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Abstract

This thesis presents a systematic study of zinc oxide (ZnO) thin �lms synthesised by plasma-

enhanced atomic layer deposition (PEALD). The focus is on their structural, optical and photo-

catalytic properties as a function of the deposition conditions and their potential application in the

degradation of microplastics. A comprehensive set of characterisation experimental techniques

was used to analyse the �lms: grazing incidence X-ray di�raction (GIXRD), scanning and trans-

mission electron microscopy (SEM, TEM), X-ray photoelectron spectroscopy (XPS), UV-Vis

spectroscopy, secondary ion mass spectroscopy (SIMS) and photoluminescence spectroscopy

(PL).

Firstly, the in�uence of deposition temperature was investigated and it was found that �lms

grown at lower temperatures, particularly at60 � C, exhibited higher photocatalytic activity.

This improvement was attributed to a polycrystalline microstructure consisting of nanometre-

sized grains (� 5 nm) with a high surface-to-volume ratio and a dense network of grain

boundaries. These features promote the trapping of charge carriers at the surface and suppress

recombination, thereby increasing the availability of active species for photocatalytic reactions.

To enable deposition on thermally sensitive substrates, PEALD was also performed at room

temperature with di�erent radio frequency (RF) plasma powers. A strong dependence on

the plasma power was observed. Films deposited with powers below 200 W are amorphous

and showed a weak photocatalytic response, while those deposited at or above 200 W formed

nanocrystalline structures with signi�cantly improved photocatalytic activity. This shows that

both the deposition temperature and the plasma power are crucial parameters for tuning the

photoactive properties of ZnO �lms.

Based on these �ndings, ZnO thin �lms were applied to poly(ethylene terephthalate) (PET)

micro�bres for its photocatalytic degradation. Two sets of parameters (80 � C with 50 W and

room temperature at 250 W) were found to be particularly e�ective in yielding thin ZnO �lms

which initiate polymer degradation. A range of experimental conditions were investigated,

including di�erent water media (ultrapure water, tap water, water solutions), �lm thicknesses,
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light sources (UV and sun-simulated) and illumination durations. The best photocatalytic

degradation was achieved in tap water and simulated seawater under 48 hours of UV exposure.

Overall, this work demonstrates how �ne-tuning of PEALD parameters can lead to ZnO thin �lms

with tailored photocatalytic performance and opens new directions for their use in addressing

critical challenges in microplastic pollution and water treatment technologies.
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Saºetak

U ovom radu predstavljeno je sustavno istraºivanje tankih �lmova cinkovog oksida (ZnO)

dobivenih metodom plazmom potpomognute depozic¼e atomskih slojeva (PEALD). Poseban

naglasak stavljen je na ispitivanje njihovih strukturnih, opti£kih i fotokataliti£kih svojstava u

ovisnosti o uvjetima depozic¼e, s ciljem njihove primjene u razgradnji mikroplastike. Za

karakterizac¼u �lmova kori²tene su sljede¢e eksperimentalne tehnike: rendgenska difrakci-

jska analiza pri okrznuju¢em upadnom kutu (GIXRD), pretraºna i transmis¼ska elektronska

mikroskop¼a (SEM, TEM), spektroskop¼a fotoelektrona rendgenskim zrakama (XPS), UV-

Vis spektroskop¼a, masena spektrometr¼a sekundarnih iona (SIMS) i fotoluminiscentna spek-

troskop¼a (PL).

U prvom d¼elu istraºivanja analiziran je utjecaj temperature t¼ekom procesa depozic¼e. Utvrženo

je da �lmovi dobiveni pri niºim temperaturama, osobito na60 � C, pokazuju ve¢u fotokatali-

ti£ku aktivnost. Taj se u£inak pripisuje njihovoj polikristalini£noj mikrostrukturi, sastavljenoj

od nanometarskih zrna (� 5 nm), koja imaju velik omjer povr²ine i volumena te gustu mreºu

granica mežu zrnima. Ovakva struktura pogoduje zarobljavanju nositelja naboja na povr²ini i

smanjuje njihovu rekombinac¼u, £ime se pove¢ava u£inkovitost fotokataliti£kih reakc¼a.

Kako bi se omogu¢ila primjena ZnO �lmova na termalno osjetljivim podlogama, tanki ZnO

�lmovi su narastani i na sobnoj temperaturi uz primjenu razli£itih snaga plazme. Pokazalo se da

snaga plazme zna£ajno utje£e na svojstva �lmova. Filmovi sintetizirani sa snagama ispod 200

W su amorfni i pokazuju slabu fotokataliti£ku aktivnost, dok su oni narastani sa snagama od 200

W i vi²e razvili nanokristalini£nu strukturu uz znatno bolju fotokataliti£ku u£inkovitost. Ovi

rezultati pokazuju da su temperatura i snaga plazme klju£ni parametri za dobivanje funkcionalnih

svojstava tankih �lmova cinkova oksida.

Na temelju dobivenih rezultata, tanki ZnO �lmovi naneseni su na mikrovlakana poli(etilen-

tereftalata) (PET) radi ispitivanja njihove u£inkovitosti u fotokataliti£koj razgradnji mikroplas-

tike. Dv¼e kombinac¼e parametara,80 � C uz snagu od 50 W te sobna temperatura uz 250 W,

pokazala su se posebno u£inkovitima za dobivanje �lmova koji ubrzavaju razgradnju polimera.



xii

Istraºeni su razli£iti eksperimentalni uvjeti, uklju£uju¢i vrste vodenih med¼a, debljina �lmova,

izvori svjetlosti i trajanje razgradnje. Najve¢i stupanj razgradnje postignut je u vodi iz slavine i

u simuliranoj morskoj vodi nakon 48 sati izlaganja UV svjetlosti.

Zaklju£no, ovaj rad pokazuje kako se preciznim pode²avanjem PEALD parametara mogu dobiti

tanki �lmovi cinkova oksida s pove¢anom fotokataliti£kom u£inkovito²¢u te otvara mogu¢nosti

za njihovu primjenu u razgradnji mikroplastike i u suvremenim tehnolog¼ama pro£i²¢avanja

vode.
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Chapter 1

Introduction

The increasing pollution of ecosystems with organic pollutants, including dyes, pharmaceuticals

and microplastics, represents a signi�cant threat to the environment and human health [1]. The

World Health Organisation has recognised the scale of microplastic pollution and highlighted

its global signi�cance [2, 3]. Conventional methods for degrading microplastics, such as

mechanical �ltration and chemical oxidation, have shown limited e�ectiveness [4].

Among the various approaches, photocatalysis has emerged as a transformative technology for

the degradation of organic pollutants, as it can harvest photon energy and use it for the produc-

tion of reactive oxygen species [5]. In photocatalysis, semiconductor materials such as titanium

dioxide (TiO2) and zinc oxide (ZnO) absorb light energy and generate electron-hole pairs that

stimulate redox reactions to break down organic pollutants into less harmful compounds. When

a photon with energy equal to or greater than the band gap of the semiconductor is absorbed,

an electron is excited from the valence band to the conduction band, leaving behind a positively

charged hole. The excited electron can reduce dissolved oxygen to form superoxide radicals

(O2
ˆ� ), while the hole can oxidise water or hydroxide ions to generate hydroxyl radicals (ˆOH).

These reactive oxygen species act as powerful oxidants that attack and decompose organic con-

taminants. The photocatalytic process o�ers several advantages, such as ease of use, low energy

requirements and the potential for complete mineralisation of pollutants, i.e. their degradation

into inorganic end products such as carbon dioxide, water and mineral salts. However, the ef-

�ciency of photocatalysis is highly dependent on the properties of the semiconductor materials

used, in particular their structure and optical properties.

Among semiconductor photocatalysts, ZnO has attracted particular interest due to its favourable

band gap, high electron mobility and cost e�ciency. In addition, ZnO exhibits strong photo-

catalytic activity under ultraviolet (UV) light and has already been successfully used to degrade
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dyes [6], pharmaceuticals [7] and microplastics [8].

Despite the advantages of ZnO, conventional deposition methods such as sol-gel [9] and var-

ious sputtering techniques [10, 11] o�er limited control over �lm thickness, uniformity and

composition, which prevents optimal photocatalytic performance.

To overcome these challenges, atomic layer deposition (ALD) and its plasma-enhanced variant

(PEALD) have proven to be promising techniques for the production of high-quality ZnO �lms.

ALD enables the precise control of �lm thickness at the atomic level through self-limiting surface

reactions, resulting in uniform and conformal �lms on complex 3D geometries [12]. PEALD,

which utilises plasma to enhance the deposition process, further improves the �lm properties

by increasing the reactivity of the precursors and enabling lower deposition temperatures [12].

This capability is particularly bene�cial for applications where temperature-sensitive substrates

are used. The combination of ALD and plasma technology o�ers an exciting opportunity to

customise the properties of ZnO �lms for improved photocatalytic performance.

Despite the progress made with PEALD, the relationship between deposition parameters, such

as temperature and plasma power, and the resulting photocatalytic activity is still poorly under-

stood. This knowledge gap inhibits the optimisation of ZnO �lms for practical applications in

environmental remediation. Therefore, the aim of this study is therefore to systematically inves-

tigate how di�erent deposition parameters in�uence the properties and photocatalytic e�ciency

of ZnO �lms synthesised with PEALD.

The presented doctoral thesis aimed to achieve the following goals:

1. Synthesis of high quality ZnO thin �lms using plasma-enhanced atomic layer deposition

for enhanced photocatalytic e�ciency.

2. Determination of the synthesis parameters for the photocatalysts to achieve the maximum

rate of photocatalytic degradation of dyes.

3. Establish a correlation between the structural and electronic properties of the synthesised

�lms and their photocatalytic properties.

4. Demonstrate the application of the most e�cient thin ZnO �lms for the photocatalytic

degradation of microplastics.

Thin ZnO �lms, which are well suited for the photocatalytic degradation of microplastics, can

be synthesized using the PEALD synthesis process by optimizing the synthesis parameters.
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The structure of this thesis is given as follows. In Chapter 2, the fundamentals of ALD are

presented, with emphasis on the plasma-enhanced variant, which is used as the core method in

this study. The mechanisms of �lm growth, plasma generation and the speci�c properties of

ZnO thin �lms produced using these techniques are discussed.

In Chapter 3, the concept of heterogeneous photocatalysis is introduced, together with an

overview of ZnO as a photocatalytic material. The motivation for the use of thin ZnO �lms in

photocatalytic applications is explained and the selected model pollutants are described.

In Chapter 4, the experimental procedures are described. The parameters for the synthesis of

ZnO �lms using ALD and PEALD are given. The techniques used for �lm characterization,

such as XRD, SEM, TEM, XPS, UV-Vis spectroscopy, SIMS and PL, are presented. The

methodology for testing the photocatalytic activity of the �lms is also explained.

In Chapter 5, the experimental results are presented and discussed. This includes a comparative

evaluation of the ZnO thin �lms produced by ALD and PEALD. The in�uence of the deposition

temperature on the photocatalytic activity is analyzed. In addition, the e�ects of di�erent light

sources and aqueous environments on the photocatalytic e�ciency are evaluated. Finally, the

photocatalytic degradation of microplastic �bres with ZnO �lms is presented.

In Chapter 6, the most important results of the study are summarised and possible directions for

future research are suggested.
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Chapter 2

Fundamentals of Plasma-Enhanced

Atomic Layer Deposition

This chapter gives a brief overview of the basic concepts of plasma-enhanced atomic layer

deposition, the synthesis technique used in this thesis. Since the basic principles of atomic

layer deposition are essential for understanding the plasma-enhanced variant, the �rst section

begins with a brief introduction to ALD. This is followed by a general overview of PEALD and

a description of plasma generation in a remote capacitively coupled reactor. The �nal section

deals speci�cally with the deposition of ZnO thin �lms using PEALD, a material of interest in

this thesis.

2.1 Principles of Atomic Layer Deposition

Atomic layer deposition is an advanced thin �lm deposition process known for its ability to

produce highly conformal and uniform �lms with precise thickness control [13, 14]. In this

context, good uniformity refers to the even distribution of the �lm across a surface, while

good conformality means consistent thickness even within pores and on complex surfaces (Fig.

2.1). ALD is a specialized form of chemical vapor deposition (CVD), a method of introducing

gaseous precursors into a reaction chamber [13]. Unlike CVD, where precursors are introduced

simultaneously and may react in the gas phase, ALD involves alternating pulses of precursors,

separated by an inert gas purge [13, 16]. This controlled alternation prevents gas-phase reactions,

ensuring that the surface reactions are self-limiting and that the �lm grows layer-by-layer at the

atomic scale [17]. Self-limiting means that a chemical reaction stops by itself after the formation

of a single layer of material. This happens because once a surface is completely covered with a
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Figure 2.1: Demonstration of good and poor uniformity and conformality. Thin
�lms produced with ALD are uniform in thickness across the substrate. Adapted

from [15].

layer of molecules, it is no longer reactive enough to continue depositing until the next reaction

step [12].

Figure 2.2: Four main steps of ALD cycle.

The ALD process consists of a series of cycles (cy), each involving four main steps [18] as

shown in Figure 2.2:

1. Pulse of the �rst precursor: the �rst gaseous precursor is introduced into the reaction

chamber, where it chemisorbs onto the substrate surface.

2. Purge of excess precursor:an inert gas, such as nitrogen or argon, is used to remove any

unreacted precursor and by-products from the chamber.

3. Pulse of the second precursor:the second precursor is then introduced, reacting with

the chemisorbed layer from the �rst precursor, forming the desired thin �lm.
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4. Purge of excess precursor:again, an inert gas purge removes any remaining precursor

and reaction by-products, completing the cycle.

In the initial stage of �lm growth, the �rst few atomic layers form at isolated nucleation sites

[19]. Once these islands merge, the �lm thickness in ALD increases linearly with the number of

deposition cycles (Fig. 2.3a). The rate of deposition is known as the growth per cycle (GPC). For

each ALD process, the GPC remains constant within a speci�c temperature range, referred to as

the ALD window [12]. Within this window, the reactions are self-limiting, as described earlier.

Outside the ALD window, di�erent mechanisms come into play, leading to non-ideal growth

(Fig. 2.3b). The GPC can increase at temperatures below the ALD window due to precursor

(a)
(b)

Figure 2.3: (a) The �lm thickness depends linearly on the number of ALD
cycles; (b) the growth per cycle is constant in the temperature range called ALD
window, and outside it can be increased or decreased due to A: condensation, B:
decomposition of precursors, C: incomplete reactions, D: desorption of precursors.

Adapted from [18].

condensation (A), where the precursor continues to physisorb on the substrate. Similarly, the

GPC can rise for temperatures above the ALD window (B) due to precursor decomposition.

In this scenario, the decomposition products attach to multiple surface sites without reaching

saturation, leading to continuous growth, a process similar to that in CVD mode. Conversely, a

lower GPC can occur due to incomplete reactions below the ALD window temperatures (C) or

because of precursor desorption at temperatures above the ALD window (D) [18, 20].

In addition to the substrate temperature during deposition, which has the greatest in�uence on

GPC and �lm properties, there are other important synthesis parameters to consider. Firstly, the

duration and �ow rate of the precursor pulses must be su�cient to achieve self-limiting reactions,

especially with more complex substrates [12]. Similarly, the purging process should be long
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enough to remove all unbound precursors e�ectively [21]. Additionally, an optimized process for

one precursor or substrate may not apply to a di�erent precursor or substrate [12]. In this work,

silicon wafers, glass and quartz were used as substrates to optimize the synthesis parameters

for the maximum photocatalytic degradation of dyes. The optimal parameters determined were

then applied to the deposition on microplastic substrates, although the deposition behavior on

this material could be di�erent [22].

2.1.1 Thin ZnO Films Deposited by ALD

Zinc oxide (ZnO) is a widely studied metal oxide that can be conveniently synthesized using

atomic layer deposition. Various zinc precursors have been reported for ALD synthesis, includ-

ing zinc acetate [23, 24, 25], zinc chloride [26], dimethylzinc (DMZ) [25, 27, 28], diethylzinc

(DEZ) [25, 27, 28, 29] and elemental zinc [30]. Among these, diethylzinc (Zn(C2H5)2, DEZ) is

the most commonly used due to its high volatility, reactivity and stability [31].

In ALD processes employing DEZ, deionized water is typically used as the oxygen source, while

nitrogen (N2) serves as the purge gas to remove excess reactants and by-products. This process

is schematically illustrated in Figure 2.4.

Figure 2.4: Four steps of a cycle in the deposition of thin ZnO �lms using ALD.

The ALD growth mechanism consists of alternating half-reactions. Based on Musschoot [32],

the reaction sequence for DEZ and water can be described as follows:

1. The surface hydroxyl groups react with DEZ, forming a surface-bound ethyl-zinc species

and releasing ethane gas:

k� OH + Zn (C2H5)2 (g) ! k � O � Zn � C2H5 + C2H6(g), (2.1)



2.1. Principles of Atomic Layer Deposition 9

2. The ethyl-zinc species reacts with water in the following half cycle, regenerates the

hydroxyl groups of the surface and forms a ZnO layer and releases by-products:

k� O � Zn � C2H5 + 6 O(g) ! k � O � Zn � OH + CO2 + CO + 2 H2O. (2.2)

The overall reaction can be summarized as:

Zn (C2H5)2 (g) + H2O ! ZnO(s) + 2 C2H6(g). (2.3)

This process is usually carried out in a temperature range from60 � C to300� C, with the optimal

window being120 � C to 200 � C for Si substrate [33]. Under these conditions, an average GPC

of 1.5 � 2.3Å/cy is achieved [33, 34].

As is common in other �lms, ZnO grows as isolated islands that coalesce after a few cycles

to form a continuous �lm [35]. The deposited �lms generally adopt a hexagonal wurtzite

structure, the most thermodynamically stable and commonly observed crystalline phase of ZnO.

The crystal orientation of these �lms is in�uenced by several factors, including the choice of

precursors, the deposition temperature, the substrate material and the purging conditions [24].

The properties of thin ZnO �lms grown with ALD can be further tailored through various

treatments and doping strategies. Pre-treatment [36], post-deposition annealing [37] and plasma

treatment [38] can signi�cantly change �lm characteristics, including conductivity, optical

properties and morphology. Doping is another e�ective strategy to optimise ZnO properties

[39]. Among the dopants, aluminum is extensively studied. It can be easily incorporated into

ALD-grown ZnO by alternating ZnO and aluminum oxide (Al2O3) layers during deposition,

resulting in aluminum-doped ZnO �lms with improved conductivity and transparency [34]. In

addition to doping with metals, strategies for doping with non-metals have also been researched

in order to improve the properties of ZnO. One common approach is doping with hydrogen,

which can increase the charge carrier concentration and change the electronic structure [40].

In addition, the formation of nanolaminates, such as ZnO/TiO2 heterojunctions, is used for

applications that require customised band alignment and improved charge transport properties

[41].

ALD-deposited thin ZnO �lms are used in many areas. One important application is transparent

conductive oxides, where ZnO �lms are used as transparent and conductive layers in devices

such as �at panel displays, touch screens and photovoltaic cells [42]. Their high transparency in
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the visible spectrum combined with electrical conductivity makes them an excellent alternative

to indium tin oxide, especially for applications where cost e�ciency and earthbound materials

are important [34]. Thin ZnO �lms are also commonly used in gas sensors due to their

high sensitivity to various gasses [43], such as volatile organic compounds and environmental

pollutants such as nitrogen oxides [44, 45]. These sensors are important for environmental

monitoring and industrial safety applications. The piezoelectric properties of ZnO also make

it an ideal material for microelectromechanical systems, where it is used in devices such as

actuators and sensors [46]. The strong ultraviolet absorption capability of ZnO has led to its

widespread use in UV-protective coatings for various surfaces, as well as in sunscreens, where it

serves as a physical UV �lter [47]. Additionally, the photocatalytic properties of ZnO under UV

illumination are exploited in various environmental applications. More detailed information on

the photocatalytic activity of ZnO is provided in Section 3.2. The combination of these di�erent

functions demonstrates the versatility of thin ZnO �lms and underlines their importance for the

further development of technologies in various �elds.

In ALD, even if it is referred to as low-temperature deposition, the deposition temperatures are

rarely below80 � C [48, 49], as extremely low temperatures can lead to incomplete reactions and

poor �lm quality. Nucleation and growth rates can also be slower [50], especially on non-ideal

substrates such as polymers where surface activation is limited [51, 52, 53]. Also, one must

be careful when claiming that a certain precursor combination enables thermal ALD at low

temperatures without considering the resulting �lm properties for speci�c applications. For

example, while DEZ/H2O can form ZnO �lms below80 � C, Al-doped ZnO shows a drastic drop

in conductivity from750 S/cm at150� C to only3 S/cm at80 � C, which makes it unsuitable for

transparent electrodes in optoelectronics [54]. Plasma-enhanced atomic layer deposition o�ers a

solution to this challenge by utilising a plasma as an energy source. Plasma activation increases

surface reactivity and enables faster growth and better �lm quality at lower temperatures.

2.2 Overview of Plasma-Enhanced ALD

Plasma-enhanced atomic layer deposition is a variant of ALD that extends the capabilities of

conventional ALD by using a plasma to generate reactive species such as ions, radicals and

excited molecules. These reactive species can activate or enhance surface reactions, enabling

processing at lower temperatures, which is important for temperature-sensitive substrates and

provides access to new material properties and compositions [55]. The main di�erence to

thermal ALD lies in the plasma exposure step instead of the second precursor pulse. In this step,
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plasma gas is introduced into the chamber, creating a �ux of highly reactive species (radicals

and ions). This step not only increases the reactivity of the surface reactions, but can also enable

the deposition of materials that are di�cult or impossible to grow at lower temperatures in the

thermal ALD due to the insu�cient reactivity of the precursors. The ability to deposit �lms at

lower temperatures expands the range of materials that can be used as substrates, e.g. polymers.

In addition, growth rates are often higher with the PEALD process because the plasma has a

higher reactivity, which enables shorter deposition times compared to purely thermal processes.

In addition to the substrate temperature, the plasma conditions are the most important parameters

in PEALD synthesis. These conditions include the reactor con�guration, the plasma power and

the duration of the plasma treatment. The plasma power determines the density and energy of

the reactive species produced. A higher power increases the density of ions and radicals, but

also carries the risk of uncontrolled synthesis and damaging the substrate. The duration of the

plasma treatment determines how long the reactive species interact with the substrate and thus

in�uences the quality, uniformity and composition of the �lm.

Two types of plasma reactors are used for PEALD synthesis, depending on how the electrical

energy is coupled into the plasma: inductively coupled plasma (ICP) and capacitively coupled

plasma (CCP). In an ICP reactor, as shown in Fig. 2.5a, an radio-frequency (RF) power supply

drives a coil to generate a magnetic �eld that ionises the gas and creates a high density plasma

(ne � 1010 � 1012 cm� 3) and moderate electron temperatures (Te � 1 � 5 eV) [55]. This

con�guration is ideal for achieving uniform plasma conditions with minimal damage from ion

bombardment, promoting e�ective surface reactions even at low substrate temperatures. A CCP

reactor uses an RF source to generate a plasma between two electrodes, a powered electrode and

a grounded electrode. It can be con�gured as follows:

ˆ Direct CCP (Fig. 2.5b): the substrate is placed directly on the grounded electrode and

thus exposed to a plasma with relatively high ion energies, which can improve surface

cleaning but carries the risk of substrate damage [53]. The plasma density in direct CCP

is usually in the range of108 to 1010 cm� 3 [55].

ˆ Remote CCP (Fig. 2.5c): a semi-transparent, grounded electrode is placed between

the power electrode and the substrate to reduce ion bombardment and provide a gentler

plasma exposure, suitable for sensitive substrates. For remote CCP systems, the electron

density can be at the lower end of the scale (approximately1010 cm� 3) as the plasma is

generated at some distance from the substrate and the reactive species must travel through

the chamber to reach the substrate [55].
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Figure 2.5: Most common PEALD con�gurations: (a) ICP con�guration, (b)
direct CCP con�guration and (c) remote CCP con�guration. Adapted form [55].

Di�erent reactor con�gurations in�uence the crystal structure, density and properties of the

deposited �lms [53]. ICP reactors with their high-density plasma and low ion energies are

better suited for uniform deposition on temperature-sensitive materials. In contrast, direct CCP

reactors can enable more aggressive surface cleaning or etching, but can also cause damage.

Remote CCP reactors provide a balance by minimizing damage to the substrate while still

allowing e�ective deposition [53].

2.2.1 Plasma Generation in Remote Capacitive-Coupled PEALD

As already mentioned, in a capacitively coupled plasma system, an alternating voltage with

a radio frequency of 13.56 MHz is applied between two electrodes in a low-pressure gas

environment. This RF power generates an oscillating electric �eld that accelerates electrons

between the electrodes. These electrons collide with neutral gas atoms or molecules, ionise them

and form a plasma. The electrode connected to the RF power supply is the power electrode,

while the other electrode is grounded. The rapidly alternating electric �eld causes the electrons

to oscillate back and forth, gaining enough energy to ionise the gas molecules and maintain the

plasma [55]. The electric �eld accelerates the ions onto surfaces, such as a substrate, which is

advantageous for material processing.

In order to transmit the RF signal e�ciently from the generator to the plasma chamber, it is

important to match the impedance of the RF generator to that of the plasma chamber or the

RF supply network. The matching network adjusts this impedance to ensure optimal power

transfer from the RF source to the plasma and minimise power re�ection back to the generator.
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This e�cient power transfer is important to maintain the stability of the plasma and achieve the

desired conditions for PEALD.

The ALD system used in the experimental setup is the Beneq TFS 200, a CCP reactor that can

be operated in both direct and remote con�gurations thanks to its removable grid. It was used

in the remote con�guration for all experiments in this work. Also in this system, the matching

network consists of two capacitors: a load capacitor (CL) and a tuning capacitor (CT). The

load capacitor matches the impedance of the RF power source to the load impedance of the

plasma chamber and thus ensures e�cient power transmission. The tuning capacitor can be

precisely adjusted to ensure optimal matching when process conditions or operating frequencies

change [56]. By properly adjustingCL andCT, plasma conditions can be optimized, resulting

in better �lm quality and better control over the deposition process [57]. The Beneq TFS 200

automatically adjustsCL andCT to minimise re�ected power. The operator must ensure that

this automatic function works correctly. Stable plasma conditions can be achieved by carefully

controlling the plasma parameters and impedance matching. This is crucial for precise �lm

deposition in PEALD.

2.2.2 Thin ZnO Films Deposited Using PEALD

With a clear understanding of how plasma is generated and controlled in a PEALD system, we

can now explore how this process is utilized to deposit thin ZnO �lms using PEALD. Various zinc

precursors were investigated for the deposition of ZnO using PEALD, including dimethylzinc

(DMZ) and bis-3-(N,N-dimethylamino)propyl-zinc ([Zn(DMP)2], BDMPZ) [45, 58]. Despite

these alternatives, DEZ remains the most widely used precursor [59].

DEZ reacts readily with oxygen-containing plasma species to form ZnO. During the plasma

step, oxygen (O2) is usually used as a gas source, which is ionized in the plasma and generates

oxygen radicals (O, O2+, O2
� ), ions, and excited molecules. These highly reactive species

enable e�cient oxidation reactions with the chemisorbed DEZ layer, leading to the formation

of ZnO. In the last step of a cycle, all by-products generated during the process are removed by

purging with an inert gas.

According to Musschot [32], the PEALD process for ZnO involves two alternating half-reactions:



14 Chapter 2. Fundamentals of Plasma-Enhanced Atomic Layer Deposition

Figure 2.6: Four steps of a cycle in the deposition of thin ZnO �lms using PEALD.

1. The �rst half-reaction involves the reaction of surface hydroxyl groups with DEZ, forming

a surface-bound ethyl-zinc species and releasing ethane gas:

k� OH + Zn (C2H5)2 (g) ! k � O � Zn � C2H5 + C2H6(g), (2.4)

2. In the second half-reaction, the ethyl-zinc species reacts with oxygen radicals or other

plasma-generated oxygen species, regenerating surface hydroxyl groups and releasing

volatile by-products such as CO2, CO, and H2O:

k� O � Zn � C2H5 + 6O(g) ! k � O � Zn � OH + CO2 + CO + 2H2O (2.5)

The initial interest in PEALD ZnO was primarily driven by its potential applications in thin-

�lm transistors [60, 61, 62]. Over time, research expanded to other areas, including resistive

switching memory [63, 64], solar cells [65], Schottky diodes [66] and gas sensors [45].

Comparative studies between thermal ALD and PEALD were performed to evaluate the di�er-

ences in �lm properties. Kim et al. [50] and Zhang et al. [64] analysed the e�ects of plasma

exposure on �lm quality, while Thomas et al. [62] investigated plasma-enhanced thermal ALD

(PET-ALD), a hybrid approach that combines elements of both techniques to optimise �lm

properties.

The in�uence of di�erent plasma con�gurations and substrate materials on the growth of PEALD

ZnO was also investigated. Napari et al. [53] investigated room temperature deposition using

di�erent plasma con�gurations - ICP, direct CCP and remote CCP - on substrates such as silicon

(Si), polymethyl methacrylate (PMMA) and polycarbonate (PC). Their results showed that ICP
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and remote CCP produced amorphous �lms, while direct CCP resulted in more crystalline

�lms, but also caused surface roughening on polymer substrates. Pilz et al. [67] examined

the in�uence of RF power on the optical and structural properties of ZnO �lms deposited by

direct CCP. In a subsequent study, they investigated the e�ects of deposition temperature under

the same plasma con�guration [68]. More recently, Castillo-Saenz et al. [69] have shown that

under optimised direct CCP conditions, ZnO �lms can be successfully deposited on Si, quartz

and ITO/PET without damaging the substrate.

Considering the importance of plasma conditions for tuning the properties of ZnO, our in-

vestigation focuses on the deposition of ZnO to determine the best synthesis parameters for

photocatalytic applications. Since one goal is the deposition of thin ZnO �lms on microplastic

�bres, we need to ensure that the �lms are deposited without damaging the polymer substrates.

Therefore, the remote CCP was chosen as the plasma con�guration because it enables deposition

at low temperatures while preserving the integrity of the substrate.

In the following chapter, we examine the principles of photocatalysis and the mechanisms by

which ZnO utilises light energy to degrade organic pollutants. We also discuss its potential for

environmental remediation, particularly in the degradation of polymers such as poly(ethylene

terephthalate) (PET).
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Chapter 3

Photocatalytic Degradation of Organic

Pollutants

This chapter provides a general overview of the photocatalytic degradation of organic pollutants.

In the �rst section, the basic principles of heterogeneous photocatalysis are presented, focussing

on zinc oxide as a photocatalyst. Subsequently, the motivation for the use of thin ZnO �lms in

photocatalytic applications is brie�y discussed. In the following sections, two groups of model

pollutants are considered: organic dyes and microplastic �bres. The degradation of methylene

blue is presented as a representative example of dye removal, while polyethylene terephthalate

(PET) is used to investigate the potential of photocatalysis in the treatment of microplastics.

3.1 Overview of Heterogeneous Photocatalysis

Photocatalysis is a process in which light energy, typically in the ultraviolet or visible range,

activates a semiconductor material to accelerate chemical reactions on its surface. Unlike con-

ventional thermal catalysis, where heat serves as the main driver for the reactions, photocatalysis

uses the energy of photons to initiate and sustain a series of physical and chemical processes.

The key to this process is the interaction between light and a semiconductor. The semiconductor

excites charge carriers when irradiated with light of a suitable wavelength, resulting in the for-

mation of electron-hole pairs. These charge carriers in turn play a crucial role in enabling redox

reactions on the surface of the semiconductor [70]. The e�ciency of the photocatalytic processes

depends on the physical properties of the semiconductor, e.g. its band gap, the recombination

rate of the charge carriers and the properties of the surface of the catalyst [71].
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The mechanism of photocatalysis is shown in Figure 3.1. The �rst step of photocatalysis is the

absorption of light by the semiconductor material. When a photon with an energy equal to or

greater than the band gap of the material is absorbed, it excites an electron from the valence

band (VB) to the conduction band (CB), leaving a positively charged "hole" in the VB. Once the

electron has been excited into the CB, it becomes a free carrier with a negative charge, while the

hole remaining in the VB behaves like a carrier with a positive charge. Once electron-hole pairs

are formed, they migrate to the surface of the semiconductor where they can participate in redox

reactions. On their way to the surface, they can collide with the carrier of the opposite charge

and annihilate themselves. This process is called recombination. In order to obtain an e�ective

photocatalyst, the recombination rate should be low. Several strategies have been developed

to mitigate recombination, including doping the semiconductor with certain elements, using

co-catalysts or constructing nanostructures to enhance the spatial separation of charge carriers

[71]. These methods can extend the lifetime of the electron-hole pairs, thereby increasing the

likelihood that they will participate in surface reactions.

At the surface of the semiconductor, the photogenerated charge carriers interact with the sur-

rounding molecules, typically oxygen, water or other adsorbed species, to initiate redox reactions.

Such reactions are often the driving force behind the degradation of organic pollutants. For ex-

ample, the electron in CB can reduce oxygen molecules adsorbed on the catalyst surface to

superoxide anions (O2 � ):

O2 + e�
CB ! O�

2 (3.1)

At the same time, the positively charged holes in VB can oxidize water molecules or hydroxide

ions and form hydroxyl radicals (� OH):

H2O + h+
VB ! � OH + H+ (3.2)

Hydroxyl radicals and superoxide anions are reactive oxygen species (ROS) that are non-selective

and highly reactive in the degradation of complex organic molecules, including persistent

pollutants such as microplastics [72]. Hydroxyl radicals are characterised by their strong

oxidative potential and are even able to cleave carbon-carbon bonds in polymers and initiate

their decomposition into smaller fragments [72].

The role of the band gap and the relative positions of the conduction and valence bands in a

semiconductor are crucial for photocatalytic e�ciency. The band gap determines the energy

threshold required for electron excitation. The positions of CB and VB must align with the
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Figure 3.1: Mechanism of the heterogeneous photocatalytic process.

oxidation and reduction potentials of the target reactions to enable e�cient charge transfer.

For example, CB must be negative enough to reduce protons to hydrogen (H2) or oxygen to

superoxide anions (O2 � ), and the valence band must be positive enough to oxidize water to

hydroxyl radicals (� OH) or degrade organic pollutants.

Figure 3.2: Positions of VB and CB of various semiconductors relative to the
oxidation and reduction potentials of water. Adopted from [73].

The surface characteristics of a photocatalyst also play a signi�cant role in its e�ciency. A larger

surface area provides more active sites for photocatalytic reactions to occur, and thus increases

the overall catalytic activity of the material. Nanostructured semiconductors o�er large surface

areas and are often employed in photocatalysis to improve e�ciency. In addition to surface area,

the morphology and crystal structure of the semiconductor in�uence its catalytic properties. For
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instance, defects in the crystal structure can serve as active sites for the adsorption of pollutants

or enhance the charge separation e�ciency [74].

3.2 Zinc Oxide as a Photocatalyst

Zinc oxide has emerged as a promising material for photocatalysis and is attracting a lot of

attention due to its unique properties and wide range of applications. It is a II-VI compound

semiconductor with a wide, direct band gap (� 3.3 eV) and an exciton binding energy of

60 meV [75]. This characteristic enables the formation of excitons even at room temperature

and promises good optical properties of the material. In practice, ZnO has proven its high

e�ectiveness in water puri�cation, where it can degrade a variety of organic pollutants, including

dyes and pharmaceuticals [7]. Its ability to operate under UV light makes it particularly suitable

for water treatment technologies. The photocatalytic properties of ZnO also extend to air

puri�cation, as it e�ectively removes volatile organic compounds from the atmosphere through

photocatalytic oxidation processes [76]. Another interesting area is the potential role of ZnO in

hydrogen production through photocatalytic water splitting [77], making ZnO a candidate for

sustainable energy solutions. In addition, ZnO can be synthesised in a variety of nanostructures

[78], such as nanoparticles [79], nanorods [80], thin �lms [81] each with unique surfaces that

signi�cantly a�ect the photocatalytic performance. The thermal and chemical stability of ZnO

also contributes to its attractiveness and enables a wide range of applications without signi�cant

decomposition.

In addition to these proven applications, ZnO �lms exhibit antibacterial activity [82], making

them a promising material for applications in the health and hygiene applications. The antibacte-

rial properties of ZnO are based on its ability to generate reactive oxygen species when exposed

to light and to release Zn2+ ions that destroy the cell membranes of bacteria. ZnO coatings can

therefore be applied to medical devices, textiles and food packaging to inhibit the growth of

microbes and increase safety.

Despite these advantages, the use of ZnO as a photocatalyst is not without its problems. One

important limitation is its narrow absorption spectrum, which is mainly in the UV range and

limits its e�ectiveness in visible light. To solve this problem, researchers have explored various

strategies, including doping ZnO with metallic or non-metallic elements to increase its light

absorption capacity [79, 83]. In addition, the rapid recombination of electron-hole pairs poses

a challenge that can a�ect photocatalytic e�ciency. To improve charge separation, approaches
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such as the formation of heterojunctions [84] and the integration of cocatalysts are being actively

investigated.

ZnO crystallizes in three di�erent forms: rocksalt (NaCl structure), cubic zinc-blende and hexag-

onal wurtzite. The hexagonal wurtzite structure is the most common and thermodynamically

most stable form under ambient conditions, while the rocksalt and zinc-blende structures only

form at higher temperatures and pressures. A more detailed discussion of wurtzite ZnO can be

found in the section 4.2.1. Thin ZnO �lms deposited by ALD and PEALD retain the wurtzite

crystal structure. The crystallinity and morphology of these �lms depend on the deposition

parameters, which can in�uence their photocatalytic and optoelectronic properties [85, 86].

Despite its advantageous properties, wurtzitic ZnO has limitations in photocatalysis as it pho-

tocorrodes under UV light and is unstable in extreme pH environments (soluble in strong acids

and alkalis) [37, 87, 88].

3.3 Motivation for the use of thin ZnO �lms in Photocatalysis

Although ZnO nanoparticles bene�t from a high surface-to-volume ratio, they also face problems

such as aggregation, complex recovery processes and potential secondary contamination. In

contrast, thin ZnO �lms provide a stable and reusable photocatalytic platform. They have fewer

oxygen defects, which improves charge transport and reduces electron trapping [89]. In addition,

studies suggest that despite the higher speci�c surface area of nanoparticles, factors such as �lm

stability and charge carrier dynamics play a more crucial role in photocatalytic e�ciency [89].

Thin �lms also o�er a practical advantage in terms of reusability, as they adhere to the substrates.

This eliminates complex separation steps and reduces material losses and operating costs.

A key advantage of thin ZnO �lms grown by ALD is their ability to coat complex, porous

substrates, e�ectively increasing the surface area available for photocatalysis [90]. This allows

thin �lms to combine their inherent stability with the enhanced photon absorption and pollutant

interaction typically associated with nanoparticles. Furthermore, Sarma et al. [89] discussed

that thin �lms can achieve a more negative potential at the conduction band edge, which

promotes e�cient electron transfer and facilitates the formation of ROS such as superoxide

radicals (O2
�� ). ALD-grown thin ZnO �lms further optimise charge separation through precise

control of thickness and crystallinity.

Another signi�cant advantage of thin �lms is their role in the formation of heterojunctions.

The combination of ZnO with other semiconductors, such as TiO2 [91, 92] or g-C3N4 [93],
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improves charge separation and extends the spectral response of ZnO to visible light. ALD

enables atomic-level precision in these heterojunctions and optimises interfacial properties to

further improve photocatalytic e�ciency.

The ability to �ne-tune crystal structure using ALD and PEALD allows precise control of

photocatalytic properties [85, 86]. Thin �lms exhibit lower electron-hole recombination rates

and improved charge transfer at the interface, leading to enhanced degradation of organic

pollutants [89].

This study investigates PEALD-deposited thin ZnO �lms as photocatalysts and focuses on

optimising their structural and electronic properties for maximum degradation e�ciency. While

the application of these �lms on porous substrates and the development of heterojunctions are

beyond the scope of this work, these areas o�er promising directions for future research.

3.4 Model Pollutants

Organic pollutants are of increasing concern as they persist in the environment, can be toxic and

are often di�cult to degrade. To overcome these challenges, photocatalysis has gained attention

as a promising solution. In this chapter, we focus on two important types of organic pollutants,

organic dyes and microplastics.

3.4.1 Photocatalytic Degradation of Organic Dyes

Organic dyes are synthetic chemicals that are widely used in the textile, paper and leather

industries for dyeing processes. Their extensive use has led to signi�cant discharge into the

aquatic environment, where they cause serious ecological and health problems. Even in low

concentrations, these dyes are highly visible, cause aesthetic problems and disrupt aquatic

ecosystems by blocking sunlight and inhibiting photosynthesis. Many dyes also contain toxic,

mutagenic or carcinogenic components that can endanger both the environment and human

health [94]. Conventional wastewater treatment methods are often unable to e�ectively remove

these persistent pollutants. In contrast, heterogeneous photocatalysis has shown considerable

potential for the degradation of organic dyes, especially those that are resistant to conventional

treatment methods.
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Methylene blue

Methylene blue (C16 H18 Cl N3 S, MB) is a synthetic dye that can be harmful to the environment,

especially if it enters aquatic ecosystems.

Figure 3.3: Structural formula of methylene blue.

MB dissolves easily in water and is not biodegradable [95]. This makes it a persistent pollutant

that can have harmful e�ects on the environment and health. Like many synthetic dyes, MB

disrupts photosynthesis by limiting the penetration of sunlight, thereby reducing oxygen solu-

bility and a�ecting the photosynthetic activity of aquatic �ora. In addition, MB can enter the

food chain and act as a toxin to aquatic life. In humans, exposure to MB, can lead to a number

of health problems such as nausea, vomiting, diarrhea, increased heart rate, etc [95].

Due to its carcinogenic properties and its longevity in the environment, MB requires strict control

of its release into natural ecosystems and e�cient degradation solutions. The photocatalytic

degradation of MB leads to the formation of carbon dioxide, water and various inorganic by-

products such as nitrate (NO3
� ), sulphate (SO42 � ) and chloride (Cl� ) ions [95, 96]. Although

these inorganic substances are generally considered less harmful than methylene blue itself, it is

still important to monitor and control their accumulation in the environment.

In this study, the chemical composition of the treated solution was not analysed and the discussion

on MB degradation is based on theoretical assumptions and existing literature.

3.4.2 Photocatalytic Degradation of Microplastic Fibers

Microplastics, de�ned as plastic particles smaller than 5 mm, have become a widespread envi-

ronmental pollutant. These particles originate either from the decomposition of larger plastic

waste or are intentionally manufactured as microbeads for use in personal care products. Due to

their small size, microplastics can be ingested by aquatic organisms, leading to bioaccumulation

and ecosystem disruption [97].

Microplastics are generally divided into two categories according to their origin. Primary

microplastics are intentionally produced particles that are often found in cosmetics, exfoliants and
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industrial abrasives. Secondary microplastics, on the other hand, result from the decomposition

of larger plastic items such as bottles, bags and �shing nets, which is caused by environmental

factors such as UV radiation, mechanical abrasion and chemical decomposition [98].

Extensive studies have con�rmed the presence of microplastics in various waters, including

rivers, lakes, oceans and even groundwater [99]. These tiny plastic fragments pose a serious

threat to marine life as they are often ingested by organisms ranging from plankton to �sh and

large marine mammals. Ingestion can lead to physical damage, internal injuries and digestive

blockages, which in turn can result in growth disorders, reproductive problems and, in severe

cases, death [1, 100]. Microplastics not only cause physical damage, but also act as a carrier

for toxic substances such as heavy metals and pesticides by absorbing and concentrating them

from the environment [100]. New research has raised concerns about their potential impact on

human health, particularly on the reproductive, digestive and respiratory systems. Some studies

suggest a possible link to colon and lung cancer [101].

The degradation of microplastics poses a major challenge due to their chemical resistance and

slow decomposition in nature. Conventional removal methods, such as mechanical or thermal

treatments, are energy-intensive and can lead to secondary pollution. However, photocatalysis

has proven to be a promising alternative, as it promotes the oxidative degradation of plastic

polymers when exposed to light and thus represents a potential solution to microplastic pollution

[84, 102, 103, 104].

Polyethylene terephthalate

Polyethylene terephthalate (PET) is a widely used thermoplastic polymer that is mainly used in

the packaging and textile industries [105]. Although polyesters o�er numerous advantages in

everyday products, their widespread use has led to signi�cant environmental problems. Unlike

organic dyes, polyesters do not dissolve easily in water but break down into smaller particles

over time [106].

Figure 3.4: Chemical structure of polyethylene terephthalate.
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The chemical structure of PET (Fig. 3.4), which consists of aromatic rings and ester bonds,

ensures high stability so that it remains in land�lls, oceans and other ecosystems [107, 108]. To

address these issues, various remediation strategies have been explored. Physical and chemical

methods such as incineration, pyrolysis, and hydrolysis can degrade PET, but often generate toxic

by-products and greenhouse gases [108]. Biological treatments, including microbial degrada-

tion, o�er a more sustainable approach, although they are currently less e�cient and slower

than conventional methods [108, 109]. Among emerging solutions, photocatalytic degradation

(using heterogeneous catalysts under light irradiation) shows promise for breaking down PET

into smaller, less harmful molecules [110, 111, 112].

The chemical formula of PET is (C10H8O4)n and its photodegradation primarily targets the ester

bonds (-COO-) within the polymer chain:

[C10H8O4]n + �OH ! Smaller fragments+ CO2 + H2O (3.3)

Figure 3.5 shows an illustrated process of photodegradation of PET �bre.

Figure 3.5: a) Schematic representation of the degradation process of PET mi-
cro�bres under UV exposure. b) Fibre after degradation.

The main degradation products of PET are carboxylic acids (e.g. terephthalic acid,C8H6O4),

alcohols (e.g. ethylene glycol,C2H6O2), aldehydes, esters and ole�ns [113]. Over time, further

oxidation leads to complete mineralization yielding carbon dioxide and water [113]:

C8H6O4 + �OH ! CO2 + H2O

C2H6O2 + �OH ! CO2 + H2O
(3.4)



26 Chapter 3. Photocatalytic Degradation of Organic Pollutants

In this dissertation, the degradation products of PET were not analysed experimentally. The

discussion of degradation pathways and mineralisation is based on theoretical assumptions and

previous research results. Further experimental studies are required to con�rm these degradation

processes and to evaluate the e�ciency of photocatalysis under real conditions.
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Chapter 4

Materials and Methods

This chapter gives a brief overview of the main experimental characterisation methods used in

this thesis. Since the basic principles of plasma-enhanced atomic layer deposition, the synthesis

technique that is the focus of attention, are explained in Section 2.1, the �rst section concentrates

on the presentation of the most important deposition parameters. The second section contains a

summary of all characterisation techniques and a brief explanation of their underlying principles.

Finally, the last section describes the method used to evaluate the photocatalytic activity of the

synthesised �lms.

4.1 Synthesis of thin ZnO �lms with ALD and PEALD

Thin ZnO �lms were deposited using a Beneq TFS 200 ALD system. The �lms were mainly

produced using PEALD, with DEZ and oxygen plasma serving as zinc and oxygen precursors,

respectively. For comparison, some �lms were deposited using the thermal ALD technique,

where DEZ and H2O were used as precursors. High purity nitrogen was used for all purging

processes (purity 6.0). For all PEALD processes, the capacitively coupled plasma source was

operated in remote con�guration with a frequency of13.56 MHz.

All samples were grouped into four categories based on their synthesis parameters:

1. ZnO �lms deposited at �xed temperature

Thin ZnO �lms were deposited at a �xed temperature of80 � C using either the PEALD

or the ALD technique. In the PEALD method, each growth cycle consisted of a 250 ms

DEZ pulse followed by a 1.25 s nitrogen purge, a 3 s oxygen plasma exposure with an RF

power of 150 W and a 6 s nitrogen purge. In the thermal ALD process, the deposition
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cycle included a 200 ms DEZ pulse, a 1 s nitrogen purge, a 180 ms exposure toH2O and

another 1 s nitrogen purge.

2. ZnO �lms deposited at �xed plasma RF power at di�erent temperatures

Thin ZnO �lms were deposited using PEALD at di�erent temperatures between60 � C

and250 � C with a �xed RF power of50 W. The growth cycles corresponded to those

described in 1: 250 ms DEZ pulse, 1.25 s nitrogen purge, 3 s oxygen plasma exposure and

6 s nitrogen purge.

3. ZnO �lms deposited at room temperature and variable plasma RF power

The ZnO �lms were deposited using PEALD at room temperature while the RF power

varied between50 W and250 W. The deposition process was carried out using similar

growth cycle parameters as in 1. and 2., with a 250 ms DEZ pulse, a 2.5 s nitrogen purge,

a 3 s oxygen plasma exposure and a 12 s nitrogen purge.

4. ZnO �lms deposited for photodegradation of microplastics

ZnO �lms developed for the degradation of microplastics were deposited at80 � C and RF

power set to50 W and at room temperature with an RF power of250 W using PEALD.

The growth cycles were the same to those in 3.

The substrates used for the �rst three types of deposition were glass slides (for photocatalytic

activity measurements), fused silica wafers (for optical measurements) and silicon wafers (for

HRTEM, XPS, XRD, SEM, EDS and SIMS characterisations). PET micro�bres were the

substrates for the last group of samples. Further details on the PET substrates used can be found

in the section 4.3.2.

4.2 Thin Film Characterization Techniques

4.2.1 X-ray Di�raction

X-ray di�raction (XRD) is a widely used technique for analysing the structure of crystalline

materials. It provides detailed information about the arrangement of atoms in a material,

including lattice parameters, crystallite size, phase determination and crystallite orientation. In

X-ray di�raction, a monochromatic X-ray beam is directed at a crystal, which causes the atoms in

the crystal lattice to scatter the X-rays in certain directions through constructive and destructive
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Figure 4.1: Schematic illustration of X-ray di�raction.

interference. This happens because the X-rays are re�ected from di�erent lattice planes. The

condition for constructive interference is described by Bragg's law:

nl = 2dsin q (4.1)

wheren is the di�raction order (n = 1, 2, 3 . . .), l is the wavelength of the incident X-rays,d is

the distance between the planes andq is angle of di�raction. This technique is non-destructive

and is suitable for the investigation of bulk and thin-�lm materials. However, it is only suitable

for crystalline materials. Amorphous materials or those with low crystallinity do not produce

useful di�raction patterns. For complex and multiphase materials, the di�raction peaks can

overlap, making it di�cult to identify and quantify the individual phases by minimizing the

di�raction signal from the substrate. In addition, relatively large and homogeneous samples are

required to obtain reliable data. For the analysis of thin �lms and coatings, a variant of X-ray

di�raction is used in which the X-ray beam only penetrates the thin surface layer, the so-called

grazing incidence X-ray di�raction (GIXRD).

As previously mentioned, ZnO deposited by ALD and PEALD exhibit wurtzite structure. The

hexagonal unit cell of wurtzite is de�ned by two lattice parameters,aandc. In an ideal wurtzite

structure, the ratio isc/ a =
p

8/3 . The structure consists of two overlapping hexagonal,

close-packed sublattices, whereby in an ideal wurtzite structure one sublattice is shifted by3/8

in relation to the other. The positions of the atoms in the unit cell for an ideal wurtzite structure

are (0, 0, 0) and (2/3, 1/3, 1/2) for the �rst type of atom and (0, 0, 3/8) and (2/3, 1/3, 7/8) for the

second type of atom. According to Kittel [114], the structure factorS(hkl) is de�ned as:
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S(hkl) = å
j

f j e2p i(hxj+ kyj+ lzj) (4.2)

wheref j is the atomic scattering factor of thejth atom and(xj , yj , zj ) are the fractional coordi-

nates of the atom in the unit cell. For ZnO, this expression can be expanded as follows:

S(hkl) = fZnO
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This can be further simpli�ed to:
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�

. (4.4)

From the equation 4.4 it follows that the re�ections in the di�ractogram disappear if2h +
4k + 3l = 3p, where p is an odd integer [115]. Examples of permitted re�ections are

(100), (002), (101), (102), (110), (103), (112). Forbidden re�ections, on the other hand, are:

(001), (111), (201). The orientation of some of the allowed planes, in particular (002), (101)

and (100), is shown in Figure 4.2.

Figure 4.2: The orientation of the (002), (101) and (100) planes in ZnO �lms
grown on a glass substrate. Adapted from [116].

For ZnO in its wurtzite form, the experimentally determined lattice parameters area =
3.25 Å and c = 5.207Å, i.e. c/ a = 1.602and an internal parameteru = 0.345, which

indicates a slight deviation from the ideal atomic positions [117].

For this dissertation, the measurements were performed with a GIXRD di�ractometer equipped

with a cobalt (Co) X-ray tube and a tungsten/carbon (W/C) multilayer for beam shaping and

monochromatization (Siemens D5000). The di�raction spectra were recorded with a curved
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position-sensitive detector (RADICON) located 120 mm from the sample. The GIXRD mea-

surements were performed at a �xed grazing incidence angle ofai = 1� to ensure that the X-ray

penetration depth covered the entire thickness of the ZnO �lms.

X-ray re�ectivity (XRR) was used to determine the thickness and average density of the ZnO

�lms. The XRR measurements were performed with the same di�ractometer as the GIXRD

measurements, but with a di�erent detector (Hecus PSD-50M) located 500 mm from the sample.

In the XRR measurements, a series of di�use scattering spectra were recorded over an angle of

incidenceai from0� to2.5� with a step size of0.003� . The intensity of the specular re�ection was

determined from these measurements, corrected for the background and the di�use scattering

components.

4.2.2 High-Resolution Transmission Electron Microscopy

High-resolution transmission electron microscopy (HR-TEM) is a powerful technique that pro-

vides images with atomic resolution and enables the direct visualisation of individual atoms,

crystal lattice defects, grain boundaries and dislocations. In addition to imaging in real space,

HR-TEM also enables di�raction analysis by selected area electron di�raction (SAED) or fast

Fourier transform (FFT) of lattice images. This di�raction capability provides detailed crystallo-

graphic information such as lattice parameters, crystal size, orientation and phase identi�cation.

In combination with techniques such as energy dispersive X-ray spectroscopy, HR-TEM can

provide localised data on elemental composition at the nanoscale. This technique is suitable for

a wide range of materials, including metals, semiconductors, ceramics, polymers and biological

samples. We have used it to determine the crystal structure in a cross-section of a thin ZnO �lm.

The TEM images were recorded with the Jeol JEM 2100 device at an applied voltage of 200 kV.

The FFT analyses were performed with the Gatan Micrograph software.

HR-TEM cross-sectional analysis (like any other TEM analysis) requires extremely thin samples

(less than100 nm thick), which can be di�cult to prepare. We used a conventional method

to prepare thin �lms, which involves four main steps: sample cutting, mechanical thinning,

dimpling and ion milling (Fig. 4.3). First, the sample was cut into rectangles of1.8 mm � 2 mm

with a diamond saw. Then two sample pieces were bonded together with a two-component resin

to form a "sandwich", with the �lm-covered surfaces facing each other.

The glued "sandwich" was then inserted into a brass ring, �xed with pieces of Si and �lled with

resin. After curing at130 � C, the sample is ready for the second step, mechanical thinning,
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Figure 4.3: Preparation of thin �lms for cross-sectional TEM analysis.

where abrasive papers with di�erent gradations were used to obtain a sample of about 100µm

thickness.

Although a thickness of 100µm is not su�cient to analyse the structure of the �lm, further

mechanical thinning would damage the sample. Therefore, in the third step, we thinned the

sample only in the centre with a "dimple grinder" and created a 20µm thick dimple in which the

�lm (the area of interest) is located. The sample is then carefully milled at a shallow angle using

the precision ion polishing system (PIPS II, Gatan) with a high-energy argon beam (energy 3.5

keV) until a small hole is created in the centre. Once the sample is su�ciently thin, we switch to

a lower energy ion beam (energy 1.5 keV) to polish the surfaces and remove amorphous layers

that were created during the �rst milling. This step is important to improve the quality of the

HR-TEM images. At this point, the sample next to the hole is only a few nanometres thick so

that the electrons can tunnel. Before the TEM analysis, the sample was coated with a thin layer

of carbon to prevent charging under the high-energy electron beam.

An alternative method for preparing thin �lms for TEM imaging is the use of a focused ion beam

(FIB). Conventional FIB uses a �nely focused gallium ion beam to selectively mill a speci�c area,

often with micron-level precision. This technique is well suited for targeted sample preparation,

e.g. to localise a speci�c defect or interface in a component. In this work, the FIB was not used to

prepare samples for TEM analysis, but to cut the microplastic �bre and analyse its cross-section

with the SEM.
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4.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is an important technique for characterising materials. It

provides high-resolution images of the surface of a material and is frequently used in scienti�c

and industrial applications. In SEM, a focused electron beam is scanned across the surface of the

sample. When the electron beam interacts with the sample, it generates various signals, including

secondary electrons, backscattered electrons and X-rays (Fig. 4.4). The most frequently detected

Figure 4.4: In the SEM, the incident electron beam interacts with the sample
surface and causes the emission of secondary electrons, backscattered electrons,
characteristic X-rays and, if su�ciently thin, transmitted electrons. Adopted from

[118].

signal in the SEM are secondary electrons, which are emitted by atoms near the surface through

inelastic scattering of the incident electrons. A detector collects these secondary electrons and

their intensity is used to generate an image showing the surface topography of the sample.

Backscattered electrons, which are the result of elastic scattering, can also be detected. Heavier

elements that backscatter electrons more e�ciently appear brighter in the SEM image and

provide a contrast based on atomic number. This feature is often used when di�erences in

the composition of heterogeneous samples are to be observed. In this work, for example, it

was used to measure the thickness of thin �lms in cross-section and to detect ZnO residues on

polymer �bres. In addition, the SEM can be equipped with a detector for energy dispersive

X-ray spectroscopy (EDS) to analyse the elemental composition of the sample and obtain both

qualitative and quantitative data on the investigated materials.

Sample preparation is much simpler than for TEM imaging. Firstly, the sample must be clean

and dry. In addition, the samples must be electrically conductive so that they do not become

charged under the electron beam. The sample is attached to a holder with a conductive adhesive

to ensure good electrical contact between the sample and the holder. Non-conductive samples
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are usually coated with a thin layer of conductive material such as gold, platinum or carbon to

improve electron conduction. The resulting SEM image provides information about the surface

topography of the sample with high resolution and depth of �eld. Image contrast and resolution

can be optimised by adjusting the acceleration voltage, working distance and probe current.

The acceleration voltage in�uences the beam penetration and signal generation. The working

distance in�uences the depth of �eld and image sharpness. The probe current determines the

number of electrons that hit the sample, which has an e�ect on the brightness and the signal-

to-noise ratio. For thin �lms, a deceleration mode (gentle beam) is often used, in which the

incident electrons are decelerated shortly before hitting the sample. This is achieved by applying

a negative bias voltage to the stage. As a result, the beam penetrates the sample less and

consequently the interaction volume and charge are reduced.

The EDS detector is used to analyse the composition. It collects and analyses the characteristic

X-rays emitted by the sample when the electron beam excites the atoms. This process allows the

elements in the sample to be identi�ed and quanti�ed, providing valuable information about its

composition.

The scanning electron microscope has some limitations. It requires high vacuum conditions,

which make it unsuitable for imaging wet samples. Another limitation of the SEM is the high

electron energy, which can cause damage when imaging sensitive materials. Non-conductive

samples require additional preparation to prevent the high-energy electrons from causing a

charging e�ect that leads to image distortion or artifacts. To overcome these limitations, the

environmental SEM (eSEM) was developed, which allows imaging of wet or hydrated samples

without high vacuum and also reduces the charging of non-conductive samples. However, the

eSEM has a lower resolution than the normal SEM. In this work, the eSEM was used to image

microplastic �bers.

In this work, the JEOL JSM-7800F �eld emission SEM and the Thermo Fisher Quanta 650

eSEM were used to visualise the samples. The JEOL JSM-7800F is a �eld emission SEM

with a maximum resolution of0.8 nm and an accelerating voltage of0.01� 30 kV. It is

equipped with the following detectors: lower secondary electron detector (LED), upper sec-

ondary electron detector (UED), backscattered electron detector (BED), scanning transmission

electron microscopy detector (STEM ), energy dispersive X-ray spectrometer (X Max 80, Oxford

Instruments).

The Thermo Fisher Quanta 650 eSEM is equipped with a thermionic tungsten (W) electron source

and o�ers a maximum resolution of 3.0 nm at 30 kV. The accelerating voltage can be adjusted
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from 0.2 to 30 kV. This instrument features a di�erential pumping system that allows operation

in three vacuum modes: high vacuum (HiVac), low vacuum (LoVac) and environmental SEM

(eSEM). The Quanta 650 eSEM is equipped with a large-�eld secondary electron detector (LFD),

a coherent backscattered electron detector (CBS) and a gaseous secondary electron detector

(GSED) for eSEM mode. It is also equipped with an energy dispersive X-ray spectrometer

(EDS) for elemental analysis.

The particle size distribution was determined with the ImageJ programme using the "Analyse

particles" function after �ltration and setting the threshold values.

4.2.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a highly sensitive, non-destructive method for de-

termining the chemical composition of surfaces. It is ideal for the investigation of surface

modi�cations, thin �lms, surface contamination, etc. In this technique, a sample is irradiated

with monoenergetic X-rays to excite electrons from bound states in atoms into unbound vacuum

states (Fig. 4.5).

(a) (b)

Figure 4.5: a) Schematic representation of the XPS process. Adopted from [118].
b) Photoemission process. Adopted from [119].

The kinetic energy (Ekin) of the emitted photoelectrons is determined by the following equation

(Fig. 4.5):

Ekin = h̄w � Eb � F w (4.5)
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whereh̄w is the energy of an incident photon,Eb is the binding energy with respect to the Fermi

level andF w is the work function of the material. The kinetic energy is measured in the electron

energy analyser, which is one of the main components of the XPS spectrometer.

Because the kinetic energy of an electron depends on the energy of the incident photon, the

binding energy is a more valuable quantity, as it provides information about the elemental

composition and atomic state from which the photoelectron originates. Hence, the XPS spectra

usually represents the number of electrons as a function of their binding energy. Since the

binding energy of the electrons changes slightly depending on the chemical environment of the

emitting atom, this technique provides information about the chemical states of the atoms.

Photoelectrons that leave the material without energy loss contribute to characteristic peaks in the

spectra and are emitted from the surface of the material (only a few atomic layers). Photoelectrons

that are ejected from greater depths are scattered and contribute to the background signal in the

spectrum. For this reason, XPS is considered a surface technique, where the uppermost70Å of

a material is examined.

For homogeneous samples, the intensity of the photoemission peak is equal to

I = n f sqyl AT, (4.6)

wheren is the number of atoms of the element per unit volume,f is the X-ray �ux, s is the

photoemission cross section for the atomic orbital of interest,q is an angular e�ciency factor for

the instrumental setup which depends on the angle between the photon trajectory and the detected

electron,y is the e�ciency of the photoemission process for the formation of photoelectrons

with normal photoelectron energy,l is the mean free path of the photoelectrons in the sample,

A is the area of the sample from which photoelectrons are detected, andT is the detection

e�ciency for electrons emitted from the sample [120, 121].

The concentration of atoms can then be written as:

n =
I
S

, (4.7)

whereS is the atomic sensitivity factor for a given atomic orbital,S = f sqyl AT. Therefore,

we can express the relative concentration of two elements as follows:

n1

n2
=

I1/ S1

I2/ S2
. (4.8)
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Since the relative valuesS1/ S2 are constant for each spectrometer, the expression 4.8 in the case

of ZnO can be written as follows:

nZn

nO
=

IZn

IO
SO/Zn , SO/Zn =

SO

SZn
= const. (for a given spectrometer). (4.9)

In our measurements, we have considered the intensities of O 1s and Zn 2p3/2 XPS lines

(IO and IZn respectively), and areas under theO 1s andZn 2p3/2 experimental curves were

calculated using the programCasaXPSwith Shirley background subtraction. The calculations

were repeated at four di�erent intervals around each peak and then the average was calculated.

The relative atomic sensitivity factor for given elements can be determined using empirically

derived atomic sensitivity factors, but in our case we determined the relative atomic sensitivity

factorSO/Zn from the measurement taken on the single crystalZnO, for which

nZn, mono= nO,sc ) SO/Zn =
IO,sc

IZn,sc
. (4.10)

In this dissertation, photoemission spectra were recorded with a SPECS type spectrometer

equipped with a monochromaticAl � Ka X-ray source of1486.74 eVand a Phoibos MCD 100

electron analyser. High resolution scans were recorded with a pass energy of10 eV and an

energy step of0.05 eV. To remove adventitious carbon and other residual adsorbents on the

surface,15 min - 30 min sputtering was performed with1 keV Ar + ions in the XPS chamber.

For all samples, measurements were performed before and after sputtering to ensure that all

carbon atoms were removed. All measurements were performed at room temperature. The

selected photoemission spectra were deconvoluted with the product of Gaussian and Lorentzian

functions and the Shirley background subtraction, using the UNIFIT program.

4.2.5 UV-Vis Spectroscopy

UV-Vis spectroscopy is a method of absorption spectroscopy in the ultraviolet and visible range

of the electromagnetic spectrum.

The method measures the intensity of the light that passes through a sample (I ) and compares

it with the intensity of the light before it passes through the sample (I0). The transmittanceT is

de�ned as:

T =
I
I0

. (4.11)
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(a)
(b)

Figure 4.6: a) Schematic representation of UV-Vis spectrofotometer. Adopted
from [118]. b) Re�ection, absorption and transmission of the incident beam.

The absorptionA is linked to the transmittance:

A = � log10 T = � log10

�
I
I0

�
. (4.12)

The absorption is speci�ed as a function of the wavelength. The absorption depends on the

optical properties and the thickness of the material and is described by the Beer-Lambert law:

A = a � d � c, (4.13)

wherea is the absorption coe�cient,d is the sample thickness andc is the concentration of

the absorbing species. UV-Vis spectroscopy is often used to determine the band gap energy of

semiconductors. By plotting the absorbance or the square root of the absorbance against the

photon energy, the band gap energy can be extrapolated.

In semiconductors with a direct band gap (Fig. 4.7a), the conduction band minimum and the

valence band maximum occur with the same momentum~k. This enables e�cient absorption and

emission of photons, as an electron can transition directly between the conduction and valence

bands without changing its momentum. The absorption coe�cienta for direct semiconductors

is typically described by:

ah̄w µ
q

h̄w � Eg (4.14)

whereh̄w is the photon energy andEg is the band gap energy of the semiconductor.
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(a) (b)

Figure 4.7: Positions of the valence band and the conduction band as a function
of momentum (k) for (a) direct and (b) indirect bandgap semiconductors.

This relationship shows that the absorption coe�cient increases as the photon energy approaches

the band gap energy. At photon energies above the band gap, the absorption coe�cienta

increases rapidly due to the density of states in the conduction band, which allows a large

number of transitions.

The square of the absorption coe�cient is proportional to the di�erence between the photon

energy and the band gap energy:

(ah̄w)2 µ h̄w � Eg (4.15)

This quadratic dependence is characteristic of semiconductors with a direct band gap and is

used to determine the band gap energy from absorption spectra. A Tauc plot in which(ah̄w)2

is plotted against̄hw results in a straight line, and the band gapEg can be determined from the

intersection of this line with the photon energy axis.

In semiconductors with an indirect band gap (Fig. 4.7b), the conduction band minimum and the

valence band maximum occur at di�erent momenta. Thus, for an electron to transition between

these bands, it must also include a phonon to conserve momentum. This makes the absorption

process less e�cient compared to direct semiconductors.

The energy required for an electron to transition from the valence band to the conduction band

in an indirect semiconductor contains the energy of a phononh̄wphonon. The photon energȳhw
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must therefore correspond to the sum of the band gap energyEg and the phonon energy:

h̄w = Ec � Ev � h̄wphonon (4.16)

whereEc is the conduction band edge,Ev is the valence band edge andh̄wphononis the energy

of the phonon involved.

The absorption coe�cient can be approximated by:

ah̄w µ ( h̄w � h̄wphonon� Eg)2 (4.17)

For indirect semiconductors, the
p

ah̄w plot against̄hw provides information on the bandgapEg

and the phonon energyh̄wphonon. This quadratic dependence re�ects the requirement of phonon

involvement for electronic transitions.

4.2.6 Secondary Ion Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is a highly sensitive analysis technique that enables

the precise elemental characterisation of solid materials by bombarding a sample with a focused

primary ion beam and analysing the emitted secondary ions using mass spectrometry. This

technique is frequently used for depth pro�le analysis of solid materials.

Figure 4.8: Schematic representation of SIMS spectrometer. Adopted from [118].

With this technique, all elements of the periodic table and their combinations can be detected

with a spatial resolution of a fewmm and a depth resolution of a fewnm, requiring only minimal

sample preparation [122]. However, quanti�cation of the recorded signals is often challenging

as the intensity of SIMS signal highly depends on the substrate and experimental conditions
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[122]. Primary ions such asO+
2 , Ar + or Cs+ are used to bombard the sample surface and the

sputtering process leads to the emission of secondary ions, which are subsequently analysed

using a mass �lter. The instrument used in this work, manufactured by the company Hiden, is

equipped with a quadrupole mass analyser. The analyser consists of four closely spaced rods

whose axes are aligned parallel to the original ion trajectory. RF and DC voltages are applied

to opposing pairs of rods and by tuning these voltages, only ions with a certain mass-to-charge

ratio (m/ q) can pass through the �lter.

4.2.7 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is a widely used technique for analysing the optical and

electronic properties of materials, especially semiconductors, nanomaterials and organic com-

pounds. In case of semiconductors, this technique is particularly used for the evaluation of band

structure, defect states, recombination dynamics of charge carriers and impurity levels. When a

semiconductor is irradiated with light of su�cient energy, photons are absorbed by the material,

causing electrons to be excited from the valence band into the conduction band. This process

leaves holes, that form electron-hole pairs or excitons. When these excited charge carriers fall

back to lower energy states, they can recombine through radiation and emit photons. A typical

setup includes a light source to excite the sample, wavelength selectors (�lters or monochroma-

tors) to isolate speci�c excitation and emission wavelengths, and a detector positioned at right

angles to the excitation beam to reduce background noise from scattered light [123].

When analysing ZnO, two main areas in the PL spectra are tipically observed: the NBE emission

(near band edge) and the green emission (Fig. 4.9). The NBE emission is the result of excitonic

recombination and the energy of this photon is very close to the bangap energy. Green emission,

on the other hand, is due to defects in the material, such as oxygen vacancies or zinc interstitials

and occurs in the broad visible spectrum, usually at 500 nm (2.5 eV).

4.3 Photocatalytic Activity Testing

4.3.1 Testing on Methylene Blue

The photocatalytic activity is often tested using organic dye as a testing agent. One od the

most widely used dyes is methylene blue (MB) because of its high stability, low toxicity at

low concentrations and a�ordability. Additionally, methylene blue is frequently present in
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Figure 4.9: Schematic illustration (left) and measured PL spectrum (right) of
ZnO.

wastewater and its photodegradation is well studied, making it a good reference for comparing

the performance of di�erent photocatalysts.

In our experiment, thin �lms of ZnO deposited on a glass substrate were illuminated for 16 hours

before being immersed in a solution of MB in distilled water. This preliminary step was itendend

to disinfect the surface, increase hydrophilicity and activate the photocatalyst [124]. Following

this, the sample with the ZnO �lm was immersed into the MB solution and illuminated for 7

hours. For illumination, a UVC light source (OSRAM Puritec HNS 6 W G5) was primarily used,

although UVA light (OSRAM Supratec 18 W/73) and sun-simulating light (OSRAM Vitalux

Ultra 300 W) were also used in some testings. During 7-hour illumination period, the decay

of MB concentration was monitored by measuring the optical absorption of MB at 664 nm at

consistent time intervals of 60 minutes (Fig. 4.11). Two additional peaks at 246 nm and 292 nm

were not used to calculate the photodegradation rate, but their gradual decrease was observed

qualitatively and served as evidence for MB mineralisation.

The relationship between concentration and absorption was described by Beer-Lambert (Eq.

4.13). The concentration curve followed the pseudo-�rst- order kinetics and can be described

by the following equation

C(t) = C(0) exp(� kt) (4.18)

whereC(t) is concentration at timet, C(0) is the initial dye concentration,k is photodegradation

rate andt is exposure time to UV light. To determine the ratek, we linearise the equation by
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Figure 4.10: Time-dependent UV-Vis absorption spectra of MB during photocat-
alytic degradation under illumination in the range of 200�800 nm.

taking the natural logarithm.

ln
�

C(t)
C(0)

�
= � kt (4.19)

Plotting ln
�

C(t)
C(0)

�
againstt on a semi-logarithmic graph yields a straight line, with the slope

corresponding to� k. This method allows the rate constant to be extracted from the experimental

Figure 4.11: Semilogarithmic plot ofln (C(t)/ C(0)) against illumination time.
The linear trend con�rms the pseudo-�rst-order kinetics of the MB photodegra-
dation, with the slope corresponding to the photodegradation constantk as given

by the equation 4.19.

data and provides a clear and quantitative measure of photocatalytic activity by evaluating how
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quickly the MB dye concentration decreases under UV illumination. For thin �lm photocatalysts,

the degradation ratek is usually normalized by the �lm area. For our experiments, the �lms

are deposited on glass plates with an area of3 cm2. This normalization enables a standardized

comparison of the photocatalytic activity of di�erent �lm samples, as the in�uence of the

�lm surface area on the photodegradation process is taken into account. In addition, several

di�erent parameters were de�ned for each test series to ensure consistent and reliable results.

Firstly, the initial dye concentration was5 mg/L . It was found that higher concentrations

lead to longer degradation times. Secondly, the volume of the solution was15 mL. This

standardization ensures that the dye concentration and the volume of the solution are the same

in all experiments, allowing an accurate comparison of photocatalytic activity. The intensity

of the light was also controlled by maintaining a uniform distance between the lamp and the

�lm. The distance between the UV lamp and the photocatalyst was set at 4 cm, and in the case

of simulated solar light it was 33.5 cm. The light intensity at a given distance was0.2 mW
cm2

and2.2 mW
cm2 . The positions of the photocatalysts were �xed during the experiments to prevent

�uctuations in light intensity from in�uencing the photodegradation rate. In addition, the

�lm thickness should be above a certain threshold to ensure maximum e�ciency. During the

experiments, the temperature was kept approximately constant. This control is important as

temperature �uctuations can in�uence photocatalytic activity by a�ecting both the catalyst and

the degradation kinetics.

These �xed parameters help to minimize experimental variability and ensure that observed

di�erences in photocatalytic performance are primarily due to the properties of the photocatalyst

and not to external factors.

4.3.2 Testing on Microplastic Fibers

In the second part of the experimental study, the �lms with the best photocatalytic activity from

the �rst phase were tested for their ability to degrade microplastics. Three types of microplastics

were selected for this purpose: Polypropylene (PP), Polyamide (PA) and Polyethylene Terephtha-

late (PET). Preliminary tests showed that only the PET �bers exhibited a measurable reduction

in �ber diameter. These PET �bers supplied by Goodfellow Cambridge Limited have an initial

diameter of14 mm. The packaging contains a continuous thread of 15 �bers.

For sample preparation, a single �ber was separated from the bundle and wrapped around a

holder. The holder was a1.5 cm� 1 cm Te�on (polytetra�uoro ethylene, PTFE) frame with

small notches on the sides to hold the �ber in place. These holders ensured uniform �ber spacing
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during synthesis and uniform height during photocatalytic degradation. In addition, the design

of the holder allowed the same spots to be imaged at di�erent stages of the experiment.

After the microplastic �bers were prepared on the holder, a thin ZnO �lm was applied to the

�bers. Two synthesis methods were used: one at room temperature with250 W RF power and

the other at80 � C with 50 W RF power. The �lm thickness was varied and ranged from40 cy

to 360 cy(corresponding to about5 to 43 nm).

After synthesis, the holders with the �bers were placed in di�erent aqueous media: ultrapure

water (Milli-Q, MQ), tap water and an aqueous NaCl solution (simulated seawater). For all

listed solutions pH and conductivity was measured.

Medium pH k(mS/cm )
Milli-Q water 6.92 0.055

tap water 7.39 476

0.65 M NaCl solution 7.7 32400

Table 4.1: Measured pH values and electrical conductivities (k) of aqueous media
used as a medium for PET degradation. The media tested included ultrapure water

(Milli-Q), tap water and a 0.65 M NaCl solution.

Two types of light sources were used for illumination: a UVC light source (OSRAM Puritec

HNS 6 W G5) and a sun simulation lamp (OSRAM Vitalux Ultra 300 W). The duration of

illumination varied from 1 hour to 48 hours.

The degradation of PET micro�bres was quanti�ed using eSEM. The �bre thicknesses were

measured directly from the eSEM images. The following equations were used to evaluate the

percentage of photodegradation:

Degradation(%) = 100%�
�

d�nal

duntreated

� 2

, (4.20)

Degradation(%) = 100%�
�

d�nal

dcontrol

� 2

. (4.21)

Whered�nal stands for the diameter of the �bres after degradation treatment.duntreatedrefers

to the diameter of the original, untreated �bres, which serve as the basis for the comparison.

dcontrol refers to �bres that were subjected to the same test conditions (e.g. illumination time,

medium), except for the presence of the photocatalyst. The control sample takes into account
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any changes in �bre morphology caused by light exposure alone and helps to isolate the speci�c

e�ect of the photocatalyst on degradation.
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Chapter 5

Results

This chapter presents the experimental results of this study, focusing on the factors that in�uence

the photocatalytic activity of the ZnO �lms deposited with PEALD. It begins with a comparison

of �lms synthesized by ALD and PEALD. In the following sections, the in�uence of the

deposition temperature is investigated, including the role of the �lm thickness and the initial

methylene blue concentration. The e�ect of di�erent light sources on photocatalytic e�ciency is

also investigated. In addition, the in�uence of plasma process parameters on the �lm properties

is analysed. Finally, the most promising �lms are tested for their e�ectiveness in degrading PET

micro�bers to illustrate their potential for environmental applications.

5.1 Comparative Photocatalytic Activity of Thin ZnO Films

Deposited by ALD and PEALD at �xed temperature

Previous studies have shown that ZnO �lms synthesised by the PEALD method di�er signi�-

cantly in several important aspects from �lms deposited by thermal ALD. They have a smaller

grain size and a preferred (100) growth orientation [60]. Their electrical resistance is signi�-

cantly higher [50], while charge carrier density and mobility are signi�cantly lower [62, 125].

The Zn/O is substoichiometric [53, 67], which indicates a deviation from the ideal �lm compo-

sition. In addition, their excitonic emission is signi�cantly increased [64], indicating signi�cant

di�erences in the electronic structure.

The photocatalytic potential of thin ZnO �lms synthesised by ALD is well established [29,

126]. However, given the di�erent structural and electronic properties of PEALD �lms, a more

detailed investigation of their photocatalytic performance is necessary. In this section, ZnO
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