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ZnAl,04 and MgAl,04 thin films were grown on Si(100) and quartz plate substrates using a
photochemical method in the solid phase with thin films of 3-diketonate complexes as the precursors.
The films were deposited by spin-coating and subsequently photolyzed at room temperature using
254nm UV light. The photolysis of these films results in the deposition of metal oxide thin films and
fragmentation of the ligands from the coordination sphere of the complexes. The obtained samples were
post-annealed at different temperatures (350-1100°C) for 2h and characterized by FT-Infrared

ffg’:vzgz:com ounds spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force miscroscopy
Oxi dge s P (AFM), and UV-vis spectroscopy. The results indicate the formation of spinel-type structures and other
Thin films phases. These characteristics determined the quality of the films, which were obtained from the

Chemical synthesis
Photoelectron spectroscopy

photodeposition of ternary metal oxides.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Spinel-type oxides AB,O4, where A and B stand for divalent and
trivalent metal cations, respectively, have a wide range of
applications as ceramic, catalyst, magnetic, and host materials
because of their good thermal and chemical stabilities [1,2]. In the
spinel structure, the oxygen ions form a cubic close-packed (ccp)
structure, and the A and B cations occupy two different
crystallographic sites - tetrahedral and octahedral holes in the
ccp structure - that provide different local symmetries for different
ions. Therefore, spinels may take different forms, such as (a)
normal spinel, where the A and B cations are distributed in the
tetrahedral and octahedral sites, respectively; (b) inverse spinel,
where the A cations are in the octahedral sites, and half of the B
cations are pushed to the tetrahedral sites; and (c) mixed spinel,
where both A and B cations are randomly distributed in both sites
[2]. Studies of the cation distribution in spinels have attracted
much attention because they enable a better understanding of the
correlations between the structure and the properties such as
color, magnetic behavior, catalytic activity, optical properties, etc.,
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which strongly depend on the occupation of these two sites by the
metals.

In this context, ternary metal oxides such as ZnAl,0, and
MgAl,04 have been widely investigated in the vast array of useful
applications. Various preparation methods have been used to
synthesize oxide spinels, such as the sol-gel method [3,4], solid-
state reaction [5,6], hydrothermal reaction [7,8] and combustion
process [9,10]. The development of alternative methods or
modifications of existing methodologies is the subject of perma-
nent concern for a large range of mixed-metal oxides to search for
an efficient route by which to obtain high purity, homogeneity,
single phases and small and uniform particle sizes of these
materials.

The photochemical synthesis of ceramic materials with light
irradiation (both ultraviolet and visible) is an alternative method
for obtaining new and unique structured inorganic compounds and
semiconductor materials [11]. Photochemical synthesis is different
from other synthesis methods because it is selective. This
selectivity occurs because the light absorption features of the
reactants determine their reaction products.

The species generated by photon excitation or photolysis can be
the primary species of the final products or precursors that
subsequently react to form new species and the final products [11].
In this study, we propose the application of a photochemical
method to synthesize ZnAl,0, and MgAl,0,4 thin films. This
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method consists of the direct irradiation of [3-diketonate com-
plexes on substrates that are not affected by the UV light. The
development of this method requires that the precursor complexes
form stable amorphous thin films after spin coating onto a suitable
substrate, and the photolysis of these films result in the photo-
extrusion of the ligands to leave thin films of metals or metal
oxides on the surface, depending on the reaction conditions:

0,/
A(tl‘l‘lhd)z + ZB(tmhd)3 2_’WABZO4(thin film) + CxHy(sub—products) (])

where: A=Zn or Mg, B=Al, and

2. Experimental
2.1. Preparation of amorphous thin films (where A=Zn or Mg)

The precursor complexes Al(tmhd)s, Zn(tmhd), and Mg(tmhd),
were purchased from Aldrich Chemical Company. The substrates
for the film deposition were quartz plates (2 x 2 cm?) and n- and p-
type silicon (10 0) wafers (1 x 1 cm?), which were obtained from
Wafer World Inc., Florida, USA.

The A(tmhd), and Al(tmhd); complexes were homogenized and
mixed in a molar proportion of 1:2 in CH,Cl, or ethanol solution.
The thin films were prepared as follows. A silicon chip was placed
on a spin coater and rotated at a speed of 600rpm. A portion
(0.5mL) of a solution of both precursor complexes in CH,Cl, was
dispensed onto the silicon chip and allowed to spread. The motor
was stopped after 30 s, and a thin film of the complex remained on
the chip. The quality of the films was examined using optical
microscopy (500x magnification).

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

All photolysis experiments were performed following the
identical procedure. First, the FT-IR spectrum of the starting film
was obtained. Then, the chip was placed under a UV-lamp setup,
which was equipped with two 254nm 6W tubes, in air. The
reaction progress was monitored by determining the FT-IR spectra
at different time intervals, following the decrease in 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 all remaining organic products on the surface

prior to the analysis. To obtain films of a specific thickness,
successive layers of the precursors were deposited by spin-coating
and irradiated as previously described. This process was repeated
several times until the desired thickness was achieved. Post-
annealing was performed under a continuous flow of synthetic air
at different temperatures (350-1100°C) for 2 h in a programmable
Lindberg tube furnace. The schematic sequence of the photo-
chemical deposition method to synthesize ternary metal oxides is
shown in Fig. 1.

2.3. Characterization of the thin films

The FT-IR spectra were obtained with a 4cm™! resolution in a
PerkinElmer Spectrum Two FT-IR spectrophotometer. The UV
spectra were obtained with 1nm resolution in a PerkinElmer
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 40kV/30mA. A semi-
quantitative phase composition is calculated from the peak
intensities for different phases in the sample.

X-ray photoelectron spectra (XPS) were recorded on an XPS-
Auger PerkinElmer electron spectrometer Model PHI 1257, which
included an ultra-high vacuum chamber, a hemispherical electron
energy analyzer and an X-ray source that provided unfiltered Ko
radiation from its Al anode (hv=1486.6eV). The pressure of the
main spectrometer chamber during data acquisition was main-
tained at ca. 10~ Pa. The binding energy (BE) scale was calibrated
using the peak of adventitious carbon, which was set to 284.6 eV.
The accuracy of the BE scale was 4-0.1 eV. The surface morphology
of the samples was examined using atomic force microscopy (AFM)
in an AFM/STM Omicron Nanotechnology model SPM1 in contact
mode.

3. Results and discussion
3.1. Photochemistry of the precursor complexes

The photoreactivity of some AI(Ill) and Zn(II) -diketonate
complexes was reported in other articles as the precursors in the
photodeposition of Al,03; [12,13] and ZnO [14,15] thin films,
respectively. In this work, we proposed the use of Al(III), Zn(Il) and
Mg(Il) 2,2,6,6-tetramethyl-heptanedionate (tmhd) complexes as
precursors to evaluate their photoreactivity and further
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Fig. 1. Schematic sequence of the photo-deposition process: (i) deposition of precursor complexes by spin-coating; (ii) photo-reactivity of the precursor complexes under a
UV lamps set; (iii) photo-deposition of ternary metal oxides in air (as-deposited); and (iv) post-annealing of the photo-deposited films.
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Fig. 2. Changes in the UV spectrum of a solution in CH,Cl, of Al(tmhd); complex (2.50 x 10~*mol/L) upon 257 min irradiation. Insets: (a) Zn(tmhd), complex
(3.47 x 10-%mol/L) after 245 min of irradiation, (b) Mg(tmhd), complex (2.34 x 10~ mol/L) after 198 min of irradiation with 254 nm light.

photodeposition as mixed-metal oxides. When the dichloro-
methane-diluted solutions of these complexes (<10~ mol/L) were
photolyzed with 254nm UV light, a gradual decrease in the
absorption bands of these complexes was observed after few
minutes of irradiation. Fig. 2 shows the UV profile for the
photoreaction of these complexes, which was obtained by
determining the UV spectra of the samples at different time
intervals. In all cases, the spectra exhibit a single band at 290 or
276 nm, which was assigned to a -7 ligand electronic transition
of a carbonyl group (C=0). These spectral changes, which consist of
a gradual decrease in the absorption bands, demonstrate that these
[3-diketonate complexes are susceptible to their structural photo-
fragmentation and photo-reduction of the metallic species. Similar
results were observed in other studies [16,17].
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To investigate the solid-state photochemistry, films of the
mixed-metal precursor complexes in a molar proportion of 1:2 of
M(tmhd), and Al(tmhd); (where M =Zn or Mg) were deposited on
Si wafers by spin-coating and irradiated in air with a 254 nm UV
source. The irradiation at 24, 48 and 72 h of these films in air led to
a decrease in absorption, which is associated with the ligands, as
shown by the FT-IR monitoring of the reaction. At time zero (o),
Fig. 3 shows the vibration modes that correspond to the 2,2,6,6-
tetramethylheptanedione ligand at 2963, 1589 and 1096cm™,
which is assigned to the C—H, C=0 and C—O groups, respectively.
At the end of the photolysis, after a 72h irradiation period,
minimum absorptions are observed in the infrared spectrum.
These absorptions correspond to sub-products from the
photo-degradation of the diketonate complexes on the surface,
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Fig. 3. Changes in the FT-IR spectra of the films after 24, 48 and 72 h of irradiation with 254 nm light of (a) Zn(tmhd), and Al(tmhd); and (b) Mg(tmhd), and Al(tmhd);

complexes in a molar proportion of 1:2.
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which are partially removed by washing with dry acetone or
ethanol.

3.2. Characterization of the ZnAl,04 and MgAl,0, thin films

FT-IR spectroscopy was used to characterize preliminary the as-
deposited films and films that were annealed at 350°C, 650°C,
950°C and 1100°C. According to some studies [3,8], the spinel
displays stretching bands in the 500-900 cm™! range, which are
associated with the vibrations of metal-oxygen, aluminum-
oxygen and metal-oxygen-aluminum bonds. Fig. 4 compares
the infrared spectra curves of the annealed samples of ZnAl,04 and
MgAl,04 films. This comparison shows that the samples that were
annealed at 350 and 650 °C exhibit some characteristic bands. The
band at ~3400cm™! corresponds to the presence of OH groups,
which are attributed to the adsorption of water on the surface of
the film. Another band at ~1100cm~' is associated to the
stretching vibrations of C—O species, which were generated as
sub-products from the precursor complexes, and another broad
band at ~810cm~! which can be attributed to the vibrational
modes of different groups corresponding to M—0 and M—0—M
(M=2Zn, Mg or Al) [18-20], which formed gradually during the heat
treatment.

On the other hand, the samples that were annealed at 950 and
1100°C exhibit some characteristic bands in the range of 400-
900 cm™L. Fig. 4a shows the FT-IR spectra of the ZnAl,O, films,
whose bands appear at (1) 484, (2) 550, (3) 658 and (4) 890cm ™.
These bands correspond to the regular spinel structure and are
ascribed to the Zn—O and Al—O vibrations of the tetrahedral
[ZnO4] and octahedral [AlOg] groups [8]. However, the spectra of
the MgAl,O, films (Fig. 4b) exhibit bands at (1) 515, (2) 692 and (3)
870 cm™!, which are associated with the lattice vibrations of tetra-
and octahedrally coordinated metal ions [21]. However, these
results only indicate that there is an interaction of oxygen with
metal ions and it is not possible to confirm the formation of a
spinel-type structures.

XRD was used to study the crystalline structure of the samples
annealed at 950 and 1100 °C. The XRD pattern of ZnAl,04 (Fig. 5a)
show peaks at 26 (°)=31.2, 36.8, 44.8, 49.1, 55.7 and 59.4, which
can be indexed as the (220),(311),(400),(311),(422)and(511)
diffraction planes, respectively. The intensities and positions of
these peaks are consistent with those of reference JCPDS Card No.
05-0669. Similar results were observed by other authors [3,8,19].
However, for the ZnAl,04 films that were annealed at 950 °C, the
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peaks corresponding to the ZnO formation were observed. Many of
these signals are not observed when the samples were annealed at
1100°C, which shows an initiation of spinel phase and low
crystallinity at 950 °C. However, with the increase in temperature
to 1100°C, the crystallinity of the ZnAl,O4 spinel products
increased.

Thus, the XRD results show that after the thermal treatment at
950°C of the photodeposited films, different phases are formed
with a partial formation of the spinel. The effects of annealing at
higher temperatures (>1000°C) may promote the formation of a
pure spinel phase without secondary phases, as observed in the
spinel synthesis using other methods [22,23]. We have determined
that ZnAl,0,4 films that are annealed at 950°C are mainly
composed of two phases, which were estimated at 71.4 and
28.6% w|w of ZnAl,04 and ZnO, respectively, whereas the films
annealed at 1100 °C are composed of 80.3% of ZnAl,04 and 19.7% w/
w of ZnO.

However, Fig. 5b shows the XRD patterns of the MgAl,04
samples at 950 and 1100 °C. The diffraction data of the films are
consistent with the reference JCPDS Card No. 01-072-6944, which
indicates that these films are spinel phases with a cubic structure
[24]. The main reflections of the samples annealed at 950°C are
observed at 26 (°)=18.9, 31.2, 36.8, 44.8 and 59.4, which are
associated with the (111),(220),(311),(400) and (511) crystal
planes of MgAl,0,4, and there are other peaks of intermediate
products such as corundum (Al;03) and periclase (MgO).
Therefore, our samples consist of a mixture of spinel (26.6% w/
w), MgO (60.4% wf/w) and Al,03 (13.1% w/w). In addition, a
temperature of 950°C was not sufficient to produce a pure
crystalline product. With an increase in annealing temperature to
1100°C, the diffraction peaks of the spinel become sharper because
of the increase in crystallinity of the spinel phase, but some
impurities remain: spinel (50.1% w/w), MgO (20.8% w/w) and Al,03
(29.1%). Studies on the preparation of mixed oxides (MgO-Al,05)
[25,26] have shown that there is a strong interaction between the
alumina lattice and magnesium metal to form MgAl,04 spinel-
type. The formation of Mg(II)-AI(III) solid solution of the spinel
type increase by increasing of calcination temperature, and that
could explain the drastic decrease in the % w/w of MgO from 950 to
1100°C.

Moreover, some studies [27] have found the incorporation of
magnesium into the Al,Os lattice. The addition of MgO stabilizes
the Al,O3 phase because the Mg ions preferentially substitute for
tetrahedrally coordinated AI** in the Al,O5 lattice [28].
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Fig. 4. FT-IR spectra of (a) ZnAl,O4 and (b) MgAl,04 thin films that were photo-deposited and annealed at 350, 650, 950 and 1100°C.
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Fig. 5. XRD pattern of the samples, which were photo-deposited and annealed at 950 and 1100 °C for 2 h. (a) ZnAl,04 and (b) MgAl,04.

In this case, the results show that the MgAl,0, spinel phase
develops with increasing annealing temperature but also suggest
that the complex Mg(tmhd), is not a suitable precursor to use with
Al(tmhd); in this photochemical methodology to deposit ternary
metal oxides as MgAl,04. The nature of the precursor complexes
plays a decisive role in the efficient deposition of mixed metal
oxides. The differences in solubility and compatibility of both
complexes determine the quality of the resulting films [29]. Other
authors have reported [30] that the use of high concentrations of
each precursor in the spinel synthesis can cause the formation of
secondary phases, and the change in [A]/[B] ratio in the precursor
solutions decides the stoichiometric composition of the AB,O4
films.

The elemental composition of the samples was further
determined using XPS. The XPS survey spectrum (Fig. 6a) indicates
that the prepared ZnAl,0, sample consists of Zn, Al, O and C
elements. Fig. 6b shows the high-resolution XPS spectra of Zn 2ps;,
2, which are fitted with two peaks at 1024.1 eV (5.4%) and 1022.5 eV
(94.6%). These peaks at approximately 1024 and 1022eV are
assigned to octahedral and tetrahedral Zn?* ions, respectively [1].

In Fig. 74, the O 1s peak is fitted with two components centered
at 532.6 (18.9%) and 531.2eV (81.1%). The higher-energy peak
corresponds to O—H bonds from absorbed water molecules
because of the environmental moisture [31], whereas the
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lower-energy peak is attributed to metal-oxygen bonds [32].
The high-resolution spectrum of Al 2p (Fig. 7b) appears as a broad
and asymmetric band at 74.1eV, which indicates that A** ions
have more than one coordination environment [1]|. Thus, some
authors have reported [31,32] that the Al 2p signal can be adjusted
by two peaks at 75.6 and 74.2 eV and assigned to AI>* ions in the
octahedral (VI) and tetrahedral (IV) sites, respectively.

The XPS study was also applied to the MgAl,0,4 samples. The
XPS survey spectrum in Fig. 8a confirms the presence of Mg, Al, O
and C. High-resolution XPS spectra of Mg 2s and Mg 2p at 88.9 and
50.1 eV, respectively, are shown in Fig. 8b. These values are similar
to those observed for the other spinel [33,34]. The O 1s line (Fig. 9a)
consists of two peaks at 531.1 (35%) and 531.7 eV (65%). The signal
at 531.7eV is reported to come from O sites of the spinel lattice
[32], and the signal at 531.1 eV possibly comes from AlOy (Al in the
AlO, tetrahedral site or AlOg octahedral site). The signal that is
typically located at ~532eV and tentatively ascribed to chem-
isorbed O or hydroxyl species was not observed here.

A high-resolution spectrum of the Al 2p peak, which is shown in
Fig. 9b, is fitted with two Gaussian-Lorentzian curves at 74.1
(93.4%) and 78.9¢eV (6.6%). The peak at the lower binding energy
can be ascribed to the AI** ions at the tetrahedral sites, whereas the
peak at higher binding energy can be assigned to the AI** ions that
occupy the octahedral sites. The binding energy values of the two
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Fig. 6. XPS survey spectrum of the ZnAl,0,4 thin films, which were annealed in air at 1100°C for 2 h. (a) Full XPS spectra and (b) Zn 2ps), spectra.
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Fig. 7. High-resolution XPS spectrum of the ZnAl,0,4 thin films, which were annealed in air at 1100°C for 2 h. (a) O 1s and (b) Al 2p spectra.
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(b)

Fig. 10. AFM micrographs of ZnAl204 films: (a) two-dimensional image and (b) three-dimensional image.

peaks are consistent with those reported for AI** ions in other
materials [1,31].

3.3. Morphology observation

The surface morphology of the samples was observed using
AFM. The 2D image of ZnAl,0,4 films (Fig. 10a) shows that the
samples that were photodeposited and annealed at 1100 °C have a
smooth surface morphology, and there is no evidence of a granular
structure. A careful examination of the 3D image (Fig. 10b) shows
that the film surface is non-uniform.

The surface roughness can be quantitatively identified by the
root-mean-squared roughness (RMS, roughness: Rims). Rims iS
given by the standard deviation of data from AFM images, and
determined using the standard definition as follows:

SV (Zn-Z)
=N @

ers =

where Zn represents the height of the nth data, Z is equal to the
mean height of Zn in AFM topography, and N is the number of the
data [35,36]. In this statistic evaluation the studied surface was
equal to 2.5 x 2.3 wm in area. (See Fig. 10). The AFM image showed
that the RMS roughness of the ZnAl,0O4 thin films was 1.50 nm,
which implies that the prepared films are relatively smooth. As
described in [35], this characteristic significantly affects the optical

(a)

losses. Because the film has a small surface roughness, there is a
decrease in optical losses through scattering, which leads to high
transparency quality in the films.

On the other hand, in Fig. 11 shows the AFM micrographs of
MgAl,04 films, which were photodeposited and annealed at
1100°C. In both images, an irregular surface is observed as in
previous samples. The examined surface was equal to 2.5 x 2.4 um
in area RMS roughness determined was 2.75nm. The surface
morphology is commonly highly dependent on the crystallinity
and purity of the thin films; therefore, they are important factors
for controlling the surface roughness of the films. The surface
heterogeneity of our films can be explained by the formation of
other phases, which were identified in the XRD analysis, during the
deposition process, which creates a difficult homogeneous
morphology in the generation of the spinel. The use of separate
precursors to grow spinel-type ternary metal oxides sometimes
results in some deviations from stoichiometry in the films, which
leads to point defects and surface irregularities [37].

3.4. Optical properties

The UV-vis transmission spectra of both samples in the
wavelength range of 200-900 nm are shown in Fig. 12. Both films
show identical profiles with a strong and gradual absorption below
400nm. The MgAl,0, films have a higher absorption band

Fig. 11. AFM micrographs of MgAl,04 films: (a) two-dimensional and (b) three-dimensional images.
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determine the optical band gap (E;) of the samples.

probably because of some defect structures in the formation of
secondary phases (MgO and Al,03). We also observe an increasing
in roughness, as clearly identified in our XRD and AFM analysis.For
the direct transition, the optical band gap energy (E;) of these
samples was determined using the following equation:

(hv)* = B(hv — Eg) (3)

where E; is the optical band gap, hv is the incident photon
energy, and B is a constant. The band gap of the films was
calculated using Tauc’s plot by plotting (ahv)? vs. hv as shown in
the inset of Fig. 11 and extrapolating the linear portion of the
absorption edge to find the intercept with the energy axis. The
determined E, value for the MgAl,04 was 5.3 +0.2 eV, which is
closer to the values reported by other researchers, such as 6.2 eV
[22], 5.85eV [9], and 4.1-4.6eV [38].

However, the band gaps of ZnAl,04, samples are found at
5.6 +0.2 eV, which is notably different from other studies, such as
4.0-4.5eV [39],3.47-3.54eV [40] 3.8-3.9eV [41]. These measured
band gaps depend on the material and its characteristics such as
crystallinity and stoichiometry.

4. Conclusions

A simple photochemical deposition method was explored to
prepare ZnAl,04 and MgAl,0, thin films. Zn(II), Mg(Il) and Al(III)
B-diketonate complexes were proposed as the precursors for the
photodeposition of spinel-type ternary metal oxides. Annealing
the films at 950°C led to the partial formation of the spinel;
however, when the films were annealed at 1100°C, the develop-
ment and crystallinity of the spinel are favored. The prepared
sample was characterized using different tools: FT-IR, XRD, XPS,
AFM and UV-vis. The results of these studies reveal the chemical
composition of AB,0,4 and the generation of intermediate products
such as ZnO, MgO and Al,0s. Nevertheless, further studies are
necessary to better control the structure and morphology of the
ZnAl,04 and MgAl,O,4 thin films and to enhance the understanding
of the film formation mechanism. The use of single-source
precursors to prepare ZnAl,0, and MgAl,0, films can be an

alternative for controlling the composition and growth of the
spinel at lower temperatures [42].
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