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1 | INTRODUCTION
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Abstract

Macroporous structures are of interest for several technological applications such
as catalysis, sensors, filters, membranes, batteries, energy conversion devices,
structural colors, and reflective thermal barrier coatings. Ceramic-based inverse
opal macroporous structures are especially interesting for high-temperature
applications. However, the interrelation between the structural parameters,
mechanical properties, and thermal stability of such structures is not yet clar-
ified. In this work, we analyzed the mechanical properties as well as the thermal
stability of aluminum oxide inverse opal three-dimensional macroporous struc-
tures with different macropore sizes and shell thicknesses produced by atomic
layer deposition. Our results show that the structures’ thermal stability increased
with increasing shell thickness and macropore size, however, their higher sta-
bility was not linked to their mechanical properties. To be able to explain
this unexpected behavior, finite element modeling simulations were performed,
showing that bending stresses became more pronounced with increasing shell
thickness, potentially creating additional critical sites for crack initiation and

consequent structural failure.
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not only the electromagnetic radiation propagation,’ but
also the mass transport of species through its macropores,

Inverse opals are a class of macroporous materials, which
are lightweight, have low thermal conductivity, high sur-
face area, and high permeability.'* Their highly-periodical
structure is comprised of repeating units in the order of a
hundred nanometers up to microns, capable of controlling

and depending on the fabrication process, mesopores
and nanopores.4 Moreover, the internal surfaces can be
coated or functionalized to tune the surface interactions.°
Hence, these materials are interesting for several techno-
logical applications such as catalysts, catalyst supports,
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bioreactors, membranes, sensors, Dbatteries, thermal
insulators, bone grafting, energy conversion devices, and
reflective thermal barrier coatings.”™"

The fabrication processes of inverse opals or more gen-
erally, macroporous three-dimensional (3D) structures,
usually involve the infiltration of templates, referred to as
colloidal crystals. The most common methods are based on
sol-gel, including co-assembly'® or colloid infiltration,'”-'®
but there has been an increase in recent years of the usage
of chemical vapor deposition' or atomic layer deposition
(ALD).?° A large variety of materials can be produced via
ALD such as selenides, tellurides, sulfides, nitrides, metals,
and oxides.2! However, for successful coating and fabrica-
tion of inverse opal macroporous structures, it is necessary
to assure no reaction between precursors and templates,
and, in the case of polymeric-based templates, develop
low-temperature cycles.””> Moreover, polymeric templates
can be oxidized during oxidant exposure®>** and already-
established cycle parameters may not be suitable due to
different growth mechanisms.”” Despite its challenges,
ALD presents several advantages such as surface-limited
reactions, excellent thickness control, the capability of
coating high-aspect-ratio templates, and the opportunity to
produce tailor-made atomically mixed compounds.

Whilst most of the research efforts have been focused on
polymeric and SiO, inverse opals, investigations have also
been performed on metallic,’>?’ carbon-based,?® silicon-
based,”” and ceramic inverse opals.’*?>39=35 A variety
of ceramic-based inverse opal macroporous structures
have been reported such as silica,'***’ silicon carbide,*
titania,’*%4% alumina,*>*** zirconia,*® yttria-stabilized
zirconia'® and mullite.”” When compared to metals and
polymers, ceramics generally present a higher chemi-
cal, microbiological and thermal stability.”® They are,
however, less compliant and may fracture catastroph-
ically under stress. Nonetheless, even though ceramic
macroporous structures are usually more thermally stable
than metallic and polymeric structures, especially when
exposed to an air environment, they also undergo struc-
tural changes such as shrinkage’? and extensive grain
growth® when exposed to high temperatures (>1000°C).
These become more critical at smaller length scales,
such as the high-surface-area structures with nanometric
features. Moreover, these morphological changes have
a direct impact on the macropores structures’ prop-
erties, thus may hinder their final function. We have
been developing ceramic-based macroporous structures
for high-temperature photonic applications,!®2%-22:35:43
which are capable of reflecting thermal radiation whilst
also reducing the heat conduction by its highly-porous
structures. It is a challenge, however, to keep the three-
dimensional ordered structure stable at high temperatures
(>1000°C) and yet functional. Such a challenge can be

targeted by tailoring the chemical composition of the ALD
shell, that is, the shell material, as demonstrated in one of
our earlier publications,? or by focusing on optimization
of the 3D structure features while keeping the shell
material fixed. This work focuses on the latter approach.

Besides keeping their structure stable after exposure
to high temperatures, these 3D structures should also
exhibit sufficient mechanical properties to allow their
handling, mounting, and application. The size effect of
these structures, often in the micrometer and nanome-
ter scale, opens up the opportunity for further increase
in their mechanical properties, the so-called mechanical
metamaterials. Inverse opal structures have been shown to
outperform most of the state-of-the-art techniques to pro-
duce high-performance mechanical metamaterials, being
surpassed only by glassy nanolattices.** The mechanical
properties of co-assembled SiO, inverse opals further rein-
forced with TiO, via ALD have been investigated in former
works.'”*” The increase in the coating thickness, that is,
shell and struts thicknesses, led to a direct increase in both
strength and moduli, achieving specific strengths as high
as 460 MPa/(mg/m?) for structures with macropores size of
around 756 nm. This was also observed for alumina inverse
opals,” although in this work the macropore size was
almost 3 times smaller, corresponding to around 260 nm.
Metallic inverse opal structures with specific strengths up
to 230 MPa/(mg/m?®) were reported by Pikul et al.’° Inter-
estingly, the structures presented an increase in their strut
yield strength when the strut diameter was decreased, var-
ied by varying the template particle size. In this work, we
have investigated the influence of modifications in struc-
tural parameters, namely ALD shell size and macropore
size (Figure 1), on the thermal stability and mechani-
cal properties of inverse opal ceramic-based macroporous
structures.!

2 | MATERIALS AND METHODS
2.1 | Vertical convective self-assembly

Colloidal crystals of monodisperse polystyrene (PS)
particles (microparticles GmbH) were fabricated by
vertical convective self-assembly onto sapphire sub-
strates (< 1-102 >, Crystec GmbH) inside a humidity
chamber (Memmert HCP 108), at 70% RH and 55°C
for 96-120 h depending on the substrate total area,
400 or 750 cm?, respectively. The PS particles suspen-
sions were diluted with deionized filtered water inside
polytetrafluoroethylene beakers, and were comprised of
three different particles sizes: 0.52 + 0.01 um (1.0 mg/ml),
0.75 + 0.02 um (0.8 mg/ml), and 1.04 + 0.04 um
(0.9 mg/ml). Prior to self-assembly the substrates were
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Schematic drawing of samples analyzed in this study, in which the (A) template size and atomic layer deposition (ALD)

cycles number were varied. (C) The structural features of the 3D macroporous ceramics (inverse opals) after burn-out are directly dependent
on these parameters. Macropore size is defined by the template, while the shell thickness depends on the number of ALD cycles, as shown in

(B). Connection points and nodes sizes are defined by both the template and ALD cycles

cleaned by 1 h sonication in a detergent solution (Muca-
sol 1%, Brand, Merz Hygiene GmbH), brushed, rinsed,
and dried with filtered nitrogen. Furthermore, oxygen
plasma was applied to sapphire substrates for 20 min right
before immersion, as an extra cleaning step plus surface
activation.

2.2 | Atomic layer deposition

The PS templates produced by vertical convective self-
assembly were coated by low-temperature ALD of alu-
minum oxide in a home-made reactor (Hamburg Uni-
versity of Technology, Institute of Advanced Ceramics),
using trimethylaluminium (TMA; Strem chemicals) and
deionized water (diH,O) as reactants. To homogeneously
infiltrate the whole template, a full exposure mode with a
constant purge flow of nitrogen (30 sccm) was used. The
reactants TMA and diH,O were alternated with 0.1/20/90
and 0.2/20/90 s of pulse, exposure, and pump times,
respectively. The low temperature of the process (95°C)
was required to avoid surpassing the PS glass transition
temperature and thus prevent any possible damage to the
template. After the ALD process, the PS template was
burned out in a Muffle furnace in air (0.3°C/min, 500°C,
30 min), leading to the macroporous ceramic structures
(inverse opals). In such structures, the original PS size cor-
responds to the so-called macropore size, while the shell
thickness, that is, ALD coating thickness was varied by
increasing the number of cycles during the ALD process.
An overview of the samples produced can be visualized in
Figure 1. The shell thickness monitoring was performed
by spectroscopic ellipsometry with an incident angle of

70° (SENPro; SENTECH Instruments GmbH), by which
the thickness and refractive index of films deposited onto
standard silicon wafers (as received, <100>, a native oxide
layer, Si-Mat Silicon Materials) placed near the samples
during the cycles was measured. The resulting thicknesses
(Figure 1B) were in good agreement with the expecta-
tions based on the estimated growth per cycle of films
infiltrated/deposited onto PS beads templates.>> An aver-
age growth rate of 1.66 + 0.06 A/cycle and a refractive
index value of n = 1.65 + 0.03 (@632.8 nm) were achieved,
respectively.

2.3 | Thermal processing and
characterization

The ceramic-based inverse opals were heat treated in air in
a tubular furnace with a 5°C/min heating rate up to the
heat treatment temperatures of 1200 and 1400°C, where
the samples were kept for 1 and 4 h, respectively. Their
structural morphology was analyzed by scanning electron
microscopy (SEM; Zeiss Supra 55 VP) prior to and after
each heat treatment. A low voltage of 2 kV was used to
avoid sample charging and the work distance was set to
5-6 mm for all samples.

For the characterization of the mechanical properties,
nanoindentation tests were carried out (G200 nanoinden-
ter; formerly Agilent, now KLA Tencor, CA, USA) using
a flat-punch with 10 um of diameter (Synton MDP, Port,
Switzerland) and a fixed displacement rate of 10 nm/s up
to 2000 nm of penetration depth. The tests were performed
under continuous stiffness measurement mode, with an
oscillation amplitude of 2 nm at a frequency of 45 Hz.
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The elastic modulus (E) was estimated using the harmonic
contact stiffness data recorded in the loading part of the
strain-displacement curve. The mean values of E presented
in this work were calculated from the plateau values, that
is, once the stiffness has stabilized before the first failure
event was recorded. For simplicity, the influence of the
elastic displacement of the sapphire substrate is neglected
since its stiffness is one order of magnitude greater than
the structures analyzed. At least 4 indents were performed
on each sample.

3 | RESULTS AND DISCUSSION

3.1 | Macroporous ceramics structural
evolution

The difference in the morphology of the macroporous
ceramics with different structural features is noticeable,
especially regarding the ALD cycles (Figure 2), which
define the shell size (Figure 1). The spacing between
the spherical shells and the interstitial site size (here-
after referred to as nanopores) is reduced when the shell
thickness is increased (compare Figure 2D,E), which was
expected. For a certain template size, the initial connec-
tion points between the template particles have the same
size and since the ALD coating is based on surface reac-
tions, the coating will mimic the template structure up to
its filling limit, that is, the connection points size will be
the same for a certain template size, but not the nanopores.
When the structures are produced via sol-gel these sites are
filled and referred to as nodes. In the case of ALD-based
structures such as the ones in this work, there is a limit
for which the precursors can reach these nanopores, and
thereby, the precursors’ access points to these sites shall be
eventually closed and the nanopore will remain within the
structure.*® The geometrical theoretical filling limit for an
ALD coating into <111> planes of a self-assembled Face-
Centered cubic (FCC) structure is estimated to be 7.75%
of the template diameter*’ and thereby, the ALD coat-
ing thickness limit is estimated to be 40, 60, and 80 nm
for template diameters of 0.52, 0.75, and 1.04 um, respec-
tively. While the nanopores formed at the interstitial sites
will remain as pores, the rest of the structure can be fur-
ther coated, increasing its shell’s thickness. Moreover, the
overall packing fraction of the template particles is known
to be lower than 74% due to the presence of common
self-assembly defects®>*%*° and that the connection points
could have their size increased due to a “sintering” of the
PS template’® during the 2 h pre-vacuum time performed
prior to the ALD process, both resulting in a template
structure with higher porous fraction available for infiltra-
tion. As a matter of fact, there have been earlier reports of

higher filling fractions*°° up to 95%, in which a 70 nm
ALD-ZnS coating was deposited onto a 300 nm diameter
template®® or a 34 nm ALD-TiO, film was deposited onto
a 266 nm template.*’” We also observed higher filling frac-
tions than the theoretical limit value for all the template
sizes without the occurrence of an overlayer (see Figure
S1). It is important to mention that for the samples with
0.52 and 0.75 um of template size we have observed, how-
ever, the occurrence of some small satellites’ growth for the
ALD process with 450 cycles (Figure 2C).

These structural differences are relevant for the ther-
mal stability after exposure at 1200°C for 1 h (Figure 3).
The thinner shells corresponding to 150 ALD cycles already
show signs of degradation with a random network of
cracks for all studied template sizes, although the cracks
in the samples with a template size of 1.04 um are clearly
smaller and less connected than for the samples produced
with 0.52 and 0.75 um template sizes. Cracks are also
observed for samples produced with 300 ALD cycles, while
no clear cracks are identified for the 450 ALD cycles’
samples, but lines are visible in the shells’ surface, either
as pre-cracks or grain sizes due to the alumina phase
transformation. Before 1200°C, the aluminum oxide shells
undergo at least 3 phase transformations and consist only
of alpha-alumina, after the heat treatment at 1200°C, as
demonstrated in a previous study.®

After further exposure at 1400°C for 4 h (Figure 4
and Figure S2) all the samples with 150 and 300 ALD
cycles are completely distorted and a vermicular structure
is clearly visible for the samples with 1.04 um template
size, as well as for the samples with 0.75 um template
size and the thinner shell (150 ALD cycles). Such vermic-
ular structures are well-known and frequently reported
for aluminum oxide materials.”-310-13-1551-34 However, in
such macroporous structures, they seem to be more sta-
ble than in sol-gel’* or inkjet printed® structures, and
are not altered with increasing sintering time, discussed
in detail elsewhere.* Classical sintering theory™ predicts
that such highly curved interfaces should be smoothed or
reduced and such an open filter-like network with large
domains is not expected. Moreover, instead of expected
neck growth and porosity reduction, as observed in clas-
sic bulk-particle solid-state sintering, the sintering of the
shells results in the enlargement of the connection points
(Figure 5A) and grain growth. Nonetheless, it is possible to
find some resemblance to the simple two-particle model
for sintering, even though in the inverse opals case only
the shells are available for sintering (Figure 5B).

While for thinner shells (150 cycles, Figure 4A-C)
the template size does not influence the resulting struc-
ture after temperature exposure, for thicker shells the
heat-treated structure differs depending on the template
size. Oblate-like structures are formed for the samples
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FIGURE 2 Top view of different structures of aluminum oxide inverse opals according to the template sizes (A-C) 0.52 um, (D-E)
1.04 um, (F) 0.75, and the number of atomic layer deposition (ALD) cycles (A, D) 150 (B, E) 300 (C, F) 450. Imaged by scanning electron
microscopy (SEM) after template burn-out; top view. Scale bars represent 1 um

produced with 0.52 um template size and 300 and 450
ALD cycles, as well as the ones with 0.75 um and 300 ALD
cycles (Figure 4D,G,E, respectively). Meanwhile, the sam-
ples produced with thicker shell (450 cycles) for both 0.75
and 1.04 um template size retain their 3D macroporous
structure after thermal exposure. Such structures also are
stable in the cross section (Figure 6A-C), whereas a closer
look at the sample produced with a 0.52 um template size
shows signs of deformation (top corner of Figure 6A).
The filter-like and oblate-like structures exemplified by
Figure 6D,E, respectively, are also present in the samples’
whole thickness.

All the aluminum oxide macroporous structures here
presented are amorphous after deposition and crystallize
upon heating.® Still, nucleation and growth of crystallites
cannot take place in areas smaller than the critical nuclei
radius,”® which could be the case for the thinner shells.

Thereby, one can attribute possibly different crystallites
density per volume depending on the shell thickness, that
is, thicker shells will present, on average, more crystal-
lites than thinner shells. The crystallites form grains in the
material and a single grain can consist of one (single crys-
tal) or more crystallites, which will sinter upon thermal
exposure.

In polycrystalline ceramic materials, solid-state sinter-
ing is defined by diffusion. While grain boundary diffusion
and lattice diffusion from the grain boundary contribute to
densification, surface diffusion and lattice diffusion from
the surface do not.”” The 3D macroporous structures stud-
ied here have a very high surface-to-volume ratio, thereby,
the occurrence of surface diffusion may be more relevant
to such structures when in comparison to bulk samples.
Moreover, the existence of macropores leads to a restric-
tion of sintering to the shell area, as it is not possible
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Comparison between the top view morphology of inverse opals imaged by scanning electron microscopy (SEM) after the

heat treatment performed at 1200°C for 1 h. Template size is 0.52, 0.75, and 1.04 um for (A, D, G), (B, E, H), and (C, F, I), respectively. The
number of atomic layer deposition (ALD) cycles is (A-C) 150, (D-F) 300, and (G-I) 450. Scale bars correspond to 3 um

for atoms from one side of the shell to just “jump” to
the other side of the shell, crossing the macropores. This
inhibition contributes to the formation of the vermicular,
filter-like structure. Smaller templates and thinner shells
have a higher ratio of surface per volume of shell material,
so one could infer that the surface diffusion per volume
diffusion ratio is greater in these cases, leading to no den-
sification, that is, filter-like structures. No matter the shell
thickness, the samples fabricated with 0.52 um template
size presented less stability than 0.75 and 1.04 um. Besides
having more surface area, these samples also present a
larger number of connection points per volume. More-
over, the curvature of the shells for the samples produced
with the 0.52 um template is bigger than for the big-
ger ones (Figure 7B). For solid particles and solid-state
sintering, the diffusion of atoms occurs in the direction
of lower partial pressure areas. For our case, this corre-
sponds to the points where the curvature is bigger, that
is, the intersecting points between shells (see Figure 7).

The higher the curvature is, the higher the driving force
for the transport of matter and thus, sintering. In the
case of the macroporous structures studied here, thinner
shells present a higher curvature radius at the perimeter of
the intersecting points between shells than thicker shells,
considering a case where the template size is the same
(Figure 7C), which explains why the samples produced
with smaller template sizes and thinner shells are less
stable.

The formation of oblate-like structures (Figure 4D,E,G)
is hypothesized to be related to grain growth occurring at
a stage in which the structure is not yet fully distorted.
This is in part related to the above-mentioned points. As
explained, the driving force for sintering is larger as the
smaller the template size and the thinner the shell is.
Thereby, taking the 0.52 um case as an example and 1400°C
as the sintering temperature, the thinner shell structure
already experienced larger sintering and it is fully dis-
torted, thus, grain growth can only occur in the z-direction
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FIGURE 4 Comparison between the top view morphology of aluminum oxide macroporous structures imaged by scanning electron

microscopy (SEM) after heat treatment performed at 1400°C for 4 h. Template size is 0.52, 0.75, and 1.04 um for (A, D, G), (B, E, H) and (C, f,
i), respectively. The number of atomic layer deposition (ALD) cycles is (A-C) 150, (D-F) 300, and (G-I) 450. Scale bars correspond to 1 um

Two-particle model

i-PhC

FIGURE 5 (A) Top-view scanning electron microscopy (SEM) image of an alumina macroporous structure fabricated with 0.75 um
template and 450 atomic layer deposition (ALD) cycles after heat treatment at 1200°C for 1 h showing the enlargement and joining of
connection points. The scale bar is 500 nm. (B) Schematic drawing of the two-particle sintering model and a representation of shells sintering
in the macroporous structures (inverse opals, also called -i-PhC)
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FIGURE 6

ALD cycles— 450

Inclined view of the morphology of the aluminum oxide macroporous structures in scanning electron microscopy (SEM)

after heat treatment performed at 1200°C for 1 h. Template size and atomic layer deposition (ALD) cycle information are indicated on the

labels within the image. Scale bars correspond to 3 um

of the vermicular grains as there is little or no contact
between the shells at the top layer anymore. On the other
hand, structures that still present the top shells will expe-
rience grain growth also at these spots, in the x and y
direction. Note in Figure 4G that the middle left grain still
shows a resemblance to the top shell shape, although it is
massive (bigger than 3 X 3 um).

3.2 | Mechanical properties

Nano-indentation tests were performed to analyze the
impact of the structural parameters on their mechanical
properties, particularly on compression strength and elas-
tic modulus, 0,,,, and E, respectively. Typical stress-strain
curves and associated elastic moduli can be visualized in
the supplementary information (Figure S3). The results

showed that a decrease in the template size, thus the
macropore size, enhances both o,,,, and E (Figure 8).
This was expected, because for a given number of ALD
cycles, the shell thickness is constant and, therefore, the
solid fraction increases with decreasing template size. This
relationship is especially clear in the samples with the
thinnest shell (150 ALD cycles). However, the influence
of the macropore size on the mechanical properties seems
to have a saturation limit as the shell of the macroporous
structures thickens. Thereby, all the structures with thicker
shell sizes (450 ALD cycles) present values that are equal to
or lower than the samples produced with 300 ALD cycles.
A possible explanation will be given with help of finite
element simulations, below.

Nonetheless, the elastic moduli raised from twofold to
threefold when comparing the samples with thinner shells
(150 ALD cycles) to those with the same macropore size

85ULD| SUOWIWIOD AIERID 3jqedtjdde au Aq peuienob afe Sejoe O ‘8N JO S3|n1 10} ARIq 1T 8UIIUO 8|1 UO (SUOTHIPUOD-PUE-SWLBY /WO A8 1M ARe1q1[Bul|uO//StL) SUORIPUOD PUe SWB | 84} 88 *[2202/2T/ST] Uo Areigiauluo A8|Im ‘UeIpe N ayasiuobR 3 - %eyloliqig BinquweH B1s AN aYdsiuyoe | Aq TT88T80e [/TTTT OT/I0p/W0" 43| 1M ALeiq Ul U0 SI IR 80/ Sy WoJj papeojumod ‘Z ‘€202 ‘9T62TSST



GOMEZ-GOMEZ ET AL.

Journal |

(A) ALD cycles— 150

Template size
0.75 pm

1.04 um

FIGURE 7 Schematic drawing of the colloidal templates and the ceramic macroporous structures (inverse opals) and their structural

features. Thinner shells and smaller templates lead to smaller nanopores as demonstrated in (A). For a fixed shell thickness (number of
atomic layer deposition [ALD] cycles) the curvature is bigger for smaller templates, shown in (B). The grey box is just a guide to the eye. An
increase in the shell thickness, for the same template size, leads to a reduction in the curvature at the intersecting points between the shells

shown in (C)
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FIGURE 8 Mechanical properties of aluminum oxide inverse opal macroporous structures according to template size and number of

atomic layer deposition (ALD) cycles: (A) yield strength (B) elastic moduli
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(A)

FIGURE 9

(B)

Example of a finite element mesh for template size of 0.75 um and 450 atomic layer deposition (ALD) cycles, corresponding

to a thickness of 75 nm. The perspective view in (A) shows the closed shell on the top layer, which is contacted by the indenter, modeled as a

rigid body, and schematically shown in the cut view (B)

but thicker shells (300 and 450 ALD cycles). While the
elastic moduli were not greatly altered when comparing
the samples produced with 300 or 450 ALD cycles, the
compression strength values o,,,, were consistently lower
for thicker shells, independent of the macropore size. One
possible reason is that the reduced strength of the sam-
ples with thicker shells (450 ALD cycles) is related either
a greater number of defects (potential failure points) of
the ceramic structures. Another reason could stem from
a change in the failure mechanism or location, caused by
the substantial increase of the shell thickness, which is
investigated in the next section by using finite element
simulations.

3.3 | Finite element simulations
The hypothesis of a possible change in the fracture mech-
anism can be addressed by finite element simulations. In
total, nine models were created for all possible combina-
tions of template sizes, D, and ALD coating thicknesses,
t, as presented in Figures 9 and 11, respectively. Stacks of
six layers of inverse opals were modeled in an fcc stack-
ing, where the nodes of the lower half of the bottom layer
are fixed in space, see Figure 9. For all simulations, per-
formed with Abaqus,” Young’s modulus and Poisson’s
ratio for the ALD shells were assumed with 175 GPa and
0.24, respectively.

The macroscopic Young’s modulus, determined for a
macroscopic strain of 5%, is shown in Figure 10 for
three variations of the model setup. The results labeled

_-E/E,=251(tID)"*
P E/Eb=1.51(t/D)’-27
0.1- B
" ’ - E/E;=1.04(t/D)"!
k
z
ul 0.014
~ E .
L ] //’ Experiments
% D=0.52 ym
* D=0.75pum
% D=1.04 um
FEM
0O Compression
0.001 E @ Indentation, closed surface|
] * Indentation, open surface
T
0.01 0.1
t/D (-)
FIGURE 10 Comparison of macroscopic mechanical stiffness

from FE simulations and experiments

“compression” were obtained by a displacement boundary
condition applied to nodes in the top half layer, which gives
the highest stiffness. Adding the indenter and a contact
condition with the closed surface of the top layer of inverse
opals leads to a drop in stiffness by about 40%. In compar-
ison, for a top surface in which the connecting points are
kept open, a comparably smaller effect in the macroscopic
stiffness can be seen (open symbols, dashed line). Rela-
tive to the simulation results with indenter and contact,
the experimental results are further reduced in stiffness
by ~30%. This difference is due to the perfect order that is
inherent in the simulation model along with rigid fixation
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FIGURE 11 Local stress distribution under load for the template size D = 0.52 um and varying atomic layer deposition (ALD) shell
thickness from 25 nm (top row) to 75 nm (bottom row). The left column shows the top view of the surface in contact with the indenter, the
right column shows the stress distribution inside the top-layer opal (cut through half of the top-layer of inverse opals)

of the bottom layer, whereas variations in template diam-
eter and their arrangement as well as the contact with the
substrate can be attributed to the 30% drop in the measured
stiffness.

Overall, the dependence on the thickness to template
size ratio t/D follows similar power-law relations with
some variation in the exponent from ~1.3 (simulations) to
~1.4 (experiments), if the outlier for the lowest ¢ /D ratio is
ignored in the fit of the experimental data. From the agree-
ment in the trends of stiffness versus thickness to template
size ratio, it can be expected that the local stress distribu-
tions should be reasonable and can provide some helpful
insights into possible changes in the fracture mechanism
for an increasing shell thickness.

Figure 11 exemplarily shows the variation of the local
stress distribution for the smallest template with D =
0.52 um, which appears also to be the most sensitive case
when the shell thickness is increased to the maximum
thickness of 75 nm, see Figure 8. The shell thickness

increases from the top to the bottom row of images shown
in Figure 11, where the color scheme is the same for all
images. Within the left row, showing the indented sur-
face from the top, a stress concentration appears close to
the triple points for the 50 nm shell thickness, which then
moves to the connecting points for the 75 nm thickness.
This is caused by the bending strain induced in the outer
surface of the shell, along with the shorter lever length
toward the connecting points. The relocation of this stress
concentration might cause early fracture for the largest
shell thickness because the stress concentration moves
into the sharp notch that is formed in the vicinity of the
connecting point.

Another potential spot for initiation of fracture can be
found inside the inverse opals, visible in the right column
of Figure 11. For the lowest shell thickness of 25 nm, the
connecting points are causing the highest stresses, and
fracture will likely be initiated in these places. However,
for increasing shell thickness, a new stress concentration
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emerges in the center of the shell of the inverse opal. For
the largest shell thickness of 75 nm, it reaches a similar
stress value to the connecting points visible in the cut
plane. Therefore, it is possible that the fracture initiation
site moves from the circumference for 25 and 50 nm shell
thickness to the center bottom and top location at the
inner surface for the largest shell thickness of 75 nm. This
change in the stress distribution is also caused by bending
stresses, which become increasingly important for thick
shells. This is particularly the case for the top surface that
undergoes flattening by the indentation contact, causing
tensile stresses on the opposite side of the shell inside the
inverse opal. Because thicker shells produce larger tensile
stresses on the inside surfaces, the early fracture of the
inverse opals with the thickest shells observed experimen-
tally is reasonable. Furthermore, as can be seen from the
evolution of the stress in Figure 11, right column, the num-
ber of critical locations is clearly increased for the largest
shell thickness and, due to this, also the probability of
failure.

4 | CONCLUSIONS

This work assessed the influence of structural param-
eters, namely macropore size, and shell thickness, on
the thermal stability and mechanical properties of alu-
minum oxide inverse opal 3D macroporous structures
produced by ALD. The results showed that the thermal
stability of such structures is higher for thicker shells and
larger macropores, while the mechanical properties fol-
lowed no clear trend, rather peaking at the intermediate
thickness and macropore size values. FEM simulations
have shown that this unexpected behavior is likely caused
by bending stresses that became more pronounced with
increasing shell thickness, potentially creating new sites
for crack initiation leading to mechanical failure upon
crack propagation.
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