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“If I have an apple and you have an apple 

and we exchange them, then both still have one apple. 

If I have an idea and you have an idea 

and we exchange them, then both will have two ideas.” 

George Bernard Shaw 

1. Introduction

In the last two decades nanotechnology has given rise to a scientific and technical 

revolution, contributing with novel research paths and applications, which has generated 

huge interests among the scientific community and industry. As a consequence, around 

the world, there have been important investments in this field with the aim of leveraging 

new products and commercial opportunities. In fact, nanotechnology has been declared 

to be the technology of the twenty-first century and only time will tell if this statement 

will turn out to be true. 

Nanotechnology is the technology suitable to provide tools to manipulate matter 

at the nanometer scale, meaning 1 to 100 nm at least in one of the material dimensions. 

Not only the scale is important, as miniaturization along Moore’s law curve is nowadays 

a routine in the microelectronic industry, but also to exploit the new properties arising 

from nanoscale effects [1,2]. Nanotechnology is now understood as a broad-base 

multidisciplinary field forecasted to reach mass use by 2020 and to revolutionize many 

aspects of human life [2]. Nowadays, new instrumentation and methods have allowed 

femtosecond measurements with atomic precision [3], single-phonon spectroscopy [4] 

and sub-nanometer resolution morphological measurements [5], single-atom [6] and 

single-molecule characterizations [7], simulations of large assemblies of atoms or 

crystalline structures [8]; the discovery and development of important new phenomena 

such as plasmonics [9], negative index refraction in IR/visible wavelength radiation [10], 

precision measurements of the Casimir forces [11], teleportation of information between 

atoms [12] which could enable quantum computing, biointeractions at the nanoscale [13] 

or fabrication of graphene [14], among others. Therefore, even being a technology under 

development that still lacks some required tools and with misconceptions in some 

 1 
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fundamental areas, since its invention all the mentioned achievements point out the 

potentiality of nanotechnology. 

Parallel to this fact, the concern about toxic and harmful gases for human health 

has been increasing during the last two centuries. This is due to our life style, in which 

large amounts of gases are propagated either in open air or in indoor environments. This 

is especially true in the last decades. The presence of toxic gases and pollutants is the first 

environmental cause of premature death in European Union, with 400.000 premature 

deaths per year [15,16]. Since the fabrication of the first device intended to sense 

flammable gases in coal mines in 1816 [17], the fire-damp, warning the lack of oxygen 

and the excess of methane, an enormous variety of gas sensors have been developed [18], 

driven by the ever-growing concern of the citizens about such effects. 

Gas sensors are transduction devices that transform chemical and/or physical 

information effects of the presence of a certain gas into an electrical signal, whose value 

can be measured. In this way, the concentration of gaseous species in the vicinity of the 

sensors can be surveyed and, if the gases are harmful, the sensor can help preventing 

dangerous situations by allowing the control of the gas emitting sources.  

The gas sensor market was valued at 1.67 billion € in 2017 and it is estimated to 

grow significantly from 2025 [19]. Gas sensors are adopted for several applications, such 

as medical, industrial, petrochemical, automotive manufacturing industries, food process, 

building and domestic appliances or quality control [19].  

1.1 Solid-state gas sensors 

Solid-state gas sensors are devices based on the change of the physical and/or 

chemical properties of their sensing materials when exposed to different gas atmospheres. 

Depending on the sensing material, these properties can be tuned to a certain extent, 

adapting the fabricated gas sensors to different needs. In this sense, nanotechnology 

contributes with numerous tools to study in depth the prevailing materials used in gas 

sensing, unwrapping novel effects occurring in nanostructured materials.  

The tremendous variety of solid-state gas sensors available nowadays can be sorted 

in groups as a function of the transduction mechanism taking place at the sensing material. 
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This gives rise to optical, mass-sensitive, calorimetric or conductometric gas sensors, 

among others, which will be briefly described in this section. A section specially devoted 

to the evolution, advantages, drawbacks and general trends of semiconducting metal 

oxide-based (MOX) gas sensors, a type of conductometric gas sensors, is presented in 

this work, as prototypes of MOX-based gas sensor are developed, fabricated and 

characterized in this thesis. 

Optical gas sensors transform the interactions between the gas and the sensing 

material into changes in the electromagnetic radiation propagation [20]. This effect can 

be directly related with physical or chemical changes of the target molecule or, for 

analytes that do not produce optical changes, of a label marker [21]. In general, this kind 

of sensor presents high selectivity towards particular gaseous compounds, allowing to 

detect a specific gas in these mixtures. However, they lack portability due to fragile 

optical components, difficulties in miniaturization and are quite expensive [18]. Figure 1 

a) shows a schematic diagram of one of this type of devices, namely a surface plasmon

resonance-based sensor. 

Mass-sensitive gas sensors are based on the mass changes occurring at the material’s 

sensing surface during the interaction with gaseous species. Examples of sensors using 

this basic principle are microcantilevers [22,23], shown in Figure 1 b), surface acoustic 

wave [24] or quartz crystal microbalance sensors [25]. In general, these sensors present 

fast and high responses to the surrounding gases, but their behavior depends considerably 

on temperature and humidity, apart from needing complex electronic circuits to operate. 

Calorimetric gas sensors are based on the temperature variation produced by a gas on 

certain materials, which will be later measured as resistance variation. In this case, the 

detecting elements consist of small “pellets” of catalyst-loaded ceramics whose resistance 

Figure 1: (a) Schematic diagram of surface plasmon resonance-based sensor (reprinted from Ref. [21]) and (b) 
schematic representation of microcantilever and the transverse deflection (reprinted from Ref. [23]). 
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changes according to the surrounding gas species [26]. The term pellistor is used to 

designate this type of sensors, combining the words pellet and resistor. 

Among the conductometric gas sensors, one of the most extended sensing materials 

are the semiconducting MOX. These materials are used to transduce the chemical 

reactions occurring at their surface with the surrounding gas, such as reduction, oxidation, 

adsorption or other surface reactions between adsorbed species, into reversible and 

measurable electrical resistance variation, which are used to extract the concentration of 

the different gases present in the ambient near the sensor.  

The first written evidence regarding the idea of using the changes in 

conductivity/resistivity of a MOX under the presence of gases dates back to 1959 in a 

work by Mollwo and Heiland [27], who studied the conductivity changes of ZnO when 

kept under vacuum at temperatures up to 600 ºC and, simultaneously, exposed to oxygen 

and hydrogen. The first practical gas sensor based on a semiconductor MOX was 

proposed in Japan in 1962 by Seiyama [28], and shortly afterwards by Taguchi [29], using 

as sensing element films of ZnO and SnO2, respectively. Taguchi founded Figaro 

Engineer Inc. in 1967, which is a worldwide company that still supplies gas sensors based 

on MOX all around the globe. During the next few years, the use of SnO2-based gas 

sensors started to spread in Japan, while other types of metal oxides were simultaneously 

investigated [30], as shown in Table 1. Seiyama and co-workers studied the selectivity 

and sensitivity of MOXs, as well as their modifications using noble metals [31], gaining 

a large amount of information on the behavior of different metal oxide materials, which 

has strongly impacted the sensor fabrication field. However, the understanding of the 

sensing mechanisms and kinetics are still incomplete, due to complicated crossed effects, 

such as surface defects, surface adsorption properties, metal-semiconductor junctions or 

MOX particle size influence. 

Year Material Gas detected Researcher 

1962 ZnO (thin film) H2, Alcohol Seiyama, et. al. [28] 

SnO2 Combustible gas Taguchi [29] 

1963 SnO2 + Pd, Pt, Ag. Combustible gas Taguchi [32] 

1966 ZnO, SnO2 Reducing gas Seiyama, et. al. [33] 

SnO2 + Al2O3 Combustible gas Taguchi [34] 

1967 WO3+ Pt H2, N2H4, WH3, H2S Shaver [35] 
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In2O3+ Pt H2, Hydrocarbon Loh [36] 

1969 SnO2 + SiO2 Combustible gas Taguchi [37] 

1971 ZnO + Pt + Ga2O3 CH4, NH3 Bott, et. al. [38] 

1972 SnO2 + Pd Propane Seiyama, et. al. [39] 

Table 1: summary of key solid-state gas sensor publications during the decade 1962-1972. 

To understand the behavior of MOX as gas sensors, detailed studies measuring 

simultaneously the resistance change of the sensing material and the gas species 

adsorption are essential. For this purpose, two different set-ups are generally used: under 

clean, dry and ultrahigh-vacuum conditions or/and at pressures and temperatures 

mimicking real ambient conditions [40]. The experimental methodology was established 

in the course of more than 50 years [41], with a first systematic approach formulated in 

1985 in a series of papers entitled “Development of chemical sensors: empirical art or 

systematic approach?” collected in a book [40]. Up to that moment, several techniques 

were already applied to investigate the gas adsorption, such as electron paramagnetic 

resonance (EPR) for investigations of oxygen adsorption [42] or infrared spectroscopy 

(IR) for CO adsorption studies [43]. The mentioned systematic approach pushed forward 

the basic understanding of the chemical reactions occurring at the surface of the sensing 

material and the corresponding conduction mechanisms. An example of this is the 

exhaustive study of SnO2 surface reactions when exposed to acetic acid, methane and CO, 

published in 1989 [44]. By the end of the 90s, different spectroscopic methodologies were 

applied for sensors operating under ideal or under in situ real operation conditions. As 

shown in Figure 2. This fact led, in the early 2000, to the definition of in situ and operando 

spectroscopic techniques [45]: 

• In situ spectroscopy: spectroscopic characterization of sensing material under

operation conditions or conditions relevant to operation; herein, the sensing

performance of this material may be not characterized or may be characterized

in a separate experiment.

• Operando spectroscopy: spectroscopic characterization of an active sensing

element in real time and under operating conditions with the simultaneous read-

out of the sensor activity and monitoring of gas composition.
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The operando spectroscopy couples the electrical and spectroscopic techniques with 

the aim of correlating the sensor activity with the gas composition of its surroundings. If 

these techniques are applied under real ambient conditions, then the study can elucidate 

and predict how a sensing material will behave when exposed to a non-controlled ambient 

that combines gases or gas mixtures whose interaction are already known. 

With the appearance of nanomaterials, a new scenario was presented, with 

morphologies giving rise to a much larger surface-to-volume ratio compared to thin film 

materials, which is expected to give rise to an increase of the sensor sensitivity. The use 

of nanoparticles (NP) of metal oxides was the first choice and extensive work was carried out in 

the 90s and early 2000s to fabricate high crystalline quality and nanometre-sized NPs for their 

use in gas sensors. However, the difficulty in fulfilling both requirements simultaneously, as 

improving crystalline quality required high temperature treatments, which resulted to increase in 

nanomaterial size, limited this improvement path. 

Nanowires (NWs) were considered for gas nanosensor fabrication at a later point, as 

their surface-to-volume ratio is lower than that of NPs, but with higher crystallinity and 

stability at elevated temperatures. The first proposal of a MOX gas sensor containing 

nanowires (NWs) as a sensing element was published by Kolmakov et al. in 2003 in 

California [46] using SnO2 NWs to detect CO and O2. One year later, a study on ZnO 

NWs working as ethanol sensors [47] was presented in China. The amount of chemical 

reactions that are continuously taking place at the surface of the sensing material are 

directly related with the total available surface adsorption sites. Nowadays, NWs are 

being incorporated as active material in many different gas sensing approaches, and with 

several surface treatments, with the aim of enhancing their intrinsic properties, as for 

example individual NWs [48] and/or decorated with novel metal nanoparticles [49] or 

using other MOX, such as WO3 [50], TiO2, CeO2, Ga2O3 [51], etc.. These possibilities 

were the starting point for the fabrication of gas sensors developed in this PhD thesis 

dissertation. 

Figure 2: Scheme of a) in situ and b) operando spectroscopy (reprinted from Ref. [45]). 
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Working with MOX as sensing material has several advantages, such as simplicity in 

device configuration (especially for chemoresistors) and relatively high reliability, low 

cost of fabrication, robustness, long operating time and reasonable baseline drift, even in 

the presence of corrosive gases or when aging occurs, as well as the fact that the sensors 

respond to a wide variety of gases. However, the sensors generally lack selectivity, 

require the development of practical integration methodologies, use considerable 

electrical power to operate and require long stabilization times [40]. 

The electronic-nose configuration (e-nose) appeared to solve the lack of selectivity of 

the gas sensors, employing them as an olfactory system in a smell assessment instrument, 

mimicking the human nose but trying to overcome its natural limitations, like non-

quantified results, tiring or subjectivity [52]. To promote this technology, MOX-based 

gas sensors became ideal candidates in areas such as food and automobile industry or 

indoor and environmental air monitoring. An e-nose is, according to the accepted 

definition, a device that comprises an array of heterogeneous gas sensors and a pattern 

recognition system [53]. The heterogeneity can arise either from a combination of 

different types of sensors, different materials or the same material operating at different 

conditions, generally, at different temperatures. Nowadays, several e-noses are 

commercially available in the market (i-Pen, PEN2, QCS, Artinose, FF2, Promethus, 

Aromascan A32S, Cyranose 320, etc. [52]), mainly based on metal oxide semiconducting 

materials, for generic purposes and suitable for a broad range of applications. The e-nose 

field is still unripe, but with time it could become the strategy to overcome the selectivity 

problem of most of the gas sensors, being able to discriminate among different gases in a 

complex atmosphere. 

To fabricate MOX-based gas sensors, the general procedure includes the synthesis of 

the MOX sensing material on a specific substrate, followed by the transfer and integration 

of this material in the final architecture of the sensing device. The implementation of this 

procedure occurs with different difficulties due to the various technological steps 

required. To reduce the fabrication steps, the site-selective growth and in-situ integration 

of the sensing material in the final device has been proposed in some recent works of our 

research group [54]. This strategy joins the material fabrication and the integration in the 

final device and, consequently, reduces the technological steps involved in the whole 

process, increasing its robustness and decreasing the expected cost per unit, shading some 

light to the lack of practical methodologies for material integration. 
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From all this it is clear that a breakthrough could be achieved in the new generation 

of MOX-based gas sensor prototypes by combining the different mentioned strategies in 

a single system: using NWs to enhance the sensitivity of the sensors, simplifying the 

fabrication, increasing the robustness and reducing the cost by employing the site-

selective growth and in-situ integration of NWs and increasing the selectivity via the e-

nose configuration. 

1.2 Gas solid interactions

The basic processes occurring at the surface of MOX sensing materials, involving 

chemical and physical reactions that are later transduced into an electrical signal and used 

to monitor the presence of different gas species around the sensor, are described in this 

section. The first part presents the different types of categorized adsorption situations that 

can take place between a gas atom or molecule and the surface of a solid material. Next, 

a general description of the adsorption processes occurring is presented and discussed. 

Finally, the events that lead to the conductance variations measured in gas sensing are 

described. 

1.2.1 Physisorption and chemisorption 

The adsorption process is the first step of the gas sensing mechanism. By definition, 

adsorption is an increase in the concentration of a dissolved substance at the interface 

between condensed and gaseous phases due to the effect of surface forces. To study the 

adhesion of a gas molecules (adsorbate) on a solid surface (adsorbent), the Hertz-Knudsen 

equation can be used as a mathematical description of the flux of molecules (𝜙𝑖) reaching 

a surface [55]: 

𝜙𝑖 =
𝑝

(2𝜋𝑚𝑘𝐵𝑇)1 2⁄        (1) 

where p denotes the pressure, m is the mass of the molecule, 𝑘𝐵, the Boltzmann constant 

and T, the temperature. This equation shows that the gas molecules adsorption on an 

adsorbent is a process highly dependent on the temperature, pressure and adsorbate mass. 

In addition, and not in appearing in Equation 1 as they show complex dependencies, 

material [56], structure [57] and surface chemical states [58] are demonstrated to strongly 
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affect the adsorption. This gives rise to non-linear dependencies of adsorption with these 

latter parameters, which makes it difficult to understand and model the gas molecule 

adsorption processes. After being adsorbed, the adsorbate can be desorbed, a process that 

typically requires energy to occur, because the adsorption brings the adsorbate to a state 

of lower energy. Desorption is defined as the reverse process to adsorption and can be, 

for example, thermally promoted. The basic principle of the MOX-based gas sensors is 

the measurement of an electrical signal as a result of the charge carrier transfer between 

the MOX and the adsorbed and/or desorbed gas molecules. When a steady state between 

adsorption and desorption is achieved, the electrical signal to this particular gas mixture 

is constant. 

In general, two types of adsorption situations are considered: physical or 

chemical, called physisorption and chemisorption, respectively. Usually, the difference 

between physisorption and chemisorption lies in the forces retaining the adsorbate on the 

adsorbent, inducing or not a chemical bonding arrangement and a charge transfer. In the 

case of physisorption, all the gas species in the surroundings of the material tend to be 

adsorbed as the result of Van der Waal forces: London, Debye and/or Keesom. In general, 

the process is reversible, non-dissociative, the adsorbate remains unmodified and occurs 

at temperatures close to the boiling point of the adsorbate [59]. At higher temperatures 

the chemisorption, occurring with charge transfer between the adsorbate and the surface 

of the material, dominates. However, it is not clear which is the exact limit of charge 

transfer or energy involved to distinguish between chemical and physical adsorption [59], 

which makes the line separating both phenomena a controversial issue. Additionally, 

there could exist intermediate states, as for example, some authors propose to differentiate 

between strong and weak chemisorption [59].  

It is generally accepted that the physisorption can be described as a combination 

of potential energies from the long-range attractive polarization potential and the Pauli 

repulsion for electrons, binding an atom or a molecule to a solid surface [60,61]. Lennard-

Jones proposed a simple formula to depict both interactions by a unique potential [62]: 

𝑉𝑝ℎ𝑦𝑠 (𝑟) = 4𝜀 [(
𝜎

𝑟
)

12
− (

𝜎

𝑟
)

6

]           (2) 

where 𝜀 is the depth of the potential, 𝜎, the distance at which the potential is zero 

and 𝑟, the distance from the surface. Thus, Van der Waals forces induce a long-range 
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interaction that, independently of the gas specie, attracts the adsorbate to minimize its 

energy at a distance of r > 0.3 nm, involving few hundreds of meV [63]. The small energy 

involved in this process makes the adsorbate molecules easily mobile on the surface and, 

thus, can be rapidly desorbed.  

In the case of chemisorption, there is a reorganization of the electrons from the 

adsorbate and from the solid adsorbent. During the adsorption process, the energies 

involved are of the order of the chemical bonds of the gas molecule, which can lead to 

the formation of new bonds and breaking of existing ones. The process is dissociative 

(the molecules break down into smaller molecules or individual atoms), can be localized 

in a specific site and is irreversible for some molecules [63]. In addition, chemisorption 

is not as temperature restricted as physisorption. However, its relevant effects for gas 

sensing purposes are related to a specific range of temperatures. At low temperatures the 

mechanism barely occurs, being extremely slow in contrast to physisorption, which 

dominates. In general definitions, the equilibrium distance for chemisorption is usually 

found to be between 0.1 and 0.3 nm [64] and the energy involved in chemisorption 

processes are around several eV. Even though there exist some key points that are 

different for physisorption and chemisorption, there is not a clear barrier that separates 

them in temperature or pressure. 

For chemisorption, the potential energy can be mathematically described using 

the Lennard-Jones, the Morse or the Buckingham potentials [64]. The Lennard-Jones 

Figure 3: Potential energy in a) a non-activated chemisorption and b) an activated chemisorption process. The 
activated chemisorption requires additional energy of the adsorbate in order to pass from the physisorbed to the 

chemisorbed state. 

a) b) 
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potential is represented as a function of the distance from the surface of the solid material 

in Figure 3 a) and b) for a non-activated and an activated process, respectively. The 

difference between both lies in whether the crossing point of the physisorption and 

chemisorption potential energies occurs at a positive or negative energy value. When a 

gas molecule or atom approaches the surface, it first experiences the Van der Waals 

interaction, like in a physisorption process. As it comes closer to the surface, the 

chemisorption potential starts to become important.  

In a non-activated chemisorption situation, the adsorbate can reach the 

chemisorbed state almost straightforward, without activation energy. For the activated 

chemisorption, the meeting point of potentials occurs at positive energies. As a 

consequence, if the molecule or atom has enough energy when approaching the surface, 

the gas specie will overcome this energy barrier and adopt its lower energy state, 

following the chemisorption potential curve. 

For chemisorption, the activation energy can be understood to represent the 

energy necessary for the dissociation of a molecule, which can be described as an 

Arrenhius-like process [65] and, thus, temperature dependant: 

𝑘𝑝 = 𝐴𝑒−𝐸𝑝 𝑘𝐵𝑇⁄
      (3) 

where 𝑘𝑝 denotes the reaction rate constant, 𝐴 is the pre-exponential factor, 𝐸𝑝, 

the activation energy of the process, 𝑘𝐵, the Boltzmann constant and 𝑇, the temperature. 

Equation 3 applies both to activated and non-activated processes. Desorption is also a 

process that requires to overcome an energy barrier to occur. For this reason, the 

activation energy 𝐸𝑝 can be referred to 𝐸𝑎𝑑𝑠  or 𝐸𝑑𝑒𝑠 , depending on whether the study is 

focused on adsorption or desorption. 

Summarizing the adsorption and desorption events that can occur when a gas 

molecule interacts with a clean solid surface could be: 

1. The gas molecule is elastically scattered without any loss of energy, giving

rise to no adsorption or desorption.

2. The gas molecule is inelastically scattered: being physisorbed, when

impinging with low energies, or chemisorbed, for high enough energies.
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3. If the gas molecule is physisorbed, it can be later (a) desorbed, being scattered

back to the gas phase, (b) diffused to a neighbour site or (c) chemisorbed.

4. If the gas molecule is chemisorbed it can afterwards (a) release chemical

energy to the solid and become localized at the adsorption site, (b) lose

chemical energy and dissipate the excess of energy by diffusion or (c) be

desorbed.

The main differences between physisorption and chemisorption can be 

summarized as follow: 

Physisorption Chemisorption 

Weak and long-range interaction Strong and short-range interaction 

No surface reaction Surface reactions 

Non-site specific Site localized 

Energy range: meV Energy range: eV 

Table 2: Comparison between the main characteristics of physisorption and chemisorption. 

1.2.2 Adsorption isotherms 

The statistical description of the adsorption processes occurring on a solid surface 

of a monoatomic gas at a constant temperature is a problem described by several models, 

called adsorption isotherms. The study of the different adsorption mechanisms is key to 

understand the processes occurring at the surface of the studied sensing materials. These 

adsorption processes can be interpreted using various isotherm models, such as the 

Langmuir [59], Freundlich [66] or Brunauer, Emmett and Teller (BET) [67] isotherms. 

The isotherms help to understand the interaction between the solid surface and the gas 

molecules in a steady state of adsorption, shading light to the dynamics of the system. 

The adsorption isotherms reveal the amount of gas molecules adsorbed on a solid surface 

given certain conditions of pressure and temperature. 



1. Introduction

17 

The Langmuir isotherm is a simple and ideal model that is based on several 

assumptions: 

1. There is only monolayer adsorption

2. There are limited adsorption sites

3. All sites have the same adsorption probability

4. There is no interaction between adsorbed molecules

With these assumptions, the Langmuir isotherm equation can be derived from gas 

kinetics theory [59], describing the adsorption and desorption ratio in the steady state, as: 

 𝜃 =
𝑏𝑃𝑥

1+𝑏𝑃𝑥
        (4) 

where 𝑃𝑥 is the adsorbate partial pressure, 𝑏 is a parameter that depends on the 

adsorbate, the adsorbent and the temperature, and 𝜃 is the normalized surface coverage. 

The latter is the ratio between the adsorbed molecules (𝑁) and the total number of 

available sites (𝑁∗):

𝜃 =  
𝑁

𝑁∗
      (5) 

In more detail, the parameter 𝑏 in Equation 4 is defined as: 

𝑏 =  
𝑠𝑘0

𝜈√2𝜋𝑚𝑘𝐵𝑇
𝑒

(
𝑄

𝑘𝐵𝑇
)

      (6) 

where 𝑠 is the effective surface area, 𝑘0 is the sticking probability, 𝜈, the 

oscillation frequency of adsorbed molecules, 𝑄, the adsorption heat (𝑄 = 𝐸𝑑𝑒𝑠 − 𝐸𝑎𝑏𝑠) 

and m is the mass of a single molecule. The effective surface area is defined as a 

geometrical controlling factor for a chemical reaction. It is not uniquely determined for 

every specific material, but it also depends on the type of chemical reaction, the state of 

agglomeration and on the compactness of the agglomerates. 

This model defines isotherm type I, shown in Figure 4, suitable for ultraclean, 

well-ordered surfaces interacting with small-molecule adsorbates, but oversimplified to 
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correctly describe real-word scenarios [67]. From this isotherm, it can be observed that at 

low pressures the coverage is proportional to the equilibrium pressure of the gas, while at 

high pressures, it tends asymptotically to 1. Apart from offering a first approach to 

understand the adsorption process, this model is the basis of most of the adsorption theory. 

Other adsorption models treat the first adsorbed monolayer as described by the Langmuir 

model, adding further terms to describe the adsorption of subsequent layers. Furthermore, 

the surface coverage can be also related to the sensor response in a complicated manner 

[69]: 

𝑆 ∝ 𝜃(𝑃, 𝑇)  (7) 

The BET isotherms establish different relations between the equilibrium and 

saturation pressures, 𝑝 and 𝑝0 respectively, and the adsorbate surface coverage, extending 

the Langmuir theory to multilayer adsorption. Such surface coverage can be determined 

from following relation [67,69]: 

𝜃(𝑃, 𝑇) =
𝑝 𝑝0⁄

1−𝑝 𝑝0⁄

𝑏𝐵𝐸𝑇(𝑇)

[1+𝑝 𝑝0⁄ (𝑏𝐵𝐸𝑇(𝑇)−1)]
          (8) 

where 𝑏𝐵𝐸𝑇(𝑇) stands for the BET constant: 

Figure 4: Classification of typical adsorption isotherms (I-V) showing vapor adsorption as a function of relative 
pressure p/po (reprinted from Ref. [66]). 
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𝑏𝐵𝐸𝑇(𝑇) = exp [
𝜀1−𝜀𝑙𝑓

𝑘𝐵𝑇
]   (9) 

and where 𝜀1 and 𝜀𝑙𝑓 are two energy parameters that measure the strength of adsorption 

of the first monolayer at the surface and in each following monolayer of adsorbate, 

respectively. Multilayer adsorption can occur when 𝜀1 >  𝜀𝑙𝑓. Isotherm type II and III can 

be modeled using the BET equation. The difference in the shape between these two 

isotherms results from the differences in the strength of the adsorbate-adsorbent 

interaction [67]. Isotherms types IV and V are characteristic of adsorption processes on 

mesoporous solids via multilayer adsorption, followed by capillary condensation. They 

can be described using a combination of the BET model and a second model that accounts 

for capillary condensation in small pores or capillaries [67] or with special treatments on 

BET theory [70]. Isotherm type IV is an intermediate case between I and III, where the 

adsorbed number of molecules per site is finite. Isotherm type V is similar to type II and 

the difference comes from the processes followed at low pressures after adsorption: in the 

isotherm type V case multianchorage occurs and, while for isotherm type II, a 

dimerization process takes place. Type V is typically obtained in carbon-based materials 

interacting with water vapor [71,72]. 

To model even more realistic situations, in addition to the postulates of the 

Langmuir model, the assumption of molecule dissociation can be made. This approach, 

the so-called dissociative Langmuir model, is satisfactorily used to describe the 

adsorption process of dissociated oxygen atoms at MOX surfaces [73]. The model 

assumes that the gas molecule is formed by 𝑚 atoms and that it dissociates into 𝑛 parts 

as a result of the adsorption. Assuming only a dissociation into 2 parts (order 2), the 

formula for the surface coverage results in: 

𝜃 =
(𝑏𝑃𝑥)1 2⁄

1+(𝑏𝑃𝑥)1 2⁄    (10) 

This equation can be used for the theoretical study of semiconductor gas sensors. 

Via numerical simulations, the response of the sensor towards individual gas species can 

be quantitively modeled, studying the effects of parameters such as the operating 

temperature or the doping level on the sensor response. It is worth to mention that the 

Freundlich isotherm [74], proposed as an empirical relation before the appearance of the 
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Langmuir model, can also be used for semiconducting gas sensors, and is formulated as 

follows: 

𝜃 = 𝑎𝑃𝑥
1 𝑛⁄

(11) 

where 𝑛 is a constant value always < 1. The particularity of the Freundlich model 

is that it assumes an exponential decay in the heat of adsorption with increasing coverage 

that the Langmuir model does not account for [67], which results in a better fitting to a 

real-world scenario. 

1.2.3 Chemoresistive gas sensors 

This section is devoted to the mechanisms that, after the adsorption of a gas atom 

or molecule at the surface of a solid semiconducting MOX, produce the variations in the 

sensor signal due to charge transfer between the gas species and the sensing material. 

When a gas molecule is adsorbed at the surface of a solid, electrons can be 

captured by this molecule or electrons from the molecule can be transferred to the solid 

[75,76]. This is possible if the lowest unoccupied orbital of the molecule is located below 

the Fermi level of the solid (acceptor levels) or if the highest occupied orbital from the 

adsorbate is above the Fermi level of the solid (donor levels). When one of these two 

situations occur, a net charge is fixed at the surface of the solid, giving rise to an electric 

Figure 5: Energy band diagram of an n-type metal oxide semiconductor, where an adsorbate at the surface creates 
an acceptor level, which produces an upward band bending (adapted from Ref. [79]). 
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field inside the semiconductors, that causes energy band bending in the material. For 

example, if the semiconductor donates one electron to the adsorbed molecule, this gives 

rise to the accumulation of negative charge at the surface, as shown in Figure 5, and 

produces an upward bending of the band diagram close to the surface. Assuming a n-type 

semiconductor with a Fermi level within the bandgap and close to the conduction band, 

the band bending produces a reduction of the majority charge carrier density (electrons) 

and close to the surface and gives rise to an electron depletion layer, which contains fixed 

positive charge that compensates the negative surface charge at the surface. The change 

in the density of charge carriers at the depletion layer produces conductivity variations in 

the semiconductor, leading to a resistance change, in this example, a reduction. The 

conductivity variation can be described as: 

∆𝜎 = 𝑒[𝜇𝑛 ∫ 𝑛(𝑧) − 𝑛𝑏𝑢𝑙𝑘𝑑𝑧 + 𝜇𝑝 ∫ 𝑝(𝑧) − 𝑝𝑏𝑢𝑙𝑘𝑑𝑧]      (12) 

where 𝑛 states for the density of electrons, 𝑝, for that of holes and 𝜇𝑛 and 𝜇𝑝 are 

the electron and hole mobilities, respectively. 

Combining the chemical adsorption formalism and the semiconductor physics 

calculations, the so-called power law for the resistance of a semiconducting gas sensors 

is proposed: 

𝑅 = 𝑎𝑃𝑛 (13) 

where a is a constant and the value of 𝑛 depends on the morphology, the bulk 

properties of the sensing material and the dissociation mechanism. The relation described 

in Equation 13 is supported by experiments [77]. Regarding the geometry of the sensing 

material, it is worth mentioning that it acquires special relevance, since, theoretically, the 

full depletion of the semiconductor metal oxide could be reached. This fact is expected to 

greatly enhance the response of the sensors. From these observations, it is evident that the 

surface-to-volume ratio and geometry of the sensing material are important factors 

influencing the conductivity and, consequently, the response of the sensor. 

Regarding the crystallinity of the sensing material, polycrystalline materials 

present different behavior than their monocrystalline counterparts, for which only the 

surface is supposed to be contributing to the gas sensing properties. The presence of grain 

boundaries in polycrystalline materials produces multiple Schottky barriers and, 

according to the previous reasoning, different space charge region depletions are induced 
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between the individual grains, thus, contributing to the change in the resistance of the 

material and modifying the effect of the adsorbed gas molecules in an uncontrolled 

manner. Furthermore, it is expected that the diffusion of the adsorbed molecules along 

the surface of a polycrystalline material is slower than in a monocrystalline material and, 

therefore, the response time of the final devices is generally longer. At the junction of the 

semiconductor and the metal electrodes, commonly used to contact the sensing materials, 

also a Schottky barrier may be found. When gas adsorption takes place, the height of this 

barrier may be modified, producing resistance variations in the sensing device. A sketch 

of these processes is depicted in Figure 6. 

The response of the sensors towards the different adsorbing species is defined in 

this work as the relative change in the sensor’s resistance, irrespective from oxidizing or 

reducing gases or p- or n-type semiconductors, as: 

𝑆 = 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) =
|𝑅𝑎𝑖𝑟−𝑅𝑔𝑎𝑠|

𝑅𝑎𝑖𝑟
        (14) 

The sensor’s response time (𝜏𝑟𝑒𝑠𝑝) is here defined as the time span between 10 

and 90 % of the steady state resistance after the exposure of a certain constant gaseous 

concentration. In a similar way, the recovery time (𝜏𝑟𝑒𝑐) is the time span between the gas 

Figure 6: Energy band diagrams of three different scenarios where the adsorption of gas leads to band bending,   
affecting   the   conductivity   of   the    semiconductor    material:    monocrystalline, polycrystalline material, which 
is represented by a grain boundary, and a Schottky contact, formed by the junction of a metal and a semiconductor 

(adapted from Ref. [76]). 
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timulus is interrupted and the resistance changes from the 10 to the 90 % of the interval 

between the steady state and the base resistances. 

1.2.4 Two-probe measurements with individual nanowires 

For a precise determination of the free charge carriers in the semiconducting material, 

the use of four electrical contacts to the material is the preferred configuration, as it allows 

performing four-probe measurements, which allows minimizing the contact resistance 

between the metal and the semiconductor. However, to simplify the electrical circuits 

required for the device readout and to decrease the time and cost of fabrication, two 

contacts are generally used. Using this configuration, in direct current measurements, the 

voltage drop measured when applying a fixed current is the sum of the contributions of 

the voltage drop at the resistance corresponding to the NW (𝑅𝑁𝑊) and that corresponding 

to the contacts or the Schottky interface (𝑅𝑆𝐼). The overall resistance measure, R, is given 

by: 

𝑅 = 𝑅𝑁𝑊 + 𝑅𝑆𝐼 (15) 

It is important to know which is the relative contribution of each of these 2 terms, 

because it is difficult to discriminate which is the one that changes most in the presence 

of gas in the sensor’s environment. It is well-known that a Schottky barrier is fabricated 

when depositing Pt contacts to a MOX NW, due to the difference in the metal work 

function and the electron affinity of the semiconducting NW [78-80]. A Schottky barrier 

acts as a potential barrier at the interface between both materials. This effect can be 

observed as a nonlinear behavior in the current-voltage (I-V) characteristics when 

measuring at room temperature and can be explained interpreting the system as a two 

back-to-back Schottky barriers connected in series at the ends of the NW [78]. In the 

present work, however, the experimental conditions are such that the contribution of the 

Schottky barrier in the total resistance is low and, thus, we will be measuring mostly the 

contribution of the NWs. 
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1.3 Chemical vapor deposition 

1.3.1 Vapor-liquid-solid mechanisms 

Whiskers, the first name that the NWs received when they were first reported, 

were observed in natural ores in 1500s. The concept of growth is commonly used to 

describe the formation of whiskers or NWs. This concept was adopted in 1600s because 

the silver whiskers from the rocks seemed to grow like grass [81]. In the 1950s, intensive 

research in the Bell Telephone Laboratories led to the growth of whiskers of several 

materials including B, B4C, Al2O3, SiC, and Si3N4 [81]. The main objective of these 

studies was a reinforcement additive to be introduced in metals and plastics.  

In the mid 1960’s, Wagner and Ellis from the Bell Laboratories, first proposed the 

vapor-liquid-solid (VLS) mechanism in a series of publications [82-84] focused on silicon 

whiskers growth. These publications elucidated how the whiskers growth proceeded, 

stating, among other things, that: (a) an impurity is essential for whisker growth and (b) 

a small globule is present at the tip of the whisker during the growth [82]. Nowadays, the 

“impurity” is commonly known as catalyst in the NW literature (possibly a misleading 

term in this context) and the globule is used as the logical demonstration of the occurrence 

of the VLS mechanism. 

In the VLS mechanism it is proposed, as initial scenario, that the catalyst forms a 

liquid alloy droplet with the substrates, while the material that will later form the whisker 

Figure 7: Schematic illustration of the VLS mechanism as proposed by R.S. Wagner (reprinted 
from Ref. [82]). 
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is in the gas phase. This situation transforms the catalyst into the preferred deposition site 

for the vapor phase material on the substrate, as shown in Figure 7 from ref. [83]. The 

next step occurs at the vapor-liquid interface, where material from the vapor phase is 

transferred directly into the liquid droplet. This ends up causing the supersaturation of the 

liquid alloy droplet and the precipitation of material at the liquid-solid interface [83]. At 

the correct temperature and pressure, this produces a precipitation in solid form whose 

growth is guided by the catalyst. 

It is clear that the catalyst plays a key role in the VLS mechanism and there is a 

list of criteria that should be considered at the moment of its choice [85]: 

1. It must form an alloy or liquid solution with the crystalline material that is

attempted to be grown.

2. The distribution coefficient of the catalyst, defined as 𝐾𝑑 =  𝐶𝑠 𝐶𝑙⁄ , must be

less than 1 (where 𝐶𝑠 and 𝐶𝑙 are the solubilities in the solid and liquid phases,

respectively).

3. The equilibrium vapor pressure of the catalyst around the liquid alloy must be

small, since evaporation would otherwise change the droplet volume, leading

to changes in whisker size during the process.

4. The catalyst must be inert to the byproducts of the chemical reactions that

generates the vapor source.

5. The interfacial energies of vapor-solid, vapor-liquid, and liquid-solid systems

and the resulting wetting characteristics determine the shape of the growing

crystal. A large contact angle is necessary for the formation of whiskers.

6. In growing whiskers of compound materials, the catalyst can be the excess of

one of the materials to be grown.

7. The choice of the catalyst and the growth temperature must avoid the

formation of an intermediate solid phase constituted by the catalyst and one

of the vapor phase materials.

8. To obtain unidirectional growth, the solid-liquid interface must have well-

defined crystallographic features.

The importance of the catalyst arises also from the fact that the droplet beads 

control the diameter and morphology of the grown material. Wagner suggested that there 
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is a minimum diameter determined by the stability of a liquid droplet in its own vapor 

[85]: 

𝑟𝑚𝑖𝑛 =
2𝜎𝐿𝑉𝑉𝐿

𝑅𝑇𝑙𝑛𝜎
(16)

where 𝑟𝑚𝑖𝑛 is referred to the minimum critical radius of a whisker, 𝜎𝐿𝑉, the liquid-

vapor interfacial energy, 𝑉𝐿, the liquid molar volume, 𝑅, is the ideal gas constant, 𝑇, the 

temperature, 𝑙𝑛 is the napierian logarithm and 𝜎 the degree of saturation, given by: 

𝜎 =
𝑃−𝑃𝑒𝑞

𝑃𝑒𝑞
(17) 

where 𝑃 and 𝑃𝑒𝑞, are the actual and the equilibrium vapor pressures, respectively. 

These expressions, that can be used as a general guideline, link the growth conditions and 

intrinsic properties of the studied materials to the final whisker morphology. Wagner, and 

later Givargizov, gave large evidence that the growth temperature determines the growth 

rate, diameter and stability of the whiskers. In the studies of Givargizov one can find the 

fitting of his data to growth rate, that gave rise to the following expression [86]: 

𝑉 = 𝑏
(∆𝜇)2

𝑘𝑇
(18) 

where 𝑉 is the growth rate, ∆𝜇 is the effective chemical potential and 𝑏 is a 

constant. Apart from the growth rate, the temperature also affects the stability of the 

whiskers [85,86]. The instability during the growth leads to defects in the whisker, such 

as branches or kinks. These instabilities can be attributed to high temperature gradients 

or unstable temperatures and may be amplified by high concentrations of the source vapor 

[85].  

The pioneering contributions on whiskers research mentioned in this section, 

which mainly focused on silicon, lead the trend to the NW investigation. Once it was 

understood that thin films induce uniform catalyst diameters and that much thinner films 

yield nanosized structures, Westwater et al., in 1995, published the first discussion about 

whiskers at the nanoscale [87], using a 5 nm thick Au film. Since then, a fruitful period 

of NW publications emerged, giving rise to studies of NW growth of a broad variety of 

inorganic materials. In this thesis, NWs of In2O3, Ga2O3, SnO2 and Ge have been grown 

by means of VLS for their application in gas sensor and e-nose prototypes. 
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1.3.2 Chemical vapor deposition 

VLS may be carried out by different techniques, such as chemical vapor deposition 

(CVD), laser ablation (LA) or molecular beam epitaxy (MBE). The most spread technique 

is CVD, where the precursor material is introduced in gas phase or evaporates from a 

solid powder or liquid solution, decomposing at a controlled temperature and pressure 

[85,86]. It is hard to achieve a proper control by this technique due to the high variability 

of deposition parameters and wide ranges of gas partial pressures and temperatures that 

may be covered. However, these drawbacks can be overcome with a meticulous tracking 

of the experimental conditions and by keeping fixed certain parameters in each performed 

experiment. Moreover, the CVD technique is considerably cheaper and simpler in 

comparison to other techniques reported to promote the VLS process [85].  

The properties of the NWs grown via VLS are largely dependent on their size, 

morphology, defects, etc.. These features can be controlled by a rational design and 

careful tuning of the growing conditions of the CVD process. Therefore, it is important 

to understand the general aspects and parameters influencing a CVD growth, that can be 

listed as: 

1. Precursor: the reactant that will be converted into the desired product is involved

in three reactions: thermal decomposition, chemical transport and chemical

synthesis [88]. The amount, purity and composition of the precursor material

influences the morphology, growth rate, optical properties and gas sensing

behavior of the grown material [89,90].

2. Temperature: this parameter can affect several features of the CVD system, such

as the chemical reactions of precursors in gas phase, the growth rate, the diameter

and the crystalline quality of the grown NWs [91,92]. This suggests that the

temperature can be used to tune the uniformity, morphology, composition and

crystallinity of the grown material. With the use of relatively high temperatures,

high crystalline quality NWs can be obtained [90-92].

3. Substrate: this is the support for deposition or growth in a CVD process. In

addition, the substrates themselves can be used as catalyst for the growth process,
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e.g., for the Si whiskers or NW growth reported in [83,93] or the catalytic active

nickel substrates used for carbon nanotube growth [93]. More concretely, the 

crystalline quality and lattice structure of the substrate can affect the growth of 

the material [88] changing its structural, morphological, optical and electronic 

properties [93,94]. Besides, the orientation of the substrate can determine the 

morphology, the growth direction and, depending on the material, the epitaxial 

relationship of the as-grown material to the substrate [88,94,95]. Finally, the 

substrate preparation and surface termination are also relevant and impact the final 

morphology of the synthetized material [95]. 

4. Pressure: most of the CVD systems can be tuned from ambient pressure down to

few millitorr, which can change completely the gas flow behavior [88] and the gas

phase precursor transport. When growing nanostructured material, in addition to

the total pressure inside the CVD reaction system, the growth velocity is

influenced by the partial pressures of the precursors in gas phase. In specific

regimes, the partial pressure of one of the components can be linearly related to

the growth rate of the fabricated material [89], while in other regimes undesired

reactions can occur, which will give rise to other growth mechanisms, such as

vapor-solid [96].

5. Catalyst: this is the material used to promote the local growth inside the CVD

system, as in the case of metal-assisted VLS processes for Si NW growth [83,89].

Au is the material of choice in a broad number of experiments due to its

availability in different forms (colloids, sputtering targets, evaporation sources).

An additional reason to choose this material, for example when fabricating Si

NWs using Si substrates, is its binary phase diagram with Si [83,89], shown in

Figure 8. In comparison to other possible catalyst-precursor combinations, the

temperature at which Au-Si form an eutectic group, thus, promoting the VLS

mechanism, is lower than with other common metals (Al, Ag, Zn, Ti, Pd...). The

Au-Si eutectic group formation temperature decreases about 700 ºC and 1050 ºC

the melting point of pure Au and Si, respectively. Using this material combination,

the VLS is promoted at a temperature above at 363 ºC (and a composition of about

19 atomic % of Si diluted in Au) [89]. When growing Si NWs, the presence of Si
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in the Au drop helps to reach the supersaturation of the liquid alloy droplet and 

the precipitation of material at the liquid-solid interface. For the growth 

experiments of In2O3 and Ga2O3 NWs performed in this thesis, Au is used as 

catalyst to support the VLS growth, and Si and SiO2 have been tested as substrates. 

More dense and longer NWs are grown when SiO2 is used as substrate, a fact that 

is also reported in literature [95].  

A typical CVD setup consists in a horizontal tube furnace connected to a gas injection 

system, and pressure gauge with or without control, via a mechanical pump. Figure 9 a) 

shows a schematic design of a CVD system. The furnace may have one or more heating 

zones. The control of more than one zone allows to establish varying temperatures in the 

different zones, for example, one for the vapor source generation and another for the 

growth or deposition zone, schematically represented in Figure 9 b). The experiments are 

typically performed at low pressure (from 1 to 100 Torr), which can help to reduce the 

oxygen contamination whenever this is critical [85,97]. If the source material needs to be 

heated so that evaporates, it is placed inside the furnace tube in an alumina crucible. 

Alumina is the main choice due to its high melting point, good chemical stability, and 

hardness. These properties allow alumina crucibles to resist perfectly high temperatures 

and chemical corrosion, to which they are exposed during the growth processes. The tube 

furnace heats up the precursor material through conduction, radiation and gas convection 

[85]. Alternatively, the source material can also be heated by Joule effect of the crucible 

or, if the source material is already in gas phase, the resistive heating can be just applied 

to heat the tube and substrates. 

Figure 8: Binary phase diagram of Au-Si (reprinted from Ref. [90]). 
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To achieve controlled NW growth using a CVD system, it is important to purge or 

even bake the reactor before the beginning of each experiment to remove adsorbed gases 

from the tube walls and to reduce residual oxygen partial pressure, minimizing the 

possible contamination. When the precursor is evaporated inside the furnace and already 

in the gas phase, it is transported along the furnace tube using a carrier gas, typically inert, 

such as Ar or N2. To transform the precursor into gas phase several procedures can be 

followed, such as thermal evaporation or by mixing the solid precursor vapors with other 

feeding gases to react into the desired final product. The main requirement is to maintain 

the precursor at temperature and pressure conditions close to its melting, decomposition 

or sublimation point to produce adequate vapor pressure [54,85,97]. Typically, the 

substrates are placed downstream, where the temperature is generally lower, and NWs 

can be collected near the end of the tube furnace [85,97]. Due to the possibility to create 

this cooler region for deposition, furnace equipped with more than one heating zone are 

preferred.  

Figure 9: Schematic representation of a) a typical chemical vapor deposition system used for nanowire growth 
(adapted from Ref. [85]) and b) alumina boats, substrates and precursor layout inside the chemical vapor deposition 

system (adapted from Ref. [97]). 

a) 

b)
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1.3.3 Carbothermal reduction 

Using a CVD system, substrates coated with a thin layer of catalyst (a suitable metal 

or MOX precursor), a wide variety of MOX NWs can be grown by adjusting the 

temperature and pressure conditions of the growth process. The catalyst deposition onto 

the substrates is done either by sputtering or evaporation of thin layers (<10 nm thick) 

[85] but can also be achieved by dispersing colloidal nanoparticles. This thesis is focused 

on the use of solid precursors for the MOX growth. 

Solid MOX as precursor material generally requires that it is heated at high 

temperatures to generate enough vapors and this might be incompatible with the distance 

and required (lower) temperature needed for achieving the NW growth on the substrates. 

A way to circumvent this problem consists in mixing graphite with the MOX precursor 

material to obtain vapors at lower temperatures through the so-called carbothermal 

reduction [98,99]. Carbothermic reactions involve the reduction of the MOX material 

using carbon sources as reducing agent. Carbothermal reduction of MOX is one of the 

oldest technologies of the human history, employed to smelt ores [100], obtaining pure 

Figure 10: Ellingham diagram for the free energy of the formation of several metal 
oxides (reprinted from Ref. [99]. 
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metals like copper, lead, silver, iron, tin and mercury, as well as in some metallurgical 

processes [100] and to extract oxygen from the lunar regolith [101]. The ability of the 

metals to participate in carbothermic reactions can be predicted using an Ellingham 

diagram [98], as shown in Figure 10. The diagram presents plots of ∆𝐺 (Gibbs free energy 

variation) for the oxidation of several representative metals and for the oxidation of C to 

CO, and from CO to CO2. In a carbothermal reduction two solids (here a metal oxide and 

carbon) are converted into a new solid (a metal) and a gas (here, CO or CO2), which takes 

place when the resulting free energy is negative. In addition to this, to promote the 

carbothermal reduction, heating is required, otherwise the diffusion of the solids is slow, 

and the transformation does not take place. In our case, the reduction of the MOX to metal 

will occur when the resulting ∆𝐺 is negative, becoming progressively more feasible at 

higher temperatures. To clarify the process of carbothermal reduction of graphite when 

heated, e.g., with SnO2, which reduces SnO2 to Sn, the following reactions can be useful 

[98]:   

𝑆𝑛𝑂2(𝑠) + 𝐶(𝑠) → 𝑆𝑛(𝑙) + 𝐶𝑂2(𝑔)    (19) 

𝐼𝑛2𝑂3(𝑠) + 3𝐶(𝑠) → 2𝐼𝑛(𝑙) + 3𝐶𝑂(𝑔)          (20) 

In Figure 10 the temperature at which the curves for oxidation of Sn and of C (to 

CO2) meet can be read and its value is 629 ºC. This indicates that above this temperature, 

C effectively reduces SnO2, giving rise to Sn and CO2. In this temperature range Sn is 

present in liquid form. 

In a similar manner, it is possible to study the reduction capabilities for In2O3 and 

Ga2O3 [102] (curves shown in Figure 11). For these two compounds, the possible 

reactions are those indicated in Equation 20 and the temperatures at which their oxidation 

curves meet that of C to CO are 760 and 1100 ºC, respectively. In the case of In2O3, this 

temperature can be achieved by the employed CVD furnace. However, for the case of 

Ga2O3, the temperature is above the maximum attainable temperature, 1000 ºC, which 

means that the carbothermal reduction method will not be efficient to generate Ga vapors 

for the growth of the NWs. However, as will be described in the experimental part, NWs 

have been successfully grown using the carbothermal reduction method. 

Another factor that must be considered when growing NWs using graphite to achieve 

the carbothermal reduction is that the presence of graphite can affect the structure and 
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composition of the final NW, even promoting the vapor-solid mechanism [104]. 

Concluding, to grow NWs assisted by carbothermal reduction, the temperature and 

pressure are critical factors that must be meticulously settled to achieve convenient 

results. 

Figure 11: Ellingham diagrams for the free energy of the formation of 
various metal oxides including a) indium oxide and b) gallium oxide 

(reprinted from Ref. [103]). 
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1.4 Integration methodologies 

1.4.1 Microhotplates and micromembranes 

The substrates used in this thesis to fabricate gas sensors based on NWs, 

microhotplates (MHP) and micromembranes (MM), are described in this section. MHP 

and MM are micro-sized thin structures that contain both buried heaters and top electrodes 

fabricated on silicon wafers. The reduced dimensions of the thermally isolated structures 

allow to reach temperatures of several hundred degrees ºC locally with relatively low 

power consumptions (in the range of few to tens of mW).  Furthermore, the reduced mass 

of the systems provides a fast-thermal response during both heating and cooling ramps. 

The main difference between MHP and MM is that the latter are closed microstructures, 

meaning that the whole border of the MM is attached to the substrate, while MHP are 

suspended microstructures, i.e., the connection to the substrate is only through a few 

“arms”. Both MHP and MM used in this thesis have been fabricated at the IMB-CNM 

(CSIC), using their Clean Room micro and nanofabrication facility. For the fabrication 

of both MHP and MM, Si3N4 and SiO2 are used due to their low thermal conductivity and 

low mechanical stress when heated, offering robust and durable structures. 

MM are bulk micromachined substrates fabricated on double side polished p-type   

Si substrates, 300 μm thick. The MM consists of: (a) a layer of 0.3 μm of low pressure 

chemical vapor deposited Si3N4, deposited on top of the silicon substrate; (b) a meander-

shaped micro-heater made from doped polysilicon embedded in the Si3N4 layer; (c) a 0.8 

μm thick SiO2 layer, deposited on top of the Si3N4, that acts as electrical isolation to the 

top; and (d) Ti/Pt electrodes (25 / 150 nm nominal thickness) deposited on top of the SiO2 

layer, providing electrical access to the structures to be measured. The whole thickness 

of the MM is ~ 1.1 μm. The heated area (400 x 400 μm2) can reach temperatures up to 

600 ºC with a power consumption of 48 mW under atmospheric pressure in dry air. Each 

chip contains 4 of these MM. 

A MHP, fabricated by surface michromachining, contains: (a) a plasma-enhanced 

CVD Si3N4 layer of 0.3 μm; (b) a Pt micro-heater embedded in the Si3N4 layer; (c)  on  

top  of  the Si3N4, a 0.8 μm thick SiO2 is deposited  with  isolation  purposes; and (d) Ti/Pt  

electrodes (25 / 250 nm nominal thickness) are deposited on top of the SiO2 layer. The 
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heated area (100 x 100 μm2) almost covers the whole MHP and allows to reach 

temperatures up to 350 ºC with a power consumption of 6 mW. 

1.4.2 Focused electron-ion beam induced deposition techniques 

The fabrication of reliable metallic contacts that allow the electrical access to 

individual NWs, is a complex issue, but possible with the prevailing lithographic 

techniques. The work developed by the MIND Group of the Departament d’Enginyeries 

Electrònica i Biomèdica, initiated more than 15 years ago, was pioneer in the field of 

fabricating reliable nanosized contacts to individual NWs using Dual Beam (DB) 

systems. The maskless Focused Electron (FEB) and Focused Ion Beam (FIB) Induced 

Deposition (FEBID and FIBID, respectively) techniques, overviewed in this section, 

combine in an effective manner the possibility of sample ablation and material deposition 

in nanosized regions. This is made possible in these DB machines, which combine a 

Scanning Electron Microscope (SEM) and a Scanning Ion Microscope. 

The DB machine is similar to a SEM chamber, where the electron column is placed 

vertically, while the ion column is tilted 52º with respect to the electron one. The sample 

holder can be moved in x, y, z, rotated and tilted, granting the possibility to align the 

sample perpendicular to any of the two beams, at user’s convenience. Both electron and 

ion columns consist of a source of electrons or ions, respectively, that are extracted, 

accelerated and focused towards the sample by means of electromagnetic or electrostatic 

lenses, respectively. Typically, the ions used are Ga+ and can are accelerated at voltages 

from 1 to 30 kV, while the electrons can be accelerated at voltages from 0.1 to 30 kV. 

 The metalorganic precursor employed for the deposition of Pt is the trimetyl-

methylcyclopentadienylplatinum [(CH3)3(CH3C5H4)Pt] [105]. This precursor allows Pt

deposition using FEBID or FIBID, even though, not at the same rate or speed. This is due 

to the higher efficiency of the ion beam to produce the secondary electrons required for 

the decomposition of the precursor. In both FEBID or FIBID processes the result is a 

matrix of C with Pt nanoparticle inclusions of 3 to 10 nm [105]. In the depositions 

performed in our research group [106], Pt represents less than 27 % in volume of the 

deposited material, C is always present in concentrations > 65 % in volume, and Ga is 

present, when the ion column is used, in a noticeable amount of about 8 %. The resistivity 
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of the final deposits can be several orders of magnitude higher than the bulk Pt [105,106] 

due to the high C content. The amount of C content is reported to be higher in the first 

layers over an insulating surface [105]. This is interpreted to be caused by varying 

effective substrate, or by a heating effect. At the same time, the use of FIBID reduces the 

amount of C incorporated onto the deposit [106], and introduces Ga, which is believed to 

be responsible for the much lower resistivity than with FEBID deposits 

Using the ion gun, material from the surface of the bombarded sample will be 

removed due to the well-known sputtering effect of ions. Apart from milling, the Ga+ ions 

penetrate the sample and are implanted. Both processes take always place when using 

FIBID techniques or when imaging using the ion beam, even at low acceleration voltages. 

Thus, a FIBID process always produces damage: removing material and implanting ions 

in the sample, which damages the crystalline structure of the metal oxides and which can 

introduce doping. For this reason, FEBID techniques are used to produce the deposition 

of Pt contacts, avoiding ion implantation when single NWs are contacted in this thesis, 

but being aware of the much higher resulting resistance.  

For the fabrication of metallic contacts to individual NWs, MHP or MM, described 

in detail in the previous section, are used as substrates. These substrates, with a dispersion 

of NWs on top, are introduced in the DB system. SEM is used to survey the sample, to 

find a suitable NW and to produce the contacts between individual NWs and electrodes 

from the microchip using FEBID, while the FIB is employed only when milling on the 

sample is necessary. 

The steps followed to fabricate contacts to individual NWs can be summarized as 

follows: 

1. Locate a NW suitable for contacting (isolated, minimum 5 µm length and in

the proximities of pre-patterned electrodes) using SEM imaging.

2. Prepare the system for FEBID deposition.

3. Deposit two or four contacts connecting the selected NW and the pre-

patterned electrodes.
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4. If necessary, correct errors by milling using FIB, avoiding exposure of the

NWs.

Typically, the parameters used for deposition are an acceleration voltage of 5 kV, a 

spot size chosen to keep the electron current around 86 pA and dwell times of 5 µs to 

achieve deposits of ~ 150 nm width. Using this method, an individual-NW contact 

fabrication lasts between 2 and 4 hours. In Figure 12, a sketch of a Ga2O3 NW contacted 

using FEBID techniques is shown. 

1.4.3 Electron lithography 

Electron Beam Lithography (EBL) is, together with DB, one of the most spread 

techniques in nanofabrication. EBL consists in exposing a thin polymer resist layer with 

a focused electron beam, modifying the solubility of the exposed polymer, to later 

dissolve the exposed or non-exposed regions of the polymer, depending on whether the 

resist is positive or negative tone, respectively [107]. The key objective of EBL is to 

achieve patterns with high resolution, high density and high reliability. This technique 

allows to define patterns with critical dimensions below 20 nm, a dimension that strongly 

depends on each specific EBL system [108]. The first EBL systems were developed 

adding a pattern generator and a beam blanker to a SEM, as schematically shown in 

Figure 13. The beam blanker is a very fast deflecting system, used to avoid the exposure 

of the resist in the not-to-be-exposed regions. The modern EBL devices are dedicated 

Figure 12: Sketch of a microhotplate with a nanowire electrically contacted to the surface electrodes. 
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tools incorporating high brightness electron sources for high throughput, high-resolution 

mechanical stages to be able to expose step-by-step considerably large substrates and 

high-resolution interferometric stages, that allow very precise positioning of the sample 

under the beam [107]. 

The key parameters for EBL writing are the quality of the electron optics, the type 

of resist, substrate and developer and the process conditions: the electron beam energy 

and dose, exposure time and aperture size [107]. There exist also other factors that might 

difficult the writing process, such as proximity effects (delocalization of electrons due to 

forward and backscattering), collapse of the pattern (caused by swelling and capillary 

forces) or fluctuations in the sizes of features [107]. 

The EBL system used in the experimental procedure is a Raith 150-TWO at CNM-

CSIC, able to accelerate the electron beam from 10 to 30 kV and with three different 

apertures of 10, 20 and 30 μm. The larger the aperture, the higher the current that reaches 

the sample.  The system incorporates a Secondary Electron Detector (SED) and an in-

lens detector. The working distance used to fabricate the contacts to individual NWs is 

10 mm and the vacuum level inside the chamber is, similar to a regular SEM system, 

about 10-6mbar. 

To fabricate metallic contacts to individual NWs using EBL, micromembranes are 

used as substrates. These substrates, with a dispersion of NWs on top, are firsts introduced 

in the EBL system. The steps followed to fabricate contacts to individual NWs can be 

summarized as follows: 

Figure 13: Schematic of an electron beam lithography 
machine (reprinted from Ref. [107]). 
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1. Locate several individual NWs suitable for contacting (isolated, minimum 5

µm length and in the proximities of pre-patterned electrodes) using SEM

imaging. Locate alignment marks.

2. Design the patterns (writing field size and magnification), beginning from the

selected NWs and extending to the electrodes of the MM or MHP.

3. Remove the sample from the EBL machine. Spin-coat the photoresist and soft

bake the samples.

4. Introduce the substrates back in to the EBL system, find the alignment marks

and expose the resist.

5. Remove the samples and develop the resist.

6. Perform metal deposition and lift-off

The exact details and process conditions of the procedure, developed in the MIND 

Group of the Departament d’Enginyeries Electrònica i Biomèdica, to fabricate metallic 

contacts of nanometer size using EBL is explained in detail in one of the papers that 

support this PhD dissertation [109]. 

Contacting NWs using EBL techniques, compared to FEBID, is less time 

consuming due to the possibility to contact several individual NWs in each process, 

instead of one. At the same time, this method provides a higher throughput and more 

reproducible results [109]. 

1.4.4 Dielectrophoresis 

Dielectrophoresis (DEP) was first defined in 1951 by Pohl [110] as the motion of 

suspensoid particles relative to that of the solvent in which they are contained resulting 

from polarization forces produced by an inhomogeneous electric field. This method has 

gained popularity after the year 2000 [111] due to its contribution in the manipulation of 

nanostructured material and the literature related to DEP increased considerably. 

Published papers cover theoretical and technology aspects, with applications focused 
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towards areas such as biosensors [112], microfluidics [113], nanoassembly [114] or gas 

sensors [115], among others. 

Most publications on DEP force quote a mathematical expression for time-

average DEP force of the form [111,116]: 

𝐹𝐷𝐸𝑃−𝑁𝑊 =
1

2
𝜋𝑅2𝑙𝜀𝑚𝑅𝑒{𝐶𝑀}∇|𝐸𝑟𝑚𝑠|2 (21) 

𝐹𝐷𝐸𝑃−𝑆𝑃 = 2𝜋𝜀𝑚𝑅3𝐶𝑀(∇𝐸𝑟𝑚𝑠
2)       (22) 

where Equation 21 is for NWs and Equation 22 for spherical particles; R is the 

radius of the spherical particle or of the section of the NW, depending on the formula, 𝑙 

is the particle length, 𝜀𝑚 is the absolute permittivity of the material, 𝑅𝑒 means the real 

part, 𝐶𝑀 is the Clausius-Mossotti (CM) factor, ∇ represents the gradient operator and 

𝐸𝑟𝑚𝑠 is the amplitude of the electric field. The CM factor is defined as [111,116]: 

𝐶𝑀 =
𝜀̃𝑝−𝜀̃𝑚

𝜀̃𝑚
 𝜀𝑚̃ = 𝜀𝑚 − 𝑖𝜎 𝜔⁄           (23) 

𝐶𝑀 =
𝜀𝑝−𝜀𝑚

𝜀𝑝+2𝜀𝑚
   (24) 

where Equations 23 and 24 correspond to NWs and spherical particles, 

respectively; 𝜀𝑚̃ is the complex permittivity, 𝜀𝑝̃ and 𝜀𝑚̃ are the permittivity of the particle 

and medium, respectively, 𝜎 is the conductivity, and 𝜔 is the frequency of the AC electric 

field. These expressions point out that the key factors to control the displacement of 

suspended particles in a solvent are: (a) the frequency and amplitude of the applied 

electric field; (b) the electrical properties of the particles and solvent, via the CM factor 

that directly relates the permittivity and conductivity of the particles and medium with 

the frequency of the applied electrical field; (c) the particle concentration in the medium; 

and (d) the electrode geometry.  

To fabricate gas sensors based on nanostructured material using DEP, the as-

grown material is dispersed in a liquid solution and drop casted on the desired substrates. 

The points from (a) to (d) may be considered and a fine tuning of the frequency and 

amplitude of the applied electric field (guided by the study of the CM factor for each 

specific material) is used to achieve proper material alignments. Another important factor 

to take into consideration is the concentration and viscosity of the solution. Exploring 
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different solvents may allow to achieve good alignment results via the proper viscosity of 

the solution, maintaining the desired particle concentration. It must be mentioned that, 

when exploring different solvents, also the conductivity of the solution can drastically 

change, modifying the electric field distribution, inducing deficient DEP alignments. For 

this reason, a compromise between the conductivity, the permittivity and the viscosity of 

the medium needs to be studied to find the optimal alignment conditions for each specific 

solvent. Once these parameters are studied for each particular case and the best options 

defined, an AC square electric field is applied to the top electrodes of the substrate to 

achieve the nanostructured material alignment by DEP forces. After the induced 

alignment, to promote the solvent evaporation, the resulting devices are soft baked at 80 

ºC for 30 minutes. 

This methodology offers a fast, easy and cheap path for the integration of 

nanostructured material in gas sensing platforms [115,117]. However, the control of the 

reproducibility and the reliability of the fabricated gas sensors is considerably low 

compared to other integration methodologies [118]. 

1.4.5 Site-selective growth 

The site-selective growth of inorganic NWs is a novel method, reported for the 

first time in 2012 in our research group [54], in collaboration with the Institut de 

Microelectrònica de Barcelona, part of the Consejo Superior de Investigaciones 

Científicas, and the Technische Universität Wien. In this approach the NWs are grown 

directly integrated in the final device (MHP or MM) without the need of using further 

contacting methods such as FEBID, EBL or DEP. It has been demonstrated that it can be 

applied to integrate webs of NWs of different materials for their use as gas sensors 

[54,119,120], even in different membranes of the same chip [121]. This strategy is used 

in this thesis to study a low cost and reliable strategy for the fabrication of e-nose systems 

in one single chip, presented in Chapter 5. 

To promote the NW growth in a specific site of a MHP or MM, a thin film of few 

nanometers of Au is sputtered on top of the chips to be used as seed for the VLS growth. 

The precursor material is introduced in gas phase in a small CVD chamber where the 

chips are located. The integrated heater of these chips, electrically contacted to an external 
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power source, allows to increase its temperature locally, promoting the growth of 

nanostructures according to a VLS method only on the hot spots of the device. The NWs 

grow following the mechanism explained in section 1.3.2, but only in the specific heated 

locations of the substrates.  

The quality of the NWs obtained with this methodology is similar to those fabricated 

in a common CVD furnace for large area deposition, showing excellent crystallinity. In 

the midpoint of the locally heated deposition area, the NW coverage is homogeneous and, 

predominantly, located between the electrodes, which are later used for electrical 

characterization of the NW webs and to perform the gas sensing experiments. Due to an 

alloying of the platinum of the electrodes and the sputtered gold, a reduction of the 

catalytic efficiency for NW growth occurs on top of the electrodes, producing a reduction 

or, even, the absence of NW growth on them [54]. 

This methodology offers a simple, scalable and low-cost strategy to fabricate gas 

sensors based on inorganic NWs, avoiding the additional difficulties that various steps of 

integration require. As a direct consequence of combining the material growth and 

integration, the final devices gain robustness, are more easily reproducible and show 

higher reliability in the gas sensing measurements. 
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 “Nothing in life is to be feared, 

it is only to be understood. 

Now it’s time to understand more, 

so that we may fear less” 

Maria Salomea Skłodowska-Curie 

2. Objectives

The work presented in this dissertation is focused on the fabrication, integration 

and test of chemoresistive gas sensor devices and systems based on semiconducting 

nanowires. It represents a step forward in the large experience in the contact fabrication 

of nanostructured material and their characterization towards different gases for which 

the research group, in which this work is performed, is well known for more than 15 

years. Before the beginning of this PhD work, the NWs used for the research were 

provided by external laboratories. With the availability of an old CVD furnace, the 

possibilities to perform the growth in-house started and part of this dissertation is devoted 

to establishing the conditions for the growth of MOX NWs. 

A second direction of research was to deepen into methodologies to integrate the 

sensing material in the substrates where the gas sensing devices are fabricated, refining 

them in some cases and proposing new strategies, with the aim of simplifying the 

integration procedures and increasing the throughput.  

The third topic was, to a certain point, a natural extension of the device integration 

activity when considering one of the major drawbacks of chemoresistors: their lack of 

selectivity. For this, several nanomaterials were integrated onto the different 

micromembranes of one single chip, allowing the simultaneous measurements of various 

gas sensors, constituting a miniaturized electronic nose. 

 2 
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The specific objectives established in this thesis are the following: 

• To grow crystalline indium oxide and gallium oxide nanowires via the vapor-liquid-

solid mechanism using a chemical vapor deposition furnace and solid precursors. 

• To fabricate devices based on individual indium oxide and gallium oxide nanowires,

contacted on top of microhotplates using Focused Electron Beam Induced Deposition, 

and to characterize their gas sensing properties. 

• To develop advanced techniques and strategies to achieve the contact fabrication to

nanowires on top of microhotplates and micromembranes, and to test their gas sensing 

properties. 

• To fabricate a nano-electronic-nose based on a single chip containing several

micromembranes, each with different site-selective grown nanowires, and to study their 

gas discrimination capabilities. 
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“What we know is a drop, 

what we don’t know is an ocean” 

Isaac Newton

3. Individual semiconducting metal oxide

nanowires for gas sensing 

Two of the main objectives of this thesis were: (1) to stablish the proper set of 

conditions to successfully grow In2O3 and Ga2O3 NWs and (2) their evaluation as sensing 

element of gas nanosensors.  

In section 3.1 the growth of In2O3 NWs via the VLS mechanism and using Au 

nanodroplets for their promotion, is addressed. The growth of these NWs was found to 

be strongly dependent on the oxygen concentration in the gas atmosphere, on the 

temperature and on the pressure inside the tube, promoting the formation of nanorods 

and/or octahedral microstructures during the growth experiments, the latter formed by the 

vapor-solid mechanism. The set of conditions that give rise to the successful growth of 

In2O3 NWs employing the CVD furnace were as follows: temperatures of 900 and 720 ºC 

for the precursor and for the substrates, respectively, pressure between 2 and 100 Torr, an 

oxygen concentration between 0.01 and 0.02 % of carrier gas, which is pure argon gas 

(5N), at a flux of 100 sccm and 0.25 g of a mixture of pure In2O3 (99.99%) nanopowder 

and graphite in a 4:1 wt proportion as precursor material. The structural and optical 

characterization of the samples containing exclusively NWs have confirmed that they are 

monocrystalline, with a cubic lattice, and that their average dimensions are diameter 

around 150 nm and length about 5 µm. In2O3 NWs have been transferred to 

microhotplates and have been contacted with a Pt-containing material using FEBID, so 

that chemoresistors based on individual In2O3 NWs have been fabricated.  

 3 
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The sensors were characterized at temperatures between 200 to 300 ºC, achieved 

using the embedded heater of the microhotplates, and towards different concentrations of 

carbon monoxide (CO), nitrogen dioxide (NO2) and ethanol (EtOH), always diluted in 

dry synthetic air. The measurements revealed that the sensors present high resistance 

variation to EtOH, of 47% at 300ºC for EtOH at a concentration of 100 ppm, while the 

effect of NO2 and CO is below 10% for the whole concentration range measured. 

Furthermore, the fastest sensors responded in about 4 minutes, which makes these sensors 

suitable for practical applications. 

In section 3.2 the growth conditions and gas sensing characterization of sensors 

based on single Ga2O3 NWs are presented. The growth is performed in the same furnace 

as explained in section 3.1, but the experimental conditions are different. For Ga2O3 NWs 

the oxygen-concentration in the carrier gas only slightly changes the results, which gives 

to NWs in almost all conditions. Other differences are that the optimal growth was 

obtained at temperatures of 950 ºC for the precursor and 820 ºC for the substrates. In these 

experiments, to keep the same amount of gallium to carbon ratio, the used precursor was 

0.45 g of a mixture of pure Ga2O3 (99.99%) nanopowder mixed with graphite in a 2:3 wt 

proportion. The characterization revealed that the diameter of the NWs was of 50 ± 20 

nm, the length was of 12 ± 5 µm and perfectly matched with the monoclinic β-Ga2O3 

crystalline structure. Very important is that the NWs were surrounded by a carbon shell 

of about 4 to 10 nm, which is a direct effect of the carbothermal reduction process. Similar 

to the In2O3 NWs, chemoresistors were fabricated using FEBID on top of microhotplates. 

The chemoresistors were very selective, with a high resistance variation when 

exposed to relative humidity diluted in dry synthetic air at room temperature (20 ºC), not 

responding to other gases, like CO, NO2, EtOH, … This behavior is completely different 

to that reported for Ga2O3, which normally respond to other gases and at high 

temperatures. This different response pattern is attributed to the carbon shell around the 

nanowires. Furthermore, these sensors responded in times as short as 2 minutes, making 

them very fast. This fact, together with the high selectivity, make these sensors very 

interesting for real gas sensing applications.  
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3.1 Gas sensor based on individual indium 

oxide nanowire 
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Supporting information 

Fig. 1: current versus voltage test for a single indium oxide nanowire based sensor 

Fig. 2: response of a single indium oxide nanowire based sensor to different pulses of NO2 at 300ºC 
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Fig. 3: response of a single indium oxide nanowire based sensor to different pulses of CO at 300ºC 

Fig. 4: SEM images corresponding to, from left to right starting for the upper line, nanorods, octahedral structures, 
nanoworms, nanowires, dendritic growth and nanomatches 
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3.2 Gas sensor based on individual gallium 

oxide nanowire 
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“I never think of the future, 

it comes soon enough” 

Albert Einstein 

4. Advanced integration methodologies for

nanowire-based gas sensors 

The integration of NWs onto MHP and MM and their testing as gas sensors is 

another objective of this thesis. With this aim, two studies devoted to fabricating gas 

nanosensors based on MOX NWs using different contacting approaches are presented. 

In section 4.1, the dielectrophoretic alignment of NWs is used to fabricate 

chemoresistors. WO3 NWs, either pristine or surface-functionalized with Pt-nanoparticles 

to enhance their sensibility, were used. Arrays of single WO3 NWs, suspended in water, 

were successfully aligned via dielectrophoresis between plane electrodes. The optimal 

conditions employed for the alignment were the use of square wave, with amplitude of 5 

V peak-to-peak and a frequency of 9.5 MHz, keeping the applied field for 20 s. After this, 

the water was allowed to dry by heating the samples to 80ºC. This fixed the NWs between 

the contacts. 

The fabricated gas sensors were characterized at 250 ºC towards NO2 and EtOH, 

diluted in dry synthetic air. The chemoresistors responded differently depending on their 

surface functionalization. Pristine WO3 NWs showed a maximum response value of 87 

% towards 5 ppm of NO2 and of 32 % towards 100 ppm of EtOH, while for Pt-

functionalized WO3 NWs, the maximum response was 43 % for 5 ppm of NO2 and 86 % 

for 100 ppm of EtOH. This opposite behavior between both types of NWs was attributed 

to a higher amount of pre-adsorbed oxygen species at the NW surface, inducing additional 

chemical and electronic interactions. This proves the feasibility of dielectrophoresis for 

gas sensor fabrication.  

 4 
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In section 4.2, EBL is used to fabricate metallic contacts to individual SnO2 NWs 

on top of MHP or MM, replacing the more common FEBID method, employed routinely 

in our research group. The difficulty of this fabrication process is that the substrate 

presents an important bending, caused by the stresses of the different layers from which 

it is made. To achieve this, both the photoresist spinning speed and time and the required 

electron dose to introduce changes in the photoresist had to be fine tune. Additionally, a 

special holder to fix the chip in the spinner had to be designed and machined with the aim 

of avoiding border effect in the photoresist. This holder showed to be key in achieving 

the correct spinning. After exposing the photoresist, which required a dose of 600 C/cm2 

and which is about 4 time larger than the usual dose employed in the used EBL machine, 

the photoresist was developed. After the photoresist development, the lift-off process was 

used to make the Ti/Pt deposits in the exposed areas. The method allows fabricating 

several devices sequentially but without breaking the vacuum of the EBL system. 

The chemoresistors were characterized between 150 and 400 ºC towards ammonia 

(NH3) diluted in dry synthetic air. The maximum resistance variation was 70 % at 200°C 

and towards 20 ppm of NH3 and is larger than that obtained for the reference fabrication 

technique, FEBID, which showed a response of 30 % for 25ppm at 250 °C. This superior 

behavior can be the result of the better electrical characteristics of the Ti/Pt contacts in 

front of the FEBID Pt-deposition. This demonstrates the potentiality of this techniques 

for contacting individual NWs on top of suspended MHP and MM for gas sensing 

applications. The technique can be easily tuned to contact other NWs, other 

nanostructures (such as nanotubes or nanorods) and, even, to other substrates with 

different thickness, surface structure, roughness and shape. 
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4.1 Dielectrophoretic alignment of 

individual tungsten oxide nanowires for gas 

sensing 
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4.2 Gas sensor based on individual tin 

oxide nanowire contacted by Electron 

Beam Lithography 
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“All my life through, the new sights of nature 

made me rejoice like a child” 

Maria Salomea Skłodowska-Curie 

5. Electronic-nose based on semiconducting

nanowires 

In section 5.1 a study devoted to achieving the fabrication and characterization of 

an e-nose based on devices made from semiconducting NWs is presented. This 

corresponds to the last objective addressed in this thesis work. In this case, three 

semiconducting NWs, namely SnO2, WO3 and Ge NWs, have been grown on well-

defined and pre-specified regions of one single chip, so that they are directly integrated 

into the final chip, which contains 4 MM. For the growth of SnO2 and Ge, a modification 

of the VLS methodology, employed in chapter 3, is used, consisting in using a gaseous 

precursor and replacing the furnace-heated substrates by the local heating achieved by the 

integrated heater of the micromembranes. For each process, only one MM was electrically 

biased and the growth of NW meshes took place on their heated part, while the rest of the 

chip remained cold and no growth was observed. This was true also for the successive 

growths, which did not affect the electrical and gas sensing properties of the previously 

grown NWs. WO3, on the contrary, has been grown using the Atmospheric Aerosol CVD 

(AACVD) technique, introducing the precursor in aerosol form, but still using the local 

heating of the MM for the gas decomposition and NW growth. 

The three sensors, made of three different materials and operating simultaneously, 

constitute and electronic nose, which has been tested towards NO2, CO and relative 

humidity (RH), always diluted in dry synthetic air. The calibration of each individual 

sensor has been carried out exposing the whole chip to the individual gases but with only 

this particular sensor heated and biased, while the others were unheated and unbiased. 

This has allowed determining the optimal operation conditions for each sensor. Next, at 

these optimal temperatures, all the sensors have been tested, simultaneously, towards each 
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gas specie alone. The similar response of these gas sensors to those reported for devices 

containing exclusively one type of NW material demonstrates that there exist no cross-

effects when one or several devices operate at the same time. This is valid even in the 

presence of different levels of RH. Finally, tests of the three sensors, operating 

simultaneously, towards mixtures of the three gases were performed. The data from all 

the mentioned measurements have been treated according to the Principal Component 

Analysis (PCA) methodology and the results demonstrate that the fabricated e-nose can 

discriminate between the three different studied analytes (NO2, CO and RH) and can even 

quantify the amount of each gas. 

The methodology here developed is envisaged to be compatible, as postprocess, 

with the fabrication technology of complementary metal-oxide-semiconductor (CMOS) 

devices and is, therefore, expected to allow the integration of gas sensors onto chips for 

electronic control and signal treatment. 
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5.1 Site-selective growth and In-situ 

integration of different nanowire material 

for Electronic-nose applications 
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6. Conclusions and future work

6.1 General conclusions 

The general objectives proposed at the beginning of this thesis were the synthesis 

of metal oxide nanowires, the fabrication of gas sensors based on them and the 

development of their integration into devices and, finally, the development and test of an 

e-nose based on semiconducting NWs. All of them have been fulfilled.  

• The successful growth of In2O3 and Ga2O3 nanowires, based on the vapor-liquid-solid

mechanism, using a chemical vapor deposition system and employing metal oxide 

precursors combined with carbon, has been achieved. The different experimental 

conditions required for growing both materials have been established, allowing the 

nanowires to be the unique or the majority nanostructure formed. 

• Devices based on individual In2O3 and Ga2O3 nanowires, contacted on top of

microhotplates, have been fabricated and their gas sensing properties have been studied. 

Their operation conditions, response and selectivity towards the different gases tested is 

strongly dependent on the experimental growth conditions. Extremely relative humidity 

selectivity has been achieved with Ga2O3 nanowires. 

• Two different methodologies for the integration of nanowires into devices to fabricate

single nanowire-based gas sensors, overcoming the limitation of the reference contact 

fabrication route, focused electron beam induced deposition, have been demonstrated. 

Dielectrophoresis has been used to align individual WO3 nanowires, for which the 

experimental conditions, especially solvent and the applied electrical field properties, 
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have been established. Electron beam lithography, combined with lift-off, has been 

successfully used to contact SnO2 on top of suspended microhotplates and 

micromembranes. This has required setting up the conditions for the electron beam 

lithography process. In both approaches, the gas sensing properties of these devices have 

been studied and the results are as good as those from devices fabricated using reference 

processes. 

• The site-selective growth of nanowires was used to grow different nanowire meshes on

top of the micromembranes of a chip. The gas sensing behavior of all micromembranes 

operating simultaneously has been measured and the different response of the these 

micromembranes allow the gas discrimination in a mixture. As a consequence, these 

systems can be considered a nano-electronic-nose on a single chip. 

6.2 Specific conclusions 

On the growth of metal oxide semiconducting nanowires for gas sensing 

In2O3 nanowires 

• The growth conditions of In2O3 nanowires are strongly dependent on the oxygen

concentration in the carrier gas during the experiments, restricted to values between 0.01 

and 0.02 % diluted in pure argon, as well as on the precursor and substrate temperatures, 

which were established to be 900 and 750ºC, respectively. In this way, monocrystalline 

In2O3, 5 m long and 150 nm in diameter have been produced. 

• With parameters diverging from the optimal conditions, the formation of non-nanowire

like structures, like nanorods and octahedra, is promoted. The nanorods were synthesized 

for lower oxygen concentration, while the octahedra, formed via a vapor-solid 

mechanism, were formed at higher oxygen concentration. 

• The individual In2O3 NWs-based gas sensors present maximum response at 300 ºC with

values of 47 % and towards 100 ppm of EtOH, and response as fast as 4 minutes. At the 
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same time, the response to CO is lower than 10 %, proving the selectivity of the fabricated 

gas sensors towards EtOH. 

Ga2O3 nanowires 

• The growth conditions of Ga2O3 NWs are mainly determined by the temperature, the

optimal conditions being a precursor temperature of 950 ºC and a substrate temperature 

of 820 ºC. The higher temperature, when compared to In2O3, is attributed to the use of the 

carbothermal reduction to evaporate the precursor powder materials. These conditions 

lead to monocrystalline NWs of average length and radius of 12 µm and 100 nm, 

respectively.  

• The Ga2O3 NWs are surrounded by a C shell of 4 to 10 nm. This shell arises from the

use of the carbothermal reduction for the evaporation of the precursor material, which 

generates large amounts of carbon byproducts.  

• The gas sensing devices based on individual Ga2O3 NWs only respond to relative

humidity, with no resistance variation for the other gases like NO2, CO, EtOH and 

hydrogen. The maximum response is above 90%, obtained at room temperature, with a 

response time of 2 minutes. This makes these devices extremely selective and low power 

consuming. 

• This selectivity is due to the carbon shell around the NWs, as the response behavior

towards relative humidity is very similar to that of carbon-based materials. 

On the development of advanced integration methodologies 

Dielectrophoretic alignment 

• For the alignment of individual WO3 NWs, a square wave of 5Vpp and 9.5 MHz, using

water as solvent, have been found to provide the best results for the used electrode 

geometry.  
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• The maximum gas response of the fabricated gas sensors based on arrays of individual

NWs has been towards 5 ppm of NO2 for the pristine and towards 100 ppm of EtOH for 

the Pt-functionalized WO3 NWs, respectively. This higher response of the Pt-

functionalized WO3 NWs-based gas sensors is related to the surface decoration of these 

NWs, which increases the amount of oxygen adsorbed species at their surface, allowing 

EtOH molecules to be more easily adsorbed than on pristine NWs. 

Electron beam lithography 

• For the correct contact fabrication on microhotplates and micromembranes, the spinning

and exposure processes need to be fine-tuned. A special holder has been developed to fix 

the chip and avoid photoresist accumulation in its borders during the spinning. The 

optimized spinning parameters, 4500 rpm for 1 minute, are the best choice for obtaining 

the most uniform photoresist given the topography and bending of the microhotplates. 

Furthermore, the required electron dose is increased to 600 C/cm2 to achieve the optimal 

resist exposure. 

• The gas sensors based on individual EBL-contacted SnO2 NWs present maximum

response at 200 ºC, with values of 70 % towards 20 ppm of ammonia, which is more 

sensitive than the reference fabrication method. 

• The EBL contact fabrication method presents the advantage, compared to the reference

method, that the fabricated metallic contacts present much lower resistance values and 

that several NWs can be contacted in one single EBL session. 
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On the fabrication and characterization of an electronic-nose based on semiconducting 

nanowires 

• The localized growth method based on a modification of the VLS procedure, employing

the micromembranes as heat sources for the decomposition of the precursor gas, have 

been optimized, allowing one NW material to be grown on each different micromembrane 

of the same chip. This optimization resulted in minimal impact between the different 

growth processes. In this way, SnO2 and Ge NWs have been grown on different 

micromembranes by VLS, while WO3 has been grown in a third one employing AACVD. 

• The similar response of these gas sensors to those reported for devices containing

exclusively one type of NW material demonstrates that there exist no cross-effects when 

one or several devices operate at the same time. 

• The analysis of the simultaneous gas responses of Ge, SnO2 and WO3 NWs when

exposed towards NO2, CO and RH diluted in dry synthetic air has been performed for the 

first time. The data obtained from the tests have been analyzed using the principal 

component analysis (PCA) and have demonstrated the capacity to discriminate between 

the different gases, constituting e-nose based on semiconducting NWs. We call this 

system a nano-electronic-nose. 

6.3 Future work 

Based on the results reported in this thesis, some open questions which still remain 

to be solved and some initial activities carried out on lateral topics can constitute the basis 

for a further development. In the following, a few investigation directions are given, 

which should further help advancing in the gas sensing field.  
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• To grow crystalline In2O3-Ga2O3 core-shell or heterostructured NWs via the VLS

mechanism using a CVD furnace and solid precursors, fabricate devices based on 

individual In2O3-Ga2O3 NWs and characterize their gas sensing properties. 

• To fabricate nanosized patterns using EBL combined with the site-selective growth of

semiconducting NWs, develop gas sensors based on meshes of NWs with reduced 

dimensions or, even, individual NWs and characterize their gas sensing properties.  

• To fabricate e-nose based on a single chip containing 4 different site-selective grown

NWs and study their gas discrimination capabilities towards combinations of 3 gases or 

more. 
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7. Resum en català

Aquesta tesi doctoral, realitzada en el grup MIND del Departament 

d’Enginyeries Electrònica i Biomèdica, està enfocada al desenvolupament de dispositius 

i sistemes sensors de gas basats en nanofils semiconductors monocristal·lins i es pot 

considerar un pas endavant en la recerca que, durant més de 15 anys, s’ha dut a terme en 

el grup. Abans de començar aquest treball, els nanofils d’òxids metàl·lics, que són 

components essencials per al desenvolupament dels dispositius i sistemes sensors de gas 

d’estat sòlid, eren crescuts i subministrats per laboratoris amb qui es col·labora. A la 

vegada, el departament disposava d’un forn pel dipòsit Químic en fase vapor (CVD), que 

permet dur a terme el creixement de nanofils i al qual es va tenir accés a començaments 

de 2015. Per tant, com a primer objectiu i punt de partida d’aquesta tesi, es va plantejar 

la sintetització de nanofils d’òxids metàl·lics utilitzant el forn CVD per, després, poder 

fabricar sensors de gas. Això s’ha aconseguit, fabricant nanofils d’òxid d’indi (In2O3) i 

d’òxid de gal·li (Ga2O3) seguint el procés vapor-líquid-sòlid (VLS), utilitzant or com a 

agent catalític i fent ús de la reducció carbotermal. Aquest procés permet disminuir la 

temperatura emprada per evaporar els precursors d’aquests òxids (primer pas del procés 

VLS) i l’or promou la formació de nanofils, proporcionant punts predominants d’absorció 

als vapors dels precursors. En el cas dels nanofils d’In2O3, s’ha determinat que les 

condicions que promouen el creixement de nanofils en el forn CVD, utilitzant com a 

precursor 0.25 g d’una mescla de pols d’In2O3 i grafit en una proporció de 4:1 en pes i 

amb un flux de gas portador de 100 sccm d’argó pur, són: una concentració d’entre 0.01 

i 0.02 % d’oxigen en el gas portador, el precursor a 900 ºC, els substrats a 720 ºC, i la 

pressió residual entre 2 i 100 Torr. S’ha observat que utilitzant d’altres concentracions 

d’oxigen es promou la formació d’estructures diferents, com ara “nanorods” o 
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microoctaedres. Els nanofils d’In2O3 obtinguts amb les condicions òptimes eren 

monocristal·lins, amb longituds i diàmetres mitjanes de 5 µm i 150 nm, respectivament. 

Els nanofils fabricats s’han transferit a xips amb microplataformes calefactores suspeses, 

que contenen un calefactor integrat i uns elèctrodes a la superfície, per a poder ser 

utilitzats com a sensors de gas i s’han contactat amb pistes que contenen platí, emprant el 

dipòsit assistit per feixos d’electrons (FEBID, per el seu acrònim en anglès). Això permet 

mesurar la resistència dels nanofils individuals, que s’ha utilitzat per a mesurar la 

presència de gasos a través de la variació d’aquesta resistència. Pels sensors de gas basats 

en nanofils individuals d’In2O3, les mesures s’han realitzat a temperatures d’entre 200 i 

300 ºC, assolida mitjançant la resistència integrada, i enfront de monòxid de carboni (CO), 

diòxid de nitrogen (NO2) i etanol (EtOH), diluïts en aire sintètic sec. Per a aquests sensors, 

la màxima variació de la resistència va ser del 47% per a 100 ppm d’EtOH i a 300 ºC i la 

resposta més ràpida va ser de 4 minuts. Per contra, la resposta sempre va ser inferior al 

10 % enfront dels altres dos gasos. 

Emprant el mateix forn i condicions experimentals semblants, ha estat possible 

crèixer nanofils de Ga2O3. Amb aquest material s’ha observat que no hi ha una 

dependència amb la concentració d’oxigen i, a més, a cada exmperiment s’han crescut 

molts més nanofils, de més longitud (de mitjana, 12 µm) i de menor diàmetre (de 50 nm, 

de mitjana) que en el cas d’In2O3. Les altres diferències en les condicions de creixement 

han estat: 0.45 g de precursor format per una mescla de pols de Ga2O3 i grafit en una 

proporció de 2:3 en pes, així com temperatures de 950 ºC pel precursor i 820 ºC pels 

substrats. Aquests nanofils monocristal·lins estaven envoltats d’una capa d’entre uns 4 i 

10 nm de carboni amorf. Els sensors s’han fabricat de la mateixa manera que en el cas de 

l’In2O3 i s’ha estudiat el seu comportament entre temperatura ambient (25 ºC) i 300 ºC 

enfront dels mateixos gasos que els nanofils individuals d’In2O3 i, a més, enfront 

d’humitat relativa (RH). Aquests sensors, treballant a temperatura ambient, són molt 

selectius a la RH i no modifiquen la seva resistència en presència dels altres gasos. La 

resposta màxima és superior al 90 % per a una RH del 80% i el temps de resposta és de 2 

minuts. Aquest comportament s’ha atribuït al recobriment de carboni i és resultat 

d’utilitzar el grafit com a material precursor. Aquesta interpretació està en consonància 

amb el comportament similar que presenten els materials basats en carboni. 
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Un segon objectiu d’aquesta tesi ha estat explorar diversos mètodes d’integració 

de nanofils individuals en el sensor amb l’objectiu de substituir FEBID, tècnica molt lenta 

i costosa. S’han provat de forma satisfactòria dues metodologies: emprar la 

dielectroforesi, consistent en el moviment de partícules dielèctriques suspeses en un 

dissolvent com a resultat de l’aplicació de camps elèctrics alterns, i la litografia per feixos 

d’electrons.  

Per als experiments de dielectroforesi s’han fet servir nanofils d’òxid de tungstè 

(WO3), sense dopar o decorats amb nanopartícules de platí. Les condicions experimentals 

per aconseguir satisfactòriament l’alineament i contacte dels nanofils entre els elèctrodes 

del xip dissenyat per a aquesta tasca han estat emprar aigua com a dissolvent, un senyal 

periòdic quadrat de 5 V pic a pic i una freqüència de 9.5 MHz i aplicar el camp durant 20 

segon. Els sensors fabricats s’han caracteritzat enfront de NO2 i d’EtOH, diluïts en aire 

sintètic sec. Els resultats mostren que els nanofils decorats són més sensibles a l’EtOH 

que els no dopats, mentre que aquest comportament s’inverteix quan se’ls exposa a NO2. 

Aquesta diferència ha estat atribuïda a una major quantitat d’oxigen pre-adsorbit en les 

superfícies dels nanofils de WO3 decorats, que donen lloc a unes majors interaccions 

químiques i electròniques. D’aquesta forma s’ha demostrat la viabilitat de contactar 

nanofils individuals mitjançant dielectroforesi. 

El segon mètode alternatiu ha consistit en emprar la litografia per feixos 

d’electrons (EBL) en combinació amb la tècnica de lift-off sobre xips amb 

micromembranes calefactores, dotades d’elèctrodes a la superfície. Per a això, s’han 

utilitzat nanofils d’òxid d’estany (SnO2) i ha calgut modificar els procediments habituals 

d’aquesta tècnica per a substrats de silici. Per començar, s’ha hagut de dissenyar i fabricar 

un portamostres especial que permetés muntar al seu interior el xip de manera que tots 

dos estiguessin a la mateixa alçada per tal evitar l’acumulació de fotoresina en els extrems 

dels xips. A més, a causa de les tensions mecàniques de les capes del substrat, les 

membranes estaven molt fortament corbades cap amunt, cosa que dificultava la 

distribució de la fotoresina i que ha requerit un ajustament de les condicions de 

centrifugació. Les condicions òptimes de fabricació són emprar poli (metil metacrilat) 

(PMMA 950k A7), centrifugada a 4500 rpm, seguida d’un tractament tèrmic a 180 ºC 

durant 1 minut i exposada el feix de 20 kV amb una dosi de 600  C/cm2. Aquesta dosi 
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és 6 vegades superior a la dosi habitual per a aquesta fotoresina. Després del revelat amb 

metil-isobutil-cetona i isopropanol (1:3) durant 30 segons, es procedeix a realitzar el lift-

off, consistent en dipositar una bicapa Ti/Pt de 20/80 nm i dissoldre la fotoresina amb 

acetona, de forma que només restarà sobre el substrat el metall on s’ha eliminat la 

fotoresina restant. Aquesta metodologia permet contactar diversos nanofils a diferents 

elèctrodes en un sol procés. Aquests sensors amb nanofils individuals de SnO2, han estat 

caracteritzats a temperatures entre 150 i 400 ºC enfront d’amoníac diluït en aire sintètic 

sec. La variació màxima de la resistència, que es va mesurar a 200 ºC, és d’un 70 % 

enfront de 20 ppm d’amoníac. Aquests sensors són més sensibles que els fabricats amb 

la tècnica de referència, FEBID, que és de 30 % per a 25ppm d’amoníac i mesurat a 250 

°C valor. Això demostra que el mètode de litografia per feixos d’electrons es pot emprar 

satisfactòriament per contactar nanofils individuals sobre xips amb membranes 

calefactores. 

L’últim objectiu d’aquesta tesi doctoral és la fabricació i caracterització d’un 

nas electrònic basat en diverses xarxes de nanofils semiconductors integrats en un mateix 

xip. És, a més, una ampliació d’un mètode alternatiu per integrar xarxes de nanofils en 

micromembranes calefactores, desenvolupat en el grup el 2012. En aquest cas s’han 

crescut nanofils de tres materials semiconductors, SnO2, WO3 i germani (Ge), en regions 

localitzades i predefinides d’un sol xip, de manera que s’integrin directament en ell. Pel 

creixement de SnO2 i Ge, s’ha utilitzat una modificació de la metodologia VLS emprada 

per créixer els nanofils de In2O3 i Ga2O3. La modificació ha consistit en utilitzar un 

precursor gasós i substituir els substrats escalfats per l’escalfament local donat pel 

calefactor integrat de les micromembranes. Per a cada procés només es va polaritzar 

elèctricament una micromembrana, mantenint les altres fredes i sense polaritzar, i es va 

aconseguir el creixement de la xarxa de nanofils només a la seva part escalfada. Això 

també va succeir per als successius creixements, que no van afectar les propietats de 

detecció elèctrica i de gas dels nanofils prèviament crescuts. El WO3, per contra, va ser 

crescut mitjançant la tècnica CVD amb aerosol atmosfèric, introduint el precursor en 

forma d’aerosol, però, igual que abans, utilitzant l’escalfament local de la 

micromembrana per a la descomposició dels gasos. 
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Els tres sensors, formats pels tres materials diferents i funcionant 

simultàniament, constitueixen un nas electrònic, que s’ha caracteritzat enfront de NO2, 

CO i de RH, sempre diluïts en aire sintètic sec. Primer s’ha realitzat el calibratge de cada 

sensor individual enfront dels tres gasos de forma individual, després enfront dels tres 

gasos simultàniament i, finalment, es van fer els tests dels tres sensors funcionant 

simultàniament enfront dels tres gasos. Les dades de totes les mesures s’han tractat segons 

la metodologia d’anàlisi de components principals (Principal Component Analysis, PCA) 

i els resultats demostren que el nas electrònic és capaç de discriminar entre diverses 

mescles amb concentracions en el rang de ppm de NO2 i CO diluïts en aire sintètic sota 

diferents nivells de RH. 
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