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Abstract

(Ba, Ca, Sr)ZrO;_y thin films were prepared by a photochemical method using thin films of pB-diketonate complexes as precursors. The
photolysis of these films induces the fragmentation of the 2,2,6,6-tetramethyl-3,5-heptanedionate ligand and the partial reduction of metal ion
together with volatile organic compounds as sub-products. When the metallic complexes are irradiated in air, the final product of the reaction are
ternary metal oxides. The photoreactivity of these films was monitored by FT-IR spectroscopy by a period of 72 h, followed by post-annealing at
950 °C. X-ray photoelectron spectroscopy and X-ray diffraction techniques were used to analyze the chemical composition and the crystalline
structure of the films obtained. The results indicate that Ba, Ca, Sr, Zr and O are present in the form of perovskita, preferably adopting an
amorphous structure. The surface morphology examined by atomic force microscopy revealed a rough and irregular surface. The UV-vis
measurements suggest a slight increase in the optical band gap values, which promote a reduction of the intermediary energy levels or defects.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

The perovskite structure has the general formula ABOj,
where A and B are cations and O is an anion. The A and B
cations can have a variety of charges and in the original
perovskite mineral (CaTiO3) the A cation is divalent and the B
cation is tetravalent. Similar compounds that comply with this
structure are: AZrQOsz;, ASnO;, AHfO5;, where A=Ba(ll), Ca
(II), Sr(Il) are just some examples. The perovskite has attracted
considerable attention and constitutes one of the most impor-
tant classes of mixed oxides [1]. These ceramic structures are
the subject of extensive research due to their important
physical characteristics, chemical stability and mechanical
properties. However, it is now widely accepted that materials
exhibit novel properties when their sizes decrease to nanometer
scales, and the performance of materials depends largely on the
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synthesis procedure [2]. Different methods have been reported
in the literature for the synthesis of CaZrO; and similar com-
pounds. These structures were initially prepared by a conven-
tional solid-state reaction between ZrO, and CaCO5; or CaO
at high temperatures (> 1200 °C). However the structures
obtained by this method present several problems, such as
high-processing temperatures, inhomogeneity and contamina-
tion by impurities with a non-uniform particle size distribution
[3]. To minimize these problems, numerous methods have
been employed to synthesize perovskites with the desired
stoichiometry. These include sol-gel techniques [4,5], pulsed
laser deposition [6,7], chemical solution deposition [8,9],
chemical vapor deposition [10,11], among other methods.
The photochemical synthesis of ceramic materials with UV
light irradiation is different from other methodologies because
it is highly selective. This selectivity occurs because the light
absorption features of the reactants determine the reaction
products. In this article, we report about the application of a
photochemical method in the synthesis of AZrOj; thin films
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(where A=Ca, Ba and Sr). This method consists of the direct
irradiation of a coordination complex with ultraviolet light on
substrates which are not affected by the UV light. The
development of this method requires that the precursor
complexes form stable amorphous thin films upon spin coating
onto a suitable substrate and that photolysis of these films
result in the photoextrusion of the ligands leaving the inorganic
products on the surface (Eq. (1)).

A(P — diketonate), +Zr(p — diketonate), + O
hv
== AZrO;3 _ x(thin film) +sub — products (1)

(0] O
Where: A=Ba, Ca, Sr. B-diketone = t-Bu)J\/\t-Bu

2. Experimental details
2.1. Preparation of amorphous thin films

The precursors Zr(IV), Ba(ll), Ca(Il) and Sr(Il) 2,2,6,6-
tetramethyl-3,5-heptanedionate (tmhd) complexes were pur-
chased from Aldrich Chemical Company. The Zr(tmhd), and
A(tmhd), complexes were mixed in a molar proportion of 1:1
in CH,Cl, dissolution. The thin films were prepared by the
following procedure: a silicon chip was placed on a spin coater
and rotated at a speed of 600 rpm. A portion (0.5 ml) of a
solution of the precursor complexes in CH,Cl, was dispensed
onto the silicon chip and allowed to spread. The motor was
then stopped after 30s and a thin film of the precursor
remained on the chip. The quality of the films was examined
by optical microscopy (500 x magnification) and in some
cases by SEM.

2.2. Photolysis of complexes as films on Si(100) surfaces

The substrates for deposition of films were quartz plates
(2x2cm?) and p-type silicon(100) wafers (1 x 1 cm?)
obtained from Wafer World Inc., Florida, USA.

All photolysis experiments were done following the same
procedure. The Fourier transform infrared (FT-IR) spectrum of
the starting film was first obtained. The chip was then placed
under a UV-lamp setup equipped with two 254 nm 6 W tubes,
in air atmosphere. Progress of the reactions was monitored by
determining the FT-IR spectra at different time intervals,
following the decrease in the IR absorption of the complexes.
After the FT-IR spectrum showed no evidence of the starting
material, the chip was rinsed several times with dry acetone to
remove any organic products remaining on the surface, prior to
analysis. In order to obtain films of a specific thickness,
successive layers of the precursors were deposited by spin-
coating and irradiated as above. This process was repeated
several times until the desired thickness was achieved. Post-
annealing was carried out under a continuous flow of synthetic
air at 950 °C for 2 h in a programmable Lindberg tube furnace.

2.3. Characterization of the thin films

The FT-IR spectra were obtained with 4 cm ™' resolution in
a Perkin Elmer Series Spectrum Two FT-IR spectrophot-
ometer. UV spectra were obtained with 1 nm resolution in a
Perkin Elmer Model Lambda 25 UV-vis spectrophotometer.
X-ray diffraction (XRD) patterns were obtained using a D8
Advance Bruker X-ray diffractometer, the X-ray source was
Cu 40 kV/30 mA. X-ray photoelectron spectra (XPS) were
recorded on an XPS-Auger Perkin Elmer electron spectrometer
Model PHI 1257, which included an ultra high vacuum
chamber, a hemispherical electron energy analyzer and an
X-ray source providing unfiltered Ko radiation from its Al
anode (hv=1486.6 eV). The pressure of the main spectrometer
chamber during data acquisition was maintained at ca 10~ Pa.
The binding energy (BE) scale was calibrated by using the peak
of adventitious carbon, setting it to 284.6 eV. The accuracy of the
BE scale was 4+ 0.1 eV.

The surface morphology of the samples has been examined
using atomic force microscopy (AFM) was performed in an
AFM/STM Omicron Nanotechnology model SPM1 in contact
mode. Film thickness was determined using a Leica DMLB
optical microscope with a Michelson interference attachment.

3. Results and discussion
3.1. Evaluation of photo-reactivity of the precursor complexes

The photochemistry in solution of several transition metal
1,3-diketonates has been extensively studied [12,13]. It is
known that these p-diketonate complexes absorb strongly at
readily accessible parts of the UV spectrum (200-400 nm) and
that irradiation of these complexes with UV light leads to the
photo-reduction and the photo-fragmentation of these com-
plexes. In some cases these photochemical processes were
applied to the deposition of nano-particles and nanostructures
films [14,15]. The photo-reactivity of zirconium -diketonate
complexes has previously been studied in our group [16]. The
photochemical behavior of the Ba(Il), Ca(l), and Sr(II)
2,2,6,6-tetramethyl-3,5-heptanedionate complexes has been
investigated in dichloromethane solutions. Fig. 1 shows the
electronic absorption spectra of these complexes in diluted
solutions (< 10~% mol/L). They all exhibit a single band at
276 nm, attributable to ligand transition m—n*. The irradiation
of dichloromethane solutions of the complexes at 254 nm
causes spectral changes, consisting in a gradual decrease of the
absorption bands at 276 nm after 230 min. Fig. 1 shows the
UV profile of the photoreaction obtained by determining the UV
spectra of samples taken in a range of 5—15 min intervals for the
complexes. These results demonstrate that these p-diketonate
complexes are highly photoreactive in solution when irradiated
with 254 nm UV light.

In order to investigate the solid-sate photochemistry, films
of the mixed-metal precursor complexes were deposited on Si
wafers by spin-coating and irradiated under air atmosphere
with a 254 nm UV source. The irradiation at 24, 48 and 72 h of
these films under air atmosphere, led to a decrease of the



G. Cabello et al. / Ceramics International 40 (2014) 7761-7768 7763

0.8
0.7
0.6

0.5

Absorbance

0.4 4

0.3 4

0.2

0.1

t=235 min\
0.0 — T T T

250 275 300 325 350 375 400 425 450
Wavelength (nm)

0.9
0.8

0.7 - t,

Absorbance

0.6

0.5

Absorbance

0.4
250 275 300 326 350 375

0.3 H Wavelength (nm)

0.2

0.1
t=317 min

0.0 -+

zéo I 2;5 ‘ 360 I 355 350 375 400 425 450
Wavelenght (nm)

Fig. 1. Changes in the UV spectrum of a solution in CH,Cl, of (a) Ca(tmhd),

complex (4.92 x 1075 mol/L) upon 235 min irradiation and (b) Ba(tmhd),

complex (6.36 x 10~ mol/L) upon 317 min irradiation. Inset: Sr(tmhd),
complex (4.31 x 10~* mol/L) upon 230 min irradiation with 254 nm light.

absorptions associated with the ligands, as shown by FT-IR
monitoring of the reaction. At time zero (¢y,) we see in Fig. 2
the vibration modes corresponding to p-diketonate complexes
at 2970, 1570 and 1105 cm ™! attributed to C-H, C=0 and
C-0 groups, respectively. All these peaks are characteristics of
the precursor complexes, except the one at 3490 cm ', which
is due to the presence of adsorbed moisture. At the end of the
photolysis, after a 72 h irradiation period, minimum absorp-
tions can be observed in the infrared spectrum. These absorp-
tions correspond to sub-products, generated by fragmentations
of the diketonate complexes on the surface, which are removed
by washing with dry acetone. In Fig. 3 shows that the post-
annealed films at 950 °C present no evidence of organic sub-
products in the films, while the bands located between 1080
and 950 cm ™' can be attributed to the stretching vibrations of
Zr-0O and other bands located between 530 and 470 cm ™'
corresponding to O—Zr—O stretching vibrations in the perovs-
kite structure. These results agree with values reported by other
authors [10,17,18].
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Fig. 2. Changes in the FT-IR spectra of films obtained upon 72 h irradiation
with 254 nm light of A(tmhd), and Zr(tmhd), complexes, in a molar proportion
of 1:1, where A=Ca(Il), Ba(Il), and Sr(II).

56
54
52 ] CazZrO,
50 4
484 SrZro,,
46

44
42

© BazrO_,
38

Intensity (a.u)

36
34 ]
32 1 v Zr-0

30 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FT-IR spectra for the films photodeposited and annealed at 950 °C for 2 h.

3.2. Characterization of AZrOsz_x thin films (where A=Ba,
Ca or Sr)

3.2.1. XRD and XPS analysis

The crystalline structure of the films was analyzed by X-ray
diffraction (XRD). Fig. 4 shows the XRD spectra taken after
annealing the films at 950 °C for 2 h. Only the sample of
barium zirconate shows peaks characteristic of a perovskite
cubic structure at 30.2°, 43.2° and 53.6° which correspond to
(1,1,0), (2,0,0) and (2,1,1) in agreement with JCPDS 6-0399
standard for cubic phase of BaZrO; [19]. Given the character-
istics of our films it is possible that the thinner films contain
a fraction of amorphous phase, which cannot be detected by
X-ray diffraction. Thus, the photo-deposits may consist in a
mixture of crystalline and amorphous fractions. Similar results
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Fig. 4. XRD pattern of the photodeposited AZrO; films on Si(100) substrates
annealed in air at 950 °C for 2 h.
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Fig. 5. XPS survey spectrum of BaZrO;_x thin film prepared by UV

irradiation at 254 nm and annealed at 950 °C for 2 h. Inset figure: Ba 3ds/,
peak in the 774-786 eV region.

have been reported in the synthesis of amorphous perovskites
by modified sol-gel methods [20,21].

The chemical composition of the annealed thin films
was determined by X-ray photoelectron spectroscopy (XPS).
In Figs. 5-7 are shown the wide-scan XPS spectra of the
AZrO; _x thin films. All the binding energies at various peaks
were calibrated by the binding of C 1s (284.6 eV). For all these
films, spectra show that O, Zr and C elements were present.
The C 1s photoelectron peaks for the different samples appearing
near 284.8 eV can be attributed to the organic residual from the
precursors. Indeed, it has been documented [22,23] that the C 1s
signal mainly shows three contributions at 288.9, 286.6 and
284.8 eV assigned to CO3~, C-O and C-H/C-C species,
respectively.

The XPS spectrum of the Zr 3d peak presents a doublet
signal with energies at 182.2 eV (3ds,, level) and 184.6 eV
(3ds/, level) with a spin—orbit distance (AE) between the two
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Fig. 6. XPS survey spectrum of CaZrO;_yx thin film prepared by UV
irradiation at 254 nm and annealed at 950 °C for 2 h. Inset figure: Ca 2p
peaks in the 340-360 eV region.
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Fig. 7. XPS survey spectrum of SrZrO;_yx thin film prepared by UV

irradiation at 254 nm and annealed at 950 °C for 2 h. Inset figure: Sr 3d peaks
in the 130-145 eV region.

peaks of 2.4 eV. The peak positions and energy separations are
in good agreement with data reported for Zr 3d binding energy
values of other oxides with perovskite structures such as
BaZrO.OSTi0.9503 [23] and CaZrO3 [24]

The feature in the XPS spectrum of the O Is peak is also a
doublet structure, and each component peak in the spectrum
was fitted to a Gaussian type distribution. The lower binding
energy signal at 529.6eV is associated to oxygen in the
AZrO5_x lattice, as observed in other perovskite oxide com-
pounds [25,26], and the high binding energy peak at 531.8 eV
can be assigned to the hydroxyl groups or adsorbed oxygen
species on the surface of films [27]. The binding energy values
for different elements are listed in Table 1.

Fig. 5 shows the wide scan XPS spectrum of the BaZrO; _ x
thin films in which Ba 3d signals consist of two peaks
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Table 1

Binding energies (+ 0.1 eV) obtained by XPS analyses of AZrO;_ x thin films.

ABOg/signal Ba 3ds,, Ca 2p3;» Ca 2pyp Sr 3ds/, Sr 3ds), Zr 3ds) Zr 3d;) O1s
BaZrO;_yx 780.1 181.4 183.8 529.6"
531.6"
CaZrO;_y 3473 350.9 182.3 184.6 529.9*
531.8"
SrZrO;_y 133.6 135.3 182.2 184.6 529.3"
532.2°
Standard values® 779-781 346-347 348-350 132-133 134-135 181-182 183185 529 —530°
531—532°

“Attributed to lattice oxygen.
® Attributed to chemisorbed oxygen on the surface of film.
“Ref. [28].

Fig. 8. AFM micrographs of annealed at 950 °C samples on Si(100), (a) BaZrO;_y; (b) CaZrOs3 _x; and (c¢) SrZrO; _y films.

identified as Ba 3ds,, and Ba 3d;/,. The Ba 3ds,, peak resolved
in a single component at 780.1 eV (inset Fig. 5) is associated
to Ba—O bonds [22,29].

Fig. 6 shows the wide scan XPS spectrum of CaZrOs5 _ x thin
films. It can be seen that the Ca 2p signal is a mixture of two
overlapping peaks (inset Fig. 6). These are attributed to Ca 2p3,
> and Ca 2p;,, at 347.3 and 350.9 eV respectively, with a
binding energy (BE) separation of 3.6 eV. These results are in
good agreement with BE values reported for other types of
perovskite such as CaSnOj3 [29] and CaTiOj3 [30].

The XPS spectra for thin films of SrZrO;_x are shown in
Fig. 7. The Sr 3d signal can be fitted to two main sub-peaks,
one centered at 133.6 eV and the other at 135.3 eV. These
signals have been attributed to photoemission peaks from Sr

3ds/, and Sr 3d5),, respectively. The energy separation between
the Sr 3ds,, and Sr 3d;, peaks were 1.7 eV. These measure-
ments are consistent with those reported for strontium in the
St *state present in SrSnOj3 [29] and SrTiO5 [31]. However, a
rigorous examination of the Sr 3d peak reveals other minor
peaks which are very difficult to distinguish, but an appropriate
fitting indicates other chemical states (Sr” and Sr) [28].

3.2.2. Morphology characteristics

Atomic force microscopy (AFM) was used to characterize
the morphology of the annealed samples. Fig. 8 presents a series
of topographic images from (a) BaZrO; _y, (b) CaZrO;_x and
(c) StZrO; _x films. All these films have similar surface morpho-
logy, consisting a non-uniform surface which is characteristic for
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an amorphous deposit, with a root-mean-square (RMS) roughness
of (a) 40.1+21.3; (b) 31.2+13.1 and (c) 28.5+ 12.5 nm,
respectively. These values reflect the irregularity of the surfaces
of the films obtained.

3.2.3. Optical properties

Fig. 9 shows the optical transmission spectra of the photo-
deposited films on fused quartz, with a 250 + 25 nm thickness.
It can be seen from the UV—vis spectrum that the transmittance
of films is close to 90% in the visible range for the CaZrO; _x
and the S1ZrO;_x films. A slight decrease in samples of
BaZrO5 _x films can be attributed to a greater thickness in the
deposition obtained. A slight decrease of the transmittance
below 250 nm is the absorption edge, which is related to the
energy band gap of the materials [25]. A more accurate
estimation of the band gap E, can be obtained from the
following relation (Eq. (2)).

(ahv)? = const(hv-E,) (2)

where hv is the energy of incident photon, and « is the optical
absorption coefficient, which can be estimated from the
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Fig. 9. Transmission spectra for the AZrO;_y thin films. Inset: square of
absorption coefficient as a function of the photon energy.
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transmittance values using the relation (Eq. (3)).
T=Aexp(—ad) 3)

where d is the film thickness and A is a coefficient related to
the refractivity, which is nearly equal to unity at the absorption
edges [25].

In this case, the optical band gap was determined by
extrapolating the linear portion of the curve or tail (see inset
Fig. 9). The results of the optical band gap values of photo-
deposited AZrO5 _ x are presented in Table 2. For comparison,
this table includes the band gaps for some AZrO; prepared by
different methods. All these values are within the range already
reported in the literature. The E, values mainly depend on the
preparation methods and experimental conditions like calcina-
tions, purity of the precursor, processing time, etc. These key
factors can favor or inhibit the formation of structural defects,
which are able to control the degree of structural order and
disorder of the material and consequently, the number of
intermediary energy levels within the band gap [32]. The slight
increase of the band gap of our deposits can be ascribed to
the reduction of defects or impurities that give rise to the
intermediary energy levels into the band gap of AZrO;_ x thin
films. Similar phenomena have been observed in the synthesis
of other types of perovskites [3,33].

4. Conclusions

AZrO;_y thin films (where A=Ba’>", Ca’" or Sr’ ") have
been prepared by a photochemical method, followed by post-
annealing at 950 °C. The compositional and structural char-
acterization of the samples using XPS and XRD, respectively,
revealed the AZrO;_y formation preferably as amorphous
structures. The AFM measurements show that samples have a
rough and irregular surface, which is characteristic for an
amorphous deposit. UV-vis absorption spectra have shown a
slight increase of the optical band gap values compared to
other deposition methods and this is probably caused by the
reduction of intermediary energy levels.

In this study, we have proposed the use of p-diketonate
complexes as precursors for the photochemical deposition of
ternary metal oxides of perovskite type. In a future work we

Data of optical energy band gaps reported in literature for AZrO; obtained by different methods.

Method employed Type of AZrO; Optical gap (eV) Reference
Photochemical metal organic deposition (PMOD) BaZrO5_x 5.42 This article
Photochemical metal organic deposition (PMOD) CaZrO; _x 5.48 This article
Photochemical metal organic deposition (PMOD) SrZrOs _x 5.33 This article
Hydrothermal microwave method (HMM) BaZrO; 4.78 and 4.89 [34]
Conventional solid sate reaction (SSR) CaZrOs 3.93" and 5.53" [35]
Polymeric precursor method (PPM) S1rZrO;3 4.50-5.21 [36]
Hydrothermal/calcinations method (HCM) BaZrO; 5.12 [19]
Polymerized complex method (PCM) CaZrO3 > 4.00 [37]
Sol-gel combustion (SGC) SrZrO; 5.20 2]

“Theoretical value.
"Experimental value.
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will apply this proposed photochemical method with single-
source precursors. Heterobimetallic complexes, containing all
required elements in an already precombined state, may provide
a response for the control of stoichiometry and crystallinity of
ternary metal oxide films.
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