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A B S T R A C T

Powder aerosol deposition (PAD or ADM) is a coating technique to produce ceramic films at room temperature. 
Although the deposition mechanism has been clarified in some respects, unanswered questions remain. The 
present work reports films of titanium oxide, which forms a typical PAD microstructure, and films of incom
mensurate misfit-layered calcium cobalt oxide (Ca3Co4O9-δ, CCO-349), which forms a atypical film. For this 
work, films made of these two materials were examined using X-ray diffraction with synchrotron radiation and a 
scanning electron microscopy. It turned out that due to its aperiodic crystal structure, CCO-349 can be deformed 
more easily than conventional technical ceramics like TiO2. The deformation occurs when the layers in the 
crystal slide in the direction of the misfit. As a result, it is unnecessary to break the crystals, and a larger 
crystallite size remains in the film. Therefore, PAD films of CCO-349 have a different microstructure.

1. Introduction

The powder aerosol deposition method, abbreviated ADM or PAD, is 
a coating process by which ceramic materials can be deposited directly 
from the powder at room temperature. Kashu et al. were the first to 
report on this process [1] and Akedo et al. took up the topic a few years 
later, improved the process and greatly explained the basic deposition 
mechanism resulting some time later in the Room Temperature Impact 
Consolidation mechanism (RTIC) [2–4]. Since then, Akedo and his 
group have made significant contributions to the further development 
and understanding of PAD [5–10].

Akedo's basic explanation of the deposition mechanism, the RTIC 
model, can be summarized as follows: During the impact on the sub
strate, impinging particles break up into fine nanocrystals, which are 
then hammered into place by subsequent particles (hammering effect) 
[7]. Plastic deformation also occurs during solidification and 

hammering. However, a key scientific question is the deposition effi
ciency of the deposited powder, as after PAD processes residues were 
found in the deposition chamber. In general, this model still corresponds 
to how we imagine the deposition mechanism to take place and explains 
the low deposition efficiency. Recently, our group was able to extend 
this model. Linz et al. [11] showed that only the outer part of a particle is 
deposited by using core-shell materials. This explains the low deposition 
efficiency and helps to understand why a fraction of the powder forms a 
film while another fraction remains in the deposition chamber, sup
posedly without having taken part in the process. It, therefore, appears 
to be the case that a large share of the particles take part in the direct 
deposition process, but only a small share of each individual particle is 
deposited. During the initial film formation on the substrate, the sub
strate is usually roughened, and particles are embedded in the surface. 
This results in mechanical interlocking of the film and substrate and 
usually leads to very good film adhesion.
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However, neither Akedo's RTIC model [7] nor the extended RTIC 
model by Linz et al. [11] that includes the deposition of parts of the 
particles can explain why some ceramic powders can be deposited with a 
significantly higher deposition rate than others. These models do also 
not explain why powder pre-treatment for activation such as grinding, 
annealing etc. can be essential for successful deposition, which was 
shown by Exner et al. [12,13]. We therefore propose that the particle 
morphology may also play a decisive role, as the particle morphology is 
largely responsible for the force that can be transferred from the impulse 
of the impinging particle to the small part of the particle that is 
deposited.

As plastic deformation of the crystals was observed after deposition 
[7], it is reasonable to assume that the crystal structure of the material to 
be deposited may have a significant influence. This is because the crystal 
structure determines how a crystal can deform, how many slip systems it 
has, how it can break, which kind of defects it can have, and how mobile 
they are. As with most processes in materials science, the process used to 
produce a material has a decisive influence on its microstructure. This 
means that a PAD process modified by a different particle morphology or 
a different crystal structure will inevitably lead to a different micro
structure of the resulting films.

The most frequently investigated ceramics are Al2O3, PZT, BaTiO3, 
and TiO2 [14]. Tetragonal TiO2 (space group P42/mnm) is chosen for 
this study as it shows a very typical deposition behavior. It can be pro
cessed with a PAD-typical deposition rate and without a powder 
pre-treatment to form nanocrystalline films that exhibit a PAD-typical 
film stress, as the authors were able to show in a previous study [15]. 
This compressive film stress usually results in a very high hardness of the 
films.

However, more complex oxides such as calcium cobalt oxide 
(Ca3Co4O9-δ), also called CCO-349, can be deposited with the PAD 
method, as the authors and other groups have proven [16–18]. All these 
previous publications show that CCO-349 films have a very unusual 
microstructure for PAD films. The crystals appear larger than it is usual 
for PAD. The diffractograms of CCO-349 films show unusually sharp and 
narrow reflections and also indicate a strong fiber texture. Typical PAD 
films show a nanocrystalline microstructure, which leads to broad re
flections in their X-ray diffraction (XRD) patterns. Although Hasegawa 
et al. [19] and Furuya et al. [20] have also reported a texture in 
aluminum oxide films made by the PAD technique, this texture is not 

nearly as pronounced as that of CCO-349. This is particularly clear in the 
case of a material with a rather unusual crystal structure, as it is found 
for the calcium cobalt oxides (CCO). In the composition Ca3Co4O9-δ 
(CCO-349), this is present in a so-called misfit-layered structure with an 
oxygen concentration highly depending on the surrounding atmosphere, 
temperature, and pressure [21,22]. It is precisely this incommensurable 
structure that gives calcium cobalt oxide poor thermal conductivity with 
good electrical conductivity, which leads to the superb thermoelectric 
properties

CCO-349 forms an incommensurate, misfit-layered structure of CoO2 
and Ca2CoO3 layers. The incommensurability arises from the mutually 
incommensurate b axes of the two types of layers: b1 for the CoO2 
subsystem and b2 for the Ca2CoO3 subsystem (Fig. 1). Both subsystems 
possess monoclinic unit cells with a1 = a2 = 4.83 Å, c1 = c2 = 10.84 Å, β1 
= β2 = 98.14◦. and α1 = α2 = γ1 = γ2 = 90◦. The incommensurate com
posite character of the compound is governed by the b lattice parame
ters, with b1 = 2.82 Å for the CoO2 subsystem and b2 = 4.56 Å for the 
Ca2CoO3 subsystem. This results in a ratio b1/b2 of ≈ 0.6915(1). [23]
The ratio is an irrational number. This means that a proper supercell 
does not exist and the superspace approach with two subsystems is 
required [23].

Calcium cobalt oxide is a promising candidate for an application in 
thermoelectric energy harvesting because of its unusual crystal structure 
[24]. Due to the incommensurate composite type of crystal structure and 
the associated high phonon scattering, CCO-349 has a comparatively 
low thermal conductivity [25]. At the same time, it has a relatively high 
electrical conductivity in the basal plane. Orthogonally, however, the 
electrical conductivity is a decade lower [26], which, in the case of an 
application, requires the production of a textured material. The anisot
ropy in the electrical conductivity is due to the conductivity mechanism 
of CCO-349. While cobalt is predominantly present in oxidation state 
-III/-IV in the CoO2 subsystem, oxidation states -II predominate in the 
Ca2CoO3 subsystem. This increases the electron density in the Ca2CoO3 
subsystem, while electron vacancies are generated in the CoO2 subsys
tem. These defect electrons result in the higher in-plane p-type con
ductivity [24].

Here, we report on the mechanism of deposition of CCO-349 films 
produced by the PAD technique in comparison to rutile TiO2 that forms 
typical PAD-produced films. X-ray diffraction is essential for investi
gating the influence of the crystal structure on the mechanism of 

Fig. 1. Crystal structure of calcium cobalt oxide. Reproduced with permission after [23] ©(2002), The Physical Society of Japan.
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deposition. However, standard laboratory devices are not suitable for 
these experiments. Evaluation of this data provides small crystallite sizes 
and the associated strong reflection broadening, as well as the strong 
strain broadening as it is typical for aerosol deposited films, lead to very 
low intensities and correspondingly long measurement times. In addi
tion, films of PAD-CCO-349 only show the (0 0 l) reflections during 
measurements in the Bragg-Brentano setup due to the strong fiber 
texture [17]. XRD was therefore conducted using synchrotron radiation 
and a Debye-Scherrer-like setup.

To address these problems, we report X-ray powder diffraction data 
obtained in a Debye-Scherrer-like setup at the hard x-ray beamline 
P02.1 [27] of the synchrotron PETRA-III at DESY in Hamburg. The 
evaluation of this data provides a deep insight into the microstructure of 
PAD-produced films and their behavior during thermal post-treatment. 
Furthermore, it provides information on the mechanism of deposition 
of materials with different crystal structures.

Post-deposition heat treatments up to 1200 ◦C are widely used to 
achieve a stable and compact ceramic film. In the case of electrically 
conductive materials the annealing causes a reduction in microstrain in 
the film accompanied by a significant increase in electrical conductivity 
[28]. Films produced with PAD exhibit a compressive stress that relaxes 
at relatively low temperatures such as around 300 ◦C. This has also been 
reported several times [29–31]. The authors have already investigated 
this relaxation behavior in a previous study [15]. In this study, tem
peratures from 300 to 800 ◦C are used and their effect on the film 
morphology is investigated. This temperature of 300 ◦C was selected to 
see the relaxation of the intrinsic compressive stress after heat treat
ment, at which no change in microstrain and crystallite size should occur 
[15]. After heat treatment at 600 ◦C, the microstrain should be largely 
relaxed without a significant change in crystallite size. At 800 ◦C, the 
relaxation of the microstrain should be completed.

2. Experimental

2.1. Powder synthesis and preparation

Starting materials for application of the PAD technique are micro
crystalline powders of titanium oxide (TiO2, rutile structure) and cal
cium cobalt oxide Ca3Co4O9-δ. Commercial TiO2 powder (99.5 % Rutile 
phase) was obtained from Alfa Aesar, Haverhill, MA, USA with a particle 
size of 1.0–2.0 μm and calcium cobalt oxide powder was synthesized by 
solid-state reaction of cobalt oxide (99.97 %, ChemPUR, Karlsruhe, 
Germany) and calcium carbonate (99 %, low-alkali, Riedel-de Haën, 
Seelze, Germany). A stoichiometric mixture of the two starting materials 
was homogenized in a planetary ball mill (Pulverisette 5, Fritsch GmbH, 
Idar-Oberstein, Germany), and then calcined in an aluminum oxide 
crucible at 900 ◦C for 12 h. After calcination, the powder was ground in 
the planetary ball mill in a YSZ crucible with YSZ grinding balls. The 
powders were deagglomerated using a 90 µm sieve and then stored in a 
drying oven at 200 ◦C until the film deposition. The particle size dis
tribution of the two starting powders was measured with a Mastersizer 
2000 (Instruments Ltd, Malvern, United Kingdom).

2.2. Film preparation by the powder aerosol deposition method and heat 
treatment

Thin films of CCO-349 and TiO2 were deposited on 1 mm thick soda- 
lime glass substrates (New Erie Scientific LLC, Portsmouth, USA) using a 
custom-built PAD device, see [14]. A convergent slit nozzle with oxygen 
as the carrier gas was used for spraying. TiO2 was deposited as films of 
10 µm thickness. For CCO-349, the glass substrate had to be roughened 
with a laser before deposition, as otherwise, the film would have de
tached from the substrate at the target film thickness of 40 µm as shown 
by pre-experiments. Three batches of 48 soda-lime substrates with ti
tanium oxide coating and 14 batches of 12 substrates with CCO-349 
coatings were produced. Prior to coating, the glass substrates had 

been scribed with a laser so that they could be split into 4 mm× 4 mm 
individual samples after coating. An overview of the samples and the 
treatment conditions that were investigated in this study is given in 
Table 1.

2.3. Sample characterization

2.3.1. X-ray diffraction
X-ray diffraction was performed at the beamline P02.1 of PETRA III 

at the German Electron Synchrotron DESY in Hamburg [27]. A 
Debye-Scherrer-like setup was used. The coated samples were glued 
onto Kapton foil with Kapton tape and fixed in a high-throughput sample 
holder for the transmission geometry of beamline P02.1. This is shown 
in Fig. 2. About 60 samples were measured in one batch with this sample 
holder. Before the samples, the standards LaB6 NIST 660c, Si NIST 640b, 
ZnO NIST 1979 A and B were measured in each batch to determine the 
instrumental parameters. In addition, the starting powders were char
acterized during an additional beam time. A Si NIST 640 g standard was 
used to determine the reflex shape and position during this measure
ment time. The standard and the samples in powder form were char
acterized in the same setup as the film samples. The powders were 
placed in a sealed Kapton bag in the sample holder. One sample of 
CCO-346 and one sample of TiO2 were characterized.

A Varex XRD 4343CT detector (150 × 150 µm2 pixel size, 
2880 ×2880 pixel area) was placed 2 m behind the sample holder. The 
measurements were carried out with a radiation wavelength of 
0.20736 Å, which corresponds to a photon energy of approx. 60 keV.

The 2D diffraction images obtained were then integrated into 1D 
diffractograms using the program DAWN. [32]

2.3.2. Scanning electron microscopy
After XRD, one sample of each type listed in Table 1 was fractured 

and investigated using scanning electron microscopy (SEM, LEO 1530, 
Carl Zeiss, Oberkochen, Germany). In addition, the powder was inves
tigated using SEM before deposition. Secondary electron (SE) images of 
the fracture surface were taken using magnifications in the range of 
1000x–25000x and an accelerating voltage of 3 keV. The sample sur
faces were previously sputtered with platinum to make it conductive.

2.4. Rietveld refinement

The software TOPAS Academic 64 V7.24 (Cuhelo Software, Brisbane, 
Australia) was used for Rietveld Refinement. The device-intrinsic reflex 
broadening was determined using that of LaB6 NIST 660c or Si NIST 
640 g, respectively, and its reflex shape was stored as Thompson-Cox- 
Hastings peak shape [33]. The background was created as a Cheby
shev polynomial. One measurement of each sample type was individu
ally refined to obtain good starting values. A sequential refinement was 
then carried out with the remaining measurements of this type. Within 
this sequential refinement, a simulated annealing was performed for 
each measurement and the fit was allowed to converge 10000 times with 
slightly different values. Of the parameters obtained, the one with the 
lowest χ2 was saved (least square including restraints). The input files 
used (.INP files) are available in the SI.

Table 1 
Overview of investigated samples.

Sample type Deposited films Number of 4 mm× 4 mm samples

as-deposited TiO2 

CCO-349
61 
55

1 h at 300 ◦C
TiO2 

CCO-349
52 
56

1 h at 600 ◦C
TiO2 

CCO-349
54 
56

1 h at 800 ◦C CCO-349 2
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2.4.1. Structure refinement of TiO2
In the case of titanium oxide, in addition to the fundamentally 

necessary parameters such as “Zero_Error” and the scaling factor, the 
lattice parameters a and c were refined. Moreover, crystallite size and 
microstrain were refined using the double Voight approach according to 
Balzar et al. [34,35]. The TOPAS macro for preferred orientation, ac
cording to March-Dollase [36], was used to simulate a film texture as 
described by Hasegawa et al. [19].

To stabilize the parameters across the sequential refinement, con
straints were set for the lattice parameters a and c to keep them between 
4.50 Å and 4.46 Å and between 2.90 Å and 3.0 Å, respectively. 
Furthermore, restraints were set to keep the lattice parameters close to 

the lattice parameters of 4.593635 Å and 2.954969 Å given in the PDF 
04–003–0648. Further details on the refinement of the titania mea
surements can be found in the supplementary information.

2.4.2. Structure refinement of calcium cobalt oxide
The superspace group X2/m(0 b 0) s0 [22] of Ca3Co4O9-δ cannot be 

stored in TOPAS, but can be stored in JANA2020 [37], for example. With 
JANA2020, however, the microstructure cannot be elucidated nearly as 
well as with TOPAS. Therefore, a refinement with TOPAS was imple
mented and a workaround by creating two structures of the space group 
Cm. To make this a reliable model, some parameters of these two 
structures had to be linked together. The cell parameters a_global, b1, b2, 
c1, c2, β1, β2, α_global and γ_global were defined as global parameters. 
The angles α_global and γ_global were set globally to 90◦ and were not 
refined, but used as cell angles in both subsystem unit cells. The 
parameter a_global was used in both subsystem cells as cell parameter a. 
The parameters b1 and b2 were used as individual lattice parameters for 
the subsystem cells in the misfit direction and not linked, because we 
want to give the misfit the opportunity to change slightly

In c-direction, the reciprocal lattice vector * must be equal for both 
substructures. Due to the definition of the reciprocal lattice vector, this 
means that the distance between the layers must remain the same. In 
other words, the condition in Eq. 1 must be fulfilled. 

c1sinβ1 = c2sinβ2 (1) 

Since such a condition cannot be implemented as a constraint in 
TOPAS due to the algorithm, the condition was implemented as a very 
hard restraint, which allows a deviation of the reciprocal lattice vector 
by a maximum of 10− 6, i.e. about 10− 5 Å, which is below the resolution 
limit of the XRD set-up.

Since both substructures are part of the same crystals, the crystallite 
size of the two structures also had to be linked. Therefore, a global value 
for the Gaussian component and a global value for the Lorentz compo
nent of the crystallite size were defined. The parameters for the micro
strain were also set globally for both subsystem cells.

The last linking of parameters that needs to be made is the linking of 
the texture. However, modeling the preferred orientation of PAD CCO- 
349 films is a challenge due to the strong fiber texture. Since a highly 
textured material behaves similarly to a powder sample, which exhibits 

Fig. 2. Photographs of the high throughput setup at beamline P02.1.

Fig. 3. Schematic sketch of the splitting of the incommensurable superstructure 
into two substructures. Reproduced with permission [23] ©(2002), The Phys
ical Society of Japan.
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a preferred orientation of the crystals due to its platelet-shaped particle 
geometry, the correction functions developed for this purpose can be 
transferred to the sample with fiber texture.

Several attempts with the March-Dollase model did not lead to a 
satisfactory result. Therefore, the model of symmetrized harmonics ac
cording to Järvinen [38], which is called in TOPAS with the keyword 
“PO_Spherical_Harmonics”, was used to model the preferred orientation. 
The complex preferred orientation of the CCO-349 films could be 
satisfactorily modeled with spherical harmonics of up to the order of 
eight. The parameters used for this had to be defined globally again and 
applied to both subsystems together in order to model the same 
preferred orientation in both subsystems.

In the sequential refinement, the fundamentally necessary parame
ters, such as the scaling factors and the background, were refined. In 
addition, the five linked lattice parameters, the two size parameters, the 
two strain parameters, the atomic positions in the cell, and the preferred 
orientation were refined. Further details and the input files used can be 
found in the supplementary information. The parameters for the first 
and independent refinement were taken from PDF 04–016–0860, which 
is referred to Mugerra et al. [39] 200 was used as the starting value for 
the crystallite size parameters and 10− 5 was used for the two microstrain 
parameters.

2.4.3. Analysis of the refined structures
The crystallite sizes Lvol-IB of the samples derived from the reflection 

broadening for the different sample types were determined from the 
films XRD patterns after background subtraction. The crystallite size 
parameter Lvol-IB is the third root of the crystallite volume, determined 
by the size broadening. The “IB” means, that the broadening of the re
flections was determined by comparing the integral breadth of the 
reflections.

3. Results

3.1. Powder properties

The particle size distribution is crucial for successful deposition using 
PAD. If the particles are too small, they are deflected by the bow shock in 
the carrier gas before they reach the substrate. If the particles are too 
large, they create large craters in the surface or cause abrasion of the 
substrate or the already deposited layer. Fig. 4 shows the particle size 
distribution curves of the TiO2 powder and the synthesized CCO-349 
powder, determined by laser diffraction.

Both powders have a monomodal particle size distribution. With a 
d50 of 1.075 µm and a narrow logarithmic normal distribution of the 
particle size, the TiO2 powder is in a size range that is usually used in 
PAD [14]. The self-synthesized CCO-349 powder is relatively coarse for 
a PAD powder with a d50 of 8.892 µm. The particle size distribution of 
the CCO-349 powder is also wider than that of the TiO2 powder.

SEM images of the titanium oxide powder are shown in Fig. 5 to 
investigate the powders morphology.

In line with the particle size distribution (Fig. 4), the exemplary 
particle shown in Fig. 5a) is in the size range 1 µm to 2 µm. It is poly
crystalline and consists of weakly bonded primary crystals. The weak 
connection resembles a sinter neck as it is formed in the early sintering 
stage. The primary crystals do not resemble the habitus of a tetragonal 
crystal, but are roundish and have areas on the surface that look as if 
there had been a neighboring primary crystal at this point, but it has 
broken off. The size of the primary crystals ranges from 200 nm to 
500 nm.

SEM images of CCO-349 particles are shown in Fig. 6. The overview 
image in Fig. 6a) shows that the particles and the primary crystals are 
larger than those of the TiO2 particles.

In contrast to titanium oxide, a kind of habitus is definitely recog
nizable in CCO. In particular, the platelet-like structure of the large 
primary crystals matches the misfit-layered structure of the CCO 

crystals. It is also striking that the layer-like structure is recognizable on 
the sides of the platelets. However, it is not possible to determine from 
the SEM images whether this relief-like structure on the edge was caused 
by sliding on the basal plane during the grinding process or by stacking 
faults. In addition to these large primary crystals, there are also smaller 
crystals on the surface in the < 100 nm range.

Some CCO-349 particles also showed an interesting detail. By com
pressing one corner, the individual layers were displaced against each 
other and cracks also grew along the layers. This is shown in Fig. 7.

3.2. SEM investigation of the films

Fig. 8 shows overview images of the as-deposited PAD films. They 
show exemplified how the coatings appear in low magnifications.

The fracture surfaces of the TiO2 PAD films examined using SEM 
imaging are shown in  Fig. 9 including images after all post-treatments. 
Their structure and surface topology is similar to that of fracture surfaces 
usually seen in PAD films [14,29] (Fig. 9-a). Regardless of the heat 
treatment temperature, fine-grained structures are present that are 
significantly smaller than 100 nm. Individual larger crystals are not 
recognizable, nor are pores or cracks. The fracture surfaces confirm that 
we have produced a typical PAD film, here.

In contrast to the titanium oxide PAD films, the CCO-349 films show 
a completely different fracture pattern that is atypical for PAD films. The 
fracture patterns of all sample types listed in Table 1 are shown in 
Fig. 10. On the fracture images of the CCO-349 films, layer-like struc
tures with a width of 500 nm and more are recognizable. They are often 
parallel to the substrate plane and stretched perpendicular to the 
deposition direction. They become larger with increasing heat treatment 
temperature.

We identify these structures as single crystals of CCO-349. Such large 
crystals are very unusual for PAD films. Also, the orientation of these 

Fig. 4. Particle size distribution of the TiO2 powder (a) and the CCO-349 
powder (b) used to produce the films.
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platelet-like crystals parallel to the substrate plane is very unusual for 
PAD films but has already been previously reported in [17]. The SEM of 
CCO-349 indicated a strong fiber texture, which is in good agreement 
with previous studies. [16–18]

3.3. Results of XRD

3.3.1. Titanium oxide
The diffraction image of TiO2 (Fig. 11-a)) shows several narrow and 

one wider concentric circle. With the exception of the innermost circle, 
the narrow concentric circles represent the reflections of the TiO2 PAD 

film. The innermost narrow circle is a reflection of polyimide (Kapton- 
foil) used as a carrier material. The wide white ring is caused by diffuse 
scattering in the amorphous soda-lime glass substrate.

It is noteworthy that the concentric circles are very homogeneous in 
their gray scale. With a radiographed area of 1 mm× 0.5 mm and a film 
thickness of approx. 10 µm, the measurement volume is very small. The 
homogeneous gray scale indicates that there are a sufficient number of 
crystals in the measured volume, which are also very uniformly oriented 
in-plane, to ensure such a homogeneous exposure of the detector. The 
fact that the crystals are concentric circles and not ellipses also indicates 
that the intrinsic compressive stress in-plane in the film is homogeneous.

Fig. 5. SEM overview (a) and detailed view (b) of a TiO2 particle as used as starting powder.

Fig. 6. SEM overview (a) and detailed view (b) of a CCO-349 particle as used to produce the PAD films.

Fig. 7. SEM overview (a) and detailed view (b) recording of a CCO-349 Particles with compressed corner.
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An integrated diffraction pattern of an as-deposited TiO2 PAD-film is 
shown as Fig. 11-b). The reflex of polyimide at 0.76◦ and the broad reflex 
of glass in the range from 2◦ to 5◦ are clearly visible. In addition, the 
curve fitted using the Rietveld Refinement is shown in red, as well as the 
corresponding background polynomial (blue) and the difference be
tween the measured and calculated data (orange).

To make it easier to recognize the individual reflections and their 
assignment to the hkls, Fig. 12 shows a measured (black) and the cor
responding calculated (red) diffractogram of the measured TiO2 film 
after subtraction of the background. The strongly broadened reflexes 
due to size broadening and microstrain are very typical for PAD films.

The crystallite sizes Lvol-IB of the samples derived from the reflection 
broadening for the different sample types are listed in Table 2. In the as- 
deposited state, it is approx. 19 nm. The samples that were post-treated 
at 300 ◦C or 600 ◦C have a crystallite size of approx. 14 nm. These 
crystallite sizes match the value ranges of five to 30 nm typically found 
in the literature for PAD films [4,13,15,40–46]. The crystallite size of the 
starting powder was determined to be 300 nm. The strong reduction in 
particle size typical of PAD has therefore taken place during the depo
sition. In addition, the crystallite size of the starting powder is therefore 
in a very favorable range for PAD.

No significant increase in crystallite size is found as a result of the 
heat treatment. This means that even after 12 h heat treatment at 600 ◦C 
grain growth can be neglected. The situation is different with micro
strain. The values determined are listed in Table 2.

In the as-deposited state, the films have a microstrain of 0.0170. This 
is consistent with the values that Yang et al. [46] recently determined for 
Al2O3 on Si substrates. The microstrain is almost halved to 0.0089 when 
heat treated at 300 ◦C for 12 h. If heat treated at 600 ◦C instead of 300 
◦C, the microstrain is as low as 0.0048. This means that the microstrain 
of the films treated at 600 ◦C is still a decade higher than the microstrain 
of the starting powder.

In addition to the crystallite size and the microstrain, the lattice 
parameters were refined. The calculated values can be found in Table 3.

Films produced by PAD also exhibit a compressive stress that relaxes 
at relatively low temperatures. This has also been reported several times 
in the literature [29–31]. The authors have already investigated this 
relaxation behavior in a previous study [15]. At that time, the stress was 
determined using a modified Stoney equation [47,48]. Using the lattice 
parameters shown in Tables 3 and 4, the compressive residual stress in 
the PAD-films can be calculated with the following approach.

The residual stress is calculated under the assumption that the 
Young's modulus behaves linearly with stress and is 267.3 GPa [49]. We 
now assume that the films are free of compressive stress after heat 
treatment at 600 ◦C and use the lattice parameter of the samples 
annealed at 600 ◦C and that of the untreated samples to calculate an 
elongation according to Eq. 2. Various studies have shown that this 
assumption can be made. [15,29,30] This is also supported by the fact 

that the lattice parameters of the powder largely match those of the 
coatings after heat treatment. The parameter ε expresses the dimen
sionless strain, and the parameter lp is one of the two lattice parameters 
a or c. 

ε =
lpRT − lp600◦C

lp600 ◦C
(2) 

With this strain and Young's modulus (Eq. 3), stress can be calculated 
using Hooke's law. 

σ = E • ε (3) 

The strains and film stresses calculated in this way are listed in 
Table 4.

The calculated film stresses are approximately − 1.2 GPa and 
− 1.3 GPa respectively. These values correspond very well with those 
that were determined in a previous study [15] using the Stoney equation 
[47] extended by Mézin [48] reporting a stress of − 1.23 GPa for the 
TiO2 films in the as-deposited state.

The TiO2 films exhibit a slight texture. This is not particularly strong 
and could be mapped well with the March function [36]. The March 
parameter was in the range between 0.8 and 1.5, which indicates little to 
no texture. A change in texture due to the heat treatment could not be 
detected.

3.3.2. Calcium cobalt oxide
A diffraction image of an as-deposited 50 µm thick CCO-349 PAD 

film is shown in Fig. 13-a). The narrow, white concentric rings are re
flections of the CCO.

It is clearly shown that the film is crystalline, which can be deduced 
from the presence of rings, i.e. reflections. From the ring shape and 
composition, something else can be noticed: Although only a 
1 mm× 0.5 mm area of the 50 µm thick film was irradiated and the 
sample was also not rotated, the ring is uniformly bright. This means 
that, despite the small sample volume, there are enough crystals present 
and they are also distributed extremely homogeneously in the film plane 
to ensure this uniform exposure of the detector. Furthermore, the circles 
indicate a homogeneous distribution of a possible in-plane compressive 
stress in the film. Analogous to the section on TiO2, the integrated dif
fractogram is shown in Fig. 13-b) from the diffraction image (black). 
This is shown with the background and the values calculated in the 
Rietveld refinement (red) as well as the calculated background curve 
(blue) and the difference between measured values and fit (orange) in 
Fig. 13-b).

Again, for better visibility the measured data (black) and the fitted 
data (red) are plotted in a separate diffractogram after the background 
has been subtracted. This is shown in Fig. 14.

In contrast to the TiO2 films, the reflections appear narrower here, 
which is not typical for PAD, as these films usually have a small 

Fig. 8. SEM overview recordings of TiO2 (a) and CCO-349 (b) fractures of the as-deposited PAD films.
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crystallite size and a high microstrain. However, this matches the SEM 
fracture images in Fig. 10 showing significant bigger crystallite sizes 
compared to conventional PAD films exemplified by TiO2 (see Fig. 9).

The numerical crystallite size values obtained from the refinement of 
CCO-349 are larger than the crystallite size that can be resolved with this 
setup. Therefore, the only statement that can be made at this point is that 
the crystallite size is already larger in the as-deposited state than can be 
resolved with this method (resolution limit of the setup: approx. 1 µm). 
This is very unusual for the powder aerosol deposition method. Typi
cally, the crystallite size of PAD films is between 10 nm and 40 nm, as 
the crystallite sizes of the titanium oxide films shown before.

However, this is consistent with the SEM images, which show a 
microstructure that is very atypical for PAD films. According to this, the 
layer-like objects, which are several hundred nanometers in size, are 
actually individual CCO crystals. What is particularly interesting is that 
the crystals diffract coherently even at this full size. What we calculate as 

Lvol-IB is actually not a crystallite size, but the size of a coherently dif
fracting domain in the crystal. One would actually expect the impact of 
the crystal on the substrate to create multiple kinks that divide these 
large crystals, visible in the fracture image, into small domains. 

Fig. 9. SEM fracture images of TiO2 PAD films in the as-deposited state (a), 
after heat treatment at 300 ◦C (b) and 600 ◦C (c).

Fig. 10. SEM fracture images of CCO-349 PAD films in the as-deposited state 
(a), after heat treatment at 300 ◦C (b), 600 ◦C (c) and 800 ◦C (d).
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According to the results of the X-ray diffraction, however, this is not the 
case.

The same applies to the starting powder. The crystallites are larger 
than the resolution limit of the beamline of approx. 1 µm. A strong 

reduction in the crystallite size due to the deposition process, as is usual 
with the PAD and as has also occurred with titanium oxide, has therefore 
not taken place in the case of CCO-349.

The values for the microstrain are listed for CCO-349 over the 
different post-treatment temperatures in Table 5.

At 0.012, the microstrain is slightly lower than that of TiO2 in the as- 
deposited state. The microstrain shows the typical behavior of a PAD 
film during heat treatment. The as-deposited film has a microstrain of 
0.012, which decreases to 0.005 after 1 h at 800 ◦C due to the heat 
treatment. In the case of CCO, this relaxation of the microstrain leads to 
a significant increase in conductivity. [15,28] It is also worth 
mentioning that the microstrain of the powder (0.0046) is significantly 
higher than the microstrain of the TiO2 powder. It is also only slightly 
smaller than the microstrain of the samples treated at 800 ◦C.

The refined lattice parameters are listed in Table 6.
At this point, it should be pointed out that the lattice parameters a, b1 

and b2 barely change as a result of the heat treatment. This means that 

Fig. 11. Diffraction image of a 10 µm thick as-deposited TiO2 PAD film on a soda-lime glass substrate as measured (a) and integrated by a 2D diffraction image (b). In 
(b) the integrated signal is shown in black. In addition, the data calculated by Rietveld refinement (red), as well as the background (blue) and the difference between 
calculated and measured data (orange) are shown.

Fig. 12. Reflections of TiO2 obtained by the data shown in Fig. 11 with subtracted background. Black are the measured data, red the calculated data. The hkls of the 
reflexes are also shown.

Table 2 
Median of determined crystallite sizes and microstrains E0 with 10th and 90th 
percentiles of different heat treated TiO2 sample films.

Sample type
Crystallite sizes Lvol-IB / nm Microstrain E0

Median P10 P90 Median P10 P90

powder* 302 - - 0.0006 - -
as-deposited 19 16 23 0.0170 0.0163 0.0186
300 ◦C 14 13 16 0.0089 0.0081 0.0118
600 ◦C 14 13 16 0.0048 0.0034 0.0063

(*only one sample was characterized)
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there is hardly any compressive stress in the CCO-349 layer. This is a 
significant difference to TiO2, which has a very high intrinsic 
compressive stress of − 1.2 GPa.

Similar to Nakamura et al. [18] and Yoon et al. [16], as well as in our 
previous study [17], the SEM of CCO-349 already indicated a strong 
fiber texture. In the Debeye-Scherer-like setup, this is not as evident as in 
the diffractogram obtained in the Bragg-Brentano setup, in which only 
(0 0 l) reflexes are present. However, it was only possible to realize the 
complex texture reasonably satisfactorily by imaging with eighth-order 
spherical harmonics in the Rietveld refinement. Based on the previous 
investigations [17] and the SEM investigations, we continue to assume a 
fiber texture. However, the texture is too complex to draw reliable 
conclusions from the available data.

4. Discussion

4.1. Film morphology, intrinsic compressive stress, and annealing

With regard to the microstructure, there are significant differences 
between the films even in the as-deposited state. While the crystallite 
size of TiO2 is in the typical PAD range of 10 nm to 30 nm, the crystals of 

CCO-349 are larger than the 1 µm that can be resolved by the mea
surement setup.

The microstrain differs slightly for both materials in the as-deposited 
state, but it is relatively high for both materials, which is very typical for 
PAD. The TiO2 films show a PAD-typical high intrinsic compressive 
stress of − 1.2 GPa, while the CCO-349 films are almost stress-free after 
deposition. In addition to the barely pronounced texture of the film in 
TiO2, the strong fiber texture of CCO-349 is another significant differ
ence between the film properties of the two materials.

The films behave similarly during heat treatment. The microstrain 
decreases in both materials. In the case of TiO2, the intrinsic compressive 
stress also relaxes. In the case of CCO-349, this cannot relax as it is 
already absent in the as-deposited state.

The microstructure of CCO-349 films deposited by means of PAD, as 
elucidated in this study (compare Fig. 10), has some peculiarities that 
strongly indicate that the deposition process must be different from TiO2 
and other conventionally PAD-deposited films. This would be, for 
example, the strong fiber texture, the large crystallite size, and the low 
intrinsic compressive stress (compare Table 5).

This shows that crystallite size and intrinsic compressive film stress, 
as well as the microstrain, are film properties that are apparently 
material-specific and can be linked to the powder crystallite size and 
morphology.

4.2. Film deposition mechanism for polycrystalline particles without 
layered crystal structure

Based on the RTIC mechanism described by Akedo [7] and its 
extension by Linz et al. [11], we will now try to explain how these 
different film properties or morphologies can occur. Imagine a poly
crystalline particle hitting a surface at very high speed (Fig. 15 a)) as it is 

Table 3 
Median of the lattice parameters a and c with 10th and 90th percentiles of different heat-treated TiO2 films.

Sample type
a / Å c / Å

Median P10 P90 Median P10 P90

powder* 4.593(1) - - 2.958(5) - -
as-deposited 4.571(4) 4.567(1) 4.576(3) 2.941(4) 2.939(7) 2.944(3)
300 ◦C 4.595(0) 4.591(5) 4.599(0) 2.953(2) 2.951(1) 2.955(7)
600 ◦C 4.591(6) 4.588(6) 4.596(0) 2.955(8) 2.953(9) 2.958(5)

(*only one sample was characterized)

Table 4 
Lattice parameters of the as-deposited and heat-treated TiO2 films with calcu
lated strain and compressive stress.

Lattice 
parameter

as-deposited 
film in Å

Film annealed 
at 600 ◦C in Å

Calculated 
strain 
ε / %

Calculated 
intrinsic stress 

σ / GPa

a 4.57140 4.59163 -0.4405 -1.178
c 2.94144 2.95583 -0.4868 -1.301

Fig. 13. Diffraction image of a 50 µm thick as-deposited CCO-349 PAD film on a soda-lime glass substrate as measured (a) and integrated by a 2D diffraction image 
(b). In (b) the integrated signal is shown in black. In addition, the data calculated by Rietveld refinement (red), as well as the background (blue) and the difference 
between calculated and measured data (gray) are shown.
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the case during deposition of TiO2. On impact, the lower part of this 
particle will dig into the surface it hits (Fig. 15 b) and c)). It will expand 
the surface like a wedge, creating compressive stress. This compressive 
stress depends on the yield strength of the deposited material [15]. Due 
to the high energy input, plastic deformation will occur both in the 
impacted surface and in the lower part of the polycrystalline particle. 
The fact that plastic deformation can occur in such small ceramic par
ticles has been frequently demonstrated in the literature. [7,50]
Depending on the structure and defect density of the crystals on the 
surface of the substrate or on the already deposited film or particle, a 
more or less plastic deformation is possible. If plastic deformation is no 
longer possible, the crystals break. Likewise, so much plastic deforma
tion can occur that the long-range order of these crystals is disturbed to 
such an extent that instead of one, there are many different coherent 
diffracting domains. Fracture and deformation now create a form fit 
between the lower part of the particle and the surface on which it has 
impacted. Furthermore, the part that has dug into the surface is trapped 
by the film stress that it has generated itself.

There are contradictory observations in the literature as to whether 
this energy input leads to a partial amorphization of the material. While 
Yang et al. [46] identify amorphous areas in the material on their TEM 
images, Akedo [7] reports that no such areas occur. This may also 
depend on the deposited material. In any case, it is not possible to detect 
the presence or absence of amorphous regions with the X-ray diffraction 
setup used here. One reason for this is that these small areas would 
already diffract weakly due to their small proportion of the sample and 
this low intensity would then also be distributed over a very wide halo, 
which would still overlap with the glass substrate used.

In any case, there is a strong increase in the defect density, which can 

be assessed using the microstrain. This is a measure of the irregularity of 
the lattice parameters and increases with an increase in the defect 
density, as the stress fields around the defects cause a local distortion of 
the crystal lattice.

However, the extent to which the deposited crystals can be deformed 
at the direct contact surface depends not only on their structure, but also 
on the applied energy. This depends on the one hand on the mass of the 
impinging particle and on the other hand on its speed. It is important 
how much of this energy is ultimately introduced into the volume that 
participates in the deposition, i.e., on the few crystallites directly at the 
point of contact between the particle and the substrate surface [11]. The 
momentum of the entire impacting particle is conducted towards the 
substrate during the impact via the primary crystals of the particle and, 
above all, via the joints between them. The force is transmitted via 
pressure or thrust, depending on the position in the particle. The 
strength of the primary crystals, and above all their contact points, 
therefore determines how much force is transferred to the immediate 
impact volume.

During impact, the bonds between the primary crystals partially fail 
and the outer part of the particle is separated. The majority of the par
ticle that does not adhere to the surface or is strongly compacted is 
removed by the downstream carrier gas (Fig. 15 d)). Lee et al. [51]
suggest that at least some of these particles remain attached to the 
surface for some time. They would then be further compacted by sub
sequent particles and become part of the film (hammering effect [7]), or 
they are knocked away from the surface by a subsequent particle and 
removed by the carrier gas flow.

4.3. Film deposition mechanism for materials with layered crystal 
structure

The question now is how the large crystallites in CCO-349 can occur 
in the as-deposited state if the particles have to be broken up for depo
sition. In contrast to TiO2, CCO-349 consists of much bigger crystallites 
(compare Fig. 10), which can be considered as single crystals. So, there 
are no small primary crystals that are small enough to be plastically 
deformed [7] and that can penetrate a surface and the bond to the rest of 
the particle cannot break off so easily. Accordingly, the consequence 
would be that such particles would deposit less easily or not at all. A 
publication by Naoe et al. [52] has shown that. Polycrystalline particles 
deposit better than singlecrystalline particles. However, the comparison 

Fig. 14. The data shown in Fig. 13 with subtracted background. Black are the measured data, red the calculated data. We have refined from entering the hkls here, as 
this is not possible in a clear manner due to the large number of individual reflections that overlap to form larger reflections.

Table 5 
Microstrain in CCO-349 films for the different heat treatment temperatures.

Sample type Median P10 P90

powder* 0.00460 - -
RT 0.01202 0.01168 0.01293
300 ◦C 0.01096 0.01014 0.01200
600 ◦C 0.00708 0.00699 0.00722
800 ◦C** 0.00513 - -

(*only one sample was characterized)
(*There are only two values for this sample type, so the arithmetic mean is given 
instead of the median.)
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between TiO2 and CCO-349 has shown exactly the opposite here.
How can we now integrate these characteristics of CCO-349 into the 

model for the deposition mechanism? Firstly, the different particle 
morphology of the powders should be noted. The CCO-349 powder 
consists of relatively large particles with big primary crystals (see Fig. 6). 
For aluminum oxide, it could be shown that large, monocrystalline 
particles are usually rather unsuitable for deposition [52]. However, this 
does not seem to apply to CCO-349. Although the particles are not 
completely monocrystalline, they consist of very few individual crystals. 
A different particle morphology naturally leads to a different introduc
tion of force into the contact area between the particle and the substrate 
surface. The influence of the bond between the primary crystals is almost 
completely eliminated in such a powder. It should also be mentioned 
that a titanium oxide with a similarly large particle size distribution 
would probably not deposit at all.

The second and very significant difference between CCO-349 and 
conventional materials for the aerosol deposition lies in their crystal 
structure. Commonly used materials have a high or very high symmetry. 
Typical representatives here would be cubic MgO [15] with the space 
group P42/mnm or cubic LLZO [53] with the space group Ia-3d with 
very high symmetry. Systems with high symmetry would be tetragonal 
systems, such as titanium oxide [15] or barium titanate [40,43] or 
trigonal systems such as α-aluminum oxide [29,44,45]. A high degree of 
symmetry in the crystal generally also increases the number of available 
mechanical slip systems, which is a precondition for plastic deformation, 
that happens during deposition, as shown in [7]. In CCO-349, however, 
the number of slip systems is greatly reduced by the incommensurable 
crystal structure. This is because the misfit imposes the condition that 
the slip plane must not intersect the plane of the misfit, or in other 

words, the nominal vector of the slip plane must be perpendicular to the 
vectors b1 and b2.

This means, that only the plane (0 0 1) is available in CCO-349. All 
dislocations in other slip planes would require a Burgers vector for a 
dislocation that is at least as long as the lattice parameter c with a length 
of 10.85 Å. This would be extremely unfavorable from an energy 
perspective.

In the slip plane (0 0 1), there are various slip systems that can be 
divided into two groups. One group is formed by slip systems that are 
subject to typical Schmid deformation. For the hexagonal CoO2 system, 
for example, this would be {0 0 1} < 1 1 0 > or for the cubic Ca2CoO3 
system it is {0 0 1} < 2 1 0 > . The subsystems are shifted by a defined 
proportion of the unit cell so that the cell looks like it did before the 
deformation.

The second group forms the system (0 0 1) < 0 1 0 > for both sub
systems. This represents a shift in the direction of the misfit. This system 
will undoubtedly be the preferred system in the crystal, as no position of 
the subsystems to each other is defined due to the misfit and they can 
simply slide away from each other.

An example of the crystal deforming by sliding across this plane or 
even splitting preferentially there was found when the particles were 
examined by SEM. One particle has been partially compressed. This is 
shown in Fig. 7. The deformation of the crystal can be seen by sliding on 
the planes.

Let’s now take a single CCO-349 particle consisting of few big single 
crystals. Due to its habitus, CCO forms particles that have the shape of 
more or less thick disks (see Fig. 6). If such a particle hits a substrate 
surface, it can adapt relatively well to the geometry of the substrate 
surface by plastic deformation, in which the layers of the subsystems 

Table 6 
Lattice parameters of the CCO-349 in the PAD film in the as-deposited state and after heat treatment.

Lattice parameter Sample type Median P10 P90 Muguerra et al. [39]

a / Å

powder* 4.831(7) - -

4.8395
as-deposited 4.831(2) 4.83023 4.83230

300 ◦C 4.830(1) 4.82898 4.83190
600 ◦C 4.833(0) 4.83196 4.83399
800 ◦C* 4.831(3) - -

b1 / Å

powder* 2.822(2) - -

2.8019
as-deposited 2.820(8) 2.82052 2.82117

300 ◦C 2.819(6) 2.81902 2.81997
600 ◦C 2.820(2) 2.81979 2.82061
800 ◦C* 2.820(8) - -

b2 / Å

powder* 4.569(8) - -

4.5531
as-deposited 4.562(6) 4.56080 4.56471

300 ◦C 4.567(0) 4.56531 4.56928
600 ◦C 4.556(9) 4.55604 4.55785

800 ◦C** 4.562(8) - -

c1 / Å

powder* 10.84(4) - -

10.8583
as-deposited 10.84(4) 10.84352 10.84359

300 ◦C 10.84(3) 10.84328 10.84332
600 ◦C 10.84(4) 10.84377 10.84392

800 ◦C** 10.84(4) - -

c2 / Å

powder* 10.84(4) - -

10.8583
as-deposited 10.84(4) 10.84346 10.84362

300 ◦C 10.84(3) 10.84310 10.84319
600 ◦C 10.84(3) 10.84355 10.84366

800 ◦C** 10.84(3) - -

β1 / ◦

powder* 98.14(1) - -

98.124
as-deposited 98.14(1) 98.14107 98.14108

300 ◦C 98.14(1) 98.14107 98.14107
600 ◦C 98.14(1) 98.14106 98.14107

800 ◦C** 98.14(1) - -

β2 / ◦

powder* 98.14(1) - -

98.124
as-deposited 98.14(1) 98.14107 98.14108

300 ◦C 98.14(1) 98.14108 98.14109
600 ◦C 98.14(1) 98.14108 98.14109

800 ◦C** 98.14(1) - -

(*only one sample was characterized)
(**There are only two values for this sample type, so the arithmetic mean is given instead of the median)
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slide away from each other. This can be imagined as a stack of paper that 
falls to the floor or is placed on an uneven surface. By sliding the paper 
sheets, this stack will adapt to the surface. This mechanism is shown as 
an example in Fig. 16 a) - d).

Even if this stack is not parallel to the surface, but the sheets are tilted 
at a certain angle to the surface, this mechanism will result in the sheets 
of the stack lying largely flat on the floor, provided the angle is not too 

steep. This could explain the formation of the microstructure as shown 
in the SEM images in Fig. 10

Since CCO-349 particles synthesized by the method presented here 
consist of several big crystals, it is also possible that only a smaller 
crystal matching the deformation mechanism occurs. This case is shown 
in Fig. 17. In this case, only the small part that can adapt to the surface 
via the deformation mechanism presented above would be deposited. 

Fig. 15. Scheme of the deposition mechanism for materials without layered crystal structure. A particle moves towards the substrate at high speed a). On contact 
with the substrate surface, the force generated by the change in momentum of the particle is transferred to the primary crystal in contact with the substrate surface b). 
This leads to plastic deformation of this crystal and to break-up. It is also pressed into the substrate surface by the forces acting on it c). At the same time, the bonds to 
the other primary crystals break. The particle is carried away by the gas flow and the deposited crystallite is hammered by subsequent particles and further deformed 
or compacted d) (hammering effect [7]).

Fig. 16. A CCO-349 particle moves towards the substrate, accelerated by the carrier gas a). When it hits the substrate, it can adapt to the surface of the substrate by 
deformation b) and c). The deformation occurs by sliding along the basal plane. Parts that are unfavorably oriented and cannot deform in this way break out c). 
Compaction takes place via further, subsequent particles d).
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The rest of the particle would break off and be carried away by the 
carrier gas flow.

This model is supported by the fact that it can explain the large 
crystallite size in the deposited film, as it enables a sufficiently large 
plastic deformation and actual breaking of the particles is no longer 
necessary. This model would also explain the strong fiber texture that 
occurs, which is rather unusual for PAD. If one now also considers that 
this other deposition mechanism should generate a lower intrinsic 
compressive stress due to a higher adaptation of the impinging particle 
to the substrate surface, because it naturally digs less deeply into the 
material, this observation also fits into the picture.

From this point of view, it is also interesting that some parallels can 
be observed if one refers to a publication on another material that also 
has a layered structure. A representative of this would be Ti3SiC2, which 
was deposited and investigated by Henon et al. [54]. In contrast to 
CCO-349, however, this material has no misfit in its layers, i.e., it con
sists of a commensurate structure of space group P63/mmc. In other 
words, a hexagonal crystal structure in which layers of TiC and weaker 
bonded Si alternate. Here, too, one might expect a sliding of the basal 
plane (or of dislocations in the basal plane) rather than in other slip 
planes of this structure. TEM images in the paper by Henon et al. clearly 
show a strong fiber texture as present in CCO-349 in this paper. How
ever, the film of Henon et al. had a much smaller crystallite size. 
Nevertheless, we see parallels here that strongly indicate that a 
layer-like structure of a crystal structure has an immense influence on 
what happens in detail during deposition.

According to the mechanism just presented, however, only a defor
mation or sliding of the layers in one direction, namely in the (0 k 0) 
direction, i.e., the direction of the misfit, would be particularly favored. 
This would also be possible in all other directions, but only through 
Schmid deformation. Bending around the a-axis would therefore be 
preferred.

The results of Suzuki et al. [55], who investigated the texture of 
commensurate layered bismuth titanate, are also extremely interesting 
at this point. They observed a strong texture in thin films, which de
creases with increasing film thickness, i.e., consequently with increasing 
distance from the substrate. The strength of the texture in thin films 
depends on the synthesis route used to produce the powder and there
fore also on the particle geometry and crystallite form.

Barely textured films of materials with a commensurate layered 
crystal structure are also obtained with Bi2Te3[56], with a relatively 
high deposition rate. Whether this texture changes over the film thick
ness as with Suzuki cannot be determined from the data, as the pene
tration depth of Cu-Kα1 radiation is not particularly high in strong 
scattering materials like Bi2Te3.

However, no decrease in texture with increasing film thickness can 
be detected in the films investigated in this work. Even with XRD in 
reflection geometry, the areas near the surface of thick films are highly 
textured. [17] This leads to the assumption that the constant texture 
only occurs in materials with an incommensurate layered crystal 
structure.

4.4. Surface condition effect on film formation

It makes a difference whether the particles hit an uncoated substrate 
or an already deposited film. The surface condition determines the 
ability of the particles to allow some of their primary crystals to pene
trate the surface due to the force acting during the impact. This is much 
easier with an already existing, nanocrystalline and therefore ductile 
film than with an uncoated substrate. With uncoated substrates, the 
hardness and surface properties, i.e., the roughness and microstructure 
of the surface, play a role. A particle can penetrate a hard surface much 
less easily and leave some of its primary crystals firmly anchored there 
than on a soft surface. This leads to a lower film formation rate and 
presumably also to a changed film morphology, which in turn influences 
the deposition of a further layer. This is the reason why Schubert et al. 
[57] found an influence of the substrate hardness and roughness on the 
film formation.

The roughness of the surface also plays a role, as the angle at which 
the particles hit the surface naturally makes a difference to the forces 
acting and transmitted during impact. A recent publication by Yang 
et al. [46] investigated the microstructure of an Al2O3 PAD film on a 
structured Si substrate. The results fit well with the theory presented 
here. Looking only at the microstructure obtained by Yang et al. on the 
peaks of the Si pillars, one comes close to the structure that takes place 
during deposition on a smooth substrate.

Yang et al. found a 20 nm to 30 nm wide interface of amorphous Si 
between the substrate and the PAD film. The amorphization must have 
taken place at the beginning of the filmformation due to a high energy 
input until a layer was formed. Above this, crystallites in the size range 
10–30 nm are found, which are randomly oriented. Similar to the TiO2 
in this study, Yang et al. [46] show the intrinsic compressive film stress, 
which has deformed the actually round halos that are formed when 
electrons are diffracted by amorphous material into ovals. The intrinsic 
stress reduces the atomic spacing in the in-plane direction. This in
fluences the scattering.

With thick films of CCO-349 on smooth glass, we also found that the 
films detached from the barely changed substrate. Roughening and 
penetration of the particles into the substrate surface does not occur 
when this material is deposited.

To summarize, for materials that resemble TiO2, the size of the pri
mary crystals and the bonding of the primary crystals influence the 
deposition in addition to the particle size. The way in which the starting 
material was produced is therefore essential here, as it essentially de
fines the particle morphology. The specific material is also crucial, as 
this determines how the primary crystals can deform or break. If we are 
very far away from the deformation behavior of rutile crystals, this may 
result in a different deposition mechanism, as it is the case with CCO- 
349.

5. Summary

In this work a comprehensive characterization of the powder and 

Fig. 17. A CCO-349 particle hits (a) with a different orientation. Only a small part can deform well, the test breaks off and is carried away by the carrier gas flow.
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microstructure of powder aerosol deposited films of TiO2 and CCO-349 
by SEM at fracture surfaces and hard x-ray diffractometry with syn
chrotron radiation and sequential Rietveld refinement has been per
formed. The titanium oxide films were used to validate many previously 
obtained results [15] using high-quality data. Based on the RTIC model 
from Akedo [7] and its extension by Linz et al. [11] from the literature, a 
model for a deposition mechanism for TiO2 material has been presented. 
The deposition behavior and film properties, such as residual strains, 
morphology including crystal size, and texture, were correlated to the 
morphology of the starting powder to be deposited.

Investigations of films made from misfit-layered incommensurate 
CCO-349 showed that this material has a different microstructure. Due 
to this significantly different microstructure, it was concluded that the 
formation of a different microstructure must be based on a different 
deposition mechanism. The ability for plastic deformation of powder 
particle and surface were considered as being crucial for film deposition.

Polycrystalline titanium oxide powder particles consisting of several 
grains per particle form films by deformation and breaking of some 
primary crystals of the powder particle.

A certain amount of plastic deformation is necessary to create a form- 
fitting connection to the adjacent material. Ceramic materials such as 
titanium oxide can also achieve this, but only to a certain extent; the 
remaining geometric adjustment of the material can only be achieved by 
breaking.

CCO-349 has a better possibility to deform as a single crystal due to 
its misfit-layered structure. Due to its crystal structure, CCO-349 can be 
deformed more easily than conventional technical ceramics. The 
deformation occurs when the layers in the crystal slide in the direction of 
the misfit. This can be imagined as bending a stack of paper. As a result, 
it is no longer necessary to break the crystals, and a larger crystallite size 
remains in the film. Therefore, PAD films of CCO-349 have a different 
microstructure with larger crystallites and a strong fiber texture.
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