Thin Film Growth Using Hetero Embryo:
Demonstration on Pyrochlore Phase
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ABSTRACT The paper reports the possible use of nanoparticles embedded in amorphous host as hetero embryos in order to grow
complex crystalline phases as thin film. Demonstration is performed in the prototypical case of pyrochlore phase Gd,Ti,O; grown
from Gd,O5 nanoparticles embedded in TiO, matrix at low temperature. As embryos, two kinds of nanoparticles are compared: clusters
deposited by low energy cluster beam deposition (LECBD) and nanostructured films elaborated by sol-gel process. The growth has
been analyzed by X-ray diffraction and transmission electron microscopy. Furthermore, the nanoparticles have been doped with
Eu’" luminescence probes in order to follow the nucleation mechanisms at the atomic scale. It is shown that the size, shape, and
composition of hetero embryos and as well their interfaces are of paramount importance to enhance the formation of complex
materials, such as pyrochlore. By this mean, the first step in classical nucleation science, controlling the height of the energetic barrier,

is skipped and the synthesis conditions can be eased.
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1. INTRODUCTION

he determination of the phase equilibrium data pro-

vides essential thermochemical guidance for ad-

vanced ceramic materials science. For this purpose,
the ingredients to be monitored are the chemical composi-
tion, the temperature, the pressure, and the atmosphere.
Unfortunately, the synthesis of complex oxides often re-
quires severe conditions, as high temperature and pressure,
which hinder their use in advanced microelectronic devices,
nanotechnology applications and surface engineering. In the
classical nucleation science, the crystal growth needs two
steps: the formation of a stable embryo and the accretion
around the embryo. But if there is no embryo or if no catalyst
is known (homo nucleation), a hetero nucleation might be
envisaged. In this case, the crystal nucleation is obtained by
mixing embryos with different compositions. In fact, a
detailed molecular model shows that initiation of stable
crystals proceeds via a multitude of possible paths involving
all types of nonequilibrium configurations that contribute to
the Kinetic barrier. The reduction of the thermodynamical
cost of the first step would be a considerable breakthrough
in crystal engineering, especially if we can discard the
nonequilibrium configurations and thus directly control the
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nucleation rate. This can be contemplated by the use of
nanoparticles as embryos. Because of the specifically high
surface/volume ratio, it is well-known that nanomaterials
have a higher chemical reactivity than their bulk analogues,
and that their thermodynamical stability is highly modified.
It allows then to bypass the standard phase diagram routes
(1-4). Another route to obtain crystallites phases is the
chemical sol-gel synthesis from organic precursor solution
(5). In the literature, the interdiffusion between two different
oxides has been often observed and used for powders (6, 7)
or ceramics (8) synthesis by solid-state reaction. This effect
in nanocrystalline insulators is more complex than in nano-
crystalline metals due to the potential multiple phases and
defect species (9). The diffusion into film has been studied
in particular to control the interface quality (10) or to
generate interface nanolayers (11), but this process is not
used much for complex oxide elaboration. For instance
zirconate titanate (PZT) thin films have been elaborated by
diffusion into PbZrO5 and PbTiO5 alternate layers (12).

In this paper, we report the formation of thin films of
Gd,Ti,O7 pyrochlore by the embedding in an amorphous
matrix (Ti,O,) of well-crystallized nanoparticles (Gd,Os)
whose composition, shape, and size are known by previous
studies (13-15). The isometric pyrochlore structure, with
general formula of A,B,0O7, have a remarkable range of
chemical, physical and electronic properties with a signifi-
cant number of technological applications, as catalyst, ma-
trix for nuclear waste, oxygen conductors in fuel cells (4).
Its choice is further motivated by its lattice geometry leading
to a highly frustrated antiferromagnet, where apart from the
classical Heisenberg exchange, the spins interact via dipole—
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dipole forces (16, 17). Not much is known about the frustra-
tion effect in quasi-2D antiferromagnets. The magnetic
frustration is expected to be greatly enhanced as one at least
of the sample dimensions is reduced. Consequently, a great
deal of effort is currently devoted to the synthesis of pyro-
chlore thin films. However, the scarce studies from the
literature show that drastic conditions, such as high temper-
ature, are needed to achieve thin films with moderate
quality. In the present study, we show that pyrochlore thin
films can be formed at a temperature lower than that of
classical methods, which is the signature of the nucleation
barrier dropping. This method can be extended to other
materials and opens the way to the synthesis of quasi-2D
advanced oxide compounds. The pyrochlore formation is
studied at the atomic scale through the modification of the
Do — "F, fluorescence lines of the Eu’* ions. These ions are
substituted to Gd** cations. The luminescence of the Eu®*
ion is strongly modified by the Stark effect induced by the
lattice field and consequently probes the structure of the
lattice formed by the surrounding atoms (18). Additional
structural informations are given by X-ray diffraction (XRD)
and transmission electron microscopy (TEM).

2. MATERIALS AND METHODS

The pyrochlore phases are mainly elaborated as polycrystal-
lized powders using solid state reaction. The mixing of Gd,O5
+ 2TiO, thermally treated at 1200°C allows the pyrochlore
phase generation after the phase transition from Gd,TiO5 phase
to Gd,Ti,O7 (6). If the stoichiometry is not respected, only the
Gd,TiOs phase is obtained. The chemical sol—gel process using
different chloride precursors in SiO, host allows decreasing the
crystallization temperature at 1000°C (19). Lower temperature
(780°C) can be obtained by mechanical milling synthesis (7).
This process takes advantage of the perturbation of surface-
bonded species by pressure to enhance thermodynamic and
kinetic reactions between solids (20). Pyrochlore as film form
has been elaborated only by classical sol—gel process (21).
Nevertheless, a thermal treatment at 800°C induces a single
diffraction line from the pyrochlore phase, but surprisingly the
other ones are not present, revealing a moderate quality of the
samples.

We propose here to use Gd,O5 nanoparticles embedded in
TiO, host as hetero embryos to grow Gd,Ti,O7 pyrochlore phase
as thin film form with lower temperature treatment. We have
tested Gd,O5 nanoparticles prepared by two different routes:
low energy cluster beam deposition (LECBD) under high vacuum
(13) and soft chemistry route based on sol—gel process (15).

The elaboration of nanoparticules through LECBD technique
is detailed in references (13, 14, 22). Briefly, a target pellet made
of Eu:Gd, 05 sintered powder, with Eu/Gd atomic ratio of 0.1, is
hit by a pulsed YAG laser in a high vacuum chamber. A plasma
is created and quenched by a synchronized helium burst (3 bars)
starting the clusters nucleation. The plasma then undergoes a
supersonic expansion through a nozzle. This adiabatic expan-
sion freezes the nucleation of the clusters at an approximate
rate of 1 x 10'° K s™'. The clusters synthesis is far from the
thermodynamic equilibrium conditions. The preformed clusters
are then deposited at a pressure of 1 x 107° mbars on a
substrate with sufficiently low kinetic energy (~0.5 eV per atom)
to save their structure. The steady deposition rate controlled in
situ by quartz balance is 0.1740.04 A/s. According to TEM
study, the size of Eu:Gd,Os clusters is 31 nm and their
structure is cubic (13, 14).
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The elaboration of Eu:Gd,O5 nanostructured layers by the sol-
gel dip-coating process has been described in details elsewhere
(15). In short, a Gd,O5 solution is elaborated by dilution of
stabilized Gd(CHsCOCHCOCH3); powders (REacton) in ethanol
under stirring at 90°C. Europium(Ill) nitrate pentahydrate (Al-
drich) is added to obtain a Eu 10% mol-doped precursor
solution. For film fabrication, silica substrates are then im-
mersed in the solution and withdrawn from the bath at a rate
of 40 mm/min. The layers obtained are first dried at 90°C for 5
min and subsequently heated at 600°C under a constant flow
of dry oxygen for organic compounds elimination, film densi-
fication and crystallization. This process provides very small Eu:
Gd,O5 crystallized nanoparticles of 3—5 nm diameter, compa-
rable to LECBD clusters.

TiO, host films are elaborated by the same sol-gel dip-coating
process (24). The TiO, solution is prepared using titanium
isopropoxide (Ti(O'Pr),-Aldrich), iso-propanol (PrOH—Merck),
acetic acid (AcOH-Prolabo) and diluted in methanol. The sol-
gel layers thicknesses are deduced from the thicknesses of
optical wave guiding multilayers measured by m-lines spectros-
copy (23).

Both methods provide Eu:Gd,O5 nanocrystallites with similar
size and structure. Nevertheless, films prepared under vacuum
by LECBD, resulting from the deposition of preformed clusters,
are foamlike (porosity around 70 %), whereas films prepared
by sol—gel are denser (porosity around 40 %). The two kinds of
Eu:Gd,O5 nanoparticles have been deposited as 30 nm thick
film on a sol—gel TiO, bottom layer and have been covered with
a second TiO; layer. The thickness of TiO, layers is evaluated
at 30 nm. Because a 600 °C annealing is necessary to crystallize
sol—gel Eu:Gd,Os layers, all bottom TiO, layers have been
annealed at this temperature and therefore crystallized in the
anatase phase (24), even though preliminary studies have
shown that interdiffusion is much easier through an amorphous
substrate than a crystallized one. After covering, the two kinds
of samples have been annealed step by step during 30 min up
to 1000 °C using a Linkam TS1500 heating plate. In the
following, the film that contains LECBD clusters is referred to
as “LECBD sample”, whereas the film prepared in full by the
sol—gel process is labeled “sol—gel sample”.

For each annealing step, the structure has been analyzed by
XRD using a Siemens D500 diffractometer with Cu K, radiation
in grazing incidence configuration (6 = 0.5°). After annealing
at 1000 °C, the samples have been studied by TEM and high-
resolution transmission microscopy (HRTEM) with a Topcom
EM-002B microscope, working at 200 kV and using Kevex
Sigma energy-dispersive X-ray equipment.

The europium photoluminescence (PL) spectra were recorded
at room temperature by two experimental systems. The excita-
tion at 290 nm has been obtained by a 450 W Xe lamp coupled
to a Gemini 180 Jobin-Yvon monochromator with a band-pass
of 2 nm. The excitation at 224 nm was realized with a photon
2000 He—Ag laser. The photoluminescence has been collected
by an optical fiber and analyzed by a TRIAX 320 Jobin-Yvon
monochromator and a Peltier cooled charge-coupled device
detector ensuring a spectral resolution of 0.5 nm. The study of
PL with temperature has been carried out using the heating plate
in the PL set-up to preserve the excitation configuration in order
to compare the PL intensities.

3. RESULTS AND DISCUSSION
The pyrochlore crystallization in different samples has

been analyzed by XRD. The XRD patterns of both kinds of
samples after annealing at 770 and 1000 °C are presented
on Figure 1. Before 770 °C, the size of crystallites are too
small to be detected by XRD. The diffraction lines of
Gd,Ti,O7 pyrochlore phases are clearly observed and ana-
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FIGURE 1. XRD pattern of pyrochlore thin films elaborated by interdiffusion of Eu: Gd,O5 nanoparticles (from sol—gel process and from LECBD)
embedded in TiO, layers annealed at 700°C (in dotted) and at 1000°C (solid line). The line designations are P and A for pyrochlore Gd,Ti,O

and anatase TiO, phases, respectively.
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FIGURE 2. TEM bright-field images of pyrochlore thin films elabo-
rated by interdiffusion of Eu: Gd,O5 nanoparticles (from sol—gel
process and from LECBD) embedded in TiO, layers annealed at
1000°C. HRTEM images and diffraction patterns on dark and light
crystallites allowing the phases identification are presented.

tase TiO, phase is also detected. This result is expected
because in both samples the TiO, quantity is in excess
stoichiometry and anatase is the phase observed after
annealing up to 400 °C in sol—gel TiO, layer s (24). The
analysis of XRD diffractograms by the Scherrer formula (25)
shows that the estimated average size of crystallites is
dependend on the hkl diffraction peak chosen for the
calculations. Thus other sources of peak broadening like
stresses must be considered. The XRD diffractograms of the
films have been unregistered by optimizing the incidence
angle in order to limit the substrate contribution. Neverthe-
less, the noise level of the patterns remains too high for
Rietveld refinement.

TEM and HRTEM studies on the cross-section of both
kinds of samples crystallized at 1000°C are presented in
Figure 2. “LECBD sample” consists of a single layer of
crystallites whose size is around 90 nm, whereas “sol—gel
sample” appears in the form of multiple layers of smaller
nanocrystallites whose size is around 50 nm. The results are
roughly in agreement with XRD results, the observed crys-
tallites sizes are larger than those estimated by the Scherrer
formula, confirming the peak broadening by other sources.
According to diffraction patterns, the dark particles are
pyrochlore crystallites and the light gray ones are anatase
TiO, crystallites. The HRTEM images confirm the phase
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designation. Although LECBD nanoparticles are used as
embryos, the size of pyrochlore crystallites is larger, and thus
LECBD nanoparticles appear to be better nucleation em-
bryos than sol—gel layer ones. This result would be discussed
after PL results.

As already mentioned, the Gd,Os embryos are doped
with Eu?* activator ions in order to study crystallization at
atomic scale during the nucleation process. It is known that
Eu’" ions substitute Gd>* ions because Eu®* and Gd** ions
have similar ionic radii ("gus+ = 0.98 A vs rqqs4+ = 0.97 A (26))
and the same valence state. The Eu>" emission correspond-
ing to °Do — "F radiative transitions are reported in Figure
3. According to preliminary excitation studies, the PL spectra
have been excited at 224 and 290 nm to favor Eu®* emission
in Gd,O5 and in Gd,Ti,O7 phases, respectively (27). These
excitation wavelengths corresponds to a direct excitation
from valence band to conduction band in Gd,O5 (28) and
Gd,Ti,O7 (21). The positions of the main Eu>* emission lines
in cubic Gd,O5 phases (29), in Gd,Ti,O7 phases (21, 30), and
in TiO, phases (31) are reported in Figure 3 for comparison.

The PL spectra of “LECBD sample” annealed at 200°C
present broad bands characteristic of disordered surround-
ing. This is due to the formation of hydroxyde shell when
the clusters are in contact with air (13, 32). For the “sol—gel
sample” annealed at the same temperature, the PL spectra
present broad lines characteristic of very small size crystal-
lites of cubic Gd,Os.

As the annealing temperature increases, two processes
are competing: the growth of Eu:Gd,O5 nanoparticles due
to clustering, and ions diffusion from nanoparticles to the
TiO, surrounding media. As the annealing temperature
increases up to 505 °C, the typical Eu** fluorescence lines
in cubic Gd,O5 phase become narrower. “Sol—gel sample”
(Figure 3 top left) exhibits a better crystallization than the
“LECBD sample” (Figure 3 top right). The hydroxide shell
around the Eu:Gd,Os clusters probably slows down the
aggregation, whereas in the sol—gel Eu:Gd,05 film, crystal-
lites are already in contact. Beyond 505 °C, the rise in
temperature brings about an extinction of the cubic Eu:
Gd,Os5 lines in both samples. Desorption into TiO, media
decreases the Eu:Gd,Os5 nanoparticles size. The pyrochlore
phase appears after an annealing at 655 °C for the “LECBD

IENAPPLIED MATERIALS 1545

XINTERFACES




. GdZO3 from Sol-Gel GdzO3 from LECBD
. Excitation 224nm| Excitation 224nm
__l700°C ; e, X10
54 R e e e e e e
2 ;
=_l665°C ;
: e
% 505ecc A . 11505°c 000 e
e | DTN S
20000 . - . - o
0 e et
Excitation 290nm Excitation 290nm
700°C 700°C
Bl
= 665°£//L_/N 665°C
£3
c
£ |605°C 605°C
T2
2
& 1s505°C 505°C T
@ 1
2000c P, p c 200°c P c
oI Al I . : £ I . I'D : i . .
580 590 600 610 620 630 580 590 600 610 620 630

Wavelength (nm)

Wavelength (nm)

FIGURE 3. PL spectra (measured at room temperature) versus annealing temperature of thin films elaborated by interdiffusion of Eu:Gd,O5
nanoparticles (from sol—gel process and from LECBD) embedded on TiO, layers. The reference positions of the 2 main emission lines of Eu**
in cubic Gd,Os5 (c), pyrochlore (P) and anatase TiO, (A) phases are reported (top, excitation wavelength = 224 nm; bottom, excitation wavelength

=290 nm).

sample” and at 605 °C for the “sol—gel sample”. Casually,
we can notice that PL of Eu®* ions is more accurate than XRD
to probe the crystallization state at low temperature. How-
ever, the temperature difference between the two samples
cannot be explained by hydroxide shell because it is com-
pletely eliminated by a heat treatment at 300 °C (13). We
may then consider that the porosity difference is an impor-
tant parameter.

The LECBD Eu:Gd,O5 layers are more porous than sol—gel
ones. Their covering by dip-coating in TiO, sol probably
causes the filling of a part of the pores. During treatment at
low temperature, the ionic diffusion might be slowed down
by air contained in pores. But the rise in annealing temper-
ature induces a densification and removes pores filled with
air. The high porosity becomes an advantage for pyrochlore
nucleation because of higher surface contact between TiO,
and Eu:Gd,O5 embryos. This explains the better crystalliza-
tion state of the sample prepared by LECBD observed in XRD
and TEM experience.

Note that no PL lines of Eu’* ions in anatase TiO, phase
has been detected in both samples when the thickness of
deposited Eu:Gd,Os5 layer is higher than 10 nm. In TiO,
unlike in Gd,Os or pyrochlore, Eu®* ions occupy interstitial
sites due to Ti*" valence state and ionic radius difference
(rriar = 0.65 A vs rese = 0.98 A). Therefore the diffusion of
Eu’" in anatase is energetically less favorable. In addition if
a Eu valence state change occurs, the PL of Eu>* character-
ized by a broad band would be observed by scanning
excitation wavelength of Xe lamp. This result means that
hetero embryo nucleation needs enough Eu:Gd,O5; nano-
particles inside the TiO, matrix for the growth process,
otherwise only TiO, matrix doping occurs.
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Futhermore, we emphasize that even though TiO, is
largely in excess around Eu:Gd,O5 nanoparticles, the growth
process does not lead to amorphous or ill-defined com-
pounds but strikingly to the complete Gd,Ti,O7 phase and
subsequently stops. The pyrochlore phase must thus be a
global minimum of the energy diagram. This seems to be a
critical feature in order to make our strategy efficient.
Consequently, as soon as it is fulfilled, the hetero embryo-
based nucleation seems a sound strategy to synthesize
complex crystalline compounds at moderate growth condi-
tions. In our study on Gd,Ti,O7 phase, the growth temper-
ature can be reduced by more than 30 %, even though the
inferior TiO, layer is crystallized. We can contemplate to
reduce it further by depositing preformed nanoparticles on
an amorphous substrate that will enhance the interdiffusion.

4. CONCLUSION
The embedding of Gd,O5 nanoparticles in Ti,O host as

hetero embryos allows growing complex crystalline phase
as thin film form. During heat treatment, two processes
predominate: the aggregation between nanoparticles and
the diffusion of ions from nanoparticles into the surrounding
media. These processes depend on the ions free energy
which is more important for surface ions, promoting the use
of nanoparticles (33). Consequently, the particles group
together to minimize the energy or are destroyed in contact
with surrounding by diffusion. The comparison between
LECBD clusters and sol—gel film as nanoparticules shows
that the crystallite growth depends on the chemical and
structural properties of the nanoparticles layer and the
effective surface in contact between the two embryos. As
shown with the pyrochlore phase, this hetero embryo
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nucleation technique is efficient to grow complex oxide at
low temperature.
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