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The growth of columnar CeO,, ZnO and Zn0:CeO,_, films on quartz and AA6066 aluminum alloy
substrates by economic atmospheric pressure metal-organic chemical vapor deposition (AP-MOCVD) is
reported. A novel and efficient combination of metal acetylacetonate precursors as well as mild
operating conditions were used in the deposition process. The correlation among crystallinity, surface
morphology and optical properties of the as-prepared films was analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy
(TEM) and UV-vis spectroscopy. The synthesized films showed different crystallographic orientations
depending on the ZnO and CeO- lattice mismatch, cerium content and growth rate. The CeO, films
synthesized in this work showed plate-like compact structures as a result of the growth process typical
of CVD. Both pure and ZnO:CeO, _ films were obtained with a hexagonal structure and highly preferred
orientation with the c-axis perpendicular to both substrates under the optimal deposition conditions.
The microstructure was modified from dense, short round columns to round structures with cavities
(“rose-flower-like” structures) and the typical ZnO morphology by controlling the cerium doping the
film and substrate nature. High optical transmittance ( > 87%) was observed in the pure ZnO films. As
for the ZnO:Ce0,_, films, the optical transmission was decreased and the UV absorption increased,
which subsequently was affected by an increase in cerium content. This paper assesses the feasibility of
using ZnO:Ce0, _, thin films as UV-absorbers in industrial applications.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Zinc oxide (Zn0) is an important and promising material with
many typical properties such as transparency in the visible range,
direct band gap of 3.3 eV, electrochemical stability, semiconduc-
tor resistivity (1073-10° ohm-cm) and non-toxicity [1,2]. The
interest in low dimensional nanostructured particles and thin ZnO
films has been significantly increased in recent years, with the
realization of devices such as LED [3], UV laser [4], solar cells [5]
and sensors [6]. On the other hand, nanocrystalline ceria (CeO,)
particles and ceria doped films have recently been extensively
studied because of their very interesting properties that are
especially suitable for technological applications such as energy
storage [7,8] and catalysts [9-11] due to the capacity of these
materials for storing or releasing oxygen. Additionally, CeO, has
been used as a protective coating against corrosion [12], and
applications in many different fields have been found from
ceramics, coatings and sensors to biomaterials and cosmetics
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[13]. The controlled synthesis and properties of ZnO nanostruc-
tures grown by different techniques has been widely reported;
however, the effects of rare earth doping for practical applications
has been rarely stated [14]. In addition, it is well known that the
synthesis of technologically useful materials depends not only on
the quality of the crystal and surface chemistry, but also on the
spatial orientation and arrangement [15]. Then, it is expected that
by co-deposition of ZnO:CeO,_, some properties such as UV
absorption, controlled band gap, photoluminescence, extinction
coefficient, anticorrosive properties and refractive index can be
improved by cerium inner shell transitions [14,16]. In recent
years, various kinds of ZnO and CeO, nanostructured thin films
have been successfully synthesized, but high density and well
ordered nanostructures are needed for practical applications
[17-19]. These structures can be synthesized by a variety of
techniques such as sputtering, reactive thermal evaporation,
chemical spray technique, pulsed laser deposition, metal-organic
vapor deposition (MOCVD), electrochemical impregnation and
sol-gel [18,20-25]. In comparison with other techniques, MOCVD
has several advantages, including fine control of the partial
pressure of individual reactants, thickness, well ordered struc-
tures with highly uniform areas and high growth rate (in contrast
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with MBE, PLD, etc.), which could facilitate the reproducibility and
controlled synthesis of high quality thin films [26,27]. Although,
the synthesis of ZnO can be done by means of the useful MOCVD
technique, its production from zinc metal-organic materials such
as diethyl-zinc or dimethylzinc is inconvenient because these
starting compounds can react violently with air or water even at
low temperatures; and besides, the high cost of these precursors
makes more difficult the synthesis of this compound. The aim of
this work is to analyze the effect of adding a rare earth element
(16:9, 18:6 and 20:3 metallic ratio; 10, 20 and 30 wt¥% of cerium
precursor) on the structure, morphology and optical properties
of ZnO thin films using MOCVD at atmospheric pressure,
which have been rarely reported. Therefore, the trials were
performed on NaCl monocrystals (111) and quartz. A metallic
substrate was also analyzed on order to analyze the structural
properties on polycrystalline substrates and afterwards to
propose them as possible anticorrosive coatings. For comparison
purposes, APMOCVD (atmospheric pressure MOCVD) was also
used to grow pure films of both ZnO and CeO,. X-ray diffraction
patterns, XRD, atomic force microscopy, AFM, scanning electron
microscopy, SEM, transmission electron microscopy, TEM, and
UV-vis were used to perform the structure, topography, mor-
phology, crystallite size and optical characterization.

2. Experimental section
2.1. Substrates

In this work, three types of substrates were used; polished
quartz (45 x 25 x 1 mm?), NaCl monocrystals (111) and commer-
cial AA6066 aluminum alloy (30 x 30 x 3 mm?) plates. Before the
APCVD process, the metal surface was mechanically ground
starting from 120- to fine 1500-grade emery papers, according
to the ASTM standard [28], while the quartz substrates were
cleaned with a soapy solution, and thereafter rinsed with tap
water, deionized water and acetone.

2.2. Precursors

The precursor choice was made by taking into account the low
volatility inherent to some B-diketonate precursors, low melting
temperature, decomposition temperature and high vapor pressure.
Most oxide depositions are achieved at reduced pressures, ranging
from just a few torr to ten torr. Atmospheric vapor deposition
becomes feasible when the precursor is sufficiently volatile. Then,
a volatile precursor and chemical stability play an important role
in the deposition parameters. It is the case of zinc and cerium
acetylacetonates. Additionally, the precursor compound should
permit at least one reaction mechanism through which a clean
deposition reaction with little contamination can be carried out.
For these reasons, the selected precursors were zinc acetylaceto-
nate hydrate [Zn(CsH;0,),-xH,0, Fluka, >90%] and cerium
acetylacetonate [Ce(CsH;0,)s - xH,0, Sigma Aldrich, > 90%].

2.3. MOCVD Experiments

All the film depositions were carried out in the original setup
made from tubular quartz consisting of a three-zone-hot-wall-gas-
flow reactor (120 in length and 5cm in diameter) under
atmospheric pressure. ZnO and CeO, films were obtained in order
to find the growth conditions of the ZnO:CeO,_, coatings. For
Zn0:Ce0,_, films, different ratios of Zn(acac), and Ce(acac)s
(70:30, 80:20 and 90:10 wt% corresponding to 16:9, 18:6 and 20:3
ratios of Zn/Ce metallic base, respectively) were placed in a quartz

boat and hand mixed. Afterwards, the quartz boat was introduced
into the CVD reactor under argon and oxygen atmosphere using a
flow rate of 100 cm® min~'. The vapors were conducted into the
hot zone maintained at temperatures ranging from 400 to 700 °C.

2.4. Characterization of the precursors

It is known that Zn (acac), melts at 136-138 °C, but there is no
information for Ce(acac),; thus thermogravimetric and calori-
metric analyses (TGA/DSC, in a SDT-Q600) were carried out in
order to determine the melting and decomposition points of both
precursors using a heating ramp of 10° min~ .

2.5. Film characterization

The phase composition and crystal structures of the as-
synthesized films were determined by powder X-ray diffraction
using a Bruker D8 Advanced, Cu K, radiation at 35 kV, 25 mA and
a scan rate of 0.02° min—".

The morphology, estimated thickness and surface roughness of
the film were examined by scanning electron microscopy using a

SEM JEOL JSM 5600 LV and JSM 6300; atomic force microscopy by
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Fig. 1. TGA/DSC curves of (a) Ce(acac)s; and (b) Zn(acac),. Heating rate: 10 K/min
in helium atmosphere.
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AFM, Nanosurf easyscan 2 AFM/STM in contact mode with a Si
cantilever and nominal force of 20 nN, respectively.

The phase composition and structure of the films were also
analyzed by transmission electron microscopy using a JEOL-2000
EX-II. During the TEM measurements, the as-prepared films were
deposited onto a NaCl monocrystal (111).

The optical transmittance measurement of these films was
carried out using an UV-vis spectrometer Lambda 40 Perkin
Elmer within the range of 200-1100 nm.

3. Results and discussion

3.1. Characterization of the precursors

Fig. 1a and b reports the TGA/DSC scan performed on commercial
(a) Ce(acac)s and (b) Zn(acac), precursors. For Ce(acac)s, a weight
loss of ~8% at 116.56 °C is observed due to the dehydration
followed by a second slow loss that occurs around 325.01 °C; it
represents up to 27.22% of the weight of the precursor. DSC analysis
confirms that the decomposition occurs in two steps. The first
endothermic peak centered at 134.51 °C corresponds to the first
weight loss shown by TGA and is ascribed to the dehydration. The
second endothermic peak at 343.29 °C can be ascribed to the
melting point of Ce(acac)s. On the other hand, the TGA and DSC
curves for Zn(acac), displayed an endothermic peak around

Table 1
AP-MOCVD deposition parameters for the as-deposited films.

2207

90.13 °C, which is associated with the water molecule evaporation
that caused 10% of the weight loss. Endothermic peaks at about
140.30 and 185.45 °C were clearly observed, which are possibly
related to the melting point and the total decomposition of the
precursor, respectively. The regular endothermic reaction starting
from 186 °C is due to the slow kinetics of the thermolysis reaction
in He.

Depending on the conditions, there are several decomposition
routes of metal acetylacetonates. According to Fig. 1a and b, the
decomposition process of Ce(acac); and Zn(acac), in inert gas
already starts at 325.01 and 140.30 °C, respectively; Ce(acac)s; and
Zn(acac), are not the only volatile species responsible for the ZnO
formation in MOCVD. However, taking into account all the
precursor destruction paths is a difficult task [29], it is common
to use an overall CVD reaction. In this case, the possible chemical
reactions that take place are:

6C€(C5H702)3 -xH,0+1090, —4Ce0, | +Ce;03 | +90CO, T +69x
H,01 (1)

Zn(CsH;0,), - xH,0+120, »Zn0 | +10C0, 1 +8x H,01 (2)

From the TGA/DSC results, the CVD experimental conditions were
determined and reported in Table 1. The precursor temperatures were
adjusted due to differences in their melting points, considering that in
the mixture the major quantity corresponds to ZnO.

Thin film Precursor temperature Deposition Gas flow, argon Gas flow, oxygen Weight of precursor
(°C) temperature (°C) (cm® min—1) (cm® min—1) (mg)
CeO, 100
Zn0 100
Zn0:Ce0; (20:3) 130 400-700 100 100 90:10
Zn0:Ce0, (18:6) 80:20
Zn0:Ce0; (16:9) 70:30
S
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Fig. 2. XRD diffractograms of CeO,, ZnO and Zn0:CeO, _, films on quartz substrates.
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3.2. Film compositions and structural characterization

All the as-deposited films only contained Zn and Ce oxides.
DRX and EDS did not reveal any detectable amount of carbon or
metals other than ZnO and CeO,_, in the films.

Due to CeO,_, ZnO compounds and rare earth doping
ZnO thin films have been widely used as an active component in

Table 2
Lattice parameters.
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three-way catalysts for automobile exhaust gas treatment,
UV blocking filters, electrochromic displays and optical devices
[14,30-33], the structure of the crystal lattice and atomic arrange-
ment for stoichiometric and non-stoichiometric compounds are
extremely important to understand their effects on mechanical,
electrochemical and optical properties. Fig. 2 shows the XRD
patterns of the as-prepared CeO,_,, ZnO and ZnO:CeO,_ films on

Lattice parameters Ce0y_ ZnO Zn0:Ce0,_, (20:3) Zn0:Ce0, _, (18:6) Zn0:Ce0, _, (16:9)
a (A) 5.815 3.226 3.227 3.244 3.244
C(A) - 5.188 5.193 5.186 5.187
cla - 1.608 1.609 1.598 1.598
u - 0.3808 0.3806 0.3832 0.3832
a b
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Fig. 3. XRD diffractograms of (a) CeOs, (b) ZnO, (c) doped ZnO thin films with a metallic 16:9 ratio on AA6066 substrates and (d) metallic substrate.
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quartz. Cerium oxides in the form of CeO,_,, with x=0.305 were (400) plane, although, it is also observed, with low intensity, the
detected during XRD measurements on quartz substrates (Fig. 2). (8 0 0) plane. Stoichiometric CeO-, has a cubic fluorite (CaF,) with a
The CeO,_, films are mainly crystallographic oriented towards the lattice constant of 0.541 nm and a band gap of ca. 6eV [34].

Fig. 4. Schematic representation of unit cell (a) CeO,_y, (b) ZnO and (c) ZnO:CeO, _, with the representation of main out-of plane orientations for as-growth films on the
substrates.
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Nevertheless, the lattice parameters calculated by the UnitCell
Software [35] for the as-prepared CeO, _, films indicate a mismatch
in the lattice constant of 0.040 nm (Table 2). The differences can be
explained in terms of the structural change; while stoichiometric
Ce0,, displayed an fcc structure, the CeO, g95 showed a bcc structure.
On the other hand, pure ZnO films displayed the typical hexagonal
waurzite structure which grows on a preferential plane (0 0 2). From
XRD patterns, it is clear the influence of CeO, on the number of
detected signals from ZnO; i.e. the polycrystalinity increased as the
cerium quantity increases.

Recently, we reported no diffraction peaks arising from CeO, _
compounds or other impurity phases in the Zn0:CeO, _ thin film
spectra [36]; however, a more detailed analysis in the as-
deposited samples indicated that a non-stoichiometric CeO,_,
could be present during the growth of the films, and the first
signal is the result of the contribution of both materials
(Zn0:Ce0,_,) in the hexagonal structure.

In comparison with the JCPDS 36-1451, a=3.249, c=5.206 A
chart, the lattice parameters for the as-synthesized samples
(Table 2) showed a mismatch of lattice constant that can be
correlated with the internal strain during film formation and the

partial interstitial substitution of the Ce** ion provoking the
reduction of the lattice constant. Similar results have been
reported by Yang et al. [37] who suggested that cerium ions
would uniformly substitute into the Zn?" sites or interstitial sites
in the ZnO lattice. ZnO is a polar crystal whose polar axis is the
c-axis, and its space group is Cé=p6smc. In this structure, each
Zn?* ion is surrounded by four O~2 ions and vice versa [38].
Hence, the close correlation between the c/a ratio and u (length of
the bond parallel to the c-axis) parameter can be explained as
follows: when the c/a ratio decreases, the u parameter increases
in such a way that the four tetrahedral distances remain nearly
constant through a distortion of tetrahedral angles due to long-
range polar interactions [39]. The obtained c/a ratios and
preferential growth ZnO films with and without cerium are in
good agreement with results reported elsewhere [38-40].

Fig. 3 shows XRD patterns of CeO,, ZnO and ZnO:CeO, _, thin
films grown on AA6066 aluminum alloy. For comparison
purposes, the response of the substrate after mechanical
polishing was also displayed in Fig. 3d. The XRD patterns for
CeO, (Fig. 3a) exhibit different species of cerium oxides that
correspond to Ce (IlII), Ce (IV) and non-stoichiometric oxide

Fig. 5. SEM micrographs of the as-deposited films on quartz (a) ZnO, (b) CeO, _, (¢) Zn0:Ce0, _ (20:3), (d) Zn0O:Ce0, _, (18:6) and (e) ZnO:CeO, _ (16:9). The inset figures

show low magnifications of the surface coatings.
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(Ce01.695), which can be explained in terms of the reaction (1).
Oxygen deficiencies led the reduction of Ce** to Ce3* and to the
occupation of the empty states left in the band gap, which also
could explain the formation of the third oxide (CeOqg95) [30].
Probably due to the film thickness, in the XRD measurements,
signals arising from the metallic substrate can also be observed.
The ZnO film grown onto the metallic substrate did not show
changes in the typical hexagonal wurzite structure (Fig. 3b), and it
preferentially grew on the (002) plane. Interestingly, the co-
deposited Zn0:Ce0, _, thin films on AA6066 aluminum (Fig. 3c)
only displayed a combination of CeO, and non-stoichiometric
compounds, but the Ce,0O5 signals are missing. Apparently, the
ZnO structure is playing an important role in the oxygen
deficiencies provoking the predominance of non-stoichiometric
CeO, _, species.

The observed differences in both substrates show that the
amorphous substrate favors the non-stoichiometric CeO gg95 With
a (400) crystallographic orientation, whereas the crystalline
substrate induces the formation of a mixture of cerium oxides
forming the polycrystalline films. A schematic representation of
the growth films is shown in Fig. 4a-c. It should be noted that
cerium atom is substituting some Zn positions which deforms the
lattice as shown in Table 2.

It is well known that, theoretically, the (111) surface is the
most stable surface among the low index planes [41,42]; however,
direct observations of the AP-MOCVD structures obtained here,
showed that the other low index planes and formation of cerium
oxide compounds can be produced by controlling the deposition
parameters and substrate. Additionally, the films are textured, i.e.
there are preferred orientations, then, some reflections are
anomalously intense, and there are changes in the relative
intensities of the reflections in comparison with those obtained
with a randomly powdered specimen (JCPDS charts). The
presence of texture is common in materials such as films, and in
this case, the reflections missing in the film diffraction patterns,
are missing not because they are forbidden by the structure
factor, but because the grains are no oriented in the correct way to
allow diffraction to occur from these planes.

3.3. Morphological characterization

The morphology of transparent CeO,_,, ZnO and ZnO:CeO, _,
films on both quartz and aluminum substrates are shown in
Figs. 5-7, respectively. The morphology of ZnO films displays
randomly aligned ZnO columns on the quartz substrate under the
growth conditions (Fig. 5a). These results show that the columns
cover uniformly the surface substrate, but the length of the
columns is irregular (inset figure); this length is changing from
several hundred nanometers to some micrometers (~2.1 pm).
The thickness of these films was about 2.1 pm with a deposition
rate of 17 nm min~! (Fig. 6a). The grown crystals belong to the
hexagonal crystal system, with a mean diameter of about 300 nm.
The CeO,_, thin films show grain boundaries with an apparently
distorted five-fold shape (inset in Fig. 5b) that is clearly observed;
these grains grow as radial-like dendrites with a great size
(approx. 70 um x 50 um); these films are compact, dense and
cover uniformly the substrate surface. Small cracks caused by
tensile stress are also observed in some regions of the CeO, _ thin
films. According to Al-Kuhaili et al. [43], CeO, thin films have a
columnar microstructure, and therefore, are highly porous.
Porosity arises because of the presence of voids in the columnar
microstructures, and these voids provide direct access to the
molecules flowing in from the environment, but the CeO, _, films
synthesized in this work show a plate-like compact structure
product of the growth process typical of CVD [44] with a thickness

substrate
i 1

Sample

Holder

Fig. 6. The cross section SEM micrographs of the as-deposited films, (a) aligned
ZnO columns on the quartz substrate, (b) plate-like compact CeO, structure
product and (c) ZnO-Ce0O,_ (20:3) with the typical ZnO growth.

of about 2.3 pm (Fig. 6b). The morphology of the as-grown
Zn0:CeO,_, films is shown in Fig. 5c-e. From the SEM
observations, it is clear that the coatings are well formed on the
quartz substrates (inset figures); however, important changes in
the morphology and shape of the crystals forming the films such
as cerium content increase are pointed out. Hence, the
microstructure is modified from dense, short round columns
(Fig. 5e) to round structures with cavities (“rose-flower-like”
structures, Fig. 5d), and the hexagonal form is detected indicating
the typical wurzita ZnO. Finally, at low cerium content (Fig. 5c),
the film changes to the typical ZnO morphology, i.e. hexagonal
columns described as the ideal growth habit of ZnO crystals [38].
The film thickness in this system is about 2-2.4 um with
deposition rates ranging from 17 to 20 nm min~"' (Fig. 6¢). The
observed microstructure and XRD results can be explained in
terms of the mismatch between the fcc CeO, and hexagonal ZnO,
and the different growth mechanisms i.e. apparently, CeO,_, is
inhibiting the growth of hexagonal ZnO columns when present in
high quantity. Although the XRD measurements showed the
presence of cerium and zinc oxides, suggesting two phases
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Fig. 7. SEM micrographs of the as-synthesized films on metallic substrates, (a-b) ZnO at different magnifications, (c) CeO, _ and (d) ZnO:CeO, _, (16:9). The inset figure in
(b) shows the enlarged image of the selected area of the columns showing the crystal growth.

forming the film, the SEM micrographs only showed one phase.
Therefore, when CeO,_, is present in a low content, it is
incorporated into the ZnO lattice allowing the development of
hexagonal columns as it has been suggested by Yang et al. [37],
whereas with high cerium contents, a strong lattice deformation
is observed, which modified the typical crystal growth.

ZnO thin films pure and with a higher cerium quantity
deposited on metallic substrate are shown in Fig. 7a-d. This
figure also shows the CeO,_, as-deposited films. The character-
istic ZnO hexagonal columns are again observed in the micro-
graph (Fig. 7a and b), but in this sample, the crystals are better
oriented over the substrate than those observed in the quartz
substrates. The columnar arrangement in this case displayed
different sizes ranging from several hundreds of nanometers to
2.5 pm. From these results, it is clear that the synthesis process
can be described as a successive stacking of entities constructed
from layers respectively made of O and Zn atoms [24,45]. The
anisotropy of the crystals is related to the growth rate, which is
higher along the c-axis for ZnO during the synthesis. The cerium
oxide film deposited on AA6066 aluminum alloy substrates
displayed a smooth surface composed of very fine grains whose
thickness is about 2.2 um yielding a growth rate of about
18 nm min~ . The surface of these samples is crack-free, dense
and compact, but with a quite different structure from that
observed on the quartz substrates. Finally, the ZnO:CeO, _, thin
films (16:9 metallic ratio) did not show clearly the typical wurzite
structure with grain shape-like-semispherical nanorod. It must be
noted that the bottom and top diameters of these crystals are
uniform with an average value of 200 nm. The shapes of these
columns are again different to the observed morphology in the as-
prepared samples on quartz; however, in this case, the traditional
flower-like nanorod clusters frequently attributed to the agglom-
erated ZnO nuclei in the initial stage cannot be observed [46]. Ce
may be an ideal material to be doped or added into ZnO nanorods
due to the similar lattice constant. So, a possible mechanism for
the other deposition technique of ceria doped ZnO nanorods at a
similar temperature has been proposed. This was ascribed to a
preferential transformation of Ce>* ions. It is well known that an

impetus for aggregation of nanoparticles is to reduce surface
energy by eliminating the highest energy surface [47]. Some of
the crystal faces could well reduce the surface energy of ZnO, and
nanocrystalinity can be quickly formed under our deposition
conditions; however, further analyses are required in order to
determine the interactions between Zn0:CeO,_, and cerium
oxidation state. In addition, the grain size will depend on the
surface and grain boundary energies. If the grain boundary energy
is independent of the texture, the deposit in which a smaller
surface energy plane is placed parallel to the substrate is expected
to have larger grains in order to reduce the film energy; on the
contrary, if the grain boundary energy is dependent on the
texture, shorter grains could be obtained. Then the fine grains
observed with higher cerium content could also be due to the film
texture.

Fig. 8a-e shows the atomic force microscopy of the as-grown
films with and without cerium at different metallic ratios 16:9,
18:6 and 20:3. These micrographs correspond to the topography
and three-dimensional images of the samples using SPIP 4.80 and
Nanosurf easy scan 2.0 software. The results are in good
agreement with SEM observations with a uniform and dense
morphology. From these results, it is corroborated that the
particle sizes ranged from 100 nm to 2 um in diameter as a
result of nucleation and coalescence mechanism during the
growth process. The rms average surface roughness (R,) and
mean square of the Z data (Rq) values of the CeO,_,, ZnO and
Zn0:CeO, _, thin films are shown in Table 3. In this case, the Z
value is defined as the difference between the highest and lowest
points within the given area. The and CeO,_, displayed a
smoother surface than that observed for those ZnO and
Zn0:Ce0, _, films.

According to Al-Kuhaili et al. [43], CeO, thin films have
columnar microstructure, and therefore, they are highly porous.
Porosity arises from the presence of voids in the columnar
microstructure, and these voids provide direct access to the
molecules flowing from the environment; but the CeO,_, films
synthesized in this work show a plate-like compact structure
(Fig. 8a), product of the growth process typical of CVD [44].
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Fig. 8. AFM images of (a) CeO,, (b) ZnO and (c-e) Zn0O:CeO, _, films at 20:3, 18:6 and 16:9 metallic ratios, respectively.

On the other hand, both parameters, R, and R, of the metallic base presents a higher number of cavities that increased
Zn0:Ce0, _ films, are also in agreement with the SEM observa- the roughness values, while the Zn0:CeO,_, (16:3) displayed a
tions because the coating corresponding to 18:9 wt% of Zn and Ce smoother surface than the other films. Then, as cerium quantity
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Table 3
Roughness data of ZnO-CeO, from AFM images.

Roughness CeO, Zn0 Zn0-Ce0, (20:3) Zn0-CeO0, (18:6) Zn0-CeO0, (16:9)
R, (nm) 3.999 43.415 49.201 41.052 15.792
Rq (nm) 5.0735 57.58 62.272 50.273 19.967
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Fig. 9. TEM micrographs and their corresponding SAED pattern obtained for the as-deposited thin films for (a) ZnO, (b) ZnO-Ce0O, _, (20:3) and (c) ZnO-CeO, _ (16:9).
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increases the tensile strain in the lattice, the surface roughness
and polycrystallinity of the films are also increased as the XRD
analyses showed.

The structure of the as-grown films in selected samples was
also analyzed by TEM and selected area electron diffraction
patterns (SAED). Fig. 9a-c clearly shows the evolution of the
particle shape due to the integration of cerium into the ZnO
wurzite structure (from hexagonal to irregular shapes), which is
more evident when the cerium concentration is increased. The
SAED patterns obtained for the ZnO (Fig. 9a) presented spot
transmission diffraction patterns that correspond to the
hexagonal structure of the micrometric order, where all the
Zn0:Ce0,_, films show a SAED pattern with circular sections
instead of the completed ring characteristics of disoriented
crystals, thus revealing the variety of the particle sizes forming
the film. The SAED patterns of the ZnO:CeO,_, deposited films
confirm the (002) and (101) and (004) planes are in agreement
with the XRD results, suggesting a good c-axis alignment to the
growth direction. Furthermore, other planes are detected,
corroborating the strong influence of the substrate on the grown
films. These results are in good agreement with the prediction (for
hep structures) of the preferred growth model in which a good
c-axis alignment to the growth direction is favored at relatively
low deposition temperatures [48]. It is well known that the
growth temperature strongly affects the diameter and aspects
ratio of the columns; then, at the deposition temperature of this
work (~500 °C), the mean diameter of the rod varies from several
hundred nanometers to several micrometers.

3.4. Optical properties

The optical properties were investigated by spectroscopic
measurements. Optical absorbance and transmittance spectra
of all the films deposited on glass substrate were recorded in
the wavelength range from 200 to 1100 nm using a Perkin
Elmer double beam spectrometer. The typical absorbance and
transmittance curves for the obtained films are shown in Fig. 10a
and b. The influence of added cerium content in the ZnO films is
clearly observed on the absorbance and transmittance properties.
The Zn0:Ce0, _ films have high absorption in the UV and visible
regions followed by a steep fall-off in the absorption at
approximately >400nm (Fig. 10a), whereas pure ZnO films
have lower absorbance in visible region. This behavior may be due
to the introduction of CeO,_, defective states within the
forbidden band, which may lead to absorption of incident
photons. The edge of ZnO:CeO,_, films appeared to shift
towards the lower wavelength side. The two main transitions
involved in the absorption of CeO,_, films in the vis-UV range
may explain this behavior: from the highest occupied valence 2p
oxygen band into empty 4f states of cerium at approximately 4 eV
(02p — Ce4f), and from the sp-band into the d conduction band at
approximately 9 eV (02p— Ce5d) [31].

It is also observed that the pure ZnO film is the most
transparent one (>87%), and transparency decreases up to
74.18% with higher cerium concentration, and 73.94% for CeO, _,
films in the visible region (Fig. 10b). The transparency of ZnO at
1098 nm, which is the laser excitation wavelength, makes it a
good candidate for nonlinear optical applications, and it is
comparable with other deposition techniques [14,49]. On the
other hand, the most important percentage of transparency for
7Zn0:Ce0,_, films is obtained with a low cerium concentration
(80.85%), corroborating the observed morphology; the results are
not better than pure ZnO films. Then, cerium doping did not
improve the transparence in the visible region, but it increased
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Fig. 10. The (a) absorbance and (b) transmittance spectra of the as-deposited
films.

the absorption in the UV region, which makes it suitable as an UV
absorber (protecting light-sensitive materials) [50].

From the optical absorption theory of direct transition in
semiconductors, the relation of the band gap E,, the incident
photon energy hv, and the transmittance T, can be expressed as
follows [1]:

In*T = C(hv-Eg) 3)

Considering that C is a constant, the band gap can be obtained
by a linear fitting as shown in Fig. 11. The calculation of the band
gap from fitting is also shown in Table 4. The values calculated
from the absorption data indicated that the gap energies for ZnO
films are around 3.75, 3.25 and 2.22 eV. The band gap for this film
is usually found at 3.3 eV; then, the significant differences of
E, can be due to the different lengths obtained in the rods, which
also cause differences in the film thickness. This behavior is
frequently related to a film with different grain sizes [51,52]. On
the other hand, the values of the optical band gap for CeO,_ films
are about 4.06-5.18 eV. These values are higher than the band gap
values reported on fully oxidized CeO, films (3.01-3.1eV)
[31,53,54]. The mismatch in this case can be explained in terms
of the structure of each cerium oxide (I, IV and non-
stoichiometric) forming the film. However, the band gap range
can be considered as an indication of the reliability of the used
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Fig. 11. Plot In? T versus hv of the as-prepared thin films and the band gap fitting.

considered in this case since no underestimation of the optical
gap is found for these films. Hence, Zn0:Ce0O, _ systems present
higher UV absorption and transparency in the visible region than

fitting. Finally, the gap energies for ZnO:CeO, _, films displayed a
very close band gap, although, generally it was decreased with
increasing cerium contents. The reliability of the fitting is also
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Table 4
Band gap from fitting.

Fitting Eg (eV)
CeO, Zn0 Zn0-Ce0,_, (20:3) Zn0-Ce0, _ (18:6) Zn0-Ce0, 4 (16:9)
1 4.06 3.75 3.57 3.54 347
2 5.18 3.27 3.40 3.00 3.36
3 - 2.22 3.12 - 3.08

pure oxides (ZnO and Ce0O,) as a consequence of the addition of
cerium to the ZnO wurzite structure. Additionally, more electrons
can be contributed by cerium so that the UV region can be
broader, facilitating the UV light absorption in this zone.

4. Conclusions

In this work, we have demonstrated how a simple and
reproducible method can be used to control the structure
and morphology of Zn0:CeO,, _ thin films on different amorphous
and single crystalline substrates by MOCVD, using chemically
stable precursors and atmospheric pressure. The ZnO:CeO,_,
films were successfully grown on the different substrates without
carbon contamination, and film thicknesses between 2 and
2.5 pm. The structural changes of ZnO:CeO, _, films depend on
the excess oxygen rate or deficiency of oxygen brought into the
solid solution by the donor or acceptor oxide, as well as cerium
quantity. Cerium quantity also increases the tensile strain in the
lattice, augmenting the surface roughness and polycrystallinity of
the films. Amorphous substrates favor the formation of non-
stoichiometric cerium compounds in the (400) preferential plane,
where crystalline substrates induce the formation of a mixture of
oxides forming polycrystalline films. Therefore, depending on
orientation and growth rate, the surface morphology of the
cerium content ZnO films showed different roughness: rather
smooth for the (002) oriented films and much rougher when other
planes appear; this phenomenon can be explained in terms of the
minimization of the system total surface energy. The optimal
deposition conditions displayed three dimensional structures
observed for the first time for ZnO:CeO,_, films. Optical studies
for the as-prepared ZnO:CeO,_, films in the evaluated wave-
length range decreased the transparence in the visible region, but
increased the absorption in the UV region. The coexistence of this
remarkable structure, texture and optical properties in the same
layer make these promising films very suitable for UV absorbing
applications.
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