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1  INTRODUCTION 

Environmental surveillance is still an important topic in the agenda of 

government enforces agencies, which in the last years have increased their interest 

in monitoring emissions continuously at the source, with cross-stack instruments 

designed to detect particular measurands in reasonable well-known background 

matrix. The efficiently of this approach relies on the availability of gas sensing 

systems with increased measurement capabilities and decreased overall capital 

cost for multiple gas detection so that they can cover wider geographical area with 

a larger network of monitoring stations. Current gas sensing systems, however, 

do not fulfill all these requirements, and therefore the interest in further 

technological improvements of these systems. Generally, the deployment of 

advanced gas sensing elements could contribute to better control of air pollution 

and thus have an impact in the following areas. 

Human health 
Air pollution is one of the most significant environmental health risks in Europe 

and worldwide causing a wide range of diseases (e.g., lung cancer, cardiovascular 

and respiratory diseases). Also, air pollution has been associated with adverse 

influences on fertility, pregnancy, newborns, and children. In particular, it has a 

negative effect on neural development and cognitive abilities, which can lead to 

low performance at school and later to a lower quality of life [1]. Another diseases 

(except hearth and lung diseases), which are responsible for cases of premature 

death attributed to air pollution, are stroke and new-onset type two diabetes in 

adults [2].  

Ecosystem and climate changes 
Air pollution also has several environmental impacts on the ecosystems (e.g., 

vegetation, quality of water). Here are a few pollutants which causing biodiversity 

loss. For instance, high levels of nitrogen oxides (the sum of nitrogen dioxide 

(NO2) and nitrogen monoxide (NO)), ammonia (NH3), Volatile Organic 

Compounds (VOC) and sulfur dioxide (SO2), burden aquagenic and terrestrial 

ecosystems by excessive quantities of nitrogen and sulfur. This contributes to the 

acidification of soil, rivers, and lakes. Also, it is a well-known fact that several air 

pollutants have an impact on global weather changes. For instance, ground-level 

ozone (O3) formation, formed in the lower part of the atmosphere, methane (CH4) 

or carbon dioxide (CO2). All of these pollutants and their increasing tendency of 

occurrence are a serious worldwide problem. [3,4] 

Economic and cultural impacts 
The European Commission estimated that total health-related external costs in 

2010 were in the range of EUR 330–940 billion, including direct economic 

damages of EUR 15 billion from lost workdays, EUR 4 billion from healthcare 

costs, EUR 3 billion from crop yield loss and EUR 1 billion from damage to 

buildings [5]. The Organisation for Economic Co-operation and Development 

(OECD) projects market costs (e.g., additional health expenditure, forest yield 

losses) reach about 2% of European gross domestic product (GDP) in 2060, 
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leading to a reduction in capital accumulation and a slowdown in economic 

growth. Non-market costs (also referred to as welfare costs) are those associated 

with increased mortality and morbidity (illness-causing, for example, pain and 

suffering), degradation of air and water quality and consequently ecosystems 

health, as well as climate change. Globally, air pollution could cause 6 to 9 million 

of premature deaths a year by 2060 and cost 1% of global GDP (around 2.6 trillion 

USD annually), as a result of sick days, medical bills and reduced agricultural 

output. [6] 

Indeed, new technologies brought many benefits to our new modern lives. 

However, they also brought many inconveniences, such as the increase of 

unwanted global release of air pollutants that will result in enormous costs to 

cover those environmental and health losses in the next few decades. The 

consequences are very significant, and there is a need to call for strong policy 

actions, which need to be supported by the implementation of advanced 

monitoring technologies for environmental surveillance, restoration, and 

remediation. 

2  MOTIVATION 

Gas sensing systems are expected to play a notable role in environmental 

control and monitoring, to secure a better quality of life for the next generations 

[7,8]. Therefore, the fabrication of the new generation of gas sensing systems 

requires the deployment of advanced techniques and concepts that allow not only 

for high performance elements, but also for low power consumption miniaturized 

systems so that they can be integrated in portable or wearable components, as 

opposed to the current gas sensing technologies in the market [9]. These new 

characteristics could facilitate the approach of these systems into a human’s 

ordinary life, for example, by means of sensing platform integrated into mobile 

(portable) devices, such as smartphones. Thus, everybody could have the chance 

to monitor the actual air conditions (toxicity of the pollution) and control the areas 

that could possibly represent a risk. This could also have other effects, as these 

smart sensors become part of the equipment of our mobile phones so that the data 

recorded can be potentially used for real-time detection and shared with other 

users to inform the current air situation in their vicinity. Online health monitoring 

from exhaled breath is another possible application, which could also bring 

positive benefits for preventive medicine [10].  

In this context, during the last decades, many researchers have focussed on 

different aspects that involve gas sensing technologies. Thus, a variety of sensors, 

systems, and technologies have been developed for sensing and monitoring gases 

or vapors. Pellistors, electrochemical, optical, and thick film metal oxides (MOX) 

are the most famous gas sensing devices. One-dimensional (1D) semiconducting 

metal-oxide (MOX) nanostructures in the form of nanowires, nanorods or 

nanobelts have demonstrated to play a significant role in the functional properties 

of gas sensing systems, typically improving their performance, as opposed to bulk 

MOX. For instance, 1D MOX have demonstrated to improve parameters, such as 
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the sensitivity and stability of the sensing element, and also, to a certain extent, 

the selectivity [11] [12]. However, yet current methods for the integration of 

single nanowire structures in functional devices represent a technological 

challenge, with most of the methods needing the assistance of techniques, such as 

focus ion beam (FIB), which restricts the scalability of the process and increases 

the cost and time of fabrication [13,14]. 

 

3  AIMS OF THE THESIS 

This work is focussed on the search and optimization of technological 

processes to fabricate gas sensing systems based on arrays of single 

semiconducting nanowires. To address the fabrication of single nanowire-based 

system this thesis centered in two general aims (1) the development of platforms 

provided of nanoelectrode arrays for the selective integration of single gas-

sensitive metal oxide nanowires and (2) the validation of these platforms toward 

various gaseous species.  

Scientific contribution 

The most relevant aspects developed in this thesis include the methodology for 

fabricating miniaturized electrode platform systems provided of several arrays 

with parallel faced electrodes. To this end, several advanced fabrication processes 

were adjusted and optimized, including the e-beam lithography process for 

nanoscale fabrication. The novelty of the developed platforms consists in 

achieving the parallel connection of various single nanowires in parallel by using 

electric forces (method) and by modifying the width of the electrode close to the 

dimensions of the nanowire diameter (structure). This breakthrough opened the 

door to assemble different types of nanowires in one sensing platform, and thus 

improve the selectivity of the sensor. This, also contribute to developing other 

novel structures, described along with the thesis as the third chip generation, 

which proved the functionality enhancement of planar aligned single NWs 

interconnected in parallel by external electrical stimuli applied on a third electrode 

buried under the NWs.  

4  STATE OF THE ART 

4.1 NANOSENSORS BASED ON ONE-DIMENSIONAL NANOWIRES 

STRUCTURES 

As stated, with the advent of nanotechnologies, one-dimensional materials (1D) 

MOX nanostructures have called attention as a new generation of functional 

materials exhibiting several advantages not only for gas sensors but also for other 

sensing technologies. 1D materials such as nanobelts, nanorods or nanowires are 

the basis of these researches, and they are used as subjects for further fundamental 

studies, but also the realization of functional devices with a focus on low cost, 

small size, and low power consumption. All of the latter are materials with 

promising properties for gas sensing, for example, the dimensions close to the 
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range of biological and chemical species, fast diffusion kinetics and so forth. On 

the contrary, for the realization of next-generation gas sensors with excellent 

properties and functionality will be further discussed only one 1D material, which, 

based on facts noticed in following sections, is potentially suitable candidate 

meeting the specified parameters. Nowadays, there is an intensive search for novel 

NW materials with metallic or semiconducting properties, or a combination of 

both properties, capable of realizing single-molecule detection with superior 

sensing performance [15,16]. This continuing effort in the development of such 

miniaturized sensors which are expected to be cheaper, faster, more sensitive, 

selective and more stable compared with conventional “state of the art” sensors 

lead to new development techniques, which push the gas sensor field toward 

“nanosensors”. Such downsizing of sensing elements not only makes sensors 

cheaper and more economical but also improves the sensor performance opening, 

therefore, new technological perspectives. [17] 

Nanosensor is the device using nanosized components as the active sensing 

material. Those nanosized components are in the order of tens to hundreds of 

nanometers. Nanowires have been defined as wires with at least one spatial in the 

range of 1 – 100 nm [18,19]. Although the basic mechanism for gas sensing 

remains the same (i.e., adsorption and desorption of the molecules) compared to 

the conventional sensors based on polycrystalline materials, they are 

characteristic by their high surface-to-volume ratio, which is mandatory for fast 

reaction kinetics and provides more surface area for both chemical and physical 

interactions. 

Moreover, there are other advantages that make nanowire structures excellent 

building-blocks for micro/nanoscale gas sensors, compared to their bulk 

counterparts [16], for instance, dimensions comparable to the extension of the 

surface charge region, relatively simple preparation methods allowing large-scale 

production, ultrahigh sensitivity, improved selectivity, and the potential for the 

integration of addressable arrays on a mass-production scale, high-density loading 

of a target-specific receptor species and a catalyst deposition over the surface for 

promotion or inhibition of specific reactions, better thermo-dynamic stability 

comparing to nanograins, which promotes the stable operation of the gas sensors 

at a higher temperature, and [15], work at lower operating temperatures due to the 

minimal amounts of gas that influence the change of electrical characteristic.  

 To reach all these advantages, an essential goal in current research and 

development of NWs based sensors is connected with the synthesis and 

fabrication processes of these functional nanomaterials.  

4.1.1 Nanowires synthesis and device fabrication approaches 

Nowadays, there are many diverse methods to synthesize NWs, but commonly, 

these methods are classified into two categories the first based on top-down 

approaches and the second on bottom-up approaches. Top-down process – 

compared to the ‘‘bottom-up’’ method, this approach is more complex because 

the process relies on high-resolution lithography. For this reason, electron-beam 

lithography is necessary. Although the ‘‘top-down’’ approach needs many 
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expensive instruments, it has advantages of using standard semiconductor 

techniques to precisely design a desired device-array pattern eliminating the 

redeposition and positioning of NWs. Another challenge to the ‘‘top-down’’ 

method is that the minimum width of the produced NWs is around 100 nm. To 

overcome this barrier, single NWs of the triangular section were fabricated to 

reach a thinner transverse dimension (≤ 20 nm) with a length of several 

micrometers. [20] Bottom-up process – compared to the ‘‘top-down’’ method, 

this approach has the advantages of synthesizing NWs of high crystallinity, 

designated dopant density, and easily controlled diameters in a cost-effective 

preparation. However, without an intentional alignment for the randomly 

orientated NWs on the substrate, the device fabrication would suffer from 

inefficient fabrication yields, which could also limit their development in the 

industrial applications. Therefore, the success of producing high-quality NW 

devices requires the development of a uniform assembly of the ‘‘bottom-up’’ 

synthesized NWs on the support substrates. [20] 

The bottom-up approach consists of self-assembly of molecular building 

blocks, synthesis via vapor-phase transport, solution-based techniques, or 

template growth. In general, there are two main strategies to assemble the NWs 

over the electrode gap creates the electrical interconnection, namely, direct 

growth of NWs onto a substrate, or transfer with alignment methods (direct 

assembly of NWs). First mentioned, direct growth methods, include growth of 

vertically or horizontally aligned NW arrays, and also integration by bridging 

method [21-23]. Among leading transfer and alignment methods belongs, for 

instance, alignment by interactions with chemically patterned surfaces, Langmuir-

Blodgett alignment technique, or electric and magnetic fields assisted orientation 

(alignment) [24]. The latter technique is considered as the most promising for 

large-scale fabrication of selective gas sensors because it offers precise placement 

and ability to line-up the NWs in parallel. Additionally, the process for the 

alignment of NWs in a liquid medium under electric field is called 

dielectrophoresis (DEP) assembly of nanowires. 

In this context, the bottom-up method is advantageous as it provides precise 

control in shape and morphology, high purity, and crystallinity, together with low 

production cost, as compared to the top-down method. The deficiency of this 

technique is the integration process in planar substrates needed for the exploitation 

of their useful properties. 

4.2 THE CURRENT APPROACH IN GAS SENSING USING 

MULTIPLE NANOWIRE-BASED STRUCTURES 

This subsection presents the different architectures used for the fabrication of 

gas sensors based on nanowires. Here, it will be discussed the working principles, 

as well as the advantages and disadvantages associated with each architecture. 

The gas sensing platforms will be classified according to their suitability for the 

best parameters for gas sensing, but also considering the possibility of using the 

structures for mass production will be justified. Moreover, following the previous 

sections, sensing platforms using preferably high crystalline nanomaterials grown 
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by the bottom-up process will be described. Generally speaking, in gas sensors, 

nanowires are integrated either as multi-nanowire or single-nanowire structures.  

4.2.1 Multiple nanowire-based gas sensors 

This type of architecture commonly uses bulk or micromachined transducing 

platforms with Inter-Digital Electrodes (IDE). Thus, the nanostructure 

arrangements can be principally divided into three groups: 

a) Bottom IDE arrangement  

An example of bottom IDE arrangement with vertically grown multiple NWs 

on the top of electrodes is depicted in Figure 1.  

 
Figure 1. Electrode platform with bottom IDE for NWs bundles vertical growth: a) basic 

model, b) real structure of gas sensor with multiple NWs from the top. Adapted from [25]. 

b) IDE arrangements for planar alignment of NWs  

Another possible path to develop sensor devices is the integration of high 

crystalline 1D nanostructures horizontally to the substrate and across IDE 

electrodes. 

 
Figure 2. Electrode platform for NWs planar alignment: a) basic model image, b) real 

structure of gas sensor with interdigitated electrodes from top view. Adapted from [26] 
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4.2.2 Single nanowire-based gas sensors 

Single NWs sensors avoid the grain (or nanowire-nanowire) boundaries and 

due to the great potential to order them in array can become more efficient by 

unique possibility to modulate their sensing properties (i.e., sensitivity and 

selectivity) by additional functional blocks (e.g., third electrode, functionalization 

of NWs). 

 
Figure 3. Electrode platform for planar placement of single NW with bottom electrode: a) 

basic model image, b) real structure for measurements of ZnO NW photoluminescence 

properties using deposited electrodes over the NW. Adapted from [27]. 

5  MAIN RESULTS  

5.1 FIRST CHIP GENERATION: MICROELECTRODE ARRAY 

SYSTEM FOR NANOWIRES INTEGRATION USING 

DIELECTROPHORESIS TECHNIQUE 

This chapter presents the first generation of chips focused to provide a platform 

of electrode arrays (system) for selective integration of various functional NWs 

arranged in parallel. This with the aim to obtain arrays of gas sensing elements 

based on single NWs. To achieve this goal, it was necessary to select the methods 

for the whole fabrication and adjust the parameters of each individual procedure 

to optimize the processes. To this purpose the attention was focused on four main 

topics: (1) deposition of WO3 NWs and their dimensions, (2) NWs removal 

process, (3) design and fabrication of microelectrode array, and (4) integration of 

the NWs into microelectrode array systems. 

Overall, this work was the first practical introduction to the topic and its issues 

related to the electrode arrays based on NWs. After the development of the first 

chip generation, it was acquired a greater awareness of all used methods, and their 

pros and cons for the application targeted. The experience gained during the 

fabrication process was further used for the fabrication of second chip generation 

of gas sensing elements based on nanoelectrode arrays with single NWs 

interconnection. 
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5.1.1 Fabricated test chips with microelectrode arrays for NWs alignment  

Several 4-inch silicon wafers were consumed for the fabrication of the first 

chip, mainly, in order to optimize lithography with negative tone resist, and wet 

etching parameters. The final chip size was 1x1 cm which was sufficient for all 

undergone operations, such as electrical contacting by probes, or the drop coating.  

 

Figure 4. Illustration of the first chip generation: a) microelectrode arrays with faced 

electrodes, b) straight electrodes, c) side structures (pads, incoming electrodes), d) 

hydrophobic structures, e) straight electrodes from distance, f) several arrays.  

The fabrication process reveals a few issues, which affect particularly the 

structures with the lowest resolution, e.g., faced electrodes, resulting in affecting 

its working ability (i.e., electrical and mechanical parameters). To improve the 

process, the etching solution was diluted with water, which led to a decrease in 

(gold) etchant concentration as well as its etching rate.  

Another problem was a poor uniformity of etched structures. Although the 

etching rate was controlled well, the electrodes showed non-homogenous edges 

through the entire substrate, see Figure 5a, b. This non-homogeneity may be 

caused by remaining photoresist after insufficient developing of the pattern, that 

is characteristic for immersion development. Xu, and co-workers [28] found out 

that electrode shape plays a major role in electric field distribution during DEP. 

 
Figure 5. Optical inspection of the array with faced electrodes made by two different 

fabrication procedures: a) without plasma treatment after resist development, b) detail of the 

faced electrode (without plasma), c) oxygen plasma treatment used after resist development, 

d) detail of the faced electrode (plasma-treated). 
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Effect of additional plasma treatment used in the fabrication process is depicted 

in Figure 5c, d, showing a comparison of the same microelectrode array as was 

presented in Figure 5a, b. Faced electrodes depicted in Figure 5d are well-shaped 

(uniform), as opposed to those shown in Figure 5b detail. Also, the surface treated 

with plasma is cleaner than that without plasma treatment. 

5.1.2 Optimization of nanowires removal, redeposition and integration 

process 

The success of the whole NWs integration process by using DEP as an aligning 

technique to assembly the NWs on the fabricated electrode arrays is dependent on 

several operations (steps). In general, there are three main procedures which were 

optimized (experimentally) by testing the influence of various parameters, 

including the influence of the sonication intensity on NWs removal process, 

density of dispersed NWs in a drop, or electrical parameters setting of AC signal 

onto NWs alignment properties. Thus, a first alignment procedure was done in 

order to find out an assembly ability of NWs using the straight electrodes with 5, 

9, and 11 µm gap. The signal parameters were a sinusoidal peak-to-peak voltage 

of 2.5V and frequency of 10MHz. This result proves that (1) the maximum of the 

electric field is concentrated at the edge of electrodes (electrode (Au) – dielectric 

(SiO2) interface), and most importantly (2) the NWs alignment process is 

working. Based on these results, it was noticed that the deposited solution 

(droplet) contains a high density of dispersed NWs, which, in turn, causes the drop 

to be filled with NWs of different dimensions (diameter, length). To avoid such 

numbers of dispersed NWs and their dimensions dispersion, the DEP process was 

adjusted further. 

Firstly, WO3 NWs removal process from a basic substrate was optimized by 

finding an optimal intensity of the sonication in order to prevent damage of the 

structures, particularly avoiding the shortening of their length. Thus, the 

concentration of dispersed NWs in the solution was still very high so the removal 

solution was diluted with an additional 1 ml of DEMI water. Also, it was found 

that the basic substrate is not covered uniformly with AACVD as-deposited NWs, 

but the NWs with compliant dimensions (10 µm length, 100 nm diameter) are 

situated in the middle, and the rest of the substrate is deposited with large clusters, 

or other microstructures, as shown in Figure 6. To solve this issue, the substrate 

was cut into small pieces (1x1 mm), which also contribute to reducing the number 

of possibly removed NWs.  
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Figure 6. SEM inspection of the basic substrate (1x1 cm) containing other WO3 structure 

then as-deposited NWs: a) large clusters, b) detail of large wire with microscale dimensions. 

After the optimization of NWs removal, which aims to reduce the number of 

wires and keep their quality (dimensional parameters), the optimization of the 

DEP process was performed. The parameters were set variable from 1 to 10V 

(peak-to-peak) and frequency from 3 to 15MHz. The DEP process was kept 

running at least for 2 minutes depending on the evaporation rate of the applied 

water drop. The results from the optimization process are presented in Table 1, in 

which the successful conditions for the alignment of NWs is marked by colors as 

well as by additional comments. 
Table 1. Parameters of the DEP optimization process. 

DEP optimization process – NWs alignment ability 

Parameter Frequency (f), sine wave (MHz) 

Voltage, Vpp 

(V) 
3 MHz 5 MHz 7 MHz 10 MHz 12 MHz 15 MHz 

1 very poor very poor very poor very poor very poor very poor 

2 poor poor poor poor poor poor 

3 fair fair good good good good 

5 good good excellent excellent good good 

7 fair/critical fair/critical good/critical good/critical fair/critical fair/critical 

10 critical critical critical critical critical critical 

*(very poor: few NWs captured on electrodes, poor: more NWs captured (low alignment ability), 

fair: few M-NWs aligned between faced electrodes, good: mostly M-NWs, excellent: M-NWs and 

few S-NWs, critical: NWs burned); **(S-NW – single NWs, M-NW – multiple NWs) 

For example, “very poor” NWs alignment ability was observed at 1V through 

a whole tested frequency range (red color), where only a few NWs were captured 

mostly on large electrodes (incoming electrodes), or electrode fingers, but none 

of them was aligned between the faced electrodes. Whereas “good” alignment 

(light green color) ability was monitored between 3 and 5V almost over the entire 

frequency range (see in Figure 7). 
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Figure 7. SEM inspection of microelectrode array with parallel aligned NWs: 

a) microelectrode array from a distance, b) detail of faced electrodes end with multiple 

aligned NWs. 

On the contrary, when the voltage exceeds 5 V, most of NWs started to burn 

due to a higher current that results in their damage, disruption accompanied by 

melting, respectively. Figure 8a presents a closer view of multiple NWs 

interconnection together with the burnt NW (or NWs) that apparently melted (see 

in Figure 8c). The highest applied voltage (10 V) was “critical” for the alignment 

process. 

 
Figure 8. SEM inspection of faced electrodes after DEP process: a) multiple NWs 

interconnection and burned NW, b) NWs response to an applied electric field resulting in the 

creation of bundles of interconnected NWs, c) detail view of burned NWs. 

Figure 9 presents single NWs aligned across 3 µm gap between the faced 

electrodes. The “excellent” alignment ability was observed at 5 V and 7 MHz, 

10 MHz respectively. Therefore, more tests were carried out in order to find out 

accurate frequency, which was found around 9 MHz for the WO3 NWs.  
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Figure 9. SEM inspection of faced electrodes with single NW interconnection: a) S-NW 

assembled across 3 µm gap, b) S-NW aligned across the gap with other captured NWs. 

In sum, it was realized that the density of the NWs generally increased with the 

increase of the applied voltage potential as well as with decrease the gap distance 

between the faced electrodes. The increased frequency caused straighter, tighter, 

and more uniform NWs alignment. The more uniform alignment was observed 

when the spike shape of electrodes end was used. Additionally, more single-NW 

interconnections were achieved using the spike electrodes, unlike the rounded.  

The results presented in Figure 10 indicate an asymmetric and non-linear 

characteristic for the I-V curves. Both curves suggesting that the contact between 

the NWs and the electrode has a Schottky nature.  

 
Figure 10. I-V curve measurement of two types of WO3 NWs interconnections aligned in 

parallel microelectrode array (at RT): a) M-NWs, b) S-NWs. 

5.2 SECOND CHIP GENERATION: NANOELECTRODE ARRAYS 

PLATFORM FOR PARALLEL ALIGNMENT OF SINGLE 

NANOWIRES USING FOR GAS DETECTION 

In this chapter is presented amongst several improvements in the chip design, 

such as the use of an additional layer, which covers the rest of the electrodes and 
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performs electric field shielding, simultaneously, and also fabrication of 

nanoelectrodes to connect various single NWs in a parallel array for gas sensing 

tests. Various electrode systems were fabricated using the combination of EBL 

and DWL techniques in two different fabrication process approaches (lift-off and 

etch-back), to unfold the ideal modification with the aim to (1) achieve good 

signal-to-noise (S/N) ratio, (2) enhance the measured gas sensing response, (3) 

provide only single NW interconnection. In addition, he external heaters were 

fabricated using thick film technology based on the screen-printing process of 

several functional layers on alumina (Al2O3) substrate to reach temperatures of 

250 ºC. 

Overall, the second chip generation shows the fabrication of electrode array 

systems, which can be loaded with different types of sensitive material in the form 

of NWs. The work proves the  integration of various types of NWs on a single 

chip with independent electrode arrays and the possibility to exploit them on the 

fabrication of selective gas sensing elements. 

5.2.1 Fabricated nanoelectrode array test chip on 2x2 cm substrate using 

lift-off process 

The design of the test chip fabricated by lift-off approach consisting of a variety 

modification of the nanoelectrode array. Each chip contains four nanoelectrode 

arrays (resistive topology) with a different number of faced electrodes ordered in 

parallel (15, 30, 45, and 60), and with a minimum width of the electrode end 

75 nm. Two other topologies were designed.  

 
Figure 11. Design proposal of the organization of the functional blocks for the second test 

chip generation: a) hydrophobic traps and other structure, b) detail of the write-field area, 

c) electrode array modifications, d) detail of electrode array modification displaying EBL 

nanoelectrodes and microelectrodes processed by DWL. 

Thus, two lift-off processes, including pattern of the microelectrodes made by 

DWL, pattern of the nanoelectrode fingers (EBL), and two conductive layer 

depositions over the pattern, were employed to create nanoelectrode arrays with 

metallic interconnection (junction). One of the crucial failures of the lift-off 

process is creating the so-called “fence-like” structures in which the deposited 
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material is redeposited on resist sidewalls.  A slightly positive edge of the fences 

made in the first lift-off created a barrier for the deposited material which gives 

rise to a weak electrical interconnection at the junction between micro and 

nanoelectrodes, and may complicate the subsequent NWs alignment procedure 

(see in Figure 12). 

 
Figure 12. SEM inspection of metallic interconnection (junction) between microelectrode 

and nanoelectrode finger: a) depicts weak electrical interconnection and redeposition from 

both lift-off processes, b) nanoelectrode finger in detail. 

Although the fabricated electrodes comprised fence-like structures, results 

demonstrated the ability of selective integration of single NWs into the array with 

nanoelectrodes (see in Figure 13). 

 
Figure 13. SEM inspection of nanoelectrodes after DEP process: a) aligned and 

interconnected NWs, b) aligned NW without interconnection of both electrode poles. 

5.2.2 The optimized fabrication process of nanoelectrode arrays on 2-inch 

wafers for gas sensing applications 

The final second chip generation with four nanoelectrode arrays for gas sensing 

applications is depicted in Figure 14a. This figure shows a close view of a 
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microelectrode array with 15 electrode finger pairs (Figure 14b), and one 

nanoelectrode finger pair (Figure 14c).  

 
Figure 14. Illustration of the second chip generation: a) entire chip, b) microelectrode array 

with 15 electrodes – optical inspection, c) nanoelectrode finger – SEM inspection. 

The nanoelectrode finger was fabricated in four modifications, which differ by 

the width (100, 150, 200, and 300 nm) of the end-side of the electrode. Whole 

electrode system, except for nanoelectrode fingers, was deposited by 250 nm 

additional dielectric layer (SiO2) to protect the microelectrodes from NWs 

capturing during the DEP process 

 
Figure 15. SEM inspection of an aligned single NW over the faced nanoelectrode: a) distant 

view, b) closer view. 

After the DEP, the results showed that the NWs were precisely aligned over the 

nanoelectrode pair, as is demonstrated in Figure 15. This result proved the 

hypothesis that the width of the electrode close to the NWs diameter could be a 

key factor for successful single NW alignment (see Figure 15b). 

5.2.3 Gas sensing tests 

The gas sensing elements were fabricated using optimized design chip and 

backside ceramic heater assembled on TO-8 package. The heating element 

reaches a maximal operating temperature between 270 and 280 °C, and it is based 

on thick-film technology with designed heating area 6x6 mm.  

Two types of NWs were integrated into the separated arrays of faced 

nanoelectrodes using DEP process. Several sensors were employed to perform 

essential tests, e.g., findings of the accurate current value with acceptable 
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S/N ratio, sensor baseline resistance at different temperatures (from RT to 

250 °C), or sensor maximal response related to the actual temperature, and so 

forth. The real picture of the sensor with all fabricated parts is displayed in Figure 

16. 

 
Figure 16. Sensor for gas testing - TO-8 package with heater and chip. 

Generally, the nanoelectrode arrays employed in the gas sensing 

characterization consisted up to 5 single NWs (WO3 NWs non-functionalized or 

Pt-functionalized) aligned in parallel, and results proved the integration process 

success rate of approximately 33 % in the arrays with 15 faced electrodes. 

Characterization of these sensing elements proved a reproducible behavior with 

the Pt-functionalized NWs, showing a better response to ethanol (C2H5OH), 

compared to the non-functionalized NWs systems, which responded better to 

nitrogen dioxide (NO2).  

 
Figure 17. Effect of increasing concentration of nitrogen dioxide exposure on sensor 

resistance: a) non-functionalized WO3 (NWs), b) functionalized WO3 (NWs) with Pt (NPs). 

 
Figure 18. Effect of increasing-decreasing concentration of ethanol exposure on sensor 

resistance: a) non-functionalized WO3 (NWs), b) functionalized WO3 (NWs) with Pt (NPs). 
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Summary of recorded sensor responses compared with that recorded for other 

sensing elements based on similar systems (single and multiple NWs) toward NO2 

and C2H5OH, was presented in Table 2.  
Table 2. Summary of the sensor responses recorded in this work and the literature for sensors based on 

single and multiple nanowires toward NO2 and C2H5OH. 

Summary of the sensor responses – comparison of this work vs. literature 

Type Material Features (nm) SR (%) Gas ppm Ref 

S-NWA WO3 100 Ø 10000 L 151 NO2 1 This work 

S-NW SnO2 90Ø 15000L 25 NO2 0.5 [29,30] 

S-NW SnO2 78Ø 100 NO2 100 [31] 

M-NWs WO3-x 50 Ø 1560 NO2 1 [32] 

M-NWs W18O49 90Ø 1000L 1304 NO2 1 [33] 

M-NWs W18O49 1000 Ø 335 NO2 1 [34] 

M-NWs WO3-x N/A 500 NO2 5 [35] 

S-NWA Pt@WO3-x 5 ØNPs 100 Ø 10000 L 188 C2H5OH 100 This work 

S-NW In2O3 220Ø 5000L 47 C2H5OH 100 [36] 

S-NW CP 220 Ø 6000 L 0.15 C2H5OH 2000 [37] 

M-NWs WO3-x 100 Ø 10000 L 300 C2H5OH 10 [38] 

M-NWs Pt@WO3-x 5 ØNPs 100 Ø 10000 L 450 C2H5OH 10 [38] 

M-NWs Au@WO3-x 30 ØNPs 200 Ø 2000 L 98 C2H5OH 4 [39] 

S-NWA: single NW array, S-NW: single NW, M-NWs: multiple NWs (wire-based films), 

CP: conductive polymer, Ø: wire diameter, L: wire length, SR: response (ΔR/R0) 

Further tests of the systems toward other analytes including carbon monoxide 

(CO) and ammonia (NH3) showed typical n-type semiconducting behavior during 

gas exposure. Generally, the response of the samples to CO were negligible and 

the response to NH3 registered lower cross-response (ΔSR) to C2H5OH and NO2 

for the Pt-functionalized systems (ΔSR for C2H5OH 85 %, NO2 85 %) as 

compared to the non-functionalized systems (ΔSR for C2H5OH 110 %, NO2 

79 %). Summary of the sensor response toward various analytes and their cross-

responses is presented in Figure 19. 

 
Figure 19. Summary of the sensor response toward various analytes including C2H5OH, 

NH3, CO (reducing gases) and NO2 (oxidizing gas) showing the possible cross-responses 

among them. 
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5.3 THIRD CHIP GENERATION: ADVANCED NANOELECTRODE 

ARRAY PLATFORM FOR ENHANCING OF GAS SENSING 

PROPERTIES BASED ON THREE ELECTRODES 

CONFIGURATION 

This chapter presents the fabrication steps and implantation of the third chip 

generation, which includes new concepts and the improvements determined in the 

two previous generations. All the experience that was gradually acquired during 

the thesis is reflected in the development of such an optimized platform, which 

showed enhanced gas sensing in FET arrangement. The third chip generation was 

designed to be used together with developed heating system on the TO-8 package 

as a highly sensitive and possible selective gas sensing elements. The 

characterization of these chips was performed in the newly developed gas 

chamber for low current measurement. 

Therefore, the proposed solution for the third chip generation includes the (1) 

shortening of the electrode arrays, and (2) the change of shape of the hydrophobic 

barriers, which keep the drop in the middle of the array during the DEP. Other 

improvements of the new design also include the reduction of the area of the 

dielectric windows to increase the probability of aligning only a single NWs 

between the faced electrodes. Thanks to the optimization processes, this 

nanoelectrode platform is ready to integrate various types of NWs, which in the 

combination with sensing channel modulation by gate voltage, could be able to 

create highly sensitive and selective gas sensing systems. 

The gas sensing characterizations were performed in a new test chamber 

developed in the frame of this thesis for low-current measurement. The new 

chamber was addressed to reduce the dead volume (that is basically the empty 

space around the gas sensing elements in the chamber) and thereby to improve 

undesirable processes, which could influence negatively the ongoing sensor 

characterization. For instance, (1) small exchange rate, (2) poor spreading of the 

gas, or (3) high adsorption on the surface chamber walls. 

5.3.1 Advanced nanoelectrode arrays on 4-inch wafers and optimization 

of the structural parameters for single NW interconnection 

Due to a buried electrode the fabrication process required many more steps than 

in the second generation, for example, the creation of a gate channel for the gate 

electrode, deposition of the gate electrode, or opening windows for pads covered 

by gate dielectric layer. For this reason, the low series fabrication process was 

turned into the advanced fabrication process, in which more silicon wafers were 

employed in the individual procedures, in order to ensure higher throughput and 

reliability of the fabrication. 

In sum, the third chip generation was designed with the same chip size as 

second (5x5 mm), consisting of two pairs of nanoelectrode arrays with 5 and 9 

faced nanoelectrodes, which divide the chip area into the four parts. Each pair has 

two modifications with different end width of the nanoelectrode fingers (200 nm 

and 300 nm). Each array consists of four doubled pads belonging to four 
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electrodes (D, S, G, and H) with the size 300x300 µm. These pads were situated 

on the sides of the nanoelectrode array in the center, which is surrounded by 

hydrophobic structures with round shape. Additionally, the aligning electrodes D 

and S can also be used as measuring electrodes for applying the sensing current 

(Id). The gate electrode (G) under the hydrophobic ring, and through the gap 

between the faced electrodes, has a size of 3.5 µm. Another important structure 

included in this chip is, for example, the Van der Pauw measuring structure, which 

was originally intended for sheet resistance measurement of the gold layer during 

the fabrication process, but eventually, it was also used as an on-chip temperature 

sensor (Au220). Other significant structures included in this chip generation are 

the narrow windows for single NWs alignment, which was performed by etching 

of the top dielectric SiO2 layer (see in Figure 20). 

 
Figure 20. Illustration of the third chip generation: a) entire chip, b) microelectrode array 

with 5 electrodes – optical inspection, c) nanoelectrode finger with gate electrode. 

Generally, most attention was paid to the optimization of the single NW 

interconnection. The number of an aligned NWs on the faced nanoelectrodes in 

the array may be influenced by several factors, for instance, the geometry of the 

electrodes compared to the NWs geometry, DEP parameters, NW drop parameters 

(number of NWs and volume) and many others. In the second chip generation, the 

effort was focused, basically, to the electrode width, which partly helped to get a 

single NW interconnection in one array. However, the process of the single NW 

alignment and its repeatability was still not optimized enough.  

For this reason, two modifications of a dielectric (shielding) windows were 

made in order to find the differences between the NW alignment procedure with 

a wide dielectric window (about 10 µm thick and 20 µm long) and narrow 

dielectric window with dimensions comparable to a size of a NW (from 200 and 

300 nm thick) and 10 µm long. In other words, if it is possible to achieve more 

accurate single NW alignment with a structure containing a combination of 

as-mentioned faced nanoelectrodes and narrow dielectric windows with 

dimensions of NW, which together can be used as a tool for precise DEP 

alignment. 
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Figure 21. AFM inspection of dielectric windows with various width: a) wide dielectric 

window (10 µm), b) narrow dielectric window (200 nm). 

After the fabrication, the NW integration process, including standard developed 

procedures for NWs removal and coating, were performed for several chips for 

both modifications. The result of the NW integration process by using DEP is 

presented in Figure 22, in which two modifications are compared by SEM figures 

with the same display parameters. The difference between these two 

modifications, in terms of alignment ability, is visible on a first look. Whereas the 

wide dielectric window (see Figure 22a) comprises bunches of multiple randomly 

interconnected NWs all over the window, the narrow dielectric window (see 

Figure 22b), on contrary, is loaded only with one NW that is exactly filling the 

space of the window starting from one electrode side, continuing over the gate 

electrode, and ending on the other side of the nanoelectrode pair, as it is shown in 

a close view in Figure 22c. 

 
Figure 22. SEM inspection of two dielectric windows modification after DEP process: 

a) wide dielectric window with multiple interconnected NWs, b) narrow dielectric window 

with single NW interconnection, c) detail of single NW aligned within the window channel. 

Overall, DEP tests on many chips proved that the probability of getting the 

single NW interconnections within one array increased significantly with using 

the narrow dielectric window structures, as opposed to the wide windows, in 

which it is a higher probability to obtain multi NW interconnections. These results 

show clearly the dependence of the obtained interconnection type (i.e., 

single-NW, or multiple-NW) on the dielectric window width, which was not 

clearly observed in previous chip generation as it was tested only one window 

width  (four times narrower than present wide windows). In conclusion, the results 
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showed the feasibility to interconnect a single NW based on a combination of 

DEP alignment procedure and limitation of the free space for aligning using 

dielectric layer frames (see in Figure 23). 

 
Figure 23. Detailed mapping of single NW aligned within the narrow dielectric window 

across gate electrode: a) 3D image showing a surface morphology of 15x15 µm area (AFM 

inspection), b) the same area depicted by SEM. 

5.3.2 Gas sensing tests using three electrodes (FET) arrangement 

The assembly of the sensing elements was performed using a modified 

procedure compared to previously assembled sensors in second chip generation. 

The modification consists in assembling whole sensor before the NW integration, 

so the alignment process (DEP) is implemented without the probe station. Instead, 

the TO-8 package, consisting of an electrically connected heater and chip, the 

structure is interconnected through pins via a PCB, which is subsequently 

connected to the waveform generator. Then, a precise alignment of a needle with 

a syringe containing NWs was performed by two cameras (X, Y, Z-axis), with 

which is possible to control the placement of a droplet on the chip, as shown in 

Figure 24a. This assembly process optimization was also reflected in the NWs 

integration process, including deposition via drop coating, and DEP process, 

which led to shorten the processing time and prevent the early drop evaporation. 

 
Figure 24. Illustration of the last step of the modified assembling procedure of a single NW 

gas sensor array using third chip generation: a) during the NWs integration process, 

b) aligned single NWs in parallel after the integration process (gas sensor ready for testing), 

c) detailed view. 
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The gas sensing characterization (for chips with three single pristine non-

functionalized WO3 NWs aligned in a parallel array) consists of exposing these 

structures to NO2 (oxidizing gas), and H2 (reducing gas). The response of these 

samples was determined by monitoring the electrical resistance changes of the 

NWs while applying different currents (from 5nA to 40nA), gate voltages 

(positive, negative), and various temperatures (from RT to 250 °C controlled 

directly on-chip using Au220). 

Results proved that higher negative voltage applied on the gate electrode is able 

to (1) recover the sensor at lower temperatures in case of both oxidizing and 

reducing gases, (2) decreased the reaction time (response time) and the recovery 

time of the sensing element, as opposed to the positive potential, which 

demonstrated slow change mainly in the recovery time. 

 
Figure 25. Combined recovering effect of different applied currents and negative gate 

voltages at a lower temperature (150 °C): a) ID = 5nA, b) ID = 40nA. 

Therefore the increase of the applied sensing current could play a role in the 

following aspects. First, the drift effect can be reduced, but the higher current is 

applied, the more negligible is the gate voltage effect, in relation to the desired 

increase of the sensor reactivity in the presence of the analyte. Second, the 

increase of sensing current in combination with negative gate voltage can be used 

to recover the sensor at lower temperatures. 

 
Figure 26. Effect of gate voltage sweeping on WO3 gas sensor resistance (H2 = 1000ppm, 

Temp. = 200 °C) during hydrogen exposure with different applied currents: a) ID = 5nA, 

b) ID = 20nA. 
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Figure 27 shows the effect of gate voltage sweeping on the sensor response 

with various applied sensing currents (5, 10, 20, and 40nA) toward 1000ppm of 

hydrogen (Figure 27a), and 5ppm of nitrogen dioxide (Figure 27b) both mixed 

with synthetic air, using three single aligned pristine WO3 NWs in array as sensing 

elements. 

 
Figure 27. Sensor response vs. gate bias voltage of the gas sensor based on single WO3 NWs 

toward various analytes at 200 °C: a) H2 = 1000ppm (reducing gas), b) NO2 = 5ppm 

(oxidizing gas). 

To sum up, these results show the enhancement of the sensor response to 

hydrogen molecules using negative gate voltage (VGS ≤ -5V) while the response 

to nitrogen dioxide is suppressed for the same conditions. Therefore, the results 

prove that the gate voltage biasing of the NWs channel parameters works better 

for hydrogen (reducing gas) than for nitrogen (oxidizing gas). The positive gate 

voltage (VGS = 10V) lower the response more than two times, compared to that 

with the negative voltage (VGS = -10V), which enlarge the response more than 

three times. Except for the nitrogen dioxide, as stated, in which the gas response 

decreased, but not as significant as the increasing effect in case of hydrogen. 

 

6  CONCLUSIONS 

This thesis described and discussed the work performed to develop platforms 

for selective integration of 1D materials (nanowires) using state-of-the-art 

fabrication techniques, as well as the application of these structures as highly 

sensitive and selective gas sensing elements. The results showed that using 

currently available technology is possible to improve the integration of arrays of 

single-nanowires and the sensing capabilities of these systems by gradually 

modifying and optimizing the electrode arrays-based platform and the sensitive 

material. In particular, the characteristics of the electrode array-based platforms 

were found to play a key role in (1) the alignment of single NWs and (2) the 

overall gas sensing response and dynamics, especially in the arrangement 

including the third electrode under the sensitive nanowire. Below are described 

the most relevant findings of this thesis: 

1. Determination and optimization of nanowires processing techniques – 

several steps to meet a general use of the NWs for their integration on the 

electrode platforms were explored. The core procedures included: (1) the 
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separation of as-deposited NWs from the basic substrate using sonication in 

the water solution, (2) the transfer of dispersed NWs using drop coating 

deposition technique, and (3) the positioning and integration of NWs using 

dielectric forces to align and assemble the NWs across the faced electrodes. 

Results indicates that to achieve only single NW interconnection across the 

contact field with parallel faced microelectrode (with size several times more 

than a NW), is not feasible. The experiments showed that only the faced 

microelectrodes with spike end and gap around 3 µm could be successful in 

aligning single NWs. Finally, the test of these structures confirmed the benefit 

of reducing the width of the finger electrodes to the nanoscale in allowing the 

alignment only single nanowires across the nanoelectrodes in the array. 

2. Setting of the protocol for the fabrication of electrode arrays to provide 

mechanical support and electrical connectivity to single nanowires – the 

first version of arrays with nanoscale features was introduced in the second 

generation chip developed using two fabrication approaches: lift-off and etch-

back. Etch-back approach demonstrating better features such as well-shaped 

structures without major defects and no redeposited sidewalls. These results 

contributed to establishing an initial optimized fabrication protocol to improve 

the fabrication of the nanoelectrode arrays. The modified design of third chip 

generation included the nanoelectrodes and narrow dielectric windows secured 

the success of the NWs alignment procedure. 

3. Assembling of the gas sensing system – the first gas sensing tests based on 

WO3 NWs were achieved using the second chip generation and backside 

ceramic heater assembled on TO-8 package with 12 pins. This heating element 

was made using thick-film technology with maximal operating temperature up 

to 280 °C. The same procedure of assembling was also used for the enhanced 

gas tests performed on the third chip generation. 

Table 3. Most relevant characteristics of the three generations of chips fabricated to integrate 

arrays of single gas sensitive nanowires. 

Progress made in the development of single NW-based arrays – electrodes platform 

 Design Fabrication Alignment 

1st chip 

generation 

12 microelectrodes arrays 

with different modifications 

(shape, spacing) 

1 deposition, 1 lithography, 

1 etching process 

multiple NWs 

interconnections 

predominantly 

2nd chip 

generation 

4 nanoelectrodes arrays 

separated by hydrophobic 

stripes (15, 30, 45, 60 pairs of 

electrodes, 100-300 nm width) 

2 deposition, 3 lithographies 

(1 e-beam), 2 etching process, 

fully assembled for gas tests 

multiple and single 

NWs 

interconnections 

3rd chip 

generation 

4 nanoelectrodes arrays 

separated by hydrophobic ring 

+ buried gate electrode (5 and 

9 pairs of electrodes, 

(200-300 nm width) 

4 deposition, 6 lithographies 

(2 e-beam), 5 etching process, 

fully assembled for gas tests 

in the newly developed gas 

chamber 

single NWs 

interconnections 

predominantly 
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4. Development and implementation of the gas characterization system – a 

new gas chamber for low current measurement was used for enhanced gas 

measurements with third generation nanoelectrode array platform containing 

(third) buried gate electrode. The chamber was developed with minimal dead 

volume strategy, which reduces empty space in the chamber at a minimum 

volume to 20 cm3, resulting in ten times gas exchange rate per minute. In the 

production test of the chamber, the minimal applied current with a satisfactory 

S/N ratio was determined approximately 1nA.  

5. Gas sensing characterization in resistive mode – two types of the NWs, 

namely, non-functionalized pristine WO3 and Pt-functionalized WO3, were 

integrated into the gas sensing platform using second chip generation, and 

validated on the presence of reducing gases (C2H5OH, NH3, and CO) and 

oxidizing gas (NO2). Gas sensing elements represented by Pt-functionalized 

NWs demonstrated better response to C2H5OH, compared to the non-

functionalized NWs systems, which responded better to NO2 (see Table 4).  

Further tests showed possible low cross-responses (selectivity) toward other 

analytes. 

6. Gas sensing characterization in enhanced mode – enhanced gas sensing 

tests were performed based on non-functionalized WO3 NWs. Results 

demonstrated thirteen-fold higher sensitivity to reducing gas (H2) by 

modulating the NW channel via the application of a negative voltage on the 

third electrode. This effect was opposite with the positive voltage, with which 

the sensitivity registered a two-fold decrease compared to the zero (non-) 

applied voltage. On the contrary, results registered a decrease in the sensitivity 

to oxidizing gas (NO2) while both positive and negative voltage was applied 

to the third electrode (see Table 4). 

Table 4. Most relevant characteristics of the gas sensing tests using single NW-based arrays 

with nanoelectrodes.  

Progress made in gas sensing using single NW-based arrays – nanoelectrodes platform 

 Gas response, SR (%) Gases NWs 

 Gas response, SR (%) 
NH3 cross-response 

(***), ΔSR (%) 
  

Resistive arrangement (*) 
NO2 

(2.5 ppm) 

C2H5OH 

(100 ppm) 

NO2 

(1 ppm) 

C2H5OH 

(10 ppm) 
  

2nd chip 

generation 

WO3 168 132 79 110 NO2, 

C2H5OH, 

NH3, CO 

WO3, 

Pt@WO3 Pt@WO3 130 186 85 85 

Enhanced arrangement 

(**) 

IDS = 5 nA IDS = 40 nA   

NO2 

(5 ppm) 

H2 

(1000 ppm) 

NO2 

(5 ppm) 

H2 

(1000 ppm) 
  

3rd chip 

generation 

(VGS = -10 V) ~ 60 640 75 315 

NO2, H2 WO3 (VGS = 0 V) 75 190 115 150 

(VGS = 10 V) 25 75 40 45 

Operating temperature: (*) 250 °C, 50 nA, (**) 200 °C; (***) selectivity: NH3 = 10 ppm 
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