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Abstract Ultrathin crystalline films of 10 mol% gadoliniadoped ceria (CGO10) are grown on MgO (100) substrates by
pulsed laser deposition at a moderate temperature of 400°C.
As-deposited CGO10 layers of approximately 4 nm, 14 nm,
and 22 nm thickness consist of fine grains with dimensions
≤ ∼11 nm. The films show high density within the thickness probed in the X-ray reflectivity experiments. Thermally
activated grain growth, density decrease, and film surface
roughening, which may result in the formation of incoherent
CGO10 islands by dewetting below a critical film thickness,
are observed upon heat treatment at 400°C and 800°C. The
effect of the grain coarsening on the electrical characteristics of the layers is investigated and discussed in the context
of a variation of the number density of grain boundaries.
The results are evaluated with regard to the use of ultrathin
CGO10 films as seeding templates for the moderate temperature growth of thick solid electrolyte films with improved
oxygen transport properties.
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1 Introduction
10 mol% gadolina-doped ceria (CGO10) is applied as a
key functional component in electroceramic devices, particularly as electrolyte [1–3] in low temperature solid oxide
fuel cells (SOFCs) that operate at ∼500◦ C [4]. Miniaturized SOFCs (µ-SOFCs), currently investigated as promising
power sources for portable electronic devices [5–7], require
an integration of CGO10 thin film electrolytes into microelectro-mechanical-systems (MEMS). However, high temperature processing that is conventionally applied in order
to acquire high density of thin film electrolytes often leads
to film cracking or film delamitation from a substrate, due to
the mismatch of the thermal expansion coefficients [8, 9], or
to chemical poisoning of the material [10]. This thermally
activated degradation of the films can be significantly reduced by thin film preparation via pulsed laser deposition
(PLD) as its inherent nonequilibrium growth conditions [11]
enable the growth of dense crystalline CGO10 films at comparatively low temperatures [8, 9]. However, the resulting
films are often characterized by a high density of nm-sized
growing nuclei [12]. The connected high number density of
grain boundaries causes a grain boundary-limited, degraded
ionic conduction of the films [12, 13] due to the resistive nature of the internal interfaces. Multi-step growth involving
the preparation of ultrathin seed layers in the first stage to
control the growth and physical properties of the subsequent
(thick) coating [14, 15] is envisioned as an option to overcome these limitations, enabling the deposition of coarse
grained CGO10 films at moderate temperatures, which is
advantageous for solid electrolyte applications.
This work reports on the effects of different thermal annealing treatments on the morphology, microstructure, and
electrical transport properties of ultrathin CGO10 layers
with thicknesses in the range of 4–25 nm. We have explored
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Table 1 Annealing conditions for the CGO10 seed layers
Annealing temperature

Dwell time

as-deposited

–

400◦ C
800◦ C

1h
1h
10 h

the preparation conditions for suitable seed templates. The
CGO10 films are prepared on MgO (100) substrates in order to enable their electrical characterization. The films are
studied by atomic and lateral force microscopy, X-ray reflectivity, and d.c. resistivity measurements.

2 Experimental procedure
CGO10 films with thicknesses of 4.4 ± 0.2 nm, 13.7 ±
1.1 nm, and 22.2 ± 1.4 nm were grown on MgO (100) substrates by pulsed laser deposition in a high vacuum chamber
[16]. A rotating sintered CGO10 target was ablated by a KrF
excimer laser beam (λ: 248 nm, τ : 20 ns, f : 10 Hz) focused
to a spot size of 3.6 mm2 yielding a fluence of 1.1 J/cm2 . The
ablated material was deposited at normal incidence on a substrate mounted to a rotary sample holder positioned in a distance of 68 mm to the target. All depositions were conducted
at a fixed substrate temperature of 400◦ C in an oxygen background atmosphere with a pressure of 1.0 Pa. The ultrathin
seed layers were exposed to different post-annealing treatments (Table 1) under an oxygen flux of 20 sccm in a tubular
furnace applying a heating and cooling rate of 3 K/min.
Specular X-ray reflectometry (XRR) measurements of
the layers were acquired in a 2θ -range of 0.25–7◦ at an
incremental step width of 0.02◦ and an integration time of
15 s/step on a Siemens D500 diffractometer applying Cu
Kα radiation. The presence of a magnesium hydroxide layer
at the substrate surface, which forms readily upon exposure to humid air, was taken into account within the simulation of the experimental XRR patterns using the GenX software [17] that yielded information on the thickness, roughness, and density of the CGO10 layers.
The topographical surface roughness and morphology
were analyzed by atomic force microscopy (AFM) using a
Nanoscope IIIa scanning probe microscope (Digital Instruments/Veeco Inc.) in a contact mode. The average lateral
grain size was estimated by Heyn’s mean lineal intercept
method [18], measuring at least 500 individual grains. Operation in lateral force microscopy (LFM) mode was applied
to monitor surface friction contrast.
The “in-plane” electrical characterization of the 13.7 ±
1.1 nm and 22.4 ± 1.4 nm thick layers was performed by
continuous two-point d.c. conductivity measurements using

Fig. 1 Topographical AFM images of 22.2 ± 1.4 nm thick CGO layers grown on MgO(100) substrates by PLD and subsequently exposed
to different heat treatments: as-deposited (a), annealed at 400◦ C for
1 h (b), annealed at 800◦ C for 1 h (c) and annealed at 800◦ C for
10 h (d)

a Keithley 2700 multimeter. The measurements were conducted in air at a flow rate of 10 sccm, utilizing a heating and
cooling rate of 2 K/min, on samples with sputter-deposited,
2 mm spaced silver electrodes of about 400 nm thickness,
which were connected with Ag paste and Pt wires. Multiple
heating and cooling cycles were applied, in order to validate
the stability of the electrical response.

3 Results and discussion
The topography of the as-deposited and heat-treated CGO10
layers is depicted representatively for the set of 22.2 ±
1.4 nm thick films in Fig. 1. The AFM images clearly show
a change of the layer morphology induced by the thermal
treatment. The feature size increases and the formation of
distinct grains is promoted by the heat treatment (Fig. 1b–d)
compared to the as-deposited state (Fig. 1a). The quantitative results of the thermally activated grain growth are
summarized in Table 2. The as-deposited layers exhibit fine
grains with dimensions ≤ ∼11 nm, close to the lower limit
for a reliable size estimation. Annealing at 400◦ C for 1 h
results only in minor grain coarsening. However, a significant increase of the mean lateral grain size (D) by a factor
of 2.3–3.5, proceeding with progressing exposure time on
an hour time scale, is observed if the annealing temperature
is elevated to 800◦ C. As Table 2 reveals, D increases moreover systematically with the film thickness, which accounts
for the coarsening of the growing nuclei with progressing
material deposition during PLD.

The effects of thermal annealing on the structure and the electrical transport properties of ultrathin

In addition to the thermally activated grain growth, the
annealing affects the surface roughness (R) of the coatings.
The drop of the interference fringe amplitude in the XRR
patterns (Fig. 2) points qualitatively to an increase of the film
roughness with increasing annealing time and temperature.
Table 2 compares the quantitative roughness data obtained
by the AFM and an analysis of the XRR patterns and consistently confirms this trend with a particularly pronounced
increase of R in the case of prolonged (10 h) exposure at
high temperature (800◦ C). However, the roughness of surfaces measured by the AFM is systematically smaller than
that obtained by the XRR technique. This variation might be

Fig. 2 Specular X-ray reflectivity patterns of 13.7 ± 1.1 nm thick
CGO10 layers exposed to different post-annealing treatments. The
solid lines represent least square simulations with a two layer model
MgO/MgO·(H2 O)x /Ce0.9 Gd0.1 O1.95 by the GenX software
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resulting from the difference in the nature of the XRR and
the AFM measurements. In contrast to the AFM, where film
topography is directly measured, the XRR probes the electron density normal to the substrate surface. This implies
sensitivity to the chemical composition of the layer. Hence,
the systematically higher XRR roughness values compared
to the purely topographical AFM reference data suggest a
chemical roughness component, i.e., the presence of a compositional gradient at the film surface. Although the impurity [19] or dopant [20] segregation to interfaces is well
known, this effect is not expected in films prepared at low
deposition temperature of 400°C [21]. Thus, an additional
factor, like a convolution of the film topography and the tip
shape and size [22] that might lead to contradicting trends in
the AFM roughness measurements, has to be also taken into
consideration in order to explain the differences in roughness obtained by the two methods.
Below a critical thickness the surface roughening can ultimately lead to the disintegration of the continuous CGO10
films and the formation of isolated islands. This is observed
for the 4.4 ± 0.2 nm thick CGO10 layer annealed at 800°C
for 10 h, as seen in Fig. 3. Distinct, about 27 ± 3 nm wide
features form upon the heat treatment from an originally
smooth and uniform film as indicated by the topographical AFM image (Fig. 3a). The friction contrast, manifested
by the mirror-like appearance of the LFM images in a trace
and re-trace direction (see Fig. 3b and c), unambiguously
proves the presence of two chemically different phases, assigned to the MgO substrate surface and isolated CGO10
islands. The observed dewetting behavior shows that homobinding forces are stronger than hetero-binding forces in the
CGO10/MgO system.

Table 2 Average grain size (D), topographical rms roughness (Rq ), XRR surface roughness (R), and film density (ρ), as a function of the
thickness (t ), and heat treatment of the CGO10 seed layers
t [nm]

4.4 ± 0.2

13.7 ± 1.1

22.2 ± 1.4

* Not

Annealing

D [nm]

Rq (AFM) [Å]

R (XRR)
[Å]

ρ [g/cm3 ]

as-deposited

<10

1.3 ± 0.1

1.8 ± 0.1

7.24 ± 0.10

400°C (1 h)

<10

1.1 ± 0.1

2.9 ± 0.1

7.08 ± 0.12

800°C (1 h)

24.3 ± 0.7

800°C (10 h)

27 ± 3

as-deposited

10.8 ± 0.4

1.3 ± 0.1

2.3 ± 0.2

7.15 ± 0.06

400°C (1 h)

13.3 ± 0.5

1.6 ± 0.1

3.3 ± 0.2

7.21 ± 0.05

800°C (1 h)

25.1 ± 0.8

2.2 ± 0.3

4.5 ± 0.3

6.92 ± 0.05

800°C (10 h)

35.7 ± 1.3

8.2 ± 0.7

11.0 ± 0.8

7.02 ± 0.12

as-deposited

11.3 ± 0.5

2.1 ± 0.1

2.4 ± 0.3

7.14 ± 0.14

400°C (1 h)

19.0 ± 0.7

2.3 ± 0.1

3.6 ± 0.3

7.03 ± 0.08

800°C (1 h)

27.6 ± 0.9

2.7 ± 0.4

4.9 ± 0.2

6.89 ± 0.02

800°C (10 h)

39.1 ± 1.3

9.8 ± 0.4

14.4 ± 1.8

6.92 ± 0.15

estimated due to the CGO10 layer discontinuity

2.1 ± 0.2
–*

3.5 ± 0.1
–*

7.05 ± 0.03
–*
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Fig. 3 Topographical AFM image (a) and lateral force microscopy (LFM) images in the trace (b) and retrace direction (c) obtained after annealing
of a 4.4 ± 0.2 nm thick CGO10 seed layer grown on MgO(100) at 800◦ C for 10 h

In addition to the dampening of the interference fringe
amplitude the XRR patterns in Fig. 2 reveal a shift of the
critical angle below the reference value of 0.362 deg (dispersion correction not included in the estimation) for the fully
dense CGO10 material. Accordingly, the deduced density
(ρ) of the layers decreases with the intensity of the heattreatment (compare Table 2). Generally, the densities of the
as-deposited layers and those annealed for 1 h at 400°C are
close (99–98%) to the theoretical density of CGO10, i.e.,
7.226 g/cm3 assuming nominal oxygen stoichiometry given
by the doping level. This proves that the layers are without
significant internal pores within the probed thickness, i.e.,
7.4 nm at the critical angle. The apparent density drop down
to 95–97% observed for the layers heat treated at 800°C is
counter-intuitive since higher annealing temperatures commonly cause a densification. Most probably this effect is
an artifact from the surface roughening that lowers the integrated effective density and does not relate to changes of
the films crystallographic density or the formation of internal porosity.
The compilation of the total electrical conductivity (σ )
at 600°C, 700°C, and 800°C, as well as the values of the
activation energy (Ea ) are presented in Fig. 4 for the sets
of 13.7 ± 1.1 nm and 22.2 ± 1.4 nm thick CGO10 layers. The thinnest layers (4.4 ± 0.2 nm average thickness)
were excluded from the electrical measurements, as the applied measurement geometry did not yield measurable resistances.
In Fig. 4a–b, the electrical properties of the layers with
an average thickness of 13.7 ± 1.1 nm (solid symbols) and
22.2 ± 1.4 nm (open symbols) are presented as a function of
the grain size, whereas in Fig. 4c–d these properties are depicted as a function of the thickness of the individual layers.
As a general trend, an increase of the grain size results in an
increase of the conductivity (see Fig. 4a). Moreover, one can
notice that the conductivity of films with similar grain sizes
and varying thickness differs. The thinner layers (13.7 ±
1.1 nm) are less conductive, i.e., the conductivity equals
on average 0.0019 ± 0.0006 S/cm, 0.007 ± 0.002 S/cm,
and 0.027 ± 0.004 S/cm at 600°C, 700°C, and 800°C, respectively. The thicker films (22.2 ± 1.4 nm) are character-

ized by slightly higher conductivity values, i.e., 0.0037 ±
0.001 S/cm, 0.014 ± 0.003 S/cm, and 0.038 ± 0.007 S/cm
at 600°C, 700°C, and 800°C, respectively. A closer inspection of the grain size and the film thickness dependence of
Ea (see Fig. 4b and 4d) gives additional insight into the
electrical properties of the films. The decrease of Ea (from
1.40 ± 0.02 eV to 1.10 ± 0.02 eV) with increasing grain
size (see Fig. 4b-solid points) and increasing thickness (see
Fig. 4 d-solid points) follows the increase of the conductivity (see Fig. 4a and Fig. 4c-solid points). A stable Ea
value of 1.00 ± 0.01 eV, independent of the grain size, is
approached for films with a thickness ≥ ∼20 nm. Only the
CGO10 layer of the largest investigated thickness and grain
size reveals deviation from the mentioned trends and the rest
of the data, i.e., systematically lower conductivities and an
activation energy of 1.10 ± 0.02 eV. This might be related to
a contamination or a poor contact quality of that particular
sample.
The absolute conductivity values for the ultra-thin, nanograined films are low compared to a bulk microcrystalline CGO10, which exhibits, e.g., a total conductivity of
0.018 S/cm at 600°C combined with a lower activation energy for the total conduction of Ea = 0.83 eV [12]. Figure 4
suggests that the films electrical conductivity improves with
the presence of larger grains formed either by prolonged
PLD growth (thicker films) or subsequent thermal annealing. This can be rationalized in terms of the lower number density of grain boundaries that possess a high specific resistance to the transport of oxygen ions, which has
been attributed to the formation of vacancy-depleted space
charge regions [23]. These results are in contrast to some
reports [24] claiming an enhancement of the electrical transport properties in nanocrystalline ion conductors.
These results suggests that thermal annealing could be
used to prepare suitable, coarse grained seeding templates
for the moderate temperature growth of CGO10 electrolyte
films that provide enhanced ionic transport properties compared to a single step, direct deposition. Nevertheless, prolonged exposure to relatively high annealing temperatures
(800°C) is required to induce significant grain coarsening.
A seed layer thickness above 5 nm is recommended to avoid
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Fig. 4 Total conductivity as a
function of grain sizes for the
13.7 ± 1.1 nm (closed symbols)
and 22.2 ± 1.4 nm (open
symbols) thin CGO10 films (a).
The triangles, circles and
squares correspond to data
obtained at 600°C, 700°C, and
800°C, respectively. Activation
energy as a function of the
average grain size (b). Total
conductivity of the layers as a
function of the layer thickness
for both sets of samples (c).
Activation energy as a function
of the layer thickness (d). The
error bars are based on the
experimental errors in the
determination of the film
thickness and grain size

disintegration of the films by dewetting under the required
harsh annealing conditions.

4 Conclusions
Ultrathin (thickness: 4–25 nm) polycrystalline CGO10 layers are grown by PLD at a moderate temperature of 400◦ C.
The density of the as-deposited films reaches 98–99%, as established within the applicability limits of the XRR method.

The as-deposited layers consist of nm-sized grains with dimensions below 10 nm. Prolonged exposure to high annealing temperatures (800◦ C) is necessary to induce significant
grain growth resulting, e.g., in average grain sizes of 35–
40 nm after 10 h. Simultaneously, the surface roughness increases, which may ultimately result in a disintegration of
the originally continuous film into isolated islands below a
critical layer thickness of 5–10 nm. The electrical conductivity increases with the grain size and film thickness while
the activation energy decreases to values ∼1.0 eV. These
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changes are due to the reduction of the number density of
blocking grain boundaries. The experimental results suggest
that only high temperature thermal annealing is an eligible option to prepare coarse grained ultrathin CGO10 layers
as suitable seeding templates for the moderate temperature
growth of solid electrolyte thin films with enhanced ionic
transport properties compared to the direct single step deposition.
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