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Nanocrystalline YDC thin films with grain-sizes ranging from 38 to 93-nm were prepared using pulsed laser deposition followed by thermal
annealing. Ionic conductivity decreased up to four orders of magnitude as the grain size increased. Using energy-dispersive X-ray spectroscopy,
we showed that the counter-intuitive reduction in conductivity with grain-size is likely due to dopant and impurity segregation near grain-boundaries.
Spectroscopic evidence suggests that the blocking effect due to defect segregation is more dominant on ionic conductivity than the grain-sizes.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Nanocrystalline materials have unusual and excep-
tional electrical and chemical properties [1–3], some of
which are due to their nanoscale grain sizes and highly
dense grain boundaries. Compared to bulk materials,
nanocrystalline films used in solid oxide fuel cells have an
extremely high density of grain boundaries, and therefore,
understanding the role of grain boundaries in ion transport
is crucial [4–9].

There is evidence that grain boundaries affect the electro-
chemical properties and behavior of thin film solid oxide fuel
cell (SOFC) components in two main ways. First, in terms of
cathode interfacial kinetics, grain boundaries at the external
surface of the solid oxide electrolyte, e.g., yttria-stabilized
zirconia (YSZ), exhibit a higher surface exchange coefficient
for oxygen than the bulk [10–17]. Due to dopant segregation,
grain boundaries contain a higher population of oxygen
vacancies than the bulk, and thus facilitate low activation
energy for oxygen incorporation [14–16]. Second, previous
work studying the effects of dopant distribution, space
charge, as well as grain size on ionic transport across grain

boundaries revealed that grain boundary resistivity is usually
several orders higher than that of the bulk [18–22]. Thus,
understanding the blocking effect of grain boundaries on
ionic conductivity in nanocrystalline materials requires a
study of how grain size and thermal history affect ion
transport in nanocrystalline films.

Yttrium-doped ceria (YDC) is a promising electrolyte
material for low temperature solid oxide fuel cells (LT-
SOFCs) because of its superior ionic conductivity and
lower activation energy for ionic transport than YSZ,
which is the electrolyte material most commonly used in
SOFCs [5,23]. Previous studies on nanocrystalline YDC
examined the effects of grain size on ionic conductivity by
varying the grain size using different thermal conditions
to generate different grain boundary densities
[1,4,6,20,24,25]. However, even though the effects of heat
treatment on grain boundary density were considered in
these studies, the effects of heat treatment on dopant
segregation were not.

With this in mind, we investigated the effects of grain
size and dopant distribution on grain boundary blocking
of ionic conductivity in nanocrystalline YDC films.
Through spectroscopic study and electrochemical analysis,
we conclude that not only grain-boundary density, but also
dopant segregation is affected by thermal treatment, which
strongly influences the ionic conductivity of the films.
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Nanocrystalline YDC films were deposited on a quartz
substrate by pulsed laser deposition (PLD) at a substrate
temperature of 750 �C. A Lambda Physik 248 nm KrF exci-
mer laser with an energy density of 1.5 J/cm2 per pulse was
applied to a sintered Y0.1Ce0.9O2 target. The sample-to-tar-
get distance was 50 mm, and PLD deposition was con-
ducted under 100 mTorr of oxygen gas pressure. As a
result, 200 nm-thick YDC films were grown with a nominal
growth rate of 0.22 Å/pulse.

To systematically control the grain size and thermal his-
tory of the YDC film, as-deposited nanocrystalline YDC
films were post-annealed at 1000 �C and 1200 �C for 10 h.
Post-annealing was conducted in an electric furnace under
ambient air (P O2

¼ 0:21 atm) with a ramping rate of
40 �C/min. Surface topography of YDC films was investi-
gated using AFM in non-contact surface scanning mode.
Chemical composition of the prepared YDC films was
investigated by X-ray photoelectron spectroscopy (XPS).

After heat treatment, platinum electrode pads
(700 lm � 700 lm in size and spaced 300 lm apart) were
deposited on the top surface of the 200 nm-thick YDC films
by DC sputtering for electrochemical analysis.
Nanocrystalline YDC film samples with different grain sizes
and thermal histories were mounted on a temperature-con-
trolled heating stage for ionic conductivity measurements.
Electrochemical impedance spectroscopy (EIS) was carried
out using an electrochemical analyzer (Gamry Potentiostat
FAS2, Gamry Instruments, Inc.) under 0 V and 1 V dc bias.
EIS measurements were performed in the frequency range
of 300 kHz to 0.5 Hz and between 320 �C and 550 �C.
Measured impedance data were fitted using Nyquist plots
through the equivalent circuit model, and Faradaic impe-
dances were extracted at different temperatures to obtain
the activation energy for ionic conduction.

To prepare TEM-EDS samples, 50 nm of nanocrys-
talline YDC films were deposited on a TEM grid using
the same PLD conditions mentioned above. After deposi-
tion, an annealing process was conducted at 1200 �C for
10 h on one of the two TEM samples to distinguish the
morphological and stoichiometric differences between as-
deposited- and 1200 �C-annealed YDC films. Areas near
the Y-Ka (14.96 keV) and Ce-Ka (34.72 keV) peaks were
integrated to compare the compositions of grain boundary
and grain center regions. TEM-EDS measurements were
conducted with a probe size of approximately 5 nm.

Grain structures of the as-deposited and annealed films
(50 nm in thickness) were investigated by TEM (Fig. 1).
As-deposited YDC film had an average grain size of
approximately 10 nm in diameter, while grain size increased
to approximately 50 nm in diameter in YDC film annealed
at 1200 �C for 10 h, due to the grain growth mechanism.

TEM images also revealed that both films consisted of ver-
tically columnar grain structures. The formation of colum-
nar-structured film, which is facilitated by fast surface
diffusion, has been reported previously by other researchers
who used similar experimental conditions [3].

We conducted TEM-EDS of the as-deposited and
annealed (10 h at 1200 �C) films to investigate the ratio of
dopant (Y3+) concentration at the grain boundary and
the grain center region according to heat treatment
(Fig. 2). As expected, the normalized site ratio for the
Ce4+ ions with respect to the grain center versus the grain
boundary region in the as-deposited and annealed samples
are nearly the same. By contrast, however, the normalized
site ratio for Y3+ at the grain boundary region to that at
the grain center region in the as-deposited YDC film was
0.94 ± 0.10, while that in the 1200 �C-annealed sample
was 1.46 ± 0.25. This clearly shows preferential segregation
of Y3+ to grain boundaries. The uniform distribution of
Y3+ concentration in the as-deposited film suggests lack
of favorable conditions to drive dopant segregation to the
grain boundary region. On the other hand, dopant segrega-
tion at the grain boundary was significant in the annealed
film. We hypothesize that the thermal energy provided by
annealing induces not only grain growth, but also segrega-
tion of dopants near grain boundaries by providing enough
energy for dopant mobility [15,16,26,27].

The role of defect segregation on ionic conductivity was
further studied by EIS measurements. Three samples
(200 nm in thickness) were prepared: an as-deposited sam-
ple (deposited at 750 �C), and two samples annealed at
1000 �C and at 1200 �C for 10 h, respectively. AFM images
of the three samples are shown in Figure 3a–c. Grain sizes of
the as-deposited, 1000 �C-annealed, and 1200 �C-annealed
YDC films were 38 ± 2 nm, 68 ± 6 nm, and 93 ± 6 nm,
respectively.

EIS was conducted under 0 V and 1 V dc bias condi-
tions, and in the frequency range from 300 kHz to 0.5 Hz.
Representative Nyquist plots for the as-deposited YDC

Figure 1. Plan-view TEM images of (a) as-deposited and (b) annealed
(10 h at 1200 �C) YDC films (50 nm in thickness).

Figure 2. EDS spectra of YDC samples near (a) the Y-Ka edge and (b)
the Ce-Ka edge in the as-deposited sample, and (c) the Y-Ka edge and
(d) the Ce-Ka edge in the annealed sample. Spectra in red are from
grain boundaries, and those in blue are from grain centers. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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