
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

i 

 

Acknowledgments 

Después de mas de cuatro años realizando la Tesis doctoral en Ceit, se hace bastante 

complicado compactar todos los agradecimientos a toda la gente que me ha ayudado 

durante este tiempo en una sola página. 

Me gustaría empezar agradeciendo al Centro de Estudios e Investigaciones 

Técnicas (Ceit) y a la Universidad de Navarra por la oportunidad de realizar esta tesis. 

En segundo lugar, agradezco a las personas que han dirigido mi tesis. Gracias Yago 

por tu ayuda y confianza, gracias a tu apoyo todo ha sido más sencillo durante estos cuatro 

años. También quiero agradecer a Isabel su esfuerzo y dedicación a la hora de intentar 

que todo saliera bien y juntos poder realizar de la mejor manera este trabajo. 

Quiero agradecer la inestimable ayuda de todos los compañeros que me han 

acompañado durante estos cuatro años, Gemma, Enrique, Ainara, Aldara, Mikel. 

También a los técnicos sin los cuales este trabajo habría sido imposible, muchas gracias 

Oihane y Gorka, un gran pedacito de esta tesis es vuestra. Hacer también mención a mis 

compañeros doctorando de despacho, empezando por Laura, Oihane y Nerea, siguiendo 

por Julen, Miguel y Noemi y acabando por los actuales big-three, Alejandro, Iñigo y 

Jorge. Nuestras charlas, rokuganers y debates han servido de ayuda tanto para la tesis 

como para que todos los días aquí fueran mucho más entretenidos. 

I would like to express my gratitude to the people who welcomed me to the 

University of Science and Technology of Changchun and the people with whom I have 

performed the NanoStencil Project.  

Otra gran parte por lo que esto ha sido posible son los amigos que he conocido en 

San Sebastián, con vosotros todo es más fácil ya que nunca hay un día aburrido. Muchas 

gracias: Diego stylish, Edurne montañera sonriente, Elías the boss, Eva la clase, Francisco 

el excusas, JonZ el pachangas, Paz la escaladora, Franz tuneladora, Inge pelotera, Jacob 

cheff, Josu el grande, Juan Miguel el nucleo, y Sarai la fiestera. 

A mis amigos de Salamanca muchas gracias por ser una Family, siempre encuentro 

refugio y apoyo cuando regreso a mi ciudad natal. Lo mismo para mis amigos del pueblo, 

mi lugar favorito, Villanueva del Conde, espero seguir compartiendo mi tiempo con 

vosotros comiendo muchos cornettos. Quiero agradecer también el apoyo de mi familia 

villacondina, sobretodo mis primos favoritos Eva, Marcos y Jesus, y en menor medida a 

Sara (Perdona por no ir a tu boda). Quiero agradecer a mis amigos de la carrera por seguir 

estando en contacto y venirme a visitar un montón de veces, protagonizando sin duda de 

los mejores momentos que he tenido en San Senbastián. Dentro de este grupo tengo que 

hacer especial mención a la persona que me ha acompañado a lo largo de toda la tesis 

compartiendo mi día a día y haciendo que esta esta experiencia sea la mejor de mi vida, 

muchas gracias Nerea. 

Por último, agradecer a las personas más importantes y que sin duda me han 

brindado el apoyo y el ánimo fundamental para realizar esta tesis como son mis padres y 

mi hermana. Muchas gracias por todo. 

A TODOS, MUCHÍSIMAS GRACIAS. 



 

ii 

 

  



 

iii 

 

Summary 

This thesis seeks to initiate an innovative process paradigm for the production of 

dense arrays of identical nanostructures of precise size, shape, and composition by 

overcoming all the limitations of conventional nanostructuring. The combination of light-

based material structuring, with the advantages of a state-of-the-art thin film growth 

technique, provides a single step, cost-effective and up-to-date capability for next-

generation ordered arrays of nanostructures. New methods to achieve such structures are 

a vital requirement for the exploitation of devices at the nanometer regime. 

In our approach, we have developed a system that combines interferometric light 

patterning with Aerosol Assisted Chemical Vapor Deposition (AACVD). To merge these 

two techniques, a multidisciplinary setup is required. The system is divided into 

independent modules that have been designed to complete the hardware, which are; 

pulsed laser, aerosol generator, beam delivery optics, and reactor. Every single subsystem 

is defined so it can be easily changed to meet the different needs of each of the processes 

that have been developed. Therefore, different subsystems must be assembled and 

validated for the three different processes targeted in this thesis. 

Firstly, for the AACVD of thin films, the reactor chamber and the gas system are 

integrated. To validate the deposition technique, Zinc Oxide (ZnO) thin films have been 

grown. The effects of deposition parameters, such as aerosol flow or substrate 

temperature are studied, showing a wurtzite crystallization in all cases (from 350 ºC to 

400 ºC), of which the one with a higher preferential orientation along the c-axis are the 

grains grown at 375 ºC. From the growth kinetics study, it is extracted that the activation 

energy of the aerosol assisted chemical reaction is 1.06 eV. Furthermore, ZnO thin films 

have been optically and electrically characterized. 

Secondly, nanosecond lasers have been used to assist the chemical reaction of the 

AACVD. The laser-matter interaction has been studied through two thermal models, one 

to study the single pulse thermal effect at the nanosecond scale and the second one to 

study the thermal accumulation produced by the train of pulses. The thermal accumulation 

results are corroborated by experimental measurements. When including the AACVD 

technique in the setup, the laser produces local reaction processes that provide 

energetically favorable sites for the nucleation or structure of the material. Initial 

experimental results of the performance of this innovative technique are described in 

which the temperature stability has distinguished itself as the principal technology limiter. 

Subsequently, precision laser interference optics and state-of-the-art pulsed lasers 

have been integrated within materials reactors to produce concentrated light patterns with 

a pitch of fractions of the laser wavelength. Two lasers with different wavelengths 

(355 nm and 1064 nm) have been used together with two interference optics approaches. 

With the 355 nm laser, the light pattern induces local photothermal modifications on the 

grown surface creating nanostructures. The nanostructures show a concordance between 

theoretical and experimental periods, 792 nm and 800 nm respectively. The dependence 

of the height of the nanostructures on the number of pulses follows the Marangoni theory 

developed for this kind of processes. Gold nanostructured thin films have also been 

achieved using the LI+AACVD technique, completing one-step processing, which 

supposes an improvement of the previous similar nanocorrugation techniques. 
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Finally, gas sensor devices to detect NO2 have been developed as an application for 

the nanostructured ZnO thin films. The nanostructured ZnO-based sensors offer several 

key advantages compared to the only annealed sensors, such as more responsivity, room 

temperature gas detection, reduction of the baseline resistance, and improvement of NO2 

measurements in wet conditions. Therefore, nanostructured ZnO-based sensors are a step 

forward for the next generations of NO2 gas detectors. 
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1.1. Motivation 

1.1.1 Technological breakthrough 

Interest in maskless micro-and nano-processing of thin films is fueled by the need 

of developing and improve a wide number of applications in optical [1]–[4], sensors [5], 

[6], energy [7]–[9], catalytic [10]–[12], biotechnology [13]–[15] and electromagnetic 

devices [16]–[18]. While the miniaturization of systems yields enhanced integration and 

improved functionality, their fabrication in 3D becomes increasingly more costly and 

tedious using traditional approaches, like photolithography, Electron/Ion beam 

lithography, or point-to-point laser lithography (Table 1.1) [19]–[24]. The fabrication 

processes using these methods are complicated and expensive as they require several 

fabrication steps such as: 

1. A previous growth process, usually conventional Chemical Vapor Deposition 

(CVD), Physical Vapor Deposition (PVD), ALD, or SOL-GEL technique. 

2. A posterior lithography process or even deep-UV lithography process. 

3. An etching process, which could be either chemical etching or plasma etching. 

Surface patterning 

technique 

Main Disadvantages 

Photolithography 
Cleanroom environment, mask needed, extensive use of chemicals, 

inapplicability over non-planar surfaces 

Electron/Ion beam lithography 
Time consuming and inefficient, expensive equipment, difficult to 

apply on non-planar surfaces 

Micro-Contact printing/Nano 

Imprint 

Precision stamp needed, substrate contamination 

Point to point laser 

lithography 

Time-consuming, expensive equipment 

Table 1.1. Traditional methods for surface patterning. 

To ensure high fabrication throughput at low cost, new methods natively suitable 

for 3D fabrication must be developed. In this respect, one of the highly useful techniques 

is lithography in the bulk of materials based on multiphoton exposure to the periodic 

patterns created by the interference of several coherent laser beams. 

In this thesis, we introduce a disruptive technology to fabricate highly reproducible 

nanostructured materials in a single-step and cost-efficient fabrication process. This 

includes the combination of two techniques in a novel deposition system called Laser 

Interference + Aerosol Assisted Chemical Vapor Deposition (LI+AACVD) to grow in-

situ micro/nanostructured thin films. 

The challenge of this work is to combine two innovative technologies: laser 

interference (LI) and Aerosol Assisted Chemical Vapor Deposition (AACVD). 

The LI process generates an interference pattern of multiple laser beams that can be 

applied during the coating deposition (or just after the deposition). This pattern is 

transferred to the coating with (sub)micrometric resolution. Precision laser interference 

optics and state-of-the-art pulsed lasers will be integrated with large area AACVD 

reactors producing highly ordered concentrated light patterns on the surface of materials 
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with a pitch of fractions of the laser wavelength that result in a surface microstructuration 

[25]–[27]. 

The AACVD technique is based on the use of an aerosol instead of a gas. The 

aerosol is obtained from a solution containing a suitable precursor. It is brought into the 

reactor chamber at atmospheric pressure by a carrier gas, where it is directed to a heated 

substrate resulting in nucleation, reaction, and film growth. The AACVD allows the use 

of less toxic precursors as well as a better morphologic and growth rate control than 

conventional CVD [28], [29]. AACVD systems have only been produced in laboratories 

to grow thin films with different material properties such as morphology modifications 

or doping at a small scale. Therefore, the introduction of an AACVD system into a Laser 

Interference set-up is a novelty and a challenge itself. 

Furthermore, it must be noted that the combination of these two technologies 

presents additional uniqueness: 

i. The fabrication of thin films with sub-micrometric structuration in a single step. 

ii. The versatility of using the technology in different sequential modes underlines the 

suitability for the integration. For example: 

• AACVD + LI etching results in sub-micrometric relieves. 

• AACVD + Nanosecond Laser growth produces selective growth on the 

substrate at the micrometer scale. 

The union of these techniques provides a competitive advance of the in-situ 

nanostructuration of thin films. In its current stage, the LIAACVD technique has 

characteristics that make it a competitive nano or microstructured thin film deposition 

method compared to other techniques. Table 1.2 shows the different characteristics of the 

new system created, their advantages, and the current limitation. 

Characteristic Advantages Previous limitation 

Integrated 

lithographic process. 

• One-step maskless process. 

• High flexibility in the pattern design and 

avoidance of new photomasks for each process. 

+ Lithography 

resolution < 1 µm 

Compatible with 

industrial thin film 

production. 

• High deposition rate. 

• Low-cost atmospheric pressure process. 

• Large scale capability. 

+ Deposition rate: 

10 nm/min 

+Deposition area: 3 

mm2 

Great variety of 

materials deposited. 

• Wide availability of non-volatile precursors: No 

need for volatile toxic precursors compared to 

conventional CVD processes. 

• Good stoichiometric and morphology control. 

• Possibility of incorporation of dopants or 

nanoparticles. 

+Semiconductor 

oxides 

 

Low substrate 

temperature 

• Moderate deposition temperature. 

• Compatible with a great number of substrates 

+Bulk substrate 

temperature < 200ºC 

Table 1.2. Summary of the advantages of the developed techniques regarding the growth and 

micro or nanostructuration of thin films. 
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1.2. Objectives 

The main objective of this thesis is to develop and validate a system that combines 

the patterning with interferometric light with the AACVD technique for the production 

of dense arrays of identical nanostructures of precise size, shape, and composition. 

To meet the objective, the following sub-objectives must be fulfilled: 

• To determine the technical requirements for combining interferometric light 

patterning with the material reactor performing Aerosol Assisted Chemical 

Vapor Deposition. 

• To develop and validate an Aerosol Assisted Chemical Vapor Deposition 

module. 

• To develop and validate a system to assist the AACVD technique with 

Pulsed Lasers (PLAACVD). 

• To mature and validate a Direct Laser Interference Lithography module 

(DLIL). 

• To progress a prototype of the system integrating the DLIL module with the 

AACVD system. 

• To validate the tool for the production of 1D and 2D periodic 

nanostructures. 

• To develop an application device with nanostructured materials. 

1.3. Framework. Document layout. 

This thesis has been performed in the Advanced Laser and Powder Metallurgy 

Manufacturing group of Ceit. 

The work presented has been carried out in the framework of an H2020 FET-OPEN 

European Project. The Future and Emerging Technologies (FET) scheme aimed to 

support scientific collaboration across disciplines on radically new, high-risk ideas and 

accelerate the development of the most promising emerging areas of science and 

technology. It is important to remark that a FET-OPEN is based on three main ideas: 

• Radical vision: a clear and radical vision, enabled by a new technology concept 

that challenges current paradigms. 

• Breakthrough technological target: must target a novel and ambitious science-to-

technology breakthrough as the first proof of concept for its vision. 

• Ambitious interdisciplinary research: for achieving technological breakthrough 

that opens up new areas of investigation. 

The name of the H2020 FET-OPEN European Project is Nanoscale self-assembled 

epitaxial nucleation controlled by interference lithography (NanoStencil). 

The NanoStencil project seeks to utilize laser interference to pattern surfaces in-situ 

during or after the materials synthesis phase. It pursues to use this novel method to 

produce dense arrays of identical nanostructures of precise size, shape, and composition 

and to apply this to diverse materials systems and reaction methods. In the approach, laser 

interference patterning is applied by means of splitting and combining ultrashort pulses 
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to produce an interference pattern on the reacting surface. The pattern of laser fluence 

acts to modify local reaction processes providing energetically favorable sites for surface 

reactions that can nucleate self-assembly or post-processing. The teams involved in this 

project are; The University of Sheffield, Tampere University of Technology, Innolas 

Laser, and the University of Bedfordshire. 

This work has been framed as well within the project U4IIOT-Microtechnologies, 

which is a driver for the development of advanced microsystems integrated into the 

Digital Smart Factory, in the framework of the Industrial Internet of Things-

IIOT4.0" Funded by the Basque Government under the Elkartek funding scheme. 

1.4. Document layout 

This document is divided into eight chapters in which the research work and the 

main results are detailed and discussed. 

The first chapter presents the motivation of this work and the main objectives of the 

thesis. 

Chapter 2 introduces the main techniques, materials, and devices involved in the 

thesis, Aerosol Assisted Chemical Vapor Deposition (AACVD), the Laser Chemical 

Vapor Deposition (LACVD), Laser Interference technique (LI), Zinc Oxide (ZnO), and 

the chemo-resistors gas sensors theory. 

Chapter 3 covers the design and implementation of both AACVD and LI modules 

as well as their integration into a prototype. 

Chapters 4 to 6 include the work done on the validation of the AACVD and the LI 

modules. The deposition and characterization of the ZnO thin layers using the AACVD 

module are presented in chapter 4. The Validation of the LI module is split into chapters 

5 and 6, where the laser-matter interaction is analyzed without and with light interference 

respectively. The validation of the system prototype focused on the fabrication of a NO2 

gas sensor based on a nanostructured ZnO sensing layer is included in Chapter 7. 

The last chapter, chapter 8, presents a series of conclusions extracted from the work 

carried out in the thesis. 

Finally, Appendix 1 exhibits the scientific contribution of this work in the diverse 

congress and scientific journals, and Appendix 2 the images of several experiments. 
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This chapter is divided into two blocks. In the first one, the basis and state of the art 

of the main techniques involved in the system to be developed are shown. This block 

details the techniques applied for thin film deposition. Two variants of Chemical Vapor 

Deposition (CVD) are studied: Aerosol Assisted CVD (AACVD) and Laser CVD 

(LCVD). Then, the Laser Interference technology adopted for the generation of dense 

arrays of precisely sized identical nanostructures is presented. 

The second block of the chapter is devoted to zinc oxide (ZnO), which is the 

material proposed for the validation of thin film deposition modules. His main 

characteristics and applications are presented. Different growth methods and 

morphologies of the material are discussed. The theory of gas conductometric sensors is 

also included, which have been proposed to validate the integration of growth modules 

with the laser interference module. The chapter concludes with the presentation of the 

specific case studied in this thesis: NO2 gas sensors based on metal oxide semiconductors 

(ZnO). 

2.1. Thin film deposition techniques 

There is an increasing interest in cost-effective techniques for depositing thin films 

whilst reducing environmental impact and being able to follow the fast production and 

growth of this industry. The new methods that are used to grow thin films are usually 

Chemical Vapor Deposition (CVD) [30]–[32], Physical Vapor Deposition (PVD) [33], 

[34], Atomic Layer Deposition (ALD) [35], [36] and Sol-gel methods [37]. The main 

advantages and disadvantages of each method are presented in Table 2.1. Among them, 

CVD is the most common because has a high deposition rate, is a versatile method since 

a wide variety of elements can be deposited and CVD films are generally conformal. 

Besides, this technique is able to control the structure of pure materials at atomic or 

nanometer scales over large areas [38], [39]. 

Deposition technique Main Advantages Main Disadvantages 

Chemical vapor 

deposition (CVD) 

High deposition rate 

Flexible process 

3D coatings 

High deposition temperature 

Vacuum environment 

Volatile and toxic precursors 

Physical vapor 

deposition (PVD) 

Environmentally friendly 

Growth of any type of inorganic 

material 

Very high vacuum level 

Non-conformal deposition 

High cost 

Atomic Layer 

Deposition (ALD) 

High-quality thin films 

Good uniformity 

Highly conformal deposition 

Complicated reactor design 

Very expensive 

Low material efficiency 

Sol-Gel 
Low temperatures 

High-quality materials 

Good homogeneity and purity 

Long processing time 

High cost of the raw materials 

Possible damage during drying 

Table 2.1. Advantages and disadvantages of the main thin film deposition technologies. 

There is a wide variety of CVD processes, which involve the use of plasmas, ions, 

lasers, or different chemical reactants. CVD techniques are used not only for growing thin 

films, but also, coatings, powders, nanotubes, etc [40], [41]. Depending on the type of 

CVD, the properties of the grown materials can be selected achieving good film 

uniformity and compositional control of a wide variety of materials. 

Independently of the CVD variation, the fundamental process is similar. CVD is 

based on the formation of a gaseous species that contain the coating element. After the 
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formation of the gaseous reactants, they are injected into a reaction chamber. Once the 

precursors reach the substrate surface, the chemical reactions go through several phases, 

all of which affect the microstructure of the resulting film and hence its physical 

properties [42], [43]. When an atom collides with the substrate surface, it loses most of 

its kinetic energy, and its potential energy decreases as it adsorbs on the surface. Adsorbed 

atoms, called adatoms, are influenced by the potential energy defined by the atomic 

structure affecting their diffusion. In the initial stages of film growth, nucleation occurs 

because of the diffusion of the adatoms and their capacity to create clusters of atoms. 

Several processes take place simultaneously as nuclei grow into grains and new adatoms 

diffuse on the material. During this stage, the driving force is the release of surface energy 

associated with island coalescence. At lower temperatures or larger island sizes 

coarsening is slower [44]. 

When two islands are close enough to interact, they restructure to minimize the 

energy of the system. In addition, coalescence between grains reduces the area covered 

by them, allowing the nucleation of a new generation of islands. After coalescence, the 

film fully covers the substrate. The structural evolution of the film is now controlled by 

the ability of atoms to move along the grain surface and between the grains [45], [46].  

Depending on the temperature, the kinetics of the reaction involved in the CVD 

process can be categorized into two categories, mass transport and kinetics limited. Mass 

transport is related to the gas quantity that reaches the reaction zone. If the reaction occurs 

faster than the arrival of reactive agents, then it is mass transport limited. When the mass 

transport is enough, then it could be limited by the diffusion of the particles on the surface 

or because the chemical reaction is slow due to an insufficient temperature. The reaction 

rate in this region follows an Arrhenius equation [47]. Fig. 2.1 shows the natural logarithm 

of deposition rate depending on the temperature. The temperatures typically vary from 

200 °C to 1600 °C depending on the coating materials to be deposited. 

 

Fig. 2.1. Deposition rate versus the inverse of temperature with the diffusion and kinetics 

delimited. 

The main drawback of the conventional CVD is in the first place, the selection, and 

delivery of the precursors because they tend to be volatile. Furthermore, CVD requires 

high deposition temperature and low vacuum levels, both requirements imply high costs 
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[48]. To overcome these drawbacks, as a variation of the CVD, the Aerosol-Assisted 

Chemical Vapor Deposition (AACVD) and Laser Chemical Vapor Deposition (LCVD) 

have gained interest. 

2.1.1. Aerosol Assisted Chemical Vapor Deposition (AACVD) 

The growth steps involved in the AACVD technique are similar to those of other 

CVD variants. There are three stages; preparation of the precursors, transport of the 

reactants to the substrate, and chemical reactions occurring on the substrate. 

Preparation of the precursors - aerosol generation 

In this variant of CVD, the chemical reactants are in the form of micrometer-size 

droplets instead of the gaseous species used in other variants. This fact makes the 

precursors required for this technique less volatile [49]. 

Precursors are dissolved in a solvent, and an atomizer generates the aerosol from 

the solution. The solution can be a single precursor in a liquid phase, or a mixture, 

generally, solid or liquid chemicals dissolved in organic solvents such as ethanol and 

methanol [50]. Various types of atomizers can be used to generate the aerosol. The most 

used atomizers are ultrasonic devices [28]; pneumatic aerosol generators [51] and mesh 

nebulizers [52], also used but to a lesser extent. Every atomizer has its different aerosol 

formation mechanism, producing droplets with different size distribution and generation 

rates, but in all of them, a carrier gas promotes aerosol generation. The most used carrier 

gases are inert gases such as nitrogen and argon, on the other hand, compressed air is 

typical for the deposition of oxides [53]. 

Transport of the reactants and arrival to the substrate 

The aerosol is transported by the carrier gas and goes through an aerosol shower to 

the reaction chamber where the chemical reactions are thermally activated on the hot 

surface of the substrate. 

The deposition mechanism depends on the state in which the reactants arrive at the 

substrate and the substrate temperature is the defining parameter, Fig. 2.2 depicts four 

different cases. In the first case, the aerosol droplets reach the substrate before solvent 

evaporation. There, they undergo the removal of the solvent and the decomposition of the 

precursor to the finished product. The resulting film tends to be porous and of poor 

quality. In the second process, the droplets evaporate before it arrives at the substrate 

converted into intermediate reactant species. Subsequently, they are deposited, giving 

place to the chemical reactions to growing the film. In the third case, the solvent suffers 

evaporation near the surface, followed by decomposition and chemical reactions on the 

surface, which is similar to a heterogeneous CVD, resulting in a good quality film. In the 

fourth case, the substrate temperature is very high, therefore, the chemical reaction occurs 

in the vapor phase, leading to homogenous nucleation. The films achieved at these high 

temperatures lead to porous films with poor adhesion. Regarding the CVD definition, 

only processes 3 and 4 can be categorized as AACVD since the chemical precursor must 

be in a vapor form. Processes 1 and 2 could be classified as spray pyrolysis. Although 

they are different processes, AACVD and spray pyrolysis give similar results and are 

comparable [40], [54], [55]. 
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Fig. 2.2. Temperature influence the chemical reactant arrival [40]. 

Chemical reactions on the substrate 

When the vapor reaches the substrate the chemical reactions are similar to the 

conventional CVD. The heterogeneous reactions at the gas-solid interface lead to a 

continuous thin film formation via nucleation, growth, and coalescence as well as the 

formation of by-products. Finally, any gaseous products and unreacted species desorb 

from the surface and are carried away from the reaction area. 

The AACVD stages are resumed in Fig. 2.3. From the atomizer to the transport and 

solvent evaporation, the phases are exclusively inside the AACVD framework. Once the 

gaseous products arrive at the substrate the growth mechanism is the same for every CVD 

method. 

 

Fig. 2.3. Scheme of the phases involved in AACVD. 

AACVD technique has some characteristics that make it a competitive material 

deposition method [29], [56], [57]: 

(i) Temperature requirements do not exceed 400-500 °C 
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(ii) Good stoichiometric and morphologic control 

(iii) High deposition rate 

(iv) The wide availability of precursors and flexible reaction environment 

(v) Simple delivery and vaporization of precursors 

(vi) Cost-effective 

All these characteristics have made the AACVD technique popular for growing thin 

and thick films as well as nanostructures of a wide variety of materials such as oxides, 

metals, chalcogenides, and other compounds [38]. Among other materials, AACVD has 

been used for the deposition of oxides, such as zinc oxides, gallium oxides, indium oxides, 

tungsten oxides or multi-oxide compounds [58]–[61], metallic materials such as silver, 

gold, or cooper [62]–[64] and bismuth or molybdenum chalcogenides and Lead Sulphide 

(PbS) [65]–[67]. Besides, the AACVD technique allows the use of different types of 

dopants due to the wide availability of precursors [68]–[70]. 

2.1.2. Laser Chemical Vapor Deposition 

In Laser Chemical Vapor Deposition (LCVD) variant, a laser is used to induce the 

chemical reactions and promote thin film growing [47], [71], [72]. There are two different 

LCVD processes regarding what mechanism promotes the chemical reaction: photolytic 

and pyrolytic. 

The photolytic process relies on breaking the chemical bonds of the gaseous 

reactants. The molecules can then recombine or decompose to form a powder or a solid 

deposit on the substrate [71]. As high photon energy is needed to assist the reaction, 

ultraviolet lasers are typically used. The main advantage of this technique is the absence 

of high temperatures that could damage the substrate or require expensive reaction 

chambers. On the other hand, the main drawback is its poor spatial resolution as the laser 

interacts with the reactants along the laser path, and the resulting solid particles are 

deposited randomly on the substrate surface [73]. 

In the case of pyrolytic activation, the laser interacts with the substrate to reach the 

temperature needed to assist the chemical reaction on the substrate surface. Therefore, it 

is a thermally activated method. Continuous-wave (CW) lasers such as CO2 or Nd: YAG 

lasers are typically used for this process, although some authors have used pulsed lasers 

[74], [75]. As the material only grows where the laser beam reaches the substrate, good 

dimensional control is achieved. In addition, the wavelength of the laser does not restrict 

the materials to be deposited. However, substrates with melting temperatures above the 

growth temperature are required [76]–[78]. Several factors affect a pyrolytic LCVD 

process. The laser parameters directly influence the performance of LCVD. Beam spot 

size, laser power, and its spatial and temporal distribution dictate the area reached and 

how the laser interacts with the substrate. The laser can be a continuous wave (CW) or 

pulsed, and the spatial distribution possibly is Gaussian or top-hat. The size of the laser 

beam affects the deposited area and the power density of the laser beam. The laser 

wavelength is another key parameter, as the absorptivity of the material depends on it. It 

is also crucial to ensure that pyrolytic reactions occur, as the shorter the wavelength, the 

higher the chances of photolytic reactions. The physicochemical properties of the 

reactants determine the temperature that must be reached for reactions to take place. 

Finally, thermophysical properties of the substrate, such as absorption coefficient, 
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thermal conductivity, and heat capacity, determine the interaction between the laser and 

the substrate. Physical aspects such as density, roughness, and homogeneity are also 

essential to determine the laser-matter interaction. 

The heat distribution on the substrate surface is crucial in a pyrolytic LCVD 

process. Fig. 2.4 shows the scheme of the reaction zone in such a process. When the laser 

beam interacts with the substrate, a large fraction of the laser energy Qlaser heats the 

substrate surface, Qreaction. However, some energy losses also occur. Some of the energy 

is lost by convection (Qconvection), some is radiated by the substrate (Qradiation) and finally, 

some energy is transferred through the material by conduction (Qconduction).  

The Qconvection and Qradiation are neglectable in the range of temperatures that are used 

for the processes performed in this thesis. Qreaction and Qconduction depend on the internal 

diffusion of heat that produces temperature gradients within the substrate. The heat flux 

is a vector expressed as the flow per cross-sectional area normal to the direction of the 

applied laser energy. The constitutive property of the thermal diffusion is the thermal 

conductivity K [W/mK], which is a measure of the ability of the substrate to facilitate 

thermal transport [79]. The equation that defines the transport of heat is named the Fourier 

equation, it can be generalized in the expression; 

ρCp(T)
∂T

∂t
= ∇(K∇T) (2.1) 

where 𝜌 is the density and 𝐶𝑝(𝑇) the heat capacity. 𝑇 and  𝑡 are the temperature and time. 

The complete solution of the Eq. 2.1 requires the specification of one boundary condition 

in time and two spatial boundary conditions for each coordinate. In particular, when the 

heat source is the laser energy, the general Fourier equation can be redefined as follows; 

ρCp(T)
∂T

∂t
− ∇(K∇T) = Qlaser(x, y, z, t) 

(2.2) 

The temperature obtained by the Qreaction will be given by solving the Eq. 2.1 in the 

z=0 coordinates (substrate surface). Whilst Qconduction is the energy diffused inside the 

substrate, the temperature produced by this energy can be calculated by Eq. 2.2 at z<0. 

 

Fig. 2.4. Pyrolytic LCVD reaction zone [80]. 
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Once the gas is on or near the substrate, the chemical kinetics of the pyrolytic LCVD 

is based on the CVD general theory, which has been explained in the chemical reaction 

section (2.1.1) of the AACVD theory. 

In summary, the main advantage of the pyrolytic LCVD technique over other CVD 

deposition methods is that the laser only heats a certain area of the substrate, obtaining a 

good control of the deposition area whilst in other CVD variants, the whole substrate is 

heated and the material is deposited over the entire surface. Moreover, even if the 

chemical reactions require high temperatures because the heating zone is localized, the 

rest of the substrate will not be physically damaged. Materials deposited by LCVD can 

have a high quality because it can grow pure materials with low porosity and a high degree 

of crystallinity [80]. The high spatial resolution combined with the possibility of growing 

a wide materials selection permits the fabrication of devices and structural materials with 

a good performance and lifetime. 

There are different approaches to the LCVD technique, like the one used by H. 

Zhang et al., who use a femtosecond laser to grow tungsten nanostructures, developing 

the advantages of parallel and direct-write processing [81]. Another method is used by 

Y. F. Guan et al., who are able to grow ZnO using Metal-Organic CVD (MOCVD) 

technique assisted by a nanosecond pulsed laser [82]. The previous examples are 

performed in controlled atmospheres. Alternatively, B. P. Dhonge et al. utilize an open 

atmosphere spray pyrolysis technique assisted by a CW laser to grow Al2O3 [83]. K. 

Jeong et al., use an LCVD atmospheric pressure technique to deposit W, WO2, and WO3, 

performing first a study of the nanosecond laser-substrate interaction and concluding with 

an analysis of the laser power effects on the deposition [75]. 

2.2. Laser interference 

Nanostructured materials are of great interest in multiple research fields including 

electronics and optoelectronics, biomedicine or energy where many different applications 

have been identified [84]. Conventional methods, such as UV projection lithography or 

electron beam lithography have borne the weight for patterning materials at the nanoscale. 

However, these techniques can not follow the rhythm of the nanotechnology advances 

and it is necessary to search for different procedures. Some of the techniques that are 

being investigated are self-assembling approaches, construction-based approaches such 

as immersion lithography or micromanipulation, and interference lithography [85], [86]. 

Laser interference lithography has been proven a suitable technology for relatively 

simple, subwavelength, and cost-effective periodic patterning in 1D, 2D, and even in 3D. 

The laser interference lithography is based on the interference of coherent laser beams 

that forms a periodically modulated pattern. The interference pattern is transferred to the 

matter, which is heated. If the heat produced is high enough, the material can suffer a 

micro or nanopatterning ablation. The energy of each interfering beam is defined by; 

𝐸𝑖
⃗⃗  ⃗(𝑟, 𝑡) = �⃗� 0𝑖cos (�⃗� 𝑖 ∙ 𝑟 − 𝜔𝑡 + 𝜑𝑖), (2.1) 

where 𝐸𝑖
⃗⃗  ⃗ is the electrical field of the i beam, 𝑟  is the coordinate vector, i is the index of 

the interfering beams, t is the time, �⃗� 0𝑖 is the electrical field amplitude of the i wave, k is 
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the wave vector |�⃗� 𝑖| =
2𝜋


, 𝜔 is the frequency of radiation and 𝜑𝑖 is the phase of the i 

wave [87]. When the n beams interfere in the same plane the intensity profile is expressed 

as follows: 

𝐼(𝑟) ∝
1

2
∑|𝐸0𝑖

⃗⃗ ⃗⃗  ⃗|
2
+ ∑∑𝐸0𝑖

⃗⃗ ⃗⃗  ⃗

𝑛

𝑖=1

∙ 𝐸0𝑗
⃗⃗⃗⃗⃗⃗  cos (

𝑛

𝑗<𝑖

𝑛

𝑖=1

�⃗� 𝑖 ∙ 𝑟 − �⃗� 𝑗 ∙ 𝑟 + 𝜑𝑖 − 𝜑𝑗) 
(2.2) 

The period of the interference patterns depends on the incidence angle of each beam 

as well as the wavelength. In Table 2.2 period dependence with the incidence angle and 

the wavelength is shown when all the beams reach the substrate with the same incidence 

angle (θ). The shape of the interference pattern depends on the number of beams, their 

intensity, and the phase difference between them [87]. 

Number of beams Period 

2 Λ =


2 sin(θ)
 (2.3) 

 

3 Λ =


√3 sin(θ)
 (2.4) 

 

4 Λ =


√2 sin(θ)
 (2.5) 

 

4 +1 central Λ =


sin(θ)
 (2.6) 

 

6 Λ =
2

√3 sin(θ)
 (2.7) 

 

Table 2.2. Period dependence with the number of interfering beams used [87]. 

Fig. 2.5 shows the interference pattern for a) two, b) three and c) four beam 

configurations. In all the cases, the incidence angle θ is the same for every beam and the 

intensity of every beam is the same. The two-beam arrangement produces a 1D 

interference pattern (stripes), whilst the three and four-beam configurations produce 2D 

patterns (dots). The intensity distribution of the interfering fields depends as well on the 

relative intensity of the beams and the direction of their polarization [88]. 
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Fig. 2.5. Configurations for a) two, b) three, and c) four beam interference. Respective intensity 

distribution for each configuration in 3D and 2D. 

Regarding the experimental part, the design of any interference system can be split 

into two main parts; multiple beams generation and beams steering. 

2.2.1. Multiple beam generation 

Multiple beam generation can be achieved by two routes, multiple laser sources, or 

a single laser source with a beam splitting element. The first route supposes a high cost 

since pulsed lasers with high energy are expensive. Therefore, route two is the most cost-

effective because the required optics is much more inexpensive. 

Different optical elements can be used to split the laser beam: 

Cube beam splitter 

A beam splitter is an optical device whose function is to split an incident light beam 

into two beams as Fig. 2.6. a) shows. There are two basic types; cubes formed by two 

cemented triangles and dielectric mirrors (plates with dichroic coatings). The beam 

splitters based on dielectric mirrors regularly work for a limited range of angles. When 

the main beam falls into the mirror, one beam is reflected and the other one is transmitted. 

The transmitted beam always undergoes a spatial shift that depends on the thickness and 

refractive index of the substrate. Cube-shaped beam splitters divide the beam at the 

interface of the two triangles. The power splitting ratio for a given wavelength can be 

tuned either by adjusting the thickness of the interface or by including some electrical 

multilayer coating. Some beam splitters are non-polarizing, usually having the 

abovementioned beam multilayer between the prisms. In the case of the polarizing beam 

splitters, a birefringent crystalline material is used, instead of glass [89], [90]. Beam 

splitters are easy to find in the optics market and are very well optimized for every kind 
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of use. The main drawbacks of these elements are their difficult alignment and low energy 

threshold. 

DOE (Diffractive optic element) 

Diffractive optical elements (DOE) are thin optical phase elements that operate 

through diffraction to produce distributions of light. A DOE acts to shape and split beams, 

(see Fig. 2.6.b)). DOEs have advantages such as the ability to produce high-precision 

diffractive splitting. It is also possible to manufacture a DOE with specific features. 

However it is relatively expensive to produce custom devices and susceptibility to 

damage with high power pulses is an area of concern [91], [92]. The DOE has some 

advantages that make it a very competitive multi-beam generator: it is compact easy to 

align and does not produce phase shift or beam path variations. Besides, it allows the use 

of high-energy lasers and has no temperature restrictions. The main drawback is that it 

produces energy losses of the laser beam since undesirable beams are also created in the 

second and third order. 

Liquid-Crystal Spatial Light Modulator (LC-SLM) 

Liquid crystal spatial light modulators (LC-SLM) are variable phase or amplitude 

masks based on electrical control of the optical properties of a liquid crystal layer, (see 

Fig. 2.6. c)). This technology is closely aligned to that found in LCD projectors. The use 

of LC materials is based on their optical and electrical anisotropy. When a voltage is 

applied to an LC material, its molecules are reoriented due to their electrical anisotropy. 

As the LC molecules also show optical anisotropy, this tilt produces a change in the 

refractive index of the material (depending on the light polarization), which causes a 

change of the optical path length in the LC cell. The advantages of the LC SLM are that 

independent control of both phase and amplitude is feasible and is easy to configure to 

cover a high spectral range. They have proven to be a good tool for modulating ultrashort 

laser pulses. A limitation is the pixel size, typically tens of μm, which leads to a lower 

resolution than fixed-pattern DOEs fabricate by standard lithographic methods [93]. 

Besides, they need to work at low temperatures. They are expensive to produce and 

susceptible to damage from high power pulses. 
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Fig. 2.6. Multiple beam generators, a) beam splitter, b) DOE, c) LC-SLM. 

2.2.2. Beam steering 

Mirrors 

Mirrors are the most commonly used elements to steer beams in optical interference 

set-ups. An example is shown in Fig. 2.7. a). Standard metallic mirrors (Al, Ag) are 

relativity inexpensive and can provide 90%+ reflectivity in the visible range, but the 

reflectivity drops in the near-UV range. Dichroic mirrors can offer more than 99% 

reflectivity, but only in a narrow range. Some high-quality dichroic mirrors are highly 

wavelength selective [89], [94]. The main advantages of mirrors are their easy 

implementation and control and their low cost. They do not produce high-energy losses 

and the incidence angle can be simply tuneable. In contrast, if the alignment is not 

accurate, delays between the interfering beams can occur. 

Lens based 

Lens-based systems are gaining importance nowadays because the overall 

arrangement can be very compact, (see Fig. 2.7. b)). With this type of configuration, it is 

possible to focus the beams onto the interference plane employing a lens system [95]. The 

advantages of this configuration are that the set-up is easy to align and the introduction 

of aberrations and time-delay is reduced despite the different propagation directions. The 

main drawback is that energy losses occur. 

Top cut prism 

Prisms are solid glass optics that are made into geometrical shapes. The angles and 

number of surfaces delimit the function. For example, with a 4-side prism, a 4-beam 

configuration can be employed as Fig. 2.7. c) shows [96], [97]. They have some benefits 

like an easy integration at low-cost, good stability, and a high damage threshold. On the 

other hand, with this element is not possible to vary the incidence angle to change the 

period of the created pattern. 
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Lloyd´s mirror 

Lloyd´s mirror is a relatively simple implementation of laser interference in which 

a mirror is used to produce interference by superposing the light from the laser source 

with the light from the virtual image of that source provided by the mirror [27], [89]. The 

Lloyd´s mirror is a corner cube with a 90o geometry where part of the wavefront back 

onto itself, therefore, there is no need to use a multiple beam generator, (see Fig. 2.7. d)). 

The center of the mirror and the substrate are on the same optical axis. The structures 

achieved by Lloyd´s mirror configuration depend on the rotation angle and the time of 

exposure. The time of exposure is critical because if the sample is over-exposed the dots 

could be very small and on the other hand, if the time exposure is short, the pattern may 

completely disappear. This system is robust and easy to implement. In addition, it 

produces good interferometric stability. However, it has low contrast since it is difficult 

to adjust the laser energy coming from the mirror. This avoids having the same energy 

values from both sides, decreasing the intensity difference between maximum and 

minimum of interference [27]. 

 

Fig. 2.7. Beam steering techniques with, a) Mirrors, b) Lens, c) top-cut prism, d) Lloyd´s mirror. 

2.2.3. Prior art- developed laser interference systems 

Numerous experimental arrangements have been reported for laser interference. 

Several methods have been used to split the main beam into multiple beams and to provide 

varying control over beam parameters, like coherence or interferometric stability [98]. 

Some methods have also been reported to steer the beams into the sample. Some different 

set-up arrangements and their results are described below. 

One case of a 2-beam system split by a beam splitter and steered by mirrors has 

been used for the synthesis of nanoparticles. Fe3O4 nanoparticles have been controllably 

synthesized on the areas where the photoconductive electrode has been exposed to the 
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periodically patterned interferometric laser irradiation during electrodeposition. The 

micropattern of Fe3O4 nanoparticles has been controlled by the interferometric laser 

pattern and the crystallization of the particles has been controlled by laser interference 

intensity and electrochemical deposition conditions. This maskless method allows for in 

situ fabrication of periodically patterned magnetite nanoparticles on the microscale by 

electrodeposition under room temperature and atmospheric pressure conditions. In the 

experiment, Fe3O4 nanoparticles with a mean grain size below 100 nm in the pattern of 5 

μm line array have been achieved with a deposition time of 100 s. The experiment results 

have shown that the proposed method is a potential one-step approach in fabricating large 

areas of periodically micropatterned magnetite nanoparticles [99]. 

The arrangement reported by Stay et al. involves splitting one beam into three 

beams using a beam splitter and then overlapping these beams employing mirrors. In this 

arrangement, the distances from the beam splitter to the image plane can vary and 

introduce a phase error as the different beams propagated through different optics. 

Although this can be corrected by means of a variable path induced by a movable mirror 

controlled by a piezoelectric translation stage, the arrangement tends to suffer from 

interferometric instability and may be unsuitable for long laser exposure. To demonstrate 

this technology, photonic crystal rod-like, and hole-like structures have been fabricated 

[100]. 

The Lloyd´s mirror technique has been used by H. Jung Jr et al. to produce wafer-

scale nanopatterning. The LIL system is equipped with a refractive beam-shaping device 

to transform the Gaussian beam into a flat-to profile. By conducting a multiple-exposure 

LIL process with a flat-top light field, they achieve uniform 2D grating with a hexagonal 

lattice, which can be applied to fabricate patterned sapphire substrates for light-emitting 

diode applications [101]. 

Others arrangements for interference lithography tend to be lens-based. There are 

few arrangements utilizing lenses and the beam generating method usually is a DOE or 

an LC-SLM. With an appropriate DOE, the beam can be split into as many beams as 

required and the resulting beams are highly coherent. S. Indrisiunas et al. have shown in 

their work. They have used a DOE to split the beam into 4 beams, and then, steer the 

beams with lenses, achieving a 5 µm period of hole array in a thin chromium film on a 

glass substrate using a single exposure with a femtosecond laser [102]. 

Experimental set-ups with LC-SLM are easily tunable and in principle, any number 

of beams can be chosen. L. Juntao et al. have designed an experimental set-up to fabricate 

a phase-controlled interference pattern of 1D and 2D. The expanded laser beam is divided 

into multiple beams passing through an LC-SLM and then steered by a focusing lens. 

They have implemented this technique to fabricate functional defect photonic crystals 

(PhCs) structures with possible applications as line defects in Bragg structures and 

embedded waveguides in a 2-D PhC [103]. 

Top-cut prism configurations allow the use of high-energy pulses. The prism is 

incorporated to refract the single expanded beam or multiple beams to the target. For a 

multiple beam configuration with a prism, refractive index matching refraction 

asymmetries can be reduced as can be seen in the work performed by K. V. Sreekanth et 

al. They perform a 1D and 2D patterning of a metal photoresist coated on a silicon wafer 

with a high index prism as a beam steering element [104]. 
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Comparison of laser interference systems 

The following tables, Table 2.3 and Table 2.4, compare qualitatively the different 

optical arrangements to show the various strengths and weaknesses.  

System 2-beam Multi-

beam 

Reconfiguration Alignment High power 

interference 

Beam 

splitter 

     

Lloyd´s 

mirror 

     

LC-SLM      

Prism      

DOE      

Table 2.3. Resume of the quality of the beam generators presented in this work: ++: Very good; 

+: Good; + -: Normal; -: Poor; - -: Very poor. 

System Coherence Time-

delay 

Beam-tilt Path-delay Temperature 

requirement 

Angle 

control 

Beam 

splitter 

      

Lloyd´s 

mirror 

      

LC-SLM       

Prism       

DOE       

Table 2.4. Resume of the quality of the beam generators presented in this work: ++: Very good; 

+: Good; +-: Normal, -: Poor; - -: Very poor. 

2.3.  Zinc Oxide 

Nowadays ZnO is one of the most important semiconductor materials with wide 

relevance in the scientific community. However, this material has not been recently 

discovered. ZnO has been explored scientifically since 1935 [105].  

As an II-IV n-type semiconductor, ZnO has a hexagonal wurtzite structure at 

ambient conditions (Fig. 2.8). Two intertwined hexagonal close-packed Zn and O 

sublattices, arranged in a way that each Zn2+ ion is coordinated by four O2− ions in a 

tetrahedral arrangement, form ZnO lattice. The hexagonal unit cell has the following 

lattice parameters a = 0.325 nm and c = 0.506 nm. The lattice coefficients together 

with a large piezoelectric constant allow a strong piezoelectric polarization of the 

material. ZnO has a direct bandgap of 3.37 eV, transparent in the visible wavelength 
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range. Furthermore, with a large excitation binding energy (60 meV), ZnO is emerging 

as a very promising material for optoelectronic applications in the near UV range of the 

spectrum [4], [106]. ZnO is an n-type conductor with high carrier mobility, 

100 cm2V−1s−1. The intrinsic n-type conductivity is due to imperfections present during 

the growth process. More accurately, it is thought that oxygen vacancies (Ov) and Zn 

interstitials (Zni) are deep acceptors with low formation energies and fast diffusion, which 

could explain the n-type conductivity [107]–[110]. 

 

Fig. 2.8. ZnO wurtzite structure. 

ZnO can be grown in several ways, such as single crystals, thin or thick films as 

well as nanoparticles. Depending on the quality, and possible applications of the desired 

ZnO, one or another growth method is selected. 

ZnO Thin Films 

The deposition technique and its parameters have a strong influence on the quality 

and properties of a deposited thin film. Considering that morphology and stability are 

crucial factors, there are several advanced deposition techniques with high control over 

the ZnO thin film growth. For instance, Pulsed Laser Deposition (PLD) has been used as 

a ZnO deposition technique by G. Wisz et al. reporting the structural, optical, and 

electrical properties of the grown thin films [111]. Microstructure and optical properties 

of ZnO films prepared by sol-gel have been analyzed by H. Li et al. [112]. P. Borylo et 

al. have studied the influence of the temperature in an Atomic Layer Deposition (ALD) 

process, reporting the chemical composition, morphology, mechanical and optical 

properties of the ZnO [113]. Structural studies of ZnO obtained employing DC sputtering 

and electron beam evaporation have been done by M. E. L. Sabino et al. [114]. 

Microstructural analysis of nanostructured ZnO layers grown by spray pyrolysis has been 

performed by M. Krunks et al. [115]. Aerosol Assisted Chemical Vapor Deposition 

(AACVD) technique has also been used, depicting high stoichiometric and structural 

control of the grown films as F. Gil et al. show in their work [116]. 

The precursors usually employed in AACVD processes are zinc chloride, zinc 

acetate, and zinc acetylacetonate. ZnO thin films have been grown using zinc chloride 

solutions as a precursor by S. Vallejos et al. [117] describing the morphology, chemical 

composition, and optical bandgap for ZnO rods grown onto silicon substrates for 

temperatures from 300°C up to 600°C in steps of 100 °C. Zinc acetate is used by M. R. 

Waugh et al. to grow ZnO thin films onto glass substrates using temperatures from 400°C 
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up to 650°C in steps of 50°C, and their morphology and photocatalytic properties are 

studied [118]. D. B. Potter et al. use zinc acetylacetonate to grow silicon doped ZnO, 

describing the morphology and optical properties of the material; in this work the 

parameter analyzed is the dopant concentration [119]. Other works have been focused on 

the growth of ZnO doped with aluminum using zinc triflate as precursor [120] or ZnO 

doped with magnesium using zinc acetylacetonate as precursor [121]. In both studies, 

morphological and optical analyses have been done. 

In particular, previous works performed with the AACVD technique using zinc 

chloride as a precursor are focused on the temperature influence and the use of dopants. 

Not only is it possible to study the dependence of the temperature, morphology, and use 

of dopants, but also it is possible to study the nucleation and growth kinetics as M. Ling 

et al. reported depositing WO2 [42]. Following the same line of studies, for a comparable 

technique as spray pyrolysis, similar and even deeper investigations have been done. 

Deposition parameters effects as the gas flow rate influence [122], or the growth kinetics 

[123] are studied, both with zinc acetate as a precursor. In the same vein, the structure 

and morphology of the ZnO growth are also analyzed using different precursors [124]. 

However, these studies have not been done for the AACVD process, so there is a lack of 

reports about the growth kinetics and gas flow rate effect during AACVD ZnO thin film 

growth with zinc chloride precursor. 

ZnO nanostructures 

The attention on ZnO nanostructures has increased in the last years. ZnO can be 

grown in many different shapes at the nanoscale, enabling the advance of new devices 

and applications. There are two ways to achieve ZnO nanostructures: the bottom-up 

approach and the top-down approach. The bottom-up approach consists of directly 

growing the structures at the nano-scale. The top-down approach is to grow a 

homogenous thin or thick film and then produce the structures using a nanopatterning 

method. 

In bottom-up approaches, the effort now is put in the fabrication of innovative 

structures with different shapes that can vary from nanowires to nanoflowers. The 

synthesis of ZnO nanostructures is performed with different methods depending on the 

desired quality, shape, and doping of the material [125]. ZnO nanostructures are most 

commonly grown by gas-phase approaches such as chemical vapor deposition [126], 

metal-organic chemical vapor deposition [127], pulsed laser deposition [128], and 

magnetron sputtering [129] or other growth methods such as, for example, hydrothermal 

synthesis [130]. Controlling the size and lateral position of ZnO nanostructures on the 

substrate during the growth process is the most critical and still unresolved challenge. The 

properties of ZnO nanostructures are mainly determined by the growth conditions, 

although they can be adjusted by a post-growth process. 

Regarding the post-growth ZnO nanostructuration, photolithography is used for 

patterning large areas. With this technique, the patterning area usually is so large that the 

quality of the nanostructures is not as desired [131]. On the other hand, patterning 

methods based on self-assembly have the advantage of being faster and simpler [132]. 

However, these types of techniques are established for small areas, and defects tend to 

appear when scaling to large areas. Scanning probe lithography, such as the atomic force 

microscopy-based method and electron beam lithography offer better control at the 
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nanoscale[133], [134]. However, these methods are time-consuming and costly. Direct 

Laser Interference Lithography has recently emerged as an alternative to performing the 

periodic nanostructuration of large areas with good quality control [135], [136]. 

Applications 

ZnO is an excellent material for a wide variety of applications due to its properties. 

The applications can vary from optical devices to Transparent Thin-Film Transistors 

(TTFTs). 

ZnO is a well-known material for optical devices due to its large exciton binding 

energy. It has a high potential for light-emitting devices in the ultraviolet region, if this 

functionality is already immature, there have been several works that demonstrate clear 

advances producing p-n homojunction-based LEDs [137]–[139]. Although amorphous 

silicon and polycrystalline silicon have been probed as excellent materials for Transparent 

Thin Film Transistor (TTFTs), ZnO has gained interest in the scientific community. In 

the ZnO TTFTs devices, the exposure to light will not degrade the material due to its wide 

bandgap. Besides, the use of ZnO as an active channel produces higher field-effect 

mobilities than amorphous silicon transistors [140], [141]. 

The high electromechanical coupling coefficient permits the use of ZnO thin films 

in piezoelectric devices, such as SAW resonators, filters, sensors, and 

microelectromechanical systems (MEMs). The most common is the SAW filter, in which 

the use of ZnO allows the integration of ultrasonics with Si electronics for the first time 

[142], [143]. 

ZnO nanostructures have been also studied for solar cells, biosensors, or gas 

sensors. A solar cell, or photovoltaic cell, is an electrical device that converts the energy 

of light directly into electricity by the photovoltaic effect [108]. Dye-sensitized solar cells 

(DSSCs) have been studied due to they are large-scale energy converters with high 

efficiency at a low cost. ZnO nanorods will provide a rapid collection of the carriers 

generated by the device, offering a direct path from the point of the photogeneration to 

the conducting substrate, this process would descend the electron recombination losses 

[144], [145]. ZnO has been also utilized in biosensors to detect different biological 

molecules. The ZnO biosensors are based on a conductance variance of the ZnO when 

the molecules are absorbed. More specifically, the determination of pH depends on the 

polarization induced in the surface, which changes the charge when it is in contact with 

polar molecules in the liquids. The ZnO nanostructures act as a pH sensor in intracellular 

chemical sensing [146]–[148]. ZnO is used as a sensing material in gas sensors because 

it exhibits strong adsorption of molecules on the surface, which affects the electrical 

performance of the device. 

2.4. Metal Oxide Semiconductor (MOS) sensors 

A sensor is a device capable of detecting an external stimulus and responding in 

consequence. These devices can transform physic or chemical magnitudes in other 

magnitudes of different nature. Specifically, some sensors transform physical or chemical 

parameters into electrical ones. These electrical signals are easy to be acquired, 

transported, and stored [149]. These characteristics are convenient to measure the 

concentration of different gas species. Solid-state gas sensors are based on the electrical 
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changes when they are in contact with the gas. The most used are catalytic, solid-

electrolyte, and chemoresistive sensors. 

The working principle of catalytic sensors or pellistors is based on the oxidation of 

flammable gas. The heat generated in this exothermic reaction produces a change in the 

resistance of the sensing material. The pellistors are excellent combustible gases detectors 

in the range of Lower Explosive Limit (LEL). The response time depends on the 

molecular weight, the higher weight, the slower response [150]. 

Solid electrolyte sensors owe their usefulness to the ionic conductivity of the solid 

electrolyte material, the conductivity is dominated by one type of ion. In these sensors, a 

solid electrolyte is placed between two conducting electrodes. One electrode is in contact 

with a reference gas, the other electrode, which is the sensing one, is in presence of the 

target gas. Due to the reduction or oxidation reaction occurring in the sensing electrode, 

there is ion conductivity through the electrolyte [151]. The concentration can be 

calculated by measuring the potential difference between the electrodes. 

Chemoresistive sensors rely on the reaction between the sensing material surface 

and the gases in the proximity of it. This reaction varies the electrical properties of the 

material. Typically, the adsorption of the gases by the material surface leads to a 

modification of the conductivity. The materials with the appropriate characteristics for 

this kind of sensor are metal oxide semiconductors (MOS) and carbon-based materials 

[152]. Tin oxide (SnO2) has been the most explored material for chemoresistive gas 

sensors so far [153]–[155]. But there are emerging materials that are gaining importance 

as zinc oxide (ZnO), tungsten oxide (WO3), indium oxide (In2O3), or copper oxide (CuO) 

[156]. Nowadays it has been demonstrated that graphene can act also as a chemoresistive 

sensor [157] and therefore the study of carbon-based materials has started seeking gas 

sensing at lower temperatures [158]. 

2.4.1. Properties and mechanism of MOS. 

There are two ways of gas sensing with a MOS. In the first one, materials vary the 

conductivity because of surface conductance effects. The second way is through materials 

that suffer bulk conductance effects. For the first group, the temperatures needed are 

lower, around 150 °C-600 °C compared with the temperatures required for the materials 

of the second group (>700 °C). The bulk conductance effects only occur at high 

temperatures because at low temperatures, the bulk defect is slow and the conductance 

variation comes because of the adsorption and removal of oxygen species at the surface 

[159]. 

The MOS materials have polycrystalline structures and the grains are connected 

between them by necks. These interconnected grains form gatherings that are connected 

with others by grain boundaries. The gas-sensing mechanism is produced by the electron 

exchange generated by the oxidation-reduction reaction between the electrons of the 

material and the target gas. In air atmosphere, oxygen molecules as electron acceptors are 

chemically adsorbed on the surface of the materials due to the temperature assistance. By 

trapping electrons from the material conduction band, oxygen molecules ionize on the 

surface to form oxygen ions. This produces a band bending due to the decrease of electron 

density (see Fig. 2.9 a)) that generates a potential barrier at the surface, eVsurface. 

Therefore, an electron-depleted layer, also known as the space-charge layer, is formed, 
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(see Fig. 2.9 b)). The depletion layer repels other electrons from interacting with the bulk, 

restricting the flow of electrons and increasing the resistance. EF, EC and EV are the energy 

of the Fermi level, conduction band and valence band, respectively [160], [161]. 

When the sensor is exposed to an oxidizing gas, such as NO2, the gas molecules 

will not only capture electrons from the conduction band of the n-material but also interact 

with the oxygen species absorbed, increasing the width of the depletion layer and 

potential barriers as shown in Fig. 2.9 c). The band model is performed for a working 

temperature minor than 100 ºC. This phenomenon decreases the conductivity of the 

material. When the sensor is exposed to air again, the NO2
− reacts with the holes and 

releases the electrons back to the conduction band, increasing the conductivity [162], 

[163]. On the other hand, if the gas is oxidizing, the opposite occurs, and the conductivity 

increases because the electrons will be released to the material again, reducing the 

depletion layer. 

 

Fig. 2.9. a) Band diagram of the surface of a MOS after chemisorption of oxygen. Structural and 

band model for a conductive mechanism of a polycrystalline n-type MOS when b) initial stage, 

c) after being in contact with NO2 at T<100 ºC [164]. 

Depending on the nature of the material, n-type or p-type, and type of gas, reducing 

or oxidizing, the conductance decreases or increases. The conductivity behavior 

depending on the gas and material type is resumed in Table 2.5. 
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Material type Reducing gas Oxidizing gas 

n Conductivity increase Conductivity decrease 

p Conductivity decrease Conductivity increase 

Table 2.5. Conductance variation dependence on the material and gas types. 

The sensor response is the most common way of evaluating a gas sensor. Sensor 

response for n-type materials is defined as (Rair/Rgas) for reducing gases, and 

(Rgas/Rair) for oxidizing gases, where Rair is the sensor resistance in air and Rgas is the 

sensor resistance in presence of the gas. For p-type materials is the other way around. The 

n-type percentage sensor response is expressed as (Rair − Rgas)/Rair [165]. 

Apart from sensor response, the performance of gas sensors can be evaluated by 

different parameters like selectivity, recovery time, humidity influence, and long-term 

stability. Selectivity is the ability to detect a specific gas in a mixture of gases. The 

response time and recovery time is the period from the time when gas concentration 

reaches a specific value after being in contact with the target gas. The humidity influence 

is a key factor in the sensor performance due to it usually produces a deterioration of the 

response. Long-term stability is the ability of a gas sensor to reproduce the results for a 

certain period. 

2.4.2. MOS sensor configuration 

The sensing material is the principal element of the MOS-type sensors. Electrodes 

in contact with the material are necessary to conduct the electrical response to the 

acquisition equipment. As the reactions take place on the surface depending on the 

temperature, a heater must be implemented in the sensor device. 

Different MOS gas sensing devices have been developed by varying these 

components. Fig. 2.10 a) shows a sintered block with two electrodes, one for sensing and 

the other one performs as a heater. Another approach is a tube covered by a coating with 

the heater inside, and the electrodes sold to the tube as is shown in Fig. 2.10 b). The third 

configuration is composed of a thin film that covers the electrodes on the alumina 

substrate, the heater is on the other side of the alumina (Fig. 2.10 c)). The last 

configuration relies on the silicon micromachining, it has a filter and a metal cap around 

the sensor itself (Fig. 2.10 d)). 



Chapter 2. State of the art on techniques, materials, and devices 

28 

 

 

Fig. 2.10. MOX gas sensor configuration, a) sintered block, b) alumina tube coated layer, c) thin 

film, and d) device made by assembling the sensor, the metal cap, and the filter [166]. 

2.4.3. ZnO-based sensor for NO2 detection 

NO2 is a toxic gas, with a strong scent, which is increasing its presence nowadays 

due to the high emission of hazardous gases to the atmosphere. It could be very dangerous 

to people’s health when exposed to few ppm levels. NO2 is an oxidizing gas, the typical 

chemical reactions of oxygen species adsorbed (ads) by the MOS depending on the 

temperature are as follows [167]; 

NO2(gas) + e− → NO2
−(ads);  T = Room tempertaure (RT) (8) 

NO2
−(ads) + O2

−(ads) + e− → 2O− (ads) + NO2
−(ads); 𝑇 < 100 °𝐶 (9) 

NO2
−(ads) + O− (ads) + 2e− → 2O2−(ads) + NO(gas); 

100 °𝐶 < 𝑇 < 300°𝐶 

(10) 

ZnO is an n-type semiconductor and has some advantages compared with other 

MOS as its low toxicity, good sensing response with good thermal and chemical stability. 

The response of the sensor fabricated with this material, as the other MOS sensors, has a 

strong dependence on the working temperature due to the chemical reaction that the 

material undergoes in contact with the NO2 [168]–[170]. 

Fig. 2.11 shows the typical behavior of the n-type gas sensor exposed to an 

oxidizing gas. In the first step a) the sensor is heated in presence of air until it reaches the 

equilibrium, the resistance gotten is the reference resistance in air. Fig. 2.11 b) and d) 

show the resistance increase when the gas is in contact with the sensor for two different 

concentrations. Firstly, the resistance rises abruptly and then tends to an equilibrium. 
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When the gas is removed and there is only air in contact with the sensor again, resistance 

returns to its initial value of reference resistance in the air. 

 
Fig. 2.11. MOS sensor performance expected during the measurements of an oxidizing gas. a) 

Heating process of the sensor in presence of air, b) and d) gas target introduction with a 

different concentration, c) and e) recovery of the previous resistance in presence of air. 

T. Seiyama demonstrated the use of the ZnO as a gas sensor for the first time in 

1963 [171]. Since then, gas sensors of ZnO have been widely reported [168], [169], 

[172]–[175]. Still today, there are some limitations regarding the operating temperature. 

The general temperature needed for ZnO-based sensors with a good sensitivity is 200 °C 

-300 °C, which suppose a large power consumption. There is an additional limitation 

because the sensing of flammable or explosive gases is at risk of explosion due to high 

temperatures. 

Several works report the sensing performance of the ZnO gas sensors with different 

morphologies and nanostructures trying to achieve sensor improvements and RT 

performances. Different morphologies lead to a variation of the adsorption-desorption 

process. Some structures produce an increase in the surface-to-volume ratio, which leads 

to a greater electron depletion area. Another film characteristic that can be modified is 

the grain size or porosity, these modifications have a direct impact on the electron 

depletion region as well [176]–[178]. For instance, gas sensors made of porous nanoflakes 

have been fabricated using hydrothermal methods combined with subsequent annealing 

processes, showing a responsivity of 134 for 1 ppm at 175 °C. PL and XPS spectra 

confirm that the oxygen vacancies and surface oxygen species are crucial to obtain this 

good response [179]. ZnO Nanosheets grown on porous silicon structures have been 

studied by D. Yan et al. With a film thickness of 10 µm and pore size of 1.5 µm, the 

sensors have a high response at room temperature. The benefit of producing ZnO 
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nanosheets is that there are more active sites due to a larger specific surface area [180]. 

H. V. Han et al. have developed a simple hydrothermal method to fabricate single-crystal 

ZnO nanorods with nanovoids showing a responsivity of 5.68 at 250 °C for 1 ppm. The 

good sensor performance is due to the presence of nanovoids along the nanorods, which 

provide large sensing sites for NO2 gas adsorption [181]. ZnO nanowires have also been 

probed to enhance the sensing performance, as D. Zappa et al. show in their work [182]. 

They achieve a responsivity of 5 at 100 °C for a concentration of 1 ppm, achieving high 

stability and reproducibility, allowing the future commercialization of the devices. 

Flower-like structures with porous grains grown by Successive Ion Layer Adsorption and 

Reaction (SILAR) method present a responsivity of 249 at 200 °C for 20 ppm. A good 

sensor response can be correlated to the presence of donor (oxygen vacancies and Zn 

interstitials) and acceptor defects (zinc vacancies, oxygen antisites, and interstitials). 

These conclusions have been extracted from Optical and XPS studies [183]. L. Yu et al., 

have used facial solution and annealing methods to fabricate ZnO nanowalls. The devices 

have a 6.5 of response at RT for 50 ppm. The material analysis performed with 

photoluminescence and SEM, demonstrate that oxygen vacancies defects and porosity 

facilitate the gas sensing [184]. As porous structures present promising results, R. Chen 

et al., have developed ZnO mesoporous sheets assembled by calcination of nanoparticles. 

The response of the gas sensor with these structures can reach 135 to 1 ppm at room 

temperature. This excellent performance can be attributed to the high specific surface area 

and hollow structure [185].  

Regarding the summary of different nanostructured ZnO-based sensors of NO2 

(Table 2.6), it is observable that most of them cannot work at room temperatures. 

Although, among them, there are devices capable of sensing at room temperature with a 

good sensor response and stability. 

Morphology Conc. (ppm) Temp. (°C) Resp.(Rg/Ra) Ref. 

Nanoflakes 1 175 134 [179] 

Nanosheets 1 RT 5.75 [180] 

Nanorods 1 250 5.68 [181] 

Nanowires 1 100 5 [182] 

Nanoflowers 20 200 249 [183] 

LIPSS 1 350 3.6 [178] 

Nanowalls 50 RT 6.5 [184] 

Mesoporous sheets 1 RT 2.35 [186] 

Table 2.6. Sensing results of gas sensors based on ZnO sensing NO2. 

 



 

 

 

Chapter 3. Design and integration of 

LI and AACVD modules 

  



Chapter 3. Design and integration of LI and AACVD modules 

32 

 

In this chapter, we present the design and development of a system that result from 

the combination of a module for interferometric light with an Aerosol Assisted Chemical 

Vapor Deposition (AACVD) module. This system will be able to deposit patterned 

surfaces in a single technological step. 

The system is divided into independent subsystems (modules), which must be 

selected and/or designed to complete the hardware. The subsystems defined are: 

• Laser source 

• Aerosol Generation 

• Beam delivery optics 

• Control system 

• Reactor 

These subsystems can be tailored for the different experiments and deposition 

processes that are performed in the thesis, as it is impossible to find a module that fits all 

requirements for the material processes. They are defined so that each module can be 

easily changed to meet the need of each of the processes that are being developed. 

Therefore, different subsystems must be assembled for the different processes and 

materials that are targeted in this thesis. 

3.1. Numeration of the setup requirements 

The complete system has a series of general requirements that must be fulfilled. 

Certainly, the main outcome is the fabrication of periodical patterned thin films. 

• Capacity of generating thin films of materials 

• To cover a wide area of thin film 

• Capacity of select deposit areas, not only large deposition 

• To use the light to assist the generation of thin films 

• To produce interferometric patterns by interfering light 

• To produce identical nanostructures of precise size, shape, and composition 

on the grown thin films 

The technical features of deposition and structuring of the thin films that the system 

must be able to offer are summarized in the next table: 
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Materials Zinc Oxide, Gold 

Film Thickness 
Up to 2 µm for ZnO 

Up to 300 nm for Au 

Deposition area 3-inches wafers 

Minimum-Maximum temperature 300ºC <T< 500ºC 

Process time Up to 1 h 

Aerosol Volume flow 2-12 L/min 

Pattern period Sub-micrometric 

Pattern height 20 nm - 1 µm 

Pattern shape Stripes (1D) and dots (2D) 

Table 3.1. Technical requirements for the fabrication of periodical patterned thin films. 

The subsystems needed to meet the general requirements with the features 

described in Table 3.1 are presented in Fig. 3.1. The subsystems are: 

• Aerosol generator. The aerosol generator is in charge of the generation of 

the precursor droplets needed for the AACVD technique 

• Gas system. The gas system assist the aerosol generation as well as the 

transport of the aerosol to the reactor chamber 

• Reaction chamber. The reactor chamber is where the chemical reactions 

take place, it must provide certain conditions for the successful thin film 

growth 

• Laser. The laser is the heat source to assist the chemical reaction or to 

produce the structures 

• Optics. The optics elements split the beam and steer them to the interference 

plane 

• Control. The control system drive the laser and the stage where the reactor 

chamber is placed 

 

Fig. 3.1. Subsystems required to integrate the interferometric light module with the AACVD 

system. 
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For the AACVD processes, it is necessary to use an atomizer capable of producing 

micro-droplets, as well as a gas system to assist the droplets generation and for the 

transport of the droplets to the reaction place. The chemical reactions involved in the 

AACVD technique must be performed under a controlled environment, therefore, a 

reactor chamber must be included in the system. 

On the other hand, to accomplish the interferometric light patterning it is necessary 

a light source, the lasers provide a coherent light with enough power to achieve it. Apart 

from a light source, it is also compulsory an optical system that splits the coherent light 

into several beams to produce the light interference patterning, in addition, it is necessary 

for an optical system to steer the beams into the same spot again. Both lasers and reactor 

chamber location need to be controlled by a computer. The conjunction with both 

systems, AACVD and LI is produced in the chamber. Consequently, opposed to 

conventional AACVD processes that are usually made in small stainless steel reactor 

chambers, in this case, the chamber must be capable of containing big substrates ( 3 inches 

or more) allowing the entrance of the light, which suppose an innovation and a challenge 

in this field. 

3.2. Numeration of the Laser Interference plus AACVD 

subsystems 

The design and development of the different subsystems are detailed below. 

3.2.1. Subsystem 1. Aerosol generation and gas system 

Aerosol generation 

The aerosol generator is the key point of an AACVD system. It provides the 

deposition system with an aerosol obtained from the combination of a liquid precursor 

(reservoir typically located inside the aerosol generator) and a pressurized carrier gas, 

(see Fig. 3.2). 

 

Fig. 3.2. Aerosol generator basics. 

The aerosol generator has been chosen so it provides the system with the capability 

to control as many process parameters as possible. Overall, the main requirements that 

the aerosol generator must fulfill are: 
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• Compatibility of the aerosol generator parts with the precursor. 

• Aerosol flow high enough to get a uniform flow across the reaction chamber. 

• Control of the aerosol key parameters: 

o flow rate 

o aerosol particle size  

o aerosol concentration (number of particles) 

The size of the chamber makes necessary a flow rate that enables a uniform flow 

inside it, for that reason, the PALAS atomizers are suited for the application, as they 

provide a wide adjustable range for the volume flow. Two different atomizers have been 

used for the development of this thesis. The UGF 2000 aerosol generator (Fig. 3.3) and 

the AGK 2000 aerosol generator (Fig. 3.7). 

UGF 2000 aerosol generator 

Liquid nebulizer with binary 

nozzle and cyclone 

Particle Number: max. 

107/cm3 

Particle size: 0.2-1.5 µm 

Flow: 1 – 13 L/min 

 
 

 

Fig. 3.3. Aerosol generator Palas UGF 2000. 

The UGF 2000 aerosol generator is able to atomize liquids with a binary nozzle 

cyclone. The UGF 2000 comprises an adjustable binary nozzle for tuning of the desired 

mass flow and a cyclone. The atomizer has a cyclone with built-in control air, which is 

adjusted using a micrometer screw on a needle valve. By opening this valve, the aerosol 

concentration can be reduced by a factor of approximately 500 through the addition of 

control air. As a result, the generator is ideally suited for laminar flow chambers. The 

scheme of the atomizer is shown in Fig. 3.4. 

 
Fig. 3.4. Atomizer UGF 2000 schematic diagram. 
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The compressed air is supplied to a binary nozzle via a pneumatic on/off switch and 

an adjustable pressure regulator. The mist of droplets generated by the nozzle flows 

tangentially into a cyclone. When the aerosol stream enters the body of the cyclone 

through the inlet, the airflow follows the curved interior wall and flows in a spiral pattern. 

If aerosol particles are larger than the cut-off diameter, then the inertia of the particles 

causes them to collide with the wall of the cyclone and accumulate. After spiraling 

downward, the airflow comes up through the center of the cyclone and exits through the 

outlet (immersion tube) at the top. The size spectrum of these droplets is determined on 

the one hand by the primary droplet spectrum generated by the nozzle, but especially by 

the separation characteristics of the cyclone. The main advantages of the atomizer are; 

• Known and reproducible particle size distribution using a cyclone 

• Long dosing time 

• Variable particle concentration by a factor of 500 through adjustment of the 

primary pressure and control air 

• Compact, light, and portable 

• Easy to clean due to solid construction. 

It is important to know the operation and the influence of the atomizer variables, 

especially the flow effect. To see the effect of each tunable parameter, the operation of 

the atomizer is presented in Fig. 3.5 and Fig. 3.6. They show the influence of the pre-

pressure gas flow and the number of turns of the micrometer screw. The operation of this 

aerosol generator is as follows: 

1. Setup the flow volume by adjusting the micrometer screws turns (Skt). As it is 

shown in Fig. 3.5, the flow volume is only weakly dependent on the pressure 

while it increases linearly with Skt. The UGF 2000 aerosol generator can 

produce flows between 2 to 10 L/min. 

2. Select the particle production (N/s or number of particles per second). Fig. 3.6 

shows that the particle production rate for the different Skt is practically the 

same for a pre-pressure of 1.5 bar. Therefore, the particle concentration is nearly 

the same for the experiments with the flows of 4, 6, and 8 L/min. 
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Fig. 3.5. Number of volume flow depending on the screw turns of the atomizer. 

 

Fig. 3.6. Dependence of particle production rate versus pre-pressure depending on the number 

of screw turns. 

AGK 2000 aerosol generator 

A second aerosol generator was selected to use with metallic corrosive precursors, 

as the UGF 2000 PALAS atomizer was obstructed by the gold precursor. The AGK 2000 

PALAS, (Fig. 3.7), has been found more suitable for the atomization of this kind of 

mixture. 
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Liquid nebulizer with binary 

nozzle and cyclone 

Particle Number: max. 107/cm3 

Particle size: 0.005-15 µm 

Flow: 3 – 10 l/min 

 
 

 

Fig. 3.7. Aerosol generator Palas AGK 2000. 

The AGK 2000 is an aerosol generator for the atomization of liquids and latex 

suspensions with a constant particle rate and defined particle spectrum. The system 

comprises a variable binary nozzle for regulation of the desired mass flow and a cyclone 

with a cut-off of 10 µm. The figure below (see Fig. 3.8) presents a schematic arrangement 

of the generator components. 

 

Fig. 3.8. Schematic diagram of the aerosol generator AGK 2000. 

The liquid to be dispersed is filled in the reservoir and the AGK 200 is connected 

to the compressed air connection. A manometer enables the mass flow of the liquid to be 

continuously adjusted using the primary pressure on the nozzle. The mist of droplets 

generated by the nozzle flows tangentially into a cyclone. Large particles are separated 

here by centrifugal force and drip back into the reservoir. The remaining droplets leave 

the cyclone. As the previous atomizer, the size spectrum of these droplets is determined 

by the primary droplet spectrum generated by the nozzle, but especially by the separation 

characteristics of the cyclone. The main advantages of this atomizer are: 

• Excellent short-term and long-term dosing constancy 

• Wide adjustable particle size range 

• Easy filling of the reservoir 

• Large reservoir (500 cm3) 

• Robust design, proven in industrial applications 

• Easy to operate 
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• Reliable function, high reproducibility 

• Little maintenance required 

• Reduce operating costs 

With AGK 2000 the particle concentration is not tunable (106-107 particles/cm3) 

and only the flow can be changed by varying the pressure of the airflow entrance as Fig. 

3.9 shows. 

 

Fig. 3.9. Volume flow at the exit of the atomizer depending on the gas pre-pressure assistance. 

Gas system 

Apart from the atomizer, a gas system is required to assist the generation of the 

micro droplets and their transport to the reaction region. Several parts are required to 

complete the gas line between the gas bottle and the AACVD chamber, the scheme and a 

picture of the gas system and atomizer are shown in Fig. 3.10. The components are 

detailed below: 

• Pressure regulator to lower the carrier gas bottle pressure 

• Precision regulator to control the flow into the atomizer accurately 

• On/off valve to isolate the chamber from the line 

• On/off valve to isolate the atomizer from the bottle 

• On/off valve to isolate the chamber from the gas exhaust 

• Flow meter to calibrate the flow through the line: it will be in a by-pass 

configuration so it will not be used during the deposition process, so the flow 

meter is not contaminated by the aerosol 

• Two three-position valves for the by-pass line 

• Heating mat for pipeline between the aerosol generator and deposition chamber 

to prevent aerosol condensation before entering the chamber 
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Fig. 3.10. Schematic figure of the gas subsystem. 

The operation of the fluidic system is as follows: 

• The initial flow of the carrier gas from the gas bottle is controlled by a 

pressure regulator 

• The gas goes through a precision regulator to control the gas pressure before 

entering the atomizer 

• The flow-meter after the atomizer provides a complete knowledge of the 

aerosol flow 

• On/off valve that controls the aerosol inlet into the chamber 

• Tube to discard de byproducts of the AACVD 

The fluidic subsystem is at room temperature in order to avoid any kind of 

condensation of the precursor in the inner part of the tube. The most crucial part of the 

fluidic subsystem is between the atomizer and the reactor chamber, the connection is 

formed by a tube of 8 mm diameter. Even if the particle size is not much influenced by 

the transportation through the tube, the tube has been designed as short as possible, with 

no tight curves to avoid collisions. This part is where the flow rate of the aerosol is 

measured. These measurements have been made with an EL-Flow meter and a Local TFT 

readout and control module, both from Bronkhorst. Once the flow rate is known, the mass 

flow and the readout module have been removed, in order to reduce any obstacle and 

facilitate the flow of the aerosol in the chamber as Fig. 3.11 shows. 

 
Fig. 3.11. The atomizer and fluidic subsystem are in a fume hood to avoid exposure to toxic 

vapors. a) First approach of the fluidic gas system between atomizer and reactor chamber with a 

mass flow controller in between for the flow measurements. b) Final approach with a shorter 

tube to lessen droplet collisions with the walls. 
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3.1.2. Subsystem 2. Laser 

As the objectives of this thesis cover a wide number of applications, a single laser 

cannot perform all of them. Hence, three different lasers have been used to achieve the 

goals proposed. The laser can be used as a heater source to assist the AACVD technique 

or as a way to produce the pattern on the grown material by laser interference. The 

specifications of each one and its purpose are presented below. 

MWTECH Fiber Laser 

PFL-1064-H Pulsed Fiber Laser from MWTECH (see Fig. 3.12) is based on a 

master oscillator power amplifier (MOPA) architecture that uses building blocks and 

proprietary temporal laser dynamics, laser leakage suppression, ASE suppression, pulse 

shaping, and control as well as trigger and gating technologies that offer high performance 

and unique level of real-time user control over operating parameters. This laser offers 

pulses with high pulse energy and peak power over a wide range of pulse widths and 

pulses repetition frequencies that can extend down to single-shot. 

PFL-1064 laser emits optical pulses with a center wavelength near 1064 nm, a peak 

power of 1 kW, and an average power above 1 W. The laser requires a user-provided 

external trigger and gating to define the instants when the laser pulses are generated and 

set the pulse repetition frequency from single-shot up to 500 kHz. The pulse width varies 

from 10 ns to 200 ns. Besides, all these laser parameters can be changed in real-time. The 

laser features are presented in the table below (Table 3.2): 

Center wavelength (nm) 1064 

Pulse duration (ns) 10 20 30 50 75 100 150 200 

Max. frequency (kHz) 500 500 500 500 500 500 330 250 

Pulse energy (mJ) 0.6 

Beam divergence (mrad) 4 

Power stability <5% 

Beam diameter (mm) 0.6 

Table 3.2. Parameter of the MWTECH Fiber Laser. 
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Fig. 3.12. PFL-1064-H Pulsed Fiber Laser from MWTECH. 

This laser despite not having high power, is useful because is highly tunable in pulse 

frequency and pulse time duration. These two parameters play an important role in the 

laser-substrate interaction as we will see in the next chapters. In principle, due to its high 

frequency, this laser is valuable to develop Pulsed Laser Chemical Vapor Deposition. The 

long pulse duration increases the time in which the material is heated and, hence, the 

deposition rate is supposed to increase. 

Innolas Picolo Laser 

SpitLight Picolo laser (see Fig. 3.13) generates TEM00 pulses down to 800 ps at 

repetition rates up to 50 kHz. The high-frequency oscillator uses an ND:YVO4 crystal to 

give a fundamental output of 1064 nm and harmonic generators can convert this 532 and 

355 nm. The laser includes the diode pump sources, the optical elements, and the fast Q-

switch electronics. To achieve picosecond pulse durations, the laser resonator is short and 

comprises an ND:YVO4 four-gain element, an electro-optic Q-switch, and an output 

coupling mirror. A laser diode pumps the gain element in a small central spot via fiber 

optic and SELFOC lens. The diode incorporates a Thermoelectric cooler (TEC), which 

controls its temperature and stabilizes its emission wavelength. 

 

Fig. 3.13. SpitLight Picolo Laser. 
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SpitLigtht piccolo laser can be fitted with temperature-controlled harmonic 

modules that convert the fundamental wavelength (1064 nm) to the second harmonic 

(532 nm) and third harmonic (355 nm). The harmonic modules are mounted within the 

laser head in a position where a relay lens in the 1064 nm beam-line brings the oscillator 

pulses to a suitable high intensity waist. The conversion is achieved by suitable LBO non-

linear crystals. The laser features are presented in the table below (Table 3.3): 

Center wavelengths (nm) 1064 532 355 

Pulse duration (ps) 800 1000 1100 

Max. frequency (kHz) 5 25 50 

Pulse energy (µJ) 80 35 22 

Beam divergence (mrad) 7 7 7 

Power stability <5% <5% <5% 

Beam diameter (mm) 1 1 1 

Table 3.3. Parameters of the Innolas Picolo laser. 

This laser has three different wavelengths, which makes it compatible to work with 

several substrates. The interest of this laser lies in the frequency (several kHz) and the 

high power. The purpose of this laser is to assist the chemical reaction of the PLAACVD 

process since it has high power and frequency. Apart from being good for ablation due to 

its high power and pulse duration. 

Innolas nanosecond laser 

This laser (see Fig. 3.14) uses the MOPA (Master Oscillator Power Amplifier) 

configuration based on an active Q-switch resonator. The laser parameters are given in 

Table 3.4. In this laser, there are 5-Diode pump chambers to reach the maximum energy 

in Single Longitudinal Mode (SLM) operation. It is worth mentioning, that due to the 

required long pulse width (~20ns @1064 nm), the pump of the resonator has been reduced 

to achieve such a pulse width. 

 

Fig. 3.14. Innolas nanosecond laser. 
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Pulses of 1064 nm are achieved with a duration of 22.5 ns. As the pulse energy lies 

in the range of mJ, an amplifier stage is required to increase the pulse energy by an x1000 

factor. As flashlamps produce too much heat load at frequencies bigger than 100 Hz, more 

efficient diode bars are used to side-pump the Nd:YAG rod. 

The resonator produces a Gaussian beam profile, which is conserved through the 

amplifier stage. With the same system of temperature-controlled harmonic modules, this 

laser allows the emission at 532 nm and 355 nm. The laser features are presented in the 

table below: 

Center wavelengths (nm) 1064 532 355 

Pulse duration (ns) 22.5 18.2 16.9 

Max. frequency (Hz) 500 500 500 

Pulse energy (mJ) 25 10 7 

Beam divergence (mrad) 2 2 2 

Power stability <2% <3% <3% 

Beam diameter (mm) 1 1 1 

Table 3.4. Parameters of Innolas nanosecond Laser. 

Innolas laser also has three different emitting wavelengths. As the frequency is 

lower than the other lasers (500 Hz), this laser is not optimum to perform PLAACVD. 

However, its features such as nanosecond pulse duration (17-20 ns), frequency, and high 

power, make it promising equipment to perform etching by Laser Interference. 

3.1.3. Subsystem 3. Interference system design 

The interference system must effectively establish an interference of 2, 3, or 4 

beams in the surface of the material. The main requirements for the interference are: 

• Process with high energy pulses, as we are targeting a direct laser processing 

• Same path distance for every beam until the interference area 

• Compatibility with the limited accessibility to the CVD reactor 

• Mechanical stability to enable multiple pulse processes 

The interference setup has 2 different parts: beam splitting and beam steering. The 

first part generates up to 4 beams from an initial laser beam. The beam steering system 

directs the laser beams to a point of the surface to generate the interference. 

Beam splitting 

The requirement for high mechanical stability favors the use of a DOE for beam 

generation (see section 2.3.1). DOE beam splitting is typically more resilient to vibration 

than other high-energy techniques. 

The Diffractive Optical Element (DOE) is an optical component that utilized the 

wave characteristics of light to achieve its function (splitting). In our case, the DOE is a 

microrelief structure on the face of an optical window, with the structures diffracting the 
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light in a pre-designed pattern. These microstructures heights are tailored to create the 

desired phase delay for a certain design wavelength. Thus, the DOE is designed to 

perform a specific optical function on a specific wavelength. Therefore, the DOE should 

be used in laser systems where the light is monochromatic with a certain diameter, in the 

case of our set-up, two different DOE have been used, one for a wavelength of 1064 nm 

for the MWTECH Fiber laser setup and the other for 355 nm for the Innolas Nanosecond 

Laser configuration. 

When using diffractive beam splitters, they can generate multiple beams with 

similar characteristics to the input beam at predefined separations from one another. The 

diffractive beam splitter is widely used in applications demanding parallel processing to 

improve the process throughput. 

Diffractive Optics are the solution in many laser applications. Diffractive optical 

elements have several advantages over traditional refractive optics: 

• The DOE arrangement can control the angle of interfering beams by means 

of a lens system. Another advantage of this arrangement is that it introduces 

zero time delay and coherence is therefore maintained across the set-up 

despite the different beam propagations. 

• DOE is flat, thin, and lightweight making them the perfect solution in 

systems where compactness is valued. 

• DOE are passive components, and depending on the substrate material can 

be extremely robust, thus perform perfectly over time in any system and 

environmental conditions, including very high-power systems of up to 

hundreds of KW. 

• DOEs have perfect angular accuracy with almost no tolerances on shaping 

or splitting angles due to the high production precision. The DOE diffractive 

optical element production process includes lithography and etching, same 

as semiconductors fabrication, making feature tolerances negligible (<10-

5 of angles typically) The DOE element has a very good reproducibility in 

terms of giving the same angles or shape sizes. 

All of these advantages fit with the setup that is necessary to build to combine 

AACVD and LI. 

Beam steering 

After the beam splitting of the laser beam, the four resulting beams must be steered 

to the interference area. One possibility is to use lenses (see Fig. 3.15) since they have 

several advantages such as: 

• They provide a compact arrangement with which the path delay is reduced 

to the minimum 

• The lenses are cost-effective and easy to find in the market 

• They reduce the possibility of having aberrations and they are easy to align 

even working with several beams 

https://www.holoor.co.il/application/diffractive-beam-splitter-multispot-application-notes-2/
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Fig. 3.15. a) 3D scheme of the lens interference configuration. b) Picture of the set-up with the 

lens arrangement. 

On the other hand, the use of mirrors is the most typical method for this kind of 

set-up, (see Fig. 3.16). The beam-directing by mirrors has valuable advantages that fit our 

requirements. 

• They are easy to handle and allow the use of larger incidence angles. In 

comparison with the Lens-based steering of the laser beams that are limited 

to three inches, due to the difficulty of producing larger lens 

• The mirrors are cost-effective and easy to find in the market 

• They are very well optimized to avoid high losses of energy and to bear high 

energies 

 

Fig. 3.16. a) 3D scheme of the mirror interference configuration. b) Picture of the set-up with 

the mirror arrangement. 



Chapter 3. Design and integration of LI and AACVD modules 

47 

 

3.1.4. Subsystem 4. Reactor chamber 

The reactor chamber is the volume where the laser beam(s) meet with the aerosol. 

Therefore, it is a very important part of the system, which has to fulfill a series of 

requirements to enable the effective addition of laser and aerosol modules: 

• The reaction chamber must be able to contain large substrates of 3 or 4 

inches in diameter, therefore, the size of the reaction chamber has to be 

much larger than the typical used for the AACVD process 

• The reaction chamber must include a heater capable of reaching 

temperatures up to 400-500 °C, which are the typical maximum 

temperatures required for the AACVD processes 

• There must be a window for the light of the interferometric system to enter 

the chamber. As it has been shown in the introduction, the period of the 

patterns depends on the incidence angle, to minimize the pattern period, the 

area where the light can enter the chamber must be large to allow high 

incidence angles 

The main parts and features of the reactor are: 

• The main body is made of stainless steel to withstand the high temperatures 

from the heat source. This body has a cylindrical design with 250 mm of 

diameter and 70 mm of height (see Fig. 3.17) 

• The heat source enables the chemical reaction. This is produced by a 

ceramic heating element made of silicon nitride of 4 inches, and capable of 

working up to temperatures under 500°C. The temperature is controlled by 

a Temperature Controller TR400 Omron for type K thermocouples. This 

ceramic is also tunable in height employing a threaded rod. The chamber 

has a cooling system to have a complete temperature control of the substrate 

temperature, this cooling system is made of a snake-shaped aluminum tube, 

whereby cool water flows (see Fig. 3.17) 

• The showerhead is the part in charge of delivering the aerosol to the 

reaction area 

• The main body must include a viewport to allow access of the laser beams 

to the area where the chemical reactions occur (see Fig. 3.18) 

• In order to protect the viewport from the droplets and avoid deposition, a 

gas protection system has been included. The idea is to achieve a laminar 

flux at the top of the chamber, between the optical viewport and the substrate 

where the reactions take place to prevent the material deposition on the 

viewport, which may obstruct the laser beam path. 

• The reactor is placed on a mechanical stage, with a planar X-Y movement. 

This movement is complemented with the tunable height of the heat source 

to complete a 3axis  3D tunable system. The stage is controlled by a motor 

controller 8SMC5-USB-B9-2, Fig. 3.17. The specifications of the 

mechanical stage are: 
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Lead screw pitch 0.5 mm 

Resolution 2.5 µm 

Max. speed 10 mm/s 

Load capacity 50 kg 

Travel range 102x102mm 

Material Aluminum alloy 

Table 3.5. Specifications of the mechanical stage. 

 

Fig. 3.17. Top view of the reactor chamber without the viewport. 

Two principal options for the view-port have been analyzed, 4 small glasses or one 

big glass whereby the laser beams can enter the chamber. The viewport is designed as a 

large glass window that allows the higher angle variation of the incidence angles and 

therefore broadens the range of periodic patterns that may be recorded on the surface by 

the laser interference. Therefore, the specification of the viewport are: 

Material Fused silica 

Diameter 6 inches 

Coating Antireflective 

Wavelength 355 nm-1064 nm 

Table 3.6. Specifications of the view-port. 
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Fig. 3.18. Top view of the reactor chamber with the viewport. 

A challenge that arises from the requirements is the design of the showerhead, 

which delivers the aerosol to the surface of the material. As the typical size of the AACVD 

chambers is a few cubic centimeters and the deposition areas around a few millimeters, 

the showerhead conditions are easy to fulfill, being a single hole of 1-2 cm directed to the 

substrate. In our case, the chamber is much larger and the showerhead has to be included 

in a way that it does not block the path of the laser beams. These two requirements 

together make it difficult to design an effective showerhead configuration, and it is 

required to perform simulations and validate them with iterative experiments. 

Iterative modifications of the showerhead 

First configuration 

The showerhead presents challenges to enhance, the volume of the chamber is 

higher than the typical used for the AACVD process, so the way the aerosol enters 

towards the substrate is more critical than with the small reactor chambers. Therefore, 

looking for a laminar flux inside the chamber, the first experimental approach has been a 

couple of stainless steel tubes with small holes of about 1 mm. The holes of the inlet and 

exit tubes are in front of the others. The layout of the first approach of the reactor chamber 

is shown in Fig. 3.19. 
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Fig. 3.19. Inside of the reactor chamber where can be seen the showerhead inlet and outlet 

respect to the heater where the substrate is placed. 

The initial design resulted in not being functional since a screw covers the central 

part of the tubes and there is no hole there, so the gas does not flow to the central area of 

the chamber, where the sample is situated. 

Second configuration 

To have gas flow in the central part of the chamber, the two U-shape tubes have 

been removed, using in their place a couple of tubes one in front to the other with a hole 

of a diameter of 2 cm. The second approach of the showerhead is shown in Fig. 3.20. 

 

Fig. 3.20. Picture of the reactor chamber with a single hole for the aerosol entry. 

No significant deposition has been achieved with this configuration either. This can 

happen because the inlet hole and exit hole are one in front of the other creating a flow 

that does not reach the substrate, avoiding the deposition of material. Both experimental 

Screw 
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procedures have been probed by replicating existing AACVD systems. However, the 

chambers of the systems that have these two approaches are around 100-1000 times 

smaller. Hence, no direct correlation can be made. 

Fluidic study of different showerhead configurations 

Before the development of the third configuration, a series of simulations have been 

performed to understand the fluidics of the system and find the best showerhead solution 

for our set-up. The different questions that the simulation has to solve are: 

• Influence of the hole(s) size and number of holes in the exit velocity of the 

precursor 

• Impact of the hole size, number of holes, and direction in the quantity of 

precursor that reaches the substrate 

• Effect of the size of the precursor particles in the way that they arrive at the 

substrate 

• Influence of the geometry of the showerhead in the film formed on the 

substrate 

The simulations for this study have been performed with the commercial 

Computational Fluid Dynamics (CFD) code ANSYS-FLUENT v.R19.2. Two different 

kinds of simulations have been implemented: steady-state simulations that model the gas 

flow and subsequent multiphase transient simulations where liquid particles have been 

injected and the Eulerian Wall Film (EWF) model has been also activated to predict the 

formation of thin films on the surface [187]–[189]. In the gas-only flow simulations, the 

gravity effect is considered, and the gas is Nitrogen, which is treated as an ideal gas. 

Since the flow is in a turbulent regime, the Reynolds Averaged Navier Stokes 

(RANS) equations are solved using the turbulent viscosity approach for the closure of the 

flow and energy equations. The turbulent viscosity is calculated with the Realizable k-

Epsilon model and the employed treatment of the turbulence near the walls combines the 

two-layer model with enhanced wall functions. The boundary conditions consist of a mass 

flow inlet, a pressure outlet, and an adiabatic wall. The discrete mathematical model of 

the flow is obtained using the Finite Volume Method and second-order schemes are used 

to discretize the source, convective and diffuse terms in the mass, momentum, and energy 

equations. The mass flow rates in the faces of the cells are obtained using a momentum 

interpolation. The pressure is considered as an unknown of the mathematical model 

(Pressure-based) and the density is obtained as a function of pressure and temperature 

using the equation of state. The discrete mathematical model is solved using the SIMPLE 

algorithm and the Gauss-Seidel method. The multiphase simulations start from the 

converged solution of the gas-only flow steady-state simulations. In the Discrete Phase 

Model (DPM) panel, the interaction with the continuous phase option is enabled, the 

particles are tracked in an unsteady fashion and the effects on the particle trajectories of 

the thermophoretic force, Saffman lift force, virtual mass force, and pressure gradient 

force are considered. 

The material of the injected particles is water liquid and their mass flow rate is 

0.02 g/s. The Stochastic Tracking technique is used to model the turbulent dispersion of 

particles through the Discrete Random Walk Model and the spherical drag law is also 

considered. Finally, a small-time step size of 0.1 ms is selected. 
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As the main showerhead problem has been that the precursor does not reach the 

substrate, the simulations are intended to find the best shower conditions that provide 

enough gas velocity and proper direction to arrive at the substrate. To study the influence 

of the hole(s) size, the number of holes, and direction in the exit velocity of the precursor, 

the showerhead has been modelled with several layouts. The first one is a tube with one 

exit of 5 mm forming 45° of inclination respecting to the substrate. The second one is a 

straight tube with a single hole of 1 mm directed towards the substrate. The third one 

includes 2 holes of 1 mm each also directed towards the substrate. The fourth one has 3 

holes directed to the substrate. And the fifth has 7 holes of 1 mm facing the substrate. 

The results show that with a similar configuration to the one described in Fig. 3.20, 

the gas presents velocities of about 70 m/s, (see Fig. 3.21 a)). Whereas higher velocities 

are numerically calculated if holes of 1 mm are modelled in the tube, with only one hole, 

the aerosol velocity can reach 350 m/s (see Fig. 3.21 b)). For a seven-hole configuration, 

the maximum velocity of the gas is 68 m/s as Fig. 3.21 c) depicts. The aerosol has an 

intermediate velocity (see Fig. 3.21 d)) of about 140 m/s if the element has three holes. 

Therefore, simulation results show that the velocity of the gas at the exit of the 

showerhead is highly influenced by the number and diameter of the holes made in the 

device. The reduction of the size of the holes produces a proportional increase of the 

precursor velocity. However, the increase in the number of holes does not produce a 

proportional decrease in the exit velocity. 

 

Fig. 3.21. Simulation images of the velocity of the output gas depending on the size and number 

of holes. a) 1 big exit of 5 mm in diameter. b) One small exit of 1 mm in diameter. c) 7 small 

exits of 1 mm in diameter. d) 3 small exits of 1mm in diameter. 

Fig. 3.22 shows the quantity of precursor that reach the substrate depending on the 

number, size, and direction of the holes. When increasing the number of holes the 

thickness of the film decreases, however, more area is covered by the material (see Fig. 

3.22 a), b) and c)). When the size of the hole is bigger and forms a different angle with 

the substrate, the velocity of the aerosol is reduced and the precursor path varies. For 

these reasons, it produces a different film pattern than for the cases of 1 hole of 1mm as 

can be noticed comparing Fig. 3.22 a) and d). 
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Fig. 3.22. Simulation images of film deposit patterns depending on the hole size and the number 

of holes, a) 1 hole of 1mm, b) 2 holes of 1 mm, c) 3 holes of 1 mm and d) 1 hole of 5 mm. 

With the seven-hole shower configuration as default, the influence of the diameter 

of the droplets on the grown film has been studied. The diameter of the injected particles 

also produces changes in the shape and size of the formed film. When fine particles are 

injected, a more homogeneous film is formed on the substrate (see Fig. 3.23 a)), this is 

because particles of 1 micron descend forming a cone shape with a wide solid angle. 

However, if coarser particles are introduced in the domain, a pattern of circles is predicted 

as Fig. 3.23 b) and c) depict. Bigger droplet size lowers the solid angle of the cone shape 

fall due to a higher weight, hence, the minor the droplet size, the higher the particle 

dispersion is. 

 

Fig. 3.23 Simulation images of film deposit patterns depending on droplets size, a) 1µm, b) 10 

1µm, c) 100 1µm. 

The film formed on the substrate is also affected by the geometry of the device. Fig. 

3.24 a) shows the deposition obtained using two concentric tubes, the external one 

transports the aerosol to the internal one, and the droplets exit the shower for 1 raw of 20 

holes of 1mm directed to the substrate. In the geometry of the device of Fig. 3.24 b), the 

external circular tube has been excluded and only the internal tube remains. In this 

shower, there are three rows of 20 holes with different inclinations respecting the 

substrate. Comparing both configurations it is observed that the arrival of the precursor 

is completely different. The film pattern obtained by the single toroidal tube is more 
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uniform, allowing deposition on the center of the substrate in contrast to the film given 

by the two concentric tubes. 

 

Fig. 3.24. Simulation images of film deposit patterns depending on nozzle geometry. 

Third iteration 

Taking into account the simulation results, the conclusion reached is that the best 

shower solution includes several small holes, of around 1-2 mm, to cover more area. 

Besides, they have to be directed to the substrate, which allows the precursor to reach the 

substrate despite not having a high exit velocity. Accordingly, it has been designed and 

implemented a single tube with 6 holes of 1.5 mm diameter directed towards the substrate 

(see Fig. 3.25). 

 

Fig. 3.25. Top view of the inside of the deposition chamber with a single straight tube with 6 

holes of 1.5 mm. 

Fourth iteration 

A tailored toroidal shower has been fabricated and implemented into the reactor 

chamber (see Fig. 3.26 a)). It has 75mm of diameter and three rows of holes that steer the 

aerosol to the substrate with three different angles. Fig. 3.26 b) shows a picture of the 

toroidal shower, which has three rows of holes presented in different colors. Each raw 

has 21 or 22 equally spaced holes of 1 mm diameter. The distance between the 

showerhead and the substrate is 7 mm. The first raw of holes (red dots) are oriented 
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towards the center of the chamber bottom, forming an angle of 63° with the normal vector 

of the substrate. The holes of the middle raw (blue dots) form an angle of 30°. The holes 

of the last raw (yellow dots) are directed to the substrate (0°). 

 

Fig. 3.26. a) Top view of the toroidal aerosol shower with three concentric rows of holes. b) 

Picture of the toroidal shower. 

Evaluation of the performance of the third and fourth configurations 

In order to study the deposition performance of the system and the veracity of the 

simulations, AACVD deposits have been done with the two different showers with the 

same fluidic conditions as the simulations. The deposit obtained with the straight tube of 

6 holes of 1.5 mm is shown in Fig. 3.27 a), meanwhile the pattern achieved with the 

toroidal tube is depicted in Fig. 3.27 b). The simulation of the deposit obtained with the 

toroidal shower (Fig. 3.27 c)) has been performed to compare the experimental result with 

the simulation. 

 

Fig. 3.27. Experimental results of thin film deposited material depending on nozzle geometry, a) 

1 straight tube with 6 holes of 1 mm, b) toroidal shower with 3 raws of holes of 1 mm, c) 

simulation of the deposited film with configuration b. The substrate wafer is 3 inches. 

Both of the configurations are valid since there is deposition for the two of them. In 

the case of the straight tube, there are six defined areas where there is deposition. This is 

consistent with the simulation performed with the same configuration and droplet size of 

10 µm (see Fig. 3.23 b)). With the toroidal showerhead, the deposited material covers 

larger areas of the substrate but with a thinner film. Comparing the simulation and the 

film deposited with the toroidal shower, it can be concluded that obviating the shower 

blemishes, the accuracy of the simulations has been high. 

The objective of this work is to heat the substrate with laser interference to create 

in-situ nanostructures, for this, it is necessary to allow access to the laser beams. 
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Therefore, the toroidal shower is the most appropriate for this work. The main advantages 

of this configuration are: 

• Allow the access of the laser beam(s) 

• Large areas of the substrate are covered 

• The places where there are deposition are well defined so it is easy to know 

where the laser must reach the substrate 

Further fluidic simulations and different showerhead configurations must be studied 

to achieve a homogenous 3 inches full material cover. 

3.3. System integration 

We have defined 3 main processes to validate the system: 

1. AACVD 

2. Pulsed Laser AACVD (PLAACVD) 

3. Laser interference + AACVD 

Each of these processes needs a different variation of the experimental setup, in 

some cases more than one. These variations are discussed and presented below. 

3.3.1. Integration system for AACVD 

The setup required for the AACVD processes does not need the laser and optic 

subsystems. Therefore, the subsystems integrated are the gas system plus the atomizer 

with the reactor chamber as is shown in Fig. 3.28. Both atomizers have been used for the 

AACVD experiments, the two of them have similar thin film results, with the difference 

that the AGK 200 bears the gold precursor meanwhile UGF 200 does not. 

 

Fig. 3.28. Integration of gas system and atomizer with the reactor chamber. 

The study of the AACVD behavior is a key activity to understand the growth 

process for the implementation of laser assisted processes. Hence, a prior study of the 

influence of the tunable parameters of the atomizer and reaction chamber on the substrate 

features must be explored.  
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The objective of this setup was has been to study the fundamental of the material 

growth in order to achieve a good quality thin film deposition selecting the deposition 

areas. 

3.3.2. Integration system for Pulsed Laser AACVD 

The Pulsed Laser AACVD technique has been performed with two different setups, 

(see Fig. 3.29). The gas system and atomizer remain unchanged, but two different lasers 

have been tested. Firstly the PFL-1064-H Pulsed Fiber Laser from MWTECH has been 

used to take advantage of its wide tunable features. Secondly, the Picolo Laser has been 

tried to investigate the effects of using a more powerful laser on chemical reactions. 

 

Fig. 3.29. Integration of gas system and atomizer with the reactor chamber and two different 

lasers, PFL-1064-H Pulsed Fiber Laser and Picolo laser. 

The reason to test these two very different laser sources is the lack of background 

in the bibliography to describe the effect of pulsed lasers on AACVD growth. Therefore, 

two different pulse regimes have been tested: pulses in the 10-200ns regime and pulses 

in the subnanosecond regime. The objective of these setup configurations has been to 

evaluate the laser beam to assist the generation of material growth. 

3.3.3. Integration system for Laser Interference plus AACVD 

The Laser Interference of the thin films grown by AACVD is performed with two 

types of lasers, the PFL-1064-H Pulsed Fiber Laser and the Innolas nanosecond laser. 

Another two optical set-ups have been tried to produce the large patterning of thin films 

by interferometric light, the lens-based, and the mirror configurations. The complete 

scheme is shown in Fig. 3.30. This system integration contains all the subsystems 

involved in this work, and it is the culmination of all the setups and measurements 

performed previously to this point. The selection of the lasers is based on the possible 

effects in the nanostructuration of the thin films. The two interference arrangements have 
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been necessary since the first option, the lens-based system underwent optical damage, 

which has produced a big inhomogeneity in a great number of measurements. 

 

Fig. 3.30. Integration of gas system and atomizer with the reactor chamber and two different 

lasers, PFL-1064-H Pulsed Fiber Laser and Innolas nanosecond laser. Integration of two 

different Laser interference configurations, lens, and mirror-based. 

The first approach to perform AACVD + LI has been performed using the Fiber 

Laser and the DOE + Lens optical system with stainless steel as substrate. In the second 

approach, the Innolas nanosecond Laser with a DOE + Lens optical system has been 

studied. Finally, the lens-based steering system has been replaced by the DOE + mirrors 

configuration. The objectives of all these systems have been the study of the 

interferometric patterns generated by laser interference and the production of 

nanostructures of precise shape, period, and composition on the grown thin films. 

3.4. Complete setup summary 

The 4 subsystems have been presented, the atomizer plus gas system, the laser, the 

optical setup, and the reactor chamber. All of them have suffered modifications 

throughout the development and validation of the system, the main variation can be 

resumed in: 

• Three lasers have been used depending on the objective tasks due to their 

different characteristics 

• Two lens systems have been used to overcome energetic problems for laser 

interference experiments 

• The showerhead configuration has been studied by simulations and four 

different configurations have been probed experimentally 

• Two atomizer has been used due to malfunctions of the UGF 2000 when 

atomizing metal precursors 
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Fig. 3.31 presents a summary to show and clarify the setup variations. All of these 

modifications have been done to achieve a functional setup. There are multiple options 

of setups joining different lasers with different optics, the use of one setup or another 

depends on the technique we want to carry out. 

 

Fig. 3.31. Schematic summary of the setup modifications performed. 

The validation of the complete setup will be presented in the next chapters through 

the next processes: 

1. AACVD 

2. Pulsed Laser AACVD (PLAACVD) 

3. Laser interference + AACVD 
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This chapter presents the work carried out for the validation of the developed 

AACVD module. ZnO is the material of choice for such validation. The effect of 

deposition parameters, such as aerosol flow and substrate temperature, on deposited ZnO, 

is studied. Microstructural characterization has been performed through Scanning 

Electron Microscopy (SEM) and X-Ray Diffraction (XRD). The film thickness has been 

measured by profilometry. Besides, preliminary optical and electrical characterization has 

been carried out. 

The AACVD growth method and the characterization performed in this chapter can 

apply to other materials. This is braced by the fact that there is a wide range of precursors 

available for the AACVD of several materials. 

4.1. Experimental 

4.1.1. AACVD module configuration and calibration 

The module has been configured to study the effects of the deposition parameters 

such as the aerosol flow and substrate temperature on the ZnO. In addition, several 

processes designs have been developed to perform a wide study of the AACVD 

technique. However, a previous atomizer calibration has been done to understand how 

the module tunable parameters such as the number of screw turns (skt) and the pressure 

inside the atomizer (Patom) affect the flow rate. 

The configuration of the AACVD module, already explained in detail in section 

3.3.1, is shown in Figure 4.1. The atomizer Palas UGF 2000 and the custom-made 

reaction chamber are the two main components of the module. 

 

Fig. 4.1. AACVD module configuration. 

For calibration purposes, N2 has been used as carrier gas. The pre-pressure of N2 

reaching the atomizer has been set at 4 bar and the flow at the atomizer outlet has been 

measured modifying the air valve position from closed to fully open (from 0 to 19 screw 

turns) and the atomizer pressure, Patom, from 0 to 2.5 bar. Fig. 4.2 shows the obtained 

calibration curves. 
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Fig. 4.2. Gas flow at the exit of the atomizer depending on the number of screw turns and the 

pressure selected inside of the atomizer. 

From the calibration graphic, it is extracted that the flow rate depends on the two 

tunable atomizer parameters. At a higher number of screw turns and Patom, the flow rate 

increases. Despite having more flow at higher skt, it is remarkable that the particle 

concentration is the same. For the future ZnO deposition, the Patom has remained constant 

at 1.5 bar, and the tunable parameter has been the valve aperture (skt). 

4.1.2. ZnO deposition and characterization 

Depending on the analysis to be done (see Table 4.1), it is necessary to use different 

substrates and sample configurations. 

 Objective Analyzed by 

Set 1 
Morphology analysis 

Nucleation site density as well as the average particle size 
SEM and Matlab 

Set 2 
Morphology analysis 

Crystallographic structure 
XRD and SEM 

Set 3 
Morphology analysis 

Nucleation site density as well as the average particle size 
SEM and Matlab 

Set 4 
Thin film thickness measurement 

Study of reaction kinetics 
Profilometry 

Set 5 
Optical characterization 

Obtention of reflection spectra 
Integrating sphere 

Set 6 Electrical impedance measurement Impedance analyzer 

Table 4.1. Objective and approach of the analysis of the different fabrication sets. 
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The following experiments have been performed to study the deposition parameters 

influence (Sets 1, 2, and 3), the growth kinetics (set 4) and the optical (set 5), and electrical 

characterization (set 6). Table 4.2 shows the temperature, flow rate, and process time of 

the processes performed. 

 Temperature (°C) Flow rate (L/min) Process time (min) 

Set 1 375 and 400 4, 6, 8 60 

Set 2 350, 375, 400 6 60 

Set 3 
350, 375, 400 

6 
5, 10, 15, 20, 30 

and 60 

Set 4 
325, 350, 362, 375, 

387, 400 
6 15 

Set 5 325, 350, 375, 400 6 15 

Set 6 375 6 30 

Table 4.2. Temperature, flow, time, and parameters used for the different experiments carried 

out. 

Preparation of the sample 

Three different sample configurations have been used to fabricate the different sets 

of experiments. For sets 1, 2, and 3 the ZnO deposition is done on a p-type silicon wafer 

of 4 inches and 525 microns of thickness, (see Fig. 4.3. a)). 

To allow the profilometry measurements, it is necessary to have an abrupt step, for 

this reason, set 4 is performed on the 4-inches silicon wafer with a silicon mask on it. The 

mechanical mask has 21 windows of 2 mm2 in three rows of 7 separated by 1 cm. The 

optical measurements are also performed with the ZnO grown with the mask 

configuration (set 5). 

For the electrical impedance measurements (set 6), it is necessary to fabricate a 

device with electrodes, (see Fig. 4.3. c)). In this case, the devices fabricated have 

interdigitated electrodes (IDEs) that have been made on 10×20 mm2 polished alumina 

substrate,(see Fig. 4.4. a)). Pt has been deposited on the front side of the substrate to create 

the interdigitated electrodes. The Pt thin film of both the heater and the electrodes has 

been deposited by DC sputtering in an Edwards ESM 100 system. The lift-off technique 

has been used to pattern the heater and electrodes geometries and it has been done with 

acetone. The IDEs configuration is shown in Fig. 4.4 b). In a third step, ZnO has been 

deposited on the platinum IDEs by AACVD (see Fig. 4.4 d)). The ZnO is deposited at 

375 °C using a rigid mask (Fig. 4.3. b)) to pattern the material directly on the interdigitated 

electrodes. To make the comparison of the electrical impedance between the ZnO as 

grown and with a thermal treatment, there is an extra step in which the device is annealed 

in a quartz furnace at 700 °C for 4 h in a synthetic air environment, (see Fig. 4.4 d)). The 

layout of the samples with the definition of the parameters is shown in Fig. 4.5, and the 

main dimensions of the electrodes are given in Table 4.3. 
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Fig. 4.3. Three sample configurations, a) 3 inches silicon wafer, b) silicon mask wafer, c) 

alumina substrate with interdigitates placed on it. 

 
Fig. 4.4. Cross-section and top view of a) the alumina substrate, b) interdigitated electrodes and 

contacts, c) ZnO deposited on the interdigitated electrodes, d) Thermal treatment (TT) of the 

ZnO deposited at 700 °C for 4 h. 

 
Fig. 4.5. Image of the IDEs and the definition of the parameters. 

Gap between fingers, g 20 m 

Gap at the end of the fingers, fg 30 m 

Finger width, fw 70 m 

Finger length, fl 950 m 

Electrode thickness 320 nm 

Number of fingers, n 11 

Total area 1 mm2 

Table 4.3 Parameters of the interdigitated electrodes used to measure the electrical impedance. 

After the preparation of the sample to be deposited, the next steps are: 
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1. Clean the wafer in acetone in an ultrasonic bath for 5 mins followed by ethanol in 

an ultrasonic bath for 5 mins. Dry the wafer with N2 inert gas. 

2. Switch on the temperature control system of the chamber, set it to the process 

temperature, and let it stabilize for 1hour. 

Once the substrate is placed in the chamber, the experimental procedure is the same 

for whatever arrangement: 1) preparation of the solution for the atomization  and 2) 

deposition process. 

Preparation of the solution for aerosol generation 

1. Dissolve Zinc chloride (≥99.9 %) in ethanol with a concentration of 0.01 gr/ml. 

Mix it in a 100 ml glass and introduce it in an ultrasonic bath, for 30 min. 

2. Place the precursor glass into the atomizer Palas UGF 2000. 

Deposition Process 

1. Verify that the temperature on the chamber has reached a steady state. 

2. Adjust the pressure of the gas process (N) to 4 bar and purge the system for 5 

minutes. 

3. Switch on the aerosol generator and keep the pre-pressure at 1.5 bar. Set the skt 

so the aerosol is delivered into the reactor chamber with a determined flow. 

Characterization methods 

To determine the morphology of the ZnO layers, the samples of sets 1, 2, and 3 

have been analyzed in a FEG-SEM JSM-7000F, with an Integrated EDS Solution system. 

The samples have been previously prepared for imaging. The silicon wafers are cut and 

subsequently, a thin layer of palladium is deposited by sputtering to avoid charging the 

sample when it is scanned. Images have been acquired using different accelerating 

voltages depending on the working distance and the size of the spot. 

The SEM images of sets 1 and 3 have been analyzed with a specifically developed 

Matlab program that provides the nucleation site density as well as the average particle 

size. The program recognizes the grain boundary and separates the grains utilizing an 

image processing toolbox. Then, the program can count the number of grains as well as 

determine their size, but as this information is obtained from SEM images, the average 

particle size is the area projected in the horizontal plane. 

The crystallographic structure of ZnO thin films (set 2) has been studied by X-ray 

diffraction (XRD) in a diffractometer Bruker D8 Advance A25, using an angle of 

incidence w=2° and the characteristic wavelength of the K line for Cu (wavelength of 

1.5406 Å). 

To study the kinetics of the chemical reaction, the thickness of the ZnO layers (set 

4) has been measured by a profilometer KLA Tencor P-6. 

Optical measurements have been performed by a UPB-150-ART Integrating 

sphere, to obtain the reflection spectra of grown ZnO thin films (set 5) in the visible 

region. The optical reflection has been measured for the samples obtained in set 5. 
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The electronic characterization has been performed through electrochemical 

impedance spectroscopy. It is a non-destructive technique used to determine the electrical 

properties of materials and their interfaces with electronically conducting electrodes. This 

technique is also used to study the dynamics of bound or mobile charges in the bulk or 

interface regions of solids or liquids materials [190]. 

The principle consists in applying an alternating potential to the material in a 

determined range of frequencies. The electrical impedance Z(f) is defined as the ratio 

between the potential applied and the intensity, having a real Z´(f) and an imaginary part 

Z´´(f), both with frequency dependence [191]. 

The impedance spectrum is typically plotted either using Bode diagrams or Nyquist 

plots. (see Fig. 4.6), the latter having used in this thesis. In the Nyquist plot, the negative 

imaginary part -Z´´(f) is plotted versus the real part Z´(f). With this plot, it is possible to 

correlate the data with an equivalent circuit, which gives information about the physical 

characteristics and processes occurring in the system [192]. 

 

Fig. 4.6. Nyquist and Bode representation of the impedance data extracted from an RC parallel 

circuit [191]. 

The electrical impedance of the ZnO thin films of set 6 has been measured by 

frequency sweeps using an Impedance analyzer (HIOKI IM 3570 Impedance Analyser). 

A 3 V sinusoidal signal has been applied to the sample under test while frequency varied 

from 10 Hz up to 1MHz, taking 300 measurements per decade. 

4.2. Results and discussion 

4.2.1. Flow and temperature influence on the thin film 

microstructure 

Samples from Set 1 and Set 2 have been used to analyse the impact of aerosol flow 

and substrate temperature on the microstructure of the grown thin films. Fig. 4.7 shows 

SEM images of the six samples of Set 1 and Table 4.4 summarizes the average particle 

size and nucleation site density. 
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Fig. 4.7. SEM images of ZnO deposited for three different flows and two different temperatures, 

each of them of 1 h. 

a) Average particle size (µm2) b) Nucleation site density (particles/ µm2) 

 4 L/min 6 L/min 8 L/min 4 L/min 6 L/min 8 L/min 

375 °C 0.11 0.03 0.08 5.12 9.31 4.55 

400 °C 0.61 0.35 0.44 3.25 5.96 3.61 

Table 4.4. a) Average particle area and b) nucleation site density for 375 °C and 400 °C 

temperatures and 4, 6, and 8 L/min flows. 

The change of flow produces a variation in the grain size, (see Table 4.4 a)), the 

one that provides the smallest particle size is 6 L/min. The flow also produces an effect 

on the nucleation density (see Table 4.4 b)), reaching a maximum of 9.31 particles/µm2 

for 6 L/min and a temperature of 375 °C. meanwhile for 4 L/min and 8 L/min are 5.12 

and 4.55 particles/µm2 respectively, which means a decrease of approximately 50% and 

45% compared to the value obtained for the flow rate of 6 L/min. For a temperature of 

400 °C, the nucleation site density for the 6 L/min case is 5.96 particles/µm2, while 3.25 

and 3.61 particles/µm2 are grown for 4 L/min and 8 L/min, which means a decrease of 

45% and 40% respectively. According to these results, the smallest particle size is 

obtained for the process conditions that produce the highest nucleation site density, i.e. a 

flow rate of 6 L/min and a deposition temperature of 375 °C. An aerosol flow of 6 L/min 

provides the minimum particle size and the highest density of nucleation sites for the two 

temperatures studied. Since the particle concentration in the aerosol does not vary with 

the flow rate (see section 3.2.1), the impact of the flow rate on nucleation site density and 

particle size is thought to be determined by the kinetic energy of the aerosol droplets. For 

a flow of 4 L/min, the droplet velocity is not high enough to allow all droplets to arrive 

at the substrate due to the presence of convection currents generated by the heater located 

in the chamber. In contrast, for a flow of 8 L/min, the velocity is so high that some droplets 

are not adsorbed and rebound on the substrate surface. Therefore, from the thin film 

quality point of view, the best flow rate is 6 L/min, since it provides the smallest particle 

size and the highest nucleation site density, both factors are essential for growing a 
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homogeneous thin film. In these experiments is also observable that the influence of the 

flow in the microstructure of the ZnO is minor compared to the temperature influence. 

Islands with different sizes are formed depending on the temperature, as it is expected, 

the particle size is larger growing at 400 °C. 

In order to further characterize the dependence of the microstructure on the 

temperature, XRD analyses have been performed on ZnO thin films grown in Set 2. Fig. 

4.8 shows the obtained XRD patterns. 

The XRD patterns of the grown ZnO confirm, in all cases, the formation of a 

hexagonal wurtzite structure according to the JCPDS, (36-1451) [193]. They exhibit a 

high-intensity peak at 2θ≈ 35º, which corresponds to the (002) plane. This peak stands 

out, especially for the film deposited at 375 °C. For the 350 °C and 400 °C patterns, the 

intensity of the (002) peak decreases while the intensity of the (101) peak is higher than 

the one obtained for 375 °C, which implies larger surface areas in the (001) plane[193]. 

Fig. 4.9 shows what is expected from the XRD results. A preferential crystallization of 

the c-axis oriented ZnO grains perpendicular to the substrate surface in the sample 

deposited at 375 °C (see Fig. 4.9 b)) is consistent with the high intensity of (002) peak. 

In addition, grain growth along the c-axis minimizes the (001) plane surface [194], which 

is coherent with the smallest average grain size measured for the 375 °C sample. For the 

deposition at 350 °C (see Fig. 4.9 a)), some pyramidal-shape grains grow not 

perpendicular to substrate surface, which explains the decrease in (002) peak and the 

higher intensity of the (101) peak [193]. As for Fig. 4.9 c), the hexagonal shape of the 

grains is visible at 400 °C, but a larger grain size (longer hexagon apothem) and different 

orientations of growth are consistent with the decrease in (002) peak as peak (101) 

becomes higher. As a final remark, these results agree with previous studies showing the 

highest intensity peak in the ZnO (002) plane [195], [196]. 

 

Fig. 4.8. XRD image of the ZnO thin film prepared at 350 °C, 375 °C, 400 °C and flow of 

6 L/min, the deposition time has been 1 hour. The ZnO JCPDS (36-1451)[193] data is presented 

at the bottom of the graphic for comparison. 
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Fig. 4.9. SEM images of the ZnO deposition at a) 350 °C, b) 375 °C and c) 400 °C, for a flow of 

6 L/min and 1 h.. 

It is worthy to compare the temperature influence on the AACVD grown ZnO with 

other deposition approaches as PLD or ALD. The work performed by M. Liu et al. shows 

the effect of the deposition temperature on the crystallinity and surface morphology in 

their PLD processes [197]. The temperatures analyzed vary from 100 °C up to 500 °C 

showing that for the lowest temperatures there is no (002) ZnO growth which is a 

behaviour similar to what we obtain at temperatures lower than 375 °C. The (002) 

intensity peak increases with the temperature, reaching the maximum at 400 °C, which is 

similar to the one that provides a higher intensity peak in our work (375 °C). For 500 °C 

the (002) peak decreases, similarly to what happened in our case from 375 °C to 400 °C. 

Regarding the ALD processes performed by J. Iqbal et al. the temperature required for 

ZnO deposition (100-300 °C) is lower than for our AACVD. The XRD analysis shows 

intensity peaks not only for the (002) plane but also for the (100) and (101). The 

deposition temperature that results in grains with a better orientation degree along the c-

axis is 300 °C, which is smaller than the temperature required with our AACVD system. 

4.2.2. Microstructural evolution and growth kinetics of ZnO thin 

films 

With the aim of studying the microstructural time evolution, SEM images have been 

taken for a group of samples obtained in set 3. Fig. 4.10 shows the number of nucleation 

sites and particle sizes measured at different deposition times. In the first stage and for 

the cases of 375 °C and 400 °C there is a significant growth of nucleation sites. After 15-

20 minutes, the number of nucleation sites decreases while particle size increases due to 

the coalescence of islands. At this stage, the formation of multi-domain islands is the 

principal process. Finally, a continuous thin film is achieved after 1 hour of deposition. 

In the case of 350 °C, the average particle size is the smallest at the beginning, but it 

eventually will overtake the 375°C grain size for the 1 h deposition sample due to grains 

also growing along the planes (101) and (100) apart from (001). This factor facilitates the 

covering of the whole surface faster than the 375 °C and 400 °C cases but with the 

disadvantage of growing a thinner film. 
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Fig. 4.10. Number of nucleation points of ZnO (left axis) and average particle size (right axis) 

vs deposition time for 350 º/C, 375 ºC, and 400 ºC, for a flow of 6 L/min. 

To complete the microstructural characterization, a study of the reaction kinetic has 

been performed. In Fig. 4.11 the natural logarithm of the deposition rate (nm/min) versus 

the inverse of the deposition temperature for the samples of Set 4 is depicted. Two regions 

can be distinguished in the graph. From 325 °C up to 375 °C, the film growth rate 

increases exponentially with temperature according to an Arrhenius equation, expressed 

in the general form as [198],[199]: 

𝑘 = 𝑘0𝑒
−

𝐸𝑎
𝑅𝑇 

(4.1) 

where 𝑘 is the reaction rate, 𝑘0 is the pre-exponential factor, 𝐸𝑎 the activation energy, 𝑇 

the absolute temperature and 𝑅 the universal gas constant. In this region, the deposition 

rate is controlled by phenomena occurring on the substrate surface, i.e, adsorption, surface 

diffusion, chemical reaction, and desorption. Therefore, the kinetics is determined by the 

deposition temperature. The higher the temperature, the more energy the adatoms acquire 

to move quickly to a place with lower energy, promoting grain growth and thus increasing 

the deposition rate as we see in Fig. 4.11. The net activation energy obtained for our 

AACVD processes using zinc chloride as a precursor is 1.06±0.05 eV. Several works 

have studied the activation energy of ZnO grown by spray pyrolysis, but to our 

knowledge, this study has not been performed for ZnO grown by AACVD so far. The 

activation energy of the ZnO grown with zinc chloride as a precursor and the spray 

pyrolysis technique found by R. S. Sabry et al. is 0.6 eV [200]. Another study performed 

by R. Ayouchi et al. with spray pyrolysis and zinc acetate as precursor obtained 0.16 eV 

of activation energy [123]. Regarding these activation energy values, it can be concluded 

that the growth of the film by spray pyrolysis is controlled by a different growth 

mechanism. In the case of the AACVD, the chemical reagents are in the vapor phase 

when they undergo a chemical reaction on the surface. Meanwhile, in spray pyrolysis, the 

reagents are still droplets when they reach the substrate [40]. Nevertheless, the AACVD 

deposition results in more orientated films [201]. 



Chapter 4. Deposition of thin films with Aerosol Assisted Chemical Vapor Deposition 

72 

 

For temperatures higher than 375 °C, the ZnO deposition rate remains constant. In 

this region, the size of the grown particles is larger than the obtained for lower 

temperatures. The velocity with which the reagents arrive at the regular surface now limits 

the film growth. 

 

Fig. 4.11. Logarithmic evolution of the deposition rate with respect to the inverse of the 

deposition temperature. 

4.2.3. Optical and electronic characterization. 

Optical characterization. 

The optical measurements are shown in Fig. 4.12 present the reflectance of the ZnO 

of the samples grown in set 5. The ZnO thin film grown at 325°C exhibits the highest 

reflectance in the studied region and no peaks are observed. The measured reflectance 

corresponds to that of the substrate attenuated by the very thin, even discontinuous, layer 

of ZnO. At 350 °C (thickness=200 nm), two reflection peaks are formed, around 650 nm 

and 900 nm. As the deposition temperature increases, the reflection peak moves from 650 

towards 500 nm, as in the cases of 375 °C and 400 °C (thickness=450 nm). The 

reflectance peak around 900 nm is present in all cases. These results open the possibility 

of in situ monitoring of thin film growth by spectrometric analysis. 

The variation of reflectance as a function of deposition temperature can be related 

to the growth kinetics and thus to the thickness of the thin film as shown by N. B. Khelladi 

et al. [202]. ZnO films on SiO2 of three different thicknesses, 200 nm, 500 nm, and 

700 nm, are grown with the sol-gel technique. The reflectance curves that they have 

obtained differ from the ones presented here because, in addition to the thickness, other 

aspects may interfere in the ZnO reflection as could be the grain size, the carrier 

concentration, and the substrate [203]. 
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Fig. 4.12. Reflectance in % of the ZnO grown with 4 different temperatures and a deposition 

time of 15 min, captured with an integrating sphere. 

Electronic characterization. 

For the electronic study, a ZnO thin film (TF) of 1 µm of thickness has been 

deposited on the interdigitated devices shown in Fig. 4.4. The impedance measurements 

have been performed before the ZnO deposition, after the thin film deposition, and after 

thermal treatment (TT) at 700 °C for 4 h. 

The measurements have been done for a range of frequencies from 10 Hz up to 

1 MHz. To interpret the data presented through the Nyquist plot (see Fig. 4.13), the thin 

film is modelled as an array of grains with boundaries as it is depicted in Fig. 4.14 a.). 

The equivalent circuit extracted from the thin film model comprises an RC parallel circuit 

to fit the conduction of carriers through the grains and other RC parallel circuits for grain 

boundaries [204]. Both RC circuits are in series as Fig. 4.14 b) shows. Table 4.5 displays 

the resistance and capacitance values obtained by fitting the data extracted from the 

equivalent circuit to reproduce the experimental impedance measurements. 
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Fig. 4.13. Nyquist plot of the impedance measured for the thin films grown on the interdigitated 

platinum with a thickness of 1 µm with and without thermal treatment. The continuous lines are 

the data extracted from fitting the equivalent circuit to the experimental data. The inset shows 

the Nyquist plot of the bare interdigital electrodes. 

 
Fig. 4.14. a) Model of conduction pathway going through grains (Gr) and grain boundaries 

(GrB). b) Equivalent circuit for the ZnO thin films with two RC parallel circuits in series with 

the contact resistance, R(C) [205]. 
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 R(C) R(Gr) R(GrB) C(Gr) C(GrB) 

TF 35 Ω 470 kΩ 1.5 MΩ 6.7E-11 F 1.3E-9 F 

TF TT 35 Ω 350 kΩ 750 kΩ 1.5E-11 F 3.1E-10 F 

Bare 35 Ω 1.6 kΩ  2.5E-7 F  

Table 4.5. Values of resistances and capacitances obtained by fitting the equivalent circuit data to 

reproduce the impedance results. 

Values of capacitance between 10-9 and 10-10 F are associated with grain boundary 

conduction. On the other hand, capacitances in the range of 10-12 F are associated with 

grain conduction [206]. Regarding the resistive values, there is a slight difference in the 

resistance values associated with grain conduction between the sample with and without 

annealing, which is explained by the rearrangement of atoms during the thermal process. 

On the other hand, the resistance value associated with the grain boundaries in the 

annealed sample is significantly lower as the annealing increases the grain size, reducing 

the number of grain boundaries. 

4.3. Conclusions. 

The AACVD module has been developed and validated for the thin film deposition. 

The influence of aerosol flow and substrate temperature on the microstructure of the ZnO 

thin films has been analyzed. Aerosol flow has been confirmed to slightly influence 

particle size. However, the deposition temperature has the greatest impact on the 

morphology of the grown film, as can be expected in a reaction-controlled process. The 

morphology presents variations in the orientation planes for the studied films grown at 

three different temperatures, 350 °C 375 °C, and 400 °C. Nevertheless, the one with a 

better degree of preferential orientation along the c-axis is 375 °C. The activation energy 

of the chemical reaction has been calculated, giving a value of 1.06 eV. 

The optical characterization shows that there is a relation between the thin film 

thickness and the spectrographic measurements. The impedance measurements plotted by 

the Nyquist representation, fit with the proposed equivalent circuit for the ZnO thin films. 

The resistance term due to the grain boundaries decreases after thermal treatment of the 

sample due to a reduction in the number of grain boundaries. 
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In this chapter, we will discuss the addition of the nanosecond pulsed laser during 

the AACVD deposition. The standard AACVD deposition method has been successfully 

developed. However, this will result in the growth of large areas of thin films with no 

definition of any spatial border. If the additional spatial definition of micro- or 

nanostructures in the grown thin-films is desired, several additional steps including 

lithographic processes are required.  

An additional heat source provided by a laser can generate the definition of 

microfeatures. However, the temperature provided by a continuous laser maybe not 

localized to a specific region as the heat diffuses from the laser spot to the surrounded 

material during the deposition time. On the other hand, a pulsed laser will have a limited 

heat diffusion length that is proportional to the square root of the duration of the pulse. In 

this case, the onset of the deposition reaction will only take place once the temperature 

threshold for the chemical reaction is reached, and its kinetics depends on the temperature. 

This provides a complex deposition scenario in which an equilibrium temperature is never 

reached, and, therefore, the deposition temperature is changing cyclically. The theoretical 

analysis of this scenario is out of the scope of this thesis. We will provide empirical 

measurements and phenomenological discussion of the results. 

This chapter presents the experimental validation of a system able to combine the 

AACVD technique with a pulsed laser, named Pulsed Laser AACVD (PLAACVD). The 

PLAACVD technique involves several setup requirements since two modules have to be 

integrated as it is explained in section 3.3.2. 

The pyrolytic activation of the chemical reaction by means of a pulsed laser is an 

unexplored technique. In this chapter, we provide a demonstration of the technique. The 

chapter is divided into two parts: in the first part, we provide thermal analysis of the 

temperatures achieved by the nanosecond laser and we will link it to the ones needed for 

the AACVD deposition. In the second part, we will demonstrate a LEAACVD process 

and we will characterize it. 

5.1. Theory and simulations 

Generally, there are two different pulse duration regimes in pulsed laser material 

processing: 

• Hot ablation processes produced by nanosecond pulses generate quite a 

significant heat-affected area in the materials because the pulse duration is 

longer than the thermalisation of most materials.  

• Cold ablation processes (pico or femtoseconds) are more suited to the 

production of high precision nanoprocessing. The material heating starts 

with photon absorption, followed by the heating and photoionization of the 

subjected area on the material. If the energy is high enough there is ablation 

in form of solid fragments, vapors, liquid drops, or as an expanding plasma 

plume. 

There are different solutions to study the temporal and spatial evolution of the 

temperature field caused by hot or cold processing. Every one of them use different 
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approaches depending on the pulse time duration since it affects the material ablation 

threshold and the penetration depth [207]. 

When a nanosecond pulse reaches a surface produces a fast increase of the 

temperature. After the laser exposure, the material cools due to heat diffusion and 

convection. The maximum temperature achieved will be denoted as temperature peak. 

This is a cyclical process that happens with every pulse. If the cooling between pulses is 

not enough, heat accumulation occurs producing background temperature. Defining 

background temperature as the temperature of the material before the next laser pulse. 

To simplify the survey of the substrate thermalization, we have divided the 

temperature behavior into two components. A cumulative component is produced by the 

sum of the heat accumulated (Tcum) and a variable component is associated to heating 

produced by each pulse (Tvar). Apart from the two temperature components produced by 

the laser, for the PLAACVD it will be necessary the use of the heater of the reactor 

chamber (Theater). Therefore, the total temperature on the substrate is given by the three 

components. 

Two different models are used to investigate the two temperature components 

produced by the laser Tcum and Tvar. The first model presents a multi pulse characterization 

of the surface temperature to study the thermal accumulation. This thermal model has 

been compared with experimental measurements given by a thermographic camera. The 

second model describes the temperature variation at the nanosecond scale for a single 

pulse. 

5.1.1. Estimation of the thermal accumulation produced by 

nanosecond laser pulses 

In this section, we will evaluate the increase of background temperature (Tcum) by 

thermal accumulation. 

When the diffusion length is comparable with the laser radius, the resulting 

temperature inhomogeneous materials is dominated by a 3D heat flow. Solving the 

conduction equation, the heat accumulation in the laser affected zone can be described as 

follows according to the model described by R. Webber et al. [208]: 

∆T =
Q

r cp √(4 π κ t)3
e−

r2

4 κ t        (r = x2 + y2 + z2) (5.1) 

where T and t are the temperature and time and 𝑄 = 2(1 − 𝑅)𝑄𝑙𝑎𝑠𝑒𝑟 is the energy density 

produced by the heat source, being R the reflectance. 𝜅 = 𝐾/(𝜌 𝑐𝑝)  is the temperature 

conductivity, 𝑐𝑝 the heat capacity, 𝐾 the thermal conductivity coefficient and 𝜌 the 

density. 

To include the effects of a train of pulses that reach the substrate with a frequency 𝑓, the 

equation 5.1 is modified: 
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∆T(t, N) =
Q ∙ Θ (t −

N − 1
f

)

r cp √(4 π κ (t −
N − 1

f
))

3
e

−
r2

4 κ(t−
N−1

f
)         

(5.2) 

This equation denotes the contribution to the temperature increase of the  𝑁𝑡ℎ pulse which 

reaches the substrate at a time equal to (N − 1)/f. The Heaviside function is equal to 0 

for arguments lower than 0, and equal to 1 for arguments higher or equal to zero. 

Therefore, the temperature increase achieved by a number of pulses Np is given by the 

sum of all the contributions of each pulse. 

∆T(t, N) =
Q

ρ cp √(4 π κ )3
∑

Θ(t −
N − 1

f
)

√(t −
N − 1

f
)
3

Np

N=1

e

−
r2

4 κ(t−
N−1

f
)        (5.3) 

To simplify, the temperature accumulation will be calculated at the coordinates 𝑥 = 𝑦 =

𝑧 = 0, so the exponential function of Eq. 5.3 is equal to 1. The temperature variation 

evaluated immediately before each individual pulse is given by estimating the Eq. 5.3 at 

the times 𝑡 = (𝑁𝑡 − 𝛿)/𝑓, 

∆T (t =
Nt − δ

f
) =

Q

ρ cp √( 
4 π κ

f
)
3
∑

Θ(Nt − δ − N − 1)

√(Nt − δ − N − 1)3

Np

N=1

        (5.4) 

where 𝑁𝑡 is an integer and 𝛿/𝑓 is an infinitesimally small time. This expression when δ 

tends to 0, describes the temperature in the material just before a pulse reaches the 

substrate. Therefore, it gives an approximate idea of the background temperature 

produced by the pulsed laser. Applying this condition, the temperature accumulation after 

𝑝𝑢𝑙𝑠𝑒𝑠 is given by: 

∆T(t =
Np

f
) =

Q

ρ cp √( 
4 π κ

f
)
3
∑

1

√N3

Np

N=1

 (5.5) 

We have used this equation to evaluate the temperature accumulation in stainless 

steel substrates. The stainless steel parameters used to perform the simulation are given 

in Table 5.1. In the range of temperatures studied, they can be considered constant. 

Material  (kg/m3) Cp (J/(Kg K)) K (W/(m k))  (m-1) R(λ=355 nm) 

Stainless steel 8000 500 16.2 4.6 107 0.6 

Table 5.1. Optical properties of stainless steel: () density, (Cp) heat capacity, (K) thermal 

conductivity, () absorption coefficient and R the reflectivity at 355 nm [76], [209]. 
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Thus, the temperature increase has been calculated through Eq. 5.5, taking into 

account the fiber laser characteristics (power, pulse time, and fregraphic). 

The background temperature behavior for the 100K kHz laser is presented in Fig. 

5.1, both graphi present a fast initial temperature increase. Fig. 5.1. b) displays that the 

temperature reaches a 90% of the final value at the 10th pulse. This is produced because 

the function ∑ 𝑁−3/2𝑁𝑝

𝑁=1  converges rapidly to 2.6124 as Fig. 5.2 shows. 

 

Fig. 5.1. Evolution of the background temperature depending on the number of pulses, a) 

temperature increase achieved in 50 pulses, b) temperature increase achieved in 5000 pulses. 

 

Fig. 5.2. Result of the sum ∑ 𝑁−3/2𝑁𝑝

𝑁=1
 as a function of the number of pulses. 

5.1.2. Measurements of the thermal accumulation produced by 

nanosecond laser pulses 

An arrangement with a Flir systems P60 thermographic camera (see Fig. 5.3) has 

been made to measure the temperature generated by the Fiber pulsed laser on the substrate 

surface and test experimentally the results from equation 5.5. This Thermal camera takes 

high-definition 14-bit thermal images. It has a fourth-generation uncooled 

microbolometer that allows a thermal sensitivity of 0.08 °C. Providing noise-free and 

high-resolution images (320 x 240 pixels) with a temperature range from -40 °C up to 

2000 °C. The time resolution is 20 ms, therefore is not capable of measuring the 

nanosecond temperature variations. 
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Fig. 5.3. Image of the set-up done for the measurements with the thermographic camera. 

The thermal effects of the nanosecond pulses laser on the substrate surface have 

been analyzed for several pulse durations and laser powers. Only the heat accumulation 

in the substrate has been studied, as the time resolution of the camera has been well above 

the nanosecond range needed to study the fast temperature variation. 

The heat accumulation has been analyzed with the thermographic camera for two 

different pulse lengths, 50 ns, and 200 ns, and 4 different laser powers, 5 W, 6 W, 8 W, 

and 12 W. The graph depicted in Fig. 5.4 shows the temperature data captured by the 

thermographic camera on the surface of the stainless steel substrate. 

 

Fig. 5.4. Heat accumulation of the substrate surface for 50 ns or 200 ns pulse duration and 

different powers, 5 W, 6W, 8W, and 12 W, the pulse frequency has been 100 kHz. 
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In all the cases, the temperature increases abruptly in the first 5 seconds, then the 

slope becomes gentler until it reaches equilibrium. This occurs when the heat 

accumulation and the heat dissipation are set equal. When this finally occurs, the 

background temperature is constant and two consecutive pulses produce the same final 

temperature, which is named equilibrium background temperature. The temperature 

dependence on the pulse duration is small. There is a temperature variation of around 

10% using pulses of 200 ns or 50 ns. The parameter that has a bigger impact on these 

curves is the laser power. It is also noticeable that, for the same power, the temperature 

achieved with the 50 ns pulse is slightly higher than that achieved with the 200 ns pulse. 

This happens due to a lesser heat penetration for 50 ns pulses, which produce a 

concentration of the power density in a thinner layer generating a higher temperature on 

the surface. 

Regarding the temperature increase obtained with the heat accumulation thermal 

model (see Fig. 5.1) it can be observed that the main rise (98% of the final value) is 

produced in the first 500 pulses, which is so much faster than the one observed with the 

thermographic camera (see Fig. 5.4). The comparison between the results from the model 

and the experiment in the thermal accumulation regime (when the stationary temperature 

is reached) is presented in Table 5.2. The error is calculated by; 

|(𝑇𝑡ℎ𝑒𝑜𝑟𝑒𝑖𝑐𝑎𝑙 − 𝑇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)/𝑇𝑡ℎ𝑒𝑜𝑟𝑒𝑖𝑐𝑎𝑙| (5.6) 

It must be taken into account that the theory gives an ideal behavior of the laser-

mater interaction, with the only losses given by the material reflectance. The simulation 

does not take into account that at higher energies, there are higher losses which results in 

a larger divergence between the model and the experimental results. 

 5 W 6 W 8 W 12 W 

Theoretical 63 °C 73 °C 92 °C 131 °C 

Experimental 

50 ns 

(Error) 

67.4 °C 73.5 °C 87 °C 120 °C 

6.5 % 0.7% 5.4% 8.4% 

200 ns 

(Error) 

65 °C 71.5 °C 83.2 °C 113 °C 

3.2% 2.1% 9.6% 13.7% 

Table 5.2. Stationary temperature given by the heat accumulation model and experimental 

measurements once the thermal stability is reached. Percent error between theoretical and 

experimental temperature. 

5.1.3. Estimation of the thermal transient variation generated by a 

single nanosecond pulse 

To further characterize the thermal generation from laser pulses, the transient 

temperature curve has been studied. When one pulse impinges the material, the energy 

from the photon is absorbed and it produces a temperature increase that should be added 

to the background temperature. Then, the temperature decreases down to the background 
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temperature again. When the stationary temperature is reached, all the pulses provoke the 

same temperature transient curve in the substrate, this is the case that is studied in this 

section. 

In the case of a nanosecond laser, the pulse duration is longer than the electron-

phonon energy transfer time, so that the electrons and the lattice temperatures will remain 

at thermal equilibrium, the 2D heat equation used in these cases is Eq. 2.2. The heat source 

in this particular case is a nanosecond pulsed laser, and the energy density depends on the 

laser and the material properties according to equation (5.7). 

Q(x, z, t) = α(1 − R)Φ(x)It(t)e
−αz (5.7) 

where 𝛼 is the absorption coefficient of the material, 𝑅 is the reflectivity, 𝛷(𝑥) is the 

gaussian space distribution defined in Eq. 5.7, 𝐼𝑡(𝑡) is the gaussian temporal distribution 

shown in Eq. 5.8 and 𝑒−𝛼𝑧 is the absorption attenuation given by the Beer-Lambert law. 

Φ(x) = 2Φ0 e
−2x2/σ2

 (5.8) 

It(t) =
1

σ√2π
e−(t−t0)

2/2σ2
 (5.9) 

σ = τp/2√2ln (2) (5.10) 

Laser pulses with a duration of 10 ns or 200 ns are long enough for the thermal 

waves to propagate in the substrate. The energy generated by the laser is maintained in a 

layer with a thickness is equal to the heat penetration depth, which is given by: 

Lth = (2Dτp)
1/2

 (5.11) 

where 𝐷 = 𝑘/𝜌𝑐 is the heat diffusion coefficient, and 𝜏𝑝 the pulse length. 

A computational program has been performed to solve the heat equation by the 

finite elements method. The transient temperature variation has been simulated with a 

Matlab program, using the 2D heat transfer equation (Eq. 2.2) and the definition of energy 

density (Eq. 5.7). 

Fig. 5.5 shows the solution of the heat transfer equation depicting the surface 

temperature versus time, varying the pulse length and power. The simulations are 

performed considering that the equilibrium temperature background obtained in section 

5.1.1 has been reached. Besides, the temperature assistance of the heater (250 °C) has 

been applied because otherwise, the laser does not reach the appropriate temperature for 

the ZnO deposition using the longest pulses (50 ns and 200 ns). For any power, the shorter 

the pulse duration the sharper the shape of the curve is. The slope of the curves of the 

shortest pulses is higher when the temperature increases and decreases, producing a 

higher temperature variation and avoiding good temperature stability on the substrate. 

This happens because the material is receiving the same amount of power in a shorter 

time, so the heat dissipation is lower, leading to a higher temperature on the substrate 

[210]. After reaching the maximum, the temperature falls gradually until it reaches the 

initial conditions. These charts also show the range of temperature in which it has been 
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investigated that there is ZnO deposition (see section 4.2.2), delimited for two black lines 

(from 325 °C up to 425 °C). 

 

Fig. 5.5. Temperature curves versus time when a pulse falls upon the heated substrate for four 

different pulse lengths, 10 ns, 20 ns, 50 ns, and 200 ns. The flat lines demarcate the range of 

temperature where there is ZnO deposition. The temperature curves have been made for four 

powers; a) 5 W, b) 6 W, c) 8 W, d) 12 W. 

Fig. 5.6 shows the maximum temperature achieved using 4 different pulse lengths 

10 ns, 20 ns, 50 ns, and 200 ns versus the laser power. The temperature maximums rise 

linearly with the power of the laser beam. In the chart are presented the maximums of the 

transient temperature variation caused by the laser above the background temperature. 

For the same power, the temperature peak depends on the pulse duration. As 

aforementioned, this difference is caused because there is a different thermal diffusion on 

the substrate depending on the pulse length. For a shorter pulse length, the penetration 

depth is smaller, so the heat is concentrated in a thinner layer. Subsequently, the shorter 

the pulse duration is, the larger the increase of the temperature on the substrate. It is 

observable a gap of up to 300 ºC between the peak for 10 ns and 200 ns for the highest 

power simulated (12 W). In the same vein, the study of L. L. Taylor et al. [211] presents 

the impact of the power and pulse duration of a femtosecond laser. The investigation has 

been performed with a high-frequency repetition rate laser (250kHz). They have made a 

three-dimensional Two Temperature Model (TTM) to determine the lattice temperature 

for different laser parameters. In the first place, they calculate the temperature variation 

produced by one pulse for two different laser power, showing a linear dependence of the 

maximum temperature with the laser power as we also appreciate in Fig. 5.6. When 

analyzing the effect of the high frequency on temperature obtained in the substrate, they 
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observe that there is heat accumulation that produces an increase of the temperature 

background that follows the same curve profile that we obtain in Fig. 5.1. 

  

Fig. 5.6. Temperature peak achieved versus the power of the laser for 4 different pulse 

durations: 10 ns, 20 ns, 50 ns, and 200 ns. The pulse frequency has been 100 kHz. 

5.1.4. Combination of the thermal models 

As abovementioned, the substrate temperature analysis when is processed by a 

high-frequency nanosecond laser can be divided into two terms. The first one is a 

background temperature that is produced by the heat accumulation due to the continuous 

arrival of pulses [208], [210] (section 5.1.1). The second one is a rapid temperature 

variation (section 5.1.3). The thermographic camera has measured the average 

temperature on the substrate (background temperature) in section 5.1.2. However, the 

short-time temperature variations generated by the laser pulses could not be captured by 

the camera, because it does not have enough time resolution. 

The combination of both models provides a general view of the thermal behavior 

in the substrate when it is processed by a high-frequency nanosecond laser. Fig. 5.7 a) 

shows the background temperature and Fig. 5.7 b) the temperature curves when the pulses 

reach the substrate. Both graphics display the range of temperatures in which there is 

effective ZnO deposition to give an idea about the time when there are the right conditions 

to allow the chemical reaction. 
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Fig. 5.7. Graphic with the temperature behavior when the laser interacts with the substrate. a) 

Background temperature produced by the pulsed laser. b) Zoom of the background temperature 

where the temperature curves are shown. Both graphics show the temperature range where there 

is effective ZnO deposition. 

5.2. Demonstration of PLAACVD of ZnO 

The experimental measurements have been performed with the intention of having 

the right deposition temperature for the longest time possible. With this objective, the 

temperature curves versus time are supposed to be the flattest possible, condition that is 

fulfilled by using high pulse durations. 

5.2.1. Fabrication 

The performance of the Pulsed Laser AACVD technique involves several set-up 

requirements since two modules have to be integrated. The pyrolytic activation of the 

CVD reactions by means of a pulsed laser is an unexplored technique. For this reason, a 

setup with a laser with tunable features has been developed to validate the integration of 

the AACVD and laser modules (see Fig. 5.8). 

 

Fig. 5.8. Fabrication set-up to perform PLAACVD technique with the PFL-1064 MWTECH 

Fiber Laser. 
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As explained in section 3.3.2, the fabrication setup to carry out the PLAACVD 

technique includes two modules. The AACVD module includes a gas system to provide 

the carrier gas that delivers the aerosol droplets to the reaction chamber, the atomizer 

where the aerosol droplets are generated, the reaction chamber where the deposition takes 

place, and a laser system to assist the AACVD process. The laser source for these 

experiments has been the fiber laser PFL-1064 MWTECH. 

The precursor solution used to generate the aerosol droplets in the Palas UGF2000 

atomizer has been prepared to dissolve 0.6 gr of zinc chloride in 60 ml of ethanol and 

then mix them in an ultrasonic bath for 30 min. The deposition processes have been 

carried out under atmospheric pressure and the precursor droplets have been delivered 

into the reaction chamber with an N2 flow rate of 6 L/min. Stainless steel AISI 304, 0.5 

mm-thick, has been used as a substrate for the PLAACVD processes due to its suitable 

optical properties to work with the 1064 nm lasers. 

For the PLAACVD processes, the experiments have been carried out with four 

different pulse duration; 10 ns, 20 ns, 50 ns, and 200 ns. The chemical reaction has been 

also assisted by the chamber heater, fixing the temperature assistance at 250 ºC. To study 

the material deposited with this new technique and based on previous AACVD results, 

several sets of experiments have been done (see Table 5.3). 

Pulse duration (ns) Frequency (kHz) Power (W) Time (min) 

10 100 2, 4, 6, 8, 60 

20 100 2, 4, 6, 8 60 

50 100 4, 5, 6, 7, 8 60 

200 100 4, 5, 5.25, 5.5, 6 60 

Table 5.3. Table with the laser parameters used to study the PLAACVD technique with the 

Fiber laser. 

To verify that ZnO deposition has been achieved, the inspection analysis of the thin 

films has been analyzed in a FEG-SEM JSM-7000F, with an Integrated EDS Solution 

system. 

5.2.2. Results and discussion 

The ZnO deposition using the PLAACVD technique depends on several laser 

parameters; the frequency, the power, the pulse duration, and the background temperature 

provided by the heater. The use of a high-frequency laser produces a heat accumulation 

on the substrate that increases the temperature. The pulse duration and especially the 

power affect the background temperature, they also are key factors is in the transient 

temperature variation produced when the pulse reaches the substrate. 

To avoid the continuous ZnO growth, the substrate background temperature must 

be below 325 °C, allowing the deposition only when the laser pulses produce the 

temperature rise. As it can be seen in Fig. 5.5, in the cases of 5 W and 6 W, the heater 

plus background temperature are below 325 °C for every pulse duration. Therefore, the 

power used for this experiment must be in this range. 
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Fig. 5.9 shows the form of the area of stainless steel affected by the laser. The 

pictures show different affected areas depending on the laser power. The darkest place in 

the center of each one reflects the growth area of the ZnO grains. 

As exposed in Fig. 5.5, in the case of a pulse length of 200 ns, the temperature on 

the substrate does not suffer big variations compared to the other pulse duration. For this 

reason, there is ZnO deposition in the four cases depicted in Fig. 5.10. In the experiment 

performed with 5.5 W and 6 W, Fig. 5.10 c) and d), the theoretical maximum temperature 

in the substrate is around 350 ºC. Because of the good temperature stability on the 

substrate given by the long pulse duration, the time in which the substrate has the right 

conditions to allow the deposition is not omissible. In the case of 5.25 W, Fig. 5.10 b), 

the peak temperature is smaller than for 5.5 W, approximately 340 ºC, the deposition rate 

for this temperature is smaller, which leads to a lower area covered by ZnO grains. 

Finally, the result obtained with a laser power of 5 W is shown in Fig. 5.10 a). The 

maximum temperature achieved in the substrate with this condition is smaller than the 

rest of the cases, around 330 ºC. For this temperature, the deposition rate is very low (see 

Fig. 4.11), subsequently, only a few ZnO grains are deposited. 

 

Fig. 5.9. SEM images of ZnO deposition with a pulse duration of 200 ns, 1 h of deposition, and 

three different powers a) 5W, b) 5.25 W, c) 5.5 W, and d) 6 W. 
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Fig. 5.10. SEM images of ZnO deposition with a pulse duration of 200 ns, 1 h of deposition, and 

three different powers a) 5W, b) 5.25 W, c) 5.5 W, and d) 6 W. 

Table 5.4 displays the percentage of area covered by ZnO grains when using a pulse 

duration of 200 ns. The area covered rises by increasing the laser power since the 

temperature increases as well. The temperature rise leads to a deposition rate increase. 

Besides, there is more deposition time since the curve falls from a higher temperature and 

lasts longer inside the temperature deposition range. 

 5 W 5.25 W 5.5 W 6 W 

Pulse duration=200 ns 11.7 % 16.8% 34.3 % 38.5 % 

Table 5.4. Percentage of the area covered with ZnO grains for each condition. 

When shorter pulses duration are used, as is the case of 10 ns, 20 ns, and 50 ns no 

relevant ZnO deposition is achieved. This may occur because the temperature on the 

substrate has poor stability or the time where there is the right growth temperature is very 

small. In addition, the temperature peak is higher and the temperature curve is sharper 

than the obtained for longer pulses. Theoretically, using a pulse duration of 50 ns and a 

power of 5 W or 6 W, the temperature obtained is in the range that allows ZnO deposition. 

However, no significant results have been obtained. This result may be explained because 

there is a higher temperature variation on the substrate, leading to a worse ZnO 

deposition. 

The conclusion is that as the pulsed laser produces a transient variation of the 

substrate temperature, the deposition does not only depend on the temperature achieved, 

but also on the way how the temperature varies in it. Regarding Fig. 5.5, the time in which 

there must be ZnO deposition is similar for both pulse durations, 50 ns, and 200 ns. 

Nevertheless, a 200 ns pulse length facilitates the material deposition because it provides 

a less abrupt temperature variation. 
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Different approaches have been done in order to achieve laser assisted chemical 

vapor deposition or spray pyrolysis. To the best of our knowledge, there are no reports 

about a pulsed laser AACVD. Similar works have used spray pyrolysis deposition 

together with laser assistance to grow alumina. As is the case of B. P. Dhonge et al., who 

have used a CW laser with a wavelength of 1064 nm and power from 25 W up to 50 W, 

and a beam diameter of 3 mm to grow alumina [83]. The resulting particle size is 20 nm. 

In our case, the grain size is highly dependent on the laser power, and there is no good 

homogeneity. When using a pulsed laser in combination with the CVD technique the 

authors search for direct writing of the material. H. Zhang et al. fabricate tungsten 

nanogratings using a femtosecond pulsed laser with a frequency of 80 MHz and a 

wavelength of 400 nm [81]. The resulting deposition is gratings of 100 nm of length and 

30 nm of height. The surface covered is smaller than with our PLAACVD technique. 

Another similar approach has been made by K. Jeong et al., that have grown tungsten 

with a pulsed laser assisted CVD technique, after a laser-substrate interaction study. They 

achieve tungsten thickness of about 400-300 nm in 10 seconds, which is a high deposition 

rate [75]. 

5.3. Conclusion 

The integration of the AACVD and pulsed laser modules has been developed to 

assist the AACVD technique by means of a pulsed laser. The theoretical temperature 

produced by the laser has been studied by dividing it into different components: 

• The heat accumulation model shows an initial background temperature 

increase of 90% in the first 10 pulses and an asymptotic growth that tends 

to a limited temperature value. 

• The temperature curves produced by a single pulse obtained by FDTD 

simulations show the temperature behavior at a nanosecond time scale. 

The heat accumulation effects have been corroborated by a thermographic camera, 

the measurements match with the theoretical temperature values once the equilibrium is 

reached. The background temperature has low dependence on the pulse duration but a 

strong one with the laser power. 

From the experimental point of view, Pulsed Laser AACVD is demonstrated for 

200 ns of pulse duration. The deposition area covered for each condition can be explained 

using the temperature results obtained with the laser-substrate study, which shows that 

the temperature on the substrate is appropriate regarding the AACVD deposition rate 

dependence on the temperature. 
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This chapter discusses the addition of a Laser Interference (LI) module to the 

AACVD reactor. This particular LI tool is based on a Diffractive Optical Element (DOE) 

to generate the interference beams. The beams are then steered to the same area of the 

sample and a complex energy distribution (pattern) is generated as a result of the 

interference of the beams. The interference patterns typically result in a sub-wavelength 

periodic distribution of the laser energy [94], [212], [213] which must be recorded on the 

sample. 

The LI module has been integrated with the AACVD system in order to achieve an 

in-situ nanopatterning of the grown materials. To the best of our knowledge, this 

represents a first attempt to perform the integration of an AACVD and a LI module. The 

main aim of this integration is to deposit a periodic corrugated thin film in a single 

fabrication step. 

Two different routes will be analyzed for this matter: 

• The first one relies on the simultaneous use of the LI and AACVD 

modules (Bottom-up approach).  

• The second one consists of the material subtraction by direct DLIL 

once the thin film is fully deposited on the substrate (Top-down 

approach). 

In order to investigate the viability of the two routes, two different lasers have been 

tested. The 1064 nm MWTECH fiber laser and the 355 nm Innolas nanosecond laser. In 

particular, for the 355 nm laser, two different optical arrangements have been used to 

steer the beams. 

This chapter presents firstly the definition of the AACVD+LI routes. Secondly, it 

is shown how the interference is generated with the 1064 and 355 nm lasers. Finally, the 

experimental procedure and the results of the LI+AACVD combination are exhibited. 

6.1. AACVD plus LI process definition 

6.1.1. Bottom-up route 

This route seeks for molecular self-assembly of the molecules by combining 

AACVD with Laser Interference thermal assistance. The laser interferometric module 

produces a thermal pattern on the substrate. The objective is to have the right temperature 

to allow the deposition only in the area where the maximums of the interference are 

situated. Whilst the temperature in the minimums of interference places must not be high 

enough to assist the chemical reaction. Fig. 6.1 shows a representation of the bottom-up 

route considered to achieve the nanostructures. The chemical reaction is contemplated to 

occur only in the area matched with the maximum of interference as it is represented with 

the pattern that protrudes over the black plane. 
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Fig. 6.1. Representation of an in-situ patterned material growth combining AACVD and DLIL. 

The Bottom-up route presents an additional complexity of the interaction of the 

laser wavefront with the aerosol that changes the laser wavefront, avoiding the formation 

of a precise interferometric pattern on the substrate. This effect takes place on the already 

complicated thermal dynamics of the pulsed laser interaction with the substrate (as 

discussed in chapter 5) and the porous nature of the deposited film (discussed in chapter 

4). Because of the added complexity, the analysis and optimization of the bottom-up 

process to achieve good practical results was proved to be very difficult at the present 

stage of development. Because of this, the bottom-up route was discarded in favour of the 

top-down route. 

6.1.2. Top-down route 

The Top-down route is an in-situ Direct Laser Interference Lithography of the bulk 

material, grown by AACVD once the thin film is completely deposited on the substrate. 

¡Error! No se encuentra el origen de la referencia. shows the scheme of the top-down 

route suggested for this work. In ¡Error! No se encuentra el origen de la referencia. d), 

the blue color of the surface denotes where there have been more material subtraction and 

hence the material thickness is lower than in the red areas where the material ablation is 

lower or even zero. 
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Fig. 6.2. Representation of an in-situ patterned material growth combining AACVD and DLIL. 

a) Bare substrate, b) material deposition by AACVD, c) ablation achieved by DLIL, d) surface 

profile of the resulting material film. 

6.2. Generation of Laser Interference 

6.2.1. Generation of Laser Interference patterns with the 1064 nm 

laser 

Firstly, a probe of the laser interference viability with the MWTECH fiber laser and 

the LI module has been performed. The LI configuration for this study is based on a DOE 

element customized for 1064 nm, which splits the beam into 4 beams, and 2 focal lenses 

that steer the beams toward the interference area as Fig. 6.3 shows and it has been 

discussed in section 3.1.3. The substrate utilized for the experiments performed with the 

MWTECH fiber laser is Stainless steel AISI 304 with 0.5 mm of thickness. The extra 

elements needed to carry out these measurements are a sort of focal lens to expand the 

interference pattern to make it measurable for the C-MOS camera. 

 

Fig. 6.3. Characterization set-up of the fiber laser interference. 
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The results extracted from the interference measurements with the characterization 

set-up are shown in Fig. 6.4. The images exhibit a similar pattern when the same number 

of beams are used, regardless of the different pulse duration. Confirming that the period 

does not depend on the pulse length. The C-MOS camera images demonstrate that there 

is an interference pattern for every pulse time duration from 10 ns up to 200 ns and a 

high-frequency pulsed laser. 

 
Fig. 6.4. Interference patterns achieved with the MWTECH fiber laser, a frequency of 100 kHz, 

a pulse length of 10 ns, 50 ns, and 200 ns, and an interference configuration of 2, 3, and 4 

beams. 

To investigate if the interference pattern observed with the C-mos camera can be 

transferred to the stainless steel substrate, the interference heat diffusion has been 

analyzed by the 2D heat equation presented in section 5.1.2. The variation with respect 

to equation 5.3 is that the spatial distribution of the heat source now is not Gaussian, but 

the one produced by 2-beam interference. The 𝛷(𝑥) distribution now is as follows [214]–

[216]: 

Φ(x) = 4Φ0 (cos (K x sin (
θ

2
))

2

) − 4Φ0 (sin (
θ

2
))

2

cos (2K x sin (
θ

2
)) (6.1) 

where 𝐾 = 2𝜋/𝜆 and 𝜃 is the incidence angle of the beams. The simulations have been 

performed for a pulse duration of 10 ns and a power of 6 W, 8 W, and 12 W, and an 
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incidence angle of 30º. Fig. 6.5 shows the temperature obtained in the substrate for a 

single pulse when the intensity difference between minimum and maximum is the highest 

(t=0), after 10 ns and after 20 ns. 

 

Fig. 6.5. Simulation of the temperature pattern produced on stainless steel when two beams of 

pulse duration 10 ns and a laser power of a), d) and g) 6 W, b), e) and h) 8 W, c), f) and i) 12 W 

at three different times, t=0, t= 10 ns and t=20 ns. 

It is demonstrated that it is possible to transfer the 1D interference pattern observed 

with the C-MOS camera on the stainless steel substrate with a single pulse. The 

simulations interference shows promising temperature patterns on the stainless steel to 

perform the bottom-up route to grow ZnO on stainless steel when the interference reaches 

the maximum of its intensity (t=0). However, the heat diffusion leads to a homogenization 

of the temperature over the stainless steel substrate, producing a loss of the temperature 

pattern, as can be seen in Fig. 6.5 for the cases of t= 10 ns and t=20 ns. 

To avoid heat diffusion several authors have performed nanostructures on stainless 

using a pulsed laser with short pulse durations (fs or ps) [213], [217]–[219]. The use of a 

picosecond laser has been studied by A. Peter et al. They have used an ultrashort-pulsed 

DLIL technique to produce periodic surface structures on stainless steel with a laser 

wavelength of 1030 nm and 8 ps of pulse laser duration. After performing a thermal study, 

they have reported that there is no significant heat diffusion for this pulse duration [213]. 

Other studies confirm that when the pulse length is over 10 ns, it produces a longer 

thermalization of the material, which promotes heat diffusion [207], [210]. Another 
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negative factor of this laser is that does not have enough power to ablate the different 

materials. For all these reasons, this laser has been discarded for the LI+AACVD 

technique performance. 

6.2.2. Generation of Laser Interference patterns with the 355 nm laser 

The fabrication method with the Innolas laser has been performed through two 

different configurations, the first is based on a lens system (see Fig. 6.6 a)) and the second 

one with a mirror system (see Fig. 6.6 b)). Both configurations are detailed in section 

3.1.3. In both systems, the first element of the optical setup is the nanosecond Innolas 

laser source. The laser beam is split by the DOE. To avoid aberrations, the three-beam 

and two-beam interference techniques are used instead of the four-beam method. For the 

mirror setup, the beams are collected by mirrors that steer them to the interference spot, 

so some of them must be blocked. The materials target of the pattern generation has been 

ZnO on alumina and Au on alumina. 

 

Fig. 6.6. Fabrication set-up combining the AACVD and LI modules for a) lens and b) mirrors 

arrangements. 

The period of the three-beam interference is given by formula 2.4 [82]. As the laser 

wavelength is 355 nm and the angle with which the beams interfere respecting to the 

normal vector of the substrate is 15°, the theoretical interference period obtained is 792 

nm. The interference simulation pattern and the relative intensity of the cross-section are 

presented in Fig. 6.7. Since it is largely influenced by the pulse duration, the thermal 

dynamic produced with this laser (16 ns) follows the behaviour presented for the 1064 nm 

laser (10 ns) in the previous section (see Fig. 6.5). 
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Fig. 6.7. Interference simulation of a 3-beams configuration, performed with a beam with a 

wavelength of 355 nm and an incidence angle of 15°. 

The next experiments will follow the Top-down route since it is the most adequate 

to achieve a nanostructured ZnO thin film employing the modules developed. Apart from 

the in-situ patterning of the ZnO nanostructures with the subtraction route, the 

nanopatterning of Au thin films will be probed with the same Direct Laser interference 

Lithography module. 

The first configuration explored has been the DOE plus the lens system. The results 

obtained with this configuration have been ambiguous and unjustifiable. The reason for 

these poor results has been that the lens has suffered damage due to the high power of the 

laser. The harmed lenses are shown in Fig. 6.8. Consequently, the configuration has been 

changed to a mirror arrangement, which has a damage threshold higher than the lens. 

 

Fig. 6.8. Lens damage produced by the Innolas nanosecond laser. 



Chapter 6. Laser Interference induced periodic surface structures 

101 

 

6.3. Fabrication of corrugated thin films by AACVD plus 

DLIL 

In this section, we will describe the top-down route performed for two different 

materials, ZnO and Au. Regarding the setup, all the components have been the same 

except for the atomizer, which has been changed to allow the growth of metallic 

precursors. All the depositions have the same parameters and the object under study is 

the laser structuration produced by the laser. 

6.3.1. Fabrication of corrugated ZnO films 

The ZnO deposition processes have been carried out under atmospheric pressure. 

The AACVD process to grow the ZnO thin films has been the standard method presented 

in section 4.1.2. The precursor has been delivered into the reaction chamber with a flow 

pressure of 1.5 bar, and the deposition temperature has been 375 °C. Table 6.1 present the 

different laser parameters used for the DLIL processes on the ZnO films with the mirror 

configurations. 

Sample Nº beams Atmosphere Power Time 

1, 2, 3, 4 3 Air 358 mW 5 s, 10 s, 30 s, 1 min 

5, 6, 7, 8 3 Air 488 mW 5 s, 10 s, 30 s, 1 min 

9, 10, 11, 12 3 Air 660 mW 5 s, 10 s, 30 s, 1 min 

13, 14, 15, 16 3 Air 718mW 5 s, 10 s, 30 s, 1 min 

17, 18, ,19, 20 3 Air 460 mW 5 s, 10 s, 30 s, 1 min 

21, 22, 23, 24 3 Air 530 mW 5 s, 10 s, 30 s, 1 min 

Table 6.1. Laser interference parameters used to perform nanostructures on ZnO with the 

mirrors system. 

6.3.2. Fabrication of corrugated Au films 

The gold thin films for this experiment have been deposited by the AACVD 

technique on alumina. For this process, 0,16 g of gold precursor HAu4Cl4 have been 

dissolved in 100 ml of methanol. The atomization is performed with the AGK-2000 

aerosol generator described in section 3.2.1. The pre-pressure of the atomizer has been 3 

bar for a corresponding gas flow of 8 L/min and the temperature of the process 375 ºC. 

The deposition duration is 30 min. The thickness of the resulting gold thin film is 

approximately 200 nm. 

The Laser Interference set-up for the gold nanostructuration is the same mirror-

based system shown in Fig. 6.6 b) with two mirrors instead of four. The incidence angle 

has been set to 15º. The laser processes of the sets from 1 to 6 only give as a results 

ablation or no modification of the material. These negative results are obtained because 

the thermal diffusion of the gold produced by a 355 nm laser is very high [220]. So that 
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the heat diffuses in the gold and the pattern produced by the interference is lost. As the 

Innolas nanosecond laser does not allow a stable single pulse mode, an optical chopper 

has been introduced in the setup. Synchronizing the chopper with the laser, we have been 

able to control the number of pulses that reach the gold thin film. 

A different number of pulses have been probed to achieve the gold corrugation, 

with a fixed power per beam of 200 mW, the number of pulses used has been; 1, 5, 10, 

and 30 (set 8). All the experiments performed with the Au thin film are resumed in Table 

6.2. 

Sample Power (mW) Time or number of pulses 

Set 1 80 1 s, 5 s, 10 s, and 30 s 

Set 2 100 1 s, 5 s, 10 s, and 30 s 

Set 3 120 1 s, 5 s, 10 s, and 30 s 

Set 4 140 1 s, 5 s, 10 s, and 30 s 

Set 5 160 1 s, 5 s, 10 s, and 30 s 

Set 6 180 1 s, 5 s, 10 s, and 30 s 

Set 7 200 1 s, 5 s, 10 s, and 30 s 

Set 8 (Set-up with chopper) 200 1, 5, 10, and 30 pulses 

Table 6.2. Laser interference parameters used to perform nanostructures on Au with the two 

mirrors system. 

6.3.1. Characterization 

To determine the morphology of the ZnO and gold structured by laser, the samples 

have been analyzed in a FEG-SEM JSM-7000F, with an Integrated EDS Solution system. 

The samples have been previously prepared for imaging. In the case of the ZnO. The 

samples are cut and subsequently, a thin layer of palladium is deposited by sputtering to 

avoid charging the sample when it is scanned. Images have been acquired using different 

accelerating voltages depending on the working distance, the size of the spot, and the type 

of material, from 5 kV up to 20 kV. 

A JPK NanoWizard AFM has been employed to study the morphology of the ZnO 

and Au. It has been operated in the intermittent contact mode using a silicon tip (r < 10 

nm) with a resonant frequency of 300 kHz and a force constant of 40 Nm-1. 

6.4. Results and discussion 

6.4.1. ZnO direct laser interference lithography 

With the 3-mirror arrangement, a correct pattern is achieved for several laser 

parameters. From the SEM images of all the processes performed (see Appendix 2), a 

table that shows the degree of structuring is presented (see Table 6.3). Hence, it has been 
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concluded that the optimum power for our set-up conditions is 660 mW, 220 mW each 

beam approximately.  

 358 mW 460 mW 488 mW 530 mW 660 mW 718 mW 

5 s       

10 s       

30 s       

60 s       

Table 6.3. Color representation of the degree of structuring performed in the ZnO. Red= very 

poor; orange= poor; yellow= normal; green= good. 

Fig. 6.9 shows the SEM images of these samples (from 9 up to 12) of the 

experimental table. The nanostructures of the samples processed 5 s (25k pulses), 10 s 

(50k pulses) and 30 s (150k pulses) follow the pattern shown in Fig. 6.7. Nevertheless, it 

is worth mentioning that in the case of 1 min (300k pulses) of interference exposure, the 

dot pattern is lost, and a hexagonal pattern appears. There is no previous literature about 

a similar phenomenon. The hexagonal shape of the structures can be related to the 

hexagonal wurtzite structure of the ZnO. An extensive XRD analysis would be necessary 

for the full comprehension of why has appeared this unexpected hexagonal pattern. 

The height of the nanostructures and the period are shown in Fig. 6.10. The period 

oscillates around 800 nm for every condition. Theoretically, the interference period 

obtained is 792 nm, therefore, the experimental period is in accordance with the theory. 

In the case of the height of the structures, it increases in the first 10-15 s. Whilst for longer 

exposures (30 s and 1 min), the height decreases. The structure height variation with the 

number of pulses can be interpreted because of melt displacement that increases due to 

heat accumulation. The theory about near-surface melt dynamics that explains the 

structure height dependence with the number of pulses has been presented by Marangoni 

[216], [221]. The theory states that the molten material at the interface maxima positions 

moves from the hot to the colder peripheral areas due to surface tension gradients induced 

by the temperature difference. The fronts of the molten area start to merge at the minima 

positions. The application of more pulses, results in additional melt producing higher 

structure heights, as can be seen in the height results of the samples processed 5 s and 

10 s. After this stage, a stronger increase in the number of pulses produces a decrease in 

height due to material over-melting and maybe ablation/evaporation. This decreasing 

tendency of the height of the structures is appreciated in the samples processed 30 s and 

60 s. We are now at the limit that further pulses will produce higher over-melting leading 

to a local collapse of the structures. 

These results agree with those reported by V. Lang et al. on the 1D surface 

structuring of stainless steel by DLIL processes. The impact of the frequency on the 

structures fabricated has been studied. The laser used for this work has 10 ns of pulse 

duration and the frequencies studied have been 0.1 kHz, 1kHz, and 5 kHz. It has been 

found a rapid increase in the height of the ablation due to heat accumulation in all cases. 

When the processing time rises, the height of the structures reaches an equilibrium and 

then decreases, following the same tendency that we present in Fig. 6.10. They state that 
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at higher frequencies the nanostructures height increases faster but it also saturates sooner 

[222]. 

 

Fig. 6.9. SEM images of the patterns obtained for the samples processed by 660 mW, and a) 5 s 

(sample 9), b) 10 s (sample 10), c) 30 s (sample 11), d) 1 min (sample 12). 

 

Fig. 6.10. Height (black squares) and period (red circles) of the patterns obtained for the 

samples processed by 660 mW, and 5 s (sample 9), 10 s (sample 10), 30 s (sample 11), and 1 

min (sample 12) of exposition. 

Some studies state that the laser interference technique with pulsed lasers not only 

affects the patterning of the material but also on the morphology. As it has been 

demonstrated, the use of a 500 Hz frequency laser is enough to propitiate heat 
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accumulation [223]. Because of the heat accumulation, the ZnO thin film undergoes a 

rapid thermal treatment, which makes the grain unions smother. In our case, this 

phenomenon can be appreciated by comparing the roughness of Fig. 6.9 a) and b) with 

Fig. 6.9 c) and d), it can be distinguished that there is a higher roughness for the samples 

processed with lower laser exposures time. In line with these results, some works have 

demonstrated that the rapid thermal annealing of the ZnO deposition improves the crystal 

quality and the vertical alignment of the grains [224], [225]. In particular, L. Parellada et 

al. show in their work the XRD analysis of ZnO processed by DLIL with a 2-beam 

configuration. The results display that the nanostructuration of the material produces a 

similar effect on the ZnO than with a thermal treatment [226]. Hence, it can be assumed 

that the DLIL nanoprocessing of the ZnO improves crystal quality and uniformity. 

Nevertheless, a more extensive XRD and XPS analysis should be done. 

6.4.2. Gold direct laser interference lithography 

From the set of experiments performed with the chopper configuration (see 

Appendix 2), only one experiment has led to a successful result (see Table 6. 4). Fig. 6.11 

shows the SEM and AFM images of the nano-ripples produced on the gold surface by 5 

pulses with two beams of 200 mW each. 

 80-200 mW 200 mW(Chopper) 

1 s/1pulse   

5 s/5 pulses   

10 s/10 pulses   

30 s/30 pulses   

Table 6. 4. Color representation of the degree of structuring performed in the Au. Red= very 

poor; orange= poor; yellow= normal; green= good. 

 
Fig. 6.11. SEM images of gold nano-structuration at different magnifications a) x2000, b) x5000 

and c) x10000. d) AFM image of the ripples structures on gold. 
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As it is shown in the SEM and AFM pictures, there is a 1D pattern on the gold 

surface. The period of the structures is 1.2 µm and the height of the pattern is 15-20 nm 

approximately. The theoretical period is 1022 nm, which is lower than the experimentally 

obtained, but within the margin of error. Comparing with other authors, H. Shin et al. 

have also accomplished direct film grating patterns of gold by laser interference. The laser 

has 1064 nm of wavelength and a pulse width of 6 ns. They use a single pulse process in 

which they achieve the structures of 15-20 nm of height and a period of 10 µm, which is 

significantly larger than the one presented in this work. The work states the difficulty of 

performing structures on the gold thin film due to the heat diffusion even using a single 

pulse process, declaring a big dependence on the film thickness and intensity of radiation, 

[227]. The gold thermal diffusivity is approimately 1 cm2/s [228], meanwhile the 

thermal diffusivity of the ZnO is around 7 ∙ 10−2 cm2/s [229], which is two orders of 

magnitude smaller and explains the difference between the thermal diffusion between the 

ZnO and de Au substrates. 

Other authors have performed nanostructures on the gold surface as well. However, 

they usually need more than one step to perform the desired structures. For instance, A. 

Arriola et al. have performed LIL to fabricate high-quality sub-micron gratings over large 

areas. This process is based on the recording of periodic structures in a photosensitive 

layer using high-energy pulsed laser interference lithography, followed by a transference 

of the fabricated pattern to a gold layer. They have achieved a period of 770 nm with a 

height of 60 nm [230]. V. Danko et al., also produce nanostructures on gold thin film by 

means of a two-step process, including laser interference using vacuum and a 

chalcogenide photoresist. They are able to modulate the depth of the structures from 13 

nm up to 35 nm and the period of the ripples is around 300 nm [231]. The 

nanostructuration of gold thin films has benefits for Surface Plasmon Resonance (SPR) 

sensors [232], but they require smoother surfaces to generate high sensitivities and strong 

signals. The Au processed by DLIL allows adjusting the optical response in a wide 

spectral range by selecting geometric parameters [230], [231]. One application whose 

requirements fit with the presented nanocorrugated gold thin films is the Surface-

Enhanced Raman Spectroscopy (SERS) because it does not need smooth surfaces [233]. 

The results obtained in this work suppose attainment compared with the previous 

works due to the achievement of a single-step process for the nano-corrugation of a gold 

thin film. In addition, the period of the pattern achieved is 10 times smaller than the one 

reported with the same technique [227]. 

6.5. Conclusions 

The integration of the AACVD and Laser Interference modules has been developed 

for the nanoprocessing of the grown thin films. The main results have been the 

demonstration of corrugated ZnO and Au films. 

This has been performed with a laser wavelength of 355 nm and an interference 

system based on DOE and mirrors. The period of the patterns obtained is in concordance 

with the laser interference theory. 

The structures obtained in ZnO show an average period of 800 nm and a height 

between 60 nm and 200 nm. The structures height dependence with the number of pulses 
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described by the Marangoni melting theory matches with the height of the structures 

obtained. Morphological variations are discussed for the ZnO grains when processed by 

a 3-beam interference configuration with 220 mW per beam, deducting an enhancement 

of the crystal quality and uniformity.  

Nanoprocessing by the LI module has been achieved in a gold thin film. In this 

case, the period achieved has been 1.2 µm and the height 15-20 nm which suppose an 

improvement compared to the up-to-date laser interference patterning of gold thin films 

studies. 

The results for the ZnO thin films will be used as transducer films because they 

present promising features for gas sensing. 
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For the final validation of the developed system, an application for nanostructured 

ZnO has been developed. Specifically, a chemoresistive gas sensor has been fabricated 

as a demonstrator. The developed sensors consist of interdigitated electrodes covered by 

a ZnO thin layer. ZnO has been first grown by means of Aerosol Assisted Chemical Vapor 

Deposition technique and then nanostructured by Direct Laser Interference Lithography 

with a nanosecond UV laser. This chapter presents the sensor configuration and 

fabrication process, as well as material and sensor characterization. The response of the 

sensors with as-grown ZnO and DLIL-processed ZnO for different NO2 concentrations is 

compared. Besides, the performance of nanostructured gas sensors performance in dry 

and wet air conditions is studied. 

7.1. Experimental 

To perform AACVD plus DLIL an AACVD module and optical set-up are required. 

Both modules have been integrated as Fig. 3.30 shows and its validation is fully explained 

in chapter 6. 

7.1.1. Steps of the fabrication process and sensor configuration 

Step 1 

The sensors have been fabricated on 10×20 mm2 polished alumina substrate, (see 

Fig. 7.1 a)). 

Step 2 and 3 

A heater is located on the reverse side of the substrate while the sensing element is 

on the front side. The Pt thin film of both the heater and the electrodes has been deposited 

by DC sputtering in an Edwards ESM 100 system. The lift-off technique has been used 

to pattern the heater and electrodes geometries. The heater outline is shown in Fig. 7.1 b). 

Fig. 7.1 c) shows the IDEs configuration, the scheme, and dimensions of the electrodes 

are presented in Table 7.1. 

Step 4 

In a fourth step, ZnO has been deposited on the platinum IDEs by AACVD (see 

Fig. 7.1 d)). For the AACVD process, the solution has been prepared dissolving 1 gr of 

zinc chloride (ZnCl2) in 100 ml of ethanol. The atomizer Palas UGF 2000 generates the 

micrometer-sized droplets assisted by a flow of N2 with a pressure of 4 bar. Acting N2 

also as a carrier gas, the aerosol is transported to the reaction chamber. The aerosol enters 

through the toroidal shower with an aerosol flow pressure of 2.5 bar. The ZnO is deposited 

at 375 °C using a rigid mask to pattern the material directly on the interdigitated 

electrodes. 

Step 5 

The sensor devices have been thermally stabilized in a quartz furnace at 700 °C for 

4 h in synthetic air (see Fig. 7.1 e)). 

Step 6 

The last step is the nanostructuration of the ZnO layer through a 3-beam DLIL 

technique (see Fig. 7.1 f)). The beam of the nanosecond Innolas laser has been split by 
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the DOE into 3 beams (1 beam is blocked), with a power per beam of 220 mW. The full 

pattern angle is 30° so that each beam is deflected 15° off the optical axis. As 

aforementioned, the period of the structures depends on the input angle of the laser beams 

into the interference plane as well as the laser wavelength [87]. The interference process 

time has been 30 s. 

 

Fig. 7.1. Cross-section and top view of a) the alumina substrate. b) the platinum deposited to 

perform as a heater, c) interdigitated electrodes, d) ZnO deposited on the interdigitated 

electrodes, e) thermal treatment (TT), f) ZnO structuration by DLIL. 
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Gap between fingers, g 20 µm 

Gap at the end of the fingers, fg 30 µm 

Finger width, fw 70 µm 

Finger length, fl 950 µm 

Electrode thickness 320 nm 

Number of fingers, n 11 

Total area 1 mm2 

Table 7.1. Parameters of the interdigitated electrodes sputtered on the substrate. 

7.1.2. Characterization 

The ZnO sensing material has been analyzed in a FEG-SEM JSM-7000F, with an 

Integrated EDS Solution system after thermal treatment and DLIL process. A JPK 

NanoWizard AFM has been employed to study the morphology of the ZnO. It has been 

operated in intermittent contact mode using a silicon tip (r < 10 nm) with a resonant 

frequency of 300 kHz and a force constant of 40 Nm-1. 

The electrical response of the developed sensors has been analyzed for 4 different 

NO2 gas concentrations at different temperatures in wet and dry atmospheres. The scheme 

of the setup implemented for the electrical measurements is shown in Fig. 7.2. The 

response of the sensors has been measured in a cylindrical aluminum chamber of 10.8 ml. 

Bronkhorst mass flow controllers (MFC) have been used to control the gas flow. The total 

flow into the chamber has been set at 120 sccm for experiments in dry air and 400 sccm 

for measurements under wet conditions. To generate the wet atmosphere, dry air goes 

through a water reservoir, where it turns to wet air. The NO2 gas has been taken from 

certified bottles mixed with synthetic air (Air Liquide). 

The sensor performance is measured by applying a constant voltage of 3 V and 

measuring the resistance utilizing a source-meter Keithley 2635A with automated data 

acquisition. The sensor response is given by dividing Rg/Ra, where Rg is the resistance 

after 30 minutes of exposure to gas, while Ra is the baseline resistance measured in air. 

The sensor is continuously heated to maintain the selected working temperature except 

for measurements at room temperature. Before the first measurement, it is stabilized 

overnight at a temperature of 225 C. The temperature achieved on the sensor depends 

linearly on the power supplied to the heater. Fig. 7.3 shows the power required to achieve 

the desired temperature on the sensor. 
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Fig. 7.2. Layout of the set-up for the electrical measurements of the gas sensors. 

 

Fig. 7.3. Temperature produced in the sensor depending on the power applied to the heater. 

7.2. Results and discussion 

7.2.1. Material characterization 

The material characterization has been performed by SEM and AFM. The SEM 

images show the ZnO grains obtained for each process. The ZnO grains shown in Fig. 

7.4. a) exhibit a hexagonal wurtzite structure, with a good degree of preferential 

orientation along the c-axis, in agreement with the results presented in Chapter 4. The 

thermal treatment of the material produces a rearrangement of atoms that reduces the 
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separation of the grains (see Fig. 7.4.b)), resulting in a more stable and less resistive 

material [204], [206], [234]. The ZnO thin film nanostructured by the laser interference 

is shown in Fig. 7.4. c), where the 2D periodic pattern achieved can be seen. 

 

Fig. 7.4. SEM images of the ZnO deposition performed at a) 375 °C, b) 375 °C and thermal 

treatment of 700 °C for 4 h and c) 375 °C and thermal treatment of 700 °C for 4 h and Laser 

interference lithography. 

Fig. 7.5 shows that the roughness of the thin film varies with the thermal treatment 

and subsequent DLIL process. The AFM image of the as-grown ZnO (see Fig. 7.5. a)) 

shows a grain profile with a height variation of 200 nm, whereas, in the annealed ZnO 

layer the average height of the grains is 40 nm approximately (see Fig. 7.5 b)). This height 

reduction confirms the rearrangement of the atoms, producing a denser and less rough 

thin film. The sample processed with laser exhibit an interference pattern, as is observed 

in c), with the period around 800 nm. This value is in accordance with the theory of the 

three-beam interference since the theoretical interference period for the parameters of our 

setup, given by the equation Eq. 2.4 is 792 nm. As studied in the previous chapter, the 

laser interference process affects the structuration of the material and its morphology. 

This happens because a frequency of 500 Hz is high enough to produce heat 

accumulation. The heat accumulation produced in the ZnO thin film acts like a rapid 

thermal treatment, which makes the grain boundaries smother, as is depicted in Fig. 7.4 c). 

The rapid thermal treatment has a positive effect on the crystal quality and produces the 

vertical alignment of the grains as mentioned in the previous chapter. The conclusion 

extracted from the nanocorrugation is that laser affects the material in two different ways. 

It produces the upgrade of the crystallinity and vertical alignment of the grains, as well 

as an increase of the surface-to-volume ratio [215], [224], [225]. 

 

Fig. 7.5. AFM images and the profile of the ZnO samples grown at a) 375 °C, b) 375 °C and 

with thermal treatment of 700 °C for 4 h and c) 375 °C with thermal treatment of 700 °C for 4 h 

and subsequent DLIL. 
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7.2.2. Sensor performance 

In order to analyze the influence of the laser nanostructuration on the ZnO gas 

sensing performance, tests have been carried out with two types of sensors: a) only-

annealed ZnO and b) ZnO annealed and then processed by laser. 

Responsivity and recovery time (125 ºC-200 ºC) 

Responsivity (also known as sensitivity) tests have measured the response of the 

developed sensors to NO2 gas concentrations ranging from 0.5 to 4 ppm at temperatures 

ranging from room temperature to 200°C. 

The results obtained for both sensors in the temperature range from 125 to 200°C 

are shown in Fig. 7.6. In the case of the annealed sensor, the relative resistance change 

increases with decreasing temperatures, so the sensitivity of the sensor increases. On the 

other hand, the laser processed sensor shows a response peak at 175 C and then it lessens 

for lower temperatures. Another difference observed after laser processing that means an 

advantage is that the baseline resistance value of the material decreases, which is always 

a desirable feature for easier integration of the sensor with signal processing circuits, and 

a more power-efficient device. This reduction can occur due to an improvement in the 

conduction channels between the grains because of the heat accumulation produced 

during the laser processing ( see section 4.2.3). 

As it is shown in Table 7. 2, the recovery percentage of the baseline resistance 

decreases alongside the temperature in both sensors. The recovery time has been 

calculated as follows: 

Rg − R15/30 

Rmax − Rbaseline
 

(7.1) 

where Rg is the resistance after 30 min of NO2 presence, R15/30 is the resistance 15 or 30 

minutes after the gas exposure and Rbaseline is the baseline resistance of the sensor. 

 

Fig. 7.6. Dynamic response curves of zinc oxide (only annealed and processed with laser 

interference) to decreasing NO2 concentrations (4, 2, 1, and 0.5 ppm) at 4 different temperatures 

(200 to 125 C). 
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 TT resistance recovery TT+DLIL resistance 

recovery 

15 min 30 min 15 min 30min 

200 °C 95% 99% 82% 92% 

175 °C 88% 94% 87% 92% 

150 °C 82% 88% 76% 84% 

125 °C 66% 73% 60% 71% 

Table 7. 2. Percentage of baseline resistance recovered for a concentration of 4 ppm, for the 

temperatures 200 °C, 175 °C, 150 °C, and 125 °C. 

The following figure (see Fig. 7.7) compares the response of samples with laser 

(labeled TT+LIL and plotted with stars) and without laser processing (plotted with 

circles) at four different temperatures. 

The sensitivity is higher at 200 °C and 175 °C in the sensors with the DLIL process. 

For the temperature of 150 C, the sensitivity is similar in both sensors, and for the 125 C 

case, the sensitivity is better for the only annealed sensor. The highest resistance increase 

is achieved at 175 C, which shows an increase in the response from 400% to 600%. This 

magnitude is similar or higher than the obtained in other works in the literature with the 

sensor working in a temperature range between 125 C and 200 C [179], [235], [236]. 

Apart from the responsivity values, another positive aspect that the laser processed 

sensors provide is the improvement of the linearity of the response. 

 
Fig. 7.7. Response to nitrogen dioxide at different temperatures of the only-annealed samples 

compared to the annealed samples with the DLIL process. 



Chapter 7. NO2 gas sensor based on ZnO 

117 

 

Responsivity and recovery time (Room Temperature-100 ºC) 

While non-processed samples do not respond to NO2 at temperatures below 100 C, 

it has been possible to detect NO2 with the DLIL processed samples down to 50 C and 

even at room temperature as Fig. 7.8 shows. While the recovery time (see Table 7.3) gets 

longer as temperature decreases, it is remarkable that the device still has a perfectly 

measurable response at room temperature, which can be seen in Fig. 7.9. 

The ability to detect gases at room temperature with the laser-processed sensor in 

contrast to the unprocessed one could be due to several factors. 

Oxygen vacancies have been proposed by some authors as the main contributor to 

ZnO gas responsivity due to their low formation energy [237]–[239]. However, the 

response improvement not only comes from oxygen vacancies but also from Zn 

interstitials [240]. K. Ganapathi et al. show the effects of nanostructuring (flower-like 

nanostructures) the ZnO on the sensing of the NO2. They probed that a superior sensor 

response is achieved due to the presence of oxygen vacancies and zinc interstitials. They 

have also demonstrated that NO2 interacts with the ZnO in different ways. These have 

been verified by an XPS study of the ZnO after NO2 exposure through the formation of 

different nitrogen species, reduction in oxygen concentration, and shift in Zn peak [183]. 

Another work done by L. Parellada et al. shows that Laser Induced Periodic Surface 

Structures (LIPSS) can modify the morphology and defects of the ZnO. They analyze the 

ZnO by Raman spectroscopy, revealing a decrease in the wurtzite structure of ZnO 

structure and an increase of the surface defects such as Zn interstitials [178]. From a 

chemoresistive point of view, L. Parellada et al., have demonstrated through XPS analysis 

that both thermal and laser treatments produce an increase in the number of oxygen 

vacancies and/or interstitials regions that leads to a Zn gain [215]. Regarding the analysis 

of these works, the results that have been obtained in this design could indicate that a 

higher number of surface defects are obtained when processing the material with laser 

interference. 

Another factor is that vertically oriented ZnO nanomaterials have been probed 

beneficial for gas sensing. The ZnO growth along the c-axis provides high carrier 

mobility, which is essential for low ppm-ppb level sensing performance [241]. Besides, 

the nanostructuration of the material increases the material surface area and therefore the 

surface-to-volume ratio, which has been probed relevant to perform room temperature 

NO2 gas sensing with ZnO [179], [185], [242]. Therefore, the growth of vertically 

oriented ZnO grains observed in the SEM images (see Fig. 7.4 a)) in addition to an 

increase of the surface-to-volume ratio due to the nanostructuring process by laser 

interference, also can explain the improved sensing performance of the laser-processed 

sensor. 
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Fig. 7.8. Dynamic response curves of zinc oxide (only annealed and processed with laser 

interference) to decreasing NO2 concentrations (0.5 to 4 ppm range) at 3 different temperatures 

(100, 75 and 50 C) (left) and at room temperature (right). 

 
Fig. 7.9. Sensitivity curves of zinc oxide processed by laser in the 0.5 to 4 ppm range at 3 

different temperatures (100, 75 and 50 C) (left) and at room temperature (right). 

 TT+DLIL resistance recovery 

15 min 30min 

100 °C 52% 62% 

75 °C 51% 61% 

50 °C 39% 51% 

RT 35% 47% 

Table 7.3. Percentage of baseline resistance recovered for a concentration of 4 ppm, for the 

temperatures 100 °C, 75 °C, 50 °C, and room temperature. 

Limit of detection 

The limit of detection (LOD) is defined as the minimum gas concentration 

measurable. It has been estimated using the following expression: 

LOD = 3·σ/a, (7.2) 
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where σ is the standard deviation of the linear regression of responsivity vs concentration 

and a is the slope [243]. As Table 7.4 shows, the limit of detection is lower at higher 

temperatures and it increases at lower temperatures. It is also remarkable that the LOD is 

fewer for the sensors with the laser treatment, being minimum for the case of TT+DLIL 

working at 175°C. 

Sample LOD (ppm) Sample LOD (ppm) 

TT at 200 °C 0.14 TT+DLIL at 200 °C 0.17 

TT at 175 °C 0.43 TT+DLIL at 175 °C 0.09 

TT at 150 °C 0.53 TT+DLIL at 150 °C 0.24 

TT at 125 °C 0.62 TT+DLIL at 125 °C 0.32 

 TT+DLIL at 100 °C 0.40 

TT+DLIL at 75 °C 0.48 

TT+DLIL at 50 °C 0.51 

TT+DLIL at RT 1.1 

Table 7.4. Detection limit LOD statistically calculated for each sensor. 

Repeatability 

The repeatability is another key factor for the gas sensing devices, to demonstrate 

the durability of the gas sensor, two identical  sensitivity tests have been carried out. Both 

measurements have been performed at 200 °C, for 4 different NO2 concentrations, 4 ppm, 

2 ppm, 1 ppm, and 0.5 ppm. The first test has been done with the sensor recently 

fabricated. The second measurement has been performed after two weeks. During this 

two-week interval, several measurements in humid air have been performed. The results 

shown in Fig. 7.10 probe that there are no substantial changes in the sensor behaviour. 
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Fig. 7.10. Dynamic response curves of zinc oxide (processed by laser) to decreasing NO2 

concentrations (4, 2, 1, and 0.5 ppm) at 200 C for a new gas sensor and after two weeks. 

Humidity influence 

A factor that highly affects the sensing performance of chemoresistive sensors is 

environmental humidity. Therefore, it should be considered in the sensing performance 

of ZnO thin films for a realistic application. Resistance measurements have been 

performed for concentrations of 0.5 and 1 ppm under two different relative humidity (RH) 

conditions, 25% and 50%, with a sensor, only annealed (see Fig. 7.11) and annealed and 

processed by DLIL (see Fig. 7.12). The results show a resistance drop when the sensor is 

in contact with the water molecules in all cases. This is in concordance with the theory, 

which says that the physisorbed and chemisorbed water molecules form OH- ions that 

bond to ZnO, leading to a reduction of the baseline resistance. Table 7.5 shows the 

response achieved for every configuration, showing minor losses of the sensor treated by 

laser, since the sensitivity does not vary from being in dry air or humid conditions for 

25% of relative humidity. The sensor only annealed also shows promising results under 

25% of relative humidity, worsening the response a 12.5% and a 4% for 1 ppm and 0.5 

ppm concentrations with respect to the sensor performance in dry air. When performing 

the experiments for 50% of relative humidity, the sensor only annealed has a 20% and 

4% less response for 1 ppm and 0.5 ppm. Whilst the patterned one has a 17% and 1.7% 

deficit, presenting a soft improvement. In general, the wet environment makes that the 

absorbance of water by the ZnO surface decreases the sensor response due to a less 

number of chemisorption oxygen species. At high levels of humidity, the water molecules 

can act as well as a barrier against NO2 absorption [244]–[246]. Similar ZnO structures 

have been probed to improve gas sensing in humid environments. R. L. Fomekong et al., 

have grown ZnO through spray pyrolysis, performing measurements under different 

relative humidity up to 10%. Showing as well, a decrease in the baseline resistance and a 

reduction of the sensitivity for a 100 ppm concentration of NO2 [247]. In this work, the 

NO2 concentration is high and the relative humidity percentage low, hence, it is not 
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representative of a real application. S. Vallejos et al. have performed gas sensors based 

on ZnO films with rod and needle morphologies via AACVD. The sensing under wet 

ambient shows the reduction of humidity interference due to a higher concentration of 

oxygen vacancies and the higher surface-to-volume ratio of the structures. These results 

can be extrapolated to explain the improvement achieved by our sensor processed by laser 

[248]. 

 

Fig. 7.11. Dynamic response curves of zinc oxide (only annealed) to decreasing NO2 

concentrations (1 and 0.5 ppm) at 200 C with dry air and 25 % or 50% of relative humidity 

conditions. 

 

Fig. 7.12. Dynamic response curves of zinc oxide (after annealing and DLIL) to decreasing NO2 

concentrations (1 and 0.5 ppm) at 200 C with dry air and 25 % or 50% of relative humidity 

conditions. 
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 Response (Sensor only annealed) Response (Sensor annealed and DLIL) 

 Dry air 25% RH 50% RH Dry air 25% RH 50% RH 

1 ppm 240 210 193 255 251 212 

0.5 ppm 168 162 161 170 170 167 

Table 7.5. Comparison of the sensitivity of the gas sensors in a humid environment (25% and 

50%) for the sensors fabricated with only annealing and annealing plus DLIL. 

7.3.  Conclusions 

Final validation of the developed system has been presented through an application 

that consists in the improvement of ZnO-based gas sensors. For the application analysis, 

the gas sensors have been fabricated by two different processes, the first one depositing 

and annealing the ZnO and the second one being annealed and processed by laser 

interference. 

The DLIL processed sensing material gathers a series of benefits compared to only 

annealed ZnO that make it very competitive. It allows improving the usual performance 

of this type of sensor, achieving a 600% of sensitivity for a concentration of 4 ppm at 

175 °C. The resistance of the laser-processed sensor is more stable, moreover, the 

baseline resistance decreases, which makes this device more power-efficient. NO2 

sensing at room temperature has been achieved, obtaining a 130% of sensitivity for a 

concentration of 4 ppm. Repeatability has been demonstrated in a two weeks period. 

Besides, less deficit of the gas sensing response under humid ambient has been probed 

for 25% and 50% of relative humidity, producing a less negative influence in the response 

with the sensor nanostructured by laser for both RH conditions. 

The general sensing improvement, as well as the room temperature NO2 gas 

sensing, come from several aspects. 

• The vertically oriented ZnO grains that our AACVD technique provides and 

DLIL improves. 

• The increase of surface defects obtained by processing the material with 

DLIL. 

• The increase of surface-to-volume ratio due to the surface pattern generated 

by the DLIL process. 

This work presents very promising results for NO2 sensing at room temperature, 

but further work must be done on the fabrication and characterization of the sensing 

material in order to improve the sensor performance. 

.
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After a detailed description of the design of the different experimental modules and 

their implementation and validation, this chapter presents a brief conclusion of all the 

results obtained. Finally, some future work proposals to continue with the line of this 

thesis are presented. 

8.1. Conclusions 

In this thesis, a complex fabrication system that combines patterning with 

interferometric light and AACVD deposition of thin films has been developed after 

extensive lecture and investigation of the state of the art techniques and equipment. The 

complete setup has been developed with the objective of producing dense arrays of 

identical nanostructures of precise size, shape and composition. Information extracted 

from previous works and simulations and experiments carried out during this thesis have 

given the pieces of evidence to design the modules of the complete set-up. These 

investigations lead to a system that includes a pulsed laser, a reaction chamber, an 

interference system and the atomizer plus gas systems. 

o To validate the generation of thin films through the AACVD module, several ZnO 

thin films have been deposited.  

o In order to fully understand this method, the effects of deposition parameters on 

the grown thin films and the growth kinetics have been studied. Aerosol flow 

has been confirmed to slightly influence the size of the particles. In the range of 

4 to 8 L/min studied, the variation in grain size is less than 30 %. On the contrary, 

the deposition temperature has a significant  impact on the grain size and 

morphology. Grain sizes range from 0.07 µm2 to 0.47 µm2  (average) for the 

temperatures 375 ºC and 400 ºC. The crystallinity also presents variations in the 

orientation planes. The grains with the highest degree of preferential orientation 

along the c-axis are the particles grown at 375 °C. The activation energy of the 

chemical reaction is 1.06 eV, which is higher than the activation energy 

presented in other works performed with the spray pyrolysis deposition 

technique. The analysis of the electrical transport properties of the ZnO thin 

films has been performed by impedance spectroscopy. The electrical 

measurements have been interpreted using a model in which the conduction 

pathway goes through grains and grain boundaries. The model can be 

extrapolated to an equivalent circuit, which consists of two RC parallel circuits, 

representing the impedance of grains and grain boundaries, in series. The 

resistance of the grain boundaries decreases after annealing of the sample due to 

a reduction in the number of grain boundaries. Besides, there is a modification 

of the resistance values associated with grain conduction of the samples with and 

without annealing. This fact can be explained by the rearrangement of atoms 

during the thermal process.  

o The preliminary optical characterization shows that there is a relation 

between the thin film thickness and the spectrographic measurements, 

opening the possibility of an in-situ growth monitoring. 

o The study of the laser-substrate interaction is essential to implement the Pulsed Laser 

AACVD technique.  
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o For the cumulative thermal analysis, the heat accumulation effects studied by the 

thermographic camera concur with the results obtained from the multi-pulse 

thermal model. The heat accumulation produces a background temperature that 

has a linear dependence on the laser power and a very low dependence on the 

pulse duration.  

o The model for the single pulse thermal behavior is analyzed through a Matlab 

program. The thermal simulations for a single pulse exposure show that the 

temperature produced on the surface is smaller for longer pulses and it has a 

linear dependence with the laser power.  

o The validation of the PLAACVD technique is achieved for a laser pulse duration 

of 200 ns. The temperature produced by the laser on the substrate surface assists 

the chemical reaction. The results given by the combination of the multi-pulse 

and single-pulse models show that using a 200 ns pulse, the temperature on the 

substrate is appropriate regarding the ZnO deposition. With the assistance of  the 

thermal analysis, we have grown ZnO crystals using the PLAACVD technique, 

for which the temperature stability on the substrate has been demonstrated as a 

crucial parameter. 

o To perform the nanopatterning with the Laser Interference (LI) module, two 

general approaches, bottom-up and top-down, have been considered. To investigate 

the viability of the two routes, two different lasers have been analyzed, the 1064 nm 

MWTECH fiber laser and the 355 nm Innolas nanosecond laser.  

o Laser interference with a high-frequency laser has been demonstrated by means 

of a C-MOS camera for the 1064 nm MWTECH fiber laser. However, the use 

of high-frequency nanosecond laser entails high heat diffusion, which prevents 

the bottom-up and top-down nanostructuration. 

o The 355 nm laser, with a frequency of 500 Hz, has proven to be suitable for the 

top-down approach. 

o To validate the integration of the LI module with the AACVD technique, in-situ 

nanopatterning has been accomplished with the Innolas nanosecond laser on ZnO 

thin films grown by AACVD.  

o The patterns obtained are in concordance with the laser interference theory. The 

theoretical period is 792 nm, meanwhile, the experimental one is around 800 nm. 

Structural modifications of the ZnO grains have been observed when they are 

processed by a 3-beam interference configuration with a power of 220 mW per 

beam. 

o The height of the nanostructures can be explained by the ablation depth 

dependence with the number of pulses theory stated by Marangoni. Increasing 

the height to 200 nm in the first 10 s and then decreasing to 60 nm when exposed 

to LI for 60 s. 

o An increase in the surface-to-volume ratio is also reported due to laser 

interference processing.  

o Furthermore, a one-step corrugation of a gold thin film is achieved, presenting a 

structure height around 20 nm, and a low period of the structures, around 1.3 

µm, which suppose a breakthrough in the one-step nanostructuration of gold thin 

films. 
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o Finally, gas sensor devices to detect NO2 have been developed as an application 

for the nanostructured ZnO thin films resulting from the combination of the 

AACVD and LI modules.  

o It has been confirmed an enhancement of the usual performance of this type of 

sensors, achieving a 600% of sensitivity for a concentration of 4 ppm at 175 °C.  

o The baseline resistance of the laser-processed sensor is lower and more stable, 

which makes this device more power-efficient.  

o NO2 sensing at room temperature has been achieved, obtaining a 130% of 

sensitivity for a concentration of 4 ppm.  

o The general sensing upgrading as well as the room temperature NO2 gas sensing 

could come from several aspects. The first one is the increase in the number of 

surface defects obtained by processing the material with DLIL. The second one 

is the vertically oriented ZnO grains that our AACVD technique provides and 

DLIL improves. The last one is that the surface pattern generated by the laser 

process increases the surface-to-volume ratio. 

o Improvement of the gas sensing under humid ambient has been proved for 25% 

and 50% of relative humidity, increasing the sensitivity a 10% and 4 % for the 

25% RH condition for the sensor nanostructured by laser.  

o On the whole, this work presents promising performance in NO2  sensing at room 

temperature and in humid environment  as well as optimistic results in long-term 

stability. 

8.2. Future work 

This work has presented the validation of a system that integrates the AACVD and 

the LI modules. The complete setup is capable of producing the in-situ growth and 

nanostructuration of ZnO. The production of the nanostructures with our technique 

suppose an enhancement in the performance of the typical ZnO-based NO2 gas sensors. 

However, to improve the fabrication processes and the gas sensing application, future 

work should be carried out: 

• More Computational Fluid Dynamics simulations in order to know how to achieve 

a 3 inches uniform thin film deposition of the materials. 

• During this thesis, it has been tried to perform XRD images of the different 

nanostructured samples. However, the area of interest is small, about 2 mm2. This 

fact obliges to use of an X-ray beam with a very small diameter. Besides, the ZnO 

film is thin, which implies the use of small angles (0.5°-4°). With our current X-

Ray system, we are not able to use collimated X-ray beams of 2 mm of diameter 

together with low incidence angles. For these reasons, we cannot show XRD 

images of the nanostructured materials. In the future, a wider material 

characterization must be done not only by XRD but also by XPS and other types 

of analysis. 

• One of the principal issues of the gas sensors fabricated is the recuperation time. 

The next steps should be focused on improve this part. The fabrication of new 

sensors with different AACVD and LI parameters could lead to a better sensitivity 

and efficiency of the gas sensing due to that a different morphology modification 

would be obtained. 
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• Another future line of work is to grow wolframium and study their sensing 

properties when nanostructured by DLIL. 
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A new laser enhanced aerosol assisted chemical vapor 

deposition for thin film growth in electro-optical devices. 

S. Sanchez1, G. García-Mandayo1, I. Ayerdi1, M. Hopkinson2, D. Li3, 

S.M. Olaizola1, E. Castaño1. 

1 Ceit and Tecnun, University of Navarra, San Sebastian, Spain. 

2 Department of electronic and electrical engineering, University of Sheffield, Sheffield, 

UK. 

3 JR3CN&IRAC, University of Bedforshire, Luton, UK. 

In an AACVD process, precursors are dissolved in a solvent, and a nebulizer generates an aerosol. 

These droplets are transported to the chamber reactor by a carrier gas where the chemical 

reactions occurred to form the desired film. This technique has some advantages in comparison 

to conventional CVD; for instance, it has a wider availability of precursors, easier delivery and 

vaporization of the precursors and a higher deposition rate. In an AACVD standard process the 

reaction is thermally activated by heating the substrate where the deposition takes place. The 

aim of the present study is to increase even more the advantages, therefore, a new technique 

for the  thermal activation of the reaction has been probed; the pulsed laser-enhanced aerosol 

assisted chemical vapor deposition (LEAACVD). This technique is a one-step deposition of ZnO 

thin films and direct writing of structures, which is a breakthrough toward faster thin films 

deposition techniques. LEAACVD has been implemented through a custom designed reaction 

chamber with an optic viewport for the wavelengths; 355, 532 and 1064 nm, and capacity for 

substrates of 3 and 4 inches. The fabrication of LEAACVD ZnO films with a fully controlled 
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deposition rate and morphology have been achieved. This innovative fabrication process is 

expected to have a strong influence in electro-optical devices.  
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A novel aerosol assisted chemical vapor deposition induced 

by a nanosecond laser beam for ZnO thin film growth. 

Sergio Sánchez(1,2), Isabel Ayerdi(1,2), Nerea Gil González(1,2), Oihane Beldarrain1, Gemma 

García Mandayo(1,2), Santiago Olaizola(1,2), Enrique Castaño(1,2). 
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2Universidad de Navarra, Tecnun, Manuel Lardizabal 13, 20018 Donostia / San Sebastián, Spain. 

Contact name: Sergio Sánchez (ssmartin@tecnun.es). 

ABSTRACT 

Aerosol-assisted CVD (AACVD) is a thermally activated CVD technique that uses micro-

droplets as deposition precursor. This technique has some advantages in comparison to 

conventional CVD; for instance, larger quantity of precursors available, easier delivery and 

vaporization of the precursors and a higher deposition rate. The aim of the present study is 

to increase even more these advantages developing a new laser-based technique 

denominated Pulsed Laser-Enhanced Aerosol Assisted CVD (LEAACVD). This technique 

allows the deposition of thin films and the direct writing of structures in them in a single-

step process, which is a breakthrough toward faster thin film deposition/patterning 

techniques. A LEAACVD system with a custom-designed reaction chamber with an optic 

viewport for 355, 532 and 1064-nm wavelengths, and capacity for 3 and 4-inch substrates 

has been implemented and ZnO thin films have been grown in it. This innovative 

fabrication process is expected to have a strong influence in electro-optical devices. 

 Key words: Aerosol-assisted chemical vapor deposition (AACVD), ZnO thin film, 

 laser technique. 
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Combination of nanosecond pulsed laser and Aerosol 

Assisted Chemical Vapor Deposition for ZnO growth. 

Sergio Sanchez Martin(1,2), Oihane Beldarrain1, Enrique Castaño (1,2), Gemma García 

Mandayo (1,2), M. Hopkinson3, D. Li4, Erkki Levanen5, Santiago Olaizola(1,2). 
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Aerosol-assisted chemical vapor deposition (AACVD) is a widely used method for the growth of 

thin-film materials. The advantages of this technique are a lower temperature processes, a wide 

availability of precursors, a higher deposition rate and a better stoichiometric control compared 

with other conventional thin film deposition techniques [29], [38], [49], [56], [114]. In the 

standard technique, precursors are dissolved in a solvent, and an atomizer generates an aerosol 

of the resulting solvent-precursor mixture. This aerosol is transported by the carrier gas to the 

reaction chamber where the chemical reactions are thermally activated so the film grows on the 

substrate. 

Likewise, Laser-Assisted Chemical Vapor Deposition (LACVD) is another innovative technique for 

depositing thin films by inducing surface chemical reactions. In the case of pyrolytic activation, 

the laser and substrate interacts to reach the temperature needed to accomplish the chemical 

reaction on the substrate surface [70]. The collisions between the reactants and the hot spot 
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can induce chemical reactions and form bonds with the substrate by means of chemisorption. 

As the material only grows where the light beam reaches the substrate, good dimensional 

control is achieved.  

In this work, we combined both techniques (AACVD and LACVD) to develop a novel laser-based 

deposition method denominated Laser-Enhanced AACVD (LEAACVD). Experimental results using 

AACVD technique are initially carried out for the particular case of ZnO growth. We used zinc 

chloride as the precursor and the process was performed in a customized reactor. We concluded 

that the best range of temperatures to achieve an adequate ZnO film growth was 375-400ºC. 

Subsequent experimental measurements and simulation have been done to study the laser-

substrate interaction, regarding a high influence of the laser power and the pulse time duration 

in the heat process. Employing the suitable parameters that provide the temperature of growth, 

ZnO grains are obtained as figure 1 shows. 

 

To characterize the morphology and composition of the layer, the samples were analyzed by 

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray spectroscopy (EDX), the 

thickness of the samples was calculated with AFM and cross-sectional analysis with SEM. All the 

films present a granular morphology such as the one shown in figure 1. Consequently, this 

innovative technique will enable the deposition of thin-films and the direct writing of specific 

material patterns in a single-step process, which is a leap towards faster thin film patterning 

techniques combining laser interference lithography with AACVD. 

  

 

Figure 1. SEM image of ZnO grains on stainless steel for a laser power of 5.25 W and a pulse time 

duration of 200 ns, the deposit time was 2 hours. 
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Periodic micro and nanostructures have a wide interest in fields as optoelectronic 

devices, gas sensors, or biotechnology. Laser Interference Lithography (LIL) has been 

studied for the fabrication of periodic structures, but this technique usually requires 

multiple steps. We have developed a single-step system in which we grow the material 

with and Aerosol Assisted Chemical Vapor Deposition (AACVD) technique and 

simultaneously we perform the LIL technique. The advantage of this technique is that we 

could grow numerous different materials and nanostructure them in a safe and simple 

single step. 

Materials with periodic micro or nanostructures have a wide interest in fields as 

optoelectronic devices, gas sensors, or biotechnology. Laser Interference Lithography 

(LIL) has been studied for the fabrication of periodic structures, but this technique 

requires previously growing a thin film layer. On the other hand, Aerosol-assisted CVD 

(AACVD) is a thermally activated CVD technique that uses micro-droplets as deposition 

precursor. This technique has some advantages in comparison to conventional CVD; for 

instance, a larger quantity of precursors available, easier delivery and vaporization of the 

precursors, and a higher deposition rate. 

In this work, we have developed a single-step system in which we grow the material 

with the AACVD technique and simultaneously we perform the LIL technique. The main 

benefits of this new technique are that we could grow different types of materials due to 

the versatility of the AACVD technique and at the same time, nanostructure them. The 

experimental setup is made by a reaction chamber, which has a viewport on the top, an 

atomizer, a gas system, the interference system, and a nanosecond laser, which could 

work at three different wavelengths; 1064 nm, 562 nm and 355 nm. The interference 

system is formed by a diffractive optical element (DOE) and a lens system, allowing the 

interference of four beams. Utilizing this novel technique, nanostructured ZnO thin films 

have been achieved. This work shows the results varying the laser power and exposure 
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time. These results have been studied with a profilometer, a Scanning Electron 

Microscope (SEM), and an AFM. 
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In-situ laser interference assisting the AACVD 
growth of ZnO sub-micrometric structures 

S. Sánchez-Martín(1,2),  O. Beldarrain(1,2 ), E. Castaño(1,2), G.G. Mandayo(1,2), I. Ayerdi(1,2 

), S. M. Olaizola(1,2) 

1 CEIT-Basque Research and Technology Alliance (BRTA), Manuel Lardizabal 15, 20018 Donostia / San Sebastián, 
Spain. 

2 Universidad de Navarra, Tecnun, Manuel Lardizabal 13, 20018 Donostia / San Sebastián, Spain 

Contact name: SM Olaizola (yolaizola@ceit.es ). 

Aerosol-assisted chemical vapor deposition (AACVD) is a widely used method for the growth of thin 
films. Its main advantages are that it has readily temperature requirements, good stoichiometric and 
morphology control, high deposition rate, it is cost-effective and it has wide availability of precursors 
compared with other conventional thin film deposition techniques, as MOCVD or ALD, [49]. On the 
other hand, Laser-Assisted Chemical Vapor Deposition (LACVD) is an innovative technique for thin 
film deposition by laser inducing surface chemical reactions [71], [72]. Our aim in this work is to 
take a step forward and combine the generation of laser interference patterns with AACVD 
technique to grow ZnO sub-micrometric structures in a single step.  

The experimental set-up consists of two subsystems: the AACVD subsystem and the laser 
interference subsystem. The former consist of one atomizer (Palas UGF 2000) to generate the aerosol, 
a carrier gas system to draw the aerosol into a reaction chamber, and the reaction chamber where 
the deposition takes place. The interference subsystem consists of a nanosecond-pulse laser (355 nm 
wavelength, 15 ns pulse duration, 3 mm beam diameter, and 1 kHz frequency), one Diffractive 
Optical Element (DOE) which splits the original laser beam into 3 beams, and 3 mirrors that steer 
the 3 beams into the reaction chamber, so that the interference pattern is generated on the surface 
of the substrate.  

ZnO thin films have been grown on an alumina substrate with the conventional AACVD technique 
and then laser interference lithography (LIL) processes have been performed in the same reaction 
chamber to pattern sub-micrometric structures on the thin film. SEM images, profilometry and AFM 
measurements have been used to characterize the samples obtained .As well as to study the period 
and the pattern produced for our 3-beam interference system (Fig. 1 a), which is between 800 and 
900 nm.  
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In a second phase, single-step processes of simultaneous AACVD+LIL have been carried out. For this 
purpose, thermal simulations have been performed with Matlab. The program simulates the heat 
equation with the three beams as a heat source and taking into account the laser and the substrate 
parameters. Fig 1.b shows the temperature induced by the three beam interference in alumina. 
Knowing from previous work performed with the same set-up that ZnO is deposited correctly in a 
temperature range from 325 to 400ºC, it is concluded that a laser fluence of 0.3 J/cm2 at the maximum 
point of the interference profile is the optimum value. The final ZnO deposition highly depends on 
the time in which there is the enough temperature to assist the chemical reaction, as observed in 
Fig. 1. c. 

 

(a)                                                                    (b)                                                                        (c) 

Figure 1 (a) ZnO grown on alumina and subsequently nanostructured by laser interference lithography. (b) Thermal 
simulation of the heat produced by a laser interference on alumina substrate. (c) Temporal temperature behaviour 
on the surface of the alumina when a train of pulses is incident on the substrate, the flat lines delimits the range of 
temperatures where there is ZnO deposition.  
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process for the growth of  ZnO thin films. 

Sergio Sánchez(1,2), Isabel Ayerdi(1,2), Oihane Beldarrain1, Gemma García Mandayo(1,2), Enrique 

Castaño(1,2), Santiago Olaizola(1,2). 

1 CEIT-Basque Research and Technology Alliance (BRTA), Manuel Lardizabal 15, 20018 Donostia 

/ San Sebastián, Spain. 

2 Universidad de Navarra, Tecnun, Manuel Lardizabal 13, 20018 Donostia / San Sebastián, Spain 

Contact name: Sergio Sánchez (ssmartin@tecnun.es). 

1. Abstract 

Aerosol-assisted chemical vapor deposition (AACVD) is a extensively used method for the growth of thin 

films. Its main advantages are that it has readily temperature requirements, it has a high deposition rate, it 

is cost-effective and it has safer availability of precursors compared with other conventional thin film 

deposition techniques, as MOCVD or ALD, [29], [38], [49], [56]. 

Laser-Assisted Chemical Vapor Deposition (LACVD) is an innovative technique for depositing thin films 

by laser inducing surface chemical reactions [47], [70], [71]. The laser interacts with the substrate, heating 

it until it reaches the temperature needed to assist the chemical reaction. As the material only grows where 

the laser beam reaches the substrate, a good dimensional control of the deposited material is achieved. 

Furthermore, the use of a nanosecond laser reduces the thermal diffusion through the substrate 

countenancing the growth of thin films on substrates with a low melting temperature. 

The standard AACVD deposition method has a high deposition rate, however, the patterning of 

micro- or nanostructures in the grown thin films requires several additional steps including lithographic 

processes. LACVD technique enables the direct patterning of the grown material, however, pulsed lasers 

provide low deposition rates. This is because there is no continuous temperature on the substrate but a 

transitory behavior. In this work, AACVD and LACVD techniques are combined in order to take advantage 

of their strengths while minimizing the disadvantages of each technique when used individually. 

2. Experimental and results 

In this work, the AACVD deposition of ZnO with the thermal assistance of a nanosecond pulsed laser is 

studied. A schematic diagram of the experimental set-up for the LEAACVD system is shown in Fig. 1. 

This setup includes a gas system to provide the carrier gas that delivers the aerosol droplets to the reaction 

chamber, an atomizer where the aerosol droplets are generated, a reaction chamber where the deposition 

takes place and a laser system to assist the AACVD process. In a first stage, the thermal effects of the 

nanosecond pulsed laser on the surface of the substrate have been analyzed for several pulse lengths and 

laser powers. The accumulation of heat in the substrate has been studied, measuring the temperature on the 

surface of the substrate using a thermographic camera. However, the transitory temperature peaks provoked 

by the pulsed laser cannot be captured by the camera. At that point, they have been studied by means of a 

MATLAB simulation using the 2D heat transfer equation (Fig. 2). In a second stage, ZnO thin films have 

been grown by AACVD and LEAACVD using zinc chloride as a chemical precursor. 

To study the material deposited with this new technique and based on previous AACVD results, two sets 
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of experiments were carried out. For the first one, a pulse duration of 200 ns and three different power 

values were considered; 5 W, 5,25 W and 5,5 W. For the second one, a pulse duration of 50 ns and 3 

different power values were chosen: 5 W, 6 W and 7 W. It has obtained ZnO grains (Fig. 3), which is a 

breakthrough in order to develop this new technique. 

 

Fig.1. Schematic diagram of the setup with; nanosecond pulsed laser, reaction chamber, atomizer and gas system. 

 

Fig.2. Temperature curves versus time when a pulse fall upon the substrate for 4 different pulse lengths; 10 ns, 20 ns, 

50 ns and 200 ns. The laser power is 5 W. The flat lines demarcate the range of temperature where there is ZnO 

deposition. 

 

Fig.3. ZnO grains deposited with the LEAACV technique, for a laser power of 5W, a pulse duration of 200 ns, and 1 h 

of deposit time.
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This appendix shows the results of several experiments to extend and reaffirm the 

analysis performed in some chapters of the thesis. 

Chapter 5. Thermographic camera pictures 

 

 

Fig. A2. 1. Pictures taken with the thermographic camera for 8W and 10 W, a laser pulse of 50 ns 

and different time exposures. 
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Chapter 6. Corrugated ZnO SEM images 

 

 

 

 

 

 

Fig. A2. 2. SEM images of the LI+AACVD of ZnO with the mirror system. 
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Chapter 6. Corrugated Au SEM images 

 

Fig. A2. 3. SEM images of the LI+AACVD of ZnO with the mirror system. 

 



 

 

 



 

 

 

 


