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1. INTRODUCTION

Over recent years, semiconductor oxides (SCO) have garnered significant attention due
to their versatile technological applications. Their non-toxic nature, chemical stability, and
environmental benefits make them promising candidates for addressing pressing issues such as
environmental pollution and the global energy crisis. They have been widely explored for
various applications, including solar cells, UV Visible light emitters, fuel cells, batteries,
transparent electronics, and photocatalysis [1,2]. In photocatalysis, the process involves light
absorption, the generation and separation of electron-hole pairs, their migration to the
photocatalyst’s surface, and the subsequent redox reactions. Due to their high photoactivity,
SCOs play a crucial role in photocatalyzing diverse reactions such as water splitting, pollutant
degradation, energy conversion, environmental remediation, and self-cleaning surfaces. These
properties make SCO-based photocatalysis a transformative approach for tackling
environmental and energy-related challenges while offering new possibilities in chemical

synthesis and materials science [3-5].

Inverse opal photonic crystal (IOPC) materials have emerged as a powerful strategy to
enhance SCO-based photocatalysis by improving light-harvesting efficiency, charge transport,
and reaction kinetics [6]. They are materials with a periodic variation in their refractive index,
which allows for manipulating light propagation within the crystals. They are created by the
inverse replication of a self-assembled template structure (for example, polymers, silica),
resulting in an ordered array of voids or pores within a solid matrix. This distinctive structure
gives inverse opal (IO) a range of interesting optical properties, making them attractive for
various applications. The periodic arrangement of voids in IO materials gives rise to a photonic
bandgap (PBG), a range of wavelengths that are forbidden to propagate through the material.
This bandgap can be tuned by changing the spheres' size, shape, and composition, allowing for

control over the material's optical properties [7-10].

Nanolithography and the self-assembly of colloidal microspheres are two prevalent
techniques employed in fabricating 1O structures. Nanolithography, referred to as the "top-
down" approach, is relatively expensive and time-consuming, resulting in only a few structural
layers of materials [11]. On the other hand, the "bottom-up" method, involving the self-
assembly of colloidal microspheres, offers a cost-effective means of preparing crystalline
samples comprising several hundred structural layers of varying thickness. In the bottom-up

approach, various templates such as silica (Si02), polystyrene (PS), or Polymethyl



methacrylate (PMMA) microspheres are meticulously arranged into an opal photonic crystal
(PC) using methods like self-assembly [12], evaporation [13], stober method [14], gravity
sedimentation [15], and dip coating [16,17]. These opal PCs then serve as the templates into
which the desired precursor or target material is introduced. Subsequently, the template is
removed through calcination or etching, forming the IOPC. Throughout the preparation
process, different methods can be employed to fill the precursor or target material, including
Atomic Layer Deposition (ALD) [18], Chemical Vapor Deposition (CVD) [19], Electrochem-
ical Deposition (ED) [20,21], sol-gel method [22,23], and more.

In this PhD study, I aimed to synthesize, analyse, and characterize ordered nanoporous
10 structures composed of various oxides and their composites (TiO2, ZnO, Al>,O3, TiO2/Zn0O,
Zn0O/Ti0z, TiO2/AL,03, ZnO/ALLO3, ALO3/TiO2, Al203/Zn0) using both ALD techniques via
thermal ALD and plasma-enhanced ALD. My key objectives were to establish a controlled
fabrication method for periodic polystyrene (PS) nanosphere sacrificial templates with
diameters of 300 nm, 460 nm, and 600 nm through vertical layer deposition (VLD), which
served as scaffolds for the subsequent ALD of IO oxides. These parameters critically influenced
light localization and enhanced photocatalytic activity in the UV and visible range.
Additionally, I explored different synthesis pathways using both PS suspensions and powders
to optimize template ordering, morphology, and structural integrity. My goal was to engineer
these nanostructured 10 materials with tailored compositions and architectures to enhance their
photocatalytic performance. Specifically, I fabricated both pristine and composite IOs by
depositing the selected metal oxides onto PS templates of varying sizes, followed by template

removal via annealing.

I first focused on synthesizing TiO2, ZnO, and TiO2/Zn0O 10O structures using PS-300
templates to maximize PBG effects in the UV Visible region and enhance their photocatalytic
activities. I then investigated Al,Oz-based 1O structures and their composites (Al2O3/ZnO and
Al05/TiO2) using PS-460 templates, comparing TALD and PEALD techniques to evaluate
their influence on film quality, surface morphology, and defect passivation. Finally, I extended
the study to PS-600-templated ZnO and TiO; 1Os coated with ultrathin Al,O3 layers to fabricate
bilayer structures aimed at improving photocatalytic activity under UV and visible light. After
preparing the 10 materials, I conducted a comprehensive characterization of their structural,
compositional, and optical properties using techniques such as Scanning Electron
Microscope/Energy Dispersive X-ray Spectroscopy (SEM/EDX), Atomic Force Microscopy
(AFM), X-ray Diffraction (XRD), Raman spectroscopy, X-ray Photoelectron Spectroscopy
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(XPS), Photoluminescence (PL), and UV Visible spectroscopy. These analyses confirmed the
crystalline structures of ZnO and TiO> and the amorphous nature of Al,Os. I also evaluated
their photocatalytic performance under UV and visible light by testing the degradation of
methylene blue (MB), rhodamine 6G (Rh6G), and 4-nitrophenol (4NP).

2. EXPERIMENTAL
2.1. Preparation of Polystyrene Nanosphere Opal Template

The opal template was prepared from PS suspensions with different particle sizes
(Sigma Aldrich, 10% w/w and 300, 460, or 600 nm particle size) diluted to 3.0% (V/V). For
the preparation of the PS suspension, 15 mg of PS powder was mixed with 4.85 ml of ion
exchange water and stirred manually. An ultrasonication was performed to enhance particle
uniformity. The resulting PS suspension was then used to grow an opal layer on a microscope
glass slide using the VLD. After ultrasonication, the suspension was placed in a closed
container to prevent evaporation. Cleaned glass slides, treated with the so-called “piranha
solution” (a mixture of 98% (v/v) H2SO4 and 30 % (w/w) H20> in a 3:1 ratio) to enhance
hydrophilicity, were placed at a 45-degree angle in the PS suspension to facilitate vertical
deposition. The slides were then placed in a furnace at 50°C for 14 hours, followed by heating
at 80°C for 90 minutes, allowing the colloidal crystal to form through self-assembly during

water evaporation.
2.2. Thin Film Deposition Using ALDs

The ALD methods, known as TALD and PEALD, were utilized to produce 10PC
materials. TALD utilizes thermal energy for surface reactions, while PEALD employs plasma
to enhance reactivity and control film properties at lower temperatures. PEALD utilizes plasma
species as a co-reactant to enhance precursor reactivity, enabling the growth of high-quality
films at low temperatures. The process involves preheating the ALD chamber to 50 °C,
followed by inserting samples and a reference silicon wafer into the reactor. For the deposition
processes, TiCls, DEZ, and TMA were used as precursors for TiOz, ZnO, and Al>Os,
respectively, with H2O serving as the oxidizing agent. For example, in the case of TiO2, each
ALD cycle comprised a 0.3 s TiCls pulse, followed by a 3 s N> purge, a 0.3 s H>O pulse, and a
subsequent 3 s N purge. These depositions were carried out at a controlled temperature of

52.9°C in thermal mode.



3. RESULTS AND ANALYSIS

3.1. Synthesis of TiO2 10, ZnO 10, ZnO/Ti02, and TiO2/ZnO composites via PEALD

This study introduced a synthesis approach to enhancing photocatalytic efficiency by
synthesizing TiO2/ZnO and ZnO/TiO> 10 structures using PEALD. Successfully fabricated
ordered and interconnected porous architectures employing 300 nm-sized PS templates through
a low-temperature process. Characterization techniques, including SEM (Fig. 3.1 a & b), XRD,
Raman spectroscopy, and UV-Vis spectroscopy (Fig. 3.1 ¢), confirmed the formation of I10s
with ordered structures, controlled crystallinity, and distinct PBGs within the visible region.
The presence of these PBGs resulted in the "slow photon" effect, significantly enhancing light-
matter interactions within the 1O structures. Pristine TiO> and ZnO IOs exhibited better
photocatalytic activity under UV light for degrading pollutants such as 4NP and Rh6G (Fig.
3.1 d). This performance was attributed to several factors: 1) their high periodicity and hollow
IO structure, which provided ample active sites for pollutant adsorption; 2) their bandgap
alignment (3.0 eV for TiO2 and 3.2 eV for ZnO), enabling efficient absorption of UV photons
and subsequent generation of electron-hole pairs; and 3) optimized charge carrier dynamics

within the pristine 1O structures.

Conversely, composite 10s (TiO2/ZnO and ZnO/TiO2) demonstrated significantly
enhanced photocatalytic activity under visible light irradiation. This improved performance
was attributed to a synergistic effect between 1) band gap modulation, where the combination
of TiOz and ZnO allowed for broader light absorption across the visible spectrum. Furthermore,
the precise control over layer thicknesses and morphologies achieved through the PEALD
technique contributed to improved light trapping and efficient charge carrier transport within

the composite 1O structures.
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Figure 3.1: SEM images of pure IOs (a and b), UV Visible spectroscopy (c), and photocatalytic
results of pure TiOz 1O, pure ZnO IO, and their composites (TiO2/Zn0O, and ZnO/TiO2) under
UV and visible light with Rh6G and 4NP pollutants (d), respectively.

3.2. Synthesis of Al203 1O and its composites via TALD and PEALD Methods

This study determined the synthesis and characterization of IOPCs composed of Al,Os
and its composites, coated with ultra-thin ZnO and TiO> layers using TALD and PEALD. The
study also demonstrated the successful fabrication of IOPC structures using 460 nm-sized PS
nanospheres as a template, followed by ALO; infiltration and template removal.
Characterization techniques, including SEM, EDX, TG, UV Visible spectroscopy, AFM, PL,
and XPS, confirmed the periodic, interconnected 10 structures and the successful incorporation
of ZnO and TiO; layers. TALD resulted in smoother surfaces compared to PEALD (Fig. 3.2 a
and b), while UV Visible spectroscopy (Fig. 3.2 c) revealed absorption peaks related to the
PBG and “slow photon” effects. Despite an annealing temperature of 900°C, the final Al,O3
IO and its composites exhibited an amorphous structure. PL analysis showed that the
incorporation of ZnO and TiO> layers, particularly with PEALD, enhanced PL intensity by

passivating defects and improving optical properties. XPS analysis confirmed the presence of



ADlOs3, ZnO, and TiO,, along with oxygen vacancies and aluminum hydroxide formation,

indicating successful material incorporation (Fig. 3.2 d).

Zn 2p
U

500k g (d)
AlLO, 10
400k ALOy/ZnO-T
1 ALO,TiO, T

;: AlLOy/ZnO-P
s f /T10,-]
~ 300k - AlLO,TiOP
£
w
-
2
5 200k -

T T T T T
1200 1000 800 600 400 200 0
Binding Enegy (eV)

Figure 3.2. AFM images of the ALD grown samples: (a), Roughness of the materials by AFM
(b), UV Visible spectra (c), and XPS result of Al,03 10 and its composite materials (d),

respectively.
3.3. Synthesis of ZnO 10 and ZnO/Al203 Composites via TALD and PEALD

This study also details the synthesis and characterization of ZnO 10s and ZnO/Al>0O;
composites utilizing ALD methods, specifically TALD and PEALD (Fig. 3.3a). A 600 nm PS
nanosphere template was employed to create the periodic 10 structure, followed by ZnO
deposition and subsequent annealing at 500°C to remove the template. Ultra-thin Al>O; films
were grown on ZnO 10s via TALD and PEALD. Characterization techniques, including SEM
(Fig. 3.3 b), XRD (Fig. 3.4a), UV-Vis spectroscopy (Fig. 3.4 b), PL analysis (Fig. 3.4 c), and
so on were confirmed the wurtzite ZnO IO structure and the amorphous nature of the Al,Os
layers. The study highlighted the role of photonic crystal effects, including “slow photons” and
PBG shifts, in enhancing light absorption and photocatalytic efficiency. The photocatalytic
activity was evaluated using MB, Rh6G, and NP. While the pristine ZnO 10 structure
demonstrated effective MB degradation due to efficient light capture, its performance
decreased with Rh6G and 4-NP. The ZnO/Al,O3-TALD composite exhibited superior
photocatalytic performance compared to pristine 10 and ZnO/ALOs3;-PEALD composites,
achieving the fastest degradation rates for MB and Rh6G. This enhancement is attributed to
factors such as the passivation effect of the Al>O; layer, the preservation of the highly ordered

IO structure, and the controlled introduction of defects. In contrast, the PEALD-coated



composite showed reduced activity due to increased disorder and defects introduced by the

plasma-assisted deposition process.

—

Glass
substrate

(a) PS powder (D) Suspension () Dispersed particles (d) Vertical layer

deposition technique
(=] Polystyrene

D Zinc oxide (Zn0) _ _ . SEM picture

< Aluminium Oxide (A1,0;)
Removal of template

ZnO/TALD ALOy

o
Al H
AT

Heating

:

(€) Self assembly () Zno (g) Inverse opal

% SEM picture
s

()

Figure 3.3: Synthesis of paths (a) of ZnO IO and ZnO/Al>O; composite structures using TALD

and PEALD techniques, and (b) SEM images of ZnO 10, ZnO/Al:O3-TALD, and ZnO/AL,Os-
PEALD composites, respectively.
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Figure 3.4: XRD patterns (a), UV visible, and PL spectroscopy(b), for ZnO 10, ZnO/Al,0s-T,
and ZnO/ALOs-P (c), respectively.

3.4. Synthesis of TiO2 10, and TiO2/Al203 composites via TALD and PEALD

This study successfully synthesized TiOz 1O and ultra-thin films of Al2O3 on composite
10s using TALD or PEALD and VLD from a 600 nm-sized PS nanosphere opal template. The
results showed that the highly ordered opal crystal macrostructure had a face-centered cubic

(FCC) orientation. The proposed annealing temperature (500 °C) efficiently removed the



template, leaving the anatase phase 10, which provided a small contraction in the spheres. In
comparison to TiO2/Al,03; PEALD, TiO»/Al,O3 TALD had a better charge interaction of
photoexcited electron-hole pairs in the valence band hole to restrain recombination, resulting
in a broad spectrum with a peak in the green region. This was demonstrated by PL (Fig. 3.5 a).
Strong absorption bands were found in the UV regions, including increased absorption due to
“slow photons” and a narrow optical band gap in the visible region. The results from the
photocatalytic activity of the samples showed decomposition rates of 35.4%, 24.7%, and
14.8%, for TiO2, TiO2/Al>03 (Fig. 3.5 b), TALD, and PEALD 10 ALD samples, respectively.
The result showed that ultrathin amorphous ALD-grown Al,O; layers had considerable
photocatalytic activity. The Al>2O3 thin film grown by TALD had a more ordered structure than
the plasma ALD-prepared one, explaining its higher photocatalytic activity. The declined
photocatalytic activity of the combined layers was observed due to the reduced electron

tunneling effect resulting from the thinness of Al>Os.

( a) = TiO, 10 100 4

#— TiO,/ ALO, Thermal ALD
A TiO,/ ALO, Plasma ALD

50000

93.8%

40000 4 90
=
. <
'5 30000 ~ < g0 75.3 %
2 g
~ £
- Hl
20000 F R =i
< ——Ti0, 64.6 %
£ | Ti0yALO,-TAID'

10000 -

—v— Ti0,/Al,05-PEAL

60

T T T T
0 30 60 90 120 150 180

0 T T T T T T 1 - Ly - -]
450 500 550 600 650 200 75 Irradiation Time, Min

Wavelength, nm

Figure 3.5: (a) PL analysis results, and (b) photocatalysis TiO> 10 and its composites,

respectively.



4. POSSIBLE APPLICATIONS OF RESULTS

Using TALD and PEALD, this study shows exact control over the morphology and
optical quality of IOPCs, enabling tunable PBGs and "slow photon" effects that are essential
for advanced photonic devices and solar energy harvesting. The synthesis technique and
template size (300—-600 nm) can be changed to optimise light capture or align the optical
response with pollutant absorption spectra. Double-layer composites, such as TiO»/Al,O3 and
Zn0O/Al>0O3, showed significantly enhanced photocatalytic performance by suppressing charge
recombination and improving pollutant degradation under UV or Visible light. Furthermore, it
was discovered that the deposition order was critical, with TiO2/ZnO outperforming ZnO/TiO»,
highlighting the significance of interfacial engineering for effective environmental
remediation. ALD-fabricated IOPCs are promising platforms for solar energy conversion,
water purification, gas sensing, selective adsorption, and even as frameworks for high-
performance lithium-ion batteries due to their structural integrity and tunability, which extend
beyond photocatalysis. These results demonstrate their potential in environmentally friendly

and sustainable energy technologies.
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1.

S. THESIS POINTS

Using low-temperature (50 °C) plasma-enhanced atomic layer deposition (PEALD), I
synthesized TiO; and ZnO single-material as well as ZnO/TiO2 and TiO2/ZnO composite
inverse opal photonic crystal (IOPC) structures. For this opal template of 300 nm sacrificial
polystyrene (PS) particles were applied, which were removed after PEALD by annealing
in air at 500 °C. The second PEALD layer resulted in a ca. 30 nm red shift in the photonic
bandgap (PBG) compared to the PBG of the first layer. In photocatalytic tests, single-
material IOPCs degraded the model pollutants (4-nitrophenol, 4-NP and rhodamine 6G,
Rh6G) more efficiently under UV light, while the composites were more efficient under

visible-light irradiation [P3].

I prepared Al203/TiO2 and Al03/ZnO IOPCs using a combination of thermal atomic layer
deposition (TALD) and PEALD. At first, Al,O3 IOPC was made via TALD using a 460 nm
PS opal template, depositing 36 nm Al>O; layer by TALD and annealing it at 450 °C. Then
ultrathin (~5 nm) TiOz or ZnO overlayers were grown by both TALD and PEALD on the
AlO3 IOPC to form Al,O3/TiO2 and Al>O3/ZnO composites, followed by post annealing
at 900 °C. Atomic force microscopy (AFM) showed that composites with TALD-grown
overlayers had smoother surfaces (Root mean square - RMS: 17—-18 nm) than those grown

by PEALD (RMS: 19-20 nm) [P4].

I fabricated ZnO/Al,03; IOPCs by combining TALD and PEALD. A 52 nm ZnO layer was
first grown by TALD on a 600 nm PS nanosphere opal template and subsequently
converted into a ZnO IOPC by annealing at 500 °C. Consecutively, an ultrathin (~5 nm)
ALOs; layer was deposited by TALD or PEALD to obtain ZnO/AlO3;-TALD and
ZnO/Al,O3-PEALD composites. The electric bandgap shifted from 3.3 = 0.01 eV (single-
material ZnO) to 3.4 + 0.01 eV for TALD-coated and 3.6 £ 0.01 eV for PEALD-coated
composites, due to the ultrathin Al,O3 overlayer. After 3 hours visible-light irradiation the
TALD-coated composite was more effective in the photocatalytic decomposition of
photocatalytic studies to decompose methylene blue (MB), Rh6G, and 4-NP model
compounds, achieving 69 %, 40 %, and 27 % degradation, respectively, compared to the

PEALD-coated composite (48 %, 23 %, and 22 % degradation, respectively) [P2].
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4. By combining TALD and PEALD, I synthesized TiO2/Al,03 IOPCs. At first, TiO> IOPC
was prepared by depositing 52 nm of TiO; via TALD onto a 600 nm PS sacrificial template,
followed by annealing at 500 °C. After this, a ~5 nm AL2Os film was grown on it by either
TALD or PEALD to get TiO2/AlbO3-TALD and TiO2/Al,O3-PEALD composites. The
electric bandgap (3.2 £ 0.01 eV for the TiO,) shifted to 3.6 £ 0.01 eV for TALD-coated,
and to 3.8 £ 0.01 eV for PEALD-coated composites, due to the ultrathin Al,O3 overlayer.
The TALD composite exhibited more efficient photocatalytic activity than its PEALD
counterpart, achieving 25% MB degradation under 3 hours of visible-light irradiation,

compared to 15% [P1].
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