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CHEMISTRY

Orientation symmetry breaking in self-assembled Ce;.,Gd,O,.,
nanowires derived from chemical solutions

A. Queralté,”" M. de la Mata,*® L. Martinez,® C. Magén,® M. Gibert,® J. Arbiol,”" R. Hiihne,? X.
Obradors®and T. Puig®

Understanding the growth mechanisms of nanostructures obtained from chemical solutions, a high-throughput production
methodology, is essential to correlate precisely the growth conditions to the nanostructures’ morphology, dimensions and
orientation. It is shown that self-organized (011)-oriented Ceg¢Gdy10,, (CGO) nanowires having a single in-plane
orientation are achieved when an anisotropic (011)-LaAlO; (LAO) substrate is chosen. STEM and AFM images of the
epitaxial nanowires reveal the (001)CGO[0-11]] | (011)LAO[100] growth orientation, with the enlargement occurring along
the [0-11]CGO direction with (111) lateral facets. The chosen substrate allowed us to study a unique case where the
resulting biaxial strain is isotropic, while the dissimilar lateral surface energies are the key factor to obtain an energetically
imbalanced and non-degenerated nanowire configuration. Rapid Thermal Annealing (RTA) has allowed to sort out
experimentally nucleation from coarsening and to analyze the kinetic phenomena of the nanowires. A thermodynamic
driving force is shown to exist for a continuous elongation of the nanowires while the coarsening rates are found to be
strongly temperature dependent and so kinetic effects are the key factors to control the size and density of the self-
organized nanowire system. A remarkably fast nanowires’ growth rate (14-40 nm min™) is observed which we associate
with a high atomic mobility probably linked to a high concentration of oxygen vacancies, as detected by XPS. These
nanowires are envisaged as model systems pushing forward the study of low energetic and highly oxygen deficient {111}

lateral facets useful for

1 Introduction

The production of nanostructures has been an extremely
investigated topic in the past years due to the unique
functional properties that can be obtained at the nanoscale,
for applications in catalysis, magnetism, optics, electronics,
superconductivity, etc.”® Two different strategies are typically
used to fabricate nanostructures. While top-down approaches
such as lithography may be reaching their limits in size
reduction and shape design at the nanoscale,’ bottom-up
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catalysis, gas

sensors and ionic conductivity applications.
strategies based on the spontaneous formation of
nanostructures through self-assembling and self-organization
processes are arising as a promising route to fabricate very
small devices with a high production rate and homogeneity in
shape and size.®° A big effort is being dedicated to understand
the mechanisms governing the thermodynamic and kinetic
aspects that lead to the formation of different types of
equilibrium shapes. Most research has been done in the field
of semiconductors.’® ' However, complex oxides such as Ce;.
«Gd,0,.y, Lag7SrosMnO; or BaZrO; have recently attracted a
great interest due to their singular functional properties, small
dimensions and high-throughput achieved.'®™ The remarkable
catalytic activity and oxygen ionic diffusivity of doped CeO,
(e.g. Cey4Zr0O,., and Cel_deXOz_y)16 is ideal for their use in
applications such as oxygen gas sensing,”’20 three way
emission control catalysts (TWC),Zl' 2 fuel cells and harvesting
devices,”? and as supports in heterogeneous catalysts.27'29
Doped CeO, has also been studied for its use in electro-optical
coatings due to their good optical properties in the
visible/near infrared and ultraviolet regions,w‘32 but also as a
replacement of silicon dioxide in electronic devices due to its
high dielectric constant and compatibility with silicon®*3* or as
buffer layer in high-temperature superconducting coating
conductors.®>*’

Chemical solution deposition (CSD) is an adaptable, low-cost
and scalable methodology used to synthesize a wide range of
functional oxide thin films and nanostructures with a precise
control over stoichiometry, nucleation and growth.”" 15, 38,39
Conventional thermal annealing (CTA) by means of tubular
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furnaces is the most extended fabrication tool of CSD.
However, they are limited to slow heating ramps; thus, a
detailed study of nucleation and coarsening phenomena is
precluded since they can occur almost simultaneously, and
nucleation and growth rates are often temperature
dependent. Instead, rapid thermal annealing (RTA) furnaces
use very fast heating ramps of tens of 2C s, and can reach
temperatures as high as 1200 2C. In addition, they provide a
precise control over the annealing temperature, with a small
error (~0.1 9C) and a small overshoot (~1 2C) at high
temperatures. Thus, RTA appears as very adequate tool to
combine with CSD to conduct a detailed study of nucleation
and coarsening phenomena. RTA has been mainly used during
semiconductor processing to implant ions and make
electrically active dopants with minimal diffusive motion® or
to obtain high concentration of dopants in the channel under
the gate in CMOS.*" *2 Some examples of its application for
CSD-based materials are the growth of multi-layered
architectures to develop fully functional oxide thin-film
capacitors with good ferroelectric and fatigue properties,43 as
well as, oxide electrodes with low resistivity.44 The fast heating
ramps developed by RTA can also be used to select or avoid
the formation of phases present during oxide thin-film growth
such as the pyrochlore phase in Pb(ZrXTil_x)O3.45 Nevertheless,
few studies have reported the fabrication of epitaxial layers by
means of RTA such as Pb(Zr,Ti;,)Os, La,Zr,O; or our recent
investigations on Cey,Zr,0,.,, LaNiO; and Bag gSry,TiO; films.*®
9 Nanostructures from oxides such as Ce1.4Gd,O,.y, Pb(Zr,Ti;.
)O3 and Lag;Sro3sMnO; have also been grown by CSD and
CTA. 11214153052 yowever, the use of RTA will likely provide a
better understanding of the nucleation and coarsening
mechanisms involved, particularly for complex oxide systems
where two or more cations are present which could derive in
the nucleation of different phases.

The ability to control the growth of nanostructures is essential
in order to fabricate devices where the compelling functional
properties depend on the particular crystalline orientation.™
2353 Previously, we reported on the growth of Ce;,Gd,0,,
(CGO) nanostructures on (001)LaAlO; (LAO) substrates by CSD
and CTA treatments.”* > ** Two different morphologies, linked
to dissimilar crystalline orientations and interfacial growth
states, were stabilized depending on the growth conditions,
i.e. oxygen partial pressure and temperature. We obtained the
(001)CGO[110]]| | (001)LAO[100] orientation with an isotropic
shape, i.e. nanodots (NDs), when annealing in oxygen
atmosphere. A labyrinthine structure of orthogonal nanowires
(NWs) with two equivalent in-plane orientations
(011)CGO[100]] | (001)LAO[100] and
(011)CGO[110]| | (001)LAO[010] was formed when annealing
under Ar-HZ.50 Additionally, it has been demonstrated that
nanoscratching is also very practical to achieve direct self-
assembling of CGO nanowires grown by CSD.*® These
nanostructures are ideal to investigate the low energy and
highly oxygen deficient {111} lateral facets which have
attracted great interest for catalysis, gas sensors and ionic
conductivity applications.54‘ 3781 Eor example, they could
potentially be good candidates for the fabrication of bridge
sensing architectures. Furthermore, we will see that NWs
elongate along the direction with {111} lateral facets and,
hence, they push forward new ways to develop and investigate
these widely used facets. In this work, we employ fast RTA
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treatments to grow self-assembled (011)CGO NWSs on
(011)LAO substrates oriented along a single substrate
orientation, thus, breaking the biaxial symmetry previously
obtained. Systematic investigations allow the evolution of
morphology, orientation and structure of NWs to be
evaluated, as well as their oxidation state. Thermodynamic
and 3D atomic models are also used to complete the study,
predicting and establishing the final stable morphology, strain
state and kinetic behavior of the NWs.

The fabrication methodology and theoretical analyses
presented will prove ideal for the understanding of the
thermodynamic and kinetic mechanisms involved in the
nucleation and coarsening of oxide nanostructures. They have
demonstrated useful in different interfacial nanostructures
and could also be systematically applied to a broad range of
ex-situ grown materials by taking into account the particular
combination of facets, and surface and strain energies.

2 Experimental

We have grown heteroepitaxial Cey sGdy 10,.,(CGO, acs0=0.541
nm) NWs by CSD on 0.5 mm-thick 5x5 mm? (011)LaAlO; (LAO,
0,20=0.379 nm) single crystal substrates (Crystec). Ultra-diluted
solutions are prepared from Cerium (lll) and Gadolinium (ll1)
acetylacetonates (Sigma-Adrich) mixed in propionic acid. The
concentrations of Ce and Gd are properly adjusted to get the
desired stoichiometry. Subsequent stirring and heating at 50
oC for 30 min leads to dissolution of the compounds and the
formation of cerium — gadolinium propionates with a total
metal ion concentration of 0.25 M. Then, the solution is
diluted by addition of propionic acid until the concentration is
0.008 M and, finally, it is filtered with a 0.2 um to eliminate
any impurities. Prior to deposition, the substrates are cleaned
with acetone and methanol in ultrasonic bath, and annealed at
900 °C during 5 h under O, to obtain atomically flat terraces.
Afterwards, we spin 14 ul of solution on each substrate (6000
rpm, 3000 rpm-s’l, 2 min). A two-step growth procedure is
used in our experiments: 1) The pyrolysis of the metal-organic
film obtained after spin-coating using a tubular furnace at
300eC for 15 min, deriving in the transformation of the
propionates film into a homogeneous nanocrystalline Iayer.62
2) The growth of NWs is carried out in a RTA system (AS-Micro
from Annealsys) under controlled conditions (atmosphere,
temperature and heating rate) at a maximum temperature of
11009C in oxygen for variable dwell times and heating rates.
Atomic Force Microscopy (AFM, Agilent 5100 system from
Agilent Technologies) is used in tapping mode at room
temperature and atmospheric pressure to investigate NWs
topography. Analysis of topographic images is done with
Mountains Map 7.0 software (Digital Surf). Two-dimensional X-
ray diffraction (XRDZ) pole figures are carried out in a GADDS
D8 Advance system from Bruker to determine the crystalline
orientation of NWs. ¢-scans are obtained in 180 steps of 22 at
specific 26-x regions; holding each position for 40 s to collect
enough signal. The pole figure is built integrating over a
specific 20 angle. The x position of the resulting diffraction
peaks enables us to determine the in-plane crystallographic
orientation of the interfacial nanostructures.

Scanning  Transmission  Electron  Microscopy (STEM)
experiments are performed to analyze the crystalline structure
and morphology of the NWs, including their orientation,
epitaxial relationship with the substrate and their faceting.
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Specimens are prepared by conventional mechanical polishing
and Ar-ion milling. High Angle Annular Dark Field (HAADF) or Z-
contrast images are obtained in a probe corrected FEI Titan 60-
300 operated at 300 keV. From the HAADF-STEM atomic
resolution images, we obtain the structural data to create 3D
atomic models of the CGO NWs epitaxed on the LAO substrate.
The models have been created by using the Rhodius

Soi’tware,63 which allows creating complex atomic models,3°' &4
including nanowire-like structures.®> %®
Reflection high energy electron diffraction (RHEED) is

performed with a Staib Instruments system using an electron
beam of 30 kV, a current of 50 pA and incidence angles
between beam and sample surface below 22. The investigated
incident directions are the <100> and <110> substrate
orientations. Additionally, the diffraction pattern is simulated
with a software based on the kinematic theory of electron
scattering.

X-ray Photoelectron Spectroscopy (XPS) measurements are
performed in an ultra-high vacuum (UHV) chamber with a base
pressure of 10" mbar. The plane of the surface is kept at 602
with respect to the hemispherical analyzer (Specs-
PHOIBOS100). The X-ray radiation corresponds to the Mg Ka
line (1253.6 eV). Narrow scans of Ce 3d core level are recorded
using a pass energy of 15 eV with energy steps of 0.1 eV. Up to
330 scans are accumulated for each measurement to decrease
the signal-to-noise ratio at the Ce 3d core level spectra since
the proportion of Ce in the sample is very small (around 2% on
the wide scan). The contribution of Mg Ka satellite lines is
subtracted and the background removed by a Shirley routine
prior to XPS data evaluation. The analysis of the Ce 3d core
level peak is performed according to Romeo et al.’’” All the XPS
measurements are carried out ex-situ.

3 Results and discussion

3.1 Morphology, structure and stoichiometry of nanowires

Heteroepitaxial CGO nanowires (NWs) have been grown on
(011)LaAlO; (LAO) substrates from ultradiluted precursor
solutions. Growth heating ramp (0.5-20 °C s1), temperature
(800-11009C) and annealing time (0-15 min) are varied in order
to investigate nucleation and coarsening. The study of
precursor films is mandatory in order to understand the
mechanisms leading to the formation of CGO NWs on
(011)LAO substrates. For instance, the initial organic precursor
is known to influence the pyrolysis process, as well as the
crystallization kinetics as demonstrated previously by Rupp et
al.; and this could be of relevance for CGO NWs.®®  we have
performed RHEED measurements of CGO precursor films
pyrolyzed at 300 2C for 30 min in oxygen on (011)LAO
substrates (Figure 1a). We observe a diffuse halo which
indicates the presence of amorphous content. The bright spot
in the halo with some additional faint ones on a half circle
correspond to the (011)LAO substrate (Figure 1b) as the depth
information is about 5 nm, whereas the precursor film has a
thickness of ~2 nm, as we will see later. Additionally, the halo
is not completely featureless, which may indicate the presence
of some nanocrystalline material. Equivalent investigations
have been done for comparison purpose on (011)CGO NWs
annealed at 1000 2C for 5 min which show a characteristic CGO
diffraction pattern (Figure 1b). Figure 1c presents a more local
investigation with HRTEM of the CGO precursor films. We see
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that the CGO precursor film has a thickness of 2 nm and
already presents uniaxial (011)CGO nanograins as evidenced
from the Fourier-filtered TEM image and hinted from RHEED
measurements. The film surface is very smooth with a RMS
roughness below 0.5 nm as seen in Figure 1d. Pyrolyzed CSD-
derived precursor oxide films are usually amorphous as
reported for lead-based oxides.>® 7° Alternatively, some oxides
such as barium/strontium titanates may experience a
transition from intermediate oxide phases to the final oxide
under certain conditions.*® ”° However, our results show the
presence of the final CGO structure at very low temperatures.
A previous study from Roura et al. has also demonstrated the
formation of nanocrystalline ceria films from propionate
precursors after annealing at 200 C for 1 h.52 This seems to
indicate that CGO has a large driving force to nucleate the final
phase without transitioning to intermediate phases. In order
to further minimize the nucleation of CGO nanograins at such
low temperatures, we reduced the pyrolysis time to 10 min.

After pyrolysis j(b)

0.0
Figure 1. RHEED measurements of (011)CGO on (011)LAO: (a) pyrolyzed CGO
precursor film after 30 min at 300 2C in O,, and (b) (011)CGO NWs grown at 1000
°C, 20 oC s™* for 5 min in O,. The spots marked in red (CGO NWs) and green (LAO
substrate) were recalculated with a software based on the kinematic diffraction
theory. (c) HRTEM image and corresponding FFT of the pyrolyzed CGO precursor
film on (011)LAO. (d) AFM image of the surface morphology.

Figure 2a presents the topographic AFM image of a sample
grown at 10002C, 20 °C st for 15 min in 0,. The formation of
self-assembled parallel CGO NWs is completed at short
annealing times since there is no remaining material on the
substrate steps. This also reveals a full conversion from the
initial nanocrystalline film into epitaxial nanostructures. The
NWs presented have heights between 5 and 10 nm, widths up
to 30 nm and lengths as large as 650 nm, meaning that high
aspect ratios can be obtained (length/width=20 and
length/height=100) with estimated effective growth rates
between 10 and 40 nm min™. We also observe the presence of
small isotropic islands which will be studied later. Figure 2b
shows the length profile of a single nanowire with a height of 9
nm and a length of 450 nm approximately. XRD? pole figures of
the LAO substrate and CGO NWs (Figure 2c and 2d) indicate
that the CGO NWs grow with a (011) out-of-plane orientation.
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In addition, the substrate notches seem to indicate that the
direction of enlargement should correspond to the [0-11]CGO,
as it will be confirmed later by STEM. Compared to the NWs
previously grown on LAO(001) and distributed along two
orthogonal in-plane directions,”® NWs grown on (011)LAO are
arranged along one single orientation breaking the degeneracy
observed on (001) substrates (vertically displayed in Figure
2a). The underlying mechanisms of this phenomenon will be
discussed in section 3.2.

The nanowires have been observed by atomic resolution
HAADF STEM along two orthogonal directions, as shown in
Figure 3. Samples are analyzed from the [100]LAO zone axis,
allowing the visualization of NWs along the [0-11]CGO (frontal
or cross-section view, Figure 3a and 3b) and, also, from the [0-
11]LAO axis, offering a lateral view of the NWs, where the CGO
is observed from the [100] direction (lateral or longitudinal
view, Figure 3c, 3d and S1). CGO NWs are well faceted by low
index planes; {111} planes define the wire borders in the [O-
11]CGO

(b) 10

Height {(nm)
e

o N B

000102030405
Length (um)

Figure 2. Self-assembled parallel (011)CGO nanowires grown on (011)LAO single-
crystal substrates at 1000 2C in O, atmosphere. (a) AFM topographic image of
CGO nanowires annealed for 15 min, 20 °C s™, and (b) a representative profile of
a single nanowire of 450 nm in length and 9 nm in height. XRD? pole figures
centered at the (111) Bragg reflection of (c) a (011)LAO substrate, and (d)
(011)CGO NWs. The background color in (d) has been changed for more visibility
of poles.

projection (frontal view model, Figure 3f), i.e. the large
dimension, while {010} planes do it along the [100]CGO
projection (lateral view model, Figure 3g), i.e. the short
dimension. The growth plane of CGO NWs is the (011), as can

be extracted from the fast Fourier transforms (FFTs) included
in Figure 3b and 3d. Thus, under the presented experimental
conditions, the CGO structure grows on the (011)LAO
substrate showing the epitaxial relationship: (011)CGO[O-
11]| | (011)LAO[100]; and presenting an in-plane rotation of
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902 between both structures. The theoretical lattice mismatch
£ of CGO NWs with the (011)LAO substrate is evaluated along
the short and long axes (¢ = [d40 — dccol/Acco, Where d 40
and d¢¢o are the matching distances of the LAO substrate and
CGO NWs, respectively). The calculation reveals a very low
mismatch of -1% for both in-plane directions, also confirmed
by TEM. Thus, low-misfit epitaxy (LME), which considers the
matching of the same planes or lattice parameters if the misfit
is smaller than 7-8 %, is the model to be applied. This is in
contrast with NWs grown on (001)LAO which show two strain
states: low lattice mismatch of -1% along the
[011]CGO//[010]LAO direction, being able to apply LME, while
a very high mismatch of -30% was found along the
[100]CGO//[100]LAO direction if LME is used. However, it was
demonstrated by TEM that the domain matching epitaxy
(DME) model, which considers the matching of different
planes and interplanar distances along different directions,
was more suitable than LME in order to describe the structure
better and obtain a reduced mismatch of 5%.>°

The presence of oxygen vacancies in CeO, nanomaterials has
been linked to the fast growth kinetics observed.’® ! Thus, the
oxygen stoichiometry of (011)CGO NWs on (011)LAO has been
investigated by evaluating the oxidation state of Ce ions.
Figure 4 shows the XPS Ce 3d core level spectrum of the NWs
grown in O,. The spectrum is composed of six peaks associated
to Ce* (shaded in red) and four peaks from Ce®* (shaded in
green). The quantification of both Ce ions, from deconvolution
of the core level spectrum following the procedure reported
elsewhere,67 allowed us to determine a ratio Ce3+/Ce4+(%) =
40/60. This ratio is equivalent to that reported for (001)CGO
NDs grown on (001)LAO in O, (Ce*'/Ce* (%)=40/60), whereas it
is significantly smaller than the ratio observed for (011)CGO
NWSs grown on (001)LAO in Ar-H, (Ce**/Ce* (%)=65/35).>* The
content of oxygen vacancies has been proposed to depend on
CeO, surface facets. In particular, a DFT study by Branda et al.
suggests that the formation energy of oxygen vacancies
depends on the facet, being the low Miller index facets, i.e.
{111}, {110} and {100}, those with higher oxygen reduction
potential.55 Hence, the large amount of vacancies in our NWs.
It has also been suggested that the reduced oxygen content of
(011)CGO NWs on (001)LAO could be caused by their
complicate interface, as well as the Ar-H, annealing ambient.**
*0 31 Fyurthermore, ceria nanostructures are quite robust since
they can sustain a large amount of oxygen vacancies
maintaining the fluorite structure. Equivalent XPS
measurements of 20-nm thick CGO films grown in O, reveal no
ce* ions.”? Although XPS is a good technique to measure the
oxidation state, it can only sense around 30% of the sample
due to thickness and electron mean free path limitations.
Thus, other techniques have been used in the literature to
evaluate oxygen vacancies. STEM-EELS experiments on CeO,.,
nanoparticles (NPs) have suggested that small-sized NPs are
fully reduced (Ce**/Ce*(%)=100), while NPs with larger
dimensions present a distribution of oxygen vacancies across
the surface.”*”® Song et al. have also reported oxygen
vacancies by STEM-EELS at the interface of CeO, films grown
on (111)YSZ substrates by PLD.” We have conducted
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Figure 3. (a) Cross-sectional HAADF STEM image of a (011)CGO nanowire (front view) viewed from the [0-11]CGO//[100]LAO zone axis. (b) Power spectrum obtained
from the HAADF STEM image in (a). (c) Cross-sectional HAADF STEM image of a (011)CGO nanowire (lateral view, longitudinal) viewed from the [100]CGO//[0-11]LAO
zone axis. (d) Power spectrum obtained from the HAADF STEM image in (c). (e) 3D atomic model of a CGO NW on a LAO substrate, and corresponding (f) front and (g)

lateral views.
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Figure 4. XPS Ce 3d core level spectrum of (011)CGO nanowires grown on
(011)LAO substrates by RTA at 1000 2C, 20 °C s * for 5 min in O, atmosphere. The
fitted components in green and red correspond to ce®* and Ce* ions,
respectively.

equivalent measurements on CGO NDs which suggest the
presence of a large amount of oxygen vacancies along them.*®
However, no decisive results have been obtained since sample
preparation by PIPS or electron beam interactions during the
measurements could be modifying the oxygen content as
reported in Ref 78, Solovyov et al. have also evaluated the
amount of oxygen vacancies through the analysis of reciprocal
space maps acquired with synchrotron X-ray diffraction.” The
analysis of symmetric and asymmetric reflections has revealed
that oxygen vacancies are distributed inhomogeneously along

This journal is © The Royal Society of Chemistry 20xx

CGO NDs with a high concentration at the interface. These
results are also consistent with the large amount of oxygen
vacancies reported by Garcia-Barriocanal et al. at the interface
of YSZ/STO epitaxial heterostructures.®® This phenomenon may
not be exclusive of CGO NDs, and it could play a vital role in
the structural relaxation of NWs. Therefore, we hypothesize
that the interface between nanoislands and substrate, their
small dimensions and the island facets may be responsible for
determining the amount of oxygen and its distribution inside
the CGO structure. A feasible explanation for this issue could
be ascribed to the larger surface-to-volume ratio of
nanoislands as compared to thin-films, which favors a fast
oxygen depletion. The presence of different chemical
terminations may also influence the formation of oxygen
vacancies as suggested before.”” Nevertheless, it is still an
open issue requiring further investigation.

3.2 Thermodynamic model and broken degeneracy of nanowires

The stable shape of CGO NWs is elucidated by applying a
model similar to that reported by Gibert et al® In general
terms, we suppose that the rapid formation of self-assembled
nanoislands is thermodynamically governed and, thus, allows
the model to be applied. Accordingly to our TEM results, we
assume a trapezoidal-prismatic shape with height h, short axis
a, and long axis b (Figure 5a). Lateral facets corresponding to
the short axis are tilted at an angle 6 with respect to the
substrate, while long axes’ facets are slanted an angle J. A
truncated island is considered since this is the most commonly
seen shape for (011)CGO NWs (Figure .‘-.’.a).50

The energy required to form a nanowire is mainly composed
by
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Figure 5. (a) Schematic representation of the considered island shape in the thermodynamic model. Phase diagrams and energy calculations of interfacial (011)CGO
NWs on (011)LAO substrates: (b) Ewrafc) (red solid line), Esuqc) (blue dashed solid line), and E,ak(c) (green dashed line) corresponding to a specific island size.
Parameters used for the plot are D=40 nm, h=4 nm, a=10%J m>, 8=1 and A=5.5 nm. (c) Contour plot showing the dependence of equilibrium lateral aspect ratio c.,
with respect to A and a (D=40 nm and h=5 nm). (d) Energy per unit volume E/V as a function of D, for different lateral aspect ratios (h=4 nm, a=10% 1 m?3, 6=1 and

A=4.4 nm). We show the growth direction of the lateral aspect ratio c.

the contribution of the surface energies of the external facets
and the elastic relaxation energy associated with the
interfacial misfit strain. Thus, it can be written as:

E= Esurf + Erelax + Eedges (1)
where Eg,,r corresponds to the surface energy, Ey¢qx to the
elastic relaxation energy, and E.;40s to the short-range
contribution of the edges.82 The change in total energy can be
expressed, without considering the effect of the edges, in
terms of the effective diameter D=(ab)1/ 2 and lateral aspect
ratio c=(b/a)1/ 2 as:

Eiotar =
¥YD? — dhD [c cotd + %cot6] + 2hD s}i,sce + CS};‘;S
Egur
—ah?D {1 (2) + petn (2)) @

Erelax

where in the first term of the equation, corresponding to
Egyurf, Yo and yp are the surface energies of short and long
lateral facets, respectively, and ¥ =y,+y;,—ys and
D =y, —vy; + Vs With ys, ¥ and y; being the surface energies
of the substrate, top facet of the island, and the substrate-
interface energy, respectively. In the second term,
corresponding to E,eiqx, @ = 02(1 —v)/mu, o is the island
stress tensor which depends on the Young modulus and misfit
strain, v and u the Poisson’s ratio and shear modulus of the
substrate, and A is a parameter proportional to the island’s
height and properly renormalized to incorporate the geometry
of the edges.gz'84 Additional values for these parameters can
be found in Table S1 (Supporting Information) and are also
reported elsewhere.*® 8 8% 8 | the calculation of the elastic
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relaxation energy, the corrective factor 8 considers the in-
plane biaxial strain anisotropy that could be present in some
cases. However, as reported before, there is no such strain
anisotropy in the present system, (001)CGOJ0-
11]] | (011)LAO[100], which means that 8=1 leading to the
same equation derived by Tersoff and Tromp.84 Figure 5b
illustrates the E(c) dependence and its energetic contributions
(Esurp Ereiax) for a (011)CGO NW on (011)LAO. Notice that Egy
decreases when the lateral aspect ratio increases. This means
that the contribution of the surface energy promotes the
continuous elongation due to the different orientation of
lateral facets and, thus, the different surface energies
associated. On the other hand, E, . favors isotropy and does
not contribute to the elongation.

The dependence of the lateral aspect ratio ¢ with A and «
(Figure 5c) allows us to evaluate the different energy
contributions to the overall island energy. In fact, ¢ and A
weigh the contribution of the elastic relaxation energy to the
E:ota- SO, for high a and A values the weight of £, becomes
more important and ¢ gets close to the isotropic nanoisland
value (c=1). When both parameters decrease, c increases
indicating that the importance of E,. is reduced and Eg,
dominates the whole island energy, favoring nuclei with high
aspect ratios.

A differentiating aspect of the present (011)CGO system is that
the energy minimum appears at an aspect ratio ¢>1 (Figure
5b). Since the elastic relaxation energy is isotropic, the reason
of that behavior resides in the dissimilar surface energies of
nanowire’s facets that act as the driving force for the
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formation of islands with an elongated shape. The
spontaneous formation of NWs is triggered by unrestricted
coarsening along one direction. In order to address that, we
must consider the change of energy as the size of the island
increases. For that purpose, we study the dependence of the
energy per unit volume (i.e. energy density) (E/V), being
VNhDZ, with the optimum island size D,,; which is the diameter
having a minimum of E/V for a given lateral aspect ratio c.
Figure 5d shows a decrease of nanowires’ E/V with D,
indicating that the formation of long NWs is favored
thermodynamically. Nevertheless, it is still unknown why the
growth kinetics is sufficiently fast to promote the formation of
nanostructures with the predicted equilibrium elongated
shapes. Additionally, it is unclear why NWSs’ configuration is
parallel, thus, different hypothesis could be made. A plausible
explanation is that, due to an existing high strain configuration,
the “other” orientation is either unable to nucleate (high
nucleation barrier) or remains as isotropic islands (Figure 2a).
HRTEM and HAADF-STEM investigations (Figure 6a-c) reveal
that these isotropic islands have a truncated pyramid-like
shape with the same low strain and epitaxial arrangement with
the substrate to that of (011)CGO NWs on (011)LAO, i.e.
(011)CcGO[100]//(011)LAO[O-11].

If we assume that the variation of the Gibbs free energy in our
system is: 4777

AG(D) = —hD?(AG, — AGg,) + WD? + I'Dh (3)

where AG,, = Au/v is the Gibbs free energy per unit volume, v
is the unit cell volume, Au(> 0) is the change in chemical
potential or supersaturation between the epitaxial and
amorphous/nanocrystalline state, AGg, is the misfit strain

energy per unit volume, and
I'=[2(ypccscO + yac tcscd) — @(ccoth + ¢t cot§)].
Then, the nucleation barrier as a function of the
supersaturation and strain (Gg;,-) can be written as:*®

" —r?n?

str = (4)

a[-h(L-2Gyer )+
Figure 6d shows the evolution of the nucleation barrier of CGO
nanowires with the supersaturation for different values of
AGgyy (O,ATH,MT”andMTu). Considering that AGg,-~A4u/v for
(011)CGO NWs, any other orientation with higher strain will
have a larger nucleation barrier for a specific value of
supersaturation. The other arrangements between the CGO
and LAO structures would be [100]CGO]||[100]LAO and [O-
11]CGO| |[0-11]LAO with biaxial strains of -30% in both
directions. Hence, it is highly probable that configurations with
such large strain are unable to nucleate on (011)LAO
substrates at the present experimental conditions due to their
high energy barrier and the low strain energy of the
orientation nucleated in this study.

3.3 Fast kinetics and coarsening of nanowires

It has been mentioned that the fast heating ramps achieved by
RTA furnaces allow us to select and analyze specific points of
the growth process, and thus, study the kinetic evolution of
NWs. Several coarsening mechanisms can occur
simultaneously during the growth of nanoislands.®” We can
identify conventional Ostwald ripening, which is related to
diffusion of atoms between NWs. Static coarsening is also
observed, which accounts for the growth of islands that do not

This journal is © The Royal Society of Chemistry 20xx

translate but grow from supersaturation when they are in
contact; seeing that nanowires tend to increase their size at
expenses of the neighboring ones.

$(011) LAO

[0-11]LAO
(@) 200 , : , :
AG, =5Au/v
150 - ]
= AG, =3Mulv
=)
5
o

Ay (109 J)

Figure 6. (a) HRTEM image of a short length (011)CGO island on (011)LAO. (b)
HAADF-STEM characterization, and (c) power spectrum of an equivalent island
viewed from the [100]CGO//[0-11]LAO zone axis. The sample was grown at 1100
9C, 20 2C s for 5 min in O,. (d) Dependence of the nucleation barrier (G*) with
the supersaturation (Au) for different strain contributions (AGs,).

Figure 7a and 7b show the AFM images of two different RTA
experiments at 1000 and 1100 2C with a heating rate of 20 ¢C
s and no dwell time, while Figure 7c and 7d present the AFM
images of NWs grown at 1000 2C and heating ramps of 5 and
0.5 oC s™. It is seen that NW dimensions increase with
temperature and by slowing the heating ramp. A more
detailed

study is depicted in Figure 7e where we see that the mean
volume increases from 800 to 4000 nm? as the heating ramp is
decreased. This indicates that the influence of coarsening is
small at fast heating ramps, thus, allowing a much precise
investigation of coarsening. Furthermore, we demonstrate
that the influence of coarsening in previous investigations
where conventional thermal annealing was used, i.e. heating
ramps slower than 0.5 eC st was significantly large. Hence,
nucleation and coarsening must be studied at heating ramps
as fast as 20 oC s in order to separate both contributions
sufficiently. Despite that, the increase in volume with
temperature reveals that the influence of coarsening cannot
be excluded completely at very high temperatures, i.e. 1100
oC, where the volume is comparable to that of slow heating
ramps. The dependence of the lateral aspect ratio ¢ at heating
rates from 20 to 0.5 2C s™* and temperatures from 900 to 1100
oC (Figure S2) indicates that the main increase in volume
comes from the growth of NWs along their length, confirming
what we predicted from thermodynamic calculations. The
temperature dependence of island dimensions can be
attributed to the enhanced atomic mobility achieved at high
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temperatures leading to a boost in the diffusion of atoms
between NWs. Large atomic mobility has also been reported in
other CSD cases, where a transition between thin-film
morphology to nanostructures has been observed by rising the
annealing temperature.®®

(e) o A B " A 900°C ]
o E I3, A 1000 °C A
= 2 A 1100°c /s
5% 0+ 21 4 1
> Z 20421 o :
c < = s,
e A
S © 10 T
5
0+ |

20 15 10 5 0
Heating Rate (°C s')

Figure 7. AFM images of nanowires grown on (011)LAO substrates in O, without
dwell time at: (a) 1000 C, 20 2Cs™, (b) 1100 2C, 20 ¢Cs™, (c) 1000 ©C, 5 °C s™* and
(d) 1000 eC, 0.5 oC s™. (e) Dependence of the mean volume of a NW with the
heating rate and temperature, extracted from AFM images (a-d). The black
dashed vertical line indicates the heating rate where the contribution of
coarsening is considered to be negligible.

Figure 8a and 8b show the increase in size between samples
annealed at 1000 C and 20 oC s™* for 0 and 15 min. Figure 8c
plots the mean volume of a single NW for additional samples
annealed at 1000 C and 20 °C s™". This allows us to visualize an
enhanced isothermal growth of NWSs’ volume. We can
approximately extrapolate a coarsening velocity (v.) of ~14 nm
. This coarsening rate is rather fast considering that
ripening of nanoislands by the mechanisms described before
should be much slower as they have a thermodynamically
stable equilibrium size. Some works have observed an
enhancement of the Ostwald ripening by elastic repulsive
interactions between nanoislands.®” The inset in Figure 8b
shows that some NWs keep a very close distance between
them (few nanometers) without experiencing coalescence.
This may be indicative of the presence of
interactions. the large amount of oxygen
vacancies present in the NWs could have an important
influence in their enhanced kinetics and, hence, lead to fast
coarsening rates. Similar coarsening phenomena have been

min

repulsive
Furthermore,
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considered previously for the orthogonal NWs.*® In addition,
we also reported the presence of dynamic coalescence, which
consists in the diffusion of nanoislands as a whole. This
coalescence mechanism is associated to attractive interactions
between different island facets {111} and {100}, and it is
caused by the orthogonal configuration of CGO NWs grown on
(001)LAO substrates. Since the present NWSs are arranged
parallel, they do not meet this condition and, therefore, no
attractive interactions have been identified to affect their
coarsening behavior.

C
(;,)-\30 : : .

: A
S 20- Vil
GE) 4

S 101 4 -
S _K

c -~

S .| aA- A |
E T b3 T v T ¥ T

0 5 10 15

Time (min)
Figure 8. AFM images showing the evolution of nanowires grown in O, at 1000
9C: (a) 0 min, and (b) 15 min of annealing. Inset: two close NWs illustrating the
presence of elastic repulsive interactions. (c) Evolution of the mean volume of a
single NW with time from 0 to 15 min.

Conclusions

Tuning the strain configuration between CGO NWs and
substrate allows selecting between two different self-
organized arrangements, i.e. a single orientation of parallel
NWs are obtained when grown on (011)LAO substrates
(present study), whereas orthogonal NWs have been grown
on (001)LAO substrates (previous works). An extremely fast
bottom-up methodology has been employed to spontaneously
grow (011)CGO NWs by CSD and RTA furnaces with estimated
growth rates between 10 and 40 nm min™. The epitaxial
relationship between NWs and the substrate is
(011)CGOJ[100]]| |(011)LAO[0-11], i.e. CGO and LAO structures
are rotated 909 in-plane. CGO NWs on (011)LAO substrates
grow following a LME model, which enables the growth of
biaxially isotropically strained NWs with a low strain
configuration of -1%. In contrast, NWs on (001)LAO substrates
followed the DME model due to the anisotropy in strain. The
anisotropy observed in the surface energy is then the main
contribution to the formation of thermodynamically stable and
elongated NWs after nucleation. The large nucleation barrier
for high strain configurations completely discards the
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formation of nanostructures with -30 % biaxial strain, and
thus, (011)CGO nuclei which end forming parallel NWs are
presented as the only possible morphology on (011)LAO
substrates. Thermodynamic calculations show a decrease in
the energy per unit volume as the lateral aspect ratio increases
which seems to indicate that NWSs’ should elongate
indefinitely. Experimental results confirm the enhanced
growth of NWs along their length.

The oxidation state of (011)CGO NWs on (011)LAO substrates,
i.e. Ce®/ce™(%)=40/60, has been found to be equivalent to
that of (001)CGO isotropic nanoislands on (001)LAO
substrates, both grown in oxygen atmosphere. Instead, NWs
grown on (011)LAO in Ar-H, have a ratio ce* /ce* (%)=65/35,
which indicates that the islands facets, the interface between
CGO nanostructures and the LAO substrate, the annealing
atmosphere and the dimensionality of our NWs highly
determine the amount of oxygen vacancies in the CGO
structure.

We demonstrated that nucleation and coarsening can be
separated when using fast heating ramps, only available with
RTA furnaces. Kinetic mechanisms such as conventional
Ostwald ripening modified by elastic repulsive interactions,
static coarsening and enhanced coarsening due to oxygen
vacancies are likely contributing to the very fast growth rates
between 10 and 40 nm min™. In summary, our investigations
reveal that the direction of NWs’ elongation is the one with
{111} lateral facets which also possesses a large amount of
oxygen vacancies, and it has the lowest surface energy.
Therefore, our NWs with predominant {111} lateral facets
appear as optimal candidates to be used as a model system in
the study of doped-CeO, for applications in catalysis, gas
sensors and oxygen ionic conductivity.
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