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Abstract Various configurations of the multi-layer of yttria-
stabilized zirconia (YSZ) and gadolinia-doped ceria (GDC)
are successfully fabricated through a novel method by means
of pulsed laser deposition (PLD) utilizing a split target. By
controlling the deposition conditions like the laser frequency
and target configuration, YSZ/GDC multi-layers of different
periodicities and YSZ/GDC thickness ratios can be easily and
simply realized. The multi-layer fabricated by the proposed
method exhibits nearly identical physical and electrical prop-
erties to those of the multi-layer films by the conventional
layer-by-layer deposition method. The present study provides
a facile and effective fabrication method for the design and
application of multi-layered structure.
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1 Introduction

Multi-layer thin films consisting of hetero-materials have been
investigated in many areas because of the extraordinary prop-
erties induced by the interfacial effect. For example, the

mechanical property of multi-layered structural materials is
greatly improved because the dislocations cannot propagate in
the alternating nano-layers [1–3]. It has been reported that an
increase of the interface density in a two-phase multi-layered
structure drastically enhances the ion conductance of the
material [4–6]. For this reason, multi-layered oxide thin films
are often at the center of interests for solid state electrochem-
ical devices, e.g. sensors, capacitors and solid oxide fuel cells
(SOFCs) [7, 8]. Especially in the field of the SOFC, the multi-
layered electrolyte materials draw intensive attention. This is
because high ionic conductivity at low temperatures is essen-
tial to improve the performance and lifetime of the SOFC [9,
10], thus the search for new electrolyte materials has been
researched extensively [11–14]. Nevertheless, since novel
electrolyte materials have drawbacks like chemical and phys-
ical instabilities, existing electrolytes that can be used to
improve the performance by optimizing their microstructure
have been more actively investigated [15–19]. As a part
of these research efforts, the multi-layered electrolyte has
been much studied and has exhibited great potentials [7,
20–23].

The multi-layered structure can be deposited by means of a
variety of existing methods. In principle, the targets or sources
of the different materials are switched during the deposition.
Although this appears simple, the actual fabrication process
can be quite cumbersome. The process requires a long time for
the deposition and precise control of the process condition
depending on materials. Otherwise, the various experimental
errors, such as the loss of periodicity, may occur, which may
incur undesirable outcomes like loss of the targeted properties.
In order to facilitate the fabrication of the multi-layered struc-
ture, we propose a new method of pulsed laser deposition
(PLD) utilizing a split target. For different but similar mate-
rials that the films of those can be deposited at the similar
environment, this can be a substantially effective, simple, and
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precise method to fabricate multi-layered structures. In the
thin film deposition using the PLD method, only part of the
target is irradiated by a focused laser beam and the target is
rotated for uniform erosion of the target (Fig. 1(a)). If the
target surface is split physically by more than two materials
as shown in Fig. 1(b), the source material used for deposition
can be altered by simple rotation when the beam position is
fixed. The configuration of the multi-layer such as the thick-
ness of each layers, number of consisting materials, etc., can
be controlled by changing the target rotation speed, the laser
frequency, and the portion of each material in the target.

To prove the concept of the method, we fabricate multi-
layered structures consisting of yttria-stabilized zirconia
(YSZ) and gadolinia-doped ceria (GDC) in this study. YSZ
is the most common electrolyte material of the SOFC because
of its high chemical stability and negligible electron conduc-
tivity in a wide range of oxygen partial pressure. Nevertheless,
the ionic conductivity of YSZ is too low to be used at the low
temperature. GDC is an alternative electrolyte material that
has a higher ionic conductivity than that of YSZ, however,
relatively high electronic conductivity of GDC is a significant
issue, especially when GDC is exposed to a reducing atmo-
sphere (anode side). Through the realization of the multi-
layered structure of YSZ and GDC, we expect the improve-
ment of the performance of the electrolyte by suppressing the
weakness of each material and by inducing the enhanced ionic
conductivity owing to the hetero-interface effect.

In the present study, various multi-layered structures of
YSZ/GDC are deposited by using split targets of YSZ and
GDC and by changing the frequency of the laser and the target
configuration. The analyses of physical properties such as the
periodicity and microstructure of the YSZ/GDC multi-layer
are performed. The electrical properties of the YSZ/GDC

multi-layers are also investigated by impedance analyses.
Differences between the multi-layers by the proposed method
and by the general, one layer by one layer deposition method
are compared in term of the physical and electrical properties.

2 Experimental

For PLD, a KrF excimer laser (λ=248 nm, COMPEX Pro
201 F, Coherent) was used as a laser source. The target-to-
substrate distance was 5 cm, and the laser energy density was
2.5 J•cm-2 at the target surface. The substrate temperature (Ts)
was maintained at 700 °C, and the ambient oxygen pressure
(Pamb) was maintained at 6.67 Pa during the deposition pro-
cess. Multi-layered thin films were deposited on (0001)-ori-
ented polished single crystal Al2O3 (sapphire). YSZ and GDC
targets were prepared by sintering a compact pellet of each
powder. Commercial YSZ (8 mol% Y2O3-stabilized ZrO2,
TZ-8Y, Tosoh Corp., Japan) and GDC (Gd0.1Ce0.9O1.95-δ,
Rhodia, France) powders were uniaxially pressed (50 MPa)
and sintered (5 h at 1500 °C). We prepared a half-half target
and a quarter target as shown in Fig. 2(a). The target rotation
speed was fixed as 2 rpm and the laser frequency was varied
between 10 Hz and 2 Hz for the deposition rate adjustment as
shown Fig. 2(a). Themulti-layered thin film specimens will be
denoted as H-10, H-2, and Q-10, respectively. H stands for the

Fig. 1 Schematics showing the ablation of the target in (a) a general PLD
and (b) the proposed PLD method
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Fig. 2 (a) Target configuration and laser frequencies used in the present
study. (b) A schematic showing the in-plane conductivity measurement
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half-half target and Q stands for the 1/4–3/4 target, and the
number stands for the laser frequency.

Transmission electron microscopy (TEM, TitanTM, FEI)
was used to characterize microstructural properties. The thick-
ness and composition of the individual layers in themulti-layer
were confirmed with images and energy dispersive spectros-
copy (EDS) of TEM, respectively. In addition, the interface
between layerswas analyzed by high resolution TEM imaging.
For electrical characterization, an in-plane conductivity mea-
surement was performed [24]. Parallel strip-shaped Pt elec-
trodes (3.1 mm by 0.64 mm) were deposited byDCmagnetron
sputtering on the surface of the film. The gap between the
strips was 370 μm. The electrodes were contacted using Pt
probes as shown in Fig. 2(b). Impedance measurements were
performed using a Solatron impedance analyzer (SI1260) with
an electrochemical interface (SI1287). The samples were heat-
ed by a heating stage and were analyzed in ambient air. The
temperature was varied from 600 to 350 °C at a 50 °C interval,
and the impedance spectra (IS) were obtained at each temper-
ature in a frequency range from 1 MHz to 0.1 Hz.

3 Results and discussion

Figure 3 shows the TEM image of each sample. Figure 3(a),
(b), and (c) are high-angle annular dark field (HAADF)

images of aforementioned H-10, H-2, and Q-10, respectively.
In the image, the bright part is the GDC region, the dark part is
the YSZ region. As expected, multi-layered structures were
successfully fabricated with various configurations. When
using the same half-half target and changing the laser frequen-
cy (H-10, H-2, shown in Fig. 3 (a) and (b)), the thickness ratio
of YSZ to GDCwas same but the period of multi-layer of both
specimens was different. For an increased laser frequency, the
number of laser pulses in the certain region of target, YSZ or
GDC, is increased. Therefore, the thickness of each layer is
increased. From these results, it is confirmed that the period of
the multi-layer can be controlled by this parameter. It is also
notable that for H-10 and H-2, the thickness ratio of YSZ to
GDC is not 1:1. This is because that the deposition rate of
GDC is approximately 2~3 times higher than that of YSZ. To
make the YSZ/GDC thickness ratio near to unity, the quarter
target was used and it is shown that the thickness of each layer
is almost equivalent for Q-10 shown in Fig. 3(c)). Therefore,
from this result, it is proven that the configuration of one
period of the multi-layer can be controlled easily by modifi-
cation of the portion of each material in the target.

In Fig. 3(d), the microstructure of the multi-layer deposited
by conventional layer-by-layer fabrication, which is prepared
for the comparison, is shown. This sample will be denoted as
CM (conventional method). It was deposited at the process
conditions to produce the identical period and the YSZ/GDC

Fig. 3 HADDF images of the
multi-layers of (a) H-10; (b) H-2;
(c) Q-10; and (d) CM
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ratio to H-10, by controlling the number of laser pulses on the
alternating targets. In the HAADF image, it can be observed
that the microstructures of both of sample are almost the same.
In order to investigate the microstructural properties H-10 and
CM inmore detail, HR-TEMwas used. Figure 4(a) and (d) are
HR-TEM images of H-10 and CM. Since the lattice constants
of YSZ(c=5.14 Å) and GDC(c=5.42 Å) are slightly different
while the crystal structure of YSZ and GDC is the same
(fluorite structure), a hetero-epitaxial relation was expected.
The lattice of each layer for both cases is continuous across the
interface, which indicates that the epitaxial interface is formed
as expected. However, slight difference of crystallinity was
observed in electron diffraction patterns from wider areas, as

shown in Fig. 4(b), (e). Although the lattices of the both cases
were highly textured, slight disorders such as tilted lattices and
low angle boundaries exist in H-10, which are shown as the
displaced spots in Fig. 4(b). In contrast, such disordered spots
were not found in the diffraction pattern of the CM shown in
Fig. 4(e). It is postulated that each layer of CM to be stabilized
during the target-switching dwell time. On the other hand,
continuous deposition of H-10 may yield rather tilted and
disoriented growth.

Figure 4(c) and (f) is the line profile of the electron diffrac-
tion of each sample (dotted line in Fig. 4(b) and (e)). From
Fig. 4(c) and (f), the spacings of (111) planes of YSZ and
GDC are deduced for each specimen. For H-10, the (111)
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spacing of YSZ is 2.98 Å and that of GDC is 3.19 Å, and
for CM, those of YSZ and GDC are 2.98 Å and 3.18 Å,
respectively. These spacings are larger than reported values
(YSZ=2.971 Å, GDC=3.128 Å). Because both lattices are
elongated along the out-of-the plane direction, it appears that
both YSZ and GDC are strained by the substrate, not by each
other.

Figure 5 shows compositional line profiles obtained from
EDS analyses of H-10 and CM. The elemental distribution of
Cerium and Zirconium were analyzed, and both cases show
distinctive, alternating elemental distribution for each layer. In
the case of H-10, however, it appears that the composition
mixing occurred more than that in CM, which is thought to be
originated from the continuous deposition as well.
Nevertheless, although slight differences exist, it can be con-
cluded that near identical multi-layered structure can be fab-
ricated by the proposed method to that by the conventional
method, from the microstructural analyses results.

To investigate how the microstructural differences affect
the electrical property, the conductivities of H-10 and CM
were measured and compared. The thicknesses of both films
were approximately 400 nm. Figure 6 shows the Arrhenius
plot of the electrical conductivity measured in ambient air at
the temperature range of 350~600 °C. The conductivities of
H-10 and CM are almost identical, which indicates the multi-
layer prepared by the proposed method yields almost identical
property to that of conventionally prepared one. Figure 6 also
reports the conductivity of an YSZ single-layer film (thick-
ness~1 μm) and a GDC single-layer film (thickness~1 μm)
deposited by PLD. It was confirmed that the conductivity of

each single layer film measured in the present study is almost
identical to that of the bulk sample. Also, the conductivity of
the multi-layer film is almost equal to the calculated conduc-
tivity from the conductivity of the single layer multiplied by
the volume fraction each material in the multi-layer. An ex-
traordinary ionic conductivity enhancement was not observed
in both H-10 and CM. Since CM does not show the conduc-
tivity enhancement as well, the multi-layer configuration of
this study may not be in the regime where the promoting
interfacial effect exists. Although the enhancement was not
obtained, the present study demonstrates the proposedmethod
can produce multi-layered structure almost identical to that of
the conventional method both in terms of the microstructural
and electrical properties quite effectively.

4 Conclusion

Based on the novel proposed method using split targets in
PLD, various multi-layered structures of YSZ and GDC are
successfully fabricated. The configuration of multi-layers can
be easily and simply controlled by changing the laser repeti-
tion rate and the target configuration. Except for minor imper-
fections, the specimen fabricated by the proposed method
exhibits almost identical microstructural properties to those
of the films by the conventional method. The electrical con-
ductivities are compared and the multi-layers by both methods
show almost equal values as well. It is thought that the present
study will provide a facile and effective fabrication method for
the design and application of multi-layered structure.
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