
Journal of the European Ceramic Society 44 (2024) 116717

Available online 2 July 2024
0955-2219/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Powder aerosol deposited calcium cobaltite as textured P-type 
thermoelectric material with power factors approaching single 
crystal values 

Daniel Paulus a,*, Sophie Bresch b, Ralf Moos a, Daniela Schönauer-Kamin a 

a Department of Functional Materials, University of Bayreuth, Bayreuth 95440, Germany 
b Advanced Multimaterial Processing, Bundesanstalt für Materialforschung und –prüfung, Berlin, Germany   

A R T I C L E  I N F O   

Keywords: 
Powder aerosol deposition 
Thermoelectric oxide 
Calcium cobaltite 
High power factor 
Aerosol deposition method (ADM) 

A B S T R A C T   

In this work, the thermoelectric material calcium cobaltite Ca3Co4O9 (CCO), a promising p-type conducting 
thermoelectric oxide with anisotropic properties, was processed by the powder aerosol deposition method (PAD) 
to form a dense ceramic CCO film with a thickness in the µm range. The prepared films were characterized 
regarding their microstructure and thermoelectric properties between room temperature and 900 ◦C. After heat 
treatment at 900 ◦C, the CCO PAD film in-plane shows excellent properties in terms of electrical conductivity 
(280 S/cm at 900 ◦C) and Seebeck coefficient (220 µV/K at 900 ◦C). The calculated power factor in-plane (ab) 
reaches with 1125 µW/(m K2) 40 % of the single crystal value, surpassing the known-properties of CCO bulk 
ceramics. Examination of the microstructure shows a strong fiber texture of the film as well as a strong coars-
ening of the grains during the first heat treatment up to 900 ◦C.   

1. Introduction 

Thermoelectric generators convert a temperature difference directly 
into electricity by utilizing the Seebeck effect. Typically, a thermoelec-
tric generator consists of thermocouples connected electrically in series 
and thermally in parallel [1,2]. In most cases, each thermocouple is 
made of a p-type material with a positive Seebeck coefficient and an 
n-type material with a negative Seebeck coefficient [1,3]. The Seebeck 
coefficient S describes the induced voltage per Kelvin in the material. 
For a high electrical power output of the generator, thermoelectric 
materials should have high absolute Seebeck coefficients as well as a 
high electrical conductivity σ. This is summarized in the power factor PF 
= S2 • σ. A measure for the efficiency of thermoelectric generators is the 
figure of merit ZT = (PF • T) / κ, with the thermal conductivity κ of the 
thermoelectric material and with absolute temperature T [4,5]. Since 
the efficiency of thermoelectric generators is significantly lower than 
that of competing energy conversion processes, their use in the field of 
heat recovery is limited [6,7]. Thermoelectric generators, instead, have 
a high potential in the field of energy harvesting where a 
quasi-unlimited source of waste heat can be exploited to provide elec-
trical power in the range of µW to mW, for e.g., self-powered sensor 
systems. Thermoelectric materials for energy harvesting should 

therefore be optimized primarily for high power factors (and only 
secondarily for low thermal conductivity) [8]. 

Around room temperature, doped bismuth telluride is used 
commercially with PF = 6 mW/mK2 [9]. However, bismuth telluride is 
only stable up to 250 ◦C in air [10]. For high-temperature applications in 
the range of up to 800 ◦C, thermoelectric oxides form a promising class 
of materials [11,12]. They are stable at high-temperatures, oxidation 
resistant, and less toxic than non-oxide materials. The most promising 
p-type oxide material is calcium cobaltite Ca3Co4O9 (CCO or Co349). It 
has a misfit-layered crystal structure [13] consisting of two sublattices: 
Ca2CoO3 of the triple rock salt type and the hexagonal CoO2. Lattice 
misfits occur between the two sublattices. Due to the layered crystal 
structure, the physical and thermoelectric properties of the single crystal 
are strongly anisotropic. The electrical conductivity of Ca3Co4O9 single 
crystal whiskers is about 500–1000 times higher in the ab-direction 
(parallel to the layers) than in the c-direction (normal to the layers). The 
power factor PFab of single crystals reaches up to 3 mW/mK2 at 600 ◦C 
[10,14]. For polycrystalline highly textured specimens (hot-pressed 
with 10 MPa [15]), the Seebeck coefficient in the ab-direction is 1.06 
times higher than in the c-direction, and the thermal conductivity in the 
ab-direction is two times higher than in the c-direction. Due to the 
increased grain growth in the ab-direction, undoped calcium cobaltite 
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has a platelet- to lenticular-shaped particle morphology [10]. 
Ca3Co4O9 decomposes at 926 ◦C into Ca3Co2O6 and CoO [16], 

limiting its sintering temperature to below 926 ◦C. Conventionally sin-
tered Ca3Co4O9 has a high porosity (40 %) and only a low degree of 
texture (multiple of random distribution MRD = 3.5) [17]. This leads to 
an inferior power factor PFab in the range of 75 µW/mK2 [17,18], which 
is only 2 % of the single crystal. To increase the thermoelectric perfor-
mance (especially the power factor) of polycrystalline Ca3Co4O9, an 
increase of the sinter density and/or a texture is desirable. The textured 
polycrystalline material should later be used in ab-direction. 
Tape-casting combined with pressure assisted sintering (PAS) increases 
the texture (MRD = 9.3) [19], leading to PFab = 120 µW/mK2 [20]. Hot 
pressing with 30 MPa increases both sinter density (96 %) and the 
texture (MRD = 22). The samples exhibited PFab = 600 µW/mK2, which 
is already 20 % of the single crystal value [17]. Power factor, sinter 
density, and degree of texture increase with increasing pressure level 
during hot pressing [17,19]. 

These results show that for optimized thermoelectric properties of 
CCO, a high density of the material with low porosity is necessary, 
combined with a high degree of texturing in the preferred ab-direction. 

To manufacture dense ceramic films or materials, the use of the 
powder aerosol deposition method (PAD) has been increasingly inves-
tigated in recent years. PAD is a method to obtain dense ceramic films in 
the thickness range of 0.5 μm to 100 μm directly at room temperature 
from the synthesized starting powders without any subsequent high- 
temperature step. In literature, especially in the early and funda-
mental studies, it is often referred to as aerosol deposition method 
(ADM) [21,22]. Its applicability has been shown for various materials 
and thermoelectric materials, too [23–28]. The ceramic powder parti-
cles of appropriate size are accelerated in the PAD process. The impact of 
the particles with suitable kinetic energy on the substrate leads to the 
formation of dense ceramic films at room temperature. The resulting 
films are typically characterized by a high density with small grains and 
(almost) no pores. A nanocrystalline microstructure is obtained [21]. 
Due to the room temperature impact consolidation (RTIC) mechanism 
and the densification of the films by the hammering effect, the crystal 
lattice of the nanometer-sized particles is deformed [22,26]. This results 
in a microstrain in the crystal lattice, which goes along with a reduced 
charge carrier mobility. A subsequent moderate thermal annealing can 
relax the microstrain in the crystal lattice. A reduction of the microstrain 
in the PAD film follows and increases the charge carrier mobility and 
improves therefore the electrical properties, e.g., it increases the elec-
trical conductivity of the film [29–33]. The nanostructured morphology 
can also affect the thermal lattice conductivity by hindering the phonon 
migration [24]. A decrease in the thermal conductivity follows, that can 
be beneficial for a higher ZT value of thermoelectric materials. Addi-
tionally, PAD films are very flexible and therefore the preparation of 
planar flexible TEGs is possible, as has already been shown for Bi2Te3 
PAD films [28]. The known properties of films produced by the PAD 
process could therefore have a positive effect on the thermoelectric 
properties of CCO. A first successful application of the PAD process for 
CCO was presented by Yoon et al. [34] and Nakamura et al. [35]. Both 
studies showed a fiber texture of the aerosol deposited films with com-
parable values of the Seebeck coefficient and electrical conductivity. 
Additionally, effects of sintering the PAD films at high temperatures on 
the thermoelectric properties are discussed and thermoelectric proper-
ties comparable to bulk materials have been reached after thermal 
annealing at 900 ◦C. 

Since multi-layered thick-film type thermoelectric generators and 
transversal thermoelectric generators are still of interest for energy 
harvesting [36–43], our work focuses on the enhancement of the ther-
moelectric properties of textured CCO films prepared by powder aerosol 
deposition. Additionally, the question if a powder with a 2D-symmetric 
crystal structure can be used to produce dense and textured PAD films, 
also without thermal annealing, will be answered. At the end, it will be 
shown that these PAD CCO films reach the highest PF for polycrystalline 

CCO materials (only single crystals exhibit higher values). 

2. Materials and methods 

For this study, as-synthesized calcium cobaltite powder was used, 
and thick films were processed by the powder aerosol deposition method 
(PAD). The calcium cobaltite Ca3Co4O9 (CCO) powder was synthesized 
as described in [44] by a mixed-oxide route. Stoichiometric amounts of 
CaCO3 (99 %, low-alkali, Riedel-de Haën, Seelze, Germany) and Co3O4 
(99.97 %, ChemPUR, Karlsruhe, Germany) were mixed by attrition 
milling (moliNEx, Netzsch) with ZrO2 grinding media for 45 min (d50 =

1.5 μm). After calcination for 12 h at 900 ◦C in air, the calcined CCO 
powder was crushed in a planetary ball mill (using grinding jars and 
grinding media) for 20 min and finally attrition milled for 15 min. 

In the next step, CCO films on alumina substrates were prepared by 
powder aerosol deposition. Therefore, the CCO powders were sieved and 
dried at 200 ◦C in a drying oven. Some grams of the powders were filled 
in a fluidized bed aerosol generation chamber, which is located on a 
vibrating table (For details about the device please check SI). By a 
continuous carrier gas flow, here oxygen, through the aerosol generation 
chamber, the CCO particles are fluidized. By a pressure gradient 
generated by the vacuum pump between the aerosol and the deposition 
chamber, the particles are accelerated through a convergent 
10 mm×0.5 mm slit nozzle. The particles collide with a high velocity 
(typically above 150 m/s [45]) with the substrate and due to the room 
temperature impact consolidation (RTIC) mechanism [22,46], a ceramic 
film forms at room temperature. In case of CCO, a film thickness be-
tween 10 µm and 20 µm was achieved. The film thicknesses were 
measured by a profilometer (waveline 20, Jenoptik AG, Jena, Germany). 
The morphology, texture, and crystalline phase composition of the CCO 
films were investigated by scanning electron microscopy (SEM, Zeiss Leo 
1530, Oberkochen, Germany) and X-ray diffraction analysis (XRD, 
Bruker D8 Advance, Billerica, MA, USA). 

To evaluate the thermoelectric properties of CCO films, the Seebeck 
coefficient S and the electrical conductivity σ, were determined. 
Therefore, the CCO films were deposited on alumina substrates equip-
ped with defined electrode structures (see Fig. 1) and heated in a gas- 
purgeable furnace from room temperature up to 900 ◦C. 

Here, a constant gas flow of dry synthetic air (20 % O2 in N2) was 
used. A more detailed explanation of the used transducer for simulta-
neous Seebeck coefficient and resistance measurement can be found in 
[47,48]. The four-wire resistance R4w was measured by four probe 
technique with offset compensation (digital multimeter Keithley 2700). 
The electrical conductivity was calculated according to Eq. (1), wherein 
s is the spacing between the inner Pt electrodes, R4w is the measured 
resistance, b the width of the sample, and d the thickness of the CCO 
film. 

σCCO =
1

R4w
•

s
b • d

(1)  

Fig. 1. Seebeck transducer for simultaneous in-plane (ab) - Seebeck coefficient 
determination and 4-wire electrical resistance measurement [47]. Reproduced 
under terms of the CC-BY license. Copyright 2016 by the authors, published by 
MDPI, Basel, Switzerland. 

D. Paulus et al.                                                                                                                                                                                                                                  



Journal of the European Ceramic Society 44 (2024) 116717

3

SCCO = SPt −
Umeas

ΔT
(2) 

To evaluate the Seebeck coefficient S, the modulation heater in front 
of the transducer was used to generate an alternating temperature 
gradient over the transducer and, respectively, over the film. The tem-
perature difference ΔT that occurs over the film (between the thermo-
couples TC1 and TC2) was determined and the thermovoltage Umeas of 
the CCO film was measured between the Pt contacts of TC1 and TC2. The 
Seebeck coefficient of the CCO film versus Pt can be determined from 
Umeas by Eq. (2). Umeas/ΔT is evaluated by a regression analysis at each 
measuring temperature and has to be corrected by the known temper-
ature dependent Seebeck coefficient of platinum SPt. The measured 
values required for conductivity and Seebeck were recorded five to 
seven times in succession for each temperature. From them, the Seebeck 
coefficient and the conductivity were determined independently of each 
other. Further details of the evaluation of S can be found in [47,49]. The 
power factor PF of the CCO films was calculated in dependence on the 
measuring temperature. To investigate the temperature dependence, the 
temperature was varied from room temperature to 900 ◦C in 100 ◦C steps 
and the parameters during cooling were also measured. The temperature 
profile was run twice to characterize the effects of thermal annealing 
known for PAD films [24,31]. 

During the measurement, the minimum temperature of the sample 
was at the specified temperature T and the maximum temperature of the 
sample was at T + ΔT. For all measurements, ΔT was in the range of 
1–2 K. This means that a part of the sample was warmer than specified, 
but with an error of 1–2 K this deviation is only very small. 

3. Results and discussion 

The calcined and milled CCO powder has a particle size of d50 = 3.5 
μm. The particle size distribution is shown in Fig. 2a. The as-synthesized 
CCO powder (Fig. 1b) has a flake-like morphology. The particles show a 
high aspect ratio (length to height) of about 10, which can be explained 
by the anisotropic, misfit-layered crystal structure of CCO and the 
resulting preferred growth directions. In addition, the particles appear 
frayed, which makes the individual crystal layers of the misfit-layered 
CCO structure recognizable [10,19,44]. It can be stated that the start-
ing CCO powder for the preparation of thick films by PAD has a texturing 
with platelet-shaped particles. XRD patterns of the calcined powder can 
be found in [19]. 

The crystal structure of the CCO powders and the as-deposited CCO 
films have been investigated by XRD. Fig. 3 shows the XRD patterns of 
the CCO reference (a), the calcined CCO powders (b), and of a non- 
annealed (c) and a thermally annealed (d) CCO PAD film [13]. The 
comparison between the reference and the CCO powder proves the 
phase purity [19,44]. No secondary phases or impurities are observed 
for the powder aerosol deposited CCO film and the positions of the re-
flexes coincide well. 

A phase-pure CCO film was formed by PAD of the platelet-like sha-
ped CCO powder. Two effects are visible comparing the XRD patterns of 

the as-deposited CCO film and the CCO powder. On the one hand, the 
reflections get broader, which is an indication of either a reduced 
crystallite size of the films or an introduced microstrain owing to the 
deposition mechanism or both of these. On the other hand, the XRD- 
patterns of the as-deposited film shows only (0 0 l) reflections, all 
other reflections are almost undetectable. This indicates a strong 
texturing of the PAD CCO film. In accordance to [34,35], the films 
provide a preferential orientation normal to the substrate plane with a 
predominant orientation of the grains. The results are also comparable 
with XRD investigations of pressure-assisted sintered (PAS) CCO 
tape-casted laminates with a pressure of 7.5 MPa and sintered at 900 ◦C 
[19]. Thermal annealing of the PAD CCO films at 700 ◦C preserves the 
texturing, but the width of the reflection decreases. This can be attrib-
uted to two effects, the relaxation of the microstrain as well as changes 
in the microstructure like growth of the crystallites [31,34,35]. The XRD 
results indicate a textured microstructure of the “as-prepared”, 
non-annealed and the “thermal annealed” CCO films with a preferred (0 
0 l) orientation. In contrast to [34,35], the as-deposited films also show 
sharp reflections with a high intensity indicating a comparably high 
crystallite size and low microstrain. In [34], the aerosol deposited CCO 
film showed (0 0 l) texture, too. The pole figures in [34] illustrate that 
the CCO film has a high degree of c-axis orientation. The analysis of the 
texture by pole figures of the PAD CCO films deposited here to prove the 
texture is planned for further investigations. 

Fig. 2. CCO powder properties: (a) particle size distribution and (b) SEM image of the morphology of as-synthesized CCO powders.  

Fig. 3. XRD patterns of different CCO samples: Compared are the reflexes of the 
reference card (pdf: 00-062-0692) (a) with the synthesized CCO powder (b), a 
“fresh, non-annealed” PAD film (c) and a thermally at 700◦C annealed PAD 
film (d). 
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Fig. 4 shows SEM fracture images of the PAD CCO films deposited on 
alumina substrates. In Fig. 4a, the microstructure of the non-annealed 
films and a non-typical PAD fracture pattern can be seen. A typical 
PAD film fracture surface exhibits a fine and grainy structure, uniform 
particles with very small grains size, and a dense structure [22,23]. The 
CCO fracture images do not show any distinct fine and grainy stricter 
indicating nanocrystallinity. Instead, some big crystallites and smaller 
crystallites can be seen, forming a dense CCO film with no cracks or 
surface delamination. The films in the thickness range reported in this 
paper adhere very well, pass the tape test and cannot be scratched off 
with a scalpel. No delamination is visible in the SEM fracture pattern. 
Gaps, such as at the interface in Fig. 4a), occur due to pull-out of larger 
crystals, but are no indication of delamination in this material. Regions 
where particles appear more deformed rather than fractured and flat-
tened by collision are visible. The flake-like or platelet-like particles are 
still present. Additionally, regions with fractured particles with smaller 
sizes are observed. A similar microstructure of an as-deposited CCO film 
was shown in [34]. According to Furuya et al. [50], two mechanisms for 
PAD film formation are possible. In the fragmentation mode, the parti-
cles fracture and the resulting film microstructure is dominated by 
fragmented particles with significantly smaller grain sizes than the 
particle sizes of the powder. Additionally, plastic deformation of the 
particles can contribute to the formation. The PAD CCO film in Fig. 4a 
suggests that, both effects contribute to the film formation process. In 
addition, the orientation and texturing of the film can be seen. As sug-
gested in [50], a plastic deformation of the particles taking place during 
the deposition could be a hint for film texturing. Additionally, Naka-
mura et al. discuss that platelet-shaped CCO powder particles prefer-
entially rebreak into a flat and plate-like shape by the PAD deposition 
mechanism due to the anisotropic layer structure of the CCO crystal. 
These newly-formed plate-like shaped particles are preferably piled up 
as a layered structure [35]. Especially for CCO, a misfit-layered material 
in the form of a flake-like powder is used for the deposition process and 
the resulting as-deposited films provide preferred orientation of the CCO 
grains. 

The thermally annealed CCO films (3 h at 900 ◦C) appear in a stacked 
lamellar structure with platelet-shaped CCO particles, clearly visible in 
Fig. 4b. The film consists of grains oriented with their c-axis orthogonal 
to the substrate surface. Compared to the as-deposited films, the grains 
have grown along the ab-direction parallel to the substrate surface. A 
textured microstructure and the individual crystal layers of the CCO 
structure are visible. The morphology of the films after the thermal 
treatment shows strongly aligned crystallites resulting in a strong 
texture of the films. Due to the thermal annealing at 900 ◦C, different 
processes occur. Grain growth of the CCO grains takes place and the 
crystallization is enhanced. In addition, structural defects are minimized 
and the microstrain is getting relaxed. Which of the processes dominates 
at which temperature has not been clarified yet. These processes led to 
the morphological changes visible in Fig. 4b and affect the thermo-
electric properties of the CCO film. The influence of the PAD CCO film 
morphology and the morphological changes during thermal annealing 
on the thermoelectric properties in ab-direction (in-plane of the film) 
will be described and discussed in the following part. 

The behavior of the Seebeck coefficient S, investigated in ab-direc-
tion of the CCO PAD film, is plotted in Fig. 5 in dependence on the 
measuring temperature in dry synthetic air. First, it should be mentioned 
that the first value of the Seebeck coefficient was measured at room 
temperature with a fresh, as-deposited PAD CCO film without any 
thermal treatment. Additionally, in Fig. 5, the Seebeck coefficients of 
tape-casted and pressure-assisted sintered (PAS) CCO laminates from the 
same powder as bulk materials with different porosities (50 %, 25 %, 
and 6 %) are shown for comparison (data from [19]). As a first result, 
the Seebeck coefficient of the CCO PAD film during the first heating 
cycle (CCO PAD 1st) from room temperature to 900 ◦C is very close to 
that of the PAS CCO laminates [19]. S is around 100 µV/K at room 
temperatures and reaches values around 170 µV/K at 900 ◦C. The 
behavior of the CCO PAD film is similar to the sintered laminates and 
shows the same temperature dependence. The Seebeck coefficient rea-
ches the values measured of Co349 single crystals [13] and shows 
comparable values to [34,35]. 

After 900 ◦C, the sample was cooled down to room temperature and 
the 2nd heating cycle (CCO PAD 2nd) started. Comparing the S value at 
room temperature before and after thermal treatment at 900 ◦C, no huge 
differences can be found. S at room temperature is still between 90 and 
120 µV/K. This means, the value of the Seebeck coefficient is neither 
affected by the thermal treatment nor by the previously discussed 
morphological changes of the CCO PAD film. This behavior was ex-
pected, since the Seebeck coefficient is almost independent on geometry, 
porosity, and morphological changes [51–53]. The second heating cycle 
up to 800 ◦C provides comparable Seebeck coefficients. However, at 900 
◦C and during the 2nd cooling cycle, significantly higher Seebeck co-
efficients (up to 225 µV/K) could be measured. This strong increase in 

Fig. 4. SEM fracture images: (a) as-prepared CCO PAD-film on an alumina substrate (non-annealed); (b) CCO PAD film after 900 ◦C thermal annealing.  

Fig. 5. In-plane (ab) Seebeck coefficient S of a CCO PAD film in dependence on 
temperature for two heating and cooling cycles (1st and 2nd). All indepen-
dently determined data points are entered for each temperature. Some of these 
are also superimposed. For all data points, however, the scatter is below the 
10 % frequently mentioned for determining the Seebeck coefficient. For com-
parison, S of tape-casted and pressure assisted sintered CCO laminates from the 
same powder (CCO laminate) with different porosities (50 %, 25 % and 6 %, 
depending on the pressure during sintering, the porosity was determined by 
Archimedes method) are shown [19]. 

D. Paulus et al.                                                                                                                                                                                                                                  



Journal of the European Ceramic Society 44 (2024) 116717

5

Seebeck coefficient cannot be explained, yet. In [54,55], it is discussed 
that the oxygen partial pressure at elevated temperatures and during 
annealing at high temperatures has an influence on the oxygen vacancy 
concentration. As a consequence, the charge carrier density may have 
changed. This would affect the Seebeck coefficient and also the electrical 
conductivity. Further investigations on the influence of, e.g., doping of 
the CCO film by diffusion processes, the oxygen concentration and the 
thermal post-treatment time are necessary. 

The second relevant physical property for thermoelectric materials is 
the electrical conductivity σ of the CCO film in ab-direction (Fig. 6). To 
classify the results of the PAD CCO film, the electrical conductivities 
determined on PAS CCO laminates of different porosity (depending on 
the pressure during sintering) are added data from [19]. The electrical 
conductivity of the PAS CCO laminates shows a clear dependence on the 
porosity of the laminates, however σ is almost independent on the 
measuring temperature. The highest electrical conductivity (around 
150 S/cm) could be determined for a PAS CCO laminate with lowest 
porosity of 6 %. The CCO PAD film shows the typical behavior of a PAD 
film in terms of electrical conductivity. At room temperature, the elec-
trical conductivity of the fresh, as-deposited CCO PAD films is low. 
However, it increases significantly with measuring temperature. The 
measuring temperature is in this case equivalent to the thermal 
annealing temperature (the holding time of each temperature step is 
approx. 3 h). Up to 300 ◦C, a clear increase in electrical conductivity can 
be seen. At 300 ◦C, the electrical conductivity of the PAD CCO film 
reaches the value of the CCO laminate with 6 % porosity of around 
150 S/cm. Up to 500 ◦C, σ remains then almost constant with a slight 
drop. Further heating up to 900 ◦C results in another significant con-
ductivity increase and σ reaches values of 275 S/cm at 900 ◦C. The 
strong increase in σ of the CCO PAD film may be explained by two ef-
fects. First, during thermal treatment, the induced microstrain in the 
PAD film relaxes, which results in an increasing electrical conductivity, 
as it is often seen for PAD films [24,31]. Second, as previously explained, 
the morphology changes during thermal treatment and a higher elec-
trical conductivity occurs due to the oriented crystal growth in-plane 
(ab) direction. Compared to PAS CCO laminate reference values, the 
thermally annealed (900 ◦C) CCO PAD film provides a significantly 
higher in-plane electrical conductivity. At the same time, the deter-
mined electrical conductivity is significantly increased compared to that 
of other aerosol deposited CCO films [34,35]. The higher electrical 
conductivity can be explained on the one hand by a very low porosity 
within the CCO PAD film (almost dense films, as shown in Fig. 4b) and 
on the other hand by the strongly oriented crystallite growth in in-plane 
direction (see Fig. 4b) and the occurring crystallization during thermal 

annealing especially at 900 ◦C [34]. After annealing at 900 ◦C (after the 
1st heating cycle), the electrical conductivity remains almost constant at 
around 275 S/cm and is almost independent on the measuring temper-
ature. Also, in the 2nd heating and cooling cycle, the electrical con-
ductivity remains almost constant and shows only a slight dependence 
on the temperature. These stable electrical conductivity values indicate 
that the processes of microstrain relaxation and thermally induced 
crystallite growth are almost completed after the first annealing step at 
900 ◦C [24,29,31,56]. The shown results with an optimal thermal 
annealing temperature at 900 ◦C for highest thermoelectric properties 
are in good agreement with [34,35]. It should be noted that 1st thermal 
treatment of the CCO PAD films at 900 ◦C is necessary to obtain the 
maximum electrical in-plane conductivity, while the effects of the 1st 
annealing on the Seebeck coefficient are negligible. 

The power factor PF of the PAD CCO films, as derived from the data 
in Fig. 5 and Fig. 6, illustrates the good thermoelectric properties of the 
thermally annealed PAD films compared to a PAS CCO laminate with 
6 % porosity (Fig. 7). The PAS CCO laminate has a PF between 270 and 
300 µW/mK2 and is almost independent on temperature. The “fresh” 
CCO PAD film, directly after deposition, shows during the 1st heating 
cycle a lower PF from room temperature to approx. 500 ◦C due to the 
lower electrical conductivity of the non-annealed PAD films. As the 
temperature increases, which in the 1st heating cycle corresponds to the 
annealing temperature, the PF increases significantly and reaches at 900 
◦C values around 850 µW/mK2 (this is an increase of three times 
compared to the PAS CCO laminate). This strong improvement is due to 
the huge increase in electrical conductivity of the PAD film during the 
1st heating cycle at high temperatures and the occurring thermal 
annealing processes. After cooling down, the PF at room temperature of 
the PAD CCO film is between 300 and 350 µW/mK2. 

During the 2nd heating cycle, the PF increases and up to 800 ◦C, the 
PF values at 700 ◦C and 800 ◦C are comparable to the 1st cooling cycle. 
Due to the occurring increase in S during the 2nd heating cycle above 
800 ◦C and during the 2nd cooling cycle, the PF increases significantly, 
too. At 600 ◦C, in the 2nd cooling cycle, the PF reaches a value of 1225 
µV/mK2 and has a maximum value at 800 ◦C and 900 ◦ around 1500 µV/ 
mK2. Compared to literature at 600 ◦C, the single crystal provides a PF of 
3000 µV/mK2 [10] and the PAS CCO laminate (6 % porosity, 7.5 MPa) 
has a PF of 320 µV/mK2 [19]. The PAD CCO film thus reaches approx. 
40 % of the PF of the single crystal value (2nd cooling cycle) and 25 % 
during the 1st cooling cycle (each at 600 ◦C). Compared to CCO bulk 
literature and to literature of PAD films [34,35], the PAD CCO films of 
this work provide the highest PF values for polycrystalline CCO. To 
highlight this, Fig. 8 compares the in-plane (ab) thermoelectric proper-
ties of variously synthesized CCO materials (single crystal, bulk, lami-
nates, PAD films) in the Ioffe diagram at 600 ◦C [14,17–20,34,35, 

Fig. 6. In-plane (ab) electrical conductivity σ of a CCO PAD film in dependence 
on temperature for two heating and cooling cycles (1st and 2nd). All inde-
pendently determined data points are entered for each temperature. Some of 
these are also superimposed. For comparison, σ of tape-casted and pressure 
assisted sintered CCO laminates from the same powder (CCO laminate) with 
different porosities (50 %, 25 % and 6 %, depending on the pressure during 
sintering, the porosity was determined by Archimedes method) are shown [19]. 

Fig. 7. In-plane (ab) Power Factor PF of a CCO PAD film in dependence on 
temperature for two heating and cooling cycles (1st and 2nd). All indepen-
dently determined data points are entered for each temperature. Some of these 
are also superimposed. The PF of tape-casted PAS CCO laminates from the same 
powder (CCO-laminate, 6 % porosity) are shown [19]. 

D. Paulus et al.                                                                                                                                                                                                                                  



Journal of the European Ceramic Society 44 (2024) 116717

6

57–60]. In addition to conventional (CS), pressure-assisted (PAS) and 
spark plasma (SPS) sintering, hot pressing (HP) is used as a 
manufacturing method. To support the texturing of the CCO, tape 
casting (TC) is a possible method in combination with the various sin-
tering processes. Additionally, the results of PAD films (PAD) are shown. 
The results of the PAD CCO films of this work fit very well into the trend 
of the literature data. Depending on the processing method of the CCO, 
different microstructures, porosities, and textures result for the CCO 
samples. These parameters directly affect the thermoelectric parameters 
in the Ioffe diagram, i.e., the power factor PFab caused by variations in 
the electrical conductivity σab. The Seebeck coefficient Sab of the 
different samples is almost constant in the range of 150 µV/K at 600 ◦C, 
while the electrical conductivity in-plane (σab) shows a clear dependence 
on the manufacturing process and thus on the microstructure. As dis-
cussed in [61], the microstructure of CCO samples can be classified in 
four regions, which are shown in Fig. 8 in different colors: porous 
isotropic, porous anisotropic, dense isotropic and dense anisotropic. An 
increase in the density of the CCO sample (lower porosity) and an in-
crease in the anisotropy in the ab-direction (in-plane) strongly influence 
the conductivity of the sample σab, which eventually leads to an increase 
in PF and, hence, the thermoelectric properties are closer to the values of 
the single crystal. For the PAD CCO films, it can be deduced from the 
results that they have a high density (low porosity) and a strong texture 
compared to other CCO samples and PAD films. The PAD CCO films are 
almost dense and the anisotropy and texture of the films, especially after 
thermal annealing at 900 ◦C, have been shown in the REM and XRD 
investigations. The dense and anisotropic films therefore provide the 
highest PF and electrical conductivity. In a next step, the MRD for the 
PAD CCO films will be investigated. 

4. Conclusions 

The discussed morphological investigations and the determined 
thermoelectric parameters S, σab, and PF show that the PAD CCO films 
have very good in-plane (ab-direction) thermoelectric characteristics. 
After thermal annealing of the PAD CCO films, the largest value for PF 
compared to the literature is observed. The values reach about 40 % of 
the PF value of the single crystal, which is much higher than comparable 
CCO bulks or CCO laminates reported in literature. By thermally 
annealing of CCO PAD film (once at 900 ◦C), the electrical conductivity 
increases very significantly and reaches values higher than those of 
conventionally prepared CCO bulk ceramics. The film has an electrical 
conductivity of 19.3 S/cm in the as-deposited state. During thermal 
annealing, the conductivity increases to 279 S/cm at 900 ◦C. After 
cooling, the electrical conductivity of the now heat-treated film is 273 S/ 
cm In contrast, the Seebeck coefficient remains almost unaffected by the 

annealing temperature and is comparable to that of CCO laminates. It 
increases from approx. 90 µV/K at room temperature to approx. 
180 µm/K at 900 ◦C. The 2nd thermal annealing cycle does not change 
the electrical conductivity anymore, it remains in the range between 
260 S/cm and 295 S/cm, but it leads to an increase of the Seebeck co-
efficient up to approximately 240 µV/K at 800 ◦C. This needs to be 
investigated in more detail in future work, as well as the effect of 
significantly more than two heating and cooling cycles. The long-term 
influence of high temperature should also be investigated. The excel-
lent thermoelectric properties of the PAD CCO film after thermal 
annealing may be explained as follows. First, a dense CCO film is pro-
duced by PAD, which shows an oriented and textured morphology in the 
preferred ab-direction. Second, the thermal treatment relaxes the 
microstrain, that hinders the electrical conductivity (at less than 500 
◦C), and at 900 ◦C crystal growth in preferential ab-direction occurs. 

Future work needs to clarify, which of the occurring processes is 
responsible for the change in thermoelectric properties and morphology. 
The relationship between the thermoelectric properties and the film 
morphology as a function of the thermal annealing parameters will be 
further investigated. The analysis of the texture of the PAD CCO films by 
pole figures is necessary to determine the MRD value. For ZT, the ther-
mal conductivity of the films has to be investigated. Due to the anisot-
ropy of the CCO PAD films, the thermoelectric parameters in-plane and 
through-plane are necessary. DSC measurements should be carried out 
to detect crystallization effects. Changes in the oxygen vacancy con-
centration could be determined using (high temperature) XRD, possibly 
also on the powder. In addition, the measurements could be repeated 
under different oxygen partial pressures. 
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