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Sammanfattning 
Abstract 

Semiconductor-based gas sensors have been used for a wide range of applications over the last few decades. 
In this thesis, sensing properties of pure ZnO and Ga doped ZnO are investigated. There are three types of 
tested gas species, H2, O2 and NO, and three test temperatures, 300oC, 400oC and 500oC. After 
measurements of response to exposure to H2 and O2, it is concluded that Ga doped ZnO and ZnO are both 
n-type metal oxides.  
 
In measurements of NO, two test conditions were considered, the case with background O2 (10%) in the gas 
flow and the case without background O2. NO can be oxidized to NO2 or reduced to N2 and O2. The 
resistance of Ga doped ZnO and ZnO sensors always decreases for all exposures to NO except for the case 
in which the Ga doped ZnO sensor was exposed to NO in a background of O2 at 500 oC. In this special case, 
the resistance of Ga doped ZnO actually increases during exposure to low concentrations of NO (< 30 
ppm). It is not clear whether the change in response direction is due to an n-p transition or different 
reactions between gas molecules and Ga doped ZnO. Work function measurements were therefore 
conducted to understand more about the electron transfer during gas exposure. The work function 
measurements suggest that there are probably several stages of interactions between gas molecules and Ga 
doped ZnO during each gas pulse exposure.  
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Abstract 

 Semiconductor-based gas sensors have been used for a wide range of 

applications over the last few decades. In this thesis, sensing properties of pure ZnO 

and Ga doped ZnO are investigated. There are three types of tested gas species, H2, O2 

and NO, and three test temperatures, 300oC, 400oC and 500oC. After measurements of 

response to exposure to H2 and O2, it is concluded that Ga doped ZnO and ZnO are 

both n-type metal oxides.  

In measurements of NO, two test conditions were considered, the case with 

background O2 (10%) in the gas flow and the case without background O2. NO can be 

oxidized to NO2 or reduced to N2 and O2. The resistance of Ga doped ZnO and ZnO 

sensors always decreases for all exposures to NO except for the case in which the Ga 

doped ZnO sensor was exposed to NO in a background of O2 at 500 oC. In this special 

case, the resistance of Ga doped ZnO actually increases during exposure to low 

concentrations of NO (< 30 ppm). It is not clear whether the change in response 

direction is due to an n-p transition or different reactions between gas molecules and 

Ga doped ZnO. Work function measurements were therefore conducted to understand 

more about the electron transfer during gas exposure. The work function 

measurements suggest that there are probably several stages of interactions between 

gas molecules and Ga doped ZnO during each gas pulse exposure.  
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1. Introduction 

With more strict regulations of car emission around the world, interest in gas 

sensors used in car engines have rapidly grown over the last several years. Car 

exhaust consists of many kinds of gas species. One of them is NOx, mostly NO and 

NO2. NOx sensors have been commercialized for years. However, there are plenty of 

challenges, such as mechanical stability and sensor accuracy, in the development of 

NOx sensors [1]. Markets are still in need of better NOx sensors today. 

One of the initiatives of manufacture of NOx sensors in our group was to monitor 

and eventually control the concentration of NOx in diesel engine exhaust systems or in 

the flue gases of small and medium sized power plants [2]. In order to do so, the 

understanding of the properties of the sensing material, ZnO in this case, in NOx 

sensors is needed. In this thesis, therefore, the gas sensing properties of pure ZnO and 

Ga doped ZnO were both studied as sensing materials. In addition, the reason for the 

choice of ZnO as the sensing material of sensors will be discussed in 2.2.3. 

This thesis is a continuation of the work of one of my supervisors. R. Pearce et al, 

who observed that the response of sensors based on Ga doped ZnO NPs towards NO 

decreases with increasing concentration at 500oC [3]. It is not known if the decreasing 

response is due to an n-p transition (for the definition of the term, n-p transition, see 

2.1.2) or different reactions between gas molecules and Ga doped ZnO. The aim of 

this thesis is to further investigate this anomaly. 
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2. Background 

2.1 Semiconductor gas sensors 

2.1.1 General introduction 

In 1953, W. H. Brattain and J. Bardeen demonstrated that the electrical resistance 

of Ge is sensitive to impurities in its bulk or on the surface [4]. Later, around 1960, 

interactions between semiconductor metal oxides (e.g. ZnO, SnO2, etc.) and gas 

molecules were also found [5]. Since then, semiconductor metal oxides were 

considered as a suitable candidate for gas sensing. As semiconductor metal oxides 

received more and more attention, people saw the possibility of commercialization. In 

1968, Taguchi introduced semiconductor based gas sensors to markets and founded 

the first company, Figaro Engineering Inc., specializing in mass production of 

semiconductor based gas sensors, which is still one of leaders in gas sensor 

manufacturers today [6]. Since then, semiconductor gas sensors (SGSs) have become 

ubiquitous in our daily lives. SGSs have been of huge interest from industrial as well 

as academic perspectives during the last few decades due to many advantages over 

other kinds of sensors such as low cost and versatility [7]. SGSs are extensively used 

nowadays, from high temperature applications such as gas exhaust monitoring [8, 9] 

to low temperature uses like semiconductor temperature sensors [10], from food 

industries, e.g. vinegar acid detection [11] or quality control of meat freshness [12], to 

medical diagnostics like acetone detection for diabetes [13]. There are more 

applications summarized in references [7, 14]. 

Today, there is no doubt that SGSs are one of the most important types of sensors. 

Driven by continuous growth in the global market over the last few decades, more and 

more efforts have been made to improve the performance of SGSs. In order to 

understand functions of this new rising star in the sensor field, sensor functions will 

be discussed in the next section and an introduction of the structure of SGSs based on 

resistance change is presented below, 

SGSs based on resistance change essentially consist of four elements [15, 16] (see 

Fig. 2.1): 

 Sensing layer 

 Substrate 

 Electrodes 

 Heater 

For the sensors discussed here, the sensing layer is deposited on a substrate in 

which there are electrodes. Then, the substrate is glued on a heater. Finally, the heater 

is soldered to a header. In addition to these four fundamental elements, a Pt 100 

resistance thermometer is also commonly used to precisely monitor the temperature of 
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the heater during measurements. The key to gas sensing lies in the sensing layer. 

Traditionally, semiconductors are categorized into n-type and p-type based on the 

majority charge carrier in the material. Reducing gases donate electrons. p-type metal 

oxides have an increasing resistance during exposure to reducing gases. Holes are the 

majority carriers in p-type semiconductors, so the resistance increases when reducing 

gases give their electrons to the sensing layer. On the other hand, n-type 

semiconductors have the opposite response; they have a decreasing resistance in the 

presence of reducing gases because the majority carriers are electrons.  

 

 
Fig. 2.1 A top view of a sensor. (a) the heater, (b) the substrate in which there are two 

electrodes, (c) Pt 100 resistance thermometer, (d) the header, (e) bond pads. The NPs 

as the sensing material are spread on the substrate. (adapted from J. Eriksson et al. 

[17]). 

 

2.1.2 Operating principles 

By definition, a sensor is a device that responds with an electrical signal 

according to received stimuli [18]. To see the essential functions of sensors, one can 

view them as electronic organs (see Fig. 2.2). 
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Fig. 2.2 An analog of sensors to living organisms (adapted from P. Gründler [19]). 

 

In the case of SGSs, the stimuli are test gases, called analytes in the field, and the 

electric signal is often derived from the resistance of the metal oxides. The functions 

of the sensing layer are illustrated in Fig. 2.3.  

 

 
Fig. 2.3 An illustration of surface reactions, sensing layer microstructure and structure 

of SGSs based on resistance change. a) the surface where gas molecules are adsorbed, 

working as a receptor, b) the microstructure of metal oxides which transfers the input 

signal (gas adsorption) into the output signal (resistance of the sensing layer), c) the 

element, or the substrate as it is called through out this thesis, providing needed 

electronics which are basically electrodes to detect resistance of the sensing layer 

(adapted from M. E. Frank et al. [14] and N. Yamazoe et al. [20]). 
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The functions of the sensing layer seem not to be very difficult. But how can one 

realize that practically? In the case of SGSs based on resistance change, the basic idea 

goes as follows: Metal oxides, the sensing layer, are deposited on the top of the 

substrate as an electrical bridge connecting two electrodes (see Fig. 2.4). Electric 

current is then applied across two electrodes for acquisition of resistance of the 

sensing layer. Electric current flows from one electrode to the other via the metal 

oxide layer. When gases are introduced to sensors, two types of reversible interactions 

between gas molecules and metal oxides are most likely to happen on the surface of 

metal oxides [21]: 

 

 Physisorption: There is no charge transfer happening and it leads to formation of a 

dipole adsorbed layer on the surface of metal oxides. It is defined as there is only 

the Van der Waals force between the absorbents and the surface of the sensing 

layer, i.e. there are only electrostatic interactions. This is for sure a reversible 

process. The sensor response acquired by this kind of interaction is usually small 

because the Van der Waals force is a weak force.  

 Chemisorption: There is charge transfer involved, surface states are completely 

filled. It is defined as there are real bonds, such as covalent bonds, involved 

between the adsorbents and the surface of the sensing layer. It normally takes a 

higher temperature to break these bonds and therefore, it usually gives a larger 

sensor response with a longer recovery time than physisorption. When there are 

catalytic materials on the surface, adsorption often involves a chemical reaction 

which may occur in several steps. The products of a chemical reaction may either 

end up with being physisorbed or chemisorbed on the surface of the sensing layer 

or just leaving the surface. In both cases, charged intermediate products of the 

chemical reactions can be detected by sensors, resulting in a sensor response. 

 

 The main difference between these two processes is that chemisorption creates 

band bending at the surface while physisorption only uniformly shifts the whole 

energy band by a constant amount (see Fig. 2.5). Consequently, a potential barrier 

forms at the surface by chemisorption but not by physisorption. In addition, if the 

band is bent over the intrinsic Fermi level in the bulk, then an inversion layer is 

created at the surface which can serve as a channel for free charge carriers. This is an 

n-p transition, a shift in the majority charge carriers, from electrons to holes (n to p 

transition) or vice versa (For the definition of n-type and p-type metal oxides, see 

2.1.1). In Fig. 2.5, it can also be seen that surface states in chemisorption offer energy 

states within the band gap which are not allowed in the bulk. These surface states 

either capture electrons from the conduction band until they are all filled or cause the 
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Fermi level pinning [21]. As chemisorption is a reversible process, the captured 

charge carriers are released after gas desorption. From the discussion above, it can be 

seen that the strength of the reaction between metal oxides and gas molecules depends 

on the availability of free charge carriers, the amount of test gas in the atmosphere and 

the energy barrier at the surface needed to be overcome for electrons to be taken by 

adsorbed gas molecules [21].  

 

 
Fig. 2.4 A structural cross-section and an energy profile of the sensing layer which can 

be thin films or nano-structures. Gas molecules are chemisorbed on the surface of 

grains of metal oxides, which changes heights of potential barriers at grain boundaries 

(adapted from S. Capone et al. [22]). 
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Fig. 2.5 The band structure of n-type metal oxides before and after gas exposure. The 

direction, x, points from the surface to the bulk of metal oxides. The index “ss” refers 

to surface states and “DL” means dipole layer. (a) a flat band before gas exposure, (b) 

chemisorption creating a depletion region and band bending at the surface, (c) 

physisorption uniformly shifting the whole band structure by a constant value, (d) the 

influence of chemisorption and physisorption on the band structure. EC: the 

conduction band, ED: the shallow donor level, EF: the Fermi level, EV: the valence 

band, EVAC: the vacuum level, Eg: the band gap, ES: the surface states, -eVS: the band 

bending due to chemisorption, χ: the electron affinity, Φ: the work function (for 

definition, see 2.3) (adapted from A. Oprea et al. [21]). 

 

The thickness of the depletion layer is often characterized by the Debye length 

(see Fig. 2.6). It is possible that the charge depletion layer takes over a whole grain 

when the sizes of grains are small [23]. The case in which the sizes of grains are 

larger than the thickness of the charge depletion layer is shown Figure 2.6. 

Furthermore, the Schottky barrier, another type of potential barrier found at 

metal-semiconductor interfaces, is also worthy of notice. The height of the Schottky 

barrier depends on the work function (see 2.3 for the definition of work function) 

difference between the semiconductor and the metal, i.e. the sensing layer and the 

electrodes [24, 25]. The Schottky barrier in SGSs based on resistance change can 

ultimately be influenced by the surrounding gas species because gas adsorption can 

change the work function of the sensing layer. 

For SGSs based on resistance change, the operation is based on the dependence 

of the resistance on gas adsorption. A set of parameters is designated to characterize 

these changes in resistance. For details, see 2.1.3. 
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Fig. 2.6 An illustration of the surface energy of a porous film or nanoparticles of 

metal oxides in the case of large grains where λD < Xg. λD: the Debye length, Xg: the 

grain size, X0: the width of the charge depletion layer, qVs: the potential barrier 

between each grain (adapted from N. Barsan et al. [25]). 

 

2.1.3 Important parameters 

Generally speaking, regardless of the type of sensor, a good sensor from the 

industrial point of view should have at least the following features: 

 Cheap 

 Small 

 Long life expectancy 

 Short response and recovery time 

 Compatible with mass-production 

On the other hand, unlike industry which is more interested in price and stability, 

those from the academic sector more focus on performance. Therefore, in order to 

characterize functions of gas sensors, a group of parameters is utilized. Amongst them, 

the most commonly used ones are listed below [15, 19], 

 

 Steady state is a state of a sensor in which its response curve shows a straight 
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 Response time is the time sensors take to fully respond to gases. It is often 

defined as the time needed for sensors to reach 90% (T90) or 80% (T80) of a full 

response. 

 Recovery time is the time sensors take to return to the base line of the signal. 

Similarly, it is usually defined as the time required for sensors to go back to 10% 

(T90) or 20% (T80) of a full recovery.  

 Sensitivity (S) describes how the output signal varies with the input signal. In our 

case, it is a change in resistance per unit concentration of a test gas (analyte). In 

other words, sensitivity is the slope in a graph plotting the resistance on the 

y-axis versus the concentration of an analyte on the x-axis. It is usually defined 

as [14], 

S = dy/dx  (2.1). 

 Selectivity (Q) is a characteristic that describes the correlation between 

sensitivity Sgas1 of a test gas and sensitivity Sgas2 of another analyte. A high 

selectivity to a certain gas means the sensor responds mostly to this type of gas 

even in the presence of other gases. It is given by [14], 

Q(%) = 100 × Sgas1/ Sgas2   (2.2). 

 Repeatability (or Reversibility) is the ability of acquisition of the same result 

from the same measurement no matter how many times this measurement has 

been carried out previously. To some extent, it describes whether or not the 

sensing layer of sensors recovers from gas adsorption after each measurement.  

 Stability is the ability of constantly delivering reproducible results within the 

lifetime of sensors. During this period of time, sensors with high stability are 

well-functional. They have good sensitivity, selectivity and repeatability, etc. 

 

In the field of sensor technology, the 3S is a term used to refer to sensitivity, 

selectivity and stability. There is a trade-off between these parameters. For example, 

high sensitivity and selectivity are achieved by strong interactions between analytes 

and sensing materials. Meanwhile, high repeatability and short response/recovery 

time are ensured by weak interactions [21]. Therefore, designs of sensors always 

depend on their applications. It is practically as well as theoretically impossible to 

manufacture a perfect sensor which can work in all kinds of environment. Recently, 

the 4th S, suitability, is also discussed. Suitability says that, besides application needs, 

designs of sensors also need to take into account the cost/price restriction of the 

machines utilizing the sensors [16]. 
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2.2 Zinc Oxide nanoparticles 

 ZnO, as the sensing material in this work, will be the focus in this section. In 

2.2.1, some major applications and structural characteristics of ZnO will be mentioned. 

Then, in 2.2.2, the ZnO NP synthesis method will be described. Finally, in 2.2.3, 

properties of ZnO that set it apart from other semiconductors when it comes to 

applications in the sensor industry will be discussed. 

2.2.1 Structure 

 Wurtzite Zinc Oxide (ZnO) is a wide bandgap (direct, 3.44 eV at the Γ-point [26]) 

Ⅱ-Ⅵ semiconductor (see Fig. 2.7). ZnO has emerged as a multifunctional material in a 

variety of fields. Due to its unique properties and versatility, ZnO has been intensively 

studied. ZnO is actually an old material, to some extent, in electronics and optics. It 

has been used in optical coatings, varistor (variable resistor) and SAW (surface 

acoustic wave) devices for many decades. Recently, however, with demands from the 

display industry and increased interest in spintronics devices, this old material has 

opened a whole new page on its applications. For example, there are speculations that 

ZnO could be the material for transparent TFTs (Thin Film Transistors) in backplanes 

in the next generation displays [27]. With this momentum, ZnO remains a hot material 

for scientific research. 

 

 

Fig. 2.7 (a) the wurtzite structure of ZnO with lattice constants, a = 0.325 nm and c = 

0.521 nm, (b) the calculated band structure of ZnO using the Heyd–Scuseria– 

Ernzerhof (HSE) screened Coulomb hybrid density functional theory with a direct 

bandgap of 3.44 eV at the Γ-point. The energy of the valence band maximum was set 

to zero (adapted from A. Janotti et al. [28]). 

 

ZnO is intrinsically an n-type semiconductor. It is generally believed that the 

n-type conductivity is due to native defects in ZnO, though the exact reason for this is 

still a matter of debate. Previously, the O vacancy and the Zn interstitial were 
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commonly considered to be the cause of the n-type conductivity in experimental and 

theoretical studies [29-31]. However, further studies show that the O vacancy under 

the stable configuration is a deep donor with a low formation energy which cannot 

efficiently generate free charge carriers [32, 33] and the Zn interstitial with a high 

formation energy is a shallow donor which is unlikely to be seen in n-type ZnO under 

thermal equilibrium [33, 34]. Therefore, the n-type conductivity should be due to 

other defects. In the topical review, O. Fumiyasu et al. [33] have summarized from 

previous works based on first-principles calculations that the sources of the n-type 

conductivity of ZnO may be: 

 A metastable shallow donor state of the O vacancy  

 Zn interstitial stabilized in a high concentration of the O vacancy  

 Residual impurities like H with multiple configurations  

There are more detailed discussions about native defects of ZnO in O. Fumiyasu 

et al. [33] and A. Janotti et al. [28]. 

Native defects are a crucial issue when one wants to understand ZnO because the 

properties of ZnO are determined by those defects. These native defects are originated 

from the method by which ZnO is synthesized. A good method for synthesis of a 

material, in general, should be able to control the physical structure and ultimately 

allow manipulation of the chemical properties. Lots of efforts have been made in the 

quest for the best method for ZnO synthesis. There are several forms of ZnO, such as 

bulk and thin film. In this section, only the synthesis of ZnO NPs is discussed because 

ZnO NPs were used as the sensing layer in this work. There are several methods for 

ZnO NP synthesis such as Electrochemical Deposition under Oxidizing Conditions 

(EDOC), combustion method and wet chemical method [35]. Details of current 

methods for ZnO NP synthesis will not be discussed because the major focus of this 

section is the material, ZnO. EDOC, however, was the method used to synthesize the 

NPs used in the work and will, as such, be discussed in detail. 

2.2.2 Synthesis - Electrochemical Deposition under Oxidizing Conditions 

 In EDOC, there is an electrolytic reaction cell in which the synthesis of NPs is 

achieved (see Fig. 2.8). In the cell, a sheet of metal (e.g. Zn in the case of synthesis of 

ZnO NPs) used as sacrificial anode and a sheet of stainless steel serving as cathode 

are both immersed in an electrolyte (see Fig. 2.8). The electrolytic solution is usually 

made of a stabilizer (or capping agent) and a conducting salt in 2-propanol. During 

the synthesis, air is introduced by a tube to the solution while it is stirred by e.g. a 

magnetic stirrer or ultrasonic-waves. Then, after about 30 minutes, the oxide 

formation can be seen in the solution.  

 The idea is that the metal first gets oxidized at anode and becomes metal ions. 

The metal ions are then reduced at the cathode and form metal clusters. These metal 
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clusters will be oxidized by oxygen from the introduced air and become metal oxides 

eventually. The size of metal oxides can be controlled by the use of the capping agent. 

The capping agent can be, for example, quarternary ammonia salts like TBAB 

(tetrabutylamonium bromide), betains or ethoxylated fatty alcohols [36]. 

 The advantages of EDOC are the low costs of materials (metal or metal salts) 

and that it can be upscaled to be commercialized [36]. Moreover, the properties of 

synthesized NPs (the size of particles, surface chemistry and Crystallinity, etc.) can be 

tuned by inserting different process parameters (Voltage, Current density, Temperature 

or Partial pressure of oxygen, etc.) [36]. 

 

 

Fig. 2.8 An illustration of reactions in EDOC. The synthesis of NPs is done in an 

electrolytic reaction cell which is indicated by a rectangular black-line boundary. 

(adapted from A. Dierstein et al. [36]). 

 

2.2.3 Properties 

The properties of ZnO highly depend on the method of synthesis. As the sensing 

material is the key to functions of sensors, the choices of the material and the 
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synthesis method are absolutely vital. In the preceding section, advantages of EDOC 

were discussed. EDOC is cheap and gives us a possibility to tune the properties of the 

final material and, therefore, it was chosen as the NP synthesis method. On the other 

hand, in order to show the motivation of the choice of ZnO as the sensing layer, this 

section will briefly present relevant material properties of ZnO. 

Many applications and some structural features of ZnO were presented in 2.2.1. 

ZnO is today recognized as a versatile semiconductor, with desirable characteristics 

from the vantage point of the industry sector, making it a suitable material for a wide 

range of applications. The most important features regarding its sensor applications 

are summarized as following [28]: 

 

 Price and accessibility 

Budget is always a key issue and the first priority in business. Being a low cost 

and abundant semiconductor, ZnO has an advantage over many competitors. 

 Safety and stability 

Safety to human and environment is, of course, also a big concern. ZnO, a 

non-toxic semiconductor with a stable nature, can be labeled as a “green” 

material. 

 Wide and direct bandgap 

ZnO has a wide bandgap of 3.44 eV, which enables the gas sensors based on 

ZnO to be used at high temperatures. The gas sensors based on narrow 

bandgap materials have more noise in the signal during exposure to gases at 

high temperatures because there are more thermally excited charge carriers 

which may mix up with those charge carriers activated by gas chemisorption.  

 Sensitivity of surface resistance to the presence of surface impurities 

ZnO actually has a long history in gas sensor applications. Today, different 

nanostructures of ZnO are studied as the sensing material in gas sensors [37]. 

 

With all these fascinating properties, ZnO still keeps receiving renewed interests. 

On the other hand, as mentioned in 2.1.1, metal oxides as sensing materials can be 

grouped into two groups, n-type and p-type depending on the majority charge carriers. 

There have been observations of a decreasing response with an increasing 

concentration of NO for resistive sensors with Ga:ZnO NPs as sensing layers [3]. In 

order to elucidate the nature of this anomaly, Ga:ZnO NPs were investigated as 

sensing layers for gas sensor applications. One way to gain insights into the reactions 

occurring at the surface of the sensing layer is to study the work function of the 

material. Changes in the work function reflect the charge transfer between the metal 

oxide and tested gas molecules. If the decreasing response of the sensors based 

  20



Ga:ZnO NPs towards increasing NO concentration is due to different chemical 

reactions occurring for different concentrations, then the work function of the sensing 

material would fluctuate if the chemical reaction changes from oxidation to reduction 

or vice versa. If the change in response direction is due to an n-p transition, then the 

work function either increases or decreases monotonically during the whole exposure 

because there is only one reaction. As such, one of the topics investigated in this 

thesis is how the work function changes in the presence of different types and 

concentrations of test gases. In the following section, the introduction of work 

function and its connection with gas adsorption will be discussed. 

2.3 Work function  

 By definition, the work function (Φ) is the minimal energy required to bring a 

bound electron in a solid to a stationary state at the vacuum level at which the 

removed electron feels no electrostatic interaction [38]. In other words, the work 

function is the energy needed to bring electrons from the Fermi level to the vacuum 

level (see Fig. 2.5 and 2.11). If the Fermi level of a material changes, its work 

function will also change. This is where gas adsorption comes into play in work 

function measurements because gas adsorption can change the band structure as 

shown in 2.1.2 and ultimately affect Φ. Moreover, it is noteworthy that the lattice may 

relax when electrons are removed. This will also lead to a change in Φ [21]. In this 

thesis, however, that will not be taken into account because NPs, which do not have 

bulk properties, are used. 

 In this work, the dependence of work function on gas adsorption is used to 

investigate the anomaly presented in Introduction. During the work, a special 

apparatus, the Kelvin probe, was utilized to acquire the work function of ZnO. 

2.4 The Kelvin probe 

2.4.1 Contact potential difference 

As can be seen from the definition in 2.3, the work function is the amount of 

energy required to move an electron from the Fermi level to the vacuum level. 

According to the equation; E = qV, where E is the energy of a charged particle moving 

across an electric potential difference, V, and q is the elementary charge. In our case, 

E is Φ, and V is the potential difference between the vacuum level and the Fermi level. 

In other words, Φ can also be viewed as potential. On the other hand, the absolute 

value of the potential is not of interest in most cases. In order to have a useful physical 

meaning, a reference point for the potential needs to be set. In general, there are two 

ways to establish the reference potential [21]: 

 

 For isolated bodies, set the potential of infinity as zero. 
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 For a many-body system, set one of the bodies as the zero potential. The 

potential of the rest can be represented by the difference in potential, also 

called the contact potential difference (CPD), relative to the zero potential.  

 

As stated above, Φ can be seen as a potential and, hence, the difference between 

work functions of different materials can be expressed as CPD. This is the basic idea 

behind Kelvin probe (KP) work function measurements. If a tip of known work 

function is used as a potential reference, then it is possible to calculate Φ of the 

studied samples by simply adding CPD to the known Φ of the tip. 

Φ of the studied sample = Φ of the known tip + measured CPD (2.3). 

2.4.2 Operation 

The KP is a non-contact and non-destructive method for work function 

measurements. The method was first suggested by a Scottish scientist, William 

Thompson (also known as Lord Kelvin), around 1860.  

 

 
Fig. 2.9 An illustration of the original KP constructed by Lord Kelvin (adapted from 

W. Thompson [39]). 

 

The Kelvin method, depicted in Fig. 2.9, is an indirect technique for work 

function measurements. Instead of extracting electrons from the sample, KPs utilize a 

vibrating reference electrode suspended above the sample as the counter electrode for 

the sample working as another electrode, forming a parallel plate capacitor (see Fig. 

2.10). Generally speaking, the reference electrode is a metal while the stationary 
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electrode below is the studied material. When a metal and a semiconductor are 

brought together in electric contact, the Fermi levels will line up when the system is in 

thermal equilibrium (see Fig. 2.11) and the difference in Φ is expressed as the CPD. 

In reality, the instrument is immersed in the air which works as an insulator between 

electrodes, leading to a drop in potential (Vd). Therefore, the whole KP can be seen as 

a metal-insulator-semiconductor (MIS) system [19]. The idea for CPD detection by 

KPs is that a so-called backing potential (VB) is applied to bring the vacuum levels 

back to the same level and avoid Vd, resulting in zero current which is monitored by 

the zero detector (see Fig. 2.10). Meanwhile, in the MIS system, the potential drop, Vd, 

can be expressed as [21]: 

Vd = CPD - VB (2.4). 

 In the case of zero current, Vd = 0. Hence, CPD = VB. VB, the applied backing 

potential, is known and so is the CPD. In this manner, the acquisition of the CPD is 

completed. Then, Φ can be calculated by applying equation 2.3. 

 

 

Fig. 2.10 A functional illustration of a standard KP. The reference electrode (a grid or 

a tip) fluctuates with a harmonic frequency, ω. S(t) is the actual spacing between the 

reference electrode and the sample during operation, a is the amplitude of the 

vibration of the reference electrode and S0 is the static spacing between the reference 

electrode and the sample (adapted from A. Oprea et al. [21]). 
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Fig. 2.11 A sketch of three representative stages in CPD measurements process by 

KPs. (a) before CPD measurements, electrodes are separated. The electrodes have the 

same vacuum level. (b) being ready for CPD measurements, electrodes are in electric 

contact. The electrodes have the same Fermi level in equilibrium. The difference in Φ 

is so called CPD, ΦM – ΦS. (c) during CPD measurements, a backing potential (VB = - 

CPD) is applied to compensate the CPD, bringing the vacuum levels back to the same 

level. The upper panel shows the metal and semiconductor band structures during the 

three stages. The lower panel shows the equivalent circuits for each stage in process. 

Index M represents metals and index S stands for semiconductors. EVAC: the vacuum 

level, EF: the Fermi level, EC: the conduction band, EV: the valence band, Φ: the work 

function (modified from A. Oprea et al. [21]). 
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3. Experimental details 

3.1 Production of gas sensors 

Two kinds of sensors, sensors based on Ga:ZnO NPs and sensors based on pure 

ZnO NPs, were made in this work. They were made using the same process. In 

summary, there were five steps for preparation of the tested sensors (for the structure 

of the sensors made in this thesis, see Fig. 2.1; for the sample structure, see Fig. 3.1):  

 

 Gluing a substrate on a heater which was itself glued to a header. The glue 

used was from AREMCO PRODUCT, INC. 

 Heating the sensor in an oven to 100oC for four hours to harden the ceramic 

glue. The used oven was from HERAEUS INSTRUMENTS, INC.  

 Using a gold wire bonding machine to connect the pins on the header with 

electrodes on the substrate by gold wires (see Fig. 3.2). 

 Dispersing the EDOC produced NPs in solution and then spreading of the NP 

solution on the substrate by a pipette so that NPs would be stuck on the 

substrate as the sensing layer. The solution was made by dissolving 10 mg ± 5 

mg of NPs in 150 μl 99.5% Ethanol. In addition, the NP solution was treated 

with about 30 minutes sonication before spreading on a substrate so that NPs 

can be dissolved uniformly and form no cluster in the solution. 

 Finally, annealing of the sensor in air at 550oC so that the capping agent, 

TBAB in this case, would be removed by oxidation in air. 

 

 
Fig. 3.1 A schematic illustration of the sample structure. NPs are spread on the top of 

the substrate as an electrical bridge connecting two electrodes (also see Fig. 2.4). 

Electrodes made of gold are separated by an insulator, SiO2, because any change in 

the resistance of SGSs based on resistance change must come from the change in the 

resistance of the sensing materials (see 2.1.2). 
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Fig. 3.2 The gold wire bonding machine. 

 

3.2 Synthesis of Nanoparticles 

 As mentioned earlier, there were two kinds of sensors used in this thesis: sensors 

based on Ga:ZnO NPs and sensors based on pure ZnO NPs. The Ga:ZnO NPs used 

were from a previous study by A. Hagelin [35]. However, the pure ZnO NPs were 

made by EDOC by me in this project. The EDOC was conducted using a Zn plate as 

an anode and two stainless steel plates as a cathode. The Zn plate was in the middle 

between two stainless steel plates. Two multimeters were used for monitoring the 

voltage and current between electrodes. The electrodes were immersed in 1 L of 0.1 

M TBAB in isopropanol. The immersed area of the Zn plate was 4 cm2 while the 

stainless steel plates’ was 20 cm2. The solution was stirred by a magnet stirrer and 

bubbled by the introduced air. During the synthesis, the current density between 

electrodes deceased with time. Since the current density controls the size of the NPs, 

it should ideally remain constant throughout the synthesis. In order to have uniform 

NPs, therefore, it was held at 1 mA/cm2 by manually adjusting the applied voltage. 

For this current density, the proper applied voltage ranged from 30V to 70V.   

3.3 Gas exposure tests 

There were two types of measurements in this thesis: resistance measurements 

and work function measurements. The resistance measurements are for understanding 

of electrical properties of the sensing materials, pure ZnO and Ga:ZnO. The work 

function measurements are to understand the mechanisms behind the anomaly 

observed by R. Pearce et al. [3], i.e. why the response of sensors based on Ga:ZnO 

  26



NPs towards NO decreases with increasing concentration at 500oC. The experimental 

details of the resistance measurements and the work function measurements are 

discussed in 3.3.1 and 3.3.2, respectively.  

 The gas testing was conducted in a closed system, the so-called gas mixing 

system, where the outlet is inside the ventilation system bringing all gases outside the 

building. During the tests, the tested sensor in a sensor holder was mounted on a 

socket and then the gas flow was introduced to it by a tube connected with the sensor 

holder from gas bottles in a cabinet (see Fig. 3.3). After the gas flowed over the 

sensors, it was sucked into waste by another tube also connected to the sensor holder. 

  

 

Fig. 3.3 A look of the gas mixing system. 

 

3.3.1 Resistance measurements 

 During resistance measurements, the socket was connected to a KEITHLEY 

2601 SYSTEM SourceMeter® and a temperature controller (see Fig. 3.4). The 

sourcemeter was connected to a computer for control and data acquisition. The 

temperature controller was used for heating and monitoring the temperature of the 

sensor during measurements.  

There were two types of sensors used in resistance measurements: the sensors 

based on Ga:ZnO NPs and the sensors based on pure ZnO NPs. The sensors based on 

Ga:ZnO NPs were tested at 300oC, 400oC and 500oC. After tests, an interesting result 

(see 4.1.3.2) was found at 500oC. In order to see whether or not the sensors based on 
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pure ZnO NPs can produce the same result as found in the sensors based on Ga:ZnO 

NPs, these sensors were tested only at 500oC. 

The sensor response was tested towards three different gases: H2, O2 and NO. N2 

was used as carrier gas for all the tests. The concentration of the O2 source was 106 

ppm (100% in total) while the concentration of H2 and NO were 2500 ppm and 500 

ppm, respectively, in N2. The total concentration of each bottle containing H2 or NO 

in N2 was again 106 ppm. In addition, two test conditions were considered in NO tests: 

the case with background O2 in the gas flow and the case without background O2 in 

the gas flow. 

 

 
Fig. 3.4 A picture of KEITHLEY 2601 SYSTEM SourceMeter®. 

 

3.3.2 Work function measurements 

The Kelvin probe from KP technology Ltd. was used for acquisition of work 

function (see Fig. 3.5). There were two different tip diameters available: 2mm and 0.5 

mm. A tip with a diameter of 2 mm was decided on because it gave a more stable 

signal than the smaller tip. The stability of the KP signal depends on the smoothness 

of the surface of the tested sample. The KP can have a perfect signal without any 

noise if the surface is completely homogenous working as an ideal capacitor. In reality, 

however, no surface is totally smooth when observed microscopically. The smaller the 

tip of the KP is the more sensitive to surface roughness it will be, leading to increased 

noise. 
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KP characterization was conducted for the sensors based on Ga:ZnO NPs 

towards O2 and NO with background O2 at 500oC. O2 tests were carried out in order 

to understand the electrical properties of the Ga:ZnO NPs. Tests of NO with 

background O2 were conducted to investigate the anomaly observed in the sensors 

based on Ga:ZnO NPs during resistance measurements. The anomaly is presented in 

4.1.3.2. 

Before work function measurements, the work function of the tip was 

determined by comparison to a gold reference which has a work function of 5100 

meV [40]. Then, the tested sensor was put in a sensor holder and then mounted on a 

socket. The gas flow was not in a closed system. In order to use the KP, the sensor 

holder was specially designed. A hole was drilled in the top of the sensor holder so 

that the tip of the KP would be able to hang above the tested sensor, forming a 

capacitor (see Fig. 3.6). Most of gases would be collected by a cover which was 

connected to the ventilation system of the building to prevent risks, e.g. poisoning by 

NO (see Fig. 3.5). In this way, the work function measurements were able to be safely 

carried out. Moreover, each work function measurement was set to average for 10 

seconds. It is because the input signal of the KP used is sinusoidal, and so is the 

output signal ideally. Therefore, a time average of work function over a certain period 

of time is needed in order to have a stable output signal.  

 

 
Fig. 3.5 The Kelvin probe. 

  

  29



 

Fig. 3.6 The sensor holder with a hole on the top. 
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4. Results and discussions 

 characterization of sensors and work function 

meas

es of tested gases: H2, O2 and NO. H2 and O2 are chosen to be 

teste

300oC, 400oC and 500oC. 500oC 

is ch

ped ZnO nanoparticles 

have been 

cond

en tests 

f hydrogen and metal oxide gas sensors have been extensively 

Experiments including

urements were made on two types of sensors: sensors based on Ga:ZnO NPs and 

sensors based on pure ZnO NPs. The results from the sensors based on Ga:ZnO NPs 

will be presented first. 

There are three typ

d with because H2 is an electron donator and O2 is an electron acceptor. In other 

words, the charge transfer between the metal oxides and gas molecules can be exactly 

known. Therefore, they are perfect candidates for investigating the electrical 

properties of the metal oxides. As for the choice of NO, it is because R. Pearce et al. 

have observed that the response of sensors based on Ga:ZnO NPs towards NO 

decreases with increasing concentration [3] and one of the focus of the thesis is to 

understand the mechanisms behind that observation. 

There are also three different test temperatures: 

osen because R. Pearce et al. have observed a decreasing response of sensors 

based on Ga:ZnO NPs with increasing concentration of NO at 500oC [3]. Tests were 

also conducted at 300oC and 400oC because there are possibilities that a similar 

interesting response may be also observed at other temperatures. Additionally, it is 

found that the operation above 550oC is detrimental to ZnO NPs, resulting in a 

dramatic and irreversible reduction in response towards O2 [17]. This means that 

response of sensors based on ZnO NPs towards O2 above 550oC is much smaller than 

at low temperatures and sensors based on ZnO NPs have low response towards O2 

even at low temperatures after the use above 550oC. This is the reason that the testing 

temperature was not set to be higher than 500oC. 

4.1 Characterization of sensors based on Ga do

In order to understand the basic properties of Ga:ZnO, several tests 

ucted.  

4.1.1 Hydrog

 The interaction o

studied and it is generally accepted that as hydrogen molecules can only donate 

electrons it can indicate whether a sensing material is an n or p-type semiconductor 

based on how the resistance changes on exposure to H2. As can be seen in Fig. 4.1 and 

4.2, the resistance of Ga:ZnO decreases at 300oC and 500oC during exposure to 25 

ppm and 500 ppm of H2. The resistance, or the conductivity, of a semiconductor is 

determined by the majority charge carriers. Therefore, it can be deduced from the 

results in Figs. 4.1 and 4.2 that the majority charge carriers of Ga:ZnO are electrons 

because Ga:ZnO takes electrons from H2 leading to an increase in conductivity or a 
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decrease in resistance. This concludes that Ga:ZnO is an n-type semiconductor as 

expected because Ga sitting on the Zn site with one more electron than Zn is the 

dopant in Ga:ZnO. It is also as expected that Ga:ZnO has a higher response to higher 

concentrations of H2. In order to see the relation between response and concentration 

(see Table 4.1), the percentage response towards H2 is calculated as following, 

Percentage response = (R1 – R0)/R0, 
Where R1 is the peak of e of the response (4.1). 

is m

sor 

ted from the data in Fig. 4.3. Figure 4.5 

the sensor signal and R0 is the base lin

It is worth mentioning that the response time (for definition, see 2.1.3) at 500oC 

uch shorter than at 300oC, which is as expected because chemical reactions are 

faster at higher temperatures (see Fig. 4.1 and 4.2). Tested with the same program of 

gas flow, the measurement at 300oC does not reach steady state (for definition, see 

2.1.3) during each pulse while the tests at 500oC show a typical ideal response with a 

clear base line (for definition, see 2.1.3). The percentage response is, therefore, not 

calculated for the case at 300oC due to lack of base line. In addition, in Table 4.1 it 

can be seen that the response time is shorter at higher concentrations, suggesting that 

reactions between Ga:ZnO and H2 are faster when H2 have higher concentrations. 

 Sensor response usually shows a Langmuir behavior for a certain gas, i.e. sen

response is saturated when exposed to high concentrations of a certain gas. In order to 

show this, the concentrations of 500 ppm, 250 ppm, 125 ppm and 50 ppm of H2 were 

chosen. 500oC was set to be the test temperature because a decreasing response of 

sensors based on Ga:ZnO NPs with increasing concentration of NO was observed at 

500oC [3]. The result is plotted in Fig. 4.4. 

 The response time (T90) was calcula

shows that the sensors based on Ga:ZnO NPs has shorter response time when exposed 

to higher concentrations of H2 at 500oC. 
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Fig. 4.1 Signal of the sensor based on Ga:ZnO NPs towards 25 ppm and 500 ppm of 

H2 at 300oC. The duration of each pulse is two hours. 

 

 
Fig. 4.2 Signal of the sensor based on Ga:ZnO NPs towards 25 ppm and 500 ppm of 

H2 at 500oC. The duration of each pulse is two hours. 

  33



 

 
Fig. 4.3 Signal of the sensor based on Ga:ZnO NPs towards 500 ppm, 250 ppm, 125 

ppm and 50 ppm of H2 at 500oC. The duration of each pulse is two hours. 

 

Table 4.1 Percentage response and Response time (T90) in minutes of the sensor based 

on Ga:ZnO NPs towards H2 at 500oC. The minus sign in the percentage response 

corresponds to a decrease in resistance in agreement with equation 4.1. The data are 

from Figure 4.3. 

 25 ppm 500 ppm

Percentage response -79% -95% 

Response time (T90) (min) 0.13 0.03 
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Fig. 4.4 The plot of percentage response versus concentration of H2 for the sensor 

based on Ga:ZnO NPs at 500oC. The data are from Figure 4.3. 
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Fig. 4.5 Response time (T90) in seconds of the sensor based on Ga:ZnO NPs towards 

H2 at 500oC. The data are from Figure 4.3. 

 

4.1.2 Oxygen tests 

 It is generally accepted that O2 is an electron acceptor. Based on the result in 

4.1.1, it can be assumed that the resistance of Ga:ZnO increases when exposed to O2 

because Ga:ZnO is an n-type semiconductor. In order to confirm this, O2 testing was 

conducted. As can be seen in Fig. 4.6, 4.7 and 4.8, the resistance indeed increases 

during exposure to O2 as expected. 

The percentage response is calculated using equation 4.1. In Table 4.2, it can be 

seen that the sensor based on Ga:ZnO NPs has the highest response towards O2 at 

  35



400oC and a higher response towards higher concentrations of O2. 

The response time (T90) is calculated and is different from H2 tests. In Table 4.3, 

it can be seen that the sensor based on Ga:ZnO NPs has a longer response time for 

exposure to higher concentrations of O2 at 300oC and 400oC. This may suggest that 

chemisorption of O2 of Ga:ZnO is saturated when exposed to 20% of O2 at 300oC and 

400oC. It is noteworthy that saturation observed at 300oC and 400oC diminishes at 

higher temperatures, e.g. at 500oC. In Table 4.3, it can be seen the response times are 

the same at both the lower and higher concentration of O2 at 500oC. That is because 

desorption of gas adatoms becomes faster at higher temperatures, which lowers the 

possibility of saturation. 

 In order to show a Langmuir behavior of the sensor based on Ga:ZnO NPs 

towards O2, concentrations of 20%, 10%, with 5% and 2% were chosen and the test 

temperature was set be 500oC. The result is plotted in Fig. 4.9. 

 In Fig. 4.10, the response time versus concentrations is plotted. The plot does not 

show a Langmuir behavior as seen in Fig. 4.5. This may be due to saturation at low 

temperatures as discussed earlier in this section. 

 The work function measurement was also conducted. In Fig. 4.11, it can be seen 

that the work function of Ga:ZnO increases when exposed to O2. The latter result was 

as expected because O2 is an electron acceptor. 
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Fig. 4.6 Signal of the sensor based on Ga:ZnO NPs towards 20% and 2% of O2 at 

300oC. The duration of each pulse is two hours. 

 

 
Fig. 4.7 Signal of the sensor based on Ga:ZnO NPs towards 20% and 2% of O2 at 

400oC. The duration of each pulse is two hours. 
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Fig. 4.8 Signal of the sensor based on Ga:ZnO NPs towards 20%, 10%, 5% and 2%of 

O2 at 500oC. The pulse of each pulse is twenty minutes. 

 

Table 4.2 Percentage response of the sensor based on Ga:ZnO NPs towards O2. The 

data are from Figures 4.6, 4.7 and 4.8. 

 2% 20% 

300oC +94% +506% 

400oC +912% +3452%

500oC +150% +441% 

 

Table 4.3 Response time (T90) in minutes of the sensor based on Ga:ZnO NPs towards 

O2. The data are from Figures 4.6, 4.7 and 4.8. 

  2% 20%

300oC 4.8 6 

400oC 1.5 1.8 

500oC 0.25 0.25
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Fig. 4.9 The plot of percentage response versus concentration of O2 for the sensor 

based on Ga:ZnO NPs at 500oC. The data are from Figure 4.8. 
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Fig. 4.10 Response time (T90) in seconds of the sensor based on Ga:ZnO NPs towards 

O2 at 500oC. The data are from Figure 4.8. 
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Fig. 4.11 The work function measurement of the sensor based on Ga:ZnO NPs with 

20%, 10%, 5% and 2% of O2 at 500oC. The duration of each pulse is twenty minutes. 

 

4.1.3 NO tests 

 The NO testing is divided into two parts: the case with background O2 in the gas 

flow and the case without background O2 in the gas flow. 

4.1.3.1 Tests of sensor response to NO without background O2 

The gas flow used in these tests mainly contains NO and N2 (N2 is a common 

carrier gas). In reality, it is impossible to remove all O2 in the gas mixing system. 

Therefore, there is residual O2 which may react with the sensors or NO as well.  

From Fig. 4.12, 4.13 and 4.14, it can be seen that resistance decreases during 

exposure to NO without background O2 at 300oC, 400oC and 500oC. NO can be 

oxidized to NO2 or reduced to N2 and O2. As concluded previously, Ga:ZnO is n-type. 

A decrease in resistance means that NO, acting as a reducing agent, donates electrons 

to Ga:ZnO. Therefore, a possible chemical reaction between NO and Ga:ZnO is that 

NO molecules react with O atoms on the surface of Ga:ZnO, However, this is a 

possible reaction that occurs when the NO pulse is just introduced to Ga:ZnO. In Fig. 

4.12, it can be seen that the decrease in resistance is followed by a slow increase 

during each exposure to NO. A possible explanation is that there are some NO 

molecules reduced to N2 and O2 because the resulting O2 can interact with Ga:ZnO, 

leading to an increase in resistance. In other words, chemical reactions may change 

during each gas pulse of NO, from oxidation of NO to reduction of NO. In addition, 
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also seen in Fig. 4.12, there are overshoots in the response when the pulses of NO are 

just turned off. This suggests that Ga:ZnO receives electrons when the NO gas flow is 

just off, which may be due to a change in surface reactions when the flow of NO is 

switched off. 

 As for the measurements discussed in 4.1.1, the measurements at low 

temperatures were conducted before a stable baseline was achieved (see Fig. 4.12 and 

4.13). Hence, the percentage response and response time (T90) is only calculated for 

the measurement at 500oC. 

 In Table 4.4, the percentage response is calculated. As expected, the Ga:ZnO 

sensor has a higher response toward higher concentrations of NO. 

 Also seen in Table 4.4, the sensor based on Ga:ZnO NPs has shorter response 

time when exposed to higher concentrations of NO than low concentrations of NO, 

indicating that chemical reactions between NO and Ga:ZnO are faster at higher NO 

concentrations than at low concentrations. This may also suggest that the reaction 

mechanism is different at high and low concentrations of NO. 

  

 
Fig. 4.12 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO without background O2 at 300oC. The duration of each pulse is two hours. 

 

  41



 
Fig. 4.13 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO without background O2 at 400oC. The duration of each pulse is two hours. 

 

 
Fig. 4.14 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO without background O2 at 500oC. The duration of each pulse is two hours. 
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Table 4.4 Percentage response and Response time (T90) in seconds of the sensor based 

on Ga:ZnO NPs towards NO without background O2 at 500oC. The data are from 

Figure 4.13. 

 5 ppm 100 ppm

Percentage response -24% -72% 

Response time (T90) (sec) 106 18 

 

4.1.3.2 Tests of sensor response to NO with background O2 

 In this series of tests, NO was pulsed with a constant concentration of O2 of 10% 

in the N2 background. As mentioned in Introduction, the thesis aims to understand 

the properties of sensors based on Ga:ZnO NPs and sensors based on pure ZnO NPs 

used in car engines and power plants. 10% of O2 is chosen to be the background 

because this is the concentration of O2 usually found in car exhausts and power 

stations [2]. At 300oC and 400oC, as can be seen in Fig. 4.15 and 4.16, sensor 

resistance decreases with exposure to 5 ppm and 100 ppm of NO with background O2, 

as in the case without background O2 (compared with Fig. 4.12 and 4.13). As in 

previous measurements, measurements were carried out without first waiting for a 

stable baseline. Therefore, as before, the percentage response and Response time (T90) 

are only calculated for the measurement at 500oC (see Table 4.5). 

 Figure 4.15 shows a similar response curve as in Fig. 4.12, which means that the 

reactions may be similar as in 4.1.3.1, i.e. the reaction may be changing from 

oxidation of NO to reduction of NO. 

 At 500oC (Fig. 4.17), it can be seen that response increases during exposure to 5 

ppm of NO with background O2, then decreases when exposed to 100 ppm of NO 

with background O2.  

 In order to observe this phenomenon in detail, more different concentrations of 

NO were tested with the sensor at 500oC. Results are plotted in Fig. 4.18 and 4.21. It 

is worth mentioning an interesting feature. In Fig. 4.21, it is seen that there are spikes 

at the beginning and end of pulses of low concentration of NO and the change in 

response direction happens at around 25 to 30 ppm of NO. Interestingly, the spikes 

disappear when the Ga:ZnO sensor is exposed to concentrations of NO higher than 30 

ppm. This indicates that there may be some connections between the presence of 

spikes of response and the occurrence of the change in response direction. 

 Comparing the resistance change (Fig. 4.17) to the change in work function (Fig. 

4.22), it can be seen that a sudden decrease in resistance right after the introduction of 

the low concentration of NO and a sharp increase in resistance right after the pulse 

often corresponds to a sudden increase in work function right after the introduction of 

the low concentration of NO pulse and a sudden decrease in work function directly 
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after the pulse, respectively. In this case, an increase in work function means that 

Ga:ZnO loses electrons, which may be due to reduction of NO as discussed previously. 

Similarly, a decrease in work function means that Ga:ZnO gains electrons, which may 

be due to desorption of the resulting O2 due to the reduction of NO. This is really an 

interesting result. Loss of electrons results in a decrease in resistance and gain of 

electrons leads to an increase in resistance. Both results may suggest that Ga:ZnO 

becomes p-type when exposed to low concentration of NO with background O2 at 

500oC. The same phenomenon, however, is not observed in the work function upon 

exposure to high concentration of NO (see Fig. 4.22). 

 In order to explain the mechanism behind the change in response direction which 

was only observed for Ga:ZnO at 500oC when exposed to NO with background O2, it 

is proposed that an n-p transition occurs. 

Ga:ZnO which is originally n-type will be more like p-type in the case with 

background O2 due to formation of O- and/or O2
- on the surface of Ga:ZnO, making 

the occurrence of n-p transition more probable because the n-p transition happens 

when there is an inversion layer, i.e. a region in which the concentration of holes is 

higher than that of electrons. An inversion layer can also be seen as the region close to 

the surface where the Fermi level in the bulk crosses the middle of the bandgap, i.e. 

the intrinsic Fermi level. The closer the Fermi level is to the middle of the bandgap, 

the more likely an inversion layer is to happen, which may explain why the n-p 

transition was only observed in the case with O2 in the gas flow (compare Fig. 4.14 

and 4.17). 

In Fig. 4.19 and 4.22, one can see that the work function decreases during 

exposure to the lower and higher concentrations of NO. A decrease in the work 

function means the system is gaining electrons. This gain in electrons can be due to 

oxidation of NO. This does not mean that there is only one reaction occuring. As 

discussed previously, a sudden increase in work function directly after the 

introduction of the low concentration of NO may be due to the reduction of NO. 

Therefore, there may be both reduction and oxidation of NO occurring during 

exposure to low concentration of NO, but oxidation of NO seems to be dominant 

during the gas pulse and so the work function decreases. Additionally, the work 

function increases when exposed to background gas, i.e. between pulses of NO. This 

is as expected because the background gas only contains O2 and N2. At 500oC, N2 can 

not interact with Ga:ZnO. Only formation of O- and/or O2
- on the surface of Ga:ZnO 

happens, which takes electrons away and therefore work function increases. 

In Fig. 4.17, the resistance of the Ga:ZnO sensor decreases when exposed to high 

concentrations of NO with background O2 at 500oC. This may be because Ga:ZnO 

becomes n-type during the dominant reaction mechanism at this concentration, 
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oxidation of NO, which donates enough electrons to bring the Fermi level across the 

intrinsic Fermi level. If Ga:ZnO is n-type, then donation of electrons will lower the 

resistance.   

From the discussion above, it may be inferred that Ga:ZnO is p-type when 

exposed to low concentration of NO with background O2 at 500oC, then becomes 

n-type when exposed to high concentrations of NO. This argument, however, is just a 

theory and is not proved yet.  

Furthermore, as concluded from the O2 tests, the formation of surface oxygen 

species is slower or less at 300oC and 400oC than at 500oC, which may be the reason 

that the n-p transition was only observed at 500oC because the Fermi level of Ga:ZnO 

at 500oC is closer to the middle of bandgap due to more incorporation of O2 than at 

300oC or 400oC. 

 

 
Fig. 4.15 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO with background O2 at 300oC. The duration of each pulse is two hours. 
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Fig. 4.16 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO with background O2 at 400oC. The duration of each pulse is two hours. 

 

 
Fig. 4.17 Signal of the sensor based on Ga:ZnO NPs towards 5 ppm and 100 ppm of 

NO with background O2 at 500oC. The duration of each pulse is two hours. 
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Fig. 4.18 Signal of the sensor based on Ga:ZnO NPs towards 100 ppm, 50 ppm, 25 

ppm and 15 ppm of NO with background O2 at 500oC. The duration of each pulse is 

twenty minutes. 
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Fig. 4.19 The work function measurement of the sensor based on Ga:ZnO NPs with 

100 ppm, 50 ppm, 25 ppm and 15 ppm of NO with background O2 at 500oC. It has the 

same program of gas pulses as Figure 4.18. 
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Fig. 4.20 The work function measurement and NO tests with background O2 of the 

sensor based on Ga:ZnO NPs with 100 ppm, 50 ppm, 25 ppm and 15 ppm of NO at 

500oC. It has the same program of gas pulses as Figure 4.18. 

 

 
Fig. 4.21 Signal of the sensor based on Ga:ZnO NPs towards from 5 ppm to 50 ppm 

of NO with a step of 5 ppm with background O2 at 500oC. There are 10 pulses in total. 

The duration of each pulse is two hours. 
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Fig. 4.22 The work function measurement of the sensor based on Ga:ZnO NPs with 

15 ppm and 100 ppm of NO with background O2 at 500oC. The duration of each pulse 

is ten minutes. 

 

Table 4.5 Percentage response and Response time (T90) in seconds of the sensor based 

on Ga:ZnO NPs towards NO with background O2 at 500oC. The data are from Figure 

4.17. 

 5 ppm 100 ppm

Percentage response +65% -46% 

Response time (T90) (sec) 6128 15 

 

4.1.4 SEM images 

 Images of Ga:ZnO NPs on the sensor were taken by SEM. Figure 4.23 shows a 

top view of the sensor based on Ga:ZnO NPs. Figure 4.24 shows a close view of 

finger electrodes. Figure 4.25 shows images of NPs of the sensor. 
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Fig. 4.23 An overview of the sensor based on Ga:ZnO NPs. 

 

 
Fig. 4.24 A close view on finger electrodes. The dark area between finger electrodes is 

SiO2, acting as an insulator. 
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Fig. 4.25 NPs of the sensor based on Ga:ZnO NPs. 

 

4.2 Characterization of sensors based on pure ZnO nanoparticles 

 Sensors based on pure ZnO NPs were also studied. Because of the interesting 

results of the sensor based on Ga:ZnO NPs at 500oC, this temperature was used 

during all measurements for the sensors based on pure ZnO NPs. 

4.2.1 Oxygen tests 

 ZnO is well known as an intrinsically n-type semiconductor. Oxygen tests were 

conducted to verify that this is really the case also for the pure ZnO NPs. In Fig. 4.26, 

it can be seen that the resistance increases during exposure to O2, which indicates that 

the pure ZnO NPs are indeed n-type as we expect. 

 In Fig. 4.27, the percentage response shows a Langmuir behavior. In comparison 

with Fig. 4.9, it can be seen that ZnO has lower response towards O2 than Ga:ZnO 

does.  
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Fig. 4.26 Signal of the sensor based on pure ZnO NPs towards 20%, 10%, 5% and 2% 

of O2 at 500oC. The duration of each pulse is two hours. 
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Fig. 4.27 The plot of percentage response versus concentration of O2 for the sensor 

based on pure ZnO NPs, showing the trend of a Langmuir behavior with saturation at 

higher concentrations at 500oC. The data are from Figure 4.26. 
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4.2.2 NO tests 

 In Fig. 4.17, the sensor based Ga:ZnO NPs has shown an interesting response 

towards NO. In order to investigate whether or not this phenomena can be observed 

on the sensor based on pure ZnO NPs, the following experiments were conducted.  

4.2.2.1 Tests of sensor response to NO without background O2 

 In these tests, the gas flow consisted of NO and N2, as in 4.1.3.1. In Fig. 4.28, it 

can be seen that the resistance decreases during exposure to high concentrations of 

NO, which may be due to oxidation of NO if ZnO is n-type or reduction of NO if ZnO 

is p-type. Moreover, the decrease in resistance is followed by an increase during 

exposure to low concentration of NO. It suggests that there are two different chemical 

reactions taking place during the pulse. If ZnO is n-type, then the decrease may be 

due to oxidation of NO and the followed increase may be due to reduction of NO. If 

ZnO is p-type, then the decrease may be due to reduction of NO and the followed 

increase may be due to oxidation of NO. Which reactions that are actually occurring 

and which are the majority carriers could be determined by work function 

measurements. Unfortunately, the signal of the sensor based on ZnO NPs was not 

stable enough during work function measurements to give a clear result. 

 

 
Fig. 4.28 Signal of the sensor based on pure ZnO NPs towards 100 ppm and 10 ppm 

of NO without background O2 at 500oC. The duration of each pulse is two hours. 
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Table 4.6 Percentage response of the sensor based on pure ZnO NPs towards NO 

without background O2 at 500oC. The data are from Figure 4.28.  

10 ppm 100 ppm

+21% -83% 

 

4.2.2.2 Tests of sensor response to NO with background O2 

 Unlike the case of the sensor based on Ga:ZnO NPs, an n-p transition was not 

observed for the sensor based on ZnO NPs during NO tests with background O2. As 

can be seen in Fig. 4.29, the resistance always decreases during exposure to NO with 

background O2, which may be due to oxidation of NO. As expected, the sensor based 

on ZnO NPs has a larger response towards higher concentration of NO. In Fig. 4.30, it 

can also be seen that response of the sensor based on ZnO NPs does not show a clear 

Langmuir behavior, which may be due to noise in the response. The reason why the 

ZnO sensor has noisy response is discussed in 4.2.3.  

 

 

Fig. 4.29 Signal of the sensor based on pure ZnO NPs towards from 15 ppm to 40 

ppm of NO with a step of 5 ppm with background O2 at 500oC. There are 11 pulses in 

total. The duration of each pulse is two hours. 
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Fig. 4.30 The plot of percentage response versus concentration of NO with 

background O2 for the sensor based on pure ZnO NPs at 500oC. The data are from 

Figure 4.29. 

 

4.2.3 SEM images  

 The sensor based on pure ZnO NPs has noisy responses towards H2, O2 and NO 

in comparison with the Ga:ZnO sensor. Surface characterization by SEM may reveal 

the reasons. First, in Fig. 4.31, it can be seen that the NPs cover not just electrodes but 

also the contacts between electrodes and gold wires, which may influence the 

connection of the gold wires. Second, the range of the size of NPs is smaller for the 

sensor based on Ga:ZnO NPs, i.e. the Ga:ZnO NPs are more homogeneous, which 

facilitates electrical conduction. 

 Furthermore, noisy signals may be also due to long exposure to air, which may 

oxidize or contaminate ZnO NPs. It was observed in the ZnO NPs used that their 

color changed from white to greenish-yellow after exposure to air for several months. 

 A suggestion to synthesize ZnO NPs with better gas response is to manually 

maintain the electric current used in EDOC at a constant level since the current drops 

during the process (see 2.2.2 and 3.2). In this way, NPs will be more homogeneous. 

 Figure 4.32 shows an SEM image of pure ZnO NPs on the sensor. 
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Fig. 4.31 An overview of the sensor based on pure ZnO NPs. 

 

 
Fig. 4.32 NPs of the sensor based on pure ZnO NPs. 

 

 

  56



5. Conclusion 

 In this thesis, sensing properties of pure ZnO NPs and Ga:ZnO NPs are 

investigated. There are three types of testing gas species, H2, O2 and NO, and three 

testing temperatures, 300oC, 400oC and 500oC. After measurements of response on 

exposure to H2 and O2, it is concluded that Ga:ZnO NPs and pure ZnO NPs are both 

n-type metal oxides.  

In measurements of NO, two testing conditions were considered, the case with 

background O2 (10%) in the gas flow all the time and the case without background O2 

in the gas flow. NO can be oxidized to NO2 or reduced to N2 and O2. The resistance of 

Ga:ZnO NPs and pure ZnO NPs always decreases for all exposures to NO except for 

the case in which the sensor based on Ga:ZnO NPs was exposed to NO with 

background O2 at 500oC. In this special case, the resistance of Ga:ZnO actually 

increases during exposure to low concentrations of NO (< 30 ppm). The further 

studies of this interesting anomaly by the Kelvin Probe show that an increase in the 

work function of Ga:ZnO NPs before the introduction of the NO pulse and a decrease 

in the work function after the NO pulse correspond to a decrease and an increase in 

the resistance of Ga:ZnO NPs, respectively. It is therefore suggested that Ga:ZnO NPs 

may become p-type during exposure to low concentration of NO with background O2 

at 500oC. Nevertheless, this is only one of the possibilities. The change in response 

direction may also be due to different chemical reactions between the metal oxide and 

testing gas molecules. 

 Additionally, chemisorption of O2 seems to reach saturation at 300oC and 400oC, 

which may hinder the formation of surface oxygen ions and so lower the percentage 

response during the oxygen testing. This also influences the testing to other gases, 

resulting in less dramatic effects as compared to testing at higher temperature. 
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6. Future work 

 There is no clear way to explain the results so far. An n-p transition is a likely 

explanation for the change in response direction. The suggestions presented in this 

thesis are just some of possible answers. In order to understand more about it, more 

work is needed. 

 First of all, it can be doubtful that there is only one chemical reaction throughout 

all NO testing. It is known that NO can be oxidized to NO2 or reduced to N2 and O2. 

Therefore, there can be one dominating reaction at low temperatures and the other one 

at high temperatures, i.e. the change in response direction can be due to different 

chemical reactions. Second, the amount of oxygen species on the surface may 

determine the dominating reaction. It is also possible that there are several stages of 

reactions during exposure to a single pulse of NO.  

All these problems may be worth further investigation by downstream mass 

spectroscopy. In this technique, one can see how concentrations of NO and N2 change 

after measurements. In this way, it is possible to determine whether oxidation of NO 

or reduction of NO is the dominant reaction during gas exposures. 
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