Nanostructured europium oxide thin films deposited by pulsed laser
ablation of a metallic target in a He buffer atmosphere
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Nanostrucured europium oxide and hydroxide films were obtained by pulsed Nd:YAG (532 nm)
laser ablation of a europium metallic target, in the presence of a 1 mbar helium buffer atmosphere.
Both the produced film and the ambient plasma were characterized. The plasma was monitored by
an electrostatic probe, for plume expansion in vacuum or in the presence of the buffer atmosphere.
The time evolution of the ion saturation current was obtained for several probe to substrate
distances. The results show the splitting of the plume into two velocity groups, being the lower
velocity profile associated with metal cluster formation within the plume. The films were obtained
in the presence of helium atmosphere, for several target-to-substrate distances. They were analyzed
by Rutherford backscattering spectrometry, x-ray diffraction, and atomic force microscopy, for
as-deposited and 600 °C treated-in-air samples. The results show that the as-deposited samples are
amorphous and have chemical composition compatible with europium hydroxide. The thermally
treated samples show x-ray diffraction peaks of Eu,03, with chemical composition showing excess
oxygen. Film nanostructuring was shown to be strongly correlated with cluster formation, as shown

by velocity splitting in probe current versus time plots. © 2010 American Vacuum Society.

[DOLI: 10.1116/1.3457784]

I. INTRODUCTION

Rare earth oxides have been widely used in luminescence
devices because of the electronic and optical characteristics
originating from their 4f electrons.! The luminescence of
Eu** is particularly interesting because its major emission
band is nearly centered at 611 nm wavelength (red), which is
one of the primary colors. This leads to Eu,0O5 being one of
the most important oxide phosphors. To date, most of the
work on Eu oxide phosphors was done on Eu** doping of
many host lattices, as a luminescence activator.> However,
less attention has been dedicated to the study of pure eu-
ropium oxide as a phosphor. Recently, Yang et al.* showed
that nanostructuring europium oxide could induce a strong
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red photoluminescence. They produced europium oxide
nanotubes and nanorods, using a chemical route with carbon
nanotubes as templates. Chemical routes were also employed
to produce europium oxide nanoparticles, isolated® or immo-
bilized on the surface of silica nanospheres,6 both showing
also a remarkable red photoluminescence.

Despite its wide use in the production of metal oxide
nanostructured materials and nanoparticles,7’8 laser ablation
has been rarely used in the production of pure europium
oxide nanostructured films. Concerning the use of laser ab-
lation for the production of nanostructured europium oxide,
most of the work was focused on the production of Eu**
doped metal oxides, mainly lanthanide oxides.*” An excep-
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FiG. 1. Sketch of the experimental setup for pulsed laser deposition.

tion to this is the production of nanoeuropium oxide ethanol
sols, by laser ablation of a Eu,04 target10 submerged in a
flowing liquid with chemical modifiers.

An interesting way to produce metal oxide nanoparticles
or nanostructured films is to laser ablate a metallic target in
the presence of a buffer inert gas atmosphere.“_14 The inter-
action of the ablated plume with the background gas results
in cluster growth, which can be revealed by the splitting of
the plume fragment velocity proﬁle,15 leading to the appear-
ance of a lower velocity group, characteristic of the clustered
atoms. The nanometric clusters condense onto the film grow-
ing surface and oxidize when the deposition chamber is
opened to the atmosphere. Such method was used to grow
nanostructured tungsten oxide films, which were obtained
with several morphologies, from compact, nanostructured, or
highly porous, depending on buffer gas, gas pressure, and
substrate-to-target distance.'>'* Besides the advantage of the
possibility of morphology control, this method is very suit-
able to europium oxide production, due to the high reactivity
of europium with oxygen, which may result in prompt oxi-
dation of metal nanoparticles upon exposition to ambient at-
mosphere.

In this work, the results of a study on the production of
nanostructured europium oxide thin films by laser ablation of
a Eu metallic target are reported in the presence of a He gas
atmosphere. The variations of film structure, chemical com-
position, and surface morphology are followed as a function
of the target-to-substrate distance. In parallel, the velocity
profile of the ablation plume ionic fragments is determined,
in order to establish the correlation between plume expan-
sion and film characteristics.

Il. EXPERIMENTAL PROCEDURE

The experimental apparatus used for film deposition is
shown schematically in Fig. 1. Briefly, a Q-switched
Nd:YAG laser (Litron LPY 706-10T™), operating in the sec-
ond harmonic (A=532 nm), with 25 mJ pulse energy, is fo-
cused, at a 45° angle geometry, onto a pure metallic eu-
ropium target surface placed inside a vacuum chamber (5
X 107% mbar without gas) generating a plasma that expands
normally to the target surface (z axis). The target holder is
mounted on a rotating shaft controlled by a step motor, in
order to expose a fresh surface after laser ablation. The laser
and the step motor controller were synchronized in order to
keep a rate of 10 shots per degree. Care was taken to first
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clean any residual oxide layer from the europium by scan-
ning the defocused laser beam across the target surface.

The substrates, oxidized (600 nm thick SiO, layer)
Si(100) chips, were placed symmetrically opposed to the tar-
get holder and were mounted on a retractile holder in order
to allow performing film depositions at different positions
from the target surface. The ablation was performed at a
constant helium pressure of 1 mbar, measured with a cali-
brated Pirani gauge. After each deposition, the vacuum was
broken and the metallic film was exposed to air to react. Four
different film preparations were studied in this work. They
were obtained with 15, 30, 35, and 40 mm target-to-substrate
distances, and will be referred to as samples S15, S30, S35,
and S40, respectively. The S15 and S35 samples were ana-
lyzed as deposited. The S30 and S40 samples were thermally
treated at 600 °C for 5 h in air before being analyzed.

For the characterization of the plasma plume, a Langmuir
probe is inserted at the position of the substrate holder, sub-
stituting it. The Langmuir probe was made of a 1.8 mm?
copper disk and oriented to face the ablation spot, so that the
plasma flux is perpendicular to the surface. With this ar-
rangement, the expansion of the plasma along the z-axis was
characterized.'®"”

The surface characterization was performed with an
atomic force microscope (AFM) (MultiMode, Veeco) oper-
ated in tapping mode and using a sharp silicon tip. A series of
AFM images was obtained at each sample with scanning
areas ranging from 1 to 100 u?. At least five different loca-
tions, ~1 mm apart from each other, were analyzed and
show the same morphology.

The chemical composition of the obtained films was
monitored by Rutherford backscattering spectrometry (RBS).
The RBS spectra were obtained with an impinging 2.2 MeV
He* beam, being the scattered beam detected at 170° from
the incident beam, by a surface barrier detector.

The characterization of the crystal structure of the
samples S30, S35, and S40 was done by x-ray diffraction at
grazing incidence angles, in a Bruker D8 powder diffracto-
meter. The x-ray diffraction patterns were obtained using
Cu Ka radiation, with 3° fixed incidence angle, being the
diffracted ray collimated by Soller slits and filtered by a LiF
monochromator, before being detected by a scintillation
counter.

lll. RESULTS: PLASMA ANALYSIS

In order to understand the expansion of the plasma plume,
it is worthy to start from the analysis of free expansion, even
considering that for deposition proposes, it does not config-
ure the ideal condition. For the measurement of the ionic
component of the plume, the probe was biased negatively
—60 V, even though the ion saturation current sets in at volt-
ages below —10 V, in order to avoid plasma electrons and
assure that the net current drawn by the probe is due only to
the ion flux. Assuming that the ions are predominantly singly
charged, due to the low laser fluency, the relation between
the probe current and ion density is given by18
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FiG. 2. (Color online) Probe current time of flight curve for the free
expansion.

I=Aenp, (1)

where A is the probe area, n; is the ion density, and v is the
ion velocity.

In Fig. 2, the probe ion current time of flight curve is
shown for several positions along the expansion axis for free
expansion (vacuum). Plotting the time of arrival of the peak
of the saturation current as a function of position, along the
expansion axis, yields a constant expansion velocity equal to
2.1X10% cm/s. From Eq. (1), the variation of the maximum
ion density can be calculated as a function of position, giving
vales ranging from 9X 10" ions/cm® at 10 mm to 2
X 10" jons/cm? at 40 mm.

A second possible deposition configuration is the expan-
sion of the plasma plume into a high pressure gas
atmosphere.19 In this work, we chose helium as background
gas because of its high ionization energy (25 eV), hence
avoiding ionization. The working pressure was kept constant
at 1 mbar. The idea is to create a deposition condition in
which a phenomenon known as plume splitting may occur.

Plume splitting of a laser produced plasma has been stud-
ied using Langmuir probesls’zo_22 and also by a fast imaging
technique.B_25 Briefly, ablation into ambient gases results in
shock waves and expansion fronts propagating through the
background gases. Once the splitting of the plasma plume
occurs, there is an energetic component that propagates with
a free expansion velocity and a second one that is slowed
down, depending on the pressure of the background gas.
Therefore, the ions located at the front of the plasma acquire
the largest energy during hydrodynamic acceleration and the
interaction time for recombination is very much reduced. On
the other hand, the ions located in the inner plume layers are
less energetic. They remain much longer in the denser state,
which may be subjected to strong recombination. Recently,
Kushwaha and Thareja% performed an elegant work where
the splitting of a carbon plasma plume expanding in a nitro-
gen gas atmosphere was recorded using a time resolved spec-
troscopy imaging technique. They found that, at early stages
of the plume expansion, the outer plume (energetic) yields a
spectroscopic emission dominated by CI and CII species,
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FIG. 3. (Color online) Probe current time of flight curve for the expansion at
1 mbar of helium atmosphere.

while for the inner plume the spectrum was almost entirely
dominated by C, and CN band line emission. Therefore, the
outer plume, under proper conditions, might be the right am-
bient for clustering followed by subsequent nanoparticle for-
mation and film growth.27

With the purpose of better understanding the role of the
plume splitting in the formation of nanostructures, we have
studied the spatial evolution of the europium plume at a 1
mbar helium atmosphere. In Fig. 3, the probe current time of
flight curve is shown for four distances, namely, z=15, 30,
35, and 40 mm. Promptly see that at 15 mm, the plume has
not split yet. From 30 mm, however, a small inner plume
starts to appear. At 40 mm, a total split between an outer and
an inner plume is evident, with the magnitude of the ion
current from inner plume taking over the outer plume.

A position-time plot of the maximum ion current is shown
in Fig. 4 for the outer (full square) and for the inner plume
(full circle). The plume expansion can be described by a
classic drag model*'** in which the plasma plume is re-

position (mm)

01 2 3 4 5 6 7 8 9101112131415
time (us)

FiG. 4. Position-time plot of the maximum ion current for the expansion at
1 mbar of helium atmosphere. Open square—plume before splitting; full
square—outer plume (faster group velocity); full circle—inner plume
(slower group velocity); continuous line—drag model fitting for the outer
plume.
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FIG. 5. (Color online) Surface topography of sample S15 as determined by
atomic force microscopy. (a) 10X 10 um? and (b) 2 X2 um? scan areas.

garded as an ensemble that experiences a viscous force pro-
portional to its velocity through the background gas. There-
fore, the position and velocity are given by Z=Z41-exp(
—Br) and V=V, exp(-pt), respectively. For the position
there are two fitting parameters Z; (stopping distance of the
plume) and B (slowing coefficient). The drag model is also
shown for the outer plume in Fig. 4 (continuous line) with
Z;=43.8 mm and ($=0.47 us~'. Although the drag model
fits the outer plume reasonably well, it predicts that the
plume will eventually stop at a distance Z; of 43.8 mm,
which is obviously in disagreement with the experimental
observation.

It is interesting to note that for the inner plume, the drag
model fails to fit the expansion. The numerical derivative of
the position-time plot of Fig. 4 yields velocities decreasing
from 1X10° to 0.4X10° cm/s for the outer plume, and
from 0.4 X 10° to 0.1 X 10° cm/s for the inner plume.

IV. RESULTS: FILM ANALYSIS
A. Atomic force microscopy

The AFM images of the samples are shown in Figs. 5-8.
Sample S15 presented in Fig. 5 shows a very flat surface,
partially covered by particulates with a wide diameter distri-
bution, being some of them rather large, with more than
1 wum. Therefore, we attribute the presence of these particu-
lates at the surface to the splash of target material by the
laser. Particulates generated by pulsed laser ablation can be
classified into three categories. A specific type of particulate

(b)

10
15

nm
FIG. 6. (Color online) Surface topography of sample S30 (thermally treated)

as determined by atomic force microscopy. (a) 10X 10 wm? and (b) 2
X2 wm? scan areas.
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(a) (b)

FIG. 7. (Color online) Surface topography of sample S35 as determined by
atomic force microscopy. (a) 10X 10 um? and (b) 2 X2 wum? scan areas.

is distinguished by whether the original matter, right after
being ejected from the target, is in solid, liquid, or vapor
phase. Briefly, the size of the particulate when originated
from vapor phase should be in the nanometer range, while
the two other cases should be in the submicron to micron
range. Laser wavelength also plays an important role in the
formation of particulates because of the effectiveness of the
absorption of the laser power into the target.28 It is well
known that for the wavelengths of 1064 and 532 nm, the
particulate formation is mainly dominated by massive
splashes of the target material, for irradiances above
0.1 GW/cm™2%

The AFM images of the other samples presented in Figs.
6—8 also show splash particulates originated from the splash
of the target but with lower surface densities and sizes. De-
spite the particulates, the topographies of samples S30-S40
show a degree of nanostructuring, which depends on
substrate-to-target distance and the processing history. In or-
der to take into account the processing history, we must first
compare the as-deposited samples and the thermally pro-
cessed samples separately.

The as-deposited samples show different surface topogra-
phies. While sample S15 [Fig. 5(b)] exhibits a flat and com-
pact surface, sample S35 [Fig. 7(b)] is found to have a
clearly nanostructured surface. Similar comparison can be
made between the 600 °C treated samples, S30 and S40,
shown in Figs. 6(b) and 8(b). Despite being also nanostruc-

(a) (b)

200 nm

05
8 10

! 15
& um nm

FIG. 8. (Color online) Surface topography of sample S40 (thermally treated)
as determined by atomic force microscopy. (a) 10X 10 um? and (b) 2
X2 um? scan areas.



1096 Luna et al.: Nanostructured europium oxide thin films deposited by pulsed laser ablation of a metallic target 1096

“um

FiG. 9. (Color online) Enlarged surface topography of sample S30 as deter-
mined by atomic force microscopy.

tured, sample S30 is more compact than S40, which shows
structures with larger dimensions and a wider size distribu-
tion.

Complementing these data, Fig. 9 shows higher resolution
profiles taken from sample S30. The surface of sample S30,
shown in Fig. 9(a), is composed by particles with diameter
ranging from 26 to 160 nm. In Fig. 9(b), the profile obtained
from the bottom of a crater is shown to be similar to the film
surface. The crater was formed by the removal of a particle
splashed from the target. Thus, we can imagine that the film
as a whole is composed by particles similar to that present on
the surface.

The AFM results show that the surface texture, or the
particle size distribution, strongly depends on the target-to-
substrate distance. It is expected that the velocity distribution
of the ions in the plasma plume must be correlated with
clustering effects, in particular, to the inner plume composed
by the lower velocity group. As shown in Fig. 3, as the
distance relative to target increases, the peak velocity of the
inner plume (slower group) decreases, while its integrated
peak intensity increases relative to the outer plume (faster
group).

One can observe that the S15 sample, which does not
show surface nanostructuring effects at all, is obtained with a
target-to-substrate distance below the one corresponding to
plume splitting shown in Fig. 3. Taking separately the as-
deposited and heat-treated samples, one can observe that the
particle size, or the nanostructure dimension, increases with
target-to-substrate distance. Even considering the different
processing conditions of the samples, our results suggest that
the particle size increases continuously as the inner plume
(slower group) takes over the outer plume (faster group). The
SEM images of WO, films, reported by Bailini et al.,'* ob-
tained with the same deposition method used in this work,
suggest that there is a continuous decrease of compact mater
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FI1G. 10. (Color online) “He RBS spectra of all samples.

as the ratio of the target-to-substrate distance to the time
integrated visible plume length is increased. This ratio is
almost equivalent to the target-to-substrate distance variation
in the present work, since we have not changed pressure or
gas atmosphere.

B. Rutherford backscattering spectrometry

The four samples studied in this work were submitted to
RBS analysis. The RBS spectra are shown in Fig. 10, to-
gether with the RUMP simulation®® used for chemical compo-
sition determination. The europium and oxygen surface
backscattering edges are indicated in the spectrum of sample
S15. For the outermost layer (the film itself), the spectra
show only the presence of oxygen and europium. The film
chemical composition was shown to be uniform upon depth
variation, since there is a good agreement between spectra
and simulation, which was based on uniform composition of
each layer. The spectra show also Si and O in innermost
layers (SiO, layer and Si substrate). To discuss the chemical
composition results, we will first consider separately the as-
deposited and heat-treated samples. The results of chemical
composition of all deposited films are displayed in Table I,
together with the film thickness.

Beginning with the as-deposited samples, we see that the
oxygen content is 76.7% for sample S15, which is equivalent
to O:Eu ratio near 3:1. This ratio is higher than any europium
oxide stoichiometry and seems to correspond to europium
hydroxide Eu(OH); or Eu(OH),-2(H,0). Since RBS cannot
detect hydrogen atoms, we cannot say with confidence that

TABLE I. RBS results.

Thickness Eu content O content
Sample/processing (10" atoms/cm?) (at. %) (at. %)
S15 as deposited 6670+ 50 23.3+0.7 76.7+2.3
S30 600 °C treated 1070 %= 50 21.7+0.7 783+2.3
S35 as deposited 2150+ 50 19.2+0.6 80.8+24
S40 600 °C treated 110050 31.3+0.9 68.7+2.1
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FiG. 11. (Color online) X-ray diffraction patterns from samples S30, S35,
and S40.

there is hydrogen present in the film. On the other hand, it is
well known that filamentary metallic europium reacts with
moist air, being completely converted in europium hydroxide
within hours.”" We expect that a metallic europium thin film
would suffer the same transformation to europium hydrox-
ide. The S35 sample, also as deposited, shows an even higher
oxygen content of 80.8%. This high value may be a conse-
quence of the presence of water molecules trapped by the
porosity induced by the nanometric dimensions of the depos-
ited clusters.

The heat-treated samples, S30 and S40, show a lower
oxygen content than the untreated sample S35. Sample S30
shows an oxygen content equal to 78.3%, which is still very
near to the 80.3% of the untreated S35 sample, which sug-
gests an incomplete dehydration of S30 sample, even after
being heated at 600 °C. Sample S40 shows 68.7%, which
seem to approach to the 60% value of the stoichiometric
Eu,03, the phase expected to be obtained from hydroxide
heat treatment in air. At the moment, we have no explanation
for this high oxygen content, which deserves further investi-
gation.

C. X-ray diffraction

The x-ray diffraction patterns obtained from samples S30,
S35, and S40 are shown in Fig. 11. Sample S35, which was
analyzed as deposited, shows an amorphous pattern, similar
to that obtained by Yang et al* after drying europium hy-
droxide coated carbon nanotubes. Diffractograms from
samples S30 and S40, which were heat treated, show clearly
developed Eu,Oj; diffraction lines, which are indexed in the
figure. The two diffractograms are nearly identical and have
broad lines (about 0.5°), corresponding to small crystals.
Again, the diffraction patterns are very similar to that ob-
tained by treating at 600 °C in air, carbon nanotubes coated
with europium hydroxide in Ref. 4.

V. CONCLUSION

Nanostructured europium oxide or hydroxide films were
obtained by pulsed Nd:YAG (532 nm) laser ablation of a
europium metallic target, in the presence of a 1 mbar helium
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buffer atmosphere. Film and plasma were both characterized.
The plasma was monitored by an electrostatic probe, for
plume expansion in vacuum or in the presence of the buffer
atmosphere. Current versus time plots were obtained, for
several probe to substrate distances. The results show the
splitting of the plume into two velocity groups, being the
lower velocity profile associated with metal cluster formation
within the plume. The films were obtained in a helium atmo-
sphere for several target-to-substrate distances and were ana-
lyzed by RBS, XRD, and atomic force microscopy, for as-
deposited and 600 °C treated-in-air samples. The results
show that the as-deposited samples are amorphous and have
chemical composition compatible with europium hydroxide.
The thermally treated samples show x-ray diffraction peaks
of Eu,03, with chemical composition showing excess oxy-
gen. Film nanostructuring was shown to be strongly corre-
lated with cluster formation, as shown by velocity splitting in
probe current versus time plots.
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