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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman This study explores the synthesis and characterization of inverse opal photonic crystals (IOPC) composed of
Al;03 and its composites, coated with ultra-thin ZnO and TiO; layers using thermal atomic layer deposition
(TALD) and plasma-enhanced ALD (PEALD). Polystyrene (PS) opal nanospheres (460 nm) served as a template on
a silicon wafer. Al,O3 was infiltrated into a PS opal template and subsequently calcined to remove the template.
Ultra-thin ZnO and TiO3 layers were deposited via TALD/PEALD to form composite IOPCs. Characterization by
SEM/EDX, TG, UV-Vis spectroscopy, atomic force microscopy (AFM), photoluminescence (PL), and XPS
confirmed the periodic, interconnected IO structures. The Al,O3 IOPC demonstrated template removal and a
reduced sphere diameter to ~433 nm. Composite structures-maintained periodicity, with TALD yielding
smoother surfaces compared to PEALD. The incorporation of ZnO and TiO; layers increased surface roughness.
UV-Vis spectroscopy revealed absorption peaks at 275 nm for Al,O3, with additional peaks at 400 nm and 529
nm related to the photonic band gap and slow photon effects. XPS analysis reveals characteristic peaks for Al;O3,
ZnO, and TiOy, along with oxygen vacancies and aluminum hydroxide formation, while elemental data highlight
successful ZnO and TiO; incorporation with PEALD outperforming TALD in ZnO deposition. In this study PEALD
enhanced film growth and tailored properties, while TALD offered smooth, conformal coatings and precise
control over IOPC properties, both contributing to the design of advanced 10-based photonic materials.
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1. Introduction pass through while reflecting others. By precisely controlling the size,

arrangement, and material used for the pores, researchers can tailor this

Inverse opal photonic crystals (IOPC) are captivating nanomaterials
with a 3D network of interconnected air voids arranged in a super-
ordered, periodic pattern. Unlike natural opals that play with light
due to density variations, IOPC manipulates light through this unique
architecture. The periodicity acts like a natural photonic filter, a pho-
tonic bandgap (PBG), that selectively allows certain light wavelengths to

PBG to achieve specific functions. This allows IOPC to be designed for
various applications, from efficient light sources and waveguides to
highly sensitive light detectors, propelling them to the forefront of
advanced material research [1-3].

Nanolithography and the self-assembly of colloidal microspheres are
two prevalent techniques employed in fabricating inverse opal (IO)
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structures. Nanolithography, referred to as the “top-down” approach, is
relatively expensive and time-consuming, resulting in the formation of
only a few structural layers of materials. On the other hand, the “bottom-
up” method, involving the self-assembly of colloidal microspheres, of-
fers a cost-effective means to prepare crystalline samples comprising
even up to several hundred structural layers of thickness [3-5]. In the
bottom-up approach, various templates such as SiO2, PS, or polymethyl
methacrylate (PMMA) spheres are meticulously arranged into opal
photonic crystal (PC) using methods like gravity sedimentation, cen-
trifugal sedimentation, self-assembly, evaporation, dip coating, or
electrophoresis. These opal PCs then serve as the templates into which
the desired precursor or target material is introduced. Subsequently, the
template is removed either through calcination or etching, resulting in
the formation of the IOPC. Throughout the preparation process,
different methods can be employed to fill the precursor or target ma-
terial, including chemical vapor deposition, ALD, electrochemical
deposition, sol-gel method, and more [5-7].

Atomic layer deposition (ALD) presents a promising and innovative
synthetic pathway for creating IOs due to its exceptional step coverage,
conformality, and ability to grow dense films with precise control over
atomic structures. It is a deposition technique used to produce thin films
with utmost precision at the atomic scale by sequentially depositing
individual atomic layers through self-limiting surface gas-solid re-
actions. This process takes place under specific pressure and tempera-
ture conditions, facilitating controlled material deposition onto a
substrate. A suitable vacuum environment within the ALD system en-
sures the precise delivery and reaction of precursor gases, enabling
efficient by-product removal and preventing contamination. This
controlled environment is critical for achieving clean growth surfaces,
optimizing reaction kinetics, and ensuring the conformality and quality
of the deposited films. Typically, the substrate is housed in a separate
compartment connected to the reactor. To produce IO nanostructures
through ALD, the initial step involves the self-assembly of polymer
templates on conventional substrates like glass, metal sheets, or silicon
wafers, forming colloid crystals. Precursors, consisting of metal and
oxidants, are introduced into the ALD reactor sequentially using N or Ar
gas. The infiltrated opal undergoes high-temperature treatment in the
presence of air to transform into ALD metal oxide IO0s, decomposing and
evaporating the polymer opal layer, leaving behind the desired metal
oxide IO structure [8-13].

Furthermore, there are two main ALD process modes: Thermal ALD
(TALD) and plasma-enhanced ALD (PEALD). TALD relies on surface
reactions for film growth. This allows for excellent control over thick-
ness and conformality but often requires higher temperatures
(150-350 °C). This can be crucial for I0s with temperature-sensitive
templates that might degrade at higher temperatures used in TALD.
PEALD utilizes a precursor in the plasma state to improve reaction rates
and broaden precursor compatibility. This allows for lower deposition
temperatures and enables film growth on heat-sensitive materials.
PEALD often exhibits faster growth rates compared to TALD due to the
additional energy provided by the plasma. However, while PEALD can
achieve higher film purity and growth rates, this faster growth can
sometimes lead to less conformal film growth, which is undesirable for
complex structures like I0s where good coverage of the pores is essen-
tial, and it can introduce challenges like non-conformal coverage on
high aspect ratio features and complex reactor designs [14-16].

This study aims to investigate the influence of ALD techniques on the
structural, compositional, optical, and photoluminescent properties of
Aly03-based IOPCs and their composites with TiO3 and ZnO. We used PS
460 nm opal nanospheres as a sacrificial template material, which was
deposited on the surface of a Si wafer substrate. In the interstitial voids,
36 nm thick Al,O3 was infiltrated using TALD techniques, followed by
calcination at a higher temperature to remove the opal and produce a
hollow Al;O3 IO macrostructure. Before removing the template, an ul-
trathin layer of ZnO or TiO, was coated on the surface of the pristine
Aly03 using either TALD or PEALD techniques to produce Al,03/ZnO or
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Al,03/TiOy composites, respectively. Our research group successfully
synthesized various types of IO structures and their composites,
including TiO3/Alx03, ZnO/Al;,03, and TiO2/Zn0O IO composites, using
both ALD techniques [17-19]. Studies have shown that an ultrathin
Al,03 layer, coated on TiO5 or ZnO IO structures synthesized using both
TALD and PEALD techniques, exhibited promising photocatalytic
properties while minimizing the impact on the crystal structure of the IO
materials.

2. Experimental procedure
2.1. Opal template preparation

The PS opal template (Sigma Aldrich) was fabricated using a Si wafer
and commercially purchased PS nanospheres with an average diameter
of ~460 nm. First, a 0.15 ml suspension of 0.3 wt % PS nanospheres was
diluted with 4.85 ml of deionized water in a glass container. The
container was immediately sealed to prevent evaporation. Gentle
manual stirring was followed by a 2-h ultrasonication process at 40 °C to
disperse and aggregate the PS nanospheres. A Si wafer (planar substrate)
was prepared concurrently. After cutting it to a size of 2.5%2.5 cm, it
underwent a cleaning process to remove contaminants. The cleaning
involved washing with soap to eliminate organic residues from handling
or storage, followed by ethanol treatment to remove both organic and
inorganic impurities. Finally, the Si wafer was rinsed thoroughly with
ion exchange water to ensure the complete removal of any remaining
contaminants.

Following the cleaning procedure, the substrate was immersed in a
so-called piranha solution (3:1H3S04:H205) for at least 2 h under a fume
hood. This step aimed to remove impurities and improve the hydro-
philicity of the substrate. The piranha solution was prepared by mixing
30 ml of HySO4 with 10 ml of HyO,. After ultrasonication, the Si sub-
strate was tilted at a 45-degree angle and placed into the PS suspension.
This facilitated the vertical deposition and self-assembly of the colloidal
particles onto the substrate. The entire assembly was then placed in a
furnace for colloidal crystal formation through solvent evaporation and
self-assembly. The heating program involved a gradual temperature
increase: from room temperature to 50 °C over 1.5 h, followed by a
holding time of 14 h at 50 °C. Finally, the temperature was raised to
80 °C for another 1.5 h to complete solvent evaporation.

2.2. Atomic layer deposition techniques: TALD vs PEALD

Before initiating ALD using the Beneq TFS-200-186 system, the ALD
chamber was preheated to 45-50 °C for 2 h in preparation for the
thermal mode ALD process. Subsequently, the samples and a reference Si
wafer [(100)] were simultaneously placed into the ALD reactor to begin
the film growth process. In this process, Ny (99.999 %) served as the
carrier gas, maintaining a pressure of 6.8 mbar within the vacuum
chamber and 1.4 mbar within the reactor. During the PEALD deposition,
a constant RF power of 50 W was applied to the plasma to activate the O
oxidant. Internal pressures of 7.4 mbar and 1.2 mbar were maintained
within the vacuum chamber and deposition reactor, respectively. The
pulse and purge sequence for either TALD or PEALD is given in the table
below.

For Al;03, ZnO, and TiO5 the ALD precursors were trimethylalumi-
num (TMA), diethylzinc (DEZ), and titanium tetrachloride (TiCly)
respectively, along with ultra-pure water as a common reactant for all
three processes.

Moreover, the vacuum system of the ALD chamber was maintained at
a constant pressure of 6.8 mbar (N3) during TALD and 7.4 mbar (Ar)
during PEALD. This controlled vacuum environment ensured optimal
precursor delivery and reaction kinetics, leading to the precise deposi-
tion of high-quality thin films. The vacuum system also facilitated the
efficient removal of by-products and excess reactants, preventing
contamination and ensuring clean growth surfaces.
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2.3. Annealing program

The Al,O3 IO samples were subjected to an annealing process
following a predefined heating program. This heat treatment procedure
aimed to eliminate the sacrificial template material by placing both the
samples and control samples within alumina ceramic crucibles. The
annealing program was chosen considering TG analysis for effective-
ness. The entire process was carried out in a furnace (Nabertherm L9/
11/B410, Germany) under ambient air conditions. The heating program
involved a stepwise temperature increase. Initially, the samples were
heated from room temperature to 500 °C over 4 h. This was followed by
maintaining the temperature at 500 °C for an additional half-hour.
During this stage, the PS nanospheres which served as the template
material, were effectively removed. Subsequently, the temperature was
gradually raised to 900 °C for 1 h. Once the temperature reached 900 °C,
it was held constant for 2 h. This final step ensured the complete removal
of any residual template material and promoted the desired structural
transformations within the Al,O3 IO samples.

2.4. Characterization

Thermogravimetry (TG) analysis of the PS was conducted using a TA
Instruments SDT 2960 device in an air and Ny atmosphere to determine
suitable annealing temperatures for PS template and ALD process con-
ditions. The heating rate of 2 °C/min was applied up to 600 °C. The PS
sample film was collected in Pt crucibles after being scratched off from
the glass surface.

The morphology was examined with SCIOS™ 2 DualBeam™ FIB-
SEM (Thermo Fisher Scientific) equipped with an in-lens secondary
electron detector and a field emission gun source, which featured unique
electron optical components, including the annular in-column detector
system. The surface analysis occurred within a low-voltage system
where an acceleration voltage of 1 kV and an electron current of 10 pA.
To counteract the charging effect on uncoated samples, a reverse bias of
20 V was applied to the specimen holder.

EDX spectra were captured using the JEOL JSM-5500LV SEM, with
three measurement points taken for each sample and then they were
averaged.

The surface roughness and morphology of the samples were char-
acterized using atomic force microscopy (AFM) with a Nanosurf C3000
controller. The AFM images and root mean square (RMS) values were
obtained and analyzed using Gwyddion version 2.64 software.

The photonic bandgap (PBG) of the Al;03 and composite IO mate-
rials has been estimated by using a modified Bragg’s equation (2), shown
below:

1
hmax =1.632D (n2,, — Sin” 0) /° 6))

Where Anqy is the wavelength of the photonic band maximum of the
materials, 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 (0 = 0°). The average refractive index nayg
of the samples can be calculated using the following equations (2) and
(3) [20]:

For pure Al;03 IO and composites (eg. Al;03/Zn0) the n 4y, can be
calculated as;

Nayg = Naroafaros — (1 — faros)Nar @

Nayg = fz00Mzn0 1 fa1203MA1203 — (1 — fano — £ A1203) n 3

Where fis the filling factor of the solid sphere. In face-centered cubic
structures, spheres occupy about 74 % of the space, with the remaining
26 % residing between specific lattice planes. When alternating layers of
TiOy and ZnO are deposited, their combined filling factor can be
calculated, but adjustments are needed to maintain the total void frac-
tion of 26 %. npg = 1.6, n pA1203 = 1.8, n 1io2 = 2.5, N zn0 = 2.0 and n iy =
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1.0 are the refractive indices of PS, Al;Os, TiO,, ZnO, and air,
respectively.

UV-Vis spectroscopy of samples was recorded with a UV-Visible
spectrometer Avantes AvaSpec-2048 fiber optic spectrometer with an
Ava-Light-DHS light source applying AvaSoft software in reflectance
mode.

Spectroscopic ellipsometry (Semilab SE-2000) was used to determine
the film thickness of the reference samples. For this, reference Si (100)
wafers were also introduced as control samples into the ALD system
together with the opal and IO samples.

Photoluminescence (PL) spectra were recorded using an Edinburgh
Instruments FS5 spectrofluorometer with a stationary fluorescence
setup, featuring an excitation wavelength of 320 nm at room tempera-
ture and the inclusion of a long pass glass filter in the emission beam set
at a nominal wavelength of 320 nm.

The X-ray photoelectron spectroscopy (XPS) measurements were
conducted using an XR 50 dual-anode, non-monochromatized X-ray
source and a Phoibos 100 MCD-5 hemispherical energy analyzer by
SPECS (Berlin, Germany). Samples were mounted onto copper sample
holders using double-sided adhesive tape and degassed in the high
vacuum of the sample loading chamber (~10~7 mbar) overnight before
being transferred into the spectrometer. The base vacuum of the in-
strument was maintained at 5 x 10~% mbar. During the measurements,
samples were cooled with liquid nitrogen, and the pressure remained
below 10~8 mbar. Spectra were acquired sequentially using Al K, radi-
ation (1486.6 eV) with an acceleration voltage of 10 kV and an emission
current of 10 mA (100 W X-ray power). The binding energy scale was
calibrated using the Au 4f and Cu 2p peaks of a freshly cleaned reference
sample containing both metals, as per the manufacturer’s instructions.
Charge referencing was performed using the C 1s peak of carbon (284.8
eV) which is rightfully considered untrustworthy, as detailed in
Ref. [21] and some other works from these authors, however in our case
the spectra were mainly used for confirming the elemental composition
in the samples, which does not require truly rigorous charge correction.
Data processing was carried out using CasaXPS software.

3. Result and discussion

Fig. 1 outlines the fabrication process for Al;03 IO macrostructures
and their composites. A sacrificial template of 460 nm PS is deposited on
a high thermal stability Si wafer using vertical deposition (step 1). TALD
infiltrates Al,O3 into the template’s void spaces, followed by high-
temperature removal of the PS template to achieve the final Al,03 IO
(steps 2 and 3). The structure undergoes annealing and high-
temperature treatment for further consolidation. For composite mate-
rials, an additional 5 nm hybrid layer is grown using either TALD or
PEALD before template removal and high-temperature crystallization
(steps 3 and 4). Finally, TALD and PEALD are used to deposit Al;03/ZnO
and Aly03/TiOy, respectively.

3.1. Thermal analysis of template both in air and N3 environments

The PS-460 template showed minimal mass loss (0.6 % in Ny, 0.3 %
in air) up to 200 °C (Fig. 2a and b). Thermal analysis revealed two
decomposition stages under both N3 and air environments. The first
stage (polymer decomposition) resulted in a smaller mass loss (91.2 %
remaining mass in Ny, 95.5 % in air) between 265 and 380 °C (Ny) or
280-390 °C (air) (See Fig. 2a). The second stage (char decomposition)
showed the main mass loss step (7.0 % remaining mass in Ny, 1.7 % in
air) between 380 and 600 °C (N3) or 390-600 °C (air in Fig. 2b). Based
on this, annealing at 500 °C in Nj, is sufficient for template removal and
is compatible with TALD and PEALD processes.

3.2. Morphological analysis by SEM

SEM analysis (Fig. 3a) confirmed the successful synthesis of opal
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Fig. 1. The fabrication process for Al;O3 IOs and their composites: (1) PS template synthesis (VLD), (2) Al;O3 infiltration via TALD, (3) template removal and Al;03
10 formation, (4) optional hybrid layer growth (TALD or PEALD), (5) final crystallization by higher temperature.
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Fig. 2. TG measurement of PS nanosphere template in N5 (a) and air (b) environment.

structures from ~460 nm PS nanospheres. These structures exhibited an
interconnected network of IO structures with periodic arrays and uni-
form pore sizes. The PS nanosphere template itself displayed uniform
and compact pores arranged in a hexagonal pattern [22], a tightly
packed structure where spheres are arranged like a honeycomb. For the
pure Al;O3 IO, SEM revealed successful infiltration of the opal voids
with AlyOs using ALD (Fig. 3b and c). High-temperature annealing
removed the opal template, forming the final IO structure. However, this
process induced cracks and a slight shrinkage in sphere size, as observed
in the SEM images. Direct SEM measurements placed the sphere diam-
eter at ~433 nm and material thickness at ~39 nm. Ellipsometry,
another measurement technique, suggested a slightly thinner thickness
of ~36 nm. The final IO structure possessed a face-centered cubic (FCC)
arrangement, where spheres are positioned at the corners and centers of
a cube [23].

Furthermore, additional cross-sectional views of the IO samples are
presented in Fig. S3. We successfully deposited an ultra-thin (~5 nm)
overlayer on top of the pure Al,O3 templates using combined TALD and
PEALD infiltration techniques. These composite structures retained an
interconnected and periodic arrangement of spheres inherited from the
original PS nanosphere template. The two deposition methods resulted
in slightly different thicknesses and void sizes. TALD infiltration (Al,O3/
ZnO and Aly03/TiO3) made minimal changes to the overall thickness

material. Based on the SEM analysis, the average TALD composite layer
thickness was approximately 41 nm for composite Al;O3/ZnO and
Aly03/TiO,, respectively, with a void diameter of 429 nm (See
Fig. 3d-g).

In contrast to TALD, PEALD (Fig. 3h-k) induced slightly larger
changes. The void size decreased to 415 nm, while the composite layer
thickened to 47 nm and 48 nm for Al,03/Zn0O and Al;O3/TiO2 com-
posites, respectively. Despite the increase in thickness, the double-
layered spheres retained their spherical shape. These observations sug-
gest that TALD provides smoother surfaces and better conformality
compared to PEALD. This is likely due to PEALD’s plasma activation
step, which can roughen surfaces and reduce the ability of the film to
coat complex geometries (conformality). While PEALD offers lower
deposition temperatures, the resulting films may be microscopically
rough and deviate from the ideal atomic composition (stoichiometry).
Additionally, bulky PEALD precursors have difficulty penetrating deep
into highly porous substrates, leading to non-uniform film growth
within the pores [24,25] (see Table 1).

3.3. Compositional analysis by EDX

Table 2 and Fig. S1 provide a detailed overview of the elemental
composition of six ALD samples produced using two different
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Fig. 3. SEM pictures of (a) PS nanosphere template, (b—c) pure Al;03 10, (d) TALD Al,03/Zn0O, (e) TALD Al,03/TiOs, (f) PEALD Al;03/ZnO, and (g) PEALD Al,O3/

TiO, respectively.

techniques: a combination of TALD and PEALD. These samples under-
went high-temperature annealing, reaching up to 900 °C. As a result, no
detectable carbon content was found, confirming the efficiency of the
annealing process in eliminating any organic template material. The
primary elements identified in the samples are Aluminum (Al), Oxygen
(0), Titanium (Ti), and Zinc (Zn), which suggest the presence of Al;Os,
TiO4, and ZnO. Additionally, trace amounts of Silicon (Si) were detected,
likely originating from the silicon wafer substrate. The absence of
organic carbon in all samples highlights the thoroughness of the
annealing process.

3.4. Surface roughness analysis by atomic force microscopy

Atomic Force Microscopy (AFM) emerged as a powerful tool for
characterizing surface topography at the nanoscale. It thoroughly scans
a sharp probe across the specimen surface, measuring the minute forces
between them. These interactions translate into a detailed topographic

map, revealing surface features like height variations, roughness, and
overall morphology [26]. AFM was utilized in this study to characterize
the surface roughness of 10 structures fabricated with Al;O3 using ALD.
Fig. 4 shows a periodically ordered close-packed structure that exhibits a
triangular arrangement characteristic of plane 111 within a fcc system
[27]. The investigation further explored the effects of incorporating ZnO
and TiO; layers into the IO structure. The study focused on roughness:
RMS (Root Mean Square), commonly used to quantify surface texture.
The results revealed a surface roughness dependence on material
composition and deposition methods within the composite structures.
The study investigated the influence of deposition methods on the
surface roughness of composite structures. In Fig. 5, straighter lines
correspond to smoother surfaces, whereas more jagged or uneven lines
indicate rougher surfaces. As observed in Fig. 4 a&b, pristine AloO3 IO
(13.8 nm RMS) exhibited a smoother surface compared to the sacrificial
PS opal template (20.3 nm RMS). However, the RMS spectrum in Fig. 4
reveals less jagged lines for the composite materials. The incorporation
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Table 1
ALD preparation program.”.
Samples ALD Thickness ALD GPC Temp Pulse/Purge
Mode (nm) cycle (nm) o) Steps
Al,0310  Thermal 36 133 0.27 50 0.15s TMA,
0.5s No, 0.15s
H,0, and 0.75s
N2
Al,03/ Thermal 5 55 0.09 50 0.1s DEZ
ZnO-T pulse, 1.5s No
purge, 0.15s
H,0 pulse, and
1.5s N, purge
Al,O3/ Plasma 5 37 0.13 50 0.15s DEZ, 2s
ZnO-P Ar purge, 25 Oy
(plasma), 2s Ar
purge
Al,03/ Thermal 5 52 0.09 50 0.3s TiCly, 3s
TiO,- Ar, 0.3s H20,
T 3s Ny
Al,03/ Plasma 5 48 0.10 50 0.15s TiCly, 2s
TiOo- Ar purge, 25 O,
P (plasma), 2s Ar

purge

# GPC stands for growth per cycle, DEZ stands for diethyl zinc, and TMA stands
for trimethyl aluminum.

Table 2
EDX Compositional analysis of the samples.

Samples Name Element (At. Wt %)

C o Al Ti Zn si
PS-460 nm 87.0 3.0 - - - 10.0
Al,O3 10 - 50.8 41.2 - - 8.0
AL,03/ZnO-T - 27.4 - 5.5 7.0
Al,03/ZnO-P - 58.6 38.0 - 8.4 9.0
Al,03/TiO,-T - 47.2 35.2 6.6 - 11.0
ALO3/TiO,-P - 47.6 33.3 9.1 - 10.0

()

RMS =203 nm
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of ZnO or TiO, layers using either TALD or PEALD methods into the IO
structure resulted in a noticeable increase in surface roughness. For
Zn0O/Al,03 composites, thermally deposited using ALD (17 nm RMS)
yielded slightly smoother surfaces compared to those achieved using
plasma ALD (19 nm RMS). As illustrated in Fig. 6, the TALD composite
exhibited a less wavy line compared to the PEALD Al;03/ZnO com-
posites, indicating that TALD produced a smoother surface than PEALD
coating on pristine Al;03 IO.

A similar trend was observed for Al,O3/TiO, composites. TALD
composite resulted in a smoother surface (18 nm RMS) compared to
PEALD composite (20 nm RMS). The PEALD composite in Fig. 4 dis-
played a more jagged line, signifying a rougher surface compared to the
TALD composite fabricated using TiO. infiltration PEALD. These
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Fig. 5. Roughness of the materials by AFM.

RIVIS = 20.0 nin ‘ 1 .:l A" "
a5 .

Fig. 4. AFM images of the ALD grown samples: (a) 460-PS nanosphere template, (b) Pristine Al;O3 IO, (c) Al;03/ZnO-T, (d) Al,03/Zn0-P, (e) Al,03/TiO»-T, (f)

Al;03/TiO5-P, respectively.
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Fig. 6. (a and b) UV Visible absorption spectroscopy of the Al,O3 IO and its composite materials.

findings emphasize the significant influence of both the deposition
method and the incorporated material on the surface roughness of the IO
composites. Notably, TALD generally resulted in smoother surfaces
compared to plasma ALD for both ZnO and TiO, deposition.

3.5. Optical properties determined by UV Vis spectroscopy

Fig. 7a and b, along with Figure S2 a and b, present the ultra-
violet-visible (UV-Vis) absorption, reflectance, and transmittance
spectroscopy data for Al,O3 IO structures and their composite ALD
samples. The pure Al,O3 IO and composite samples (with 5 nm ZnO or
TiO4 coated overlayers) have a UV absorption peak at 275 nm, corre-
sponding to the band gap of bulk Al,O3 nanoparticles. This is because
the UV absorption of Al;O3 is determined by its band gap, which is the
same for bulk and nanoparticle AloO3 [28]. The absorption edges of all
four materials are at 320 nm (Fig. 6a), except for the TiO,-coated 10
PEALD composite, which has an absorption edge of 300 nm. This
anomaly is attributed to a combination of factors, including the presence
of defects introduced into the TiO layer by the PEALD process, as well
as potential changes in stoichiometry or structural variations that could
influence the material’s electronic properties and shift the absorption
edge [29].

Pure Al;O3 IO exhibits a prominent additional absorption peak at
approximately 400 nm (Fig. 6a). This peak corresponds to enhanced
“slow photon” absorption at the short-wavelength (blue) and long-
wavelength (red) edges of the PBG centered at 529 nm (Fig. 6 a&b).
This implies that pure IO can absorb photons with wavelengths around
400 nm, even though these wavelengths lie outside the PBG. This phe-
nomenon is attributed to the “slow photon” effect, which lengthens the
interaction time between light and the IO material, potentially leading
to improved efficiency in optoelectronic applications. However, the PBG
calculated using Bragg’s equation (479 nm, Table 3) is slightly lower
than the experimentally determined value (529 nm). This difference can
be attributed to several factors. The high-temperature annealing process
(900 °C) employed for template removal likely induced shrinkage of the
spheres and potentially introduced defects or cracks within the struc-
ture. These morphological and structural imperfections are not explicitly
considered in the idealized model of Bragg’s equation, leading to a de-
viation from the experimentally observed PBG [30-32].

The UV Visible spectra of both Al;03/ZnO and Al;03/TiO5 com-
posites (prepared by TALD and PEALD) closely resemble the reference
Al,O3 (Fig. 6a and b), indicating the minimal influence of the 5 nm ALD

coating on the optical properties of the pure material. Consequently,
both composite types exhibit a primary PBG around 529 nm (Fig. 7a),
consistent with the expected behavior for such thin ZnO and TiOs layers.
While bulk ZnO nanoparticles possess a narrower band gap (around 373
nm) than Al;Os, the calculated PBG values for the composites (482-501
nm) deviate slightly from the experimental 529 nm (Table 3). This
discrepancy likely arises from high-temperature annealing shrinking the
spheres and disrupting their structural periodicity, a critical factor for
PBG.

3.6. Photoluminescence (PL) spectroscopy

Fig. 8 displays the PL results of Al,03 and its composites synthesized
through atomic ALD techniques. The improvement in PL intensity of
Al03 10 upon TALD and PEALD coatings can be attributed to enhanced
passivation of defect states and modification of optical properties.
Fig. 7a illustrates that the pure AlyO3 IO exhibits multiple visible light
emission peaks at 389, 467, 542, 564, 624, 658, and 674 nm. These
peaks span the visible spectrum (approximately 400-750 nm) and
correspond to blue, green, and red emissions. The emissions arise from
intrinsic defect states in the AlyOs3 structure, with oxygen vacancies
being the primary contributors. Specifically, blue emission peaks (e.g.,
at 389 nm and 467 nm) are linked to F' centers, which are oxygen va-
cancies with one trapped electron. Green and red emissions (e.g., at 542
nm and 624 nm) are attributed to F>*centers or complex defect con-
figurations involving oxygen vacancies and charge transfer transitions.
These attributions align with prior studies that relate specific defect
states in AlyO3 to visible light PL emissions [33,34].

Similar to pure Al,O3 IO, composites, 5 nm ZnO and TiO»-coated
Al303 10 (Alp03/ZnO-T and Aly03/TiO5-T) exhibit multiple visible light
emission peaks. However, the uncoated Al;O3 IO shows the lowest PL
intensity (Fig. 7b), likely due to significant non-radiative recombination
caused by unpassivated surface defects [35]. When coated with 5 nm
ZnO or TiO, using TALD or PEALD, the PL intensity of AlyO3 IO increases
significantly. The ultra-thin ALD coatings improve the bare I0’s PL
behavior by passivating oxygen vacancies and surface defects, thus
reducing non-radiative recombination pathways and enhancing radia-
tive recombination. Among the coated samples, composites with TiO5
(thermal and plasma ALD) exhibit higher PL intensities than those with
ZnO. This suggests that TiO coatings are more effective in passivating
defects and enhancing light-matter interactions, possibly due to TiO2’s
higher refractive index and stronger optical confinement [36].
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PL emission spectra of the Al,03 IO and its TALD/PEALD composites from ZnO and TiOs.

Table 3
Summary of PBG properties I0 ALD Samples.
Sample D (nm) f % Shrinkage Nayg PBG position (nm) Calculated PBG position (nm) Experimental
PS-template 460 0.74 - 1.44 782 -
Pure Al,03 IO 433 0.26 5.9 1.15 479 529
Al,03/ZnO-T 429 0.26 6.7 1.16 482 529
Al,03/Zn0O-P 415 0.26 9.8 1.16 482 529
Aly03/TiO-T 429 0.26 6.7 1.18 501 529
Al,03/TiO,-P 415 0.26 9.8 1.18 501 529
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Fig. 8. The XPS measurement results of Al;O3 IO and its composite samples.

Additionally, PEALD coatings outperform TALD coatings, as evidenced
by the higher PL intensity of PEALD-treated samples. This is likely due to
the enhanced reactivity of the plasma species in PEALD, which leads to
more effective defect passivation and a uniform, high-quality thin film
[371.

However, the narrow PL peaks in ZnO-coated Al;03 IO (Aly03/ZnO-
T and Al,03/Zn0O-P), despite ZnO’s typical broad-band emission [38],
indicate that the luminescence predominantly arises from the Al;03 IO
structure. This occurs because the ultra-thin ZnO coating (5 nm) lacks
sufficient defect density for broad-band emission and acts as a passiv-
ating layer, reducing non-radiative recombination and allowing Al;O3
defect-related narrow peaks to dominate.

The variation in PL intensity across different wavelengths indicates a
complex interplay between the Al;O3 IO structure and the deposited
layers. The density and type of defect states, as well as the optical
properties of the coatings, play a critical role. Overall, both TALD and
PEALD improve the PL emission of Al;O3 10, but PEALD coatings
demonstrate superior performance due to their plasma-driven reactivity,
which enhances the passivation of defects and the uniformity of the
coating. TiO5 coatings are particularly effective, further emphasizing the
importance of the deposition method and coating material in modu-
lating the optical properties of Al,O3 IO [18,39].

Table 4

The composition of the Al,O3 IO and composite samples.
Sample C (0} Al Ti Zn

% % % % %

Al,03 10 54.0 27.0 19.0 - -
Al,03/ZnO-T 65.4 23.4 10.9 - 0.3
Aly,O3/TiOo-T 54.2 27.9 17.3 0.6 -
Al;03/Zn0O-P 53.8 26.1 19.0 - 1.1

Al,03/TiO5-P 51.1 28.1 20.4 0.4 -

3.7. XPS result

Fig. 8 and Table 4 present XPS results confirming the successful
synthesis and composition of IO structures based on Al;Os and its
composites. Fig. 8 reveals characteristic peaks for Al 2p, Al 2s, O 1s, Ti
2p, and Zn 2p, confirming the presence of AlpO3 and the successful
incorporation of ZnO and TiOs. A distinct “O loss” peak suggests oxygen
vacancies, a common observation in XPS analyses of oxide materials.
Additionally, the spectrum hints at the formation of aluminum hy-
droxide due to hydration, a typical behavior of AloO3 in humid condi-
tions [40]. However, the oxide layers remain stable, with no evidence of
carbonate formation. Table 4 further supports these findings, providing
elemental composition details. The O content in pure Al,O3 IO is
approximately 27 %, and Al is 19 %, consistent with the stoichiometric
ratio. The high carbon content (50-65 %) across all samples is attributed
to surface contamination from atmospheric species and residual ALD
precursors.

For Al;03/Zn0O composites, the data shows successful ZnO incorpo-
ration, with the Al;03/ZnO-T sample containing 0.26 % Zn and the
Aly03/Zn0O-P sample containing 1.07 % Zn. This suggests that the
PEALD is more effective at coating the ZnO layer than the TALD. The
oxygen and aluminum percentages remain similar to pure AlyO3, indi-
cating that ZnO addition does not significantly alter the overall
composition. Whereas, the Al,03/TiO, composites show similar trends,
with Ti incorporated at 0.6 % in the AlpO3/TiO»-T sample and 0.4 % in
the Aly03/TiO2-P sample. The slight variation between the T and P
methods may reflect differences in deposition efficiency or TiO; inte-
gration within the alumina matrix.

4. Conclusion

In conclusion, this study fabricated IO macrostructures and their
composites using polystyrene nanosphere self-assembly ALD techniques.
TALD and PEALD were explored for Al,Oj3 infiltration and deposition of
ultra-thin composite overlayers (ZnO or TiO2) within the IO structures.
The high-temperature annealing process successfully removed the
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sacrificial template, resulting in the final IO structure. However, this
process also caused some cracks and shrinkage in the material. The
investigation revealed that both deposition methods and incorporated
materials influenced the final properties of the IO composites. While
TALD generally resulted in smoother surfaces and better conformality
compared to PEALD, the introduction of ZnO or TiO; layers using either
method increased the surface roughness of the IO structures. While both
TALD and PEALD composites exhibited a primary PBG around 529 nm,
additional PBGs were observed for ZnO and TiO, composites due to their
respective band gaps. PL analyses revealed that the incorporation of ZnO
and TiO; layers improved the defect passivation and light-matter in-
teractions of the IO structures. The enhanced PL intensity observed in
PEALD-treated samples further confirmed the efficacy of plasma acti-
vation in promoting defect passivation and film quality. XPS confirmed
successful AlyOs, ZnO, and TiOy incorporation in IO structures,
revealing surface chemistry details like hydroxylation and oxygen va-
cancies. PEALD showed higher ZnO deposition efficiency than TALD.
XPS elucidated surface chemistry and composition, highlighting ALD
method influences. Overall, this study establishes a comprehensive
framework for the design and optimization of IO structures and their
composites using ALD techniques. The findings underscore the versa-
tility of TALD and PEALD in engineering material properties, paving the
way for advancements in photonic, catalytic, and optoelectronic appli-
cations. Future work could explore the scalability of this approach and
the integration of other functional materials to broaden the scope of
potential applications.
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