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Abstract

:

As electrolyte materials for proton conductive fuel cells, perovskite-type materials such as barium cerates and barium zirconates have received a lot of attention due to their high protonic conduction at intermediate temperatures. Yet, the crystalline structure and the microstructure of the electrolyte layers are of the utmost importance that define the resulting protonic conductivity. The aim of this research was to investigate the formation of doped/undoped BCO and BZO thin films using e-beam vapor deposition and to analyze the influence of the formation parameters on the microstructural and crystallographic properties. Crystalline structure and microstructure were investigated by X-ray diffractometer and scanning electron microscope, while the elemental composition of the resulting thin films was analyzed by an energy-dispersive X-ray spectroscope. It was found that the formed thin films were highly dense and consisted of the oriented columnar grains. The crystallinity of the thin films was strongly expressed with the predominant crystallographic orientations for undoped/doped barium cerates. Yttrium dopant had an influence on the lattice parameters and crystallite sizes. With the chosen technological parameters allowed to both, barium cerates and barium zirconates did not form carbonates and did not experience the degradation process.
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1. Introduction


Thin films as the membranes for the potential application in fuel cells are increasingly gaining scientific attention due to their capacities to decrease the operating temperature to the intermediate temperatures, reduce the internal resistance, and as a consequence, increase the conductivity [1]. The main proton-conducting oxides currently being studied as proton-conducting electrolytes are barium cerates BaCeO3 (BCO), and barium zirconates BaZrO3 (BZO) or strontium cerates (SrCeO3).



Alkaline cerates (ACeO3) and zirconates (AZrO3) are the main materials for the protonic conductivity of perovskite oxides (A, in this case, is an alkaline earth metal (Ca, Sr or Ba)). In barium or strontium cerates, rare earth elements such as Yb, Gd, Nd, and Y are the most common dopants due to their ionic radii size closeness to cerium or zirconium [2]. In various studies [3,4,5], these cerates have shown a relatively high protonic conductivity, but also react in acidic environments to form carbonates in environments with CO2 and H2O. Zirconates are more chemically stable and have better mechanical properties, react poorly in acidic environments, are stable in a CO2 environment, but have a significantly lower proton conductivity [6,7]. Different approaches were made to find the best combination of a high protonic conductivity and a high chemical and mechanical stability, such as the modifications of technological parameters or the incorporation of the different dopant concentrations [4,8,9]. Proton conductivity values and other physical properties in barium cerates and zirconates depend significantly not only on the type or concentration of dopants, but also on the methods of thin film formation that can determine the resulting structural composition, microstructure, and other physical properties influencing the proton diffusion and conductivity, such as density and grain size [4,10,11]. Knowing that the electrolytes may have a different microstructure, density, and crystallinity depending on the chosen formation method, it is important to analyze the formation methods and technological parameters to obtain highly dense and crystalline films with the predictable microstructure. In addition, it is important to understand the influence of dopants and their different concentrations that may also affect the chemical stability, phase, lattice parameters, grain size, and strains of the materials [4]. Moreover, a low crystallinity adds resistance to the ion conductivity [7]. Therefore, highly dense electrolytes with a high crystallinity are required. The proton jump energy is also influenced by lattice parameters that differ for BCO and BZO, e.g., a = 8.724 Å, b = 6.230 Å, and c = 6.211 Å of BCO [8] and a = 4.210 Å [9] of BZO.



The main aim of this research is to investigate the formation of doped/undoped BCO and BZO thin films using e-beam vapor deposition and to analyze the influence of the formation parameters on the microstructural and crystallographic properties.




2. Materials and Methods


Barium zirconate and barium cerate thin films were deposited using e-beam physical vapor deposition system “Kurt J. Lesker EB-PVD 75”, (Kurt J. Lesker Company GmbH, Frankfurt, Germany. The initial powders, (Goodfellow Cambridge Ltd, Huntingdon, UK) (BCO, 99.9% purity; barium cerate doped with 10% (BCY10) and 20% yttrium (BCY20), 99.9% purity, BZO, 99.9% purity; barium zirconate doped with 20% yttrium (BZY20), and barium zirconate doped with yttrium and cerium (BZCY), 99.9% purity) were used as target materials to form the thin films. The powders were pressed into pellets and evaporated on substrates made of Inconel alloy 600 (Ni72/Cr16/Fe8), (Goodfellow Cambridge Ltd, Huntingdon, UK). Prior to the deposition, substrates were cleaned ultrasonically with isopropanol and acetone. During the deposition, the temperature of substrate was kept constant at 500 °C. The acceleration voltage of the electron gun was 7.9 kV, the current was adjusted in the range of 30–100 mA with a deposition rate of 2 Å/s. The initial pressure was 1 × 10−5 Pa and the working pressure range was from 1 × 10−3 Pa to 1 × 10−4 Pa.



The resulting thin films had a thickness of ~2.0 µm for all deposited samples. The thickness was measured with a profilometer Ambios Technology XP-200, (Ambios Technology Inc., Santa Cruz, CA, US). Density of the thin film was calculated using the mass of the thin film and its thickness. The crystalline structure of the thin films was studied by an X-ray diffractometer (XRD) “Bruker D8 Discover”, (Bruker AXS GmbH, Billerica, MA, USA). The phase identification was performed using PDF-2 database. Crystal size and lattice parameters were obtained by refinement of the acquired diffraction pattern via the Le Bail method, using TOPAS 4.2 software (Bruker, Karlsruhe, Germany). The measurements were performed using Cu Kα (λ = 0.154059 nm) radiation at a geometry of 2Θ angle in a 20°–70° range and a 0.01° step. The texture coefficients that describe the preferential crystallite orientation in the thin films were calculated using the following equation:
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(1)




where   I      h i  ,    k i  ,  l i      is the intensity of      h i  ,    k i  ,  l i      peak.



The surface topography and cross-section images were obtained using the scanning electron microscope (SEM) “Hitachi S-3400N”, (Hitachi High-Technologies, Tokyo, Japan). The elemental composition was estimated using an energy-dispersive X-ray spectroscope (EDS) “BrukerXFlash QUAD 5040”, (Bruker AXS GmbH, Billerica, MA, USA). Grain size distribution was evaluated by ImageJ software 1.53K (Wayne Rasband and contributors, National Institute of Health, MA, USA).




3. Results and Discussion


The e-beam evaporation of thin films is an atomistic process, where atoms and molecules involved in the deposition in the vapor state chemically or physically adsorb on the surface of the substrate and eventually form a thin film following the thin film evaluation steps of nucleation, crystal/grain growth, coalescence, grain coarsening, and phase transformations [12]. The morphology of the resulting thin films largely depends on the substrate temperature, the deposition parameters, and the composition of the evaporated material. At an evaporation of metal oxides, the elemental composition of the thin films may differ from the initial material in the crucible. A variation in composition changes the thermochemical properties of each material and affects the diffusion towards microstructure formation [13]. In case of the deposition of complex compounds, the deviation in elemental composition of the formed thin films and initial material may occur due to the different evaporation rates of the chemical elements in the compound (Table 1). Such deviations can be minimized to the level of obtaining very close stoichiometry of the thin films compared to the initial material by adjusting the deposition parameters, such as the e-beam current, the substrate temperature, etc. Here, the microstructural and crystallographic properties are investigated by keeping technological parameters constant and depositing different compounds; therefore, a relatively larger difference in the elemental composition is observed for the doped compounds.



The formed thin films were dense, and the density ranged from 86 to 92% of the relative density for undoped/doped barium cerate thin films and from 87 to 95% of the relative density for undoped/doped barium zirconate thin films compared to their theoretical densities [14,15,16,17]. The high density is attributed to the formation of the vapor phase in its neutral form that is deposited in the substrate. A low deposition rate minimizes the collisions between the evaporated particles to generate a less dense vapor cloud above the crucible. However, accelerated electrons from the e-beam gun can interact with the high dense cloud to generate partial ionization and create defects on the film [18]. The vapor cloud density also is influenced by the evaporated material [19].



The growth of the thin films and the resulting microstructure can be described by several structure zone models (SZM), such as Movchan and Demichishin [20], Thornton [21], and modified SZMs for specific compounds or formation methods [22,23]. The SZMs may give a qualitative guideline to the thin film growth processes during the deposition that can be altered by changes in the technological parameters. The formed thin films consisted of oriented columnar grains defined by the grain boundaries. The microstructure of the formed thin was influenced by the dopants in the grain size and shape of the thin films. Thin films of BCO, BCY10, and BCY20 consisted of randomly oriented large grains with the shape of a triangular prism, growing on top of each other in the columnar way (Figure 1a–c) while BZO’s and BZY’s microstructures are contained in small circular-shaped grains (Figure 1d,e). Figure 1f demonstrates that even a small amount of cerium dopant influences the formation of the randomly oriented triangular grains instead of the circular-shaped grains. Such a polycrystalline orientation is expected for perovskite materials barium cerates and barium zirconates [24]. The grain size distribution performed by image processing software revealed that the addition of yttrium decreased the surface grain size of barium cerates, from 0.33 to 0.20 µm, on average. The surface grain sizes of barium zirconates were smaller than barium cerates, yet the same tendency of the grain size decrease in the thin films doped with yttrium was observed, from 0.14 to 0.07 µm, on average. Similar tendencies are seen in the research of M. Amsif et al. [25]. Cross sectional images (Figure 2) confirm the densely packed microstructure of barium cerates and zirconates independently of their composition. According to the Thornton structural model, the columnar growth of dense barium cerate thin films with expressed grain boundaries is observed and the films may be considered at zone II, which is characteristic when the ratio of the substrate temperature (Ts) and the material’s melting temperature (Tm) is higher than 0.4 (Figure 2a–c). In such a condition, surface and bulk diffusion becomes substantial, resulting in the formation of large, oriented grains [20]. On the other hand, barium zirconate thin films were formed in zone T, which is denser than zone II (Figure 2d–f).



An effect of the dopant on the roughness of barium zirconates can be seen from SEM images (Figure 2). The roughness was reduced with the addition of yttrium or cerium. Roughness can be created by charged particles of high energy that reach the surface that results in etching effects in some areas. The roughness can be reduced by enhancing the mobility of the depositing atoms or by low-energy ion bombardment during the deposition [26].



It is known that one of the disadvantages of barium cerates and zirconates is their high reactivity with their environment and further degradation to the carbonates. The main sources of degradation are: (1) unreacted BaO that reacts with CO2 and causes disintegration of the film [27], (2) amorphous phases that contain not very well packed regions and are usually found on the grain boundaries [28,29] that add free space to carbon molecules to enter, and (3) the high basicity of BaCeO3 that makes it prone to react with CO2 [30] above 400 °C. In order to verify the stability of the formed thin films, the crystallographic nature of the deposited films was measured twice: as deposited and after two weeks. The samples did not show any signs of degradation at room temperature. XRD identified that the BCO thin films deposited at a substrate’s temperature of 500 °C had a predominant orthorhombic phase (PDF: 01-078-4102) with (002), (213) (231), and (004) (422) orientations (Figure 3a). The films were highly oriented towards the (002) plane. A crystallite size of 106.2 nm was calculated from Rietveld refinement and the Le Bail method (Table 2). This value was higher compared to the BCO pellets after sintering at high temperatures [31,32], with values between 30 and 75 nm. The high orientation is attributed to the orientation of the metal substrate alloys and e-beam formation conditions [33] (e.g., power and temperature). BCO-based oriented films formed by physical vapor deposition are usually reported as pseudocubic [34] or cubic [35]. Our results showed that with an increase in the crystallinity of an orthorhombic phase, a highly oriented film was formed compared with semi crystalline films with the “pseudocubic phase” reported before. Differences in FWHM values for the film and powder were 0.17264 and 0.18829, respectively, demonstrating the enhancement of the crystallinity for the film. The XRD pattern of as deposited BCY10 with an orthorhombic [23] Pncm (PDF 01-083-5709) structure (Figure 3b) demonstrates a highly oriented crystallographic structure towards (002) and (213) (231). The high orientation is attributed to the orientation of the metal substrate [28], the e-beam formation conditions [36] that influence the crystallographic direction of the lowest surface energy and atomic composition [37], and it is associated with the increased number of grains along that plane, density and crystallinity [38], thickness, strain that can induce rotation, and the templated growth process [39]. Similar XRD patterns for BCY10 were observed in the thin film prepared by PLD at 750 °C [40]. Figure 3b also shows the XRD pattern of the BCY20 Pm-3m phase (PDF 01-084-7856). An orthorhombic Imma [41] phase was reported when the samples were sintering in vacuum. Others report the formation of a rhombohedral phase [13] with a secondary Y0.2Ce0.8O1.9 phase. An increase in the yttrium amount results in lower crystallite sizes being 24.2 nm and 10.3 nm for BCY10 and BCY20, respectively. FWHM values for BCO were lower (<0.4) compared to BCY10 and BCY20 (>0.5). The orientation direction changes with the percentage of concentration of the dopant due to a change in phase from orthorhombic to cubic. At a 10% yttrium concentration the predominant orientations are (024) (132), while only the (211) orientation remains predominant for the thin films with a 20% yttrium concentration. The preferential crystallographic orientations of the formed thin films are presented by the texture coefficients (Table 2).



However, the BZO thin films do not show a single barium zirconate structure, but consist of barium carbonate, BaO, and Ba3Zr2O7, which partially overlaps with BaZrO3 (Figure 4). Similarly, the BZY20 and BZCY thin films exhibit structures with additional oxides and carbonates. Such a mixture of phases can arise due to several reasons, one of them being the non-stoichiometry of the formed thin films and atomistic deposition by e-beam evaporation, in addition to the too low deposition temperature and a lack of further annealing. It is known that BaO reacts easily with the atmosphere towards the formation of BaCO3 [27]. Therefore, a higher energy is needed to break the bond on the oxides. Additionally, oxygen vacancies enhance the diffusion [42]. At the end, a mixture of these two effects is involved in the diffusion process. These results suggest that an increase in temperature and power should be necessary to enhance the diffusion to obtain barium zirconates without additional phases. The crystallite size values were 12.0 nm and 8.6 nm for BZO and BZY20, respectively.



It is known that a high power in an e-beam vapor deposition enhances the crystallinity and crystal size of the structures [43,44]. Another parameter that results in the enhanced crystallinity is the thickness of the formed thin films. A thin film growth and crystallization occur by the formation of nucleation centers and their growth that are dependent on the thickness of the thin film. Crystal growth is then controlled by volume diffusion and the free energy change of a system that acts as its driving force [45]. Moreover, the microstructure of the formed thin films suggests that a repeated surface nucleation may happen due to chosen technological parameters. The deposition temperature also contributes to the enhancement in crystal growth [35]. In addition, the chosen formation method leads to different properties of the formed thin films, for example, pulsed laser deposition results in nanocolumnar growth and high crystalline nanostructures’ formation due to the high energetic plasma that reaches the substrates [46,47,48,49,50,51,52], whereas the ionization region in the e-beam does not reach the substrate [52]. When the constant deposition parameters are kept, the crystallite size depends on the compound, lattice strains, structural imperfections, additional phases, etc. The lattice parameters and crystallite sizes were calculated for each material and summarized in Table 3. It is seen that the yttrium dopant influences the lattice parameters and crystallite sizes. Crystallite size values for barium cerate decreased with the content of yttrium from 106.2 nm to 10.3 nm. A similar trend was observed in barium zirconates; the crystallite size values for barium zirconate decreased with yttrium content from 12.0 nm to 8.6 nm. The lattice parameter increases with the addition of yttrium dopant for cubic phase with values of 4.2436 and 4.2446 nm for BZO and BZY20, respectively. Those values are slightly higher than the reported [53,54,55].




4. Conclusions


Highly dense microstructures of barium cerates and barium zirconates were successfully formed by e-beam vapor deposition at low deposition rates and 500 °C. The formed thin films consisted of oriented columnar grains. It was determined that the yttrium dopant reduces the grain size of the formed thin films. XRD measurements revealed that the formed barium cerate films had a predominant orthorhombic phase. In addition, yttrium dopant had an influence on the lattice parameters, the crystallite sizes, and the preferential crystallographic orientation. The crystallite size values for barium cerate decreased with the content of yttrium from 106.2 nm for undoped BCO to 10.3 nm for BCY20. Contrary, the crystallite size values for barium zirconate increased with the yttrium content from 2.4 nm for BZCY to 8.6 nm for BZY20. Barium zirconates formed at 500 °C were composed of a mixture of phases, consisting of the oxides and carbonates. A higher power, a higher temperature during the deposition, or a smaller thickness are necessary to enhance the diffusion and crystal growth for these materials.
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Figure 1. SEM images of the surface of the thin films: BCO (a), BCY10 (b), BCY20 (c), BZO (d), BZY20 (e), and BZCY (f). 
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Figure 2. SEM cross-sectional images of the thin films: BCO (a), BCY10 (b), BCY20 (c), BZO (d), BZY20 (e), and BZCY (f). 






Figure 2. SEM cross-sectional images of the thin films: BCO (a), BCY10 (b), BCY20 (c), BZO (d), BZY20 (e), and BZCY (f).



[image: Applsci 12 06422 g002]







[image: Applsci 12 06422 g003 550] 





Figure 3. XRD patterns of (a) BCO thin films and initial powder; (b) BCY10 thin films and initial powders; and (c) BCY20 thin films and initial powder. 
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Figure 4. XRD patterns of (a) BZO thin films and initial powder; (b) BZY20 thin films and initial powders; and (c) BZCY thin films and initial powder. 
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Table 1. Elemental composition of the formed thin films and initial material.
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	Ba, at.%
	Zr, at.%
	Ce, at.%
	Y, at.%
	O, at.%
	Relative Density, %





	BCO thin films
	9.6
	-
	9.2
	-
	81.3
	92



	BCO initial powder
	18.7
	-
	9.0
	-
	72.3
	



	BCY10 thin films
	10.3
	-
	7.5
	1.1
	81.1
	86



	BCY10 initial powder
	20.0
	-
	8.8
	2.0
	69.2
	



	BCY20 thin films
	10.1
	-
	6.0
	1.5
	82.4
	90



	BCY20 initial powder
	15.6
	-
	9.6
	3.0
	71.8
	



	BZO thin films
	14.0
	10.2
	-
	-
	75.9
	95



	BZO initial powder
	15.4
	13.8
	-
	-
	70.8
	



	BZCY thin films
	13.3
	12.8
	1.0
	2.8
	70.2
	87



	BZCY initial powder
	13.9
	8.9
	2.8
	1.1
	73.4
	



	BZY20 thin films
	13.7
	8.1
	-
	1.1
	77.0
	90



	BZY20 initial powder
	13.7
	10.8
	-
	2.5
	73.0
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Table 2. Texture coefficients of the formed thin films.
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Thin Films

	
Referential PDF Card

	
Crystallographic Phase

	
Texture Coefficients for the Expressed Crystallographic Orientations






	
BCO

	
01-078-4102

	
Pnma

	
(002)

	
(202)

	
(240) (321)

	
(242) (400)

	
(323) (402)




	
2.89

	
0.05

	
0.73

	
1.20

	
0.11




	
BCY10

	
01-083-5709

	
Pbnm

	
(020)

	
(220)

	
(024) (132)

	
(040) (224)

	
(240) (332)




	
0.55

	
0.38

	
3.06

	
0.48

	
0.50




	
BCY20

	
01-084-7856

	
Pm-3m

	
(110)

	
(200)

	
(211)

	

	




	
0.89

	
0.15

	
1.95
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Table 3. Lattice parameters and crystallite sizes of the formed thin films in comparison to the initial powder material’s lattice parameters and crystallite sizes.
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Formed Thin Film

	
Powder




	

	
Crystallite Size, nm

	
Lattice Parameter, Å

	
Crystallite Size, nm

	
Lattice Parameter, Å




	

	
a

	
b

	
c

	
a

	
b

	
c






	
BCO

	
106.2

	
8.8116

	
6.2793

	
6.2580

	
122.0

	
8.7742

	
6.2339

	
6.2127




	
BCY10

	
24.2

	
8.6764

	
6.2473

	
6.3033

	
29.5

	
8.7031

	
6.1464

	
6.2138




	
BCY20

	
10.3

	
4.4393

	

	

	
16.8

	
4.4027

	

	




	
BZO

	
12.0

	
4.2436

	

	

	
125.0

	
4.1915

	

	




	
BZY20

	
8.6

	
4.2446

	

	

	
23.9

	
4.2169

	

	




	
BZCY

	
2.4

	
4.3022

	

	

	
24.1

	
4.2437
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