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Yttria and Ceria Doped Zirconia Thin Films Grown by Pulsed Laser Deposition
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The Yttria stabilized Zirconia (YSZ) is a standard electrolyte for solid oxide fuel cells (SOFCs), 
which are potential candidates for next generation portable and mobile power sources. YSZ electrolyte 
thin films having a cubic single phase allow reducing the SOFC operating temperature without 
diminishing the electrochemical power density. Films of 8 mol% Yttria stabilized Zirconia (8YSZ) and 
films with addition of 4 weight% Ceria (8YSZ + 4CeO

2
) were grown by pulsed laser deposition (PLD) 

technique using 8YSZ and 8YSZ + 4CeO
2
 targets and a Nd-YAG laser (355 nm). Films have been 

deposited on Soda-Calcia-Silica glass and Si(100) substrates at room temperature. The morphology and 
structural characteristics of the samples have been studied by means of X-ray diffraction and scanning 
electron microscopy. Films of a cubic-YSZ single phase with thickness in the range of 1-3 µm were 
grown on different substrates.
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1.	 Introduction
Solid oxide fuel cells (SOFCs) have been studied 

intensively because they exhibit a clean and efficient power 
generation and do not require high purity fuel. SOFCs are 
typically composed of two porous electrodes with a dense 
electrolyte of a solid oxide ceramic material1 in between. 
The anode and cathode must be porous in order to allow gas 
transportation, whereas the electrolyte must avoid electronic 
charge and gas transportation across the cell. Other desired 
characteristics for the cell elements are chemical stability 
under operational conditions, high electronic conductivity 
for the electrodes and electrical interconnections, high 
ionic conductivity and almost zero electronic conductivity 
for the electrolyte, chemical and mechanical compatibility 
for all the cell components and gases, as well as low cost. 
Tetragonal Zirconia exhibits high toughness but its ionic 
conductivity is much lower than that of cubic Zirconia. 
Besides, it shows a degradation process in the presence 
of hydroxyl ions (OH–) at low temperature (lower than 
400 °C), which is inconvenient in a fuel cell. The cubic 
Zirconia can be fully stabilized by the addition of soluble 
aliovalent oxides such as CaO, MgO or Y

2
O

3
. The doping 

introduces oxygen vacancies in the lattice, improving the 
ionic conductivity at elevated temperatures. Yttria-stabilized 
Zirconia (YSZ) in particular exhibits a remarkable thermal 
stability and degradation resistance. The ionic conductivity 
in a bulk material of the Yttria doped Zirconia (ZrO

2
:Y

2
O

3
) 

reaches a maximum for an Yttria content in the solid solution 
between 8 and 12 mol% (8YSZ-12YSZ)2.

The YSZ is a standard electrolyte for SOFCs, which are 
potential candidates for next generation portable and mobile 
power sources3-10. Standard YSZ electrolytes operate at high 
temperatures (800-1000 °C) due to their ionic conductivity 
properties which become efficient enough only at this 
temperature range. However, at such high temperatures 
thermal and mechanical degradation of the cell materials 
drastically limit its lifetime. For most applications it is 
necessary to decrease the operation temperature without 
decreasing its working performance.

Decreasing the operational temperature decreases the YSZ 
ionic conductivity, but this can be compensated by reducing 
the thickness of the electrolyte, and thus reducing ohmic 
losses4,6-12. Thin and dense YSZ electrolytes can be fabricated 
by different techniques such as physical or chemical vapor 
deposition (PVD, CVD), plasma enhanced CVD (PECVD), 
sol-gel method, electrochemical vapor deposition, suspension 
or atmospheric plasma spraying13-14, pulsed laser deposition 
(PLD)15, etc. PLD allows producing films with thickness from 
1 nm up to one micron scale, whereas other techniques allow 
producing thicker films in the range of 100 nm to 20 µm16. 
PLD is commonly used to produce thin films of a great variety 
of materials because the stoichiometry obtained is transferred 
from the target to the film. Moreover, this technique produces 
films with good adherence and allows growing crystalline 
thin films17-18. The thickness and structure of the film can be 
modified changing the deposition parameters, such as: laser 
wavelength, laser fluence, deposition time, substrate material, 
substrate temperature, etc19-24.
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It has been observed that Ce-based electrolytes have 
high conductivity at temperatures lower than 800 °C25. It is 
of interest to investigate the effect of CeO

2
 addition to the 

8YSZ produced by PLD. In this work, thin films of cubic 
single phase of 8YSZ + 4 wt.% CeO

2
 grown on Si(100) 

substrate by means of PLD are presented for the first time, as 
far as the authors know. Also thin films of cubic single phase 
of 8YSZ have been produced by the same technique. The 
morphology, structure, thickness and porosity of the films 
were studied using X-ray diffraction (XRD) and scanning 
electron microscopy (SEM).

2.	 Experimental
Film samples of 8YSZ and 8YSZ + 4 wt.% CeO

2
 were 

produced by PLD on Soda-Calcia-Silica glass and polished 
Si(100) substrates with different deposition times using a 
pulsed Nd-YAG laser. The substrates were situated at 25 mm 
in front of the target. Table 1 summarizes the samples’ codes, 
compositions, substrates and processing conditions of each 
studied samples. The targets were prepared with the same 
composition of the films to be deposited. They were prepared 
from powders by ball milling, powder dry pressing and air 
sintering disk shapes of 25 mm in diameter and 1.5 mm 
thickness between 1450 °C and 1560 °C. The Nd-YAG laser 
used in this work (Spectra-Physics, Model Lab-190, USA) 
can be operated at 266 nm, 355 nm, 532 nm, and 1064 nm 
wavelengths. In this work pulses were produced at 355 nm 
wavelength with 8 ~ 12 ns width, an energy density of 
3 J.cm–2 per pulse and a 30  Hz repetition rate using the 
Q-switching operating mode. The laser beam is reflected 
and guided by a set of mirrors and focusing lenses yielding 
a maximum laser energy density to ablate the target. The 
beam was oriented at 15 degrees with respect to the surface 
of the target. The films were grown in a chamber with air 
atmosphere with a dynamic vacuum of 133 mbar. At a 
higher pressure, no films grew, only powder deposited on 
the substrates was observed. The chamber is mounted on 
a Zaber’s T-series high precision PC controlled X-Y table 
that allows ablating a selected area on the target. The target 
was moved in X and Y directions having an irradiation time 
of 30 seconds for each position.

The morphology, microstructure and the thickness of 
the deposited films were analysed by secondary electron 
(SE) images of the surfaces and cross-sections of each 
sample using a Jeol 6510 LV SEM and a Philips XL30 SEM 
equipped with an energy dispersive X-ray (EDX) detector. 
The chemical compositions were checked by EDX analysis 
using accelerating voltages of 15 to 25 kV. Phase purity and 
crystallinity were studied by X-ray diffraction (XRD) in 
Bragg-Brentano geometry using a BRUKER D8 advanced 
diffractometer with monochromatic CuKα1

 radiation 
(λ = 0.154060 nm) and Lynx Eye one dimension detector.

3.	 Results and Discussion
Figure  1 shows the XRD results of 8YSZ (M1 and 

M2 samples) and 8YSZ + 4CeO
2
 (M3 and M4 samples) 

films deposited on glass and Si(100) substrates. These results 
show that cubic-YSZ polycrystalline single phase films were 
grown on both types of substrates. Diffractograms of the 
films and the targets are similar having both materials the 
same phase. The inset in the Figure 1 shows a detail of the 
peaks corresponding to the planes (531) and (600) from both 
8YSZ + 4CeO

2
 targets. It is observed that the addition of 

CeO
2
 to 8YSZ produces peak broadening and shifts toward 

lower angles (see Figure 1 and inset).
The unit cell parameter determined for the 8YSZ 

cubic-phase grown on both types of substrates (samples 
M1 and M2) is 0.5319 nm, which is in agreement with the 
unit cell value given in the standards of the International 
database ICDD card Ner. 00-030-1468. No contribution 
from tetragonal-YSZ phase was identified neither in the 
film (see Figure 1) nor in the target (see inset of Figure 1). 
No significant texture in the films were observed, which 
means that no preferential epitaxial growth was induced on 
the Si(100) substrate.

The addition of 4 wt.% CeO
2
 to the 8YSZ produces 

peak broadening and shifts toward lower angles in the X-ray 
diffractogram of the samples M3 and M4 with respect to 
the X-ray diffractogram samples M1 and M2 in agreement 
with the observation in the targets (see inset Figure  1). 
These shifts can be explained by a Vegard law26,27 taking 
into account that the substitution of Zr by Ce increases 
the parameters of the unit cell due to the difference in the 
cationic radii (r

Ce
4+ = 0.97 Å and r

Zr
4+ = 0.84 Å in 8-fold 

coordination28).
The classical Williams-Hall representation was used 

to separate the broadening of the XRD peaks induced 
by the crystallite size from that arising from the strains 
distribution. It was determined that all the films have very 
similar crystallite size of ~100 nm. Therefore, the largest 
peak broadening for the Ce doped samples respect to the 
un-doped Ce samples is due to the larger strains distribution 
(7 times larger) related to the local strain generated by the 
difference in the cation size between Ce4+ and Zr4+.

Figure 2 shows EDX spectrum of the sample M2, 8YSZ 
film grown on Si (100). No contaminant elements were 
found in any of the samples, as shown in the EDX spectra. 
Additional peaks from the substrates were also observed.

Figure 3a, b shows SE images from cross-section of 
samples M3 and M4 respectively. Different layers that form 
the deposited films can be seen (Figure 3a). Porosity is also 
observed in some cross sections (see arrows in Figure 3a, b).

Table 1. Samples’ codes, compositions, substrates and processing conditions.

Sample Material Substrate
Pressure
(mbar)

Deposition
time (minutes)

M1 8YSZ Soda-Calcia-Silica glass 133 383

M2 8YSZ Polished Si(100) 133 121

M3 8YSZ + 4CeO
2

Polished Si(100) 133 275

M4 8YSZ + 4CeO
2

Polished Si(100) 133 150
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Figure 1. X-ray diffractogram of 8YSZ and 8YSZ + 4CeO
2
 films deposited on glass and Si(100) substrates, inset X-ray diffractograms 

of 8YSZ and 8YSZ + 4CeO
2
 targets. In particular no peaks corresponding to tetragonal phase were found in the 2θ range at 43°, 52° and 

53° in the films and from 123° to 132° in the targets (see inset). C: cubic-YSZ phase.

Figure 3. SE images from cross-section of the samples M3 (a) and M4 (b). The arrows show the porosity in the samples.

Figure 2. EDX spectrum of the sample M2. Accelerating voltage used was 15 kV.
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Figure 4. Thickness of the films as a function of deposition time.

Figure 5. SE images of the surface of the samples M1 (a), M2 (b), M3 (c) and M4 (d) respectively.

Figure  4 shows the thickness of the film grown on 
Si(100) substrate at room temperature as a function of 
deposition time. The average value of the thickness of each 
film was measured on the cross section SE images, as it is 
shown in Figure 3b. The particulates on the film surface 
were not taken into account in the measurements. The error 

bars represent the standard deviation of thickness measured 
at different point along the cross section. Despite the fact 
that the ablation points were changed by moving the target 
with an interval of 30 seconds, the plume deflection effect 
due to the surface roughness produced by the ablation 
process led to slightly non-uniform thickness of the films29. 
Thicknesses obtained were between 1 to 3 µm and are 
correlated with deposition time. The relationship between 
thickness and deposition time is slightly smaller than linear 
regression. This phenomenon has been observed previously 
and it is suggested to be correlated with a reduction in the 
amount of target material being vaporized by the laser 
beam30,31. Krajnovich and Vazquez32,33 have observed that the 
thickness-increasing trend stops with prolonged deposition 
time when periodic structures such as ripples, ridges, and 
cones are formed on the target material.

Figure 5 shows SE images of the top view on the films 
surface of 8YSZ an 8YSZ + 4CeO

2
 samples. Some micro-

sized fragments or particulates as 1-5 μm spherical or quasi-
spherical clusters are clearly visible on the surface of all the 
samples. The presence of the particulates is a characteristic 
of the PLD films34. The sample M1 has irregular particulates, 
which are different to the ones deposited in the other 
samples. The gas pressure in the chamber limits the plasma 
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plume expansion, which increases the probability of 
collisions between the ablated particles and thus leads to 
the nucleation and growth of clusters (particulates) that are 
deposited on the substrate during the film growth. Porosity 
is also observed in some of the films (M2, M3) produced 
on Si(100) substrate. It is expected a more compact film of 
Yttria and Ceria doped Zirconia cubic phase can be obtained 
at a lower pressure than 100 mbar.

4.	 Conclusion
Films of cubic phase of Yttria and Ceria doped Zirconia, 

8YSZ and 8YSZ + 4 wt.% CeO
2
, have been obtained 

by means of PLD technique using a Nd-YAG laser with 
355 nm wavelength. The ablation process was produced on 
sintered targets at low pressure air atmosphere. The films 
grew without any texture and with the same cubic structure 
present in the targets. All the samples show crystallites of 
the cubic Zirconia phase with size of ~100 nm.

The cubic phase in the 8YSZ films has a unit cell 
parameter of 0.5319 nm. Whereas, the cubic phase in the 

8YSZ + 4 wt.% CeO
2
 films has larger unit cell and local 

strain distribution generated by the larger cation size of Ce4+ 
respect to the Zr4+.

The growth rate is smaller than a linear correlation 
between thickness and deposition time due to a decrease 
in the ablated material from the target during the ablation 
process. All films grown on Si(100) substrates show similar 
surface morphology with similar particulates size.

Yttria and Ceria doped Zirconia films can be produced 
with cubic phase without any texture on crystalline and 
amorphous substrates by means of PLD technique. Further 
work on the films properties are required in order to evaluate 
the performance to the Yttria and Ceria doped Zirconia cubic 
phase to be used as electrolyte in solid oxide fuel cells.
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