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a b s t r a c t

The electrical conductivity of ~200 nm-thick gadolinium-doped ceria (GDC) thin films deposited at
various substrate temperatures by radio-frequency sputtering was evaluated in a temperature range of
400 �Ce550 �C as an electrolyte for solid oxide fuel cells operated at low temperatures. Morphological,
chemical, and crystalline properties were discussed to determine the electrical conductivity; in partic-
ular, the electrical conductivity of GDC thin film deposited at 300 �C was appreciably lower than that of
GDC thin film deposited at 150 �C. The columnar grain boundaries and the reduced ceria formed during
the sputtering process are considered as the major factors leading to the measured results.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs), which adopt solid-state ceramics
as electrolytes, are considered as a promising renewable energy
device for the generation of electricity due to their high energy
conversion efficiency, pollutant-free exhaust, and their simple
balance of plant operation [1,2]. SOFCs, however, usually require
excessively high operation temperatures (above 800 �C) to obtain
sufficient cell performance. Although the development of thin film
ceramic electrolytes over several decades has significantly reduced
the operating temperatures of SOFCs, these lower operating tem-
peratures have resulted in poor cell performance levels mainly
owing to the drastic increase in the polarization resistance. This
phenomenon is mostly attributed to the sluggish oxygen reduction
reaction (ORR) activity at the cathode-electrolyte interface [3e5].
The use of thin film ceramic electrolyte materials with high surface

exchange coefficients in this respect is strongly required for fast
ORR; at present, doped ceria is considered as a promising material
to exhibit such a characteristic [6,7].

Radio-frequency (RF) sputtering to enable oxide targets has
been actively employed to secure compositional reproducibility
in the resulting oxide films, as the metal targets used in direct
current sputtering are easily contaminated by the oxidizing
source existed in the vacuum chamber [8,9]. Furthermore, the
physicochemical properties of oxide films deposited via RF
sputtering are highly adjustable by controlling process parame-
ters such as the substrate temperature, bias voltage, and back-
ground gas, among others [10]. For instance, RF-sputtered doped
ceria thin films for SOFCs operated at ~600 �C were deposited at
elevated substrate temperatures to realize a high packing density
onto a stabilized electrolyte, which successfully served as a
protective layer between the stabilized zirconia electrolyte and
the Co-containing perovskite cathode material [11,12]. Such ef-
forts made thus far have mainly focused on the fabrication of a
cathode interlayer to prevent the formation of undesirable
products, whereas our understanding of the ion-conducting
properties of RF-sputtered doped ceria thin film electrolytes for
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low-temperature SOFCs remains insufficient [13].
In this study, doped ceria thin films deposited by using high-

vacuum RF sputtering at various substrate temperatures were
electrically characterized and investigated in terms of their
morphological, chemical, and structural properties. In the substrate
temperature regime selected here, the existence of hydroxyl spe-
cies and dopants inside the film was not strikingly dependent on
the variation of the substrate temperature. The elevation of the
substrate temperature, on the other hand, led to changes in the
morphology and stoichiometry and to changes in the crystallization
properties; the effects of columnar grain boundaries and ceria
reduction were considered as the major causes of the distinguish-
able electrical conductivity of the doped ceria thin films deposited
at different substrate temperatures.

2. Experimental details

2.1. Thin film deposition

Gadolinium-doped ceria (GDC) thin films were deposited using
a commercial sputtering machine (A-Tech System, South Korea)
with a customized rotational and heating unit. The base pressure
wasmaintained at ~1.0� 10�4 Pa, and the background pressurewas
kept at 1.3 Pa during the deposition process. The target-to-substrate
distance was 75 nm, and the substrate was rotated at 4 rpm to
enhance the thickness uniformity in the lateral direction. The
reactive sputtering gas was a mixture of Ar and O2 at a volumetric
ratio of 80:20. The RF magnetron power of the sputtering gun was
50 W. A copper backing plate-bonded two-inch GDC disk pellet
with 10 mol% of Gd2O3 was used as the target. The substrate was
heated at a ramping rate of 10�C/min after the background pressure
became saturated, which was passively cooled as soon as the RF
sputtering gun was discharged.

2.2. Thin film characterization

The microstructure of the GDC thin films was investigated by
the combination of a focused ion beam, a manufacturing process
capable of digging for samples, and the two electron microscopic
methods of field-emission scanning electron microscopy (FIB/FE-
SEM) using a Quanta 3D FEG instrument (FEI Company,
Netherlands) and transmission electron microscopy (TEM) using a
Tecnai G2 F30 S-TWIN instrument (FEI Company, Netherlands). The
chemical properties of the GDC thin films were investigated by X-
ray photoelectron spectroscopy (XPS) using an AXIS His instrument
(Kratos Analytical, UK), and possible surface contaminants origi-
nating from the ambient air were eliminated by means of 150 eV
Ar-ion etching for 30 s prior to the analysis. The crystalline prop-
erties of GDC thin films were investigated by X-ray diffraction
(XRD) using an X'Pert Pro instrument (PANalytical, Netherlands)
with Cu Ka radiation in the symmetrical q/2q scan mode.

2.3. Electrical conductivity measurements

A Si(100) wafer with a SiO2 additional layer 200 nm-thick was
used as the electronically insulative substrate for cross-plane
electrical conductivity measurements. Sputtered dense Pt thin
film with a thickness of 100 nm was used as both the bottom and
top electrodes [14]. The Pt/as-prepared GDC/Pt thin film assemblies
coated onto the SiO2-coated Si wafer were heated to the mea-
surement temperatures on a conductive heating unit. The relative
humidity in ambient air at room temperature (RT) was adjusted to
30%. Electrochemical impedance spectroscopy was carried out at
the open-circuit voltage by brining micro-tips into contact with the
Pt electrodes, and impedance behaviors independent of the

variation of the bias voltage were used to determine the total
conductivity in conjunction with the oxygen ionic and electronic
conductivities.

3. Results and discussion

3.1. Morphological and electrical analysis

FE-SEM cross-sectional imaging of the FIB-prepared GDC thin
films deposited at various substrate temperatures ranging from RT
to 300 �C determines that the apparent growth rate of the GDC thin
films gradually decreases as the substrate temperature is increased.
These results were ~55, ~42, and ~35 nm/h at RT, 150, and 300 �C,
respectively. This tendency of the apparent growth rate to decrease
with an increase in the substrate temperature is attributable to
microstructural densification caused by the enhanced mobility of
the bombarded Gd/Ce/O adatoms on the top of the substrate. Thus,
we fixed the apparent thickness of the resulting GDC thin films to
alleviate the morphological effects of the variation in the vertical
growth direction; in this case, the selected thickness was ~200 nm.
The GDC thin films 200 nm-thick deposited at RT, 150, and 300 �C
are hereafter denoted as the GDC-RT, GDC-150, and GDC-300,
respectively [15]. It is generally known that the elevation of the
substrate temperature during sputtering leads to an increase in the
grain size due to the enhancement of the adatommobility onto the
substrate [16]. In the same vein, the grain sizes of the GDC thin films
fabricated in this study increase as the substrate temperature is
increased, as confirmed through microscopic top-view imaging,
which is regarded as an appropriate means bywhich to observe the
granular films [17e19]: the average grain sizes of the GDC-RT, GDC-
150, and GDC-300 are ~30, ~34, and ~50 nm, respectively (Fig. 1a,b,
and c). There is little difference in the grain size between GDC-RT
and GDC-150, although the substrate temperatures for these two
films are very different. This may have occurred because the actual
deposition temperature of GDC-RT was far higher than RT by self-
heating due to the collisions between the substrate surface and
the bombarded Gd/Ce/O atoms. Some may expect that the increase
in the grain size will reduce the grain boundary density so that the
electrical conductivity of the GDC thin film would increase by
mitigating the resistive effects on the ion conductance at the grain
boundary regions via what are known as ionic blocking effects [20].
Nonetheless, the enhancement of electrical conductivity caused by
the reduction of the ionic blocking effects may be valid when the
size of the crystallites (or GDC grains) is large enough to have a
great effect on the degree of the dopant ion (or Gd ion) segregation
[21].

TEM cross-sectional imaging of FIB-prepared GDC-150 and GDC-
300 pertaining to different zones in the growth model proposed by
Thornton [22] shows that almost no columnar grain boundaries can
be seen clearly in GDC-150 within Zone 1, while GDC-300 within
Zone T has a relatively large number of distinguishable columnar
grain boundaries inside the film (Fig. 2a and b). This observation of
further developed columnar grain boundaries with differently
oriented lattices in GDC-300 can be explained through the growth
characteristics in a transition state presented in these structure
zone diagrams, indicating that the elevation of the substrate tem-
perature under a high vacuum contributes to the notable micro-
structural change of the thin films. Many more dislocations
observed in GDC-300 could result in the reduction of the electrical
conductivity by narrowing the ionic paths (or hindering the ionic
conduction) [23]. In fact, the aforementioned morphological
investigation is in good agreement with the results of the electrical
conductivity measurements (Fig. 3); the electronic conductivity
herein is assumed to be negligible because the analysis environ-
ment is a highly oxidizing atmosphere. Although the activation
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