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Abstract Yttrium oxide thin films are deposited on silicon
substrates using the ultrasonic spray pyrolysis technique
from the thermal decomposition of a f-diketonate, yttrium
acetylacetonate (Y(acac);). The decomposition of Y(acac)s
was studied by thermogravimetry, differential scanning
calorimetry, mass spectrometry, and infrared spectroscopy.
It was found that a ff-diketone ligand is lost during the initial
steps of decomposition of the Y(acac);. The rest of the
complex is then dissociated or degraded partially until Y,03
is obtained in the final step with the presence of carbon
related residues. Then the Y(acac); was used to synthesize
Y,0; thin films using the spray pyrolysis technique. The
films were deposited on silicon substrates at temperatures in
the range of 400-550 °C. The films were characterized by
ellipsometry, infrared spectroscopy, atomic force micros-
copy, and X-ray diffraction. The films presented a low
surface roughness with an index of refraction close to 1.8.
The crystalline structure of the films depended on the sub-
strate temperature; films deposited at 400 °C were mainly
amorphous, but higher deposition temperatures (450-
550 °C), resulted in polycrystalline with a cubic crystalline
phase.
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Introduction

Metallic and rare-earth oxides thin films such as ZrO,,
HfO,, Y,03, La,03, Al,Os, etc., have been studied due to
their applications in several areas of technological interest.
For example, because of their wide energy band gap, some
of these oxides are used as host matrix on the fabrication of
luminescent materials [1]. Also, they are studied as optical
layers [2], as protective or antireflection layers, as well as
detectors [3-6]. Thin films of materials such as ZrO,,
Y,0;3, and Al,O5 have shown an energy band gap higher
than 5 eV [7]. Furthermore, the different applications
above mentioned require thin and uniform films with a low
surface roughness [8]. Most techniques that involve a
deposition from a chemical vapor lead in general to films
with a low surface roughness and with excellent adherence
on the substrates used [9]. The chemical decomposition of
the reagents used to get the films then becomes very
important, to predict their properties. Among the wide
variety of these chemical techniques used to deposit thin
films, the spray pyrolysis technique is considered a low
cost and simple deposition technique that leads to thin films
and coatings with good optical, structural, and electrical
properties [10, 11].

Yttrium oxide (Y,0;3), is considered an interesting
material for different technological applications due to its
unique properties such as a high melting point (2,410 °C)
[12], wide energy band gap (5.5 eV) [13], high resistivity
of 10''-10" Q-m, high dielectric strength, and high
dielectric constant (up to 13) [9, 14]. Because of its
transparency (in the ultraviolet and visible range of the
electromagnetic spectrum), Y,05 is a prospective material
to be used as antireflection and protective layer [15]. In
addition, recent studies consider Y,Oj3, as a good candidate
to replace SiO, in the microelectronic industry because of
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its high dielectric constant [16]. Furthermore, Y,O5; has
been studied as a host matrix to obtain high efficiency
phosphors when doped with rare-earth elements [17].

In this work, we report the synthesis of Y,Oj3 thin films
by means of the ultrasonic spray pyrolysis technique from
Y (acac); as source of yttrium. For this task, the study of the
thermal decomposition of the latter reagent was carried out
first by means of thermogravimetry, differential scanning
calorimetry, mass and infrared spectroscopies. The infor-
mation obtained by these studies led us to determine the
deposition conditions for Y,O5 thin films using the spray
pyrolysis technique. Once the films were deposited they
were physically characterized: the crystalline structure, the
surface morphology, and some optical parameters were
determined by X-ray diffraction, atomic force microscopy,
infrared spectroscopy, and ellipsometry.

Experimental procedure

Hydrated yttrium acetylacetonate (YC;5H»;0g - XH,0), or
Y(acac);, from Alfa ESAR, was used as source of yttrium.
Five milligrams of this reagent was thermally decomposed in
a TGA (Thermogravimetric Analysis) system (TA Instru-
ments model 2950). Differential scanning calorimetry (TA
Instruments model 2910), was also used. In both cases, a
heating ramp rate of 10 °C/min was used for these thermal

Fig. 1 Schematic diagram of
the ultrasonic spray pyrolysis -

Ultrasonic atomization area

analyses, which were carried out in an N, atmosphere. One
gram of the yttrium salt was also analyzed by means of Mass
Spectrometry (Jeol AXS505HA spectrophotometer). In
addition, infrared spectroscopy (Nicolet Magna IR) mea-
surements were carried out in the Y(acac); reagent. The
Y,0; thin films were deposited with a 0.03 M solution of
Y(acac); in N-N Dimetylformamide (NN-DMF). The
deposition process was performed using the ultrasonic spray
pyrolysis technique. In this technique a mist of the spraying
solution is generated by means of ultrasonic vibrations.
Figure 1 shows a diagram of the deposition set up. The mist
is transported through a glass pipe to the heated substratés
surface where a thin solid film is obtained by means of a
pyrolytic reaction. A commercial ultrasonic humidifier
(operated at 0.8 MHz) was used for this purpose. The sub-
strates were ¢-Si(100) and (111) wafers. The substrates were
previously cleaned before being loaded into the deposition
chamber [ 18]. The deposition substrate temperature was 400,
450, 500, and 550 °C. Ultrapure air at 10 L/min was used as
carrier gas. The index of refraction and thickness of the
deposited films were measured by ellipsometry (Gaertner
LSE stokes ellipsometer), at 632 nm. In general, the thick-
ness of the Y,O3 films was around 1,000 A. A Siemens
D-5000 X-ray diffraction system was used for the determi-
nation of the crystalline structure. In addition, an Atomic
Force Microscope (Veeco CP research), was used to obtain
the characteristics of the films’ surface morphology.
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Results and discussion

Figure 2 shows the thermogravimetric analysis of the
Y(acac); complex in an N, atmosphere. An initial trans-
formation, occurring around 57 °C, involves a weight loss
of about 10%, and it is probably due to loss of humidity or
some volatile gas previously adsorbed by the yttrium salt.
The next transformation occurs approximately at 92 °C
with a weight loss of about 9%, attributed to the dehy-
dration of the salt. The theoretical calculation of this
weight loss is of 9.3%, which corresponds to 2H,O mole-
cules. Table 1 compares the experimental results and the
corresponding theoretical analysis of the decomposition of
the yttrium salt. A third weight loss, about 25% of the full
weight of the yttrium salt, was observed around 240 °C.
This loss corresponds, very probably, to the loss of one
p-diketone molecule (CsH,0,). In the high temperature
range, from 340 °C to 590 °C, additional weight losses are
observed. They are related mainly to the remaining com-
plex (Y(acac),), that is being partially decomposed. The
complete combustion of the metalorganic complex occurs
about 600 °C, leaving a solid whose weight is about 25%
of the original complex. This solid consists mainly of
yttrium oxide (Y,03) and some organic matter residues. A
similar decomposition mechanism was observed previously
in magnesium acetylacetonate, Mg(acac), [19]. Figure 3
shows the differential scanning calorimetry (DSC) graph of
the yttrium complex. In this figure an endothermic peak is
observed at 89 °C. This peak seems to correspond to the
weight loss due to humidity and/or an adsorbed gas. A
second endothermic peak, at 99 °C, corresponds to the
second weight loss shown by thermogravimetry and
ascribed to dehydration. A third endothermic peak is
observed at 126 °C corresponding probably to the melting
point of the Y(acac);. The low melting point temperature
of some f-diketones is an important property for being
used during the synthesis of new products and for different
applications [20]. Figure 4 shows the characteristic mass
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Fig. 2 Thermogravimetric analysis (TGA) of the yttrium acetylace-
tonate complex
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Table 1 Thermogravimetric analysis of the yttrium acetylacetonate
complex

Temperature Measured Theoretical Interpretation

°C) weight loss (%) weight loss (%)

<60 ~10 - Humidity or
adsorbed gas

~80-115 ~9 9.3 Dehydration
2H,0

~240 ~25 25.6 Loss of CsH;0,

~340-590 ~30 - Degradation of

Y(CsH70,),

spectrometry of the Y(acac); salt. The positive peak ion
observed at m/z 386 represents the molecular ion (M¥).
After fragmentation, the most abundant masses are noted as
follows: 371 (3.1%) (M*-15), 287 (100%) (M*-99), 187
(4%) (M*-198), 100 (4.4%) (M*-286), 85 (6.6%) (M*-286-
15), and 43 (7.8%) (M*-286-57). As observed in Fig. 5, the
Y(acac); complex consists of three acetylacetone (acac)
molecules coordinated to one yttrium ion. The peak m/z at
287 corresponds exactly to two f-diketone (CsH,0,)
linked to one yttrium atom. This means that a complete
p-diketone molecule was lost from the original complex,
and it is related to the weight loss of 25% observed in the
thermogram at about 240 °C. The remaining fragment,
containing the yttrium atom, Y(acac),, is slowly degraded
to form Y,03 and organic residues. On the other hand the
p-diketone lost seems to be split then into light fragments,
for example the o ketone group (C=0) produces the frag-
ment m/z 85, attributed to methyl loss from f5-diketone, and
to the fragment m/z 43 corresponding to the acylium group,
which are all observed in the mass spectrum [21]. These
results suggest that the Y(CsH,0,); is split in the CsH,0,
fragment and in the Y(CsH,0,), complex. It is thought that
this latter fragment is slowly decomposed leading finally to
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Fig. 3 Differential scanning calorimetry (DSC) of yttrium acetylace-
tonate
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in the spectrum are labeled with numbers 1 to 11 and 13. The
spectrum (b), 155 °C, presents almost the same bands, as the
ones observed in spectrum (a), 25 °C. This might be so
because the complex was probably melted, but it did not
decompose. On the other hand, the spectra labeled as (c), 240
and (d), 300 °C, show important transformations in its
structure, probably because one f-diketone was lost. Several
bands seen in (a) are no longer observed in (c) or (d), except
for the bands that are due to ketone groups, but with reduced
intensity. The spectrum (e), 500 °C, presents much higher
transformations than the spectrum at 300 °C. However, the
bands 3 to 5 continue appearing because they are related to
v(C=0), v(C=C), and 6(CHj3) groups. However a new band,
labeled as 12, and located around 560 cm ™, is the one that s
now present in the spectra. This band corresponds to the Y-O
bonding from Y,05. These results show that the appearance
of Y505 occurs close to 500 °C, but at the same time there

Wavenumber (cm™)

Fig. 6 Infrared spectra of yttrium acetylacetonate heated to different
temperatures

remains some organic matter due to the incomplete decom-
position of the Y(CsH,O,); original complex. Figure 7
shows now the infrared spectra of the films deposited at
different substrate temperatures. The IR spectra show two
bands located approximately at 557 and 460 cm™'. These
bands, corresponding to the Y-O bonding, are more intense
in films deposited at 500 and 550 °C, than when deposited at
temperatures of 400 and 450 °C. This indicates that a larger
number of Y—O bonds are synthesized in the films deposited
at higher temperatures. These bands have already been
reported for Y,O; thin films obtained by other techniques,
such as the sol—gel technique [23].

@ Springer
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Table 2 Infrared spectroscopy analysis of the yttrium acetylacetonate complex

Band Y(acac); Mode predominant
25 °C 155 °C 240 °C 300 °C 500 °C
cm™!
1 ~ 3,400 ~ 3,400 ~ 3,400 ~ 3,400 ~3,400 v(OH)
2 ~2,900 ~2,900 - - - v(CH3)
3 ~ 1,600 ~ 1,600 ~ 1,600 ~ 1,600 ~ 1,600 v(C=0) + v(C=C)
4 ~1,520 ~1,520 ~1,520 ~1,520 ~1,520 v(C=C) + v(C=0)
5 ~ 1,400 ~ 1,400 ~ 1,400 ~ 1,400 ~ 1,400 J(CH3)
6 ~1,260 ~1,260 ~1,260 - - v(C-CH3) + v(C=C)
7 ~1,180 ~1,180 - - - J(CH) + v(C-CH3)
8 ~1,020 ~1,020 ~ 1,020 - - prCH;
9 ~925 ~925 - - - v(C=C) + v(C=0)
10 ~770 ~770 - - - n(CH)
11 ~675 ~675 ~675 - - v(C—CH3) + ring deformation + v(MO)
12 - - - - ~560 Y-O
13 ~535 ~535 - - - v(MO) + v(C-CH3)
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Fig. 7 Infrared spectra of yttrium oxide thin films deposited at
different substrate temperatures. The inset shows the index of
refraction of the films

In the spectra a broad band around 3,500 cm™' is
observed, characteristic of O-H groups. The presence O-H
bonding in thin films, for example in SiO,, indicates the
existence of some porosity in them [24]. In this case films
deposited at 400 and 450 °C seem to be more porous than
the films deposited at 500 or 550 °C. This is probably the
reason why these films have lower indexes of refraction,
which are shown in the inset of Fig. 7. The O-H groups

@ Springer

have been reported by Niu et al., in the 3,100-3,600 cm ™!

and 1,600 cm™! regions for Y,O;5 films. In this case the
band centered at 3,460 cm ™! is due to vibration stretching
(v), and the one at 1,650 cm 'isduetoa bending mode ()
[25]. Furthermore, the spectra in Fig. 7 show bands close to
the 1,500 cm™' region. These bands are characteristic of
organic residues due to the raw materials used to synthesize
the films [26]. For example, in Y,0; films, bands located
at 1,510 or 1,410 cm™! correspond to the asymmetric
stretching vibrations of carbonyl CO (v,,) [23]. The bands
due to organic residues were reviewed by Guo et al., who
found that they tend to decrease with the increase of the
substrate temperature. It has been suggested that they are
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due to an incomplete decomposition of metal -diketonates
which are used to obtain the films. According to the results
presented above, the bands that were observed in the
1,500 cm™! region in the infrared spectra correspond to the
incomplete decomposition of the Yttrium acetylacetonate
salt [Y(CsH;0,);] (Fig. 6). This confirms that organic
residues are due to the yttrium reagent, and they still
remain in the films. In addition, the spectra show that the
content of organic residues drops when the substrate tem-
perature to synthesize the Y,0Oj3 film is increased. Figure 8
shows the deposition rate of theY,O; films as a function of
the substrate temperature. Deposition rates lower than
10 A/s were determined from measurements of the final
thickness of the films considering the deposition time. In
addition, Fig. 9 shows a typical atomic force microscopy
image of a film deposited at 500 °C. In general, the surface
morphology of the films was very flat with a root mean
squared surface roughness (rms) lower than 40 A. A low
surface roughness is in general a stringent requirement for
optical and microelectronic applications.

The X-ray diffraction patterns of the films are shown in
Fig. 10. It can be observed that as the deposition temper-
ature is increased, the crystalline structure of the films is
improved. The peaks located at 20 = 29.1°, 48.5°, and
57.6° correspond to the (222), (440), and (622) reflections,
respectively. These reflections correspond to the Y,O3
cubic phase, according to the JCPDS 43-1036 diffraction
card (with a lattice parameter of 10.604 A). The cubic
structure is also observed when Y,O; is synthesized by
means of other deposition techniques, such as r.f. magne-
tron sputtering [27] and laser ablation [28]. The grain size
of the films, estimated from the Scherrer formula [29], was
found in the range from 14 nm to 22 nm.

Fig. 9 Atomic force microscopy image of the surface morphology of
yttrium oxide thin films deposited at 500 °C
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Fig. 10 X-ray diffraction patterns of yttrium oxide thin films deposited
at different substrate temperatures

Conclusions

Thin films with good optical and structural characteristics
were obtained with the spray pyrolysis technique from the
decomposition of Y(acac);. A detailed analysis of the
thermal decomposition of Y(acac); indicates that it is first
decomposed in a f-diketone and in Y(CsH-0,),, leading,
the latter complex, mainly to Y,O3 and carbon related
residues at temperatures above 390 °C. The Y,O3 films
were flat with a surface roughness lower than 40 A. The
deposition rate was lower than 10 A/s, with a refraction
index close to 1.8. The films obtained were polycrystalline
mainly at temperatures higher than 450 °C, presenting the
cubic phase of Y,0; at high temperatures.
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