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a  b  s  t  r  a  c  t

Photonic  materials  for high-temperature  applications  need  to withstand  temperatures  usually  higher
than  1000 ◦C,  whilst  keeping  their  function.  When  exposed  to  high  temperatures,  such  nanostructured
materials  are  prone  to detrimental  morphological  changes,  however  the  structure  evolution  pathway  of
photonic  materials  and  its correlation  with  the loss  of material’s  function  is  not  yet fully  understood.
Here  we  use  high-resolution  ptychographic  X-ray  computed  tomography  (PXCT)  and  scanning  electron
microscopy  (SEM)  to  investigate  the  structural  changes  in mullite  inverse  opal  photonic  crystals  produced
by a very-low-temperature  (95 ◦C)  atomic  layer  deposition  (ALD)  super-cycle  process.  The  3D  structural
changes  caused  by the  high-temperature  exposure  were  quantified  and  associated  with  the  distinct
structural  features  of  the  ceramic  photonic  crystals.  Other  than  observed  in  photonic  crystals  produced

◦
hotonic materials
igh-temperature applications

via  powder  colloidal  suspensions  or sol-gel  infiltration,  at high  temperatures  of  1400 C  we  detected  a
mass  transport  direction  from  the  nano  pores  to the  shells.  We  relate  these  different  structure  evolution
pathways  to  the  presence  of hollow  vertexes  in  our  ALD-based  inverse  opal  photonic  crystals.  Although
the  periodically  ordered  structure  is distorted  after  sintering,  the  mullite  inverse  opal  photonic  crystal
presents  a photonic  stopgap  even  after  heat  treatment  at 1400 ◦C for  100  h.

©  2018  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license
. Introduction

Photonic crystals are three-dimensional periodically ordered
tructures with the capability of affecting the propagation of elec-
romagnetic radiation by a photonic band-gap [1]. The spectral
ange in which the reflection of radiation occurs is defined by
he spatial ordering of the structure and its refractive index. This
elective radiation propagation behavior is attractive for a vari-

ty of technological applications, such as thermo photovoltaic
nergy conversion devices and also next-generation thermal bar-
ier coatings (photonic TBCs) [2–4]. However, when exposed to

∗ Corresponding authors.
E-mail addresses: kaline.furlan@tuhh.de (K.P. Furlan),

zierold@physnet.uni-hamburg.de (R. Zierold), janssen@tuhh.de (R. Janßen).

ttps://doi.org/10.1016/j.apmt.2018.10.002
352-9407/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

high temperatures (usually higher than 1000 ◦C), photonic crys-
tal structures may  undergo several morphological changes, such as
dimensional distortion due to sintering shrinkage or phase trans-
formation, extensive grain growth, and in extreme cases loss of
the periodical order [5], thereby impairing its photonic proper-
ties. Needless to say, the retention of these high-surface area 3D
structure for high-temperature applications remains a significant
challenge [5].

Since the structural characteristics and 3D phase morphol-
ogy of these photonic materials dictate how they interact with
electromagnetic radiation, information and knowledge about the
relationship between the material’s 3D structure and its photonic
properties, before and after exposure to such high temperatures,

is crucial for a complete understanding of the material’s behavior
and its application. As the arrangement of the photonic mate-
rial’s nanostructure might determine its effective properties and

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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erformance, there is a driving force for more precise, high-
esolution characterization methods.

When analyzing the morphology of inverse opal photonic crys-
als, scanning electron microscopy (SEM) is still the main technique
sed. Although being a fast and simple tool, several limitations arise
hen dealing with oxide-based inverse opal photonic crystals. First

f all, they are usually non-conductive, thereby prone to charging
nd mechanical drift, which causes image artifacts and scanning
aws. Furthermore, if the samples are to be further exposed to high
emperatures, they cannot be coated with conductive material,
hich could burn-out, melt or react with the structure. Moreover,

he roughness associated to such a conductive coating, or even the
hickness (usually 5–15 nm), could conceal some of the nano met-
ic structural features of photonic crystals. On top of that, only
ualitative 2D information of either the top view or cross sec-
ions with a limited area of investigation are obtained. Meanwhile,
ransmission electron microscopy (TEM) imaging is only capable of
nalyzing very tiny areas of the whole inverse opal photonic crystal
tructure, after very careful and time-consuming sample prepara-
ion. Besides that, TEM involves a strong interaction between the
lectrons of the primary beam and the material itself, which in
urn can influence the structure and lead to artifacts, and requires

 high-vacuum environment. FIB-tomography on the other hand
ould be used to obtain high-resolution 3D structural information,
owever this is a destructive technique. Furthermore, for highly
orous materials an infiltration step with epoxy or conductive
aterial is required, in order to avoid excessive sample drift, which
ould cause variations in the prescribed slice thickness and even

oss of information in the z-axis direction (anisotropic resolution)
6].

Alternatively, X-ray computed tomography is a powerful
on-destructive technique to investigate the inner structure mor-
hology of porous materials [7–9], such as the inverse opal photonic
rystals, in a multi length scale approach. In case of the samples
tudied herein, the resolution of microtomography (micrometer
cale) is not enough, but synchrotron tomography, more specif-
cally, ptychographic X-ray computed tomography (PXCT), can
mage different structural features from the micrometer to the
anometer scale with high resolution, even in air at atmospheric
ressure [10,11].

The fabrication process defines the final structure and composi-
ion of a photonic material, and therefore, its photonic properties.
nverse opal photonic crystals are usually produced by the infiltra-
ion of a polymeric template, also referred to as a direct photonic
rystal, which can be assembled by a variety of routes [12]. Infil-
ration techniques include sol-gel [13], colloidal routes [14,15],
hemical vapor deposition (CVD) [16] and atomic layer deposition
ALD) [17]. Inverse opal photonic crystals can also be fabricated in a
ingle-step approach, described as co-deposition [18,19]. Depend-
ng on the chosen fabrication technique, a variety of ceramic inverse
pal photonic crystal materials can be produced, such as silica [19],
itania [17], alumina [14], zirconia [15] and yttria stabilized zirco-
ia (YSZ) [18]. When ranking the techniques, ALD is by far the one
ith the highest capability for uniform coating of such high aspect

atio structures, by which very high filling fractions and infiltration
omogeneity are reported [20]. Moreover, ALD bases on succes-
ive, alternating reactions between precursors and substrate, with
xcellent film thickness control (on the Ångstrom-scale) and com-
ositional control [21], even for complex systems such as ternary
nd quaternary oxides [22]. By ALD, tailor-made atomically mixed
ystems can be realized, such as mullite, a known refractory ceramic
ystem with high-temperature stability.
Deposition of mullite films on planar substrates, not photonic
tructures, has already been demonstrated by CVD [23], electron
eam physical vapor deposition (EB-PVD) [24] and plasma spray-

ng [25]. However, all these processes run at considerably high
ls Today 13 (2018) 359–369

or very high temperatures, i.e. 600 ◦C [24], 1200 ◦C [23] or even
higher (>1800 ◦C) [25], which makes them unviable for infiltration
of polymeric templates. In our previous work [26], we demon-
strated the possibility of infiltrating Al2O3 inverse opal photonic
crystals with mullite by ALD super-cycles performed at 150 ◦C. This
deposition temperature is already considered low for ALD [21],
however still too high for possible infiltration of polymeric tem-
plates, usually based on polystyrene or polymethylmethacrylate
latex particles with glass transition temperatures of around 100 ◦C
[27]. At temperatures usually used in ALD, polymeric templates
may  not only decompose, but also be oxidized during oxidant expo-
sure [28], especially in case of ozone [29]. Furthermore, already
established ALD cycle parameters for inorganic materials, may  not
be adequate for polymeric templates, due to the different surfaces
characteristics, resulting in possible different growth mechanisms
[30].

In this work, we  studied the feasibility of two  very-low-
temperature (95 ◦C) atomic layer deposition processes to produce
mullite inverse opal photonic crystals by infiltration of polystyrene
direct photonic crystals prepared by vertical convective self-
assembly. The inverse opal photonic crystal 3D structures were
characterized before and after heat treatment by X-ray diffraction
(XRD), SEM and PXCT [10,11] at a 3D isotropic resolution of 52 nm.
The high-resolution imaging by PXCT enabled the quantification of
3D structural modifications caused by the high-temperature expo-
sure. We  demonstrate that this non-destructive technique enables
the characterization of the structural features of inverse opal pho-
tonic crystals at varied scales, hardly identified by other techniques.
Furthermore, the quantification of the structural changes of distinct
features clarifies the pathway for structural destabilization with the
temperature. Although some structural features of the photonic
crystal presented relevant dimensional changes after heat treat-
ment, a photonic stopgap was identified even after heat treatment
at 1400 ◦C for 100 h, an outstanding behavior for a photonic crys-
tal concerning the temperature stability [5] for high-temperature
applications.

2. Materials and methods

A vertical convective self-assembly process was used to form
direct photonic crystals of monodisperse polystyrene particles
(762 ± 22 nm, Microparticles GmbH) onto sapphire substrates
(〈1−102〉, Ø 30 mm × 0.53 mm,  Crystec GmbH). Before immersion
into the PS-water suspensions (1.0 mg  ml−1), the substrates were
cleaned by 1-h sonication in a 1 wt.% detergent (Mucasol Brand,
Merz Hygiene GmbH) deionized water (diH2O) solution, followed
by brushing, diH2O rinsing and drying with nitrogen gas. More-
over, they were further cleaned and their surfaces were activated by
an oxygen plasma treatment for 20 min  (Polaron PT7160, Quorum
Technologies). The colloidal crystal growth was performed inside
a humidity chamber (Memmert HCP 108), at 70% RH and 55 ◦C for
168 h.

Atomic layer deposition was  performed at a very-low-
temperature of 95 ◦C in a super-cycle approach under a full
exposure mode in a SavannahTM 100 reactor (Veeco-Cambridge
Nanotech) and in a home-made reactor (University of Hamburg,
Physics Department, CHyN – Center for Hybrid Nanostructures),
using nitrogen as carrier gas. The ratio of Al2O3:SiO2 in the inverse
opal photonic crystals structure was  varied by the number of
internal loops within the super cycle (refer to Table S1). The pre-

cursors used for the depositions were diH2O, trimethylaluminum,
min. 98% (TMA, Strem Chemicals), (3-aminopropyl)triethoxysilane,
98% (APTES, Sigma Aldrich), ozone (OzoneLabTM, OL80 W)
and tris(dimethylamino)silane, 99+% (TDMAS, Strem chemicals).
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Fig. 1. Comparison between the top view morphology of inverse opal photonic crystals imaged by SEM (a, b) after burn-out and after a variety of heat treatments performed
a ◦C for 
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t  (c, d) 1000 ◦C for 10 h, (e, f) 1400 ◦C for 4 h and (g, h) 1000 ◦C for 10 h plus 1400
uper  cycle M1-2. Scale bars correspond to 500 nm.

urther details are available at the Table S1 and the Data in Brief
elated article.

After infiltration of the direct photonic crystals (PS templates)
y ALD, the samples were heated up in a Muffle furnace in air
or polymer burn-out (0.8 ◦C min−1, 500 ◦C, 30 min), generating
he inverse opal photonic crystals, which were later character-
zed. Their thermal stability was assessed by heat treatments
erformed under air atmosphere at different temperatures and
well times up to 1500 ◦C (refer to Table S2). The inverse opal
hotonic crystals top view and cross section 2D structural mor-
hology was analyzed by scanning electron microscopy (SEM, Zeiss
upra 55 VP). Phase identification was performed by Grazing inci-
ence X-ray diffraction analysis [31] (Bruker AXS D8 Advance, Cu
�, 40 kV, 40 mA,  step size 0.01◦, step time 5 s, incident beam
lancing angle 1.5◦). Further details of the crystal structure inves-
igations may  be obtained from the Fachinformationszentrum
arlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quot-

ng the depository numbers CSD-156191 and CSD-66448 (mullite),
SD-173625 (alumino-silicate), CSD-36233 (gippsite), CSD-39104
eta Al2O3) and CSD-60419 (alpha alumina) or at the Crystal-
ography Open Database (COD) on quoting the pattern numbers
ndicated in figures captions and text. Optical reflection spectra

ere measured with a UV–vis–NIR spectrometer (Perkin-Elmer,
ambda 1050) and collected in the 0.9–1.8 �m wavelength range,
efore and after heat treatments.

Cylindrically shaped samples were prepared for the PXCT mea-
urements using a FEI Helios Nanolab G3 UC FIB (for further
etails check the Data in Brief related article). The PXCT mea-
urements were performed at the cSAXS beamline of the Swiss
ight Source at the Paul Scherrer Institut, Switzerland. The tem-
erature of the sample stage was 90 K and the measurements
ere performed at 6.2 keV photon energy. 800 projections were

ecorded, equally spaced in angles ranging from 0◦ to 180◦. After
lignment of the projections, the tomographic reconstruction was
erformed. The isotropic 3D resolution was evaluated using Fourier
hell correlation (as in [32]) and resulted in 54 nm and 52 nm for
he samples before and after heat treatment, respectively. Image
ost processing and analysis were applied on the reconstructed
ata set. For the quantitative 3D image analysis, 10 volume-of-

nterests (VOIs) with cubic shape were chosen throughout each

ample (edge length of 2.65 �m,  total volume of 18.60 �m3), after

 representative volume of interest (RVI-test) had been performed.
 detailed description is found at the associated Data in Brief
rticle.
4 h. On top are samples produced in the ALD super cycle M1-1 and on the bottom

3. Results and discussion

3.1. Inverse opal photonic crystal thermal stability

Both types of inverse opal photonic crystals, produced by the
ALD super-cycles M1-1 and M1-2 respectively, presented the typi-
cal appearance of an ordered structure, achieved after burn-out of
the PS template (〈111〉 plane seen in the top view from Fig. 1a and
b). The highly-ordered structure is not affected by the mullite for-
mation heat treatment, carried out in air at 1000 ◦C for 10 h (Fig. 1c
and d). Although similar to a direct photonic crystal top view (which
is a highly-ordered 3D structure of interconnected particles), it is
necessary to mention that an inverse opal photonic crystal consists
of a structure of 3D highly-ordered macro-pores which are inter-
connected through contact points at the shell, highlighted in Fig. 2.
In such a structure, the macro-pore size is defined by the size of the
former sacrificial polystyrene particle (sub-micron scale) and the
shell size is defined by the ALD super cycle (nanometer scale). In
case of inverse opal photonic crystals produced by ALD, the inter-
stitial sites (denoted as nano pores here after – see Fig. 2) will never
be completely filled, due to the nature of the ALD process, i.e. there
is a limit for which the precursors can reach these sites and create
a film. Beyond this limit, the interstitial site will be surrounded by
shells/coatings and turn into an isolated nano-pore in the middle
of the structure.

After heat treatment at 1400 ◦C for 4 h (Fig. 1 e–h) crystallite
grains were identified in the mullite inverse opal photonic crystals
for both pre-treated (1000 ◦C 10 h) and non-pre-treated conditions.
Overall, all the analyzed structures presented quite similar mor-
phology and no differentiation could be made between the different
ALD super-cycles. The appearance of a slightly distorted lattice in
Fig. 1 is just related to the sample spot and domain orientation
(self-assembly domains) in relation to the beam, which is usu-
ally rotated for image acquisition. Moreover, the samples’ structure
remained stable even after 4 h of heat treatment at 1400 ◦C, which is
a remarkable achievement concerning temperature stability, espe-
cially in comparison to previous reports [5]. For instance, a report
presented by Tang et al. describes the structures partial collapse
already at 850 ◦C for SiO2 and TiO2 structures produced by cen-
trifugation (PMMA  spheres as template) and sol–gel infiltration

[33]. A sol-gel route was  also used by Sokolov et al. to produce
�-Al2O3 inverse opal photonic crystals by infiltration of PMMA
templates, for which a heat treatment at 1300 ◦C for 4 h caused
a distortion of the structure (0.93 �m and 1.58 �m macro pore
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Fig. 2. Structural features in a typical inverse opal photonic crystal. SEM, top view showing FCC plane (111) and three half-cut shells. Macro-pore (PS template particle size)
is  around 1.5 �m.
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ig. 3. Cross-sectional view of inverse opal photonic crystals imaged by SEM after h
t  1000 ◦C for 10 h; (a, c) mullite inverse opal photonic crystals, cycle M1-1; (b, d) m
n  the picture originated during sectioning due to mechanical fracture. Scale bars re

ize) or even full destruction, forming a vermicular-like structure
0.4 �m macro pore size) [13]. A more stable inverse opal photonic
rystal of YSZ was presented by Lashtabeg et al. [34]. Although
he authors claim structural stability up to 1400 ◦C, accentuated
intering and grain growth can already be observed at 1100 ◦C,
hile in the structure heat treated at 1400 ◦C a loss in the struc-

ural ordering is clearly identified at the SEM images (reflectance
easurements were not presented, as this was not the application

ocus). La0.8Sr0.2MnO3/YSZ inverse opal photonic crystals produced
y sol–gel infiltration of PS templates (0.35 �m macro pore size)
ere studied by Zhang et al. and, in contrast, a thermal stability up
o only 1100 ◦C in conventional firing was reported [35]. Titania [17]
nd alumina [36] inverse opal photonic crystals also produced by
LD showed partial structural stability in air up to only 1000 ◦C and
atment at 1400 ◦C for 4 h (a, b) without and (c, d) with ‘mullitization’ pre-treatment
inverse opal photonic crystals, cycle M1-2. The debris and different viewing planes
nt 1 �m.

1200 ◦C, respectively, however with significant grain growth [17]
and cracks [36]. In contrast to these literature studies, the struc-
tures of the mullite inverse opal photonic crystals produced herein
were stable over its total thickness as shown by the cross-section
analysis (Fig. 3).

Furthermore, delamination of the inverse opal photonic crystal
was only observed for the samples produced under the cycle M1-
2 and at isolated spots, which overall indicates a good adhesion
of the mullite inverse opal photonic crystals to the sapphire sub-
strate. However, several cracks were observed in the overall inverse
opal photonic crystal area (Ø 3 cm). Cracks are expected in such a

system (mullite-sapphire) during heat cycling, due to the differ-
ent thermal expansion coefficient between these materials [37], as
well as the constraint imposed to the inverse opal photonic crystal
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F ples of cracks in between the shells. Samples heat treated at 1000 ◦C for 10 h plus 1400 ◦C
f n the inset.
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Fig. 5. Reflectance spectra of (a) mullite inverse opal photonic crystals before and
after heat treatment at 1400 ◦C for 4 h and extensive heat treatment for 100 h; (b)
Al O inverse opal photonic crystal for comparison, showing a much higher reduc-
ig. 4. Top-view SEM images of mullite inverse opal photonic crystals showing exam
or  4 h, cycle (a) M1-1 and (b) M1-2. Scale bars correspond to 2 �m and to 500 nm i

y the substrate [38], which could generate high residual stresses
39]. Cracking will occur when the stress surpasses the structure
r material strength (in case of cracking in between the layers or
nside the inverse opal photonic crystals structure), or the bonding
trength between the inverse opal photonic crystal and substrate,
or a delamination or buckling occurring without any previous
rack formation, which is very unlikely to happen. It is important
o point out that the ALD process is based on chemical reactions
etween the precursors and the exposed surfaces, which means
hat the inverse opal photonic crystals are chemically bonded to the
apphire substrates. Nonetheless, cracks are a usual defect in self-
ssembled polymer templates (colloidal spheres films), together
ith vacancies, Frenkel defects and screw dislocations [12]. Hence,

 certain number of cracks are already existent in the polymeric
emplate (Fig. S4) before the ALD super cycle process and are only
elated to the template fabrication, and not to the heat treatment or
he ALD cycle. Nonetheless, image analysis of the mullite inverse
pal photonic crystals (see Fig. S5), showed an average increase
f 6.7% (M1-1) and 7.3% (M1-2) in the area of cracks for the sam-
les heat treated at 1400 ◦C for 4 h with previous ‘mullitization’
reatment (1000 ◦C 10 h). Surprisingly, the samples heat treated at
400 ◦C for 4 h showed an average value of cracks area very close
o the values obtained after template burn-out (500 ◦C), indicat-
ng that the time at high temperatures might be a key factor for
tructure destabilization, even more than temperature.

The inverse opal photonic crystal itself will have residual
tresses after the ALD deposition process (values for Al2O3 films are
n the range of 250–470 MPa  [40,41]), which could be maximized
t the shell contact points with the substrate when compared to
he contact area of a single dense film (assuming the same overall
ample area). The inverse opal photonic crystal is then heated
p, which could result in stress reduction (as in [41]), but also
tress increase due to the thermal mismatch between the photonic
rystal and the substrate. The nucleation and growth of the mullite
rystallites in such structure, as well as the phase transformation
f alumina phases, could also be an additional source of residual
tresses. Moreover, during the heat treatment, the inverse opal
hotonic crystal structure starts to sinter, for which shrinkage and
ensification will occur (values of 9% [42] and 6% [41] are reported
or Al2O3 films). Furthermore, as the inverse opal photonic crystal
tructure evolves during heat treatment and cooling (see structural
eatures description in Fig. 2), the area section of the different fea-
ures may  vary over time (as shown later in the structure evolution
nalysis by high-resolution ptychography) and thus the absolute
tress values at such points. In other words, the overall residual

tress in the whole photonic crystal might be below the mechanical
esistance of the 3D structure, but at such concentration points
he stresses are expected to surpass even the material mechanical
esistance, causing cracks and failure inside the inverse opal
2 3

tion in reflectance after heat treatment at 1400 ◦C for 4 h than the mullite inverse
opal photonic crystal.

photonic crystal structure (see Fig. 4), which are entirely different
from the self-assembly process cracks (polymeric template, see
Fig. S4).

The spectral position of the reflection peaks at normal inci-
dence can be described by a simple equation � = 2 × d 111 × n eff
[2], where lambda is the wavelength, d 111 is the interplanar spac-
ing in [111] direction of the inverse opal photonic crystal and n eff is
the average refractive index of the opal. The reflection peak position
of the as-fabricated samples (before any heat treatment) corre-
sponds to this equation. Although both photonic crystals presented
a stable structure after heat treatment at 1400 ◦C for 4 h, only the
samples produced under the cycle M1-1 still presented a photonic
band-gap (Fig. 5) with a significantly higher reflectance than an
alumina inverse opal photonic crystal heat treated under the same
conditions. The shift of the peak to longer wavelength might be a
result of increased n eff after the mixture of SiO2 and Al2O3 layers
during heat treatment, or increase of the shell density, analogous to
the results presented by Wang et al. for ALD Al2O3 films [43]. This
is an interesting optical effect which needs further investigation.
Further extensive heat treatment at 1400 ◦C for 100 h caused the
reflectance peak to be reduced in intensity and shifted to the left.
This observed shift can be attributed to the vertical shrinkage of the

structure and thus reduction of d 111, while the reduction in inten-
sity could be associated to the opening of microscopic cracks due
to structure sintering, as well as the texture of mullite grains on the
structure shells (compare Fig. 1a and b and g and h. Even though
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Fig. 6. XRD spectra of samples heat treated at a) 1000 ◦C for 10 h showing the conver-
sion to mullite (symbol ¤ – COD #7105575 and #9010159) and small peaks related
to  an �-Al2O3 phase (symbol §  – COD #1541582) and b) 1400 ◦C for 4 h showing
the  presence of mullite (symbol ¤ – COD #7105575 and #9010159) and small peaks
related to an aluminum silicate phase (symbol о – COD #8103692). The symbol *
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he reflectance was reduced and shifted, the presence of a pho-
onic stopgap after extensive heat treatment at 1400 ◦C for 100 h is
emarkable [5], especially because the inverse opal photonic crystal
tructure seems to be disordered (Fig. S6). This could be related to
ome reminiscent periodical modulation in the vertical direction.

After extensive heat treatment at 1400 ◦C for 100 h, the inverse
pal photonic crystals presented a clearly sintered structure, with
he occurrence of abnormal grain growth (see white arrows in Fig.
6) and delamination. Besides, the sample produced under the cycle
1-1 (higher Al2O3 content) presented an apparent slightly more

efined structure than the samples produced under the cycle M1-2.
n both samples, grains with varied sizes and faceted appearance

ere observed. Astonishingly, the samples are still quite porous.
ores were also observed in the samples heat treated at 1500 ◦C for

 h (Fig. S7). Although the sample M1-1 still presented the shape
f the former structure shells, no photonic band-gap was identi-
ed (Fig. S8), associated to the severe delamination suffered by
hese samples. The samples from cycle M1-2 presented the for-

ation of acicular grains, resembling the mullite microstructures
ncountered in common powder metallurgy products.

.2. Mullite phase formation

After ALD and burn-out, the inverse opal photonic crystals
ithin this study were still amorphous, although the sample from

he cycle M1-1 (refer to the associated Data in Brief article for ALD
ycle details) presented one peak (Fig. S1) that could be associated
o Gippsite (transition Al2O3 phase, COD #9015976). The very low-
eposition temperature used in this study (95 ◦C) is far below the
rystallization temperatures for alumino-silicates, but the burn-
ut temperature (500 ◦C) could already promote crystallization of
l2O3 transition phases [44]. The heat treatment performed at
000 ◦C for 10 h (Fig. 6a) promoted the conversion of the 3D amor-
hous structures to mullite. Schmücker et al. [24] reported direct
ullite formation (also called type I) in EB-PVD planar films, when

he layer thicknesses of the Al2O3 and SiO2 laminates were smaller
han 5 nm [24], which was also the case in this study. However,
n �-Al2O3 phase (COD #1541582) was also identified, which was
xpected, as the ALD super-cycles were designed to fit the Al2O3-
ich region inside the Al2O3–SiO2 phase diagram [45]. Since the
ullite inverse opal photonic crystals are desired to be thermally

table structures, the possible presence of free silica as a glassy
hase is likely to be more detrimental to this purpose [46], than
he presence of alumina. Nevertheless, the temperature conver-
ion of the mullite inverse opal photonic crystal structure is below
he reported temperatures for powder mixtures [47] and diphasic
ol–gels [48]. The conversion temperature observed in this study
of only about 1000 ◦C) is comparable with temperatures associ-
ted to direct mullite conversion of monophasic gels [48], however,
ithout the excessive shrinkage associated to sol-gel but with ALD

nherent conformal coating of the inverse opal photonic crystal
tructures. This low conversion temperature is associated to the
igh mixing of Al2O3 and SiO2 in an atomistic scale provided by the
LD super-cycle process.

Moreover, although both samples presented the diffraction
eaks associated to mullite, the inverse opal photonic crystals
roduced under the super-cycle M1-1 (refer to Table S1) fitted a
ullite pattern (COD #7105575) with a slightly higher Al content

han the cycle M1-2 (COD #9010159). Both patterns present
hases which are very similar (most of the peak positions are
early identical) and have orthorhombic cells, being the former
lightly larger in a and c directions. This result is in agreement with

he estimated Al2O3:SiO2 ratio based on the ALD super-cycles and
xpected to be larger (lower SiO2 content) for the cycle performed
ith 3DMAS than the one with APTES as silica precursor, due to the

act that for the cycle M1-2, the binary loop of the ALD super-cycle
indicates samples, which were previously heat treated at 1000 ◦C (for mullite con-
version). Cycles M1-1 and M1-2 are indicated in green and blue, respectively. COD
stands for Crystallography Open Database.

comprehends twice as more ‘SiO2’ sub-cycles than the cycle M1-1.
Therefore, more silica is introduced into the inverse opal photonic
crystal structure. As the growth per cycle of the binary silica cycles
are different for each precursor, a cycle performed with the APTES
precursor with only one pulse of each binary cycle per super cycle
(as the one performed for 3DMAS, M1-1) would fall far off the
stoichiometric range for mullite, with estimated Al2O3 content
of more than 91 wt.%. In contrast to our previous work [26], no
silica-related middle band (2�  = 22◦) was  identified, which once
more corroborates the expected high-Al2O3 content of the mullite
inverse opal photonic crystals produced in this work, which is also
confirmed by energy-dispersive X-ray spectroscopy analysis (Fig.
S2). These results demonstrate the high capability of tuning the
material composition in ALD super cycle process, even at such a low
deposition temperature of 95 ◦C. Furthermore, mullite manufac-
tured by other routes often present undesired residual glassy phase
from silica sources [48], even when designed to have a high Al2O3

content, which is not the case for the ALD super cycle processing.

The peaks associated to the mullite phase are greatly enhanced
by further heat treatment of the inverse opal photonic structures
at 1400 ◦C for 4 h. Unlike the samples heat treated at 1000 ◦C,
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Fig. 7. 3D rendering of the PXCT tomograms from the mullite inverse opal photonic crystals (a, c, e) before and (b, d, f) after heat treatment at 1400 ◦C for 4 h, showing some
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Fig. 8. Periodicity of the area fraction of inverse opal photonic crystal phase and
f  the structural features quantified in the image analysis: (c, d) macro pores highli
ores.  Samples’ volumes are (a, c, e) 57 �m3 and (b, d, f) 52 �m3.

he samples did not present peaks related to an Al2O3 transition
hase, but all the samples analyzed presented peaks identified as
n alumino-silicate phase, also orthorhombic (COD #8103692).
evertheless, the detection range for the X-ray diffraction analysis

hould be taken into account [49], especially considering that
he measurements were performed in grazing incidence mode
1.5◦ as glancing angle) [31]. For this configuration, a volume
ssociated with a smaller penetration depth is analyzed, when
n comparison to the most common Bragg-brentano mode,
eflecting in a global smaller volume of analysis, i.e. if a phase
s present in the sample, but at a volume fraction smaller than
he detection limit, than it will not be identified. Note that the

ullite peaks are clearly identified even in the samples with-
ut previous heat treatment at 1000 ◦C (curves with symbol *
n Fig. 6b), thus indicating that mullite formation occurs even
or samples heat treated directly at 1400 ◦C (heating rate of
◦C min−1), i.e. there is no need for previous mullite formation

reatment.
The peaks associated to the mullite phase are narrowed and

harpened by the extreme heat treatment at 1500 ◦C for 8 h (Fig.
3). This observation points to the probable growth of mullite crys-
allites [49], later confirmed by electron microscopy analysis. Once
gain, no difference was observed between the samples previ-
usly heat treated at 1000 ◦C for 10 h and the samples directly heat
reated at 1500 ◦C for 8 h. Alternatively, at such extreme heat treat-

ent, the samples produced by the ALD super cycle with estimated
igher Al2O3 content (M1-1, 3DMAS as silica precursor) presented
eaks clearly associated to the formation of alpha-alumina phase
COD #1000032), reiterating the high Al2O3 content in the com-
osition of this inverse opal photonic crystal. In comparison, the
amples produced by the ALD super cycle M1-2 (APTES as sil-
ca precursor), presented only peaks related to the mullite phase
COD #9010159). In our recent work with Al2O3 inverse opal pho-
onic crystals [36], we have demonstrated that the �-alumina
hase is formed already at 1100 ◦C, being the only phase present
fter heat treatment at 1200 ◦C for 1 h. However, in the hereby
resented work �-alumina phase was only identified after the
xtreme heat treatment at 1500 ◦C for 8 h. This fact confirms the
etastable nature [45] of the composition produced by the ALD
uper cycle M1-1 and also suggests a hindrance mechanism for the
ucleation and growth of the �-alumina phase, which in sol-gel
outes, as well as in powder metallurgy route is usually identified
t much lower temperatures. Jakschik et al. have shown that the
 in dark blue (e, f) image skeletons representing the interconnections between the

crystallization behavior of ALD Al2O3 films is directly affected by
the film thickness, for which grains were smaller in thinner films
(for the same heat treatment conditions)[50]. Their explanation
was related to the higher probability of nucleation seeds in thicker
films, thus reducing the thermal budget required to form crys-
tallites. A similar trend was observed during annealing of 6 nm
ALD Al2O3 films [41]. Even for thicker films (100 nm)  deposited
at 250 ◦C [51], crystallization is identified only after heat treat-
ment at 825 ◦C. It is important to point out that these publications
dealt with ‘pure’ Al2O3 films, while mullite is a ternary oxide
and therefore a more complex system. Furthermore, the com-
plex inverse opal photonic crystal morphological structure could
also present, other than the low film thickness, different behav-
ior in junction points (interstitial sites and contact points) than in
the shells ‘free’ area (see Fig. 2). Moreover, as the heat treatment
evolves the thickness of the inverse opal photonic crystals struc-
tural features may  vary, as discussed later in the PXCT analysis
section.
pores, according to the sample height obtained through 2D-analysis of a set of slices.
Inverse opal photonic crystal (a, d) before heat treatment and (b, c) after the heat
treatment showing the (c, d) pores area fraction (macro- plus nano-pores) and (a,
b)  inverse opal photonic crystal area fraction. Refer to Fig. S9 for visualization of the
area fraction variation in different 2D slices extracted from the PXCT dataset.
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.3. 3D structural changes analysis by high-resolution
tychography

Imaging of the samples’ entire volume (Fig. 7, for details refer
o the associated Data in Brief article) revealed a highly intercon-
ected porous structure, with the highest local porosity reaching
5% for the sample before heat treatment, which is slightly above
he theoretical value for FCC close packing. It is important to point
ut that this maximum value represents the area fraction (2D)
ccupied by the macro pores and their contact points, while the
heoretical value only considers the spaces occupied by the macro
ores, thus excluding the contact points (also referred to as necks

 refer to Fig. 2 for structural features definition). As expected, the
ocal porosity (area fraction of pores) in 2D varies depending on the
ample height (Fig. 8) and it is inverse to the photonic crystal area
raction (i.e. ceramic oxide area fraction). The relationship between
he maximum and minimum values of area fraction of the samples
ndicates a sintering of the structure, with consequent transport of

atter in the inverse opal photonic crystal phase, resulting in rela-
ive different photonic crystal phase area fraction values after heat
reatment. It is essential to mention, however, that this is a 2D anal-
sis of the slices obtained from the PXCT dataset and it represents
nly an area fraction, therefore, comparable to the planar density of
he variety of FCC planes. Whereas in the 3D analysis a volumetric
verage (Perc. Vol.) is obtained, which represents the inverse opal
hotonic crystal packing fraction.

A period of 531 nm was identified for the sample before heat
reatment. This value is above the theoretical value for the distance
etween 〈111〉 planes in a FCC cell considering the original pack-

ng of the former PS spheres, indicating that the overall 3D packing
f the spheres differs from the theoretical close-packed value. This
bservation was confirmed by the 3D quantitative analysis of pack-
ng fraction, which resulted in a volume fraction of 57.5 ± 1.1% for
he macro pores phase. As mentioned above, this number is directly
elated to the volume fraction of the inverse opal photonic crys-
al phase, which was found to be 41.4 ± 1.0% for the sample before
eat treatment and 42.2 ± 1.1% for the sample after heat treatment.
his quite surprising result implies that the material’s photonic
esponse is influenced by the structural shrinkage (especially of
acro pores) and macro cracks opening (discussed in the previous

opic), rather than the overall ceramic oxide volume fraction (here
amed as photonic crystal phase).

An overall 8% structural shrinkage was observed for distinct
eatures in different scales and dimensions (Fig. 9). First, this
alue can be extracted from the 2D periodicity shown in Fig. 8.
hile the period was 531 nm before heat treatment, it resulted

n 488 nm after heat treatment. Next, the 3D quantitative anal-
sis of the macro pores size also resulted in a shrinkage of 8%,
rom 541 ± 17 nm to 499 ± 27 nm.  Finally, the contact points analy-
is also resulted in the same shrinkage value of 8% (135 ± 30 nm
efore and 124 ± 26 nm after heat treatment). Nevertheless, the
olumetric shrinkage value obtained from the quantitative anal-
sis is close to the value reported for Al2O3 ALD films heat treated
p to 850 ◦C (10%), associated with film densification measured by
-ray reflectivity (XRR).

Although shrinkage was observed, the connectivity density
f the 3D structure was increased from 4.94 ± 0.94 �m−3 before
eat treatment to 6.48 ± 0.49 �m−3 after heat treatment, which

ndicates an overall opening of the inverse opal photonic crys-
al structure. Hereby, the connectivity density relates the pore
nterconnectivity of adjacent pores and is based on the nearest con-
ecting pore available at the shortest distance, meaning that the

earest pore in the same 2D slice, for example, will not necessar-

ly be the nearest connection point found in 3D (see Data in Brief
elated article).
ls Today 13 (2018) 359–369

The structure opening is supported by the analysis of the nano-
pores feature (see Fig. 2). Whereas shrinkage was observed for
the structural features discussed above, the nano-pores instead
presented an increase in dimension (hereafter denoted as enlarge-
ment), in the range of 110 ± 46 nm before heat treatment to
122 ± 59 nm after heat treatment. The high standard deviation rep-
resents the heterogeneity of this porous structure (sphericity values
were 0.80 ± 0.21 and 0.95 ± 0.32 before and after heat treatment,
respectively and related to the fact that an average size is collected
from both the tetrahedral and octahedral sites nano-pores popu-
lation (theoretical size ratio between both features is around 0.8)
[52]. This enlargement (Fig. 9c and h) is reflected by the opening of
the inverse opal photonic crystal structure at such points and indi-
cates a mass transport direction from these nano pores regions to
the shells, which is entirely different from that reported for inverse
opal photonic crystals produced by infiltration of polymer tem-
plates by powder colloidal suspensions [53] or sol–gel [13,33,34].
Sokolov et al. [13] presented a 2D analysis by SEM of Al2O3 inverse
opal photonic crystals produced by sol–gel after heat treatment.
Apart from the macro pore shrinkage (which was also observed in
this work), a clear growth of the so-called ‘vertexes’ (located in the
same place as the nano-pores, but filled with material) together
with thinning of the struts (denoted as shells in this work) was
observed.

As pointed out by our group in a former publication [36] and
now strongly supported by the PXCT 3D analysis, we relate the
observed differences to the different starting structures, namely the
presence of additional nano-pores in our ALD-based inverse opal
photonic crystals. The possible lower homogeneity (with local con-
centration areas) for the sol–gel and colloidal route based inverse
opal photonic crystals could also contribute to the observed differ-
ent behavior. All this culminates into different structure evolution
pathways for differently synthesized photonic crystals.

The enlargement of nano-pores was also confirmed by the 3D
analysis of the volume fraction, for which an increase of 67% in
average was  observed (from 1.2 ± 0.2% to 2.0 ± 0.4%) and supported
by earlier studies performed by Kingery and Francois [54], and
Slamovich and Lange [55], for which the growth or shrinkage of a
pore was related to the differential chemical potential between the
curved pore surface and a flat surface or the surroundings grains,
respectively. In the first study, convex pores (in this study referred
to as nano-pores) were stated to always grow, while in the latter
the authors claim it could either shrink or grow up to some equi-
librium size. In a second study, Slamovich and Lange [56] showed
that the pore behavior has a proportional correlation to the pore
coordination number and intersecting grain boundaries. However,
these studies were performed in powder metallurgy bulk materials,
which present a wider distribution of both pores and grains sizes
and shapes, while for our photonic crystals narrower distributions
are expected both for pores (original PS spheres and their pack-
ing) and grains (nucleation and growth from a very homogeneous
structure generated by ALD).

At last, the interpretation of the absolute values for the struc-
tural features discussed above must take into account the possible
contributions from the partial volume effects and grayscale val-
ues distribution, as described in the associated Data in Brief article.
Nevertheless, X-ray ptychography offers the possibility of com-
paring structures of relatively large samples before and after heat
treatments (in situ or ex situ), which is hardly possible by other
techniques such as FIB or TEM tomography. Depending on the
instrument set-up it is also possible to work under varying temper-
atures, pressures and chemical environments. The development of

the instrumentation set-up and in situ measurements of the struc-
tural changes in photonic structures induced by the temperature
exposure is foreseen as future work.
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Fig. 9. 3D rendering of selected VOIs extracted from the PXCT data sets of the mullite inverse opal photonic crystals (a–d) before and (f–i) after heat treatment at 1400 ◦C for 4 h showing the structural features analyzed during
image  analysis: (a, f) inverse opal photonic crystal phase (b–d, g–i) macro pores pictured blue and inscribed blobs in green; contact points in yellow; nano pores in purple and image skeleton in red (for details see Fig. 2 and the
associated Data in Brief article). A perpendicular cutting plane was applied to allow the visualization of all the structural features. Volume of the VOIs shown in (a, f) is 18.6 �m3.
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. Conclusion

High-temperature stable inverse opal photonic crystals were
roduced by low-temperature (95 ◦C) atomic layer deposition
uper-cycles. Two different silica precursors were used (APTES and
DMAS), and combined with TMA, water and ozone to generate
he inverse opal photonic crystals by infiltration of the polystyrene
irect photonic crystals. The both type of photonic crystals were
morphous after deposition and crystallized to mullite upon heat-
ng at 1000 ◦C, comparable to the mullitization temperature of
ol–gels type I, attributed to the high compositional mixing homo-
eneity provided by ALD.

We  have demonstrated the possibility of non-destructive imag-
ng of inverse opal photonic crystals by PXCT at varied length scales,
rom micron-sized features to nanoscale details. The compari-
on between non-heat-treated and high-temperature heat-treated
amples have allowed us to identify the inherent structural changes
nd distinct structural features at nanometer resolution. In compar-
son to the usual 2D analysis performed by SEM or TEM, our analysis
resented in this paper can be much more useful both for the under-
tanding of the structural destabilization with temperature, as well
s an input data for simulations of the photonic response. By the
omplete view of the 3D structure and quantification of structural
hanges, associated with future simulations, we aim to optimize the
tructure overall and develop even more stable photonic materials.

Moreover, the mullite inverse opal photonic crystals produced
n the ALD super-cycle with higher Al2O3:SiO2 compositional ratio
howed high-temperature stability up to 1400 ◦C, which might
llow its application as a refractory photonic material.
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