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Zinc oxide inverse opal (IO) has excellent photocatalytic properties, while Al,O3 has high chemical stability and
negligible photocatalytic activity. However, combining these materials creates a crystalline ZnO-amorphous
Al,03 composite I0 photonic crystal material with improved photocatalytic performance. In this study, ZnO
I0 and ZnO-Al;03 combined structures were grown on self-assembled polystyrene (PS) nanosphere templates.
ZnO layer was coated by thermal atomic layer deposition (TALD) in the pores of the template, and the template
was then removed by annealing to yield a self-standing ZnO IO nanostructure. An ultra-thin film of Al,O3 was
coated on the top of ZnO IO by TALD or plasma-enhanced ALD (PEALD). SEM imaging, Raman spectroscopy, and
XRD analysis confirmed the presence of a periodically arranged, and wurtzite ZnO IO structure, with an
amorphous Al;O3 layer on top. The UV-Vis results demonstrated distinctive absorption bands in both regions,
with a notable increase in visible light absorption attributed to the slow photon effect within the near-bandgap
region of the photonic materials. The ZnO/Al,03-TALD photocatalyst exhibited enhanced photocatalytic per-
formance in degrading various pollutants including methylene blue, rhodamine 6G, and 4-nitrophenol under
visible light illumination compared to its pristine IO and PEALD composite counterparts. This is attributed to its
periodic arrangement of the IO structure that acts as a photonic crystal, precisely controlling light interaction
through photonic band gap manipulation and the slow photon effect. This tailored light manipulation within the
visible spectrum significantly enhances photodegradation efficiency.

crisis. SCOs can be used in a variety of applications, for instance, solar
cells, UV-vis light emitters, fuel cells, batteries, transparent electronics,

1. Introduction

Over the past few years, interest in semiconductor oxides (SCOs) has
grown significantly due to their adaptable technological applications [1,
2]. Due to their non-toxic nature, stable chemical properties, and envi-
ronmental benefits, they have been extensively studied as potential so-
lutions to the mounting issues of environmental pollution and the energy
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and photocatalysis [3-6]. The photocatalytic process encompasses light
absorption, the generation and separation of electrons and holes, their
transport to the photocatalyst’s surface, and the subsequent redox re-
action [7]. Semiconductor oxide (SCO)-based photocatalysis is a
potentially transformative technology for addressing environmental and
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energy challenges and providing new opportunities in chemical syn-
thesis and materials science because SCOs are highly photoactive and
can be used to photocatalyze a broad range of reactions, such as,
water-splitting, pollutant degradation, energy conversion, environ-
mental remediation, and self-cleaning surfaces [8-10]. However, their
photocatalysis efficiency is affected by many factors, including light
absorption ability [2,11], band gap energy [12], interfacial electron
transfer capacity [13], and recombination of photogenerated electrons
and holes. Researchers are working to develop new SCO photocatalysts
with improved efficiency and durability.

Zinc oxide is one of the most valuable n-type SCO photocatalysts [14]
having an direct energy band (3.37eV) and high exciton binding energy
(0.06eV) [15,16]. It is, as a material, finds applications in electronics
[17], optoelectronics [18] and sensors [19]. However, its photocatalytic
efficiency is yet challenging to meet the practical applications being
used on a large scale commercially. These could be probably due to
crystal structure [20], surface morphology [21], roughness [22], film
thickness [25], and annealing temperature [25] of the ZnO nano-
structure especially owing to its only UV absorbing feature. Developing
ZnO with other oxides could be, therefore, more efficient to enhance
photocatalysis. Efforts have been implemented in previous studies to
improve the photocatalytic properties of ZnO nanostructures. These
efforts encompass various approaches, including morphological engi-
neering, metal dopants (Ag, Au, Cu) [26-28], composite formations like
Zn0O/Ti03, WO3/Zn0O, CuO/Zn0O and Al,03/ZnO [29-33]. These com-
posite material approaches boost photocatalytic performance by
increasing the surface area of materials, narrowing band gap energy,
improving light absorption, enhancing charge separation, and reducing
electron-hole recombination.

Inverse opals represent a specific category of photonic crystals (PCs)
that possess a three-dimensional arrangement of well-organized voids,
interspersed by a network of interconnected spheres or solids. These
structures display exceptional attributes, such as photonic bandgap
(PBG), large surface area, adjustable optical, electronic, and mechanical
properties, self-assembly capabilities, as well as plasmonic properties
[34-36]. In the typical fabrication process of ZnO IO PCs, materials such
as PS, polymethylmethacrylate, carbon nanospheres, or silica nano-
spheres are densely packed into a colloidal opal crystal lattice, which
acts as a template. The voids within the template structure are then filled
with ZnO, leading to the formation of a unique photonic crystal structure
with advantageous optical and electronic properties. Eventually, the
sacrificial templates are removed through calcination, while the silica
colloids are dissolved using chemical etching with HF, resulting in the
creation of the final ZnO IOPC [37,38].

Several infiltration techniques, including chemical vapor deposition
[39], sol-gel, spin coating [40], hydrothermal [41], sputtering [42], and
ALD [41], have been engineered to fabricate ZnO and composite
nanostructures, with desirable characteristics. Among the mentioned
techniques, ALD outstands as it enables the growth of ZnO layers that are
uniform, conformal, and controlled at the atomic level on
three-dimensional surfaces. ALD is experiencing rapid growth due to its
advanced technology. It applies a vapor phase deposition method with
self-regulated reactions, producing highly conformal and uniform thin
films with sub-nanometer thickness [43-45].

Within the ALD family for depositing metal oxide thin films, two
main approaches exist: thermal ALD (TALD) and plasma-enhanced ALD
(PEALD). These methods differ significantly in their precursor activa-
tion, leading to contrasting film properties and material performance.
TALD utilizes thermal energy (150 °C-400 °C) to activate precursors,
driving reactions with the substrate surface. PEALD utilizes plasma (e.g.,
Ar, Hy, or O5 radicals) for precursor activation. The lower operating
temperatures (often below 100 °C) minimize damage, while the plasma
bombardment promotes superior film conformity, resulting in smoother
and more uniform surfaces. Additionally, studies show faster growth
rates and higher growth per cycle for PEALD compared to TALD,
potentially due to the more efficient plasma activation [46-48]. For
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example, when comparing the thermal and plasma-assisted ALD re-
actions for Al,O3, Trimethyl aluminum (TMA), H,0, and O radicals as
precursors, the overall process into successive "half-reactions" as follows

[49]:

Summary of TALD vs PEALD.

TALD reaction [50]

PEALD reaction [51,52]

Step-1: Surface reaction during TMA
exposure

TMA + Surface — OH — Surface-Al
(CH3)2 + H20 (g)

Step-2: Surface reaction during HyO

Step-1: Surface reaction during TMA
exposure:

TMA + Surface — H — Surface — Al
(CH3)2 + CH4(g)

Step-2: Surface reaction during Oy

exposure: plasma exposure:
H30 + Surface — AI(CH3), — Surface-Al- O + Surface-Al(CH3)3 — Surface-Al-OH
OH + CHj (8) + CH30H(g)
TMA + H50 — Surface — AI-OH + CHy4 TMA + O'— Surface — Al-OH + CH30H
+ CHy4

This study aims to synthesize and characterize pure ZnO and ZnO/
Al,03 composite structures using a combination of TALD and PEALD.
First, a 51.4 nm thick ZnO layer was grown on a polystyrene (PS)
nanosphere template using TALD. The ZnO layer was then annealed at
high temperatures to form an IO structure. Next, an ultra-thin Al,O3
layer was grown on the ZnO IO structure using either TALD or PEALD.
The PS colloid crystal template was fabricated using vertical layer
deposition (VLD). The morphology, chemical composition, crystallo-
graphic structure, optical properties, and photocatalytic characteristics
of the synthesized materials were explored in the presence of a variety of
methodologies, including scanning electron microscopy-energy disper-
sive X-ray spectroscopy (SEM-EDX), XRD, Raman spectroscopy, spec-
troscopic ellipsometry, photoluminescence (PL) spectroscopy, and
UV-Visible spectroscopy. The photocatalytic properties of the materials
were also evaluated by exposing them to visible light irradiation for 3 h
while using methylene blue (MB), Rhodamine 6G (Rh6G), and 4-Nitro-
phenol(4-NP) dyes as model pollutants.

2. Experimental procedures

2.1. Preparation of polystyrene (PS) nanosphere template: vertical layer
deposition (VLD)

The preparation of a polystyrene (PS) suspension (Sigma Aldrich,
600 nm, 10 %) commenced with gently scraping powder from the PS
bottle using a curved-end spatula. Subsequently, 15 mg of PS powder
was mixed with 4.85 ml of ion exchange water and thoroughly stirred
manually until a homogeneous dispersion was achieved (Fig. 2). To
enhance particle uniformity and surface area, the suspension underwent
high-frequency sonication treatment using Sono Plus equipment (Ban-
delin ultrasound, DIN EN 62638, Germany) with the following param-
eters: amplitude 30 %, pulsation time 0.5 s, energy 6.1 kJ, and duration
3 min at ambient temperature. Finally, the prepared PS suspension was
utilized to grow an opal layer on a microscope glass slide using the VLD
method, in line with our previous study protocol [53].

2.2. Atomic layer deposition: TALD/PEALD

Prior to TALD (Beneq, TFS-200-186) deposition, the ALD chamber
was heated at 50 °C for 2 h, and then the opal samples and reference
silicon wafer (100) were loaded together into the ALD reactor to begin
the film growth process. Ultra-high purity nitrogen was used as the
carrier gas, with a pressure of 6.8 mbar in the vacuum chamber and 1.4
mbar in the reactor. For ZnO thermal ALD deposition at 50 °C, diethyl
zinc (DEZ), and H0 precursors were used. The TALD process was
conducted using a pulse/purge program that alternated between 300 m s
of DEZ and 3000 m s of Ny, and 300 m s of H,O and 3000 m s of Ny
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(Schematic illustration is given in Fig. 1). A total of 539 ALD cycles were
performed, resulting in a confirmed film thickness of 51.4 nm and a
growth rate of 0.09 nm per cycle. An ultra-thin Al;O3 film layer was
TALD deposited on top of the ZnO IO structure using a trimethyl
aluminum (TMA) and H,0 precursors. The TALD process was conducted
using a pulse/purge program that alternated between 150 m s of TMA
and 3000 m s of N, and 150 m s of Hy0 and 3000 m s of N». A total of 19
ALD cycles were performed, resulting in a film thickness of 4.4 nm
(confirmed by ellipsometry) with a growth rate of 0.23 nm per cycle
(Table 1).

On the other hand, the PEALD of Al,O3 on pure ZnO IO was per-
formed using TMA and O, precursors. A constant radio frequency power
of 50 W was applied to the plasma during PEALD to activate the Oy
oxidant. The vacuum chamber and deposition reactor maintained in-
ternal pressures of 7.4 mBar and 1.2 mBar, respectively. The sequence of
pulses and purges was as follows: 150 m s of TMA, 2000 m s of nitrogen,
2000 m s of Oy plasma, and 2000 m s of nitrogen. A total of 23 ALD
cycles with plasma-assisted deposition produced a 5.5-nm-thick Al,O3
film with a growth rate of 0.23 nm per cycle.

2.3. Heat treatment of the samples: annealing and post-annealing

The heat treatment process involved placing both the samples and
control samples into alumina ceramic crucibles to remove the template
material. The process was carried out in a furnace in an air environment.
In the heating program, the samples were heated from ambient tem-
perature to 500 °C for 4 h and then maintained at that temperature for 2
h. After the PS template was effectively eliminated, the resultant
structure comprised a high-quality pristine ZnO IO structure. Addi-
tionally, post-annealing was also carried out for composite materials
using the same heating technique once Al;03 had grown on the surface
of IO structures. The annealing protocols proved highly effective in
removing the template material and generating the IO structure.

2.4. Materials characterization

SEM analysis was performed utilizing a JEOL JSM-5500LV scanning
electron microscope operating at 25 kV with an SEI Detector under high
vacuum conditions. The samples were observed without any modifica-
tion or treatment, and no conductive film (Au and Pd) was applied to
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prevent potential signal interference. EDX spectra were captured using
the JEOL JSM-5500LV SEM, with three measurement points taken for
each sample and an average of them.

The structural analysis was performed using a PAN analytical X’Pert
Pro Monochromatic Parallel-Beam Powder XRD with Copper K-alpha (A
= 1.540 .7\) radiation, in the 2-Theta (5-70°). These patterns were
compared to the reference to identify the crystalline phases present in
the materials. The mean size of the crystallites, D, was determined with
the Scherrer equation:

K2
- p Cos 0 M
Where K is the constant, A is the wavelength of the radiation, f is the full
width of diffraction peaks at half-maximum (FWHM), and 0 is the angle
at which the peak occurs (Bragg angle).

The photonic bandgap (PBG) of the IO materials has been estimated
by using a modified Bragg’s equation (2), shown below [20,34]:

1/2
Amax = 1.632D (nfwg - Sin29> @

Where Amqy is the wavelength of the band maximum (PBG) of the ma-
terials, D is the diameter of spheres (would generally be taken as 2r,
where r is the sphere radius.), 0 is the angle between the incident light
and the surface of the sample. The average refractive index nayg of the
samples can be calculated using the following equation (3):

navg :fsphere nxphere + (1 - fsphere) Ngir (3)

Where f gphere is the filling factor, representing the proportion of space
occupied by the solid PS spheres within the overall structure. For a face-
centered cubic lattice, the volume fractions of PS spheres and air f i, is
typically 74 % and 26 %, respectively. Additionally, n ps, n 7,0, 1 A12035
and n . represent the refractive indices of PS, ZnO, Al,O3, and air,
respectively. The refractive indices are: n ps = 1.59, n zno = 2.0, 1 a1203
= 1.7, and n 4 = 1.0.

The Raman structural analysis was done using a Jobin Yvon Labram
Raman spectrometer equipped with an Olympus microscope and a green
Neodymium-doped Yttrium Aluminum Garnet laser. The Raman shift (in
wave number) was measured within the range of 100-1800 cm L.

UV-Vis spectroscopy of the samples was conducted using an

(a) < i
H:0 pulse iy H removal O
N
\ §3§ P 3 0990009
N, purge, 88%888
r% L'u:(u,§movnl 8— Q "
Step 3 Step 4
Step 2 % f %
Q 000
0 k.. 888 o B
Q0 B Step 1 Product
O H)‘(l.ro,-en Hopube
%P \\ut: \:,.lg ALD Cycle ?purge
k DEZ pulse J

Fig. 1. Graphic representation of the ALD reaction for ZnO using DEZ and H,O precursors.
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Table 1

ALD reaction parameters.
Sample Name Deposited oxides Modes of ALD reaction Temp. (°C) ALD cycles Thickness (nm) GPC (nm)
ZnO ZnO T 50 539 51.4 0.09
ZnO/Al,03-T Al,03 T-T 50 19 4.4 0.23
Zn0O/Al,05-P Al,03 T-P 50 23 5.5 0.23

“T” stands for thermal; and “P” stands for plasma.

AvaSpec-2048 spectrometer from AVANTES, equipped with an Ava
Light-DHS deuterium halogen lamp. Ava Soft software was used for
absorbance-reflectance-mode data acquisition.

A SEMILAB Spectroscopic Ellipsometer SE-2000 (Cambridge, USA)
was utilized to measure the thickness of the IO films and reference
samples. To ensure accurate measurements, reference Si (100) wafers
were integrated as control samples in the ALD system along with the
opal and IO samples.

PL spectra were obtained using an Edinburgh Instruments Fast
spectrum (FS) 5 spectrofluorometer, employing an excitation wave-
length of 380 nm at 25 °C and a long pass glass filter in the emission
beam at 380 nm.

To assess the photocatalytic performance of ALD-grown materials,
they were subjected to visible light irradiation while immersed in so-
lutions containing MB, Rh6G, and 4-NP dyes for 3 h. Each sample was
attached to the walls of a glass vessel using plastic tape, ensuring that
only the film portion was fully submerged in the 10 mL each of 5.0 x
107%M, 3.8 x 10" MRh6G, and 8.5 x 10 M 4-NP (pH = 10.01 buffer)
dye solutions. Prior to irradiation, the samples were kept in the dark for
30 min to allow adsorption-desorption equilibrium to establish. At
regular intervals of 30 min, 3 ml of the solution was carefully pipetted
into a quartz cuvette and its absorbance was measured using an Avantes

fibre optic spectrometer (AvaSpec-2048) equipped with an Ava Light-
DHS light source. The absorbance readings were transformed into dye
concentration values. The photocatalytic decomposition of the dyes was
initiated by exposing the sample solutions to visible light irradiation
from three Osram 18 W lamps arranged in a stack configuration. The
sample solution was placed in front of the central lamp and maintained
at 5 cm to guarantee uniform lighting conditions. This experimental
setup enabled the quantification of the photocatalytic activity of the
ALD-grown samples over time, providing insights into their efficiency in
degrading MB(4;ax = 665 nm) and Rh6G(Amex = 527 nm), 4-NP(Apmex =
400 nm) under visible light irradiation.

3. Results and discussion

Fig. 2 describes the process of fabricating the periodically ordered IO
structure of pristine ZnO and ZnO/Al,O3 composite materials using
thermal and PEALD techniques, combined with the VLD method. This
technique was used to grow the colloid crystal template on the glass
slides. The process began with the proper dispersion of PS powder to
form aggregates, as illustrated in (Fig. 2) in path “a to d”. Subsequently,
the template was subjected to low-temperature (50 °C) TALD infiltration
of ZnO followed by annealing at a high temperature of 500 °C, resulting

ﬁDistﬂled water
O

90

o
eXeld [ ——
23 Dispersion

(a) PS powder (D) Suspension

Q Polystyrene
O Zinc oxide (ZnO)
O Aluminium Oxide (Al,05)

(c) Dispersed particles

Removal of template

(d) Vertical layer
deposition technique

SEM picture

-

SEM picture

ZnO/PEALD Al,O3

Fig. 2. Fabrication schemes of ZnO IO and ZnO/Al,03 nanocomposite structures using TALD and PEALD techniques.
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in the IO structure (see path “e”). The final synthesis pathway shows
(route “h and i”), that AlyO3 thin films were grown onto the original 10
structure using TALD and PEALD techniques. Subsequently, another
annealing step was conducted, resulting in the formation of a composite
nanomaterial composed of ZnO/Al;03.

3.1. SEM study

Fig. 3a-h presents SEM images of the ALD-grown samples captured
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at high magnifications. A high-quality colloidal crystal template
(Fig. 3a-b), comprising colloid nanospheres with a size of ~588 nm
(SEM measurement), was synthesized using the VLD technique. The top
view SEM images clearly exhibited a periodic arrangement of mono-
dispersed colloidal spheres, with a close-packed plane, like the (100)
planes of a face-centered cubic (FCC) crystal network. These template
structures have shown promising potential as suitable candidates for
ALD infiltration techniques. Fig. 3c—-d shows a clear image of a unique
hollow structure of a pristine ZnO IO with a thickness of approximately

Fig. 3. SEM images of the ALD sample: (a-b) PS template, (c-d) ZnO IO synthesized by TALD, (e-f) ZnO/Al,03-T composite sample, and (g-h) ZnO/Al,O3-P

composites respectively.
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51.4 nm, as confirmed by Ellipsometry (Table 1). This structure is made
up of interconnected spheres that follow the template morphology.
Composite 10 architectures deposited through TALD yielded uniform,
ordered spheres. However, PEALD deposits exhibited slightly lower
periodicity and less order compared to their TALD counterparts
(Fig. 3e-h). The composite structures grown through TALD-Al;O3
exhibited nearly equivalent high levels of ordering when compared to
the PEALD-Al,Og structure. It is evident that a 5 nm ALD deposition did
not change the overall surface morphology of the pure IO structure,
thereby preserving its remarkably uniform and conformal ALD coating
[54]. Annealing and post-annealing temperature were sufficiently high
to eliminate the template without altering its IO and composite struc-
ture, while the deposition temperature remained notably lower.
Furthermore, annealing the sample at 500 °C resulted in shrinkage of the
sphere size for all materials. The volume shrinkage, estimated by SEM
analysis (Table S1), was 8.0 % for ZnO IO, 16.7 % for ZnO/Al,03-T, and
15.2 % for ZnO/Al,03-P. This higher shrinkage in the composites
compared to the pure IO structure is likely due to the double-step heat
treatment.

3.2. EDX study

EDX analysis confirmed the successful deposition of ZnO and Al,O3
using either TALD or PEALD techniques (Figs. S1a—c). Pristine ZnO IO
comprised Zn and O in a near stoichiometric ratio. However, PEALD
results in greater deposition of Al;O3 (9.8 %, At) compared to TALD (8.4
%, At) in the composite materials (Fig. S1d). EDX analysis also detected
minor quantities of C attributed to residual precursors, as well as of Na,
Al, Si, and Ca, originating from the glass substrate.

3.3. Raman study

Raman analysis confirmed the wurtzite crystalline nanostructure of
the pure I0, with the most prominent peak at ~433 cm™! and shifts at
~333, ~436, ~578, ~995, and ~1132 cm ™! (Fig. 4a). The composite
samples made of Al,O3 either TALD or PEALD did not show any Raman
shifts, and their peak intensities varied, with PEALD having a lower
intensity than TALD. This is mainly because the Al;03 samples were too

annealing temperatures (exceeding 1000 °C) [55].
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3.4. XRD study

From XRD analysis (Fig. 4b) it can be observed that all major peaks
were indexed with a hexagonal wurtzite crystal ZnO IO structure that
matched very well with the standard data (ICCD card Number: 98-016-
1836). The pure IO and TALD composite exhibited similar crystallite
sizes of 37.4 nm as determined by the Scherrer equation in Table 2. This
implies that both materials possess a higher porosity and surface area,
attributed to the larger crystallites allowing for more space between the
crystal grains. However, the 5 nm Al;O3 layer grown on IO structure
using either TALD or PEALD was too thin and amorphous to be detected
by XRD.

Due to the fragility of PS nanosphere templates and the destruction of
10 structures at high annealing temperatures, the AlO3 ALD film can
only be crystallized by annealing at 1000-1200 °C [56]. Hence,
annealing the TALD composite at 500 °C further increased the order of
the ZnO IO (Fig. 4b) structure but annealing the PEALD composite at
500 °C was not enough to restore the ZnO order. PEALD-coated com-
posite disrupted the order of ZnO IO, leading to stronger XRD peaks for
TALD composites. In contrast, the PEALD-coated ZnO IO composite
showed a larger crystallite size of 63.55 nm (Table 2), suggesting
disordered growth. This difference is due to the distinct ALD mecha-
nisms of TALD and PEALD.

3.5. UV vis absorption study

This studies revealed that all three samples showed a sharp drop in
absorption at around 400 nm, which is the absorption edge of ZnO
semiconductors [41,57]. The pristine IO exhibited the strongest UV light
absorption between 360 and 380 nm (Fig. 5a), which matches the
fundamental band gap of ZnO, likely due to quantum confinement ef-
fects in the I0. The calculated band gap of ZnO IO was 3.3 eV (Fig. 52),
which matches with bulk ZnO (3.2 eV) [58]. ZnO-Al,O3 composites
have a similar absorption threshold (edge) at 400 nm as pure ZnO, even
though Al,O3 nanoparticles have UV absorption at ~280 nm [59]. This

Table 2
Crystallite sizes.

thin to be detected by Raman due to the limited number of ALD cycles Sample Peak position-2 0 (°) FWHM Crystallite sizes/nm
used (19 for thermal and 23 for plasma modes). Previous studies have 7m0 33.9 0.26 37.4
indicated that the formation of crystalline a-Al;O3 and y-Al;O3 films Zn0/Al,05-T 33.9 0.26 37.4
through ALD requires a greater number of ALD cycles and higher ZnO/Al,03-P 32.5 0.14 63.5
(a) (b)
n m

ZnO/ALOSP
ZnO/ALO,T
ZnO10

ZnO

Intensity (a.u.)

T T T T T T
600 900 1200 1500 1800
Wave number (cm™)

Intensity (a.u.)

ogéd
W“M-md-w L4 e
A ZnO 10
ZnO/ALO;-T
ZnO/ALO;-P

[

ol
|

Glass

w{*“'w‘m
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2 Theta degrees(°)

Fig. 4. (a) Raman spectroscopy, and (b) XRD diffraction patterns.
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10, composite ZnO-Al,03-T, and composite ZnO-Al,O3-P respectively.

is because the Al;O3 layer in the composites is very thin, so its effect on
the overall absorption spectrum is insignificant. The ZnO IO structure
also exhibited two absorption peaks at wavelengths of 434 nm (blue
edge) and 660 nm (red edge), indicating enhanced photon absorption
“slow photon effect” at the edges of the PBG centered at 560 nm, which
was dictated by the size of the sacrificial template (588 nm). Based on
the modified Bragg’s estimation, the theoretical PBG of the ZnO IO
structure falls within the visible region at approximately 676 nm (See
Table S1). The two absorption peaks in the IO structure match to the

wavelengths of light where the light waves are slowed down the most
because when light travels through an IO structure, it slows down as it
interacts with the periodic structure of the IO material. At these wave-
lengths, the light waves are more likely to be absorbed by the IO ma-
terial [60,61].

The composite (Fig. 5a) had two absorption peaks in the visible re-
gion, similar to the pure IO, but their PBGs were slightly shifted to 580
nm and 570 nm for the TALD and PEALD composites, respectively. This
suggested that the Al;03 was also slightly shifting the PBG of the ZnO IO.
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However, the calculated PBGs (557 nm for ZnO/Al,03-T and 565 nm for
Zn0O/Al,03-P) deviated from experimental values, being lower than
bare ZnO IO (Table S1). The different PBGs of the pure ZnO IO and the
composite structures are likely due to their macrostructural differences.
Al,03 deposition had further changed band gap energies of PEALD (3.4
eV) composite (Fig. S2) possibly due to defects introduced by the ultra-
thin Al,O3 layer that trapped electrons and holes [31]. The pure IO has
an ordered structure, while the composite structures have a slightly
ordered structure. This difference in order may affect how light propa-
gates through the materials, and thus affect the PBG.

Urbach energy (E,) is a measure of structural disorder in nano-
structures, caused by oxygen vacancies and defect states that capture
electrons and narrow the band gap [62,63]. It is calculated by plotting In
(a) vs. photon energy (hv) and measuring the slope of the linear region,
with the E, having the opposite sign of the slope. The absorption coef-
ficient () is related to the disorder according to the following equation:
[64,65].

a=a, explhv / E,] @

where, o, is constant.

For all sample materials the calculated E, values were 0.20, 0.26, and
0.28 eV, as Urbach band tails, respectively (Fig. 5b). The Al,Os-coated
10 structure had a higher E, value than the uncoated ZnO counterpart,
which meant that the Al,O3 coating had introduced disorder into the
ZnO IO layer. The observed increase in the E, value was due to the
structural defects introduced into the crystal lattice by the plasma-
enhanced techniques. Therefore, the ZnO/PEALD-Al;O3 sample exhibi-
ted a greater degree of disorder and had the potential to create oxygen
vacancies within the Al;03 when compared to the ZnO/TALD-Al;,O3 or
uncoated-ZnO IO structures [65,66].

3.6. PL studies

The PL properties of ALD samples were illustrated (Fig. 5¢). Pure ZnO
10 emitted light in both UV region and visible region respectively, but
the composites were only emitted light in the visible range. The pure
inverse opal (IO) structure exhibited a prominent ultraviolet (UV)
emission peak at 388 nm in its photoluminescence (PL) spectrum, which
was ascribed to the direct recombination of charge carriers. It also had
small peaks in the visible region at 468 nm (blue emission) and 543 nm
(green emission), explained by the relaxation of electrons trapped at
surface defects [67,68]. The ZnO-Al,03-T composite exhibited a few
peaks at 468 nm, 564 nm, and 764 nm, while the PEALD composite
exhibited two sharp peaks at 468 nm and 543 nm, as well as several
small multiple peaks at 569 nm, 596 nm, 613 nm, 628 nm, 659 nm, and
679 nm. Hence, the PEALD composite emitted more visible light than
the TALD, due to the formation of more defects at the ZnO-Al,O3
interface, which acted as traps for charge carriers and promoted their
recombination in the visible region [69]. The TALD composite, on the
other hand, has fewer defects overall, which leads to lower visible light
emission but higher photocatalytic activity. The PL emission can be
attributed to the recombination of charge carriers, most likely stemming
from defects within the inverse opal structure, potentially originating
from plasma depositions.

3.7. Photocatalytic studies

3.7.1. Degradation of dyes using visible light irradiation

The photocatalytic activity of the samples was evaluated by the
relative absorbance of the dyes. The relative absorbance (Ag/Ay) of the
materials were calculated using equation (5):

At
AO/At:l_E )

where A, is the initial absorbance of dyes and A is the absorbance after
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irradiation time t. A pseudo-first-order equation was used to determine
the rate constant of the dye degradation in the sample solution:

In[C, / C] =kt (6)

where k is the rate constant. C, is the initial concentration of dyes and C¢
is the concentration after irradiation time t. The linear plots of -In (C,/
Cy) versus irradiation time, t, were shown in (Fig. 7a-c), and the
calculated rate constants were provided in Table 3.

All samples successfully decomposed the dye solution after being
exposed to visible light for 3 h. Without a catalyst, the dyes relative
absorbance was evaluated to be only 0.04 for MB, 0.02 for Rh6G, and
0.02 for 4-NP respectively (Fig. 6a—c), over 3 h using Equation (4) and
showed a lower rate constant in Fig. 7a-c. This indicates that dye solu-
tions were stable and resistant to degradation without a catalyst.
Moreover, this study also investigated the photodegradation kinetics of
ALD photocatalysts against MB, Rh6G, and 4-NP dyes. All samples
showed pseudo-first-order degradation kinetics (details in Table 3).

The pristine IO structure demonstrated the most effective photo-
catalytic performance in degrading MB, evidenced by its relative
absorbance of 0.42 (Fig. 6a). This was attributed to the highly ordered
10 structure’s ability to efficiently capture and guide light into deeper
layers of the material, allowing for the breakdown of dye molecules [20,
70,71]. However, the same structure exhibited reduced efficiency in
degrading Rh6G dye, with a relative absorbance of 0.72 (Fig. 6b).
Additionally, the large pore size of the template (~588 nm) generated a
pronounced slow light effect, further enhancing light absorption. In
comparison to both MB and Rh6G dyes, 4-Nitrophenol exhibited the
slowest degradation kinetics. Its relative absorbance was measured at
0.78, and its rate constant was slower than that of Rh6G and MB dyes.

This study demonstrated that a photocatalyst with an IO structure
coated with an ultra-thin layer (4.4 nm thick) of Al,Os thermally
deposited exhibited superior photocatalytic performance compared to
pure I0 and ZnO/Al;O3-P composites. The TALD-coated IO achieved the
fastest degradation rate (k up to 0.0022 min 1) and efficiency (up to 69
%) for MB and Rh6G dyes, surpassing PEALD and pure IO by at least 10
%. However, degradation of 4-NP was slower (k = 0.0011 min’l). This
enhanced photocatalytic performance could be attributed to three main
factors: (i) the ultra-thin Al,O3 layer acted as a passivation layer, pre-
venting the recombination of photogenerated charge carriers, allowing
them to participate in more chemical reactions and effectively decom-
pose dyes; (ii) the TALD method successfully preserved the highly 10
ordered structure after annealing, creating a photonic crystal that
controlled light interaction. Tailoring the PBG and utilizing the slow
light effect enhanced light absorption across a broad spectrum. This
increased light capture significantly boosted the generation of reactive
oxygen species, promoting efficient dye degradation through photo-
catalysis, and (iii) the controlled number of defects (E, = 0.26 eV)
introduced by TALD, confirmed by PL, created new energy states in the
bandgap, enabling the photocatalyst to absorb light over a wider
wavelength range.

Furthermore, according to Table 3, the k values of the ZnO/Al;03-T
composite varied for the three dyes because of their interaction with
visible light. MB possessed a conjugated chromophore structure [72]
that efficiently absorbed visible light, leading to the excitation of elec-
trons into higher energy levels. Upon excitation, these electrons readily
transferred to the CB of the ZnO/Al;O3-T composite, generating a pos-
itive hole (h™) in the VB. Like MB, Rh6G also contained a conjugated
chromophore [73,74] system allowing visible light absorption. How-
ever, the specific structure of Rh6G might have led to a slightly less
efficient transfer of excited electrons to the ZnO/Al;03-T compared to
MB, explaining its slower degradation rate. Unlike MB and Rh6G, 4-NP
had a simpler structure with a chromophore that was absorbed primarily
in the UV region [33]. This limited visible light absorption translated to
a lower degradation rate of electron excitation and subsequent charge
separation in the ZnO/Al;03-T composite.
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Table 3
Rate constant and R-squared of sample in dyes.
Sample MB Rh6G 4NP
kx10~*(min ) R? kx10~%(min ) R? kx10~*(min ™) R?
ZnO IO 0.19 0.9993 0.17 0.9993 0.11 0.9991
Zn0O/Al,03-T 0.22 0.9995 0.19 0.9994 0.15 0.9984
ZnO/Al,03-P 0.11 0.9975 0.10 0.9966 0.10 0.9996
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Fig. 6. Decolorization of MB, Rh6G, and 4-NP dyes through photocatalysis under visible light irradiation for 3 h using photocatalyst samples grown through ALD.
(a—c) Photocatalytic performance — Ai/A vs irradiation time, using ALD photocatalyst samples in the presence of MB(a), Rh6G(b), and 4-NP(c), respectively.

The PEALD-coated ZnO-Al;O3 composite sample showed reduced
photocatalytic performance due to the plasma-assisted deposition pro-
cess, which caused the composite material to become slightly amor-
phous characteristics. Moreover, the composites also exhibited slower
degradation rates, k, compared to the TALD-coated 10 composite for all
three pollutants (MB, Rh6G, and 4-NP) as shown in the table. Therefore,
the PEALD deposition process reduced the order of the ZnO IO to a less
crystalline IO structure. Additionally, this mode generated a higher
defect level, as indicated by a greater Urbach energy (E, = 0.28 eV) and
increased (Eg =3.4eV) compared to its TALD (Eg = 3.3 eV) counterpart
or uncoated ZnO IO. Consequently, these factors collectively influenced
the degradation of dyes, resulting in reduced photocatalytic activity.
Even though Al,O3 deposition using PEALD at an ultra-thin level showed
reduced photocatalysis here, it has a promising photolysis result ach-
ieved in recent studies reported by Shenoda et al. [75]. The report
presented that enhancing the photocatalytic activity by decreasing the

thickness decreases the band gap energy.

3.7.2. Mechanism of dye degradation (ZnO-Al;Os-T material)

Upon absorbing visible light, pristine ZnO IO (E; = 3.3 eV) excited
electrons into its CB and left holes in its VB. While bulk Al,O3 typically
acted as an insulator due to its wide band gap, the ultra-thin films used
in this study (grown by TALD/PEALD) were neither bulky nor crystal-
line. Recent research demonstrated that these 8 nm thick, amorphous
PEALD-grown Al,O3 films possessed a narrower band gap (Eg = 4.3 eV)
and contained excess oxygen vacancies, creating beneficial defect levels
within the band gap for photocatalysis. These vacancies played a crucial
role by suppressing the recombination of photo-generated charge car-
riers and extending their lifetimes. The Al-rich nature of the ALD-grown
Al;O3 layer was believed to be the source of these excess oxygen va-
cancies [75,76].

ZnO/. Aleg

composite improves photocatalytic efficiency by
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Fig. 7. (a—c) The pseudo-first-order linear plots of In (C,/C,) versus irradiation time, illustrating the reaction kinetics for all sample materials.

suppressing charge recombination. An ultra-thin TALD Al,O3 layer acts
as a passivating layer, reducing recombination and allowing more
charge carriers to participate in redox reactions. The TALD processes
facilitated this by creating an intimate interface between the ZnO IO and
the ultra-thin Al;O3 layer, enabling efficient separation of photo-
generated charges. This optimized light interaction could have
enhanced light path lengths and improved light absorption by ZnO,
allowing it to degrade a wider range of pollutants. The favorable band
alignment in ZnO/Al;O3 further promoted electron transfer, reduced
recombination, and extended charge carrier lifetime. These separated
charges (e7/h*) drove photocatalytic reactions, degrading organic pol-
lutants and generating radicals (O2™/eOH) for further degradation [31,
77-79].

4. Conclusions

In this study, we used ALD to synthesize pure ZnO IO and ZnO-Al,0O3
composites on vertically deposited PS nanosphere templates. The PS
sacrificial templates were thermally eliminated at 500 °C to obtain the
10 microstructures. Ultrathin Al;O3 layers were then deposited on the
10s using TALD and PEALD methods. This approach yielded high-quality
ZnO IO and ZnO-Al;O3 composites with uniform morphologies and
precisely tailored compositions. SEM analysis confirmed that the mon-
odispersed, and uniform colloidal nanosphere template was self-
assembled to the FCC plane (a closed-packed plane) on a glass sub-
strate. All SEM, XRD, and Raman results confirmed the formation of

10

periodically arranged spheres with a hexagonal wurtzite phase ZnO IO
structure and that the Al,Og3 layer is too thin to be detected by Raman or
XRD. Annealing the TALD composite at 500 °C further increased the
order of the ZnO IO structure but annealing the PEALD composite at
500 °C was not enough to restore the ZnO order. The EDX analysis re-
sults confirm that the TALD and PEALD methods can be used to suc-
cessfully deposit ZnO and ZnO-Al,03 composites. All three materials
(pristine IO, TALD composites, and PEALD composites) exhibited strong
absorption of UV light due to the bandgap of ZnO. The pristine ZnO IO
structure displayed enhanced absorption of light at specific visible
wavelengths ("slow photon effect") because of its periodically arranged
10 structure. The addition of Al,O3 to the composites caused a slight
shift in the absorption peaks and resulted in higher calculated bandgaps
compared to pure IO. These changes were likely caused by modifications
in the structure and the formation of defects. Furthermore, E, for the
composites, Al,Os-coated IO structures than for the uncoated ZnO 10
counterpart. This meant that the Al,O3 coating had also introduced
disorder into the ZnO IO layer. The PL properties of ALD samples were
also shown. Pure ZnO IO emitted light in both ranges, but the ZnO-
—-Al;03 composites only emitted light in the visible range. The PEALD
composite emitted more visible light than the TALD, due to the forma-
tion of more defects at the ZnO-Al;,03 interface. In terms of photo-
catalytic activities of samples, pure ZnO IO excelled at degrading MB
due to its light absorption and large pores, but its performance dropped
significantly with Rh6G and nearly stalled with 4-NP. Remarkably,
incorporating an ultra-thin layer of AlpOs via TALD (ZnO/Al»O3-T)
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significantly improved photodegradation across all dyes. This
enhancement is attributed to the ability of the TALD process to not only
suppress charge recombination and maintain the crystalline structure of
ZnO 10 but also potentially manipulate light interaction within the IO
structure. This photonic effect, arising from the periodic arrangement of
voids in the ZnO IO, could lead to optimized light scattering and
enhanced light path lengths within the material, promoting more effi-
cient dye degradation for a wider range of pollutants. In contrast, the
PEALD process resulted in a less crystalline and defect-ridden ZnO-
-Al,03 composite, crippling its photocatalytic activity.
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