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Abstract 

 

 

In this dissertation, nanostructured ZnO and SnOx with various forms of thin films, 

particles and rods were deposited and synthesized by combination of sputtering, thermolysis 

assisted chemical solution method, and/or dc applied electrodeposition. Different substrates such 

as alumina, silicon dioxide, and polyimide films were used to grow nanostructured materials in 

order to fabricate highly sensitive and selective VOC sensor devices. Synthesized ZnO and SnOx 

materials were characterized by FE-SEM, XRD, EDS, Raman spectroscopy and Keithley 2400 

sourcemeter to examine the surface morphology, crystalline phase, atomic composition and 

electrical resistance change. Gas sensing properties of nanostructured metal oxides were studied 

as functions of the structural and compositional changes. Three different gases: acetone, ethanol, 

and ethylene, mixed with synthetic air were tested in a closed chamber by continuously flowing 

gases.  

 SnO2 thin films were deposited by rf sputtering from a SnO2 ceramic target under 

different argon-to-oxygen ratios to investigate the effects of oxygen stoichiometry on ethylene 

sensing properties. Thin film sensors exhibited higher sensitivity compared with bulk from SnO2 

sensors. Post-annealing of the fabricated thin films influenced gas sensitivity while the control of 

argon-to-oxygen ratio during the film deposition did not affect the properties significantly due to 

the effective formation SnO2 by a post-annealing process. An ethylene sensing mechanism for 

the SnO2 thin film sensor was also newly suggested.  
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Significant compositional effects of tin oxide were investigated by sputter deposition 

from a metallic tin target. Post-annealing of the films resulted in SnO and/or SnO2 phases 

depending on annealing temperature. Combinatorial phases of SnOx, i.e. gradual distribution of 

SnO and SnO2 on the sample substrate, were fabricated by co-sputtering of tin metal and tin 

oxide ceramic targets. Gas sensing properties of the films were investigated with an emphasis on 

tin phases and microstructure. Although SnO is a p-type semiconductor and SnO2 is a n-type 

semiconductor, the data on sensitivity using three different gases were similar except for the 

direction of resistance changes during the detection of the gases. Such a combinatorial approach 

would enhance the selectivity of a VOC sensor by merging two different types of 

semiconducting materials. 

Geometric effects of the oxides on the gas sensing properties were investigated by 

constructing ZnO nanorods on ZnO thin film seed layers.  A series of devices were prepared with 

seed layers of different thickness upon which nanorods with tuned density were grown. 

Quantitative analysis of the sensing mechanism shows that volumetric geometry of the nanorods 

such as diameter and length is a more critical factor than the thickness of the seed layer. In 

addition to control of the nanorod structure, the transition metal ions such as nickel, cobalt, and 

copper were doped into ZnO nanorods during electrodeposition. Such doping can provide the 

ability to operate at room temperature and to use flexible polymer substrates. Nickel was 

successfully doped in-situ into ZnO nanorods in aqueous solution. A doped concentration of 6% 

nickel revealed the most enhanced sensing property at room temperature under UV illumination. 

A mechanism is proposed to explain how the transition metal ions in zinc oxide play an 

important role in the gas sensitivity under UV illumination.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Motivation and background 

 Nanostructured metal oxides, such as ZnO and SnOx have attracted more attention 

recently due to their good semiconducting, optical, magnetic and electrical properties. In gas 

sensor applications, the fabrication of ZnO nanostructure has been used to develop a highly 

sensitive electronic nose system. The higher surface area to volume ratios of nanostructures 

enables the sensor to detect volatile organic compounds (VOC) in the sub-ppm range [1]. Such a 

modulation of surface to volume ratio is also known to influence the photocatalytic property and 

power conversion efficiency in dye sensitized solar cell applications [2]. In battery applications, 

ZnO has been investigated as both an anode material and a coating material for LiNiMnO, 

LiV3O8 cathodes in lithium-ion and Ni/Zn secondary batteries [3-5]. Unlike ZnO, tin oxides have 

different stoichiometric compounds such as SnO, SnO2 and Sn2O3. Among these compounds, tin 

dioxide (SnO2) and tin monoxide (SnO) have been widely researched for engineering 

applications. Tin dioxide is an anode material applicable to high capacity lithium ion batteries [6]. 

The excellent photostability and high charge carrier mobility of SnO2 has expanded its usage for 

dye-sensitized solar cells (DSSC) [7]. SnO2 has been widely researched for gas sensor 

applications because of its relatively high resistance change at sensing temperature for various 

gas species [8]. Tin monoxide has not been as widely researched, but its native p-type 

semiconducting property with high hole mobility and charge transport rate has recently attracted 
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attention for fast thin film transistors (TFTs) [9]. To apply these oxides for the applications 

mentioned above, including VOC sensors, critical factors for investigation include micro/nano 

structural modulation such as surface to volume ratio and crystalline phase, and composition 

modification such as doping and stoichiometry. 

 Structural and compositional control of the oxide materials can be accomplished by 

modifying process parameters during fabrication. Several technologies such as CVD, PLD, 

sputtering, sol-gel spin coating, electrochemical deposition, and hydrothermal chemical solution 

methods have been investigated to prepare films and grow nanostructured materials. Among 

these technologies, three methods were used for this research: sputtering, sol-gel coating and 

electrochemical deposition. Sputtering is a widely used methodology for depositing thin films 

due to its ease in controlling parameters, reproducibility and long term stability [10]. Sputtering 

can be performed via two operating modes: direct current (dc) field assisted power and radio 

frequency (rf) assisted power depending on the types of target material. The micro/nano structure 

and stoichiometry of the metal oxide thin films can be adjusted by varying process parameters 

such as power density, gas mixture during plasma generation, and heating temperature. The sol-

gel method has unique advantages in film deposition. Film thickness can be easily controlled by 

adjusting the spin-coating conditions and/or the viscosity of solution. The composition of films 

can be controlled by adjusting the mixing ratios of raw chemicals in the solution. Relatively 

uniform films can be deposited on a large scale substrate at low cost. A similar solution approach 

can be used to grow nanostructured oxides at low temperature. Since Lionel Vayssieres 

introduced the concept of a chemical solution method for low temperature synthesis of oxides, a 

great quantity of literatures has been published on the subject [11]. Various shapes of 

nanostructures can be fabricated by simple changes in parameters such as salt concentration, 
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deposition time, and pH, can derive shape modification [12]. In spite of the many articles, there 

are still several limitations in growing nanostructure when introducing doping elements into the 

nanostructure. The application of an electric field during solution growth can provide the 

additional impetus necessary to promote the incorporation of chemical species into the structure 

[13]. 

 Gas sensing properties of metal oxides are known to depend on the structure, 

composition, sensing temperature and gas species [14]. Much research has been carried out to 

improve the selectivity and sensitivity and to lower the sensing temperature for long-term 

reliable operation with reduced energy consumption. Modulation of a material’s structure has 

been performed by forming nanostructures such as nanorods, nanowires, nanoflowers, and 

nanotubes to achieve higher specific surface area [15-18]. Recently, more complicated structures 

to fully utilize surface area such as hierarchical nanostructured oxides have been attempted by 

repeating growth on as-synthesized structures or by combining two or more different 

methodologies to fully utilize the surface area [19-20]. Modification of the metal oxide’s 

composition has been performed by doping elements such as noble metals and transition metals 

to enhance the gas sensitivity. Since thin film and nanostructure fabrication often use non-

thermodynamic conditions, the stoichiometry of metal oxide has been controlled by adjustment 

of the synthesis atmosphere for oxide growth and by controlled heating such as post-annealing. 

Because elevated operation temperature is considered as a potential limit of metal oxide gas 

sensor, there have been efforts to lower operation temperature by both structural and 

compositional modification and/or by adopting other energy sources such as ultraviolet (UV) and 

xenon lights [21-24].    
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 Although numerous experiments regarding oxide gas sensors have been performed, 

few researchers have addressed the sensing mechanism to correlate two dimensional film 

structures with three dimensional nanostructures under the same experimental conditions. 

Furthermore, the approaches investigated here to improve the selectivity of sensors by utilizing 

combinatorial phases of oxides and to lower sensing temperature by combination of UV and 

transitional metals are rarely reported. Room temperature sensing can allow one to use soft 

polymer substrates for more flexible gas sensing devices.       

 

1.2 Research Objectives    

 The objective of this research is to develop a highly sensitive and selective metal 

oxide based VOC sensor working at room temperature to detect sub-ppm range gas 

concentrations. The investigation is also to advance understanding the relationship between 

oxides’ structural and compositional changes and their gas sensing properties. The results of this 

effort will be applicable to future, flexible, E-nose devices.  

 

The following approaches were taken to achieve the objectives of this research:   

1. To control the structure of ZnO and SnOx metal oxide materials and to understand 

their growth mechanisms: The effects of processing parameters on the 2D (thin film) and 

3D (nanorods and nanotrees) structures, and their resulting effects, on the gas sensing 

properties of the sensors are studied.  

2. To control the composition of ZnO and SnOx metal oxide materials and to understand 

its effects on the structural and electrical properties: Electrical and optical properties of 

metal oxide materials can be adjusted by doping with noble and transition metals, and 
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through control of the crystalline phase.  Gas sensing properties of the sensors are studied 

with regards to doping and crystalline phase. 

3. To investigate the gas sensing mechanism under various structural and operation 

conditions. An alternative energy source (UV light) is employed to sense gas molecules 

at room temperature by investigating sensing mechanisms in terms of microstructure and 

composition. 

 

1.3 Dissertation structure 

 Chapter 1 introduces this dissertation, providing the motivation, research objectives, 

and dissertation structure. 

 Chapter 2 covers the background of this research: nanostructured ZnO and SnOx 

materials, principle of metal oxide based gas sensors, and nanostructured ZnO and SnOx based 

gas sensor research.  

 Chapter 3 describes the details of experiments. Processes to fabricate the sensor 

devices on different substrate and procedures to measure the gas sensing properties are explained. 

 Chapter 4 describes the investigation of 2D structured thin films of ZnO and SnOx 

deposited by rf/dc sputtering and the effects of processing parameters on the electrical properties 

and preferred crystalline phase of the materials. The relationship between the gas sensing 

properties and the electrical properties and crystalline phase are discussed. 

 Chapter 5 describes the investigation of SnO2 thin films deposited by rf sputtering 

and its materials properties as a result of argon-to-oxygen ratios and post annealing treatments. 

Ethylene sensing properties of SnO2 thin film sensors, fabricated under different conditions, are 

studied. 
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 Chapter 6 describes the investigation of ZnO thin films deposited by rf sputtering. On 

the deposited thin films, ZnO nanorods were grown by a thermolysis assisted chemical solution 

method. Geometric factors such as film thickness, length, and diameter of nanorods on ethanol 

gas sensing properties of the sensor are discussed. 

 Chapter 7 describes the investigation to modulate the composition of ZnO by in-situ 

doping of transition metal ions into ZnO nanorods by electrodeposition.  

 Chapter 8 describes the investigation of nickel-doped ZnO nanorods, chosen based on 

optimal results from in-situ doping, for the fabrication of flexible VOC sensor devices. Room 

temperature gas sensing properties of nickel-doped ZnO nanorods sensors are studied in terms of 

nickel concentration and sensitivity enhancement under UV illumination.  

 Chapter 9 summarizes the achievements attained over the course of this effort and 

future research directions that may further advance the field.    
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW 

 

2.1 Nanostructured Zinc oxide (ZnO) and its doping 

 ZnO is a semiconducting material with high band gap energy of 3.37 eV and exciton 

binding energy of 60 meV and has an intrinsic n-type property [1]. Due to its nature, lot of 

applications such as gas sensors [2], solar cells [3], field effect transistors [4], and optoelectric 

devices [5] utilizing ZnO materials have been researched to investigate the optimum material 

property for the best operations. As a material property of ZnO is much dependent on its 

structural difference, several technologies including MOCVD, hydrothermal, and chemical bath 

deposition [6-8] to synthesize various shapes of nanostructures have been reported. Since a 

chemical aqueous solution method to grow nanorods or nanowires was first reported by Lionel 

Vayssieres in 2003 [9], a chemical solution method has been widely utilized because it can 

originate different nanostructures at low temperature on various substrates in a large scale with 

easiness in controlling parameters. Wet chemical solution method can be generally divided into 

two categories depending on the temperature for the dissolved ions to be precipitated. At 

relatively high temperature such as 100-300 °C, which is higher than the boiling point of water at 

standard pressure, dissolved ions initiate to nucleate and grow. Hydrothermal deposition includes 

direct precipitation of powders by changing the limit of solubility [10]. Chemical solution 

method assisted by thermal decomposition, or thermolysis is a relative low temperature process, 

which is operated less than 100 °C. In determining the nucleation rate and growth rate, chemical 

balance between cat ions and anions in solution is primary factor to govern the process rather 
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than the temperature of hydrothermal deposition [11]. In figure 2.1, two main parameters to 

determine the direction of reactions between dissolved ions according to the solubility limit. Line 

a represents the solubility line of zinc oxide. The solubility of zinc hydroxide is drawn as a 

dashed line b.  Line C is a solubility line of metastable ZnO nuclei in the solution for 

homogeneous nucleation.  

 

Figure 2.1 Thermodynamic equilibrium diagram of ZnO chemical solution deposition at room 

temperature.  Line (a) and (b) are the solubility limits of zinc oxide and zinc nitrate, respectively. 

Line C is a guide line of metastable solution [12]. 

 



 

12 

 

Under curves, ZnO is not precipitated on the substrate. Under specific conditions depending on 

pH, concentration of zinc ion, as denoted in the curve as blue circle 1, 2, 3, and 4, ZnO 

nanostructures can be nucleated heterogeneously on the substrate and grown by moving the 

conditions onto the line a. In cases of conditions 1 and 2, change in pH associated with 

concentration of zinc ions and hydroxy ions can deliver the zinc oxide nucleation. In cases of 3 

and 4, system is on metastable region between solid Zn(OH)2 and solid ZnO status. 

Supersaturation of solution can derive the heterogeneous nucleation of ZnO under these 

conditions. 

 Heterogeneous nucleation and growth on the substrate is expressed by the chemical 

reactions as shown in below. First, zinc cat ions released from raw chemicals such as zinc nitrate, 

zinc chloride, and zinc acetate, reacts with hydroxide ions supplied by HMT 

(hexamethylenetetramine) and urea from the thermal decomposition in water. Then, solid zinc 

hydroxide is heterogeneously nucleated on preferred sites of the substrate. Table 2.1 gives the 

summarized data of stability constants of several different ligands, which was released from 

counting chemicals, such as formate, ethylenediamine, chloride, acetate, 

hexamethylenetetramine, in solution. When ionic precursors react with each other to produce 

ZnO, the amount of soluble ZnO in solution reaches to its maximum limitation as time increases. 

Then, insoluble ZnO are precipitated on the substrate. The relationship between K1 for soluble 

ZnO and K2 for precipitated ZnO are described in equation 1 and 2 to make a thermodynamic 

equilibrium. 

       22

1 OHZnK  …………………………..…………. (1) 

      K1=K2……………………………………...…… (2) 
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Table 2.1 List of stability constants of ligands participating in ZnO formation with zinc cat ions 

in aqueous solution at 25 °C TEA: trethanolamine, EN: ethylene diamine, HMT: 

hexamethylenetetramine, DAP: diamino-1,2 propane, Citrate:  citric acid (C3H4(OH)(COOH)3) 

[12] 

 

 

 To make an initial nucleation of Zn (OH)2 happen, external energy such as thermal 

energy should be supplied to the solution to overcome the surface energy between the solution 

and the solid product. In the case of growing on the substrate, net surface energy to form the 

ionic product is reduced as much as that of substrate.  Consequently, ZnO formation can be 

preceded under lower supersaturation limit, which controls the precipitation of nucleus [13]. This 

is one of reason to use chemicals releasing hydroxide ions to control the reaction slowly. As 



 

14 

 

summarized in table 2.1, several different chemicals to provide zinc ions and anions to from 

nanostructured ZnO were utilized. Controlling parameters such as degree of saturation, control of 

growth site, and control of preferred growth direction, resulted in morphology changes as 

depicted in figure 2.2.   

 

 

Figure 2.2 Schematic drawings to describe the role of parameters on the ZnO nanostructure 

formation [14] 

 

 ZnO nanograins or nanoparticles was synthesized using zinc sulfate heptahydrate 

(ZnSO4· 7H2O) and NaOH in different molar ratio to have pH 5.6 and 13.6, respectively. The 

growth and nucleation rate was only controlled by pH value. It was observed that much higher 

amount of ZnO nuclei could be generated at low pH value due to a low solubility of ZnO in the 

solution. Thus, ZnO precursors are precipitated to the nanoparticles [15-16]. Other than chemical 
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solution method, ZnO nanorods can be grown in different ways depending on parameters. As 

discussed in previous paragraph, high pH values, on the contrary, was deducted in low 

nucleation rate. Limited numbers of nuclei are forced to grow to have high aspect ratio forming 

nanorods [17].  

  

 

 

Figure 2.3 (a) Wurtzite ZnO structure unite cell (b) example of vertical growth of unit cell (c) 

example of lateral growth of unit cell [14] 

 

 In terms of chemical balance of solution, a high aspect ratio to have a rod type of ZnO 

can be achieved by lowering overall concentration of zinc salts while maintaining initial 1:1 ratio 

of zinc salt with HMT [9]. The unique role of HMT compared with other chemical is to supply 

both OH
-
 and NH

4+
, which gradually increase pH value without other base chemicals. Vertical 

orientation of nanorods can be easily controlled by growing on seed layers such as thin films and 

nanoparticles deposited on the substrate.  
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Table 2.2 Hierarchical ZnO nanostructures according to deposition method, chemicals, and 

experimental conditions (researches from 2009 to 2011) [25-61] 

C
h

em
ic

a
l 

S
o
lu

ti
o

n
 M

et
h

o
d

 

Method Materials Conditions morphology year 

Hydrothermal ZnCl2, NaOH 
30ml water, 80C 24hr, sealed glass 

bottle 

Flower like 

microparticle

s 

2010 

Hydrothermal ZnOH42-, NaOH 
37ml water, 100C 10hr, Teflon 

autoclave 

brush like 

nanowires 
2009 

Hydrothermal 

zinc 

acetate+ethylene 

glycol 

4ml water, 60ml EG 150C 3-5hr,  

autoclave 

Hollow 

spheres 
2009 

Hydrothermal 
zinc nitrate, zinc 

acetate, EG, water 
zinc foil,  150C 15-20hr,  autoclave 

nanowire, 

urchin, 
2010 

Hydrothermal 
zinc acetate+HMT, 

NaOH 
  95C 6-60hr,  autoclave 

multipod, 

flower like 

nanorods 

2010 

Hydrothermal zinc acetate, NaOH   90C 10hr,  autoclave 

nanobrush, 

flower like, 

needle like, 

nanoplates 

2009 

Hydrothermal+delectrodeposition zinc nitrate, KOH 
zinc foil,  R.T. 10-12hr,  autoclave, 

2nd step(1V, AuCl4) 

Flower like 

nanostructur

e 

2011 

Hydrothermal+photodeposition 
zinc acetate, HMT, 

copper sulfide 

95C, 10hr, glass bottle, 365nm 

black light, overnight 

Corn like Cu 

doped ZnO 

nanorod 

2011 

Hydrothermal+electrodeposition 
zinc nitrate, KCl, 

HMT 

1.1V on ITO 30min, 50C, 90C 4hr 

for CBD 

1st 

nanosheet+2n

d nanowires 

2010 

Hydrothermal+pyrolysis 
zinc carbonate, 

HMT, ethanol 
160C 8hr,Teflon autoclave 

ZnO 

nanosheets 
2009 

Hydrothermal+ultrasonication 

zinc acetate, 

diethanolamine, 

ethanol, Zinc nitrate, 

HMT, sodium 

citrate 

ZnO seeded FTO glass, 90C 6hr, 

60min ultra 

1st 

nanorod+2nd 

tube 

2011 

microwave irradiation zinc nitrate, MDBF4 water,900W 20% power, 2hr 
ZnO 

nanobelts 
2009 

Solvothermal 
zinc nitrate, HMT, 

ethanol, NaOH 
1st 85C, 5h, 2nd water+ethanol 

sphere shape 

nanorods, 

urchin 

2010 

Solvothermal 

zinc acetylacetonate, 

THF, decane, 

ethanol 

120C, 20hr 

different 

shape 

depending on 

solvent type,  

2009 

sonochemical 

zinc acetate, 

dimethyl sulfoxide, 

water 

ultrasound horn, less than 1hr, 
Hollow 

spheres 
2010 

electrospinning+hydrothermal 
Zinc acetate, PVA, 

zinc nitrate, HMT 
20KV,15cm, 10C/min, 85C, 4hr 

nanorods on 

nanowires 
2010 

Hydrothermal+ chemical additives 
Zinc nitrate, EDA, 

HMT 
80C, 0.5hr to 6hr, FTO,  

nanorods on 

nanorods 
2010 

Hydrothermal+ chemical additives 

Zinc acetate, nitrate, 

sulfate, NaOH, 

ascorbic acid, etc 

30 to 90C 

flower, 

spindle, 

sphere, etc 

2010 

Hydrothermal+ chemical additives 

Zinc acetate, 

ethanolamine, 

NaOH 

140C, 12hr, 60C, 4hr 

flowerlike, 

spindle, 

sword, 

umbrella 

2011 

Hydrothermal+ chemical additives 
zinc nitrate, HMT, 

diaminopropane 
90C 6hr, 60C 6hr 

branched 

nanorod, 

nanowire 

array 

2011 
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Hydrothermal+ chemical additives 

 

 

zinc acetate, 

 

 

88C 1hr, 65C additional time 

(days) 

 

Bunched 

Roselike and 

Core-Shell-

like 

 

2010 

Hydrothermal+ chemical additives 
zinc nitrate, PVP, 

NaOH, 
105C, 2hr 

flower with 

nanosheets 
2009 

Hydrothermal+ chemical additives 

zinc nitrate, SDBS, 

NaOH, ethanol, 

water 

constant temperature, several 

hours. 

hexagonal 

disks 
2009 

Hydrothermal+ chemical additives 
zinc nitrate, HMT, 

trisodium citrate 
90C, 3hr 

flower with 

nanosheets 
2011 

Hydrothermal+ chemical additives 
zinc nitrate, HMT, 

trisodium citrate 
60C, 24hr, 130C 24hr,  

nanosheets 

on rod, 

microrods 

2011 

Hydrothermal+ chemical additives 

zinc acetate, 

carboxymethyl 

cellulose, ammonia 

120C, 2hr, Teflon autoclave 

double cage 

connected 

nanoshells 

2010 

Hydrothermal+ chemical additives 

zinc acetate, sodium 

dodecyl sulfate, 

hexane, hexanol, 

NaOH 

120-180C , 10hr, Teflon autoclave 

nanosheets, 

thorn on 

nanorods 

2009 

Hydrothermal+ chemical additives+ 

seed layer 

zinc acetate, 

sammonium 

hydroxide, PEI 

90C , 10hr, Teflon autoclave 
very long 

nanorods 
2010 

Hydrothermal+ chemical additives zinc acetate, PEG   

short 

nanodisks, 

large 

diameter 

2009 

precursor controlled 

aniline coated Au 

seed, zinc acetate, 

NaOH, 

tetrachkiriauric acid 

trihydrate 

80c 5min, 10min, 60C  
star shape, 

microflower 
2009 

precursor controlled 

zinc acetate, 

ammonia, water, 

citrate family 

90C 1hr, 90C 1hr various shape 2009 

C
V

D
 

CVD+supersaturation 1g of zinc powder 
100sccm argon, 1% oxygen, 520C, 

20min heating 

nanorod with 

changing 

diameter 

2010 

CVD+template 0.6g of zinc powder 
240sccm argon, 60sccm oxygen, 

550C, 120min heating 

lotus leaf like 

ZnO 

nanostructur

es 

2008 

el
ec

tr
o

ch
em

ic
a

l 
d

ep
o

si
ti

o
n

 

electrochemical 

zinc acetate, 

dimethyl 

sulfoxide(solvent), 

water,  

70C 1hr,  different DMSO volume 

nanorod with 

changing 

diameter 

2009 

two step electrochemical on spin 

coated seed 

zinc acetate, 

dimethyl 

sulfoxide(solvent), 

water,  

80C -1V, 2h, 4h, 8h, 2nd step: 

0.25h, 1h 

nanorods 

with 

nanorods 

2011 

electrochemical zinc chloride, KCl 90C, 45min 
microrods on 

nanosheets 
2011 

electrochemical zinc chloride, KCl KCl etching, PS template 
urchin like 

nanorods 
2011 

 

Seed layers play a role of preferred nucleation sites for the heterogeneous ZnO growth. Sol-Gel 

spin coating and ZnO sputtering are generally used methods to prepare seed layers [18-19]. In 

some cases, single crystalline substrates such as (001) plane of ZnO substrate, alumina (0001) 
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substrate with GaN layer, were utilized to grow vertically aligned ZnO nanorods [20-21]. ZnO 

nanowires are similar with nanorods in shape, but have a small diameter than nanorods. As 

described in nanorods, more dilute concentration of zinc salts with same ratio of HMT can make 

a smaller diameter of nanowire [22].  

 ZnO nanoplates are generally synthesized by controlling the preferred growth 

direction assisted by shape modifiers such as PDADMAC (poly (diallyldimethylammonium 

chloride), PSS (poly (styrenesulfonate), trisodium citrate [23]. As explained in previous 

paragraphs, anisotropic nature of growing ZnO along vertical direction derives into nanorods, 

nanowires formation. By selectively adsorbing on the (001) plane of ZnO, lateral growth can be 

promoted and deduced in nanoplates in larger diameter [24].   Each chemical additive has a 

different number of functional groups as well as different chemical structure. Due to these points, 

relative probability to be adsorbed in the specific planes varies and determines various shape 

modifications as shown in figure 2.3 [14]. To take a maximum advantage of nanostructured ZnO, 

recent researches have been focused on growing hierarchical nanostructure by repeating recipe to 

grow one dimensional nanostructures two or three times or combining at least two different 

methodologies. In table 2.2, details of experimental conditions and methodologies are 

summarized.  

 

2.2 Nanostructured Tin oxide (SnOx) and its doping 

 Tin dioxide (SnO2) is another semiconducting metal oxide material, which as 3.6 eV 

of band gap energy at 300K [62].Its transparency in the range of visible light, SnO2 is widely 

used in optoelectronic device [63] as well as transparent electrodes [64]. Nanostructured SnO2 is 

reported to have a high surface to volume ratio and quantum confinement effects, which delivers 
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enhanced electrical, optical and mechanical properties. Similar technologies as utilized in 

synthesizing ZnO nanostructures, such as hydrothermal, sol-gel spin coating, solvothermal, CVD 

(Chemical Vapor Deposition), sputtering, and electrospinning, were used for the synthesis of 

nanoparticles, nanowires, nanorods, nanotubes and hollow structure [65-69].     

To synthesize SnO2 nanowires, pulsed vapor solid synthesis method was used by evaporating tin 

monoxide [70]. Thermal evaporation is another method to grow large amount of SnO2 nanowires. 

In the atmosphere of argon and oxygen gas mixture, SnO2 nanowires were obtained via 

carbothermal synthesis. Guo et al used a hydrothermal method at low temperature and 

successfully synthesized controlled morphology of SnO2 nanorods. In their experimental 

conditions, CTAB (cetyltrimethyl ammonium bromide) power was a key playing chemical 

additive in SnCl4 and NaOH chemical solution by forming an intermediate ions CTA
+
- Sn(OH)

2-
 . 

Diameter of SnO2 nanorods was dependent on the concentration of SnCl4. Balances between 

SnCl4 and CTAB and electrostatic repulsion forces of intermediate ions could induce the 

controlled synthesis of SnO2 nanostructures [71]. Vayssieres et al suggested chemical aqueous 

solution method for highly ordered SnO2 nanorods growth on a Fluorine-SnO2 glass substrate at 

95 °C for 2 days. SnCl4·5H2O and (NH2)2CO with adding HCl were used as raw materials. 

Experimental parameters, such as pH, ionic strength, and dissolved ions, determine the highest 

surface energy of facet to grow the tailored nanorods. Similar with the growth mechanism in 

ZnO, the nucleation and growth rate during process govern the overall morphology [72]. 

Consequently, SnO2 nanorods were grown along the vertical direction; (001) plan, the highest 

surface energy, to the substrate.  

 Improvement in electrical and optical property of SnO2 was observed when doped 

with additives, such as noble metals, transition metals, and other elements such as antimony, 
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fluorine. The key roles of additives in properties of pure SnO2 are to allow catalytic reactions on 

the surface, modulate the Debye length, locate additional level in energy band, and control the 

grain growth in thermal treatment [73]. Sb doped SnO2 thin films by e-beam evaporation were 

studied depending on different amount of antimony. Antimony could be incorporated in SnO2 as 

Sb
5+

, Sb
4+

, and Sb
3+

 depending on the amount and oxygen vacancies in SnO2 and contributed as 

donor or acceptor, respectively. In addition to, Sb ions work as a glass network modifier to 

influence electrical and optical properties due to a shift in the Fermi level [74]. Nobel metals 

such as Pd, Au, and Pt, are studied widely to modulate the properties of pure SnO2. The 

existence of noble metals influences the grain growth and defects formation in intrinsic tin 

dioxide during calcinations. Thus, grain size at specific calcinations temperature was controlled 

by altering doping element and its amount [75]. Transition metal, copper ions was mixed into 

SnO2 nanopowder and sol-gel spin coated. By the substitution of Sn
4+

 into Cu
2+

 might increase 

the amount of oxygen vacancy, which causes a resistance drop or decrease its concentration as 

positioning at interstitial site, which results in a resistance increase. Overall impact of copper, 

however, may be governed by substitutional doping due to a relative small ionic radius of Cu
2+ 

than Sn
4+

. Challenge in doping transition metal ions is that it may make readily a secondary 

oxide phase, which might deteriorate the intrinsic property of metal oxide [76]. Another doping 

element, fluorine is utilized to modify the property of SnO2 due to high conductivity and 

transparency. Fluorine ions can be corporate into oxygen vacancy easily because ionic radius of 

fluorine is similar with that of oxygen and also binding energy between tin atom and oxygen 

atom is similar with that between tin atom and fluorine atom [77]. Due to this, crystallinity of 

SnO2 to (002) direction was enhanced. Charge carrier concentration and resistivity are reported 

to be dependent on the doping concentration, but mobility of charge carrier does not show 
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dependence on fluorine doping [78]. Chen et al reported calcination assisted SnO2 nanorods 

synthesis in bulk scale. Mixed power of sodium chloride, sodium carbonate, and stannic chloride, 

was used as precursors. Ostwald ripening to form large size particles from dissolved small 

particles was primary mechanism to grown SnO2 nanorods. The controlled viscosity and 

mobility by chemical additives, such as NaCl, depending on calcination temperature, enabled the 

nucleation and growth of nanorods [79].  Vapor phase transport method was used to growth the 

patterned SnO2 nanowires on a gold catalyst coated silicon substrate. SnO2 and graphite powder 

in same ratio were mixed as precursor and located in heated furnace under argon and oxygen gas 

atmosphere. Initial reaction between carbon and SnO2 make a formation of SnO phase. At 600 °C, 

metastable SnO phase decomposed into tin and tin dioxide phases. Liquid tin phase adsorbed on 

the gold catalyst and make a tin-gold alloy and SnO phase. At elevated temperature, 800 °C, 

adsorbed Sn and SnO are transformed into SnO2 nanowires completely after 1hr. Depending on 

furnace temperatures, morphology of nanowires and continuity were changed [80]. SnO2 

nanorods were grown by high pressure pulsed laser deposition using SnO2 target on a single 

crystalline (001) silicon wafer. In this study, structure and morphology of SnO2 were 

characterized according to chamber pressure. Kinetic energy between plume and gas species 

influences the nucleation of SnO2 and growth mechanism. Favored growth of nanorods was 

achieved when epitaxial growth was inhibited [81].  

 

2.3 Principle of metal oxide gas sensors and its limitation 

Monitoring and controlling atmosphere has become critical in various industrial fields, 

e.g., agriculture, medical care, manufacturing and bio-safety. In the system to control atmosphere 

into desired level, quick and accurate information acquisition from the field and signal 
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processing to comprehend the condition of environment are required. The gas sensors, especially 

based on solid state metal oxide materials have several advantages; applicability to various gases, 

inexpensive fabrication and simple operation. Because of these strong points, metal oxide based 

gas sensors have been widely used for atmosphere monitoring sensor. On the contrary, metal 

oxide based gas sensors still have limitations; high working temperature, dull discrimination 

among similar gas species and impropriety to inflammable gas and, biomedical applications [82-

84]. Metal oxide materials; ZnO, SnO2, WO3, In2O3 and etc., are reported to react with various 

types of gases. It shows different sensitivity depending on its concentration and types of gas. 

Generally, temperatures below 400ºC are known to working temperature for metal oxide to have 

gaseous molecule reaction (desorption and adsorption) on the surface of oxide. When the surface 

of oxide is heated, four different types of oxygen molecules and/or atomic species are involved 

into reaction with oxide material. Yamazoe et al. [85] reported that O2 desorbs from the oxide 

surface at 80 °C, O2
－  

at 150 °C, O －  and/or O
2 － at 560 °C, respectively by using TPD 

(Temperature Programmed Desorption) chromatograms analysis of oxygen adsorbed on SnO2 

powder. Among four different types of oxygen species, dominant species concerning resistance 

change on oxide surface is O－ 
in conventional

 
working temperature of metal oxide sensors. 

From the reaction between O2 and metal oxide; ZnO or SnO2, at above temperature 300 °C, 

oxygen absorb free electrons from the surface of metal oxide and becomes O－
 as shown in 

below equation.  

O2 (gas) + 2e = 2O－
 (surface) 
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Figure 2.4 Dimensional functions of structures in gas sensing of metal oxide materials [85] 

 

 

 

Figure 2.5 Sequential zoomed-in image of potential barrier at grain boundary of metal oxide 

material exposed in air [85]. 
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Figure 2.6 Schematic diagram of sensing mechanism of compact thin film layer in gas response. 

a) energy band bending for relatively thick compact films and shows a partially depleted status 

b) energy band bending for relatively thin compact films and shows a completely depleted status 

 

As shown in above figure 2.7, several types of oxygen molecules can be adsorbed on the 

grain boundary depleting the free electrons and induces potential barriers with width of ω.  In the 

case of compact thin layer as described in below figure 3, only surface of films participate in gas 

response reaction. Depending on relevant thickness of thin films to the Debye length λD, gas 

reaction on the surface can completely deplete the entire conduction layer when thickness of film 

become close to the Debye length. However, relatively thicker film that the Debye length, gas 

reaction do not completely participate in conduction change as shown in figure 3b). For thick 

porous film, conduction mechanism occurs in somewhat different ways depending on grain sizes 

as represented in figure 4. In case of thick films with large grains, volumetric space of films 

influences overall conduction change. Therefore, a participating surface becomes larger than 
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actual geometry of films [86]. If the grain size is smaller than Debye length, mean free path of 

free electrons corresponds with grain size and surface of film also contributes to the overall 

resistance as similar with compact thin films. It is because charge carriers have collisions on the 

surface of materials as much as collisions in bulk of the grain [87].  

 

 

Figure 2.7 Types of oxygen species can be adsorbed on the metal oxide surface [87] 
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Figure 2.8 Schematic explanation of the reaction between gas molecule and porous thick film of 

metal oxide layer depending on its grain size and related change in energy band 

Xg: Grain size, X0: Depth of depletion layer, λD: The Debye length [87] 

 

Working temperature is another key factor influencing sensing mechanism in metal oxide 

based gas sensors. From the literature reviews, reducing or oxidizing gases detected by ZnO or 

SnO2 sensors, optimized temperature showing the best sensitivity for specific gases are different. 

It can be explained that concentration of charge carriers increases as temperature are elevated 

and consequently decreases a value of the Debye length. On the contrary, under lower 

temperature, semiconducting materials are eager to work as insulators rather than 

semiconductors. It makes hard for metal oxide to react with gas molecules to show resistance 

change [83]. 
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2.4 Nanostructured metal oxide for gas sensor applications 

Several different types of metal oxide materials, e.g., zinc oxide, tin oxide, indium oxide 

and so on, have been utilized for chemical gas sensor. In below figure 2.9, researches on tin 

oxide materials are dominant in numbers compared with other oxides. Second portion in number 

of researches is hold by mixed metal oxides. Other materials, e.g., zinc oxide, tungsten oxide and 

titanium oxide are also researched for gas sensors next to tin oxide.    

 

 

 

Figure 2.9 Comparison of portion of researches according to types of metal oxide based sensors 

[83] 
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As a pure form of tin oxide materials are used to detect several different types of gases, e.g., H2, 

C2H5OH, CO, NOx, CH4, SO2, H2S, and CO2 in the level of ppb or ppm in air atmosphere. 

Depending on type of gases, working temperatures for sensors are also different from 25°C to 

650°C. Zinc oxides are used for gas sensor application. ZnO is reported that it shows good 

response to gases of ammonia family, CO, O2, O3 and H2 [9].  

 

 

 

Figure 2.10 Diagram showing types of gases researched on the base of metal oxide material gas 

sensor [83]. 
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Table 2.3 Nanostructured ZnO applied for chemical sensors and detectable gas species [88-104] 

Material Structure Method gas Conditions 

ZnO nanowire Selective growth on chip NO2 0.5~3ppm S:10~90 @225 °C 

ZnO nanorod Hydrothermal solution method 

Acetone, ethanol, toluene, 

CO, etc 

100ppm, 

S:2~3 @300 °C 

ZnO, Sn-doped, 

Ni-doped ZnO 

thin film 

Successive ionic layer adsorption 

and reaction method 

Ammonia, NO2 

100ppm, S:1~6 

@250 °C 

 

ZnO nanoflake, nanowire Sputtering+ local oxidation ethanol 

50ppm, 100 °C 

S~1.6 

Ga-ZnO, nanowire Zinc powder, evaporization ethanol 

1500ppm, 300 °C, 

S~1.6 

ZnO dumbbell-like Aqueous solution acetone, ethanol 

50ppm, 

300 °C, S~8,16 

Au-ZnO, ZnO nanowire Zinc power, oxidation ethanol 1000ppm, 280 °C, S~23 

ZnO 

nanoparticles, 

nanosolids 

Zinc power paste coating 

Ethanol, acetone, benzene, 

toluene, xyylene 

3000ppm 

370 °C, 420 °C, 

S:1~20 

ZnO 

Pt-ZnO 

nanorods, 

nanowires, 

nanotubes 

Electrophoretic deposition with 

template, chemical synthesis with 

powder 

Hydrogen, ethanol 

100ppm, 200 °C, 

S:32~80 

S:800 for H2 

 

ZnO nanobelts Sputtering, ethanol 50ppm, S:7, 220 °C 

ZnO, ZnO-Au 

ZnO-Ga 

nanowire 

Zn powder, vaporization, 

oxidation 

acetone 200ppm, S:1.2~1.8, 300 °C 

ZnO nanowire Thermal evaporation, MEMS ethanol 1~200ppm, S:45, 300 °C 

ZnO - InSb nanorod Hydrothermal acetone 500ppm, S:5, 300 °C 

ZnO nanowire Thermal evaporation Acetone, CO, ethanol, 1~500ppm, S:1~64, 400 °C 

ZnO-Sb nanoparticles Vapor condensation 

Benzene, acetone, ethyl 

alcohol, toluene, xylene 

100ppm, S7.5~40, 

200~500 °C 

ZnO nanorods Chemical solution method 

Benzene, ethanol, toluene, 

acetone 

100ppm, S:10~120, 300 °C 

ZnO nanorods 

Reactive vapor deposition, Zn 

powder 

Ethanol, hydrogen sulfide 100ppm, S:2.5~6.5, 100 °C 
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Table 2.4 Nanostructured SnO2 applied for chemical sensors and detectable gas species  

[105-126] 

Material Structure Method gas Conditions 

SnO2-Sb thin film, porous, dense Thermal evaporation Ethanol 3200ppm, S:2.0, 200 °C 

SnO2 thin film PECVD Ethanol 10-50ppm, S:45 , 450 °C 

SnO2 nanobelts Thermal evaporation Co, NO2 

50-500ppm,S: 10 , 200- 

450°C 

SnO2 nanowhiskers Thermal evaporation Ethanol 50ppm, S:23, 300 °C 

SnO2 nanorods Hydrothermal Ethanol 10-300ppm, S:4-30, 300 °C 

SnO2 nanorods Hydrothermal Ethanol 10-300ppm, S:8-82, 300 °C 

SnO2/MWCNT coreshell Wet chemical method Ethanol 50ppm, S:24.5, 300 °C 

SnO2-Pd thin film RGTO technique Hydrogen, Ethanol 1000ppm, S:10 , 350 °C 

SnO2-Pt, Pd, Co thin film sputtering CO, CH4, 10000ppm, S:1-12 , 350 °C 

SnO2 hollow spheres 

Heat treatment of SnCl4, 

Carbon 

Ethanol 1000ppm, S:8, 300 °C 

SnO2-Pt thick film Thermal oxidation 

Ethyne, Hydrogen, 

NO2 

150sccm of gas, S:2.3, 440 °C 

SnO2 nanoparticulate rf. sputtering NO2 5ppm of gas, S:2.5, 130 °C 

Silver-SnO2 thin film Sol-gel spin coating H2S 10ppm, S:50-120, 70 °C 

SnO2-Mo thin film Sol paste- calcination 

Ethyl alcohol, CO, 

NO2 

500ppm, S: 10, 100-500 °C 

SnO2 thin film rf. sputtering CO 25-400ppm, S:1.2- 2.2, 560K 

SnO2 thin film MOCVD H2S, CH4, NO2 2ppm, S:1.1, 350 °C 

SnO2 

nanorods, hollow 

microspheres 

Hydrothermal Ethanol, methanol 

100-900ppm, S:5-53, at room 

temperature, 300 °C 

SnO2 nanorods Solid-state reaction ethanol 10-2000ppm, S:120, 300 °C 

SnO2-Au thin film RGTO technique CO 100-500ppm, S:3-11, 350 °C 

SnO2-Pd thick film Ceramic power process 

CO, methane, 

propane, ethanol 

250-1000ppm, S:2.5-3.5, 

500 °C 

SnO2 nanowire Hydrothermal acetone 20-500ppm, S: 1-15,  285 °C 
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As stated earlier, specific gas are detectable by certain type of metal oxide material. In 

figure 2.10, various types of gases utilized for metal oxide bases gas sensor application and 

summarized into the percentage. As described in figure, carbon monoxide and nitrogen oxides 

occupies 16% respectively with highest portion, 11% of research for hydrogen, ethanol and 

carbon dioxide follows next with 8% and 7% respectively. Other gases, e.g., methane and ozone 

are also explored [83]. Thanks to the advantage of nanostructured metal oxide as discussed in 

previous chapters, nanostructured ZnO and SnO2 have been applied to develop highly sensitive 

and fast response chemical gas sensors. Several forms of ZnO nanostructures such as nanorods, 

nanowires, and polycrystalline films have been applied to detect ethanol, acetone, nitrogen oxide 

and etc as summarized in table 2.3. 

Most researches have been performed to improve sensitivity to specific gas species by 

adapting various nanostructures such as thin film, nanorod, nanorod, and nanoparticles. It was 

found that synthesis of nano-scale structure and its modulation were highly dependent of process 

parameters of technologies. However, rare researches to investigate the relationship between 

nanostructures in controlled geometry and gas sensing property have been performed. Details of 

experimental design will be explained in later chapter. Nanostructured SnO2 is also widely 

utilized to develop high-performance chemical sensors. Though it is relatively hard to modulate 

its shape than ZnO, higher sensitivity to various gas species spurred to develop chemical sensors 

based on nanostructured SnO2. 

As shown in table 2.4, nanostructured SnO2 based gas sensor studies utilized different 

technologies to synthesize and deposit nanowire, nanorods, hollow spheres and thin films.  

Compared to ZnO related researches, researches utilizing SnO2 nanorods, nanowires are 

relatively rarely studied. It is thought that relative stability of crystalline facets of SnO2 in terms 
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of surface energy is observed to have similar growth rates in each facet [126]. To determine 

preferred growth rate, process conditions to change the relative surface energy is necessary, but it 

is quite difficult to control parameters to obtain designed nanostructures experimentally. In case 

of SnO2 thin films, no systematic parametric studies have been performed to determine structural 

change including microstructure and tin phases according to process parameters in sputtering, 

sol-gel, and CVD. 

In this study, both nanostructured ZnO and SnO2 in various structures such as nanorods, 

thin films are approached using sputtering, thermolysis assisted chemical solution method and 

electrodeposition. Synthesized or deposited ZnO and SnO2 will be fabricated to gas sensors to 

investigate the structural changes according to process parameters and gas sensing properties. 

For ZnO, thin films will be deposited varying argon to oxygen ratio to determine the optimum 

conditions for gas sensor fabrication. Then, ZnO nanorods will be synthesized on the optimized 

thin film providing the preferred nucleation sites. Geometric effects of thin films and nanorods 

on gas sensing properties of ZnO nanorods sensors and its role of thin films and nanorods will be 

investigated and suggested in later chapter. In addition to, study for gas sensor development on 

flexible substrate is also rarely reported. In engineering aspects, gas sensing property of metal 

oxide thin film and nanorods sensors integrated on flexible substrates will be studied investigate 

the substrate effect on the structure of metal oxide and related gas sensing properties. For SnOx, 

thin films will be deposited by both rf and dc sputtering to control the ratio of Sn and O. In rf 

sputtering, argon to oxygen ratios will be varied to determine the SnO2 phases. Post annealing 

will be carried out on dc sputtered SnOx films to find out the optimum temperatures to have 

different SnO, Sn2O3, SnO2 phases. Similar with the approach to ZnO, SnO2 nanorods will be 
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attempted to synthesize by chemical solution method to take advantage of high specific surface 

area.  
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CHAPTER 3 DEVICE FABRICATION AND GAS SEISNG MEASUREMENT 

 

3.1 Substrate preparation  

 Four different materials were used for substrate to characterize sensing materials and 

fabricate sensors to measure the gas sensing property. First, alumina plate was prepared by 

cleaning ultrasonically. Alumina is useful for the several applications as a substrate. As it has a 

good thermal conductivity and heat resistance, alumina are appropriate for devices working at 

high temperature. Stability in corrosive or flammable chemical is another advantage of alumina 

substrate. In electric device fabrication, electric insulation of alumina allows its usage to deposit 

electrodes on the plate to measure the accurate current by avoiding other interferences from 

substrates [1]. In table 3.1, basic mechanical and electrical property of alumina plate is 

summarized. In this research, 96% alumina plate was utilized. To separate each sensor from the 

plate easily, laser processing to draw cutting lines was performed. In figure 3.1(a), laser 

processed alumina plate is shown. Microstructure of alumina substrate before sensor fabrication 

was observed by FE-SEM. As shown in figure 3.1(b), surface morphology of alumina plate has a 

quite rough and somewhat porous. Due to this nature, rough alumina substrate can be utilized to 

grow ZnO nanostructures in random direction. Details of process and mechanism will be 

discussed in later chapter.    

 Secondly, one side polished, n-type of 4" silicon dioxide substrate was prepared. 

Silicon wafers were purchased from University wafer (South Boston, MA).  Silicon dioxide
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layers were thermally oxidized to have a uniform thickness. Thickness of silicon dioxide was 

measured to have 500 nm. Thermally oxidized silicon dioxide layer has a tetrahedral structure as 

shown in figure 3.2. Atomic distances between Si atom and O atom, and O atom and O atom are 

1.6 and 2.27 angstrom, respectively. General form of SiO2 in nature is amorphous structure [3].  

 

Table 3.1 Mechanical and electrical property of alumina [2] 

Property Unit 96% Al2O3 99.6% Al2O3 

Appearance  White White 

Bulk Density g/c.c 3.72 3.85 

Water adsorption  Nil Nil 

Grain Size µm 3~4 Less than 1.5 

Thermal 

characteristics 

Thermal 

conductivity 

 

W/mK 22.3 29.5 

Coefficient of 

linear thermal 

expansion 

x 10-6/ °C,  RT~800 °C 8.0 8.2 

Mechanical 

characteristics 

Flexure Strength Mpa 350 500 

Electrical 

Characteristics 

Dielectric 

breakdown voltage 

V/m 14x106 18x106 

Volume resistivity Ohm·cm >1014 >1014 

Dielectric constant 1MHZ 9.5 9.8 

Dielectric loss 

angle 

1 MHZ (x10-4) 3 2 
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Figure 3.1 (a) Laser processed alumina plate, (b) FE-SEM picture of alumina plate at x1200 mag. 

 

 

Figure 3.2 Crystal structure of thermally oxidized SiO2 layer (a), structure of regularly ordered 

quartz (b), randomly ordered amorphous SiO2 (c) for comparison [3] 

 

 Silicon dioxide is reported to have a good stability in silicon and dioxide interface, 

electrical and physical properties [4]. High melting point and chemical stability made silicon 

oxide to use as a great insulation material [5].  To clean the SiO2/Si wafers, 100% reagent grade 
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of acetone (fisher scientific, PA) was directly applied to the surface of wafers by immersing 

whole wafers in Pyrex
®

 bowl. Pure nitrogen gas was sprayed to remove the residual acetone.  

For flexible electronic device fabrication, two polyimide films, Kapton
®

 and Cirlex
®  

were 

purchased from McMaster Carr (Santa Fe Springs, CA) and thickness is compared in figure 3.3. 

Below table 3.2 shows the details of properties of Kapton
®

 and Cirlex
®
 films. Figure 6 and 7 

shows mechanical property change in aging films at high temperature according to time change. 

 

 

Figure 3.3 Thickness comparisons between typical Kapton
®

 and Cirlex
®

 films 

 

Table 3.2 Thermal, electrical, and chemical property comparison between Cirlex
®

 and Kapton
®

 

films [6] 

 Cirlex®  Kapton®  

Thermal property 

Temperature range from           

 -269 °C to 351 °C 

Temperature range from           

-269 °C to 400 °C 

Electrical property 2790 volts/mm for 0.23mm thickness 

3000 volts/mm for 0.30mm 

thickness 

Chemical property 

Impermeable to organic chemicals, fuels and 

solvents 

No known organic solvents to melt or burn 
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Figure 3.4 Elongation retained % according to time in aging in air at 325 °C, 25 micron HN 

Kapton
®

 film was tested 

 

 

Figure 3.5 Tensile strength retained % according to time duration at 325 °C in air, 25 micron HN 

Kapton
®

 film was tested 
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Overall thermal, electrical, and chemical property of Kapton
®

 and Cirlex
®

 films are similar, but 

judged on the mechanical property change of Kapton
®  

at high temperature, 
 
Kapton

®  
films 

appears to be not suitable for high temperature sensor application. To fabricate flexible sensor 

device applicable both at room temperature and high temperature, Cirlex
®

 films are selected to 

use a substrate. 

 

3.2 Bottom electrode deposition  

Platinum electrode has several advantages in electric devices. In carrying current, 

resistance change depending on working temperature is quite linear. Chemical and mechanical 

stability in long term usage is also reliable [7]. Due to stability in high temperature and harsh 

conditions, platinum electrode is widely used in gas sensors, fuel cells, and transducers [8]. Prior 

to the deposition, mask to make a pattern are made into two types depending on the dimension of 

electrode. For simple and easy usage, stainless steel shadow mask is made by laser processing as 

depicted in figure 3.6. Width of electrode and finger distance was 400 µm, respectively. Drawing 

of electrode is shown in figure 3.7. For smaller electrodes` deposition, quartz mask was prepared 

due to a higher resolution than economic film mask. Dimension of electrode varied from 25 µm 

to 100 µm. Source design to make a quartz mask was prepared using AutoCAD
®

. 

Electrodes ranging from 25 µm to 100 µm were patterned through photolithography 

process. First, image reversal photo resist (PR) AZ 5214-E was spin coated. Acceleration was 

1000 rpm and coating was performed at 3000 rpm for 30 second. Both silicon dioxide and 

polyimide substrates were tested and PR was successfully coated on both substrates. Thickness 

of PR was measured by Alpha-step 200 profilometer (Tencor Instruments) and showed 1.5 µm. 

Coated substrates were heated on a hot plate at 105 °C for 1minute right after the PR deposition.  
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Double-sided mask aligned with UV light was utilized to perform a photolithography. Power of 

345nm UV was set to 275W and exposed for 25sec. After the UV exposure, developing was 

followed using AZ300K solution. Solution was used as-received and substrates were emerged in 

a solution for 1.2 min. To remove residual chemicals and prevent further development, substrates 

were rinsed in flowing D.I water thoroughly. Next to washing, substrates were air blown to get 

rid of water droplets. Developed substrate was complete dried at room temperature for the next 

step, electrode deposition by sputtering. Platinum target was installed at dc cathode. Applied 

voltage was 300W. To deposit 100nm thick of electrode, it took 360 sec. Deposited platinum on 

the patterned substrate is shown in figure 3.8. The final step to remove the residual PR, lift-off 

process was carried out using 100% reagent grade acetone (fisher scientific) for 1hr. After 1hr 

lift-off, ultrasonication was followed physically to improve the lift-off speed. Patterned 

electrodes were observed by optical microscope to check the unresolved areas. Unless all 

electrodes were clearly patterned, lift-off process repeated one more time. For 400 µm electrode 

pattering, stain steel shadow mask was attached on the substrate. Advantages of using a shadow 

mask is to avoid bunch of photolithography processes, and to apply for any flat substrates, which 

are hard to use for photolithography, such as alumina or small size substrates to perform a PR 

coating.  As shown in figure 3.9, from left to right, three pictures represent platinum bottom 

electrode patterned alumina substrate, silicon dioxide substrate, Cirlex
®

 polyimide film, 

respectively.   
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Figure 3.6 Laser processed stainless steel shadow mask, 400 µm width and finger distance 

 

 

Figure 3.7 AutoCAD designs of interdigitated electrodes with 200, 100, 50, and 25 µm width and 

finger distance from right to left. Sensing area are designed to be same regardless electrodes` 

dimension 

 

 

Figure 3.8 platinum deposited on a patterned silicon dioxide substrate by PR developing 
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Figure 3.9 Platinum coated bottom electrodes on (a) alumina plate with shadow mask (b) silicon 

dioxide substrate after the lift-off (c) polyimide Cirlex
®

 film with shadow mask 

  

 

Figure 3.10 Denton Discovery 18 rf/dc sputtering system 
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3.3 Sensing layer deposition and growth 

3.3.1 Sputtering 

          Rf/dc sputtering was performed by using Discovery 18 (Denton Vacuum) as shown in 

figure 3.10. The chamber inside require high vacuum environment to minimize the side-effect 

from other gas molecules, particles and water molecules in generating plasma and reaching target 

molecules to the substrate. Approximately 5X10
-6

 mTorr of vacuum level was achieved by turbo 

pump for 5 hrs` pumping down. Prior to the sputtering, argon and oxygen gas mixture was 

introduced into the chamber in the ratio of 20:2 to supply sufficient oxygen to achieve the stable 

and more stoichiometric ZnO films [9]. Generally, dielectric ceramic targets in sputtering require 

rf sputtering even deposition rate is quite slower than dc sputtering [transparent conductive zinc 

oxide: basics and applications in thin film]. 3" ZnO ceramic target was attached on rf cathode. 

80W power was applied for 1500 sec. to deposit approximately 80nm thick ZnO films. Distance 

between cathode and bottom plate was 4". Schematic diagram of cathode and bottom plate is as 

drawn in figure 3.11. As shown in diagram, rf and dc cathode is located with an angle from the 

vertically elevated point. For uniform deposition, bottom plate is rotated in 50 rpm to 

compensate the difference between center and edge area.  

          In the case of SnOx thin film deposition, both rf and dc sputtering were carried out using 

SnO2 ceramic target and Sn metallic target. As explained before, rf sputtering using ceramic 

SnO2 has advantage in obtaining more stoichiometric SnO2 thin films. However, tin dioxide is 

relatively difficulty to achieve rather than ZnO due to various tin phases depending on the 

processing conditions such SnO, SnO2, Sn2O3 [10]. 
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Figure 3.11 Schematic diagram of rf, dc cathodes and bottom plate 

 

In following chapters, properties of SnO and SnO2 thin films depending on structural and 

compositional changes were studied by different argon to oxygen ratios in gas mixture, post 

annealing temperature for both rf and dc sputtered films. As thickness of thin films varied 

according to the amount of argon and oxygen in gas mixtures, thickness of films were controlled 

to have 130nm by changing sputtering time. Each thickness of films was characterized by FE-

SEM by observing cross section of films.  

 

3.3.2 Sol-gel spin coating 

          Chemical solution deposition, known as sol-gel spin coating is widely used to deposit thin 

films. Solution was made by mixing two raw chemicals, zinc acetate dehydrate (Zn(CH3COO)2 

·2 H2O, Aldrich) and 2-MOE (2-methoxyethanol, CH3OCH2CH2OH, Aldrich). Additionally, 

chelating agents to help solubility of zinc salts and increase the stability to the humidity during 
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the deposition [11-12], two types of agents, DEA (Diethanolamine, HN(CH2CH2OH)2, Aldrich) 

and MEA (Monoethanolamine, NH2CH2CH2OH, Aldrich) were utilized. Two solutions with 

different chelating agent were made and stirred at 80 °C for 1hr. Then, heated solution was 

cooled down at room temperature. By using a spin coater (WS-400-6NPP-LITE, Laurell 

Technologies Corporation) as shown in figure 3.12, approximately 27nm thick ZnO films were 

deposited under 3000 rpm and 30 sec deposition per one layer for 0.05M ZnO solution. Heat 

treatment to perform a pyrolysis was done at 300 °C and 250 °C for 10 min. for DEA and MEA, 

respectively. Every 5 times deposition, post annealing was carried out at 650 °C for 1hr. 

 

Figure 3.12 Spin coater WS-400-6NPP-LITE (Laurell Technologies Corporation) 

 

 

3.3.3 Aqueous chemical solution method 

          Nanostructured metal oxides such as ZnO and SnO2 are widely grown by chemical 

solution method because structures can be easily modified at low temperature [13]. Based on the 

suggested method by Lionel Vayssieres in 2003, ZnO nanorods were grown on top of the ZnO 
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seed layer in the manner described by Vayssieres [14]. A mixture of 0.01 mol of crystalline zinc 

nitrate hexahydrate (ACS Certified, Fisher Scientific, Pittsburgh, PA, USA) and 0.01 mol of 

HMT (hexamethylenetetramine, 99%, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in 

400 ml of deionized (DI) water. The aqueous solution was stirred at room temperature for 12 hr 

until all chemicals were completely dissolved. A hot water bath (IsoTemp 202, Fisher Scientific), 

as shown in figure 3.13, was used to accurately and digitally maintain a synthesis temperature of 

85 °C. Previously seeded substrates were placed into the solution with the seed layer pointing 

down and ZnO nanorods allowed growing for 4 hr as shown in figure 3.14. Nanostructure of 

ZnO was modified depending on heating temperatures from 75 °C to 95 °C. Molar concentration 

of solution also varied from 0.001 mol of zinc nitrate hexahydrate and 0.1 mol of zinc salt by 

balancing same molar ratio of HMT. Details of study according to heating temperature and molar 

concentration of solution will be explained in later chapter. 

 

 

Figure 3.13 Hot water bath (IsoTemp 202, Fisher Scientific) 
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Figure 3.14 ZnO thin film coated substrates hang on the supporting bar by facing down 

 

3.3.4 Electrodeposition 

          Electrodeposition was used to dope transition metal ions in aqueous solution and modify 

ZnO nanostructures via dc electric field. Generally, transition metal ions in aqueous solution 

prefer to stay in solutions as forming an aquo complex rather than incorporating into ZnO 

nanostructure [15]. External driving force such as dc electric field is necessary to draw dissolved 

ions into zinc lattices of substrate. In this study, ZnO thin film coated substrate with platinum 

electrode was used as an anode to compare the ZnO nanostructure grown assisted by dc electric 

field and chemically grown ZnO nanostructure without dc electric field. Morphology of ZnO 

nanostructure was highly influenced by dc electric field in terms of diameter, length and density.  

DC field was changed by increasing or decreasing voltage in the range of 1V to 5V. Material 

working as cathode was 304 stainless steel, which do not participate in chemical reaction. 

Distance between cathode and anode was fixed to be 1cm. Any additional acid or base was not 

added to modify the pH value. Chemical additives, which might influence the stability of 
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solution was not used to focus on the effect of DC field. As described in previous aqueous 

chemical solution method, ZnO and platinum electrode coated substrate was immersed in a 

solution by deposited face down and cathode, stainless steel, was located in parallel. 0.01 mol of 

zinc nitrate hexahydrate and same concentration of HMT were made into a solution and 

deposition time was same as 4 hr. 

 

3.4 Material characterization 

The crystallinity and morphology of both the ZnO seeded substrates and the nanorod 

structures were examined using X-ray diffraction (XRD) and field emission scanning electron 

microscopy (FE-SEM). XRD samples were scanned from 20° to 80° 2-theta at the rate of 5° per 

minute under 40 kV and 40 mA power with a CuK-alpha radiation source (D/MAX B, Rigaku, 

Tokyo, Japan). Surface morphology was observed with FE-SEM (JSM-7000F, JEOL, Tokyo 

Japan). Composition and atomic ratio of materials are analyzed by EDS (Energy Dispersive X-

ray Spectroscopy) equipped in FE-SEM (INCA system, Oxford Instruments) in Point & ID mode. 

For the analysis of transition metal doping, Raman spectroscopy (He-Cd laser, 80mW, Kimmon 

Electric with 441.6 nm line) was used to investigate the interaction of monochromic laser with 

crystal structure in vibration, rotation modes. Single crystal of ZnO grown along to the (001) 

plane was characterized to use as standard peaks. Two modes, A1 (Transverse Optical) and E1 

(Longitudinal Optical), were used to study changes in Ni-doped ZnO nanorods. By observing 

and comparing the peak shift in two modes, influence of transition doping in ZnO nanostructure 

was studied.    
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3.5 Gas sensing property measurement 

To test the gas sensing properties, sensors were loaded into a small test chamber 

connected with various gases controlled by a mass flow controller (MKS1179A, MKS 

Instruments, Andover, MA, USA) as shown in figure 3.15. Total gas flow was fixed at 100 sccm 

by combining three gases: pure nitrogen (MFC1), pure oxygen (MFC2) and 500 ppm of ethanol 

diluted in nitrogen gas (MFC3). Oxygen flow was fixed at 20 sccm to produce a synthetic air 

with an ethanol concentration given by: 
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3
ethanol

MFC+MFC+MFC

MFC×500
=(ppm) C

 
 

 

Sensor resistance was measured with a digital multimeter (Model 2400-LV SourceMeter, 

Keithley Instruments Inc., Cleveland, OH, USA). The surface temperature of the sensors was 

elevated by applying a dc voltage to the back side platinum heater. In this experiment, the 

temperature of the sensor was stabilized to 300 °C until its fluctuation was within 1% as 

measured with a thermocouple. 

  
 

Figure 3.15 Hand-made apparatus to measure the resistance changes in a closed chamber. 
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VOC gases were purchased from Airgas South, Inc. (Atlanta, GA) in a sealed cylinder diluted in 

a nitrogen atmosphere with a concentration of 500ppm. Schematic diagram of gas flowing 

system and picture of configuration is shown in figure 3.16. 

 

 

Figure 3.16 Gas sensing property measurement system and schematic diagram of configured 

parts, gas cylinders, DC power supply, test chamber, MFC (Mass Flow Controller), and data 

acquisition computer run by NI Lab VIEW 
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CHAPTER 4 ZNO AND SNOX THIN FILMS BY SPUTTERING  

 

4.1 Introduction 

Zinc oxide (ZnO) is one of widely researched semiconducting material due to its wide 

band gap energy, 3.37 eV and transparency in range from 0.4 to 2 µm of optical wavelength. 

Chemical stability in reducing atmosphere expands its applications [1].  Tin dioxide (SnO2) is 

also widely used due to its high conductivity and transmissivity [2]. These properties allow its 

application to solar cells, flat panel displays, optoelectronic devices, and gas sensor application 

[3-6]. In recent researches, another tin compound, tin monoxide (SnO) has also drawn lot of 

interests owing to its native p-type property and relative easiness in control, compared with other 

p-type materials, such as ZnO, NiO. Additionally, tin monoxide was reported to have high hole 

mobility and charge transport property because 5s orbital of Sn
2+

 ions highly contribute to the 

conductivity.  

Several technologies such as CVD [7-8], sol-gel [9-10], and sputtering [11-12], have 

been researched to deposit zinc oxide and tin oxide at economic cost and for a wafer scale 

production with high yields. Among these methods, sputtering have been utilized widely because 

it is more readily controllable method in achieving desirable chemical and physical property of 

metal oxide film [13]. In the fabrication of tin oxide and zinc oxide based devices by sputtering, 

controlling the stoichiometry of metal oxide film was one of challenges, especially from a DC 

sputtering of metallic targets, in spite of high deposition rate [14-15]. Stoichiometry of ZnO is 

relatively easy to balance due to thermodynamic stability of ZnO at room temperature [16]. 
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However, nonstoichiometry can be usually observed from the ZnO thin films deposited 

under oxygen deficient environment. It is one of reason to use ceramic ZnO target by rf 

sputtering rather than metallic zinc target by dc sputtering even it reveals slow deposition rate 

[17]. Nonstoichiometry of SnO2 was arisen from the nature of tin ions, co-existing as multiple 

compounds, such as SnO, Sn2O3 and SnO2, which are related to the bonding stability in between 

tin ion and oxygen ion under deposition condition [18-19]. To achieve stoichiometric ZnO, SnO2 

and SnO phases, influence of systematic parameters, such as argon-to-oxygen ratio, deposition 

temperature, and plasma discharge on the film properties, such as phase formation and its 

crystallinity have been researched [20-22]. The influence of post annealing on electric, optical 

property and gas sensing property of SnOx film were also reported in several literatures [23-27], 

but interrelationships between post annealing temperature and gas sensing property relating to 

the change in tin phases was rarely reported.   

In this study, ZnO thin films were deposited by rf sputtering and SnOx thin film sensors 

were fabricated by rf and dc sputtering ceramic tin dioxide target and metallic tin target. To 

utilize ZnO thin films for gas sensor application, it is necessary to deposit thin films having least 

leakage current to avoid other defects causing high resistance to hide resistance change from gas 

reactions. Electrical conductivity of thin films is reported to be modulated depending on argon to 

oxygen ratios, power density, and chamber pressure. Leakage current of thin films are measured 

in between source and drain electrodes. Argon to oxygen ratios, chamber pressures, post 

annealing were controlled to modulate the electrical property of films. Under the optimized 

condition, ZnO thin films sensors were fabricated to investigate the gas sensing properties.  For 

SnOx thin film sensor fabrication, post annealing was performed to investigate its influence on 

the phase transformation of DC sputtered SnOx thin films. Then, under appropriate post 



 

70 

 

annealing temperature to achieve apparent portion of SnO phase, SnOx thin films were prepared 

by RF/DC co-sputtering and characterized by shifting the position between RF sputtered and DC 

sputtered regions. Gas sensing properties for SnOx thin film sensors, representing for three 

different points, RF, DC, and mixed regions, were compared by recording a resistance profile. 

The relationship between gas sensing property of SnOx thin film sensors and structural and phase 

changes by post annealing temperature and mixing ratio of tin dioxide and monoxide was 

studied.  

 

4.2 Experiment 

ZnO thin film was deposited by rf sputtering on alumina electrode coated silicon dioxide 

substrate.  Initial deposition conditions were referred to other reports utilizing rf sputtering [28].  

Power density of rf cathode were 80W (1.76 W/cm
2
) and 100W (2.2 W/cm

2
), respectively. 

Argon to oxygen ratios were varied from 20:0 to 20:6 sccm. Chamber pressures were fixed to 

have around 5 mTorr and 10 mTorr, respectively.  Simple TFT (Thin Film Transistor) device 

was fabricated on silicon dioxide Electrical property of ZnO thin films deposited by sputtering as 

drawn in figure 4.1. Thickness of SiO2 was 100nm on p
+
 type silicon. As shown in figure 4.2, 

different ratio of width and length of aluminum electrodes were deposited by dc sputtering. 

 

 

Figure 4.1 Schematic drawing of ZnO thin film TFT device  
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Experimental conditions are summarized in table 1, 2, and 3 depending on different chamber 

pressure and argon to oxygen ratio. Two different power densities, 80W and 100W were utilized 

to investigate the effect on microstructure of ZnO thin films.  I-V characteristic of ZnO thin film 

TFT was measured by Agilent impedance analyzer equipped with a probing station. SnOx thin 

film was deposited by RF/DC co-sputtering on silicon dioxide substrate. Power density of DC 

cathode was 15W (0.33W/cm
2
) and 80W (1.76 W/cm

2
) for RF, respectively. Deposition time for 

RF and DC sputtering were determined to have approximately 80nm thickness, respectively and 

confirmed by observing cross section of SnOx layers from the interfacial layer on silicon dioxide 

layer by FE-SEM. Metallic tin target (99.99%, Kurt J. Lesker) was used for DC sputtering and 

ceramic tin dioxide target (99.99%, Kurt J. Lesker) for RF sputtering. Argon-to-oxygen ratio was 

controlled to have 20:2 ratios in total 22sccm. Chamber pressure was fixed to be 5 mTorr.  

Prior to thin film deposition, interdigitated 100nm thick platinum electrode was deposited 

by DC sputtering on silicon dioxide substrate, covered with stainless steel shadow mask in 400 

μm of finger distance and width. SnOx thin films were post annealed at four different 

temperatures, 300 °C, 450 °C, 550 °C, and 650 °C, respectively, in air atmosphere for 10 hr. X-

ray diffractometer (XRD, Bruker D-8) study was carried out to investigate the change in phases 

and its crystallinity difference. Range of scanning was from 15° to 80° in 2 theta angle. 

Acceleration voltage and current were 40KV and 40mA, respectively. Scanning was performed 

to move in the rate of 6.5° per minute. Samples were scanned by increasing 0.05°. Field 

Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM-7000F) was used to observe the 

surface morphology of as-deposited and post annealed SnOx thin films. SnOx thin film sensors 

with varying mixing ratios of tin compounds were tested to investigate the sensing properties to 

three different volatile gases, acetone, ethanol, and ethylene in a closed chamber.  
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Figure 4.2 Configuration of aluminum source and drain in different geometry of width and 

length. The ratio of width and length varied from 1 to 5 
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4.3 Results and discussion 

To optimize the electrical property of ZnO thin films for gas sensor application, thin 

films were deposited under different sputtering conditions. First, power densities of cathode were 

varied to have 80W and 100W.  As shown in figure 4.3, surface morphology of as-deposited 

ZnO thin films were characterized by FE-SEM. In left side picture, overall grain size of ZnO 

ranged between 5 to 10nm. ZnO thin films deposited under 100W showed slightly larger grain 

size with more porosity between grains. Generally, high power density of cathode on plasma 

generation can cause stress on the deposited film. Oxygen ions with high energy tend to bombard 

during the deposition. Ions with higher energy induced increased grain size under high power 

density. 

 

(a) 80W                                                                (b) 200W 

Figure 4.3 Surface morphology of as-deposited ZnO thin film under (a) 80W and (b) 200W 

 

Electrical property of ZnO thin films depending on deposition pressure was measured by 

constructing TFT structure. Details of sputtering conditions of ZnO and aluminum electrode 

were summaried in table 4.1 and 4.2, respectively. Other parameters except chamber pressure 

was fixed to elucidate the effect of chamber pressure on the film propety. As shown in figure 4.4 
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and 4.5, drain current IDS are graphed as a function of drain to source voltage according to 

varing gate voltages from 0V to 10V.  

 

Table 4.1 condition 1 of ZnO thin film TFT device 

Active (ZnO) Electrode (Al) 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

10.2 mTorr 20:02 RF 80W 10-20min ~65 nm 4.9 mTorr 20:0 DC 100W 300-435sec 100 nm 

 

Table 4.2 condition 2 of ZnO thin film TFT device 

Active (ZnO) Electrode (Al) 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

4.2 mTorr 20:02 RF 80W 10-20min ~65 nm 4.9 mTorr 20:0 DC 100W 300-435sec 100 nm 

 

 

Figure 4.4 Drain current IDS as a function of the drain-to-source voltage VDS for ZnO thin films 

deposited under condition 1.  
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Figure 4.5 Drain current IDS as a function of the drain-to-source voltage VDS for ZnO thin films 

deposited under condition 2.  

 

Overall TFT properties of ZnO thin films sputtered under high chamber pressure, 10 

mTorr, were observed to have an indication of ―hard saturation‖. It means that pinch-off of the 

channel is achieved [tin oxide TFT].  However, ZnO thin films deposited under low chamber 

pressure, 4.2 mTorr, showed relatively poor TFT property and overall drain current ranged lower 

than 10
-9

A level. It is attributed that leakage current increased because a mean free path of ion is 

somewhat increased under low chamber pressure. Argon to oxygen ratios under conditions other 

parameters are fixed are investigated to modulate the electrical property of ZnO thin film. It was 

reported that ZnO grain size increases when the amount of oxygen increased. However, the 

amount of oxygen is more than that of argon, grain size decreased. It can be explained that argon 

to oxygen ratio that influences the ionized zinc particles and oxygen ions to be reached on the 
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substrate with regard to balanced energies during bombardment to be nucleated. Consequently, 

different grain sizes are determined according to argon to oxygen ratio [29].  

 

 

Figure 4.6 Surface morphology of rf sputtered ZnO thin films under different argon to oxygen 

ratios [30] 

 

To obtain thin film with smaller grain size, argon to oxygen ratios such as 20:0 and 20:2 

were selected and thin films were deposited on TFT devices under conditions summarized in 

table 4.3.  TFT property of thin films in terms of drain current and gate voltage were graphed in 

figure 4.7. Noticeable difference between thin films under argon to oxygen ratios is the range of 

drain current. As shown in two graphs, current range of thin films deposited under no oxygen is 

around 10
-6 

level.
 
However, thin films deposited under 20:2 argon to oxygen ratio showed much 

lower range of drain current as of 10
-8

 level.  
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 Table 4.3 Condition 3. Different argon to oxygen ratios (20:0, 20;2) to deposit ZnO 

Active (ZnO) Electrode (Al) 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

10 mTorr 20:0 RF 80W 25min 70 nm 4.9 mTorr 20:0 DC 100W 300-435sec 100 nm 

Active (ZnO) Electrode (Al) 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

Deposition 

Pressure 
Ar:O2 Power Time Thickness 

10 mTorr 20:02 RF 80W 25min 80 nm 4.9 mTorr 20:0 DC 100W 300-435sec 100 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Drain current IDS as a function of the drain-to-source voltage VDS for ZnO thin films 

deposited under Ar:O2 (20:0, 20:2) ratios  
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It indicates that charge concentration of ZnO thin films deposited under no oxygen atmosphere is 

lower than that of thin films deposited under 20:2 ratio of argon to oxygen [31]. Therefore, it can 

be concluded that process parameters to deposit ZnO thin film suitable for gas sensor fabrication 

are optimized to have 80W of power, 20:2 ratio of argon to oxygen, and 10 mTorr of chamber 

pressure, respectively. 

For the characterization of SnOx thin film deposition using dc sputtering, thin films were 

deposited under conditions described in previous chapter 3. Crystalline structure and phase 

formation in DC sputtered SnOx thin films were analyzed by XRD. In figure 4.8, bare silicon 

dioxide substrate, as deposited SnOx thin film, 300 °C post annealed SnOx thin film, 450 °C post 

annealed SnOx thin film, and 650°C post annealed SnOx thin film were scanned in 15°< θ <80°.  
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Figure 4.8 XRD graphs of dc sputtered SnOx thin films on silicon dioxide substrate according to 

different post annealing temperature for 10hr 
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For as deposited SnOx thin film, small peaks indicating metallic Sn phase were observed 

at 30.3°, 31.9°, 43.2° and 44.8°. This result corresponds well with the peak positions for 

tetragonal beta Sn phase [32], but no other peaks for tin compounds such as SnO or SnO2 were 

observed. It indicates that as deposited thin film by DC sputtering metallic tin target mostly 

consists of tin phase prior to post-annealing. Minimum temperature for post annealing was set to 

300°C because this temperature is in range of optimum operating temperatures; 300 ~ 500 °C for 

the most metal oxide based sensors to have high sensitivity [33]. In third graph for the 300 °C 

case in figure 4.1, peaks indicating SnO phase was observed at 29.9°, 48°, 50.5° and 57.5°, 

corresponding to (101), (200), (112), and (211) plane of SnO, respectively. Other peaks for 

metallic Sn phase were also observed as well. From the result of 450°C post annealed films in 

fourth graph, most of peaks for metallic Sn phase disappeared. Instead of that, peaks representing 

for SnO phase were found to be dominant and small intensity of peak for SnO2 phase was 

observed at 61.65°. This explains that metallic Sn phase are transformed mostly into SnO phase 

by post annealing at 450°C and might not make a phase transformation into other tin compounds.         

In fifth graph for the 650 °C post annealed SnOx thin film, majority of observed peaks 

stand for SnO2 phase. One peak for (101) plane of SnO phase was observed at 29.9°,but a 

relative intensity of SnO phase was much lowered than those of other major peaks for SnO2 

phase. In addition to, peaks for metallic tin phase were not observed any longer, shown until post 

annealing at 450 °C. Our results are quite in good agreement with XRD results in other report 

[34]. The reason for the dominant SnO2 phase at high post-annealing temperature is attributed to 

the enhanced oxygen diffusion, inducing to a higher oxidation state [35]. Therefore, it can be 

concluded that post annealing at 650 °C is appropriate temperature to achieve a SnO2 phase and 
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450°C is optimum post annealing temperature to obtain a SnO phase under our experimental 

conditions.  

 

Figure 4.9 Schematic diagram of rf/dc co-sputtering of ceramic SnO2 target and metallic Sn 

target on a silicon dioxide substrate. Black dots represent for the selected regions to study the 

combinatory tin phases depending on distances from each cathode 

 

Based on the previous experimental results, RF/DC co-sputtered SnOx thin films were 

prepared to investigate the mixing ratio of tin phases on the gas sensing. Post annealing was 

performed at 450 °C and characterized by shifting the positions between the RF cathode and DC 

cathode as shown in figure 4.9, a schematic figure of co-sputtering. Seven points were selected 

between SnO2 and SnO phase. In figure 4.10, XRD characterization was performed to investigate 

the phase transition in co-sputtered SnOx films depending on the location. First graph indicates 

that SnOx film, deposited closely by DC tin target, was transformed mostly into SnO phase. 

 

 

SnO2 Sn 
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Figure 4.10 XRD graphs of rf/dc co-sputtered thin films with combinatory tin phases. From 

bottom to top, each graph depicts film deposited closely from Sn target and SnO2 target, 

respectively. 

26 27 28 29 30

 

  

Figure 4.11 Magnified XRD graphs between 26° to 35° to elucidate the shifts in tin phases from 

tin monoxide (SnO) to tin dioxide (SnO2) 
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Whereas, seventh graph shows that SnO2 are a dominant phase of SnOx film, deposited 

closely by RF tin dioxide target. Compared with graphs from first to seventh, especially within 

the range from 26 to 31, as shown in figure 4.11, it is obvious that  relative intensity of peaks at 

29.9°, (101) plane of SnO, gradually decrease as the position of films are close to RF SnO2 

cathode, while the intensity of (110) plane of SnO2 is enhanced at 26.5°. Other peaks for (101) 

and (200) planes of SnO2 and (200) and (211) planes of SnO revealed same dependence on the 

location. It means that gradual change in tin phase from SnO to SnO2 can be achieved by RF/DC 

co-sputtering, following with post annealing at 450 °C. Regarding crystalline phase of SnO2, 

post annealed at 450 °C, It is thought that 450 °C is quite enough to favorably stabilize a SnO 

phase under the sufficient oxygen atmosphere thermadynamically. This result is also in accord 

with experimental results that SnO2 thin films, RF sputtered at around 650K showed good 

polycrystalline phases [36-38].   

Surface morphology of SnOx thin films, depending on the positions between RF/DC 

cathodes, were studied by FE-SEM. In figure 4.12, four pictures from (a) to (d), each picture 

represents surface morphology of as deposited SnOx thin film, post annealed SnO, SnO/SnO2, 

SnO2 thin films at 450 °C, respectively. As shown in picture (a), surface of as deposited film was 

fairly uniformly deposited by DC sputtering. Grain size ranged from 5nm to 15nm and no 

significant defects were observed. Compared with a picture (a) for as-deposited thin film, post 

annealed films from (b) to (d) revealed apparently different surface morphology. Most of grains 

were agglomerated together and grown, leaving pores between grains. In spite of change in the 

mixing ratio of SnO and SnO2 phases, no significant difference in surface morphology between 

three thin films was observed. Overall grain size varied approximately within 50nm to 200nm, 

regardless post annealing temperature.     
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Figure 4.12 Topography of rf/dc co-sputtered SnOx thin films depending on post annealing 

temperature (a) as-deposited, (b) 300 °C post annealing, (c) 450 °C post annealing, (d) 650 °C 

post annealing 

 

Gas sensing property of ZnO thin film sensor was studied by using 800ppm of acetone 

according to different working temperatures. As described in experimental chapter, ZnO thin 

films were deposited on alumina substrate with same configuration of 100nm thick platinum 

electrode with 400 µm finger width and distance, respectively.  
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Figure 4.13 Resistance profile of ZnO thin film sensor for 800ppm acetone detection at 250 °C 
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Figure 4.14 Resistance profile of ZnO thin film sensor for 800ppm acetone detection at 300 °C 
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Figure 4.15 Resistance profile of ZnO thin film sensor for 800ppm acetone detection at 350 °C 
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Sensing property was studied at three different temperatures such as 250 °C, 300 °C, and 350 °C. 

As shown in figure 4.13, 4.14, and 4.15, sensitivity and response time for ZnO thin film sensors 

working at 350 °C showed the highest resistance change in a shorter time. Generally, metal oxide 

sensors working at higher temperature can have more thermal energy to dissociate chemisorbed 

oxygen and gas molecules. The dissociation mechanism regarding to gas species, however, 

governs the optimum working temperature to show the highest sensitivity. It was reported that 

325 °C is the optimum temperature for ZnO acetone sensor to have the highest sensitivity and 

corresponds well with our experimental data [39]. 

To investigate the temperature dependence of gas sensing property according to the type 

of gas species, another volatile organic compound; ethanol was utilized. In figure 4.16 and 4.17, 

resistance profiles of sputtered ZnO thin film sensor in the detection of ethanol gas varying 

concentration from 10 ppm to 100 ppm at different working temperatures; 250 °C, 200 °C, 

respectively. 
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Figure 4.16 Resistance profile of ZnO thin film sensor for ethanol detection at 250 °C 

according to concentrations from 10ppm to 100ppm
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Figure 4.17 Resistance profile of ZnO thin film sensor for ethanol detection at 200 °C 

according to concentrations from 10ppm to 100ppm 

 

Overall sensing properties in terms of sensitivity and response time for ZnO thin film 

sensors working at 250 °C were showed obvious better properties. For ZnO thin film sensors 

working at 200 °C did not recover to the initial resistance after the gas exposure within 450 min. 

For higher concentration such as 100ppm, even for a longer recovery time, sensor could not have 

its initial resistance. Detailed sensitivities according to varying concentration of ethanol gas were 

summarized in table 4.4 and 4.5, respectively. As shown in tables, ZnO thin film sensors 

working 250 °C were observed to have ten times higher sensitivity than sensors working at 

200 °C regardless of concentration. In figure 4.18, resistance profile of ZnO thin film sensors 

recorded at 150 °C. As the sensors were exposed to the lowest concentration of 100ppm, sensor 

was observed to show the resistance drop but, even after the fresh air exposure, resistance of 

sensors did not recover back to the initial value. This indicates that 250 °C is the minimum 
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working temperature to thermally activate sputtered pure ZnO thin film sensors to detect ethanol 

gas.   

 

Table 4.4 Sensitivity of rf sputtered ZnO thin film sensors fabricated under 20:2 argon to oxygen 

ratios in the detection of varying concentrations of ethanol gas at 200 °C 

Type ppm Rair Rgas R (Rair-Rgas)/Rair (%)   Rair/Rgas   

20-2 sputtered 
650C 250C- Ethanol 

10ppm 

266505 235694 30811 11.56 0.64 1.13 0.01 

273697 240217 33480 12.23 -0.03 1.14 0.00 

284934 248447 36487 12.81 -0.61 1.15 -0.01 

        

  

  1.14 

    

12.20 1.14   

25ppm 

241582 186559 55023 22.78 -1.53 1.29 -0.02 

249181 194397 54784 21.99 -0.74 1.28 -0.01 

243479 197304 46175 18.96 2.28 1.23 0.04 

            

      

21.24   1.27 

     

  
 

50ppm 

263184 163421 99763 37.91 -1.17 1.61 -0.03 

221896 147174 74722 33.67 3.06 1.51 0.07 

214148 131431 82717 38.63 -1.89 1.63 -0.05 

        

  

  

      

36.74 1.58 

      

100ppm 

430869 245285 185584 43.07 -0.64 1.76 -0.02 

302779 171397 131382 43.39 -0.96 1.77 -0.03 

287112 169892 117220 40.83 1.60 1.69 0.05 

        

  

  

    42.43 1.74 

 

To investigate the influence of mixing ratio of tin phases on gas sensing property of SnOx 

thin film sensors, thin films representing for three domains, SnO, SnO/SnO2, SnO2 phases, were 

fabricated into sensors and were utilized to measure the sensitivity in detection of acetone, 

ethanol, and ethylene gases. SnOx thin film sensors, post annealed at 300 °C, were tested to 
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figure out the feasibility of gas sensors by flowing three different gases. Resistance profiles of 

thin film sensors were recorded in figure 4.19. Overall resistance profiles seem to be similar with 

those of thin films, post annealed at 650 °C. Stability of sensors, however, was not reliable 

because resistance changes in terms of response time and direction of reaction was different with 

sensors, fabricated even under same conditions. In figure 4.20, resistance profile of 450 °C post 

annealed SnO thin film sensor was recorded as a function of gas concentration.  

 

Table 4.5 Sensitivity of rf sputtered ZnO thin film sensors fabricated under 20:2 argon to oxygen 

ratios in the detection of varying concentrations of ethanol gas at 250 °C 

Type ppm Rair Rgas R (Rair-Rgas)/Rair (%)   Rair/Rgas   

20-2 
sputtered 

650C 250C- 
Ethanol 

10ppm 

3977001 1647523 2329478 58.57 1.71 2.41 0.11 

3787319 1561537 2225782 58.77 1.51 2.43 0.10 

3556657 1298135 2258522 63.50 -3.22 2.74 -0.21 

        

  

  2.53 

    

60.28 2.53   

25ppm 

4831858 1360961 3470897 71.83 1.53 3.55 0.22 

4603849 1249422 3354427 72.86 0.51 3.68 0.08 

4399439 1081950 3317489 75.41 -2.04 4.07 -0.30 

        

  

  

      

73.37 3.77 

      

50ppm 

13560580 1378261 12182319 89.84 -0.95 9.84 -0.79 

11510140 1248568 10261572 89.15 -0.27 9.22 -0.17 

9684556 1195310 8489246 87.66 1.22 8.10 0.95 

        

  

  

      

88.88 9.05 

      

100ppm 

11038650 1051891 9986759 90.47 -0.51 10.49 -0.48 

9275373 879319 8396054 90.52 -0.56 10.55 -0.53 

7103844 788316 6315528 88.90 1.06 9.01 1.01 

        

  

  

    89.96 10.02 
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Figure 4.18 Resistance profile of ZnO thin film sensor for 10 ppm ethanol detection at 150 °C 

 

Six graphs represent the resistance profile in the detection of 200ppm and 100ppm of 

three different gases at 300 °C. Initial resistance of sensor in synthetic air was in 30KΩ ~ 35KΩ 

ranges. After exposure to gases, resistance of thin film sensors all increased to 40KΩ ~ 50KΩ 

ranges. Generally, most metal oxide based gas sensors having intrinsic n-type semiconductor 

property show the resistance decrease when exposed to reducing gases, such as acetone, ethanol, 

and ethylene [40]. However, the reaction of SnO thin film sensor to reducing gases indicates that 

the property of SnO thin film is intrinsic p-type semiconductor. As studied in XRD 

characterization, dominant phase of SnOx thin film at the location close to DC cathode, post 

annealed at 450 °C, was SnO phase. SnO phase was reported in several literatures that it has p-

type property of semiconductor [41-43]. Sensitivity, in terms of |Rair/Rgas|, was calculated to 1.29, 

1.48, and 1.23 for 200ppm of acetone, ethanol, and ethylene, respectively. Response time, time 

to recover to initial resistance, was measured to be around 42min, 25min, and 23min, for 

acetone, ethanol, and ethylene, respectively.    
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Figure 4.19 Resistance profiles of SnOx thin film sensors, post annealed at 300 °C according to 

200 and 100ppm of acetone, ethanol, and ethylene, respectively  

 

0 10 20 30 40 50 60 70
10k

20k

30k

40k

50k

60k

70k

80k

90k

100k

 Acetone 200ppm

 Acetone 100ppm

 Ethanol 200ppm

 Ethanol 100ppm

 Ethylene 200ppm

 Ethylene 100ppm

N
o

rm
a

li
z
e

d
 R

e
s

is
ta

n
c

e
 (

o
h

m
)         SnOx on SiO2-450C An. 12hr

Time (min)

Gas "OFF"

Gas "ON"

@ 300C

 

Figure 4.20 Resistance profiles of SnOx thin film sensors, post annealed at 450 °C according to 

200 and 100ppm of acetone, ethanol, and ethylene, respectively  
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SnO2 thin film sensors were also tested to study the gas sensing property to reducing 

gases. In figure 4.21, resistance profiles of SnO2 thin film sensors were drawn as a function of 

gas concentration for acetone, ethanol, and ethylene. Gas concentration varied from 50ppm to 

200ppm. Initial resistance of SnO2 thin film sensors was in approximately 2.8MΩ. Compared 

with the initial resistance of SnO thin film sensors in air, initial resistance of SnO2 thin film 

sensors was about one hundred times higher. It is thought that band gap of SnO, 0.7ev, is much 

smaller than band gap of SnO2, 3.6ev, and is attributed to higher conductivity for SnO thin films 

[44-45]. In terms of direction of resistance change, SnO2 thin film sensors, consisting of mainly 

SnO2 phase, showed a typical n-type property of semiconductor material. Similarly to other 

metal oxide based sensors, resistance of sensor decreased when sensors were exposed to 

reducing gases. As the concentration of gases increased, the more resistance of sensor dropped. 

Sensitivity for acetone varied in 1.06~1.41, 1.12~1.39 for ethanol, and 1.10~1.26 for ethylene.  
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Figure 4.21 Resistance profiles of SnOx thin film sensor, post annealed at 650 °C, according to 

different concentrations of ethylene, ethanol, and acetone  
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Response time for ethanol was similar with that of ethylene, but it took much longer for acetone 

detection. It is due to the influence of post annealing temperature on direction of reaction 

between reducing gases and SnOx thin film sensors, post annealed at 450 °C, were graphed in 

figure 4.22 as a function of dominant phase of tin compound.  

For better comparison in direction of reaction, initial resistances of sensors were 

normalized into averaged resistance value. All recorded resistance values were divided by initial 

resistance and redrawn in the range of -2 to 2. Negative value represents the resistance decrease 

after gas exposure and the resistance increase indicates for positive value. When sensors were 

operated at 300 °C by flowing 200ppm of ethanol in synthetic air, SnO thin film sensor 

responded in positive direction as described in previous chapter. Apparent unstable response, 

fluctuating in resistance change to reducing gas was observed for mixed SnO/SnO2 sensor. 

Typical behavior of resistance change was measured for SnO2 sensor. In the case of mixed 

SnO/SnO2 thin film sensor, overall direction of reaction was similar with that of SnO thin film 

sensor, but slight decrease and increase of resistance was observed continuously during the gas 

reaction and recovery. It appears that competition between co-existing SnO phase and SnO2 

phase is attributed to mixed direction in response during the gas reaction and recovery. It is 

obvious that the reverse shift in the direction of response during volatile gas reaction can be 

controllable as a function of tin phase transition from SnO to SnO2. Therefore, it is our thought 

that SnO thin films can be utilized for the future electronic nose applications as one of 

approaches to distinguish the gas in mixtures.   

In table 4.6, sensitivity was expressed to the value of S=Ra/Rg. Here, Ra represents the 

resistance in air and Rg shows the resistance in volatile gas, respectively. To display the opposite 

direction in gas reactions, sensitivity for n-type semiconducting sensor was shown in positive 



 

93 

 

value and negative value for p-type semiconducting sensor. Sensitivities for three volatile gases, 

acetone, ethanol and ethylene were measured by using SnO and SnO2 thin film sensors. 

0 10 20 30 40 50
-2

-1

0

1

2

Time(min)

 Ethanol 200ppm

        @300C

N
o

rm
a

li
z
e

d
 R

e
s

is
ta

n
c

e
 (

A
.U

.)

Gas "ON"

 SnO/SnO
2

 SnO

 SnO
2

Gas "OFF"

 Ethanol 200ppm

        @300C

 

Figure 4.22 Comparisons of resistance profiles of SnO, SnOx, and SnO2 thin film sensors in 

detection of 200ppm of ethanol gas at 300 °C 

 

Table 4.6 Sensitivity comparisons for SnO and SnO2 thin film sensors in detection of 200 ppm 

of acetone, ethanol, and ethylene. Resistance drop after gas exposure was expressed to positive 

value and vice versa for resistance increase 

 Acetone Ethanol Ethylene 

SnO thin film sensor -1.29 -1.48 -1.23 

SnO2 thin film sensor 1.41 1.37 1.26 
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In the comparison of sensitivities between three volatile gases, it was observed for SnO 

thin film sensor that sensitivity for ethanol was relatively higher than those for acetone and 

ethylene gases, meanwhile, SnO2 thin film sensor revealed similar sensitivity for acetone and 

ethanol. It is thought that improved selectivity for SnO thin film sensor in detection of ethanol 

gas might be due to a relative small band gap energy and high charge transport property of SnO. 

Dipole moment of acetone (2.91D) is somewhat higher than that of ethanol (1.69D). On SnO2 

thin films with higher band gap energy, ethanol could not correspond properly due to a lower 

dipole moment, which contributes to the resistance change; even it has a small molecular weight 

that allows easy gas reactions. However, on SnO thin films, participating ethanol species can 

fully contribute to the resistance change [46]. 

Ethylene was detected with similar sensitivity for both SnO and SnO2 thin film sensors to 

have -1.23 and 1.26, respectively, but overall sensitivities were lower than those of acetone and 

ethanol gases. This might be due to the difference in nature of volatile gases. It was reported that 

acetone and ethanol has a polarity in chemical structure due to a carbonyl group, which is 

directly related to the charge transfer [47-48]. On the contrary, chemical structure of ethylene is 

combination of nonpolar molecules [49]. It appears that this nonpolar property of ethylene gas 

induced a relatively lower sensitivity.  

 

4.4 Summary and Conclusions 

Several parameters in sputtering which influence the ZnO thin film property were studied 

to find out the optimum conditions to fabricate the thin film VOC sensors. 80W, 20:2 ratios of 

argon to oxygen, and 10 mTorr of chamber pressure were found to be the optimum for the 

fabrication. Based on these conditions, rf sputtered ZnO thin film sensors were tested in two 
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different gas atmospheres such as acetone and ethanol. In detection of acetone gas, 350 °C was 

observed to be the optimum condition. However, in the detection of ethanol gas, ZnO thin film 

sensors working 300 °C was observed to show better sensitivity and shorter response time. This 

can be explained that dissociation and chemisorption mechanism of metal oxide based sensors 

depending on gas species are somewhat different to have the optimum working temperature.   

RF/DC co-sputtered SnOx thin film sensors were fabricated on silicon dioxide substrate by post 

annealing at 450°C. Depending on the location, different mixing ratio of SnO and SnO2 phases 

were obtained. In terms of direction of response, SnO and SnO2 thin film sensors responded in an 

obvious opposite direction and mixed phases of SnOx thin film sensor revealed unstable 

response to the volatile gases. From the film characterization, it is concluded that a dominant 

phase in SnOx thin film determine the gas sensing property of SnOx thin film sensors. P-type 

SnO thin film sensor was found that it can be utilized to gas sensor application with reliable 

sensitivity and response time, comparable to n-type SnO2 thin film sensors. It is believed that a 

difference in direction of reaction will contribute to the future electronic nose development both 

for the enhanced selectivity by combining with other n-type semiconducting materials, ZnO, 

WO3 and In2O3 and doping.       
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CHAPTER 5 EFFECT OF ARGON-TO-OXYGEN RATIO DURING RF SPUTTERING 

AND POST ANNEALING ON GAS SENSING PROPERTY OF SNO2 THIN FILM 

 

5.1 Introduction 

Having artificial control over fruit ripening is very important in producing a high-value 

commercial product in the agricultural industry. Ethylene has been utilized as an artificial 

treatment in controlling the ripening process, especially in tomato and banana production [1]. 

Ethylene is also reported as one of the distinctive gases emitted when certain plants are infected 

by pathogens. Botrytis cinerea, one of the most well-known pathogens, emits ethylene gas from 

the reaction between plants and the pathogen. Tomatoes infected by bacteria are known to 

generate small amounts of ethylene [2]. For such applications as monitoring plant conditions or 

plant health, fast, simple, and reliable detection of ethylene is required [3]. Several approaches 

have been explored to detect ethylene gas in air. A detection system through a CO2 laser 

combined with a photoacoustic cell was utilized to observe whether ethylene gas is produced 

from B. cinerea contamination [4]. A mid-infrared filter spectrometer was used to determine 

ethylene gas. It was able to precisely recognize ethylene from other mixed gases with a detection 

limit of less than 20ppm; however, the system consisted of bulky components such as an IR-

emitter, optical chopper, and coupling optics [5]. Alternative techniques for miniaturized sensors 

designed to detect ethylene gas were reported. Porous silicon-based heterodiode was fabricated 

with a hydrocarbon layer that is sensitive to ethylene gas [3]. I-V characteristics of the 
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heterodiode are modified by the adsorption of the gas. Color changeable films based on SiO2 

nanoparticles with palladium and ammonium molybdate were fabricated on filter papers [6]. 

Different colors were observed due to the oxidation of ethylene by Pd reduction. These methods, 

however, showed limited sensitivity or long operation times.  

An inexpensive and simple method of utilizing metal oxide semiconductors has been 

attempted. Thick film SnO2 fabricated by a screen printing technique was used for ethylene gas 

detection [7-9]. A SnO2 sensor with about 20–3  μm thickness was able to measure the 

concentration of several ppm of ethylene [2]. WO3 was mixed with SnO2 to improve the 

sensitivity, and a strong dependence of the WO3 amount on the sensitivity was observed. A 10 

μm thick film with SnO2-0.3%wt WO3 showed the best sensitivity [8]. Recently, 5 μm thick 

SnO2 was deposited on micromachined silicon substrate to obtain a low-cost gas sensing 

microsystem. By forming a multiple sensor array, the selective detection of ethylene gas was 

improved [7]. SnO2 thick films have demonstrated the measurement of ethylene gas with several 

ppm sensitivities. Approaches via thin film SnO2 have been reported to detect oxidizing gases 

such as CO, O3, and C2H5OH with higher sensitivity and more accurate control of microstructure 

compared to thick film-type sensors [10-14]. However, no literature of thin film SnO2 for 

ethylene gas detection is available to understand the relationship between the thin film process, 

structure of sensing material, and ethylene sensing characteristics for developing an integrated 

microsensor.  

In this study, R.F. sputtered SnO2 thin films were fabricated, and their ethylene-sensing 

characteristics were investigated. Processing conditions during R.F. sputter deposition, such as 

post annealing and the argon-to-oxygen ratio, were systematically examined to find the optimal 

process conditions and to understand ethylene sensing mechanism in thin film SnO2. 
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5.2 Experiment  

Tin oxide film was deposited on an alumina substrate. A SnO2 ceramic target (99.99%) 

was used for R.F. sputtering at 80W for 25 minutes. The total amount of gas mixture was fixed 

to 30 sccm for all argon-to-oxygen ratios. Different argon-to-oxygen ratios were tested through 

R.F. sputtering, including 27.3:2.7, 23:7, 20:10, and 15:15. To compare samples prepared at 

different argon-to-oxygen ratios, all samples in this study have the same film thickness of 120 

nm. Post annealing was performed at 650 °C for 1hr by using a tube furnace in an air 

atmosphere. A Pt electrode with 100 nm thickness was coated on alumina substrate prior to SnO2 

deposition by DC sputtering at 100W. An interdigitated structure was fabricated by using a 

shadow mask, and the distance between electrodes and width of electrode was 4 mm. 

Configuration of thin film sensor is drawn in figure 5.1.  

 

Figure 5.1 Configuration of rf sputtered SnO2 thin film ethylene sensor 
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5.3 Results and discussion  

To investigate the effects of the argon-to-oxygen ratio and post-annealing on SnO2 phase 

formation, XRD analysis was performed. Figure 5.2 shows the XRD scans for the as-deposited 

thin films prepared by sputter deposition at four different argon-to-oxygen ratios of 15:15, 20:10, 

23:7, and 27.3:2.7. SnO2 phases were not observed in all as-deposited films. Only peaks of 

alumina substrate and platinum electrode were found. The films were post-annealed at 650 °C 

for 1hr and were characterized as shown in Figure 5.3. Apparently, the films annealed at 650 °C 

show the presence of three SnO2 peaks corresponding mainly to (110) at 26.5°, (101) at 33.8°, 

and (211) at 55.7° for all different argon-to-oxygen ratios. SnO peaks that are often observed 

during oxidation of sputtered Sn film are not characterized in this experiment probably due to the 

use of an oxide target [15]. It appears that relative intensity of peak indicating SnO2 (110) plane 

at 26.5° is slightly higher compared with peaks of (101) and (211) as the amount of oxygen in 

Ar/O2 gas mixture increases. Similar results on promoting (110) peak at higher oxygen pressure 

are reported in Sb-doped SnO2 films by sputter deposition [16]. The formation of the lowest 

energy surface of SnO2 seems to be enhanced with the increase of oxygen pressure during sputter 

deposition.  

The surface morphology of sputtered SnO2 at different argon-to-oxygen ratios was 

characterized by FE-SEM analysis as shown in Figure 5.4 and 5.5. SEM observation reveals that 

differences in surface morphology as a function of the argon-to-oxygen ratio for both as-

deposited and post-annealed films are not significant. However, the overall grain size of post-

annealed films apparently become larger than that of as-deposited films, which indicates 

distinguishable changes in morphology and grain structure as a result of high-temperature 

annealing. 
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Figure 5.2 XRD graphs of as-deposited rf sputtered SnO2 thin films on platinum coated alumina 

substrate under four different argon-to-oxygen ratios (from top to bottom, 15:15, 20:10, 23:7, 

27.3:2.7 and peak for pt coated substrate)  
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Figure 5.3 XRD graphs of 650 °C post annealed rf sputtered SnO2 thin films on platinum coated 

alumina substrate under four different argon-to-oxygen ratios (from top to bottom, 15:15, 20:10, 

23:7, 27.3:2.7 and peak for pt coated substrate)  
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Figure 5.4 As-deposited SnO2 thin film under different argon-to-oxygen ratios (a) 15:15 (b) 

20:10 (c) 23:7 (d) 27.3:2.7 

 

          The ethylene gas sensing characteristics of SnO2 thin films were studied by measuring 

resistance change by time and by calculating sensitivity that is defined as the ratio of resistance 

measured in air (Rair) to that of the detecting gas (Rgas). Figure 5.6 shows the resistance change of 

as-deposited and post-annealed SnO2 films. Both samples were deposited at a 20:10 argon-to-

oxygen ratio, and measurement was performed at 25ppm of ethylene concentration in air. The 

sensitivity values of post-annealed and as-deposited films are calculated as around 6.5 and 2.7, 
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Figure 5.5 650 °C post annealed SnO2 thin film under different argon-to-oxygen ratios (a) 15:15 

(b) 20:10 (c) 23:7 (d) 27.3:2.7 

 

respectively. For the as-deposited tin oxide film, the response time for sensing 25ppm of 

ethylene gas was approximately 14.3 min until the resistance drop was saturated. The recovery 

time was determined to be 25.7 min by measuring the time back to the saturated initial 

resistance. After post-annealing at 650 ˚C for  hr, the response time and recovery time become 

4.5 min and 11.3 min, respectively.  
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Figure 5.6 Resistance profiles of as-deposited SnO2 thin film sensor and 650 °C post annealed 

SnO2 thin film sensor prepared under 20:10 argon-to-oxygen ratio. Ethylene concentraion was 25 

ppm in total 100 sccm of gas flow 

 

          The sensitivity values are higher than reported values measured by SnO2 thick films. 

Ivanov et al. reported that undoped SnO2 films showed the sensitivity of around 1.5, and doped 

SnO2 reached 4.2 at 10 ppm ethylene and 300 °C sensing temperature [6]. Pimton-Ngam et al. 

also reported the best sensitivity of 1.7 from 0.3 wt% WO3 doped SnO2 at 6 ppm ethylene 

concentration and at 300 °C sensing temperature [8]. Our undoped SnO2 films show the 

sensitivity of 4.1 from post-annealed film and 2.0 from as-deposited film at 10 ppm and 300 °C 

conditions. Apparently, the resistance change due to gas exposure is higher in post-annealed 
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SnO2 than in as-deposited due to the formation of the SnO2 phase. Besides a signal change, 

initial resistance values between as-deposited and post-annealed films were typically different. 

Initial resistance of SnO2 thin films prior to ethylene exposure was recorded at approximately 

380K ohm for as-deposited film and 1.8M ohm for post-annealed SnO2 as shown in figure 5.6. 

From the SEM observation, the surface morphology of post-annealed SnO2 exhibits marked 

grain boundary or voids, which is believed to increase resistance. Similar effects of annealing on 

the resistance increase of SnO2 by thermal oxidation of Sn film are also reported by S. Laghrib et 

al. [15]. Another possible reason may be due to the stoichiometry of the film. As-deposited film 

may be a non-stoichiometric form due to oxygen deficient sputtering conditions, and such 

nonstoichiometry usually makes it more conductive [18]. FE-SEM/EDS characterization was 

carried out to examine the quantitative composition of both the as-deposited and post-annealed 

thin films. The values of x, in SnOx were measured to be around 1.6 ± 0.2 for the as-deposited 

films, and about 1.9 ± 0.1 for post-annealed thin films within the detection limit. 

          Ethylene gas sensitivity of films depending on an argon-to-oxygen ratio during sputter 

deposition was compared in figure 5.7. The working temperature and concentration of ethylene 

gas were fixed at 300°C and 25ppm, respectively, in air. As expected from XRD and SEM 

results, the effect of the argon-to-oxygen ratio on the gas sensitivity is not evident, while post-

annealing improves sensitivity probably due to increased crystallinity of annealed films. Scrutiny 

of post-annealed SnO2 films reveals that the film deposited at a higher oxygen ratio shows 

slightly higher sensitivity. It may be due to the increased (110) orientation from the XRD result. 

It is reported that the (110) plane in SnO2 exhibits the shortest Sn interatomic distance [9]. It 

could be estimated that dissociative chemisorptions of oxygen is facilitated by the decrease of Sn 
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interatomic distance. Reducing gas, such as ethylene gas molecule, can easily react with 

adsorbed negatively charged oxygen ions on the (110) plane.  

The ethylene gas concentration was varied to investigate sensitivity changes for both as-

deposited and post–annealed films. The four different ethylene concentrations included 100ppm, 

50ppm, 25ppm, and 10ppm. Resistance change, average value, and their deviations are 

summarized in Table 1. Annealed thin films reveal approximately 10 percent higher sensitivity 

compared with as-deposited thin films at a high concentration of ethylene gas. The difference in 

sensitivity became larger up to about 20% as ethylene concentration decreases down to 10ppm. 

An ethylene gas sensing mechanism was considered as illustrated in figure 5.8. It is thought that 

the reaction between adsorbed O
－

 ion and ethylene caused oxidation of ethylene into ethylene 

oxide similar to alcohol detection by SnO2 [16]. Free electrons released during the reaction can 

be responsible for the resistance drop in gas measurement [11].  
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Figure 5.7 Sensitivities of as-deposited and post-annealed SnO2 thin films as a function of argon 

to oxygen ratio at ethylene concentration of 25 ppm 
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Figure 5.8 the proposed ethylene sensing mechanism with SnO2 thin film 

 

5.4 Summary and Conclusions 

SnO2 thin films were fabricated by R.F. magnetron sputtering to fabricate ethylene gas 

sensors. Ethylene gas ranging from 100ppm to 10ppm level in synthetic air was measured by a 

SnO2 thin film sensor with higher sensitivity compared with bulk SnO2. In sputter parameters, 

the argon-to-oxygen ratio during SnO2 sputtering negligibly influenced the sensing properties of 

ethylene gas, while post-annealing at 650°C obviously enhanced sensitivity. Post-annealed films 

showed improved sensitivity to ethylene gas up to 30% compared with that of the as-deposited 

films. However, the change of sensitivity in SnO2 films as a function of the argon-to-oxygen gas 

ratio was measured to be less than 10%. It is believed that the sensitivity improvement after post-
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annealing is mainly due to the formation of the SnO2 phase. The sensitivity change in SnO2 

films prepared at different argon-to-oxygen ratios may result from slightly enhanced (110) 

orientation in the SnO2 films after annealing.  
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CHAPTER 6 GEOMETRIC EFFECT OF ZNO NANORODS ON ETHANOL SENSING 

PROPERTY: THE RELATIVE ROLE OF THICKNESS OF SEED LAYER 

6.1 Introduction 

Nanostructured ZnO has attracted a high amount of interest due to its high band gap energy 

and wide exciton binding energy [1], which has led to a variety of applications including solar 

cells, high power LEDs and gas sensors [2-3]. Various technologies such as MOCVD [4-6], sol-

gel spin coating [7-9], electrospinning [10-11] and chemical solution method [12-14] have been 

used to synthesize nanostructured ZnO. Among these, the chemical solution method is a simple 

and economic way to synthesize nanostructured ZnO at low temperatures (75 ~ 95 °C) and on a 

large array of substrates [15]. Furthermore, such low temperature process permits the use of 

flexible substrates to develop low cost and practical sensor fabrication techniques [16-17]. For 

ZnO nanorod growth by the chemical solution method, it has been reported that a seed layer 

plays an important role in vertically aligning the nanorods and selectively patterning them on the 

substrate [18-24]. The influence of ZnO thin film thickness on electrical and optical properties 

such as field emission properties, optical transmittance and photo-conducting properties has been 

reported in several publications. Yu et al. [25] reported the linkage between electrical and optical 

properties of ZnO thin film and the crystallinity due to film thickness. Hao et al. [26] showed 

that a change in the optical transmittance due to density and resistivity of Al-doped ZnO films 

was driven by film thickness. Mridha et al. [27] also investigated the photoconducting properties 

as a function of ZnO film thickness. Although there are many reports to investigate thickness 



 

117 

 

effects on the electrical and optical properties of ZnO thin films, few studies have been 

conducted to link the growth of nanostructures with the properties of the seed layer. Liu et al. 

[28] investigated an approach to modulate the field emission properties of ZnO nanowires grown 

on various seed layer thicknesses. The nanowire density, determined by the seed layer thickness, 

affected the field emission properties of the ZnO nanowires. Similarly, gas sensing properties 

depending on film thickness and comparisons between thin film sensors and nanostructured 

sensors have been reported. Kim et al. demonstrated a thickness dependence on ethanol sensing 

performance of a ZnO thin film sensor and further enhancement by aluminum doping [29]. 

Hydrogen sensing properties of platinum coated ZnO thin film sensors of varying thickness were 

compared with ZnO nanorods sensors by Tien et al [30]. Liewhiran et al. investigated the 

influence of film thickness of ZnO thick films (5 to 15 µm) made by flame spray pyrolysis on 

ethanol sensing properties [31]. No systematic investigation has been conducted, however, to 

determine the significance of the seed layer thickness on the sensitivity of a nanostructured ZnO 

gas sensor.  

In this study, different thicknesses of ZnO thin films were prepared by a radio frequency (rf) 

sputter deposition method and used as a seed layer for the growth of ZnO nanorods by a 

thermolysis-assisted chemical solution method. Structural properties of the seed layers and 

nanorods were characterized by scanning electron microscopy and X-ray diffraction. Two types 

of sensors, i.e. seed layer only and nanorods on a seed layer, were utilized to examine the 

influence of seed layer on gas sensing properties. A quantitative analysis was also performed to 

determine the relative role of the seed layer on the sensitivity.  
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6.2 Experiment 

6.2.1 Fabrication of ZnO seed layer 

Top side interdigitated electrodes (IDE) and bottom side heaters were patterned in platinum 

on a nominally 0.25 mm thick polyimide film (Cirlex, Fralock, Valencia, CA, USA) via shadow 

masks. The width and spacing of the IDE fingers were 4   μm. ZnO seed layers ranging in 

thickness from 8 to 160 nm were deposited on the top side IDEs by rf sputtering of a ceramic 

ZnO target (99.99%, Kurt J. Lesker, Pittsburgh, PA, USA). The thickness of the seed layer was 

controlled with the deposition time and confirmed by observing the film cross section with FE-

SEM. Other processing parameters included argon-to-oxygen ratio, chamber pressure and plasma 

generation power that were fixed at 20:2, 5 mTorr and 80 W, respectively. The deposition rate 

for these conditions was approximately 3.2 nm per minute.  

 

6.2.2  Synthesis of ZnO nanorods 

ZnO nanorods were grown on top of the ZnO seed layer in the manner described by 

Vayssieres [32]. A mixture of 0.01 mol of crystalline zinc nitrate hexahydrate (ACS Certified, 

Fisher Scientific, Pittsburgh, PA, USA) and 0.01 mol of hexamethylenetetramine (99%, Sigma-

Aldrich, St. Louis, MO, USA) were dissolved in 400 ml of deionized (DI) water. The aqueous 

solution was stirred at room temperature for 12 hr until all chemicals were completely dissolved. 

A hot water bath (IsoTemp 202, Fisher Scientific) was used to accurately maintain a synthesis 

temperature of 85 °C. Previously seeded substrates were placed into the solution with the seed 

layer pointing down and ZnO nanorods allowed growing for 4 hr. The sensors were washed with 

DI water immediately upon removal from the solution. 
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6.3 Results and discussion 

6.3.1 Characterization of ZnO 

The crystallinity and morphology of both the ZnO seeded substrates and the nanorod 

structures were examined using X-ray diffraction (XRD) and field emission scanning electron 

microscopy (FE-SEM). XRD samples were scanned from 20° to 80° 2-theta at the rate of 5° per 

minute under 40 kV and 40 mA power with a CuK-alpha radiation source (D/MAX B, Rigaku, 

Tokyo, Japan). Surface morphology was observed with FE-SEM (JSM-7000F, JEOL, Tokyo, 

Japan)   

 

6.3.2  Crystal structure and morphology of ZnO seed layer and ZnO nanorods 

The XRD scans of substrates with different thickness ZnO seed layers are shown in 

figure 6.1. For 80 and 160 nm thick ZnO seed layers, a reflection peak at 34.2° indexed to the 

(002) plane was observed. Thinner samples did not show ZnO peaks due to the poor sensitivity 

of XRD. The highest peak, representing the polyimide substrate, was observed at 38.15°. 

Generally, rf sputtered ZnO thin films prefer to orient along the c-axis due to lower surface 

energy in the (00l) planes, a result similar to our previous observations on a semi-crystalline 

polyimide substrate [33-35]. XRD results for the ZnO nanorods grown on seeded substrates are 

shown in figure 6.2. The highest intensity reflection peak occurred at 34.2°, corresponding to the 

(002) plane of ZnO. Two other peaks indexed to (100) and (101) planes of ZnO were also 

observed at 31.5° and 36.05°, respectively. These XRD results indicate that ZnO nanorods grown 

on different thickness seed layers were vertically well aligned with the ZnO seed layer. The 

degree of (002) texture of the seed layer determines the vertical alignment of the nanorods [36-

37]. Surface morphology of the different thickness ZnO seed layers deposited on a silicon 
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dioxide substrate was characterized by FE-SEM as shown in figure 6.3. First, the surface of the 

silicon dioxide substrate (a) was observed to compare with those of ZnO sputtered thin films. 
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Figure 6.1 XRD graphs of rf sputtered ZnO seed layers varying thicknesses from 8 nm to 160 

nm on polyimide film 
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Figure 6.2 XRD graphs of ZnO nanorods grown on varying thicknesses of seed layer from 8 nm 

to 160 nm on polyimide film 
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For the thinner seed layers, 8 nm (b) and 16 nm (c), ZnO grains and the underlying substrate 

were visible. As the seed layer became thicker, 40 nm (d), 80 nm (e), and 160 nm (f), ZnO grains 

became more distinct and were observed more clearly with greater contrast. These images 

indicate that ZnO grains are uniformly distributed on the substrate surface regardless film 

thicknesses in the range of 8 nm to 160 nm. The diameter of the grains was approximately 5 nm. 

The influence of seed layer thickness on the microstructure of the grown ZnO nanorods was also 

investigated as shown in figure 6.4. Most ZnO nanorods appear to grow vertically on the ZnO 

seeded polyimide films regardless of the seed layer thickness. No noticeable morphological 

difference was observed for the ZnO nanorods as a function of seed layer thickness. It has been 

reported that the density of nanostructured ZnO does not critically depend on the thickness of the 

seed layer if the seed layers are thick enough to form a continuous ZnO film [25]. Once the 

substrate is uniformly covered with a seeding ZnO layer, no additional nuclei for the promotion 

of ZnO nanorod growth may be observed. The strongest influence on the morphology of the ZnO 

nanorods was the growth conditions for nanorod formation. The length, density, and diameter of 

the ZnO nanorods continuously increased with increasing growth time. As will be discussed in 

next section, the height of ZnO nanorods has an approximately linear relationship with the 

growth time for our experimental conditions.  

 

6.3.3 Ethanol sensing properties 

The two-wire resistance of the ZnO thin film and nanorod sensors as a function of the 

thin film (i.e. seed layer) thickness was measured across the platinum electrodes in both synthetic 

air and 100 ppm ethanol environments. The substrate temperature was held at 300 °C.  
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Figure 6.3 SEM pictures of rf sputtered ZnO seed layers varying thicknesses with (a) 0 nm 

(silicon dioxide surface), (b) 8 nm, (c) 16 nm, (d) 40 nm, (e) 80 nm, (f) 160 nm on the substrates 
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Figure 6.4 SEM pictures of surface of ZnO nanorods grown on (a) bare substrate (no seed layer) 

and varying thicknesses of seed layers (b) 8 nm (c) 16 nm, (d) 40 nm, (e) 80 nm, (f) 160 nm on 

polyimide film 
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The resistance was recorded once the signal stabilized to within ±1% for at least 30 min. 

Sensitivity was defined as the ratio of resistance in air (Rair) to the resistance in ethanol (Rgas): 

S=Rair/Rgas. In synthetic air, the resistance of the ZnO thin films dropped significantly as the film 

thickness increased as shown in figure 6.5. The resistance fell below 2   MΩ when the thickness 

of the seed layer exceeded 40 nm. Such a resistance change with film thickness is commonly 

observed in oxide thin films. Generally, the higher resistance of thinner films is due to decreased 

mobility and concentration of charge carriers as the thickness decreases [38-42].  
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Figure 6.5 Initial resistance of rf sputtered ZnO thin film sensors on polyimide film as a 

function of thickness of seed layer under synthetic air and 100 ppm of ethanol at 300 °C 

 

The resistance in synthetic air of ZnO nanorod sensors grown on different thickness seed 

layers was also measured as shown in figure 6.6. After ZnO nanorod growth, the resistance is 

similar irrespective of the seed layer thickness, as expected. Most resistance values for the ZnO 

nanorod sensors were below 5   kΩ regardless of the seed layer thickness. ZnO nanorod sensor 

resistance was primarily a consequence of the increased surface area of the nanorods allowing 
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greater adsorption of oxygen molecules thereby increasing charge carrier concentration over the 

ZnO thin film [43]. 
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Figure 6.6 Initial resistance of a ZnO nanorod sensors as a function of thickness of seed layer 

under synthetic air and 100 ppm of ethanol at 300 °C 

 

In 100 ppm ethanol, the ZnO sensors showed a similar, though lower magnitude, 

response as in synthetic air. For the ZnO thin film sensors, the sensitivities to 100 ppm ethanol 

gas ranged from 1.29 for 8 nm film thickness to 2.23 for 40 nm film thickness as shown in figure 

6.7. The highest sensitivity for the ZnO thin film sensor was observed at the 40 nm thickness, 

which is near the Debye length for the ZnO thin film at 300 °C [44].  

Below 40 nm, ZnO thin film showed decreased sensitivity. This result may be due to the 

reduced number of gas reaction sites on the thin film when the film thickness becomes similar in 

scale to the grain size. In addition, reduced mobility of the charge carriers may occur when the 

film is thinner than the Debye length. Similar scaling effects on gas sensing properties are 

reported in the literature [29, 38-89]. 
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Figure 6.7 Comparison between ZnO thin film sensor and ZnO nanorods sensor for the detection 

of 100 ppm of ethanol at 300 °C as a function of thickness of seed layer 

 

For the ZnO nanorod sensors, grown on different thickness seed layers, the sensitivity to 

100 ppm ethanol exhibits only a slight monotonic increase in sensitivity with film thickness as 

shown in figure 6.7. Overall, the sensitivity difference was less than 10% over the entire range of 

seed layer thicknesses investigated. It appears that the seed layer thickness for the growth of ZnO 

nanorods does not noticeably influence the gas sensing properties. Similar in reasoning for the 

ZnO nanorod response in air, it can be deduced that charge carriers responsible for ethanol gas 

sensing reactions are derived principally from ZnO nanorods. Therefore, the thickness of the 

seed layer does not influence gas sensing properties of the ZnO nanorod structure.  

To determine the detection limit of ZnO thin film and nanorod sensors, sensitivities were 

obtained as a function of ethanol gas concentration. The substrate temperature was held at 300 

°C. In figure 6.8, the resistance profile of a 40 nm thick ZnO thin film sensor, which displayed 
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the highest sensitivity based on the previous measurements, is shown as a function of the ethanol 

gas concentration from 10 to 200 ppm. Calculating sensitivity as before (Ra/Rg), the sensitivity 

for the 40 nm thin film sensor ranged from 1.57 for 10 ppm of ethanol to 2.98 for 200 ppm.  
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Figure 6.8 Resistance profile of 40 nm thick ZnO thin film sensor in detection of ethanol as a 

function of ethanol concentration (10 ppm to 200 ppm) at 300 °C 

 

The resistance profile of a ZnO nanorod sensor, grown on 40nm thick seed layer, was 

also measured as shown in figure 6.9. Compared to the thin film sensor, sensitivity improved to 

1.78 for 10 ppm and 3.85 for 200 ppm ethanol, respectively, as shown in figure 6.10. However, 

in our study, ZnO nanorods sensors revealed limited enhancement of sensitivity compared with 

the thin film sensor in contrast to other reports in the literature. Chou et al. reported that an Al 

doped ZnO sputtered film showed approximately 2.7 in sensitivity value from 100 ppm of 

ethanol at 250 °C [45]. Feng et al. fabricated a ZnO nanoflowers that had a diameter of 

individual rods of around 150 nm giving a sensitivity of 14.6 for 100ppm of ethanol at 300 °C 

[46].  
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Figure 6.9 Resistance profile of ZnO nanorod sensor with 40 nm thick seed layer in detection 

of ethanol as a function of ethanol concentration (10 ppm to 200 ppm) at 300 °C 
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Figure 6.10 Calculated sensitivities are shown corresponding to each ethanol concentration from 

10 to 200 ppm for ZnO nanorods sensors and ZnO thin film sensors, respectively 
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Sonochemically synthesized ZnO nanotube-based sensors were also reported with a sensitivity of 

approximately 14.6 for the detection of 100 ppm of ethanol at 300 °C [47]. In comparison with 

other reported sensitivities for ethanol gas, our nanorod sensors did not show substantial 

improvement in sensitivity while the sensitivity of our thin film sensors was comparable. Due to 

this point, it is assumed that control of nanostructure geometry may be more influential on 

sensing properties rather than the thickness of seed layer. Thus the geometric dimension of ZnO 

nanorods was investigated further.  

First, ZnO nanorod density was modulated by controlling the growth time. Seed layer 

thickness was held constant at 80 nm and the nanorod growth time varied from 1 to 4 hr with 1 

hr intervals. Qualitatively, both the density and diameter of the nanorods increase with growth 

time as shown in the FE-SEM micrographs of figure 6.11. The length of the ZnO nanorods was 

measured as a function of growth time by examining cross sections of the ZnO coatings with FE-

SEM and the results shown in figure 6.12. After 1 hr growth, approximately 400 nm long 

nanorods were obtained and the nanorod length increased to around  .5 μm after 4 hr growth. 

For our experimental conditions, the ZnO nanorods length showed an almost linear relationship 

with growth time.  

The resistance of ZnO nanorods grown on an 80 nm thick seed layer over a 4 hr period 

was also measured and the results shown in figure 6.13. The environment was synthetic air and 

the substrate temperature was 300 °C. The initial resistance of a bare 80 nm ZnO thin film sensor 

was above  2  MΩ. The resistance decreased as ZnO nanorod growth time increased. The 

ethanol gas sensing properties of these ZnO nanorod sensors were also characterized and the 

results shown in figure 6.14. Enhanced sensitivity to ethanol with increasing nanorod growth 

time was observed. In 100 ppm ethanol, the sensitivity of a bare ZnO seed layer, before the 
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growth of nanorods, showed a sensitivity of 1.59 and it increased to 2.75 for the nanorods grown 

for 4 hours, nearly a 73% increase. The nanorod volumetric parameters density, diameter, and 

length modulate the charge carrier density and thus directly influence the sensitivity of the ZnO 

nanorod sensor. Both initial resistance and the resistance change clearly depend on these 

volumetric parameters of the ZnO nanorod sensors. Therefore, it appears that the charge carrier 

density rather than the seed layer thickness is the primary factor determining the sensing 

properties of the ZnO nanorod sensors.  

 

 

Figure 6.11 SEM pictures of surface of ZnO nanorods grown on polyimide film with 80 nm thick 

seed layer as a function of growth time from 1 hr to 4 hr 
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Figure 6.12 Average length of ZnO nanorod grown on polyimide film with 80 nm thick seed 

layer as a function of growth time 
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Figure 6.13 Initial resistances of ZnO nanorod sensors on polyimide film as a function of growth 

time 
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Figure 6.14 Sensitivity of ZnO nanorod sensors in detection of 100 ppm of ethanol as a function 

of growth time 

 

6.3.4 Sensing mechanism 

To validate the strong effect of the nanorod volumetric parameters on the gas sensitivity, 

a quantitative equation to explain the gas sensing mechanisms of ZnO-based sensors was 

developed. In developing a gas sensing mechanism, most open literature report a relationship 

between the sensitivity and gas concentration [48]. Many modifications to this type of equation 

have been proposed for a more accurate prediction and corroboration of experimental data [49-

50]. There has not been, however, any attempt to quantitatively isolate and describe the effects of 

the seed layer and nanorods structure on the gas sensitivity. To explain the individual 

contributions of the seed layer and nanorods, an equation to describe the sensitivity, S, as a 

function of gas concentration can start with eq. (1) [51]: 
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1 baCS

......................................................... (1)     

 

where C is the ethanol concentration, b is a charge parameter for the oxygen ion species (1 for O
-

, 0.5 for O
2-

) and a is given by:                                                
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where D is the diameter of nanorod or thickness of film, Ld is the Debye length of ZnO, and e is 

a material constant, b

o
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e )*(

1
  . Here, on  and o , are electron concentration under synthetic air 

and number of chemisorbed oxygen ions per unit area, respectively. Φ is the ratio of surface area 

per volume of material.
 

The constant a can be separated into two parts: the contributions from seed layer, a1, and the 

contributions from the nanorods, a2,  
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where α is a material constant,
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Then for the ZnO seed layer, eq. (1) can be expressed as  

 

                                                        CbaS loglog)1log( 1  ………..………………....… (4) 
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and for ZnO nanorods grown on a seed layer, eq. (1) becomes  

 

                                                    CbaaS log)log()1log( 21  ……………..………..... (5) 

 

The surface area to volume of the seed layer and nanorods was calculated for our experimental 

conditions giving:  seed =
1710500.2  m and  nanorods =

1710686.4  m . 
 

When the thickness of the seed layer (Tseed) is 40 nm and 2Ld and b are assumed to about 30 nm 

and 0.5, respectively. For ZnO nanorods grown on the seed layer, it is also assumed that 2Ld is 

approximately 30 nm and b is 0.5. The average diameter of ZnO nanorod (Dnanorod) is 100 nm. a1 

and a2 are calculated to be 0.1600 and 0.1879, respectively. When the constant α is 6100.2 X , 

the sensitivity of ZnO seed layer becomes 

 

                                                
CS log5.0]16.0log[)1log(  …..…............................ (6) 

 

Then, ZnO nanorods on seed layer becomes  

 

                                               
CS log5.0]1879.0log[)1log(  ..................................... (7) 

 

Our experimental results were compared with these derived equations and the results are shown 

in figure 6.15. The calculated sensitivity values from eq. (6) and (7) appear to closely match to 

the experimentally measured sensitivities. Since the derived equations mainly consider 

geometrical dimensions of the ZnO sensor structure, i.e. the change of surface area and the 

diameter of the nanorod, the contribution from increased surface area of nanorods can be 
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responsible for the enhanced sensitivity of ZnO nanorod sensor. Sensitivity can be maximized 

when the nanorod diameter is about twice the Debye length corresponding to the surface area 

contribution from the nanorods when the diameter of nanorods is close to 2Ld (eq. (3)).    
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Figure 6.15 Sensitivity in log scale of 40 nm ZnO thin film sensor and ZnO nanorod sensor with 

40 nm thick seed layer as a function of ethanol concentration in log scale (10 ppm to 100 ppm) at 

300 °C (Solid dot line: calculated sensitivity of ZnO nanorods on seed layers or ZnO seed layer. 

Marker: measured sensitivity of ZnO nanorods on seed layers or ZnO seed layers.) 

 

6.4 Summary and Conclusions 

The effects of seed layer thickness on the morphology and gas sensing properties of ZnO 

nanorods were investigated. ZnO nanorods were grown on ZnO seed layers, i.e. thin films 

deposited on flexible polyimide substrates. The thickness of the seed layer varied from 8 nm to 
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160 nm, and ZnO nanorods were grown on seed layers of different thicknesses. Although the 

seed layers showed distinct differences in microstructure and gas sensing properties, the results 

obtained with ZnO nanorods on various seed layer thicknesses did not present any structural 

changes or significant variation of the gas sensing properties. No effect of seed layer thickness 

on gas sensitivity of ZnO nanorods was observed, which indicates that the charge carrier density 

from ZnO nanorods is primarily responsible for gas sensing properties. A quantitative equation 

to predict the ethanol sensitivity of ZnO nanorod and thin film sensors confirms the dominant 

influence of the increased surface area to volume ratio for ZnO nanorods on gas detection. The 

results suggest more emphasis should be placed on modulation of the nanostructure geometry for 

gas sensing applications.    
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CHAPTER 7 SYNTHESIS OF ZNO AND SNO2 NANORODS AND TRANSITION 

METAL DOPING BY ELECTRODEPOSITION 

7.1 Introduction 

Transition metal ions such as nickel, cobalt, and copper have attracted much interest that 

those were reported to modulate the electrical and optical properties of ZnO [1]. Doping nickel 

ions into the ZnO lattice can create the additional acceptor or donor level in the energy band of 

ZnO. Nickel doped ZnO was observed to have a red shift in the band edge by photoluminescence 

characterization.  Additionally, a band tailing to the lower energy level was combined. Due to 

these factors, the thickness of the surface depletion layer of ZnO is reduced and therefore, the 

sensing property of doped ZnO can be enhanced [2]. The photocatalytic effect of transition metal 

ions was also studied in terms of doping concentration. Choi et al. did a photoluminescence 

measurement by changing concentrations of various metal ions and it was revealed that 

photocatalytic effect was dependent on both concentration and type of metal ions [3]. In water 

splitting by ZnO, an additional donor or acceptor level is created above the valence band edge 

and under the conduction band edge as a result of creating photo induced electrons or holes due 

to the unique d-orbital of transition metals [4]. Several technologies to dope transition metal ions 

into ZnO efficiently have been tried. Large-scale nickel was doped into ZnO nanowire arrays by 

using a metal vapor vacuum arc source doping method to modify the electrical conductivity of 

pure ZnO nanowires [5]. In this method, 2×10
17

cm
-2 

of nickel ions were spread on the vertically 

aligned nanowires with a 5° angle in the similar way of sputtering as shown in figure 7.1. Post 

annealing at 950 °C for 2hr was followed in oxygen ambient to reduce the physically induced 
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defects during doping. From the photoluminescence and electrical conductivity measurements, 

obvious red shift and increased conductivity were observed [5]. However, it requires post 

annealing process at high temperature to fairly distribute nickel ions, which can limit its 

applications and might cause structural deformation.  

 

Figure 7.1 schematic diagram of metal vapor vacuum arc source doping method [5] 

 

Nickel, copper, and cadmium were doped on ZnO thin films by Gonzalez et al using 

SILAR (Successive Ion Layer Adsorption and Reaction) method [6]. In this study, ZnSO4 

solution with NH4(OH) were prepared by adding nickel chloride, copper chloride, and cadmium 

chloride, respectively. One immersion of glass substrate in a heated solution to 95 °C could 

deposit approximately 25Å  thin film and repeated continuously to obtain the target thickness. 

Post annealing was performed at 450 °C for 2hr In case of nickel and copper, initial amount of 

elements were observed to comparably be doped in ZnO films. Cadmium, however, was rarely 

detected in XRF characterization due to a size difference in ionic radius between zinc and 
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cadmium. Although this method could dope copper and nickel ions, its deposition rate is very 

slow and also required post annealing treatment to enhance the influence of transition metal ions. 

In terms of processing temperature, low temperature chemical solution method has 

advantages either in using various substrates or preventing unexpected structural defect at 

economic costs. Doping of transition metal ions in aqueous solutions were studied by simply 

adding raw materials in forms of chloride or nitrate. Mn and Co were doped into ZnO nanorods 

in aqueous solution by panigrahy et al. [7]. 5 mol% of Mn and Co were mixed with zinc salts, 

but only 1 to 2 at% of Mn and Co were observed from ZnO nanorods. Additionally, shifts in both 

XRD and Raman studies revealed that it was induced a lattice distortion from the doping.   

However, transition metal ions in aqueous solution prefer to stay in a solution as aquo complex 

rather than incorporating into zinc lattices [8].  

To overcome this preference of transition metal ions, electric potential to favor growth of 

incorporation of ions on the substrate was applied. Cui et al [9] suggested an electrodeposition 

method to dope transition metal ions, nickel and cobalt in aqueous solution for the first time in 

2005. Less than 3 at% of nickel and cobalt were successfully doped into ZnO nanowire arrays 

during the synthesis without a significant shape change. -0.8V negative potential was applied on 

a silicon substrate using gold wires. Initial concentration of cobalt and nickel in zinc nitrate 

solution was 2 mol%, respectively. From the EDS study, similar concentrations of nickel and 

cobalt were detected from ZnO nanowires to have 1.7 and 2.2 at%, respectively with maintaining 

aligned ZnO nanowires. From these results, dc filed can be a dominant driving force to dope 

transition metal ions into ZnO nanostructure in aqueous solution.  
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Figure 7.2 SEM pictures of (a) cobalt doped ZnO nanowire, (b) nickel doped ZnO nanowires, 

and (c) EDS spectra of cobalt doped ZnO nanowire and nickel doped ZnO nanowires [9] 

 

However, rare studies have been performed to investigate the relationship between doping 

concentration and structural change of ZnO in aqueous chemical solution method. Additionally, 

voltage dependence of allowable doping concentration in ZnO nanostructure is not studied yet.  
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In this chapter, structural change depending on applied dc voltage is studied by FE-SEM and 

XRD in terms of geometry of ZnO nanorods. Limit of the amount of incorporated transition 

metal ions, nickel and cobalt, according to applied voltage were studied by FE-SEM and EDS. 

Sensing property dependence on structure and doping concentration of transition metal doped 

ZnO nanorods will be discussed in next chapter. 

 

7.2 Experiment 

As explained in previous chapter, polyimide Cirlex
®

 films were cleaned with acetone to 

remove the dust and residual grease. Cleaned surface was dried using pure nitrogen gas. First, 

100nm thick platinum was coated by dc sputtering with stainless steel shadow mask. Another 

sample was coated without a shadow mask. Pt-coated polyimide films, patterned one and 

nonpatterned one, were used as anodes to compare the difference on SnO2 and ZnO nanorods 

growth. For SnO2 nanorod growth, SnO2 thin film was deposited by R.F sputtering as a seed 

layer under 20:10 ratio of argon to oxygen, which showed the best sensitivity to reducing gases. 

Expected thickness of sputtered film is 120nm. For the comparison with similar structure of ZnO 

and SnO2 nanostructure, this approach was chosen for our study. Following is the details of SnO2 

synthesis. 

 

 

 

 

 

Figure 7.3 chart flow to growth the SnO2 nanorods on a sputtered seed layer 

100ml D.I. water (if 600ml) 

0.034g of SnCl4.5H20 (0.204g) 

0.920 of (NH2)2CO (5.52g) 

 

R.F. sputtered SnO2 substrate 

heating @95 °C for 2 days 

 

washing with D.I. water 
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 For ZnO nanorods growth, 80nm thick ZnO thin films were rf sputtered on both pt-coated films. 

Stainless steel sheet was used as cathodes. To maintain the distance between anode and cathode 

to be 1cm, ZnO thin film coated polyimide film as anode was hang on the Teflon bar and 

stainless steel cathode was located under the samples. Portable dc power supplier (18V/3A, GPS-

1830D, Instek) was connected to substrate and stainless steel cathode. DC voltage varied from 

1V to 5V to find the optimum voltage to incorporate doping elements into ZnO nanorods. 

Nickel, cobalt, and copper were mixed to zinc nitrate hexahydrate in the molar ratio of 1 to 10 %. 

Nickel nitrate hexahydrate, cobalt nitrate hexahydrate (97.7%, Aldrich), and copper nitrate 

hemi(pentahydrate)  were used as source materials. All chemical solutions were stirred for at 

least 1hr to resolve all chemicals completely.  

To fix other parameters influencing geometry of ZnO nanorods, growth time, deposition 

temperature, and molar ratio of zinc nitrate hexahydrate and HMT were controlled to have same 

as 4hr, 85 °C, and 0.01mol, respectively. 

 

7.3 Results and discussion  

7.3.1 Synthesis and morphology of SnO2 nanorods 

SnO2 nanorods were tried to grown on a sputtered SnO2 thin film. In figure 7.4, both 

SnO2 thin films (left) and SnO2 nanorods (right) were observed by FE-SEM. As shown in figures, 

dense thin films were deposited on polyimide film and it shows some agglomerated grains which 

are in somewhat larger size. 

On above the thin films, SnO2 nanorods were grown but it did not grow into nanorods. 

Initial nucleation on the thin film was observed partially and did not cover the whole areas. It 

might be due to the problem during deposition in heated water. It was hard to maintain initial 
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amount of water until the end of experiment because water continuously evaporated. So, 

synthesis was usually performed as stored in autoclave inside the oven. Even if the closed bottle 

to maintain its water level, other factors such as bottle pressure and growth time was failed to 

growth the SnO2 nanorods. 

 

 

                  (a) R.F sputtered SnO2 on PI film                (b) SnO2 nanoparticles on PI film 

 

Figure 7.4 surface morphology of rf sputtered SnO2 thin film on polyimide film and synthesized 

SnO2 nanoparticles on polyimide film. It was intended to grown nanorods but nanoparticles were 

nucleated instead due to improper process conditions 

 

 

7.3.2 Morphology of transition metal doped ZnO nanorods grown without dc field 

          In-situ doping of transition metal ions was tried during growing ZnO nanorods at elevated 

temperature. Among transition metal ions such as nickel, cobalt, and copper, nickel was selected 

to test the feasibility of in-situ doping in chemical solution growth. Nickel salts in molar 

concentration in zinc nitrate solution were varied from 2% to 100% if nickel ions can be 

incorporated into ZnO nanorods after the growth. As shown in figure 7.1, six pictures represent 
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morphologies of ZnO nanorods taken in vertical direction. Regardless of nickel concentration up 

10%, no significant difference in shape of ZnO nanorods was observed.    

 

 

(a)                                               (b)                                               (c) 

 

(d)                                               (e)                                               (f) 

Figure 7.5 Surface topography of ZnO nanorods grown in chemical solution with different nickel 

salts in the molar ratio of zinc salts (a) 2% nickel, (b) 6% nickel, (c) 10% nickel, (d) 30% nickel, 

(e) 50% nickel, (f) 100% nickel 

 

          In cases of high doping concentrations such as 30%, 50%, and 100%, diameter of nanorod 

increases as concentrations increase. As the diameter become enough large to occupy spaces 

between nanorods, it was observed that connection between nanorods initiated. It is very similar 

with the phenomena observed in pure ZnO nanorods growth and based on the same principles. 
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Chemical balances in between salts including zinc and nickel and HMT is highly deviated from 

the 1:1 initial ratio. Higher concentration of cat ions than hydroxyl ions from HMT induced 

increased diameter of nanorods and its density [10]. The feasibility of in-situ doping of transition 

metal ions under no dc field was characterized compositionally by EDS by measuring the 

atomic % of doping elements on ZnO nanorods. EDS results are shown in figure 7.5.  Specific 

measured concentrations of nickel are summarized as at % in table 7.1. Maximum doping 

concentration of nickel, measured in ZnO nanorods were less than 2 at % even the amount of 

initial concentration of nickel salts varied from 2% to 100% in molar ratio. This means that 

nickel doping in aqueous solution without external filed is limited to 2 at% due to the nature of 

transition metal ions preferring to stay in a solution.   

 

(a) 2% nickel 

 

(b) 4% nickel 

 

(c) 6% nickel 
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(d) 10% nickel 

 

(e) 30% nickel 

 

(f) 50% nickel 

 

(g) 100% nickel 

Figure 7.6 EDS graphs of nickel doped ZnO nanorods grown in aqueous solution without dc 

field according to six different nickel concentrations 

 

          To confirm the existence of doping element in ZnO nanorods, structural characterization 

was performed by XRD. In figure 7.7, pure ZnO nanorods grown on 80 nm thickness of thin film 

deposited polyimide substrate was studied first as a standard.   



 

153 

 

Table 7.1 EDS results of atomic % of  dopants in nickel doped ZnO nanorods 

Doping 

Concentration 
Nickel (at %) 

0.0002mol (2%) 0.91 

0.0006 mol(6%) 1.02 

0.001 mol(10%) 1.78 

0.003 mol(30%) 1.58 

0.005 mol(50%) 1.35 

0.010 mol(100%) 1.25 

 

The peak representing for (002) plane of ZnO nanorods was observed at around 34.3° in 2 theta 

angle. Nickel dopants varied from 2% to 10% in molar ratio to zinc salts. Other peaks 

representing for (100) and (101) were observed at 31.5° and 36.05°, respectively. Relatively 

intensity of peaks for (100) and (101) planes was much weak compare to that of (002) plane. In 

cases of nickel doped ZnO nanorods, peak for (002) did not show any noticeable shift in angle. 

Overall intensities of XRD graphs lowered than that of pure ZnO nanorods. In figure 7.8, XRD 

results for same experiments, performed for cobalt doped ZnO nanorods, was represented. 

Similarly with the previous results, no significant differences for cobalt doped ZnO nanorods 

were observed. Therefore, it can be explained that in-situ doping of transition metal ions in 

aqueous solution without additional driving force is not a practical method based on the EDS and 

XRD studies. However, one noticeable point in topography of ZnO nanorods in SEM picture, up 

to 10% of nickel salt in the molar ratio of zinc salt do not influence the growth of ZnO nanorods 

in conserving its natural anisotropic property. Based on these factors, in next chapter, dc filed 

was applied in the synthesis of ZnO nanorods containing various concentrations of nickel and 

cobalt up to 10 % in molar ratio of zinc salt. 
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Figure 7.7 XRD graphs of nickel doped ZnO nanorods according to doping concentration 

 

30 31 32 33 34 35 36 37

Z
n
O

 (
0
0
2
)

80nm seed +0.05M rod +Co doping

In
te

n
s

it
y

 (
A

.U
.)



 0.0010M Co

 0.0006M Co

 0.0002M Co

 0.05M+seed-80nm



 
 

Figure 7.8 XRD graphs of cobalt doped ZnO nanorods according to doping concentration 

 

 

7.3.3 Voltage dependence of morphology of ZnO nanorods 

          Prior to the transition metal doping during ZnO nanorods` growth, influence of dc field on 

the morphology of ZnO nanorods was studied in terms of diameter and length of ZnO nanorods 
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using SEM.  In figure 7.9, surface morphology of ZnO nanorods grown in chemical solution by 

applying different dc voltage 1.75V, 5V, respectively for 4hr. Pictures were taken under low 

magnification to describe the size difference in diameter and uniformity of nanorods. As 

compared in two picture. Left side picture shows well-distributed and vertically grown nanorods, 

which has diameters in 100 ~ 200nm range. On the contrary, right-side picture reveals much 

larger nanorods and some randomly grown nanorods grown under 5V dc. Overall diameters of 

nanorods in between 1 µm and 5 µm were observed, approximately 10 to 20 times larger than 

those grown under 1.75V dc. In figure 7.10, higher dc voltage; 5V was applied and nanorods 

grown under 5V dc were compared with other previous results. At lower magnification in left 

side pictures, it was obvious that morphology of nanorods dramatically changed as the applied dc 

voltage increased. Especially, ZnO nanorods grown under 5V dc seems to have randomly grown 

additional layers on vertically grown nanorods as shown in second picture for 3V dc case. It can 

be explained that the rate of ZnO nucleation increases as high dc voltage applies.  

 

 
X1500 

1.75V                                                                  3V 

 

Figure 7.9 Surface morphology of ZnO nanorods depending on dc voltage to show the overall 

size difference in diameter under X1500  
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DC 2.25V 

 
DC 3V 

 
DC 5V 

 

Figure 7.10 surface morphology of ZnO nanorods depending on dc voltages to represent the size 

difference and growth direction 

 

 

High nucleation rate under high current make a transition of preferred nucleation on ZnO seed 

layer, which play a heterogeneous nucleation site, to other sites, not on the seed layer. Growth 
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mechanism is also influenced as the current density increases. Crystal growth in lateral direction 

as well as vertical direction is enhanced. Consequently, randomly grown ZnO nanorods on 

second layer are thought to be observed in third picture. Additionally, EDS characterization was 

carried out to measure the nickel concentration on ZnO nanorods grown under two different dc 

voltages. As shown in figure 7.11, nickel amount in ZnO nanorods were different depending on 

applied dc voltage. To compare the applied voltage only, initial amount of nickel salt was fixed 

to have 2%. In case of 1.75V, even 2% of nickel salt was added in a solution, detected amount of 

nickel in ZnO nanorods was less than 0.5%. Meanwhile, ZnO nanorods synthesized under 5V dc 

voltage revealed 3.86% of nickel, more than initial amount of nickel. It is thought that 3V was 

quite enough to incorporate both zinc salt and nickel salt in ZnNiO nanorods growth and induced 

somewhat large size of nanorods as shown in SEM picture by modifying the nucleation rate.  

 

 

 
                                                                          1.75V 

 
                                                                             3V 

Figure 7.11 EDS results of 1.75V and 3V DC applied ZnO nanorod with 0.0002mol of nickel 

 

To take advantage of a nanostructured ZnO to a have high surface to volume ratio, 

optimum dc voltage to conserve the pure nanostructure of ZnO and draw transition metal ions 

sufficiently into zinc sites in aqueous solution is required. Therefore, dc voltage between 1.75V 
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and 3V were tested by stepping 0.25V from 1.75V to 3V. Various concentrations of nickel salts 

also will be tested under dc voltages between 1.75V and 3V in next chapter. 

 

Table 7.2 EDS results of atomic % of dopants in nickel doped ZnO nanorods 

at 1.5V and 3V dc voltages 

Doping Concentration, dc voltage Nickel (at %) 

0.0002 mol(2%), 1.75V 0.10 

0.0002 mol(2%), 3V 3.86 

 

 

7.3.4 Voltage dependence of nickel doping in ZnO nanorods 

          In previous chapter, voltage dependence of ZnO nanorods growth and detected amount of 

nickel in synthesized ZnO nanorods was studied. From the SEM, EDS results, voltage range 

between 1.75V and 3V was thought to be reasonable starting points to more narrow down the 

range to find out the optimum dc voltage.  After the several repeated synthesis, 2.25V was found 

to be the optimum condition to achieve both anisotropic property of ZnO nanorods and designed 

concentration of transition metal ions from raw materials. In figure 7.12, nickel doped and cobalt 

doped ZnO nanorods were characterized according to different concentration of nickel and cobalt 

from 2% to 6%.  

          In left side pictures, nickel doped ZnO nanorods were observed to maintain vertically 

aligned shape of pure ZnO nanorods. Somewhat modified shape, however, was seen especially at 

endpoint of nanorods and induced increased specific surface area than pure ZnO nanorods. It 

may be attributable to the chemical balance change in molar ratio of solution. A similar result is 

reported in elsewhere [11]. In right side pictures, cobalt doped ZnO nanorods were characterized 
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in a same way. 6% cobalt doped ZnO nanorods, however, did not show the amount of cobalt as 

much as added in solution. 

 

 
          Ni 0.0002 mol (2.15%)                            Cobalt 0.0002 mol (1.94%) 

 
Ni 0.0004 mol (3.80%)                          Cobalt 0.0004 mol (3.75%) 

 
Ni 0.0006 mol (5.42%)                         Cobalt 0.0006 mol (1.04%)  

 

Figure 7.12 SEM pictures of nickel doped ZnO nanorods (left column), cobalt doped ZnO 

nanorods (right column). All pictures were taken at X15000  
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(a) 6% cobalt doped ZnO nanorods 

 
(b) 4% cobalt doped ZnO nanorods 

 
(c) 2% cobalt doped ZnO nanorods 

 
(d) 2% nickel doped ZnO nanorods 

 
(e) 4% nickel doped ZnO nanorods 

 
(f) 6% nickel doped ZnO nanorods 

 

Figure 7.13 EDS results of 2.25V DC applied ZnO nanorod with nickel, cobalt, and copper 

(a) 6% cobalt, (b) 4% cobalt, (c) 2% cobalt, (d) 2% nickel, (e) 4% nickel, (f) 6% nickel 
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This might be due to the ionic radius difference in between zinc and cobalt [12]. Additionally, 

electronegativity of nickel and cobalt compared with zinc are different and thought to influence 

the incorporation of doping ions [13]. In figure 7.13, EDS spectrum of nickel and cobalt doped 

ZnO nanorods varying concentration from 2% to 6%. As shown in spectrum, up to 6 at % of 

nickel and cobalt was measured to be doped into ZnO nanorods successfully under our 

experimental conditions by electrodeoposition. 

 

 

7.4 Summary and Conclusions 

          Transition metal ions, nickel, cobalt, and copper were doped by electrodeposition during 

the synthesis of ZnO nanorods in aqueous solution. Optimum conditions such as distance 

between electrode, dc voltage, and chemical balance between zinc salts including transition 

metal materials and HMT, releasing counter ion, hydroxyl ion, were investigated to obtain both 

doping concentration and nanostructured ZnO. Under the optimized experimental conditions, 

nickel, cobalt, and copper were tried to in-situ dope into ZnO nanorods. Only 4% of cobalt was 

successfully doped into ZnO nanorods. In case of copper, corrosion occurred on the substrate 

working as a negative electrode. In future study, more experiments to resolve these issues will be 

performed. Consequently, nickel was successfully doped into ZnO nanorods with varying 

concentrations from 2 at% to 10 at% for the sensing layer. Gas sensing property of nickel doped 

ZnO nanorods sensor will be studied in next chapter.   
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CHAPTER 8 GAS SENSING PROPERTY OF NICKEL DOPED ZNO NANORODS 

UNDER UV IRRADIATION AT ROOM TEMPERATURE 

 

8.1 Introduction 

Nanostructured ZnO has been widely exploited a lot due to good semiconducting and 

electronic properties. These properties drive microdevice applications such as thin film 

transistors, high power LED, gas sensors, and spintronic devices [1-4]. Due to its high surface 

area, nanostructured ZnO was able to detect the sub ppm range of volatile gases such as acetone 

and ethanol in gas sensor applications [5-6]. Room temperature sensing can expand the 

application of metal oxide based gas sensors to areas such as explosive and flammable gas 

detection, and the biomedical field [7]. Nevertheless, metal oxide gas sensors are commonly 

operated at an elevated temperature to overcome the energy required for the chemisorptions 

between gas molecules, which allows for high sensitivity with a short response time. To 

overcome the limits of high operating temperature, noble metals such as platinum, palladium, 

and gold have been doped. This has improved sensing properties at relatively lower temperatures 

by enhancing interactions between dopants and gas molecules [8-10]. Additionally, UV 

illumination of metal oxide has been attempted to achieve room temperature sensing. When ZnO 

is illuminated with an UV light with the energy equal or larger than its band gap (3.4 eV), the 

photocarriers are generated in ZnO. Such photo carriers play a key role in the 

adsorption/desorption of surface molecules by altering the depletion layer width and the barrier 

height between grains [7, 11]. A number of previous reports have shown that ZnO nanostructures 
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could operate at room temperature by utilizing either noble metal dopants or UV illumination. 

However, to this point, there has been no clear demonstration of improved gas sensitivity by 

combining UV illumination and doping transition metals in ZnO nanostructure. Doping of 

transition metals in ZnO has been mostly investigated in modifying ferroelectric properties [12-

14], but few studies have focused on transition metal doping for enhancing gas sensing 

properties. In this paper, we report on the demonstration of enhanced sensitivity by combined 

UV illumination and transition metal doping in ZnO nanorods. Nickel was chosen as a dopant for 

ZnO nanorods because of similar ionic radius with zinc ions [15] and facile incorporation of Ni 

into ZnO without altering ZnO morphology during electrodeposition. Different concentrations of 

nickel doped ZnO nanorods are examined and the mechanism of enhanced UV activation for 

room temperature sensing due to doped Ni is proposed. 

 

8.2 Experiment 

Ni-doped ZnO nanorods were fabricated by solution from zinc nitrate hexahydrate 

(0.01mol), hexamethylenetetramine (0.01mol), nickel nitrate hexahydrate (0.0001mol to 0.001 

mol), and deionized (D.I.) water (400ml). Nickel concentration in the solution was varied from 0 

at% to 10 at%. The completely mixed solution was elevated to 85°C for 4hr. To promote Ni 

doping into ZnO nanorods during growth, 2.25V DC voltage was applied between electrodes on 

polyimide film and reference electrode with 1 cm distance.  Polyimide films patterned by 

platinum interdigitated electrodes were used as substrates. The Pt electrodes were deposited by 

DC sputtering, and the finger size and distance of the interdigitated electrodes were both 400µm. 

An 80nm thick ZnO film prepared by RF sputtering was used as a seed layer, i.e. nucleation sites 

for vertical growth of ZnO nanorods. ZnO nanorods were characterized by FE-SEM (field 
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emission scanning electron microscopy, JEOL JSM-7000F) to observe the surface morphology 

of samples. At % (Atomic percent) of nickel in ZnO nanorods after the synthesis was 

characterized by EDS (energy dispersive spectroscopy) equipped to FE-SEM. Structural change 

and phase difference according to nickel concentrations were studied by XRD (x-ray 

diffractometer, Rigaku D/MAX B with CuKα) and Raman spectroscopy (He-Cd laser, 80mW, 

Kimmon Electric with 441.6 nm line). Acetone gas sensing measurement was performed in a 

closed chamber by flowing dry synthetic air and acetone gas by mass flow controller [16]. To 

investigate the effects of UV, an array of five 2.2mW of Bulb type UV LED (365nm, Nichia 

Corp, Japan) was located facing normal to the sensing layer with a distance of 0.5 mm between 

UV LED and ZnO nanorods. 

 

8.3 Results and discussion  

Figure 8.1 presents the surface topography of ZnO nanorods according to nickel 

concentration. From (a) 0 at%, to (f) 10 at%, concentration of nickel in solutions for growing 

ZnO nanorods is increased by 2 at%. Pure ZnO nanorods were grown to be vertically aligned to 

the substrate corresponding to hexagonal structure along [002] direction. With Ni doping, overall 

morphology of nanorods was similar to that of pure nanorods, but the end points of nanorods in 

the top view of the SEM picture appear to be slightly modified. The shape modification at the 

end of ZnO nanorods occurred more clearly as the Ni concentration increased. At higher Ni 

concentration such as 8 at% and 10 at%, the end points of nanorods seem to connect with each 

other, probably due to segregation of nickel-related secondary phase and/or relatively fast growth 

rate of nickel ions [17]. Most transition metal ions are known to stay preferably in aqueous  
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Figure 8.1 SEM pictures of nickel doped ZnO nanorods depending on nickel concentrations (a) 

pure, (b) 2%, (c) 4%, (d) 6%, (e) 8%, (f)10% 
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solutions as stable complexes, not to incorporate into the zinc site [18] and the formation of 

secondary phases related to transition metal ions or variation can result in the change of 

morphology [19-20].  

In the ZnO quantum dots synthesis by doping nickel ions, electronic absorption spectra 

study showed that Ni
2+

 could suppress the nucleation and growth of ZnO, resulting in spatial 

distribution of Ni dopants [21]. Although slight modification in the shape of the rod tip was 

observed with Ni doping, overall anisotropic growth of ZnO was maintained. The doped 

concentration was measured by EDS as shown in figure 8.2 of 6 at% Ni-doped ZnO. The table 

inserted in the figure shows the relationship between Ni concentration in the solution and 

nanorods. Nickel ions in the precursor solution seem to be well incorporated into ZnO nanorods. 

Peaks representing nickel ions at 0.855keV, 7.475keV and 8.21keV were increased as the Ni 

concentration increases.  

 
 

Figure 8.2 EDS spectrum of 6 at% nickel doped ZnO nanorods. Insert table summarizes doped 

concentration of nickel in ZnO nanorods according to molar concentration of nickel salt  

 

The effect of the Ni dopants on the structural change was characterized by XRD. Figure 

8.3 shows peaks corresponding to the (100) plane, (101) plane, and (102) plane of ZnO nanorods 
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at around 31.5°, 36.1°, and 47.5°. But the relative intensity of those peaks was much lower than 

that of the peak representing (002) plane at 34.3° irrespective of Ni doping concentration. The 

result means that preferred c-axis growth of ZnO nanorods was maintained even at higher 

concentration of Ni dopant. When observing peak position, a slight shift in 2 theta angles to a 

higher angle region can indicate substitutional doping of Ni ions into the Zn sites due to a similar 

ionic radius (0.55nm) of Ni ion with that of Zn ion (0.6nm) [22-24]. However, the excessive Ni 

doping such as 8 at% and 10 at% resulted in the formation of a secondary NiO phase.  
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Figure 8.3 XRD graphs of ZnO nanorods containing varying concentrations of nickel from 0 at% 

to 10 at% 
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Raman spectroscopy was also used to analyze the secondary phases as shown in figure 

8.4. Two modes, A1 (Transverse Optical) and E1 (Longitudinal Optical), were used to study 

changes in Ni-doped ZnO nanorods. ZnO single crystal grown to c-axis direction was used for 

calibration, and 437cm
-1

 for E1 mode and 583cm
-1

for A1 mode were measured. For ZnO 

nanorods, E1 mode was observed in the range of 426~432 cm
-1

. The frequency for A1 mode 

varied from 574 to 567 cm
-1

 with slightly increasing Ni concentration. A more obvious shift in 

frequency was observed for A1 mode, especially from 6 at%-doped ZnO nanorods. The results 

can be explained by the presence of dopants in Zn lattices [25].  
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Figure 8.4 Raman spectroscopy results of ZnO nanorods depending on nickel concentrations 
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It is thought that the incorporation of smaller nickel ions into zinc ions can distort ZnO 

lattices and induce tensile stress [26]. At the highest doping concentration of 10 at%, peak 

intensity became significantly increased and the peak was broaden around at 567~569 cm
-1

, 

which might be attributed to the overlap from the secondary NiO phase.  

Gas sensing properties of doped ZnO nanorods were characterized using acetone gas. 

Normalized room temperature resistance profiles of pure ZnO nanorods and 6% Ni-doped ZnO 

nanorods under UV illumination, and pure ZnO nanorods without UV illumination was shown in 

figure 8.5. Initial resistance was quite different depending on the samples and UV illumination.  
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Figure 8.5 Comparisons of resistance profiles of ZnO nanorods sensors between nickel doped 

ZnO nanorods, pure ZnO nanorods under UV illumination, and pure ZnO nanorods under dark 

atmosphere  
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Resistance of Ni-doped ZnO nanorods under UV illumination shows around 9kΩ whose 

value is quite lower than that of the sample without UV illumination. Lowered initial resistance 

can result from the prolific amount of photo-induced charge carriers under UV illumination and 

the reduction of the energy barrier of ZnO by nickel ion [27-28]. Upon exposure of 100ppm of 

acetone gas to Ni-doped ZnO nanorods, the resistance of the device increased up to around  5kΩ. 

The sensitivity (S=Rg/Ra), defined by resistance of air (Ra) over resistance of acetone (Rg), was 

roughly 1.61 for 6 at% Ni-doped ZnO nanorods and 1.34 for pure ZnO nanorods.  Compared 

with reported UV activated chemical sensors, sensitivity enhanced by nickel doping was 

determined to be comparable to sensitivity improvement using 254nm UV light [7] and 

nanostructure modulation [11]. 
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Figure 8.6 Acetone sensitivity comparisons under UV light according to nickel doping 

concentration 
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Neither doped nor undoped ZnO nanorods showed clear response without UV 

illumination at room temperature. The acetone gas sensitivity of ZnO nanorods as a function of 

nickel concentration was determined as shown in figure 8.6. The sensitivity to acetone increased 

continuously up to 6 at% Ni-doped ZnO, but the samples with the excess Ni concentrations such 

as 8 and 10 at% deteriorated with worse sensitivity. Such deteriorated sensitivity at higher Ni 

concentration would occur due to a secondary phase, p-type NiO that has an interference with n-

type ZnO from the gas reactions. A slight increase of the surface area with nickel concentration 

is thought to influence the sensitivity in doped ZnO nanorods. However, highly doped ZnO 

nanorods deteriorated sensitivity although the surface area was increased. This result indicates 

that the dominant factor for sensitivity enhancement of nickel-doped ZnO nanorods is mainly 

due to the interaction between nickel ions and UV induced photons. 

It is well known that the reaction between chemisorbed oxygen molecules and gas 

molecules is primary gas sensing mechanism by metal oxides. When UV is illuminated to the 

metal oxide, the reaction between photo-induced oxygen ions and gas molecules can be 

additionally involved by UV energy, which is larger than the band gap energy of ZnO. Charge 

carrier transfer between photo-induced oxygen and gas molecules is easily promoted even at 

room temperature due to its relatively weak bonding [29]. However, the enhancement 

mechanism of UV activation on gas sensing properties by doped transition metals, however, has 

not yet been reported. We suggest an acetone gas sensing mechanism under UV illumination of 

Ni-doped ZnO nanorods based on the modification of existing gas sensing mechanisms [7, 11]. 

First, electron hole pairs are created by UV illumination and photo-induced holes interact with 

chemisorbed oxygen ions on ZnO nanorods (reaction 1) and resulting in desorbed oxygen 

(reaction 2): 
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  ehhv …………………..……………......... (1)                                                             

                )()( 22 gasOdchemisorbeOh  

……….………….....……….. (2) 

A charge transfer transition of Ni ion by UV illumination leads to additional holes (reaction 3), 

and the holes react with chemisorbed oxygen ions to desorb oxygen (reaction 4) as the following 

scheme: 

  
  hNihvNi2

…….…….……………...……….. (3)                                                                                                   

)()( 22 gasOdchemisorbeOh  

 …………………...………......... (4) 

Meanwhile, photo-induced electrons [ )(hve ] by UV react with the ambient oxygen molecules, 

creating photo-induced oxygen ions (reaction 5). While the chemisorbed oxygen ions are 

strongly bound to the ZnO surface, the photo-induced oxygen ion [ )(2 hvO
] are weakly attached 

to the ZnO surface:  

     )()( 22 hvOhveO   …………………………………..... (5) 

Photo-induced oxygen ions interact with acetone gas (reaction 6) and carbon monoxide that is 

also the resultant of acetone gas reactions (reaction 7 & 8) [30]. The reactions release free 

electrons on the ZnO surface: 
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  eOCHCOCHhvOCOCHCH 33233 )(
……………….……… (6)                                                          

COCHCOCH  

33 …………………………………. (7)                                                                   

  eCOhvOCO 22 )( …...……………………...……..... (8) 

The photo-induced free electrons released from the surface of ZnO nanorods due to the above 

reactions result in the resistance increase of ZnO nanorods, i.e. an improved sensitivity. 

Schematic drawing of sensing mechanism mentioned above is shown in figure 8.7. 

  

 
Figure 8.7 Schematic drawing of suggested mechanism of gas sensing of nickel doped ZnO 

nanorods under UV light illumination 
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8.4 Summary and Conclusions 

In conclusion, doped Ni in ZnO nanorods shows improved room temperature gas sensing 

through the UV illumination. The formation of a secondary NiO phase at higher Ni concentration 

deteriorates the gas sensitivity by reducing UV activation. The suggested mechanism can explain 

the promoted sensitivity based on the involvement of weakly bound photo-induced oxygen ions 

upon the exposure of acetone gas. It is our expectation that transition metal doped nanostructured 

ZnO can be a potential pathway to achieving room temperature gas sensing with better sensing 

performance.  
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CHAPTER 9 CONCLUSION AND FUTURE WORK 

 

9.1 Conclusion of Dissertation 

Nanostructured ZnO and SnOx have been synthesize and deposited by various 

technologies such as rf/dc sputtering, thermolysis assisted chemical solution method, and 

electrodeposition. The modulation of structure, composition, and phase was a primary goal to 

investigate those effects under high temperature and UV illumination at room temperature on the 

gas sensing properties of ZnO and SnOx based VOC sensors. In this study, improvement of the 

specific surface area through the nanostructure synthesis was carried out to investigate the effect 

on the resistance change for higher sensitivity. UV energy was employed to activate metal oxide 

based sensor at room temperature. Transition metal doping was attempted to enhance the room 

temperature gas sensing properties under UV illumination. For higher selectivity, the approach 

by combinatory phase of SnOx was attempted to discriminate the sensing properties of gas 

species among gas mixtures of acetone, ethanol, and ethylene. 

For the first time, ethylene sensing behavior of rf sputtered SnO2 thin film sensor was 

studied in terms of post annealing temperature and argon-to-oxygen ratio. Four different argon-

to-oxygen ratios ranged from 27:2.7, 23:7, 20:10, and 15:15 to have total 30 sccm of gas in 

plasma generation. Depending on different amount of oxygen, deposition rate of sputtering was 

varied. Therefore, thicknesses of films were controlled to have in similar range. SnO2 thin films 

deposited under high oxygen concentrations such as 15:15 and 20:10 showed improved 

crystalline phase of (110) orientation. The shortest distance between Sn atoms are thought to
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attribute somewhat higher sensitivity for ethylene detection. Thin film sensors, however, post 

annealed at 650 °C showed 30% enhanced sensitivities than as-deposited thin film sensors 

regardless of argon-to-oxygen ratios. It means that post annealing is more influencing to film 

property than argon-to-oxygen ratio on ethylene detection. Ethylene gas sensing mechanism was 

proposed based on the experimental results. Ethylene reacts with chemisorbed oxygen ion on the 

SnO2 surface. Then, ethylene oxide is produced by releasing free electrons and released free 

electrons are supplied to the metal oxide surface, which induces the resistance decrease. After the 

gas is off, no more free electrons are provided and resistance of SnO2 is back to initial resistance. 

Combinatory phase of SnOx thin film sensors were developed to investigate the influence 

of crystalline phase of tin compound on the improved gas sensing property in gas mixtures. 

Three different gases, such as acetone, ethanol, and ethylene were utilized. To deposit 

combinatory phase of tin compound, rf/dc co-sputtering using metallic tin target and ceramic 

SnO2 target was employed. Following post annealing were carried out at different temperatures 

ranging from 300 °C to 650 °C. Depending on temperature, obvious crystalline phase difference 

was observed along the substrate according to the distance from dc and rf cathode. Stable tin 

monoxide (SnO) was achieved on the dc sputtered SnOx thin film post annealed at 450 °C and tin 

dioxide (SnO2) was observed from 450 °C and stabilized both on rf sputtered SnOx thin film post 

annealed at 650 °C. To fabricate the SnOx sensors with combinatory tin compound phases, 

cosputtered SnOx thin film were post annealed at 450 °C.  In XRD and EDS study, obvious 

transition in crystalline phase from SnO to SnO2 was observed along the substrate. Dominant 

phase of SnO was observed around the films deposited by dc sputtering. SnO2 phase was mostly 

observed at the films deposited by rf sputtering. Center region of films was found to have mixed 

SnO, SnO2, and Sn2O3 phases. SnOx thin film sensors with combinatory phase were tested to 
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investigate the gas sensing property. Obvious noticeable difference in gas sensing property in 

terms of direction of reaction were observed for SnOx thin films according to dominant 

crystalline phase such as SnO, SnO2 and mixed phases. It was attributed that SnO and SnO2 have 

intrinsic p-type and n-type semiconducting properties, respectively. In addition to, somewhat 

difference in sensitivity among three VOC gases were observed. It was thought that difference in 

band gap energy and charge carrier mobility between SnO and SnO2 induced sensitivity 

difference corresponding to dipole moment and molecular weight of gases.   

For the highly sensitive flexible VOC sensor development, ZnO ethanol nanorods sensors 

were fabricated on polyimide film. To grown vertically aligned ZnO nanorods for the improved 

sensitivity, ZnO thin film was sputtered to a seed layer. ZnO nanorods was grown on seed layer 

by the thermolysis assisted chemical solution method at low temperature; 85 °C.  Ethanol 

sensing was successfully monitored by ZnO nanorods flexible sensor at 300 °C. Working 

temperature, however, was still high for flexible device operation. It was thought that other 

energy sources replaceable thermal energy need to be considered for flexible VOS sensor 

working at room temperature.  

To activate metal oxide based sensor, UV-LED was employed due to its low power 

consumption and suitability to be embedded in flexible device. By following same procedure 

performed to fabricate ZnO nanorods sensor on flexible substrate, sensing property of ZnO 

nanorods sensor under UV illumination was studied by using acetone gas. To study the 

improvement in sensing properties by nanorods, both ZnO thin film sensors and ZnO nanorods 

sensors were tested and compared in terms of sensitivity and response time. Noticeably, ZnO 

nanorods showed improved sensing property than ZnO thin films sensor under UV illumination. 

Sensitivity for 100ppm acetone, however, was still poor that thermally activated ZnO nanorods 
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sensors. Transition metal doping was considered to improve the sensing property of ZnO 

nanorods sensors. It was reported that transition metal ions can be substitutionally doped into 

ZnO nanorods and modulate the photocatalytic property as well as electrical property. 

Nonetheless, it was quite hard to control doping ions during the nanorods synthesis in aqueous 

solution due to a nature of transition metal ions to stay in solutions as forming aquo complex.  

To overcome the technical challenge, electrodeposition was applied to efficiently dope 

transition metal ions into ZnO nanorods. Three transition metal ions such as nickel, cobalt, and 

copper were tried to dope into ZnO nanorods but, nickel ions revealed the optimum results 

without much changing in nanostructure. It was due to the similar ionic radius of zinc and nickel 

ions. Doping concentration of nickel varied from 0 at% to 10 at% and characterized by SEM, 

XRD, EDS, and Raman spectroscopy. For highly doped ZnO nanorods such as 8 and 10 at% 

revealed somewhat modified nanorods and were observed to have secondary phase; nickel oxide. 

In study of gas sensing properties under UV illumination, it was found that 6 at% nickel doped 

ZnO nanorods showed the best sensing property because highly doped ZnO nanorods sensors 

were deteriorated by NiO phase having p-type semiconducting property. Based on these 

experimental results, acetone sensing mechanism under UV illumination and role of nickel 

doping to enhance the room temperature gas sensing properties were suggested. Photo-induced 

holes by UV light made weakly-bound oxygen ions on metal oxide. This oxygen mainly 

participates in gas reactions with acetone molecules relatively easily at room temperature. Doped 

nickel ions contributed by releasing additional holes from the UV activation and subsequently 

induced additional photo—induced oxygen which can reacts with more acetone molecules.            
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9.2 Future Work 

Thus far, nanostructured metal oxides have been researched to improve the sensitivity. In 

terms of the specific surface area, hierarchical nanostructure should be applied to VOC sensor 

device.  By utilizing preferred nucleation and growth mechanism, hierarchical nanostructure can 

be achieved. Compared with simple two dimensional nanostructure, hierarchical nanostructure 

provide the more specific surface area in same volume. In terms of selectivity, combination of 

crystalline phase as well as material will be one approach to detect specific gas molecule from 

gas mixtures. Furthermore, it would be interesting to construct nanostructured p-n junction 

device to maximize both surface to volume ratio and energy barrier for the gas reactions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 


