose sensor. The sensor was sufficiently flexible to be used in bent 

conditions, as shown in Figure 6.5.1 (a). Figure 6.5.1 (b) shows the FESEM image of 

the sensor. The outer surface of the sensor was found to be uniform and it was evident 
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that the CuO thin film fully covered the ITO/PET substrate. As shown in Figure 6.5.1 (c), 

the XRD peaks corresponded to the cubic phase of CuO with good accordance to the 

ICCD data (JCPDS 48-1548) in addition to ITO and PET peaks without the presence of 

impurity peaks from Cu(OH)2 or Cu2O.  

 

 

 

 

 

 

Figure 6.5.1 (a) Photograph, (b) FESME image (c) XRD pattern of the CuO glucose 

sensor. 

 Characterization of Flexible CuO Humidity Sensor  

The CV technique was used to assess the behavior of the CuO/ITO/PET 

electrode for electrocatalytic oxidation of glucose. As shown in Figure 6.5.2 (a), the bare 

ITO/PET electrode does not show any oxidation or reduction current in the absence of 

glucose in the limited potential window. Besides, its electrochemical response to glucose 

is low as shown in Figure 6.5.2 (b). For the CuO/ITO/PET electrode, however, a single 

broad reduction peak with a peak potential of about +0.56 V can be observed in the 

absence of glucose, which should correspond to a Cu(II)/Cu(III) redox couple.33 The 

chemical reaction taking place in the absent of glucose can be described in eq. 8.34 

CuO + OH－ → CuO(OH) + e－     (8) 

With the addition of 5.0 mM glucose, a greatly enhanced catalytic oxidation current is 

observed in the range of +0.25 V to +0.70 V on the CuO/ITO/PET electrode. Copper (III) 
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has been proposed to have the tendency to facilitate the transfer of electron during the 

oxidation process of glucose to gluconolactone, as seen in eq. 9.24  

2CuO(OH) + e－+ (C6H12O6) → 2CuO + (C6H10O6) +2H2O  (9) 

The result in Figure 6.5.2 (a) showed that the CuO/ITO/PET electrode display enhanced 

electrocatalytic activity toward glucose oxidation, compared to the bare ITO/PET 

electrode.  

Figure 6.5.3 (a) shows the amperometric response of the CuO/ITO/PET 

electrode to successive addition of glucose at applied potential of +0.5 V. The 

CuO/ITO/PET electrode responded rapidly to the changes in glucose concentration. As 

shown in Figure 6.5.3 (b), the current response curve of the CuO/ITO/PET electrode with 

the glucose concentration (C) can be divided into two linear parts, which are region Ⅰ (0 

< C < 0.3 mM) and Ⅱ (0.3 < κ < 1.3 mM) with the regression coefficient (R2) of 0.9934 

and 0.9748, respectively. The high linearity shows that the CuO glucose sensor possesses 

excellent sensing properties. All these indicated that the proposed electrode fabrication 

process is appropriate and satisfactory for non-enzymatic glucose sensing application. 

 

  

 

 

Figure 6.5.2 CV curves of (a) CuO/ITO/PET electrode and (b) ITO/PET electrode in 0.1 

M NaOH without and with 5 mM Glucose at 100 mVs-1. 
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Figure 6.5.3 (a) Amperometric current response and (b) the dependence of the current 

response vs. glucose concentration of the CuO/ITO/PET electrode. 

 Conclusion 

Cu2O, CuO and ZnO films were fabricated on PET substrates for flexible sensors 

by the spin-spray method and MSS method. The performance of the flexible sensors 

based on these metal oxide films is as follows. 

The Cu2O film fabricated on the PET substrate was employed as a flexible 

bending sensor, and its bending performance was evaluated by measuring the electrical 

resistance between the electrodes under various curvatures. The Cu2O bending sensor 

showed high sensitivity and high resolution not only over a wide range of curvatures (0 

< κ < 0.21 mm−1) but also for very small curvature changes (Δκ = ~ 0.03 mm−1) when 

bending parallel to the direction of the current flow. In addition, the sensor possessed high 

linearity with a high GF (21.8) and mechanical fatigue durability (1000 bending–release 

cycles). On the other hands, the resistance variation changed little in the perpendicular 

bending, indicating that the Cu2O bending sensor showed the excellent anisotropic 

bending performance All of these excellent sensing characteristics indicate the 
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applicability of the sensor for detailed monitoring of large- and small-scale human 

motions, such as finger bending, wrist bending, nodding, mouth opening/closing, and 

swallowing. Besides, the anisotropic bending performance endows the Cu2O bending 

sensor the potential ability to monitor not only simple motions such as the bending and 

stretching, but also complicated human body motions, such as various hand gestures. 

Given its numerous advantages, the Cu2O bending sensor has broad application prospects 

for future wearable electronics. 

A Cu2O/ZnO heterojunction was fabricated on a ITO coated PET substrate by 

the spin-spray method for a flexible photodetector. The Cu2O/ZnO showed rectification 

behavior, indicating the formation of p-type Cu2O/n-type ZnO heterojunctions. The 

flexible Cu2O/ZnO junction photodetector showed the typical photoelectric performance, 

and the response and recovery times below 4.7 s and 6.7 s, respectively. 

Grass-like arrays and dense carpet-like films of CuO nanosheets were fabricated 

on PET substrates via the spin-spray method using different complexing agents. The 

resulting films on the PET substrates were applied as flexible humidity sensors. The 

humidity-sensing properties were investigated by measuring the electrical resistance from 

20 to 90% RH at room temperature. The sensor based on the dense carpet-like CuO film 

did not exhibit any humidity response, indicating that it had high stability against 

humidity changes. The grass-like CuO nanosheet array possessed excellent humidity-

sensing performance, including high sensitivity, good repeatability and fast 

response/recovery characteristics, because of its high surface area and surface-to-volume 

ratio. The sensor based on the CuO nanosheet array showed reliability and durability 

against mechanical bending because the nanosheets were not aggregated but instead 
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located sparsely on the substrate. The CuO nanosheet array therefore has potential as a 

sensing material for high-performance flexible humidity sensors. 

The CuO thin film was fabricated on the ITO/PET substrate for a flexible glucose 

sensor by the MSS method. The sensor shows the high linearity over a wide detection 

range to glucose. Moreover, the proposed as-developed solution-based approach utilized 

in this work could be used for sizeable and efficient wide-range electrode production. 

 In conclusion, the spin-spray method and MSS method can be applied to 

fabricate metal oxide films on PET substrates with low thermal durability for flexible 

sensor applications due to their low fabrication temperature below 100℃ and high 

deposition rate which allows a short deposition time. In addition, the metal oxide films 

fabricated by these methods exhibited good adhesion to PET substrates, and therefore, 

they were sufficiently flexible to be used in bent conditions. Metal oxide film-based 

flexible sensors with high sensing performance and mechanical fatigue durability were 

fabricated by optimizing the particle size, film thickness, and film morphology through 

controlling the spin spray reaction.     
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Chapter 7 General Conclusions 

In this thesis, Cu2O, CuO and ZnO films were fabricated by novel solution 

process, named as spin-spray method and mist spin spray method. These methods are 

characterized by its low deposition temperature (< 100 °C), simple equipment, high 

deposition rate and low cost. Importantly, they do not adversely affect the substrate 

because of the low fabrication temperature and high deposition rate, which allows a short 

deposition time. Therefore, they enabled to the fabrication of Cu2O, CuO and ZnO films 

on flexible polymer substrates with low thermal durability. The fabricated films were 

applied as flexible sensors for wearable electronics. 

In Chapter 2, phase-pure Cu2O films were fabricated on the seed-free glass 

substrates at low temperature of 70 °C with a high deposition rate of 0.3 µm/min by the 

spin-spray method. It was possible to control the grain size, the crystalline orientation of 

the films, the surface morphology, and the optical band gap by adjusting the 

concentrations of NH3 and NaOH in the reaction solution. The films fabricated with a low 

NH3 aq. concentration were composed of nanosized grains and highly [111] oriented. On 

the other hand, films fabricated with a high NH3 aq. concentration were composed of 

submicron grains and highly [100] oriented. 

In Chapter 3, the spin-spray method enabled to the fabrication phase-pure CuO 

nanostructures at a low temperature of 90 °C for a short time of 10 min. Grass-like array 

and carpet-like dense films of CuO nanosheets were fabricated on glass substrates via the 

method using different complexing agents. The CuO nanosheet had nanosheets having a 

high aspect ratio, i.e. 2 µm in the lateral direction and 20 nm in thickness. The CuO 

nanostructures strongly adhered to the substrate.  
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In Chapter 4, a novel solution-based process, termed the mist spin spray method, 

was developed to fabricate nanostructured CuO thin films on seed-free glass substrates. 

These mists are subsequently sprayed onto a substrate heated to 90 °C and fixed on a 

rotating platform to grow crystalline CuO thin films at atmospheric pressure. This one-

step method enables the generation of phase-pure, dense and crack-free CuO thin films 

below 100 °C. 

In Chapter 5, a transparent ZnO film was fabricated by the spin-spray method 

at a low temperature of 90°C. The high resistivity, 55.3 Ω cm, of the as-deposited ZnO 

film by the spin-spray method was drastically decreased down to 4.43 × 10−2 Ω cm after 

UV treatment for 60 min due to the generation of hydrogen donors in the ZnO film. The 

as-deposited ZnO film contained a large amount of trapped water. The trapped water was 

decomposed to form H+ and OH− ions by photocatalytic activity of UV- irradiated ZnO. 

These ions associated with the VO  and VZn  resulted the generation of 

thermodynamically stable hydrogen donors. 

In Chapter 6, the spin-spray method and mist spin spray method are applied to 

fabricate Cu2O, CuO and ZnO films on PET substrates for various flexible sensor 

applications. The performance of the fabricated flexible sensors based on these metal 

oxide films is as follows. 

The fabricated Cu2O film on the PET substrate was employed as a flexible 

bending sensor, and its bending performance was evaluated by measuring the electrical 

resistance between the electrodes under various curvatures. The Cu2O bending sensor 

possessed excellent stability and repeatability over a wide curvature range. Moreover, the 

sensor demonstrated a high sensitivity and a short response time with a high resolution 

for very small curvature changes. The sensor possessed good repeatability as well as long-
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term and mechanical fatigue durability over 30 days and 1,000 bending–release cycles, 

respectively. All of these excellent sensing characteristics indicate the applicability of the 

sensor for detailed monitoring of large- and small-scale human motions. Excellent 

stability and repeatability of the monitoring response over a wide range of motion angles 

and speeds was demonstrated.  

 The Cu2O/ZnO heterojunction films were fabricated on ITO coated PET 

substrates by the spin-spray method for flexible photodetectors. The Cu2O/ZnO showed 

rectification behavior, indicating the formation of p-type Cu2O/n-type ZnO 

heterojunctions The flexible Cu2O/ZnO junction photodetector showed the typical 

photoelectric performance, and the response and recovery times below 4.7 s and 6.7 s, 

respectively. 

The fabricated CuO nanostructured films on the PET substrate were applied as 

flexible humidity sensors. The CuO nanosheet array structures possessed excellent 

humidity-sensing performance, including high sensitivity, good repeatability and fast 

response/recovery characteristics, because of its high surface area and surface-to-volume 

ratio. The sensor based on the CuO nanosheet array showed reliability and durability 

against mechanical bending because the nanosheets were not aggregated but instead 

located sparsely on the substrate. The CuO nanosheet array therefore has potential as a 

sensing material for high-performance flexible humidity sensors. 

The fabricated CuO thin film was fabricated on the ITO/PET substrate for a 

flexible glucose sensor by the mist spin spray method. This sensor showed high-

transparency in the visible light region of the spectrum. The sensor shows the high 

linearity over a wide detection range to glucose. 
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In conclusion, the developed solution-based processes can fabricate functional 

metal oxide films at a low process temperature below 100 °C with a high deposition rate. 

Therefore, these solution-based processes enabled to the fabrication of functional metal 

oxide films on flexible polymer substrates with low thermal durability. In addition, the 

metal oxide films fabricated by these methods exhibited good adhesion to PET substrates, 

and therefore, they were sufficiently flexible to be used in bent conditions. Metal oxide 

film-based flexible sensors with high sensing performance and mechanical fatigue 

durability were fabricated by optimizing the particle size, film thickness, and film 

morphology through controlling the spin spray reaction. The metal oxide-based flexible 

sensors fabricated by these solution-based processes have broad application prospects for 

future wearable electronics. 
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