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A B S T R A C T   

Dopants are regularly used in sol-gel and powder metallurgy routes, however, the controlled insertion of such is 
quite challenging, especially in the case of nanostructures. Here we investigate the use of atomic layer deposition 
(ALD) as a potential technique to precisely introduce aluminum oxide as dopant or second phase into zirconia 3D 
macroporous nanostructures. The results show that the introduction of high Al2O3 contents into the zirconia 
nanostructures successfully inhibited sintering when in comparison to undoped zirconia. Moreover, for the multi- 
nanolaminated and full-mix structures, the tetragonal phase was stabilized up to 1200 ◦C. Furthermore, the 
structures presented a photonic band gap even after heat treatment at 1200 ◦C for 2 h, enabling its application as 
inverse opal photonic crystals in high-temperature environments. The enhancement of thermal stability and 
high-temperature tetragonal phase stabilization is enabled jointly by the nanostructuring and homogeneous 
distribution of aluminum oxide provided by ALD super-cycles.   

1. Introduction 

Inverse opals are highly-ordered 3D hierarchical macroporous 
structures which find application in a diversity of technological areas 
such as catalysis, sensing, electrodes, wetting, filtration and optics [1]. 
They are often produced by the infiltration of a colloidal crystal template 
with different materials, generating polymeric, metallic, and ceramic 
inverse opals (IOs) after the template burn-out [2–4]. 

One of the prospected high-temperature applications of such mate
rials is as reflective thermal barrier coatings, where the inverse opals act 
as inverse opal photonic crystals. However, for the successful applica
tion, such macroporous structures need to be thermally stable and pre
serve their properties during and after temperature exposure. 
Specifically, the periodically ordered dielectric structure, often in the 
sub micrometer range, responsible for the reflection of electromagnetic 
waves and, thus, the photonic band gap, needs to be stable at the 

envisaged operational temperatures. However, the high temperature 
exposure promotes sintering and grain growth, resulting in morpho
logical changes in the materials and even destruction of the periodic 
structure [5]. Furthermore, the nanosized structural features and mac
ropores have a high surface-to-volume ratio, which can further enhance 
sintering as surface diffusion becomes relevant. Therefore, there is a 
demand in restricting sintering as a mean to promote structural 
stabilization. 

Ceramic-based macroporous structures are attractive for applica
tions in demanding environments, due to their enhanced chemical and 
thermal stability when compared to polymers or common metals. 
Typically, the material and the finest micro or nanostructure charac
teristics are determined by the infiltration process, which can be per
formed by a variety of methods. Infiltration by sol-gel or powder 
colloidal suspensions is widely used due to its simplicity [6–9], standing 
next to chemical vapor deposition and atomic layer deposition (ALD), 
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which provide a better control over the nanostructure due to its 
self-limiting nature. Low-temperature ALD is especially interesting for 
the infiltration polymeric templates [2,10–15]. Material wise, yttria 
stabilized zirconia (YSZ) [6,16] is an established ceramic material for 
high temperature applications, but also zirconia [17], silica [18,19], 
titania [2,19], alumina [20], and mullite [12], have been successfully 
used as high-temperature macroporous ceramics, with limit tempera
tures varying from 850 ◦C for silica up to 1400 ◦C for mullite [2,19]. 

Zirconia-based ceramics are employed in a variety of applications 
such as grinding media, dental implants, orthopaedical implants, cata
lyst support, optical fiber connectors, solid oxide fuel cells, thermal 
barrier coatings and high-temperature structural ceramics [21,22]. 
Nonetheless, pure zirconia is rarely used and partial or full stabilization 
of a certain crystal structure is necessary to guarantee the structural 
integrity of such parts during processing, and also for high-temperature 
applications. Pure zirconia presents two main phase transitions, from 
monoclinic crystal structure to tetragonal (m→t) and then to cubic 
(t→c). The inverse t→m transition is especially critical during the 
cooling stage of parts’ processing, as the associated 5 % volume 
expansion can generate cracks or complete disintegration of the ceramic 
component [22]. For high-temperature applications, the phase transi
tion would occur in the other direction, with associated shrinkage, but 
the outcome in terms of damage could be the same. Nonetheless, the 
t→m or the c→m phase transformation is widely used to increase frac
ture toughness of zirconia-based ceramics. In this case, the phase 
transformation is induced by deformation and the volume expansion is 
used to shield crack tips from advancing. In all cases, there is an interest 
in stabilization of zirconia high-temperature phases, i.e. tetragonal or 
cubic. Moreover, the cubic phase is highly desirable for its enhanced 
ionic conductivity properties [21,22]. 

Such stabilization is extensively explored and often achieved by 
yttria doping, generating partially stabilized zirconia (PSZ) or fully 
stabilized zirconia (YSZ) depending on the doping content, often varied 
between 3 and 8 mol.%. The phase to be stabilized, cubic or tetragonal, 
has been shown to vary depending on the yttria content [23]. Doping has 
also been demonstrated possible for Al, Fe, Ga, Gd, Ge, Mg, Ca, and Ce 
cations [21,22]. For trivalent cations, the phase stabilization is associ
ated the charge destabilization and oxygen vacancies generation, which 
favors the eightfold co-ordination in the crystal lattice. For tetravalent 
cations, the stabilization is related to the lattice distortion caused by the 
cations which counteract the lattice strain caused by an eightfold 
co-coordination of Zr+4 cations. A stabilization of tetragonal phase at 
room temperature has also been reported for nanometric powders, 
which then transform to monoclinic upon heating [21,22]. 

Doping of certain species into a host material is also an established 
method to modify sintering behavior and microstructural aspects [24]. 
Often, the insertion of dopants distorts the crystal lattice resulting in 
blockage (or enhancement [25]) of diffusion pathways and could also 
promote grain boundary pinning, hindering grain growth [25–27]. 
Doping or intermixing of Al2O3 into zirconia, has been widely explored 
in the literature and several different methods such as powder metal
lurgy (PM) [28,29], sol–gel [30–34], pulsed laser deposition (PLD) [35, 
36], chemical vapor synthesis (CVS) [29] and sputtering [37–42] were 
used to fabricate samples. The reasons for aluminum oxide doping or 
additions are several and depend on the targeted application. In com
mon powder metallurgy products, aluminum oxide (Al2O3) is often 
introduced in zirconia (ZrO2) to hinder the t→m phase transformation at 
low-temperature (ageing) for biomedical applications [28,43,44] and to 
refine the microstructure [29,45], whilst zirconia is introduced in 
alumina mostly to enhance its mechanical properties (zirconia tough
ened alumina, ZTA) [28,46]. The increase in fracture toughness, has also 
been the focus of sol-gel products [47,48], but mostly to control the 
zirconia phases crystallization and transformation, with focus on 
tetragonal phase stabilization [30,31,33,34,49]. The tailoring of phases 
has also been the focus of reports on PLD [35,36] and sputtered coatings 
[37–39]. In these films, the phase stabilization is reported to be caused 

not only by doping and crystallize size control, but also to the con
straining effects induced by the layering [35,36,39]. At such, Ghosh 
et al. [35] has reported that the crystallite size is restricted by the 
original layer thickness and even after heat treatment, present nano
meter size. Meanwhile, studies by the group of Gajdardziska–Josifovska 
have demonstrated that the volume fraction of tetragonal phase in
creases with decreasing zirconia layer thickness [37]. 

The controlled insertion of dopants into the submicrometric to 
nanometric structures, such as inverse opals, is yet a huge challenge. Sol- 
gel routes often are limited in the capability of high-content doping, as 
segregation [50] or precipitation of undesired monophasic phases due to 
different precursor reactivity [15,51,52] is prone to occur. Furthermore, 
sol-gel films or sol-gel infiltrated structures need a drying step for sol
vent removal, in which cracks are generated [15,51,52]. Meanwhile, the 
already-reported deposition processes have limits in relation to infil
tration of the three dimensional macroporous structures, as they are 
based on physical deposition. Alternatively, ALD offers an outstanding 
capability to tailor the nanostructure and the material of which, 
including doping, with thickness control down to angstrom size and 
stable chemical reactions [53–55]. In ALD-based coatings, doping or 
intermixing of materials can be realized by super-cycling of binary ALD 
processes, for which the low-temperature infiltration of high-aspect 
ratio polymeric-based photonic crystals’ templates with mullite 
(Al2O3:SiO2) has been already demonstrated possible by our group [12]. 
Moreover, the ALD deposition of planar Al2O3-ZrO2 films has already 
been explored for the fabrication of permeation barriers for oxygen and 
moisture in the encapsulation of OLEDs [53,54,56,57], thereby being 
suitable binary processes for ALD super-cycling. For our specific appli
cation, namely photonic crystals, the choice of these materials is based 
on two aspects. First, the reflectance capability of photonic crystals is 
dependent, among other factors, on the refractive index of the structure 
in relation to the surrounding media (air in our case). While Al2O3 ALD 
films are reported to have refractive indexes around 1.65 (@632 nm of 
wavelength) [13], zirconia ALD films are reported to have much higher 
values, reaching up to 2.10 @633 nm of wavelength [58]. Thereby, 
there is an interest on using zirconia as the shell material in inverse opal 
photonic crystals. Nonetheless, zirconia materials only find applicability 
if there is a control and stability in the crystal structure, as previously 
discussed, so the second aspect is the need for doping. The choice for 
alumina over yttria is based simply on the fact that the precursors 
available to deposit yttria need very high temperatures for evaporation 
(190 ◦C in the former report by Shim et al. [59]) and thereby, not 
suitable for deposition onto polymeric templates as the low chamber 
temperature would be a cold spot for such precursors resulting in pre
cursor recondensation and eventually CVD. Meanwhile, aluminum 
oxide ALD is a very stable process and the infiltration of polymeric 
templates is possible even at low temperatures, as already demonstrated 
by our group [12]. Moreover, alumina is well known in powder metal
lurgy community as a high-temperature stable material. 

In this work, ALD was used to fabricate ceramic-based macroporous 
inverse opals’ structures for high-temperature applications. By ALD it 
was possible to introduce tailored doping of aluminum oxide into zir
conia, as well as the generation of dual and multilayered nanostructures, 
with an aluminum oxide content ranging from 1 to 43 wt.%. The in
fluence of the ALD-super-cycle-based doping and nanostructuring on the 
sintering behavior thermal stability of zirconia macroporous structures 
was investigated. The phase transformations and morphological changes 
due to heat treatment were assessed by X-ray diffraction (XRD) and 
scanning electron microscopy (SEM), and evaluated according to the 
dopant content and nanostructuring. The tailored introduction of Al2O3 
into the zirconia nanostructures successfully stabilized the tetragonal 
phase up to 1200 ◦C, beyond that of earlier reports, whilst inhibiting 
sintering, thereby minimizing the morphological changes of the inverse 
opals (IO). The best results for our targeted application as inverse opal 
photonic crystals (iPhCs) were achieved in nanostructured iPhCs, which 
presented a thermal stability outperforming the base zirconia iPhC, thus 
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presenting a photonic band-gap even after exposure at 1200 ◦C for 2 h. 

2. Materials and methods 

2.1. Template preparation 

Vertical convective self-assembly was utilized to produce colloidal 
crystal templates for ALD infiltration and formation of inverse opals 
after burn-out. Monodisperse polystyrene (PS) particles with a diameter 
of 762 ± 22 nm (Microparticles GmbH) were diluted in deionized water 
(diH2O) to a concentration of 1.0 mg ml− 1 and assembled onto sapphire 
substrates (<1-102 >, Crystec GmbH). Substrates were thoroughly 
cleaned by immersion in 1 wt.% solution of alkaline detergent (Mucasol, 
Brand, Merz Hygiene GmbH) in diH2O and sonication for one hour, 
succeeded by brushing, rinsing (diH2O), and drying with nitrogen gas. 
The substrates were additionally cleaned and activated by O2 plasma 
treatment for 20 min (Polaron PT7160, Quorum Technologies) right 
before immersion into the PS-water suspension. The substrates were 
mounted into the suspension vertically with a small inclination 
(~8− 10◦) and the plasma treated surface facing upwards. The colloidal 
crystals were grown inside a humidity chamber (Memmert HCP 108), at 
70 % RH and 55 ◦C for 90− 144 h depending on the substrate area. 

2.2. ALD infiltration 

The polymeric templates were subsequently infiltrated by ALD in a 
Savannah™ 100 reactor (Veeco-Cambridge Nanotech), with varying 
ZrO2:Al2O3 ratios in very-low-temperature super-cycles performed at 
95 ◦C (Fig. 1b) . The precursors used were trimethylaluminum (TMA, 
min. 98 %, Strem chemicals) and deionized water (diH2O) for the Al2O3 
internal loop of the super-cycle, and tetrakis(ethylmethylamino)zirco
nium (IV) (TEMAZ, 99 %, Strem chemicals – heated to 80 ◦C) and diH2O 
for the ZrO2 internal loop. 

Four types of samples were produced: undoped ZrO2, doped ZrO2, 
dual-layer nanolaminate, and multi-nanolaminate ZrO2-Al2O3 struc
tures (Fig. 1a). The choice for specific aluminum oxide contents and film 
thicknesses is based on earlier reports regarding ALD multilayered 
structures as well as investigations regarding aluminum oxide intro
duction into several systems by methods discussed in the introduction. 
In this work, we target both the phase stabilization and thermal stability 
of macroporous structures. The introduction of small contents of 
aluminum oxide into zirconia structures is capable of stabilizing the 
tetragonal phase and often praised in sol-gel routes, but investigations in 
powder metallurgy systems have demonstrated that small amounts of 
aluminum oxide (here referred to as doping) actually enhance sintering 
of zirconia compacts, which has also been reported by O’Toole et al. in a 

recent work on ALD-based aluminum oxide doping of YSZ powders. That 
is why the contents explored in this work are above 25 wt.% and 
focusing onto composites rather than purely doped structures, to avoid 
undesired sintering effects. Note, the doped structure with 1 wt.% of 
Al2O3 was produced to elucidate this difference. Further, the nano
structuring is based on two reasons. First, functionally graded structures 
(FGM) are well known and explored in powder metallurgy systems, as a 
mean to improve the mechanical properties of composites [55], which 
could be beneficial to our samples, since cracks are known to nucleate 
and propagate in our systems upon thermal exposure [12] and thus, 
FGM structures could arrest such cracks. Secondly, earlier reports about 
sputtered layered-films by Gajdardziska-Josifovska group [37–40] 
(discussed in the introduction) as well as PLD films by Ghosh et al. [35] 
and Balakrishnan et al.[36] have demonstrated that the layer thickness 
has a major influence in the crystallite size and phases formed upon 
thermal exposure. 

2.3. Heat treatments 

After infiltration, the template was burned out in a muffle oven in air 
at 500 ◦C for 1 h (heating rate of 0.8 ◦C min− 1) resulting in an inverse 
opal macroporous structure. They were further heat treated in a tubular 
resistive oven also in air with a heating rate of 5 ◦C min− 1. Two 
consecutive annealing cycles at 1000 ◦C with 1 h dwell time and at 1200 
◦C with 2 h dwell time were carried out. 

2.4. Characterization 

The refractive index and the thickness of the ALD films were 
measured by spectral ellipsometry (SENProTM, SENTECH Instruments 
GmbH) on a Si reference wafer placed close to the opals in the ALD cycle. 
For analysis the data was fitted with a Cauchy model. The IO macro
porous’ structures were characterized before and after heat treatments, 
described above. X-Ray diffraction analysis was performed in grazing 
incidence mode [60,61] for phase identification (Bruker AXS D8 
Advance, Cu Kα, 40 kV, 40 mA, step size 0.01◦, step time 3 s, incident 
angle 3◦) and estimation of phases’ fraction in a semi-quantitative 
analysis performed using the commercial software DIFFRAC.EVA 
(Bruker, v 5.1.0.5, database ICDD PDF 2-2020). Electron scanning mi
croscopy (SEM, Zeiss Supra 55 V P) was used to analyze the structural 
morphology of the inverse opals in both top view and cross section. 
Images were taken with SE2 detector at an acceleration voltage of 2 kV, 
aperture of 10 μm, and working distance of 5–6 mm. Scanning trans
mission electron microscope (STEM) imaging in high-angle annular 
dark-field (HAADF) mode as well as energy dispersive X-Ray spectros
copy (EDS) spectral imaging was performed using a FEI/Thermo Fisher 

Fig. 1. (a) Schematic drawing showing the 
nanoscale differences between the samples 
produced within this study. The schematic 
represents a 3D view of one macropore, where 
the black color represents the air, and a 2D 
zoomed view of the ALD shell, where red color 
represents zirconia and green color represents 
alumina. (b) Graphical representation and (c) 
summary of the ALD super-cycles used for 
depositing ZrO2:Al2O3 films and infiltrating the 
colloidal templates to generate the inverse opal 
macroporous structures. (d) Estimated Al2O3 
content according to the ratio between ‘a’ and 
‘z’ internal loops based on the binary processes. 
Z = zirconia, A = alumina, NL = nano
laminates, NLthick = 25 nm nanolaminates, 
NLthin = 4 nm nanolaminates (For interpreta
tion of the references to colour in this figure 
legend, the reader is referred to the web version 
of this article.).   
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Scientific Talos F200X equipped with a FEI Super-X G2 EDS detector 
operating at an acceleration voltage of 200 kV and beam current of 1 nA. 
Specular reflectance was measured in the wavelength range of 
700− 2000 nm using a Perkin-Elmer UV/VIS/NIR Lambda 1050 
spectrometer. 

3. Results and discussion 

3.1. Phase formation and evolution 

After ALD and burn-out at 500 ◦C, the majority of the IOs shows 
crystallization into tetragonal zirconia, with traces of monoclinic phase 
and no aluminum oxide phases (Fig. 2a), which is in agreement with 
earlier studies of undoped Al2O3 IOs, still amorphous at this temperature 
[13]. According to the ZrO2 phase diagram [62,63], only the monoclinic 
phase (m-ZrO2) is to be expected in bulk zirconia, composition corre
sponding to the undoped sample Z, however, the tetragonal phase 
(t-ZrO2) is predominant in this sample and all others, doped and nano
laminate ones. This initial transition into a metastable tetragonal phase 
is well known for crystallization of sol-gel derived amorphous zirconia 
and it is attributed to the fact that the amorphous phase presents more 
similarities in regard to the short-range order and local coordination 
environment to the tetragonal phase than the monoclinic polymorph, 
thereby the crystallization into this metastable phase is favored [64–66]. 
Moreover, the presence of broad peaks is an additional indication for the 
presence of nanocrystalline structures. An earlier work by Shukla et al. 
[22] has also reported a stabilization of the tetragonal phase in nano
metric powders. At such, there is an inversion in the common phase 
transition upon heating from m→t to t→m, which is also observed in our 
work (Fig. 2b), particularly for the undoped and 1 wt.% Al2O3-doped 
sample. Such inversion in the phase stability, was correlated to the 
powders surface energy and the different particles size and phases [21, 
22]. For such, there is a crossover between the surface enthalpies, 
assessed by melt solution calorimetry, and the particle sizes resulting in 
a higher stability of amorphous structures for particle sizes below 10 nm 
and of the tetragonal phase for sizes between 10–40 nm [21]. 

Interestingly, the samples with higher compositional mixing, namely 
the multi-nanolaminates and the Full-Mix samples, show the presence of 
only tetragonal phase or are still amorphous after burn-out, respectively. 
This difference indicates that the nanolayering, i.e. alternating super- 
cycling of ZrO2 and Al2O3 layers, further altered the crystallization 
behavior, as expected. These results agree with what was previously 
reported for planar nanolayered films produced by sputtering and 
pulsed laser deposition, which also presented inhibited crystallization 
and suppression of crystallite growth [35–40]. The authors report a 
critical thickness for stabilization of the tetragonal phase in zirconia 
planar thin films, which varies from 10 to 20 nm depending on the 
deposition process. In this work, the layer thicknesses are 4 nm and 25 
nm for the multi-nanolaminates and dual-nanolaminates, respectively, 
while a homogeneous mix is obtained for the Full-Mix sample. The 
stabilization is kept even after further heat treatments at 1000 ◦C 
(Fig. 2b) and 1200 ◦C (Fig. 2c) and is more pronounced for the samples 
with thinner layers. 

After heat treatment at 1000 ◦C for 2 h (Fig. 2b), the undoped and the 
1 wt.% Al2O3-doped zirconia IOs underwent an extensive phase trans
formation to m-ZrO2, which is in agreement with studies on nano
structured sol-gel-based and CVS-based zirconia and expected to happen 
at temperatures between 600− 800 ◦C. In this sense, the small aluminum 
oxide doping amount of 1 wt.% has a minor influence in the phases 
formed after heat treatment at 1000 ◦C or 1200 ◦C (Fig. 2c), as both 
diffractograms and the phase fractions after 1200 ◦C are similar. This 
fact is also in agreement with earlier studies on samples with low-doping 
Al2O3 content [29,30], i.e. that the doping only exerts a major influence 
on the phases formed at higher doping content. Nonetheless, the dif
fractogram for the undoped sample clearly presents sharper peaks than 
the 1 wt.% doped one (see Fig. S1a), indicating a crystallite growth 

inhibition, later discussed. 
For the samples with higher Al2O3 contents (35− 43 wt.%), no 

extensive tetragonal to monoclinic transition is observed or in other 
words, the tetragonal phase is stabilized. The Full-Mix IO crystallizes 
into t-ZrO2, similar to the NLthin sample after burn-out, while also 
presenting a peak corresponding to the monoclinic phase. The dual- 
nanolaminates samples with layer thicknesses of 25 nm also present 
peaks related to δ-Al2O3 phase (zoomed version available in Fig. S1b), 
which is expected at such temperature [13,67]. The results of the 
macroporous structures heated up to 1000 ◦C point out to two stabili
zation mechanisms acting concomitantly: nanosized structures, defined 

Fig. 2. XRD spectra of undoped ZrO2, Al2O3-doped ZrO2 and ZrO2-Al2O3 dual 
and multi-nanolaminates inverse opals after (a) ALD and burn-out and heat 
treatment at (b) 1000 ◦C or (c) 1200 ◦C for 2 h. The symbols indicate (Δ) 
tetragonal zirconia PDF pattern number 01-080-0784; (¤) monoclinic zirconia 
PDF pattern number 01-083-0942, (δ) δ*-Al2O3 PDF pattern number 00-046- 
1215 and (α) α-Al2O3 PDF pattern number 00-010-0173. 
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by ~50 nm IOs shells, and the introduction of Al+3 cations in the ZrO2 
crystal structure, defined by the aluminum oxide content. Since all the 
macroporous structures present nanometric features, it is no surprise 
that the tetragonal phase stabilization is more pronounced, i.e. higher 
fraction of tetragonal phase is present, in IOs with more alumina. This is 
associated to both introduction of Al3+ cations in the ZrO2 structure, 
which induces the generation of oxygen vacancies, as well as the gen
eration of Al-O-Al units [68] and even Al2O3 clusters [44] as the doping 
content increases, which generates stresses within crystal the lattices 
and IOs-shells, also reported to influence the phase transition [21,22, 
44]. The third mechanism, nanostructuring, becomes relevant at higher 
temperatures and is discussed in the following paragraph. 

After heat treatment at 1200 ◦C for 2 h, the peaks of the XRD spectra 
are sharper, indicating further crystallite growth (compare Fig. 2b with 
2 c) which is supported by the SEM analysis and TEM grain size analysis 
(Fig. 5g). Note, the XRD analysis gives information about crystallites, 
while the SEM images show grains, which can be comprised by one or 
several crystallites. Most of the peaks related to the zirconia tetragonal 
phase (PDF pattern number 01− 080-0784) could also be assigned to 
alumina-zirconia mixed oxide (PDF pattern number 00− 053-0294), 
previously reported by Balmer et al. [68,69] as a single-phase super
saturated solid solution for liquid-precursor-based spray pyrolyzed 
powders up to 45 wt.% alumina. A clear distinction between both phases 
is not possible by XRD. The high-resolution analysis by TEM (Fig. 3) 
confirmed, however, the presence of a dual-phase microstructure of 
aluminum oxide and zirconium oxide for all nanolaminates samples, as 
well as the Full-Mix. A closer look in the element distribution maps re
veals a higher homogeneity, regarding the phases’ volumetric distribu
tion, for the Full-Mix and the multi-nanolaminates sample than for the 
dual-nanolaminates. Most samples also show the presence of α-Al2O3 
peaks in their diffractograms (see zoomed version in Fig. S1c), resem
bling earlier studies with undoped Al2O3 [13] and mullite-coated Al2O3 
IOs [14], hence expected at these temperatures. Nonetheless, the reason 
why this phase is not present in the XRD diffractograms of the 
dual-nanolaminate with alumina outer layer (NLthick_A) is intriguing, 
especially because a clear phase separation is identified in the SEM 
images (Fig. 6d). A closer look in the zoomed graph, however (Fig. S1d) 
reveals peaks corresponding to δ-Al2O3 phase, indicating that the 
presence of zirconia in this case has delayed the common aluminum 
oxide phase transitions, which is also reported for sol-gel based 1 mol.% 
Zr-doped aluminum oxide powders [49]. 

Moreover, while the undoped and the 1 wt.% Al2O3-doped ZrO2 
sample present a full transition to the monoclinic phase, the Full-Mix 
and nanolaminates IOs present a stabilization of the tetragonal phase. 
Such restriction and delay of phase transitions has been previously 
associated to a physical constraint caused by the mismatch between the 
elastic moduli of Al2O3 and ZrO2. In this case, the higher elastic modulus 
and stiffness of Al2O3 has been demonstrated as beneficial for tetragonal 
to monoclinic (t→m) ZrO2 phase transformation suppression [70]. For 
such samples, the expansion of the zirconia layer or zirconia grains 
during t→m transition could be physically hindered by the Al2O3 layer 
or by surrounding Al2O3 grains, as previously reported for PM-based YSZ 
[44]. Such effect is enhanced in the Full-Mix and NLthin samples, as 
these samples are comprised by several nanoclusters or nanolayers. 
Further, for the nanolaminates case, there is a thermal mismatch be
tween layers upon heating, inducing stress build up, which could further 
hinder the phase transition [70,71]. Moreover, for the specific case of 
the multi-nanolaminates, a hindering of the crystallite growth is ex
pected, as once reported for PLD-based and sputtered films. Schofield 
et al. [39] has reported a predicted critical crystallite size of 6.2 nm for 
the occurrence of the tetragonal to monoclinic phase transition, and 
suppressed transition for sputtered zirconia layer thickness ≤5 nm. This 
value is close to the value of 7 nm reported by Ghosh et al. [35] for 
PLD-based planar films. In this work, the layer thicknesses of the NLthin 
and Full-Mix samples are 4 nm and ≈0.15 nm, respectively. Meanwhile, 
the dual-nanolaminate samples have a single layer thickness of 25 nm. 

This explains why, for the dual-nanolaminates samples, peaks corre
sponding to the monoclinic phase are observed, meaning that while the 
tetragonal phase was stabilized, part of the shells transformed to 
monoclinic. A full stabilization is achieved for the Full-Mix sample, 
although a grain size of 66.9 ± 6.4 nm (Fig. 5g) is achieved after heat 
treatment at 1200 ◦C. Meanwhile, NLthin presents traces of the mono
clinic phase, even though the layer thickness after deposition is below 
the previously-reported critical sizes. This is associated to sintering 
among the layers [38,39], with formation of ZrO2 grains with sizes 
above the critical one [35]. For this sample a final average grain size of 
92.9 ± 7.4 nm is reached, higher than in the Full-Mix sample. 

Furthermore, for the dual-nanolaminates samples, the surface area in 
contact with air exposure during heat treatment (outer layer) is different 
between the two types of dual-nanolaminates sample, NLthick_A and 
NLthick_Z, with the outer layer being directly exposed to the sur
rounding atmosphere during heat treatment. This difference of material 
at the interface could influence the balance of oxygen vacancies within 
the layers, affecting then diffusion [22]. If this hypothesis holds true, the 
sample with the zirconia outer layer would present less oxygen va
cancies and thereby, a lower stability of the tetragonal phase. The hy
pothesis is supported by the XRD phase fraction semi-quantitative 
analysis, which shows a higher fraction of monoclinic phase (in relation 
to the tetragonal phase) for the sample with the Al2O3 outer layer than 
the sample with ZrO2 outer layer. This effect results in different nano
structures, depicted in Fig. 3. Although both the Full-Mix and the 
nanolaminates samples present a phase separation, showing alumina 
and zirconia phase grains, how these phases are distributed within the 
shell differs. While the Full-Mix and multi-nanolaminates samples pre
sent a very homogeneous distribution of the phases, the 
dual-nanolaminates show a separation of zirconia (red color, Fig. 3e) or 
alumina (green color, Fig. 3f) at the outer shell area. This is especially 
pronounced for the sample with the zirconia outer layer, as visualized in 
the left bottom panel of Fig. 3e. 

In summary, for the dual and multi-nanolaminates samples as well as 
the Full-Mix samples the tetragonal phase is stabilized even after heat 
treatment at 1200 ◦C, which is a remarkable result when compared to 
previous reports of both sol-gel and PM-based structures [28–34]. 
Structures with similar doping content of ~35− 40 wt.% produced by 
sol-gel processes have shown stability of the tetragonal phase up to 800 
◦C [30], while a value of 1100 ◦C is reported for PM-structures fabri
cated with 28 wt.% alumina-doped zirconia CVS-synthesized powders 
[29]. In the case of planar films, a value of 1000 ◦C is reported for 
multilayered structures with 5x(5/40) nm thickness (zirconia/alumina) 
for PLD-based films [36] and 1100 ◦C for 10.5/5 nm (zirconia/alumina) 
≈2 μm-thick [42] and 30-4/8 nm ≈3.3 μm-thick sputtered films [41]. 
These former results on planar films corroborates the importance of the 
nanolayering, i.e. nanostructuring for the tetragonal phase stabilization. 
Note, however, sputtering and PLD processes run often at much higher 
temperatures (> 300 ◦C at least) than the ALD processes developed 
within this work (95 ◦C), demonstrating one of the advantages of using 
ALD over other process, which enables in this case films deposition onto 
a wide range of temperature-sensitive substrates. The tetragonal phase 
stabilization in the IOs is associated to a considerably reduced densifi
cation and grain growth when compared to the undoped zirconia, as 
observed in the SEM analysis (Fig. 5). 

3.2. Structural stability upon annealing 

In general, all IOs produced by ALD show the typical appearance of 
ordered colloidal crystals, showing the <111> plane comprised by ALD- 
shells in SEM top view after the template burn-out (Fig. S2). Upon heat 
treatment, the doping and nanolaminates structure clearly have an ef
fect on the morphological stability of the inverse opals, showing an 
improvement in relation to the undoped sample (Figs. 4 and 5). 
Delamination is not observed in any sample, indicating a strong bonding 
between the individual material layers, expected for ALD-based 
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structures. While pure zirconia shows visible, smaller grains and a rough 
surface after heat treatment at 1000 ◦C for 2 h (Fig. 4a), doped and 
nanolaminated IOs are smoother and display no large observable grains. 
Between the nanolaminates, the sample produced with 4 nm multi- 
nanolaminates (NLthin) and the Full-Mix present a very smooth sur
face, while the dual-nanolaminates samples displays a slightly rougher 
surface, comparable to pure zirconia after burn-out (Fig. S2a). Even the 
smallest investigated aluminum oxide doping of 1 wt.% (sample Z0.99) 
alters the sintering behavior of the structures and, compared to the non- 
doped sample (Z), presents slightly smaller grains after heat treatment at 
1000 ◦C as observed in the SEM images of Fig. 4a–b, suggesting a grain 
boundary pinning effect promoted by the Al cations. This effect is, 
nonetheless, overthrow as the heat treatment temperature is raised to 
1200 ◦C (Fig. 5) and the grain size analysis results in very similar 
average grain sizes of around 130 nm (Fig. 5g). 

This result for the low-content doping sample differs from what is 
reported for densification and sintering of alumina-doped zirconia [29] 
and also for alumina-doped YSZ [25,72,73] PM-based structures. We 
associate these differences to the nanometric dimensions and macro
porous character of our structures, which shall influence both the phase 
being crystallized as well as the main diffusion mechanism. It is known 
that nanometric structures [22] and the aluminum oxide doping [29,74] 
favor the crystallization of zirconia tetragonal phase over the monoclinic 
one, previously discussed in the ‘Phase formation and evolution’ section. 
Studies on sintering undoped zirconia systems are rather rare, presum
ably because the phase transition (often around 1100− 1200 ◦C for 
PM-based systems) overlaps with the sintering temperature, so direct 
comparison between monoclinic and tetragonal phases sintering for the 
same exact composition is rather challenging. Nonetheless, a thoroughly 
study by Kanters et al. [75], comparing the sintering of undoped 
monoclinic zirconia with yttria-stabilized tetragonal zirconia for sam
ples with similar initial porosities and grain sizes, has shown that below 
1130 ◦C the sintering rate for the monoclinic phase is higher than that of 
the tetragonal phase. An analysis of the phase fractions of both samples 
after burn-out (Fig. 2a) shows a higher fraction of monoclinic phase for 
the undoped sample than for the doped one, being thereby, more “sin
terable”. Nonetheless, the heat treatments of all samples were performed 
in air and thus, the oxygen vacancies created by the doping may be 
annihilated during annealing, which was demonstrated to decrease 
densification of ZrO2 structures, when compared to vacuum sintering 
[74]. In the specific case of this work, where synthetic inverse opals are 
exposed to high-temperatures, being more “sinterable” means that the 
photonic structure formed by the macropores and the ALD-shell is less 
stable in the undoped sample than in the doped ones. Conversely, while 
the lack or lower densification is a problem for conventional processing 
of zirconia-based ceramics by PM, this feature is seen as an advantage 
for the inverse opals hence it aids to keep the original macro porous 
structure, unless it is associated with coarsening and grain growth, as 
detailed in a former publication [13]. At last, the results obtained in our 
work are in agreement with the work by Srdic et al. [29] in which 
PM-based structures were fabricated from CVS-synthesized nano
powders. For such, grain growth inhibition is reported already for the 
lowest studied content of 2.5 wt.% presenting almost half of the size 
than that of the undoped sample. This reported effect is associated to the 
initial state of the as-synthesized doped powders, comprised by a 

(caption on next column) 

Fig. 3. High-resolution TEM micrographs of (a) undoped, (b,c) Al2O3-doped 
ZrO2 and (d-f) ZrO2-Al2O3 dual and multi-nanolaminates inverse opals. The 
upper layer shows HAADF images, while the bottom layer shows HAADF-EDS 
color mapping analysis of the elements Al (green color) and Zr (red color). 
Intensity in the images are calculated from the background corrected intensities 
of the k-alpha energies of the elements (Al 1.49 keV and Zr 15.75 keV). The 
mapping of the element oxygen is hidden to enhance visibility of the relevant 
elements. The inset in (c) highlights a zirconia grain surrounded by alumina 
clusters (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.). 
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metastable solid solution of two thermodynamically insoluble phases, 
which segregate in an ultrafine scale upon heating. Such metastable 
solid solution is also formed for ALD-based Al2O3-ZrO2 planar films with 
low Al2O3 content [76] and also in our doped (Z0.99) IO (see Fig. 3b). 
The grain size of all samples is displayed in Fig. 5g. 

Meanwhile, the results on high-content Al2O3 IOs are in agreement 
with previous reports on both PM-based [29] and sol-gel-based [30] 
structures. Srdic et al. [29] has reported two distinct behaviors during 

the sintering of 3 and 5 mol.% in comparison to 15 and 30 mol.%. 
alumina-doped nanocrystalline zirconia. The onset of sintering-induced 
densification changes from ≈550 ◦C for undoped and low-content doped 
zirconia to ≈900 ◦C for high-content doped zirconia. All works 
above-mentioned also report a major influence of the alumina doping in 
the zirconia phase transition, whereas only tetragonal phase is formed at 
higher doping-content, in contrast to mixed monoclinic/tetragonal 
phases appearing at the undoped and lower doping-content samples. 

Fig. 4. Comparison between the top view morphology of (a) undoped, (b,c) Al2O3-doped ZrO2 and (d-f) ZrO2-Al2O3 dual and multi-nanolaminates inverse opals 
imaged by SEM after heat treatment at 1000 ◦C for 2 h. Scale bars correspond to 1 μm. 

Fig. 5. Comparison between the top view 
morphology of (a) undoped, (b,c) Al2O3-doped 
ZrO2 and (d-f) ZrO2-Al2O3 dual and multi- 
nanolaminates inverse opals imaged by SEM 
after heat treatment at 1200 ◦C for 2 h. Scale 
bars correspond to 1 μm at the main images and 
500 nm at the insets. (g) Grain size according to 
the samples’ alumina content and nano
structuring. The schematic drawings inside the 
graph depict the nanostructuring of the inverse 
opals’ ALD-shells, where black is air, green is 
alumina and red is zirconia (see Fig. 1 and 
corresponding text for further details) (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.).   
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This may also contribute to reduced sintering in high-content dope
d-structures, as the tetragonal zirconia phase presents a lower sintering 
rate than the monoclinic one [75]. O’Toole et al. [25] has also reported 
distinct densification behavior depending on the alumina doping con
tent of YSZ powders. The authors showed enhanced densification up to 
2.2 wt.% of Al2O3, while higher amounts led to opposite effects, such as 
diffusion and densification hindrance due to introduction of Al2O3 into 
the ZrO2 lattice, with grain boundary pinning resulting in diffusion 
barriers for the Zr4+ cation. In this case, the location of the dopant has 
greatly impacted the sintering behavior, impeding neck formation and 
hindering densification due to the presence of an Al2O3 film between 
adjacent YSZ particles, mostly pronounced in case of films of ~1 nm. 

After heat treatment at 1200 ◦C for 2 h (Fig. 5), both undoped and 1 
wt.% Al2O3-doped samples reveal extensive sintering with clearly grown 
necks and destabilization of the ordered inverted opaline structure, 
whereas all the other samples reveal a higher thermal stability. While 
the undoped and 1 wt.% Al2O3-doped zirconia loses its structural 
integrity and shows significant grain growth, the nanolaminates sample 
still presents a stable macroporous structure even after the heat treat
ment at 1200 ◦C for 2 h. Similar results were obtained in PM-based bulk 
structures produced out of Al2O3-doped ZrO2 CVS-synthesized powders 
by Srdic et al. [29]. These differences are highlighted when analyzing the 
cross-sectional view (Fig. 6) of the IOs. Furthermore, a phase separation 
become visible at the dual nanolaminate sample, which presents an 
inner shell with visible grains and a smoother outer shell. Phase sepa
ration is also observed for the Full-Mix and NLthin sample. The 
zirconia-alumina phase diagram [62,63] predicts that such composi
tions would present a dual phase, as the solid solubility of alumina in 
zirconia is around 3–4 wt.% [63]. Previous studies by Balmer et al. [68, 
69] have demonstrated, however, the formation of a single-phase su
persaturated solid solution for liquid-precursor-based spray pyrolyzed 
powders up to 45 wt.% alumina. The possible formation of such solid 
solution is supported by the XRD analysis (Fig. 2c), but not by the TEM 
one. In this case, the grains visible at the SEM analysis pictured in Fig. 5 
are zirconia clusters, whilst the aluminum oxide is a mix of α and δ-Al2O3 
phases depending on the sample. This is better visualized using TEM 
analysis and corresponding EDS element mapping shown in Fig. 3. Such 
phase segregation has also been observed in previous Zr/Al oxide doping 
reports [29,30]. The differences between these samples is at first 

surprising, since after heat treatment at 1200 ◦C for 2 h, one would 
expect that the IO nanostructure (shell thickness ~50 nm) would be 
homogenized due to solid state diffusion and thereby all nanolaminates 
samples, which have alumina contents ranging from 35− 43 wt.%, 
would behave in a similar way. An early study by Ghosh et al. [35] have 
shown, however, that alumina-zirconia (5x(5–15)nm) 
multi-nanolaminates planar films produced by PLD still present in
terfaces and phase separation even after heat treatment at 1200 ◦C, 
although sintering is observed between the layers, so some of the in
terfaces are not as sharp as after deposition. The presence of reminiscent 
layers is also observed in this work, but only for the dual-nanolaminates 
samples (Fig. 3e–f). 

The increased thermal stability obtained in this work is associated to 
three characteristics, namely, the aluminum oxide content, the phases 
formed during heat treatment, and the geometrical distribution of ZrO2 
and Al2O3 after ALD-infiltration. In this sense, the multi-nanolaminates 
and the Full-Mix samples, with 35 and 43 wt.% of aluminum oxide, 
respectively, behave in a quite similar way with regards to phase for
mation (Fig. 2), phase distribution within the shell (Fig. 3) and overall 
morphology (Fig. 5). The subtle differences observed in their micro
structure arise from the differences in the Al2O3 content, as well as the 
initial distribution of aluminum oxide in the microstructure. For the 
Full-Mix, a complete homogeneous layer is expected right after ALD, 
while the multi-nanolaminates’ sample present clear boundaries be
tween the alternating ZrO2 and Al2O3 layers [53,56,57]. At the early 
stages of sintering, the activation energy for diffusion as well as the 
diffusion paths in these samples are expected to differ, since the Full-Mix 
already starts from a fully homogenized structure, while the 
multi-nanolaminates present several clearly defined interfaces between 
its 14 different layers. This difference in the shell structure promotes 
different crystallization behavior: at early stages of sintering, the 
Full-Mix sample is yet amorphous, while the multi-nanolaminates 
crystallizes into the tetragonal phase (Fig. 2). Interestingly, although 
the Full-Mix sample shows clustered grains in the SEM analysis, no 
major secondary phase is identified in the XRD-analysis, but rather a 
suppression of the typical ZrO2 phase transformation. Below the 
clustered-grains, a smooth surface is observed, corresponding to the 
aluminum oxide phase [13] (see Fig. 3c). 

At last, the Full-Mix and multi-nanolaminates samples seems to 

Fig. 6. Cross-sectional view of inverse opals imaged by SEM after heat treatment at (a,b) 1000 ◦C for 2 h and at (c,d) 1200 ◦C for 2 h. Inset in (d) highlights the 
difference between the outer shell (smooth appearance) and inner shell (grains are visible), indicating a phase separation. The debris and different viewing planes in 
the picture originated during sectioning due to mechanical fracture. Scale bars represent 2 μm at the main images and 500 nm at the inset. 
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display larger grains than the dual-nanolaminate with Al2O3 outer shell 
sample (NLthick_A), but smaller than the ones observed at the dual-layer 
with ZrO2 outer shell (NLthick_Z) when observing only the SEM images. 
The analysis of the grain size by TEM shows, however, that the Full-Mix 
presents the smaller average grain size (66.9 ± 6.4 nm), followed by the 
multi-nanolaminates sample (92.9 ± 7.4 nm) and the dual- 
nanolaminates with alumina (130.3 ± 13.5 nm) and zirconia (131.3 ±
18.3 nm) outer shell. When comparing the dual-nanolaminates’ sam
ples, the sample with the Al2O3 outer shell presents the least morpho
logical changes after both heat treatments, while the one with the ZrO2 
outer shell displays clear densification and grain growth. This result 
proves that the initial volumetric distribution of an oxide in relation to 
one another inside the IO shell plays a major role in sintering and the 
structural destabilization of IOs, even though the chemical composition 
and ratio between the oxides is the same for both dual-nanolaminates’ 
samples, accounting to 35 wt.%. In that sense, the nanostructuring 
promoted by the ALD process is an advantage in relation to former re
ported routes, such as sol-gel [30–34] or PM-based [28,29] structures 
because ALD offers the flexibility to design multi stacks and nanolayered 
structures with a sub-nm level precision [53,54,56,57]. 

3.3. Optical properties before and after annealing 

All IOs presented a photonic band gap before heat treatment in the 
infrared region between 1200 and 1600 nm (Fig. 7). The refractive in
dexes of the ALD films, determined by spectroscopic ellipsometry 
(@632.8 nm), were between 1.85 for the Full-Mix sample and 2.10 for 
the undoped sample (Z), which is in agreement to previous studies [15, 
55]. The variation in the main peak position (between 1295 and 1405 
nm) is associated to the different compositions between samples, which 
affects the effective refractive index, but also the nanolaminates struc
tures and their layer thicknesses [77]. 

After heat treatment at 1200 ◦C for 2 h, the undoped and 1 wt.% 
Al2O3-doped ZrO2 samples show the absence of their former photonic 
band gaps, while all the other samples present photonic band gaps with 
blue-shifted peaks. The disappearance of the reflection peak is associ
ated with extensive sintering and loss of the opaline structure, discussed 
in the previous paragraphs and visible in Figs. 5 and 6. The reduction in 
intensity in the other samples is hypothesized to be related to the 
opening of microscopic cracks in the IOs structures possibly increasing 
the transmission component [12,14]. Meanwhile, the blue peak shift is 
mostly associated to the macropore shrinkage caused by sintering, and 
the likely changes in neff caused by diffusion, densification, and phase 
transformation (discussed in the previous sections) in the IOs shells. In 
that regard, the dual and multi-nanolaminates samples present a smaller 
shift in the peak position after heat treatment (~95 nm in average) in 
comparison to the Full-Mix sample (≈200 nm), once more pointing out 
to the advantages of nanostructuring. 

4. Conclusion 

Undoped ZrO2, Al2O3-doped ZrO2 and ZrO2-Al2O3 dual and multi- 
nanolaminates macroporous structures were successfully fabricated by 
vertical convective self-assembly followed by infiltration via ALD super- 
cycling. The crystallization of phases and thermal stability was investi
gated by subsequent heat treatments at 1000 ◦C and 1200 ◦C for 2 h. 
Furthermore, to cover the targeted application as inverse opal photonic 
crystals (iPhCs), the optical properties of the iPhCs were characterized. 

By tailored introduction of Al2O3 via ALD, the tetragonal phase was 
stabilized even after heat treatment at 1200 ◦C for 2 h for structures 
produced with very thin alternated ALD ZrO2-Al2O3 multi-layers of ≈4 
nm and Full-Mix (1:1 Al2O3:ZrO2 ALD super-cycle) composition. More
over, we have demonstrated that ALD provides an excellent capability to 
distribute dopants whilst introducing nano-layering, which further in
troduces geometrical constraints to disrupt diffusion pathways. Con
cerning the optical properties, the Full-Mix, dual and multi- 

nanolaminates iPhCs retained their photonic band gaps even after 
heat treatment at 1200 ◦C for 2 h, while the undoped and 1 wt.% Al2O3- 
doped zirconia iPhCs did not. With regard to this, the multi- 
nanolaminates samples comprised by 4 nm alternated ZrO2 and Al2O3 
ALD-layers presented the best optical properties after annealing. 

The structures with Al2O3 contents ranging from 35 to 43 wt.% 
showed a substantial increase in their thermal stability, showing 
inhibited sintering and grain growth in comparison to the undoped and 
1 wt.% Al2O3-doped structures, enabling its use at high-temperature 
applications. Such a stabilization is made possible by a combination of 
factors, namely, the high Al2O3 content, the tetragonal phase stabiliza
tion, and the nanostructuring, i.e. the geometrical distribution of the 
ZrO2 and Al2O3 within the macroporous structures. 

Acknowledgments 

The authors gratefully acknowledge the financial support from the 
Deutsche Forschungsgemeinschaft(DFG, German Research Foundation) 
– Projektnummer 192346071 – SFB 986, projects C5, C4, Z3 and C2. Dr. 
Kaline P. Furlan also gratefully acknowledge Dr. Jonas Sundqvist 
(Techcet Group LLC and BALD Engineering) for the great scientific 
discussion regarding ALD of ZrO2 films and precursors’ chemistry. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 

Fig. 7. Reflectance spectra of undoped ZrO2, Al2O3-doped ZrO2 and ZrO2-Al2O3 
dual and multi-nanolaminates inverse opal photonic crystals (blue line) before 
and (grey line) after subsequent heat treatments at 1000 ◦C and 1200 ◦C for 2 h. 
The spectra were normalized to the maximum value within each graph layer 
(0–1) to ease the visualization of the differences prior and after heat treatment 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.). 
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