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Effect of Water Addition in the Spray Solution on the Synthesis
of Zirconium–Aluminum Oxide Films Prepared by the
Pyrosol Process
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Zirconium–aluminum oxide films were deposited by the pyrosol process using metallic acetylacetonates. The effect of addition of
water, in volumes from 20 to 1000 �L per 30 mL of the starting solution on the synthesis of the films deposited is analyzed. X-ray
diffraction spectra show that the films are of amorphous phase. The deposition rate decreases while the aluminum incorporated in
the films increases as the water volume is augmented. These behaviors are related to the action that the water molecules have on
the reactants, promoting the decomposition of the reactants even at relatively low temperatures, resulting in carbon-free and
transparent films. Refractive index acquires values around 1.85. Fourier transform infrared spectra show absorption bands related
with vibration of Zr–O and Al–O bonds forming a ternary oxide. The energy gap determined has values of the order of 5.85 eV,
which is between the values of zirconium oxide and aluminum oxide. Current–voltage characteristics in metal–oxide–metal
structures show that the effect of water is to diminish the leakage current density, although its magnitude is large. From capaci-
tance measurements, the dielectric constant has values of the order of 23.8, which is higher than that calculated for films prepared
by the same process without the addition of water. The dielectric loss factor calculated from the capacitance–voltage character-
istics has high values, in agreement with the large leakage current densities observed.
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The dielectric properties of silicon dioxide used as a gate insu-
lator in metal-oxide-semiconductor field effect transistors �MOS-
FETs� represent the key element enabling the scaling of complemen-
tary metal-oxide-semiconductor �CMOS� integrated circuits.
Amorphous silicon dioxide gate insulator grown on the surface of
silicon substrates is thermodynamically and electrically stable, form-
ing a high-quality Si/SiO2 interface with a midgap interface state
density of �1010 cm2 eV and breakdown electric fields as high as
15 MV/cm. However, the manufacturing trend is toward ultralarge
integration circuits, which has forced the channel length and gate
dielectric thickness to decrease rapidly ��1.5–1.8 nm�. This fact
indicates that SiO2 thinner than the above values cannot be used as
the gate dielectric in CMOS devices because the leakage current
density and power consumption are unacceptably high.1,2 The trend
in reducing the lateral dimensions of devices has as a consequence a
reduction of the capacitance of the involved MOS structures; thus,
insulators with higher dielectric constant �k� should be used to com-
pensate. Then, to prevent a high leakage current density and to keep
the area of devices small and maintain the same gate capacitance,
thicker films of materials with higher dielectric constant are
required.3 Some binary and ternary oxides prepared as thin films
using different deposition processes have been suggested as possible
alternative dielectrics to replace SiO2, such as Ta2O5, TiO2, Al2O3,
ZrO2, Y2O3, La2O3, HfO2, and barium strontium titanate.4-11 Some
of the above-mentioned binary oxides have lower crystallization
temperatures than those used in several steps of the CMOS prepa-
ration process. In general, crystallization of the insulator gate in-
duces high leakage current densities through the grain boundaries,
so in order to stabilize an amorphous phase of the insulator gate, the
addition of SiO2 or Al2O3 has been necessary.12-16

Among the binary metallic oxides mentioned above, the prepa-
ration of high-quality Al2O3 and ZrO2 thin films by the ultrasonic
spray pyrolysis method has been reported.17,18 In those cases, the
microstructural analyses of deposited aluminum oxide films show
that all of them are amorphous for any set of deposition conditions.
ZrO2 films deposited at substrate temperatures higher than 525°C
show a cubic or monoclinic crystalline phase, depending on the
deposition conditions. In both cases the current density vs applied
electric field characteristics indicate that the breakdown electric field
has values of at least 6 MV/cm. The effect of the process conditions
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on the synthesis of zirconium–aluminum oxide thin films prepared
by the pyrosol method was recently reported.19 The spray solution
was made using acetylacetonates of zirconium and aluminum dis-
solved in pure methyl alcohol. In that case, the aluminum concen-
tration incorporated in the deposited films increases as the magni-
tude of the substrate temperature, the carrier gas flow rate, and the
aluminum concentration in the spray solution increase.

In this work, in order to get a better understanding of the chemi-
cal reactions determining the synthesis of zirconium–aluminum ox-
ide films deposited by the ultrasonic spray pyrolysis method, we
report the effect of the addition of water in the spray solution on the
structure, relative chemical composition, and some electric proper-
ties of the deposited films.

Experimental

The zirconium–aluminum oxide films were deposited by the py-
rosol process, which is a well-known method to produce oxide
films.20 The starting solution was 0.025 M zirconium acetylaceto-
nate �ZrAcAc� with 5 atom % aluminum acetylacetonate �AlAcAc�
added ��Al/Zr�s ratio equal to 0.05 in solution� dissolved in as-
purchased pure methanol, as was earlier reported.19 Further spraying
solutions were prepared adding water to the above-mentioned solu-
tion in the following volumes �Vw�: 0 �ZAA1�, 20 �ZAA2�, 50
�ZAA3�, 100 �ZAA4�, 250 �ZAA5�, 500 �ZAA6�, 750 �ZAA7�, and
1000 �ZAA8� �L per each 30 mL of starting solution. The substrate
temperature of 475°C, as well as the carrier and the director gas
flow rates of 3.5 and 7 L/min, were kept constant. The gas used was
filtered air in all cases. The deposition time was varied from 5.5 for
the sample without water up to 21.0 min for the sample with water
added in the proportion of 1000 �L/30 mL, in order to deposit films
with measurable thickness. The films were deposited onto �100�
n-type silicon single-crystal slices with 200 � cm electrical resistiv-
ity. These substrates were chemically cleaned with P etch solution �
H2O �300 mL�, HF �15 mL�, HNO3 �10 mL�� in order to remove
the native oxide from their surfaces. Clear fused quartz slices and
Corning 7059 glass slices covered with a transparent conducting
oxide �TCO� film were also used. These substrates were ultrasoni-
cally cleaned with trichloroethylene, acetone, and methanol. For
electrical measurements, in order to make an electric contact with
the TCO films a small area of these films was covered with a Pyrex
cover before the sample films deposition. For electrical characteriza-
tion aluminum dots with a diameter of 0.12 cm were deposited by
vacuum thermal evaporation onto these samples through a metallic
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mask to form metal–oxide–metal structures �MOM�. The crystallin-
ity of the films deposited onto the fused quartz slices substrates was
analyzed by X-ray diffraction measurements with a Siemens D-5000
diffractometer using a Cu K� wavelength �0.154056 nm� for an
integration time of 14 h. The thickness and index of refraction were
measured with a manual Gaertner 117A ellipsometer using the
632 nm line of a He–Ne laser in the films deposited onto single-
crystalline Si slices. Infrared spectra were obtained for these
samples with a Fourier transform infrared �FTIR� 205 Nicolet spec-
trophotometer in the range of 400–4000 cm−1. Optical transmission
and reflection were measured on the films deposited on clear fused
quartz substrates by means of a double-beam spectrophotometer
UNICAM UV-300, with air in the reference beam. Relative chemi-
cal composition analyses of films deposited onto c-Si were per-
formed by X-ray photoelectron spectroscopy �XPS� measurements
using a UHV system VG-Scientific Microtech Multilab ESCA2000
with a CLAM4 MCD detector analyzer. A Mg K� X-ray source was
used �h� = 1253.6 eV� with a 20 mA beam intensity and a polar-
ized anode at 15 kV. The spectra were obtained at 55° with respect
to the surface normal with a constant energy step of E0 = 20 eV.
The analysis was performed using the software SDPv4.1 and the
sensitivity factor reported by Scofield. The pressure was kept con-
stant at 1 � 10−8 mb during measurements. Current–voltage curves
of the MOM structures were obtained with a Keithley 230 program-
mable voltage source and a Keithley 485 picoammeter. The capaci-
tance of these structures was obtained using a GenRad 1657 RLC
Digibridge meter at 1 kHz.

Results

Figure 1 shows the X-ray diffraction spectra for samples depos-
ited with different volumes of water added to the starting solution as
indicated. These spectra were obtained using an integration time of
14 h in all cases. The spectra do not show clear features associated
with crystalline phases. Because the substrate temperature used dur-
ing the deposition was lower than that in which crystalline zirco-
nium oxide can be produced by spray pyrolysis, it was expected that
the deposited films were amorphous. The deposition rate was calcu-
lated as the quotient of the thickness of the films and the deposition
time used. Figure 2 shows the variation of the deposition rate �Rd�
as a function of the volume of water added to the starting solution.
This variation can be described by means of a decreasing exponen-
tial function, with a trend toward an almost constant value of Rd.
This fact indicates that the water added to the starting solution has a
strong effect on the chemical reactions determining the Rd. This
behavior explains the necessary variation of deposition time. Figure
3 shows the depth profile of chemical composition obtained by XPS

Figure 1. X-ray diffraction spectra for films deposited with different vol-
umes of water added to the starting solution. There are no peaks that indicate
some crystalline structure.
for samples prepared without water �Fig. 3a� and with
250 �L/30 mL �Fig. 3b� and 1000 �L/30 mL �Fig. 3c� water added
to the starting solution. It can be observed that in profiles 3a and b
the relative concentration of zirconium is higher than that of alumi-
num, but in profile 3c the concentrations of zirconium and alumi-
num are almost equal. These results indicate that the effect of the
water added in the starting solution is in favor of the incorporation
of aluminum oxide in the deposited material. This fact explains the
result of Fig. 2, because the aluminum concentration in the starting
solution is only 5 atom % of that of zirconium, giving place to a
reduction of Rd with a trend toward a constant value. From these
XPS results the Al/Zr ratio values were calculated, taking into ac-
count the Al and Zr concentrations. These measurements were car-
ried out for the same sputter time in all samples. The Al/Zr ratio
values are shown in Fig. 4 as a function of the water volume added
in the starting solution. It is observed that the Al/Zr ratio increases
monotonically as Vw increases, in agreement with the results of the
chemical composition depth profiles as was expected. A similar be-
havior was previously observed in zirconium–aluminum oxide films
deposited by the same process when the Al/Zr ratio in the starting
solution was augmented.19 However, the trend observed in the
present case can probably be explained based on the effect that the
added water has on the source materials and on the chemical reac-
tions producing the solid thin films. The refractive index �n� mea-
sured for the zirconium–aluminum oxide films deposited onto
single-crystalline silicon wafers has an almost constant value around
1.85 for all the volumes of water added in the starting solution, as
shown in Fig. 5. This behavior is similar to that observed in
zirconium–aluminum oxide films deposited by the pyrosol
process,19 where the substrate temperature, the carrier gas flow rate,
and the aluminum concentration in the starting solutions were var-
ied.

Figure 6 shows the FTIR spectra for samples deposited with 0,
50, 250, and 750 �L of water added to the starting solution, respec-
tively. All these spectra have small but well-defined absorption
bands. The bands located at 404, 460, and 570 cm−1 can be related
with vibration modes of Zr–O bonds. Meanwhile, the band located
around 664 can be related with the vibration mode of the Al–O
bonds. It should be clarified that the location of these bands is near
to those reported for stoichiometric ZrO2 and Al2O3
compounds.21-26 In all spectra there is a small absorption band lo-
cated at around 1075 cm−1 which is related to a silicon oxide film
developed at the interface during deposition of the zirconium-
aluminum oxide film onto the silicon substrate.

From the optical transmission and reflection spectra the absorp-
tion coefficient was calculated using the method developed by
Swanepoel.27 As the deposited films were amorphous for all depo-

Figure 2. Decreasing exponential variation of the deposition rate for increas-
ing water volume added to the starting solution.
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sition conditions, energy bandgap �Eg� values were calculated using
the Tauc model.28 In Fig. 7 the dependence of the energy bandgap
on the volume of water added to the starting solution is shown. For
low values of Vw, the energy bandgap acquires values around
5.81 eV, whereas for higher values of Vw, which give higher values
of the Al/Zr ratio, Eg is almost constant with a value of the order of
5.88 eV. All Eg values calculated in the present case are in the range
determined by the energy bandgap values obtained for zirconium
oxide films �5.47 eV� and aluminum oxide films �Eg � 6.2 eV�
prepared by the pyrosol process.18,29

Figure 3. XPS depth profile of zirconium–aluminum oxide films prepared
with �a� 0 �ZAA1�, �b� 250 �ZAA5�, and �c� 1000 �ZAA8� �L of water
added to 30 mL of the starting solution.
Figure 8 shows the current density vs applied electric field char-
acteristics of MOM structures for three values of Vw. The thickness
of the ternary oxide used in these structures are 101.0 �ZAA3�, 72.1
�ZAA5�, and 85.0 �ZAA7� nm, respectively. It is observed that for
same values of applied electric field, the current density has lower
values when more water is added to the starting solution, although it
appears that for high Vw values these curves are very similar, with
values of current density of the same order of magnitude for all the
range of values of applied electric field. The shape of these curves
appears to indicate that the leakage current densities are large. From
capacitance measurements on the same MOM structures �with the
same values of thickness for the ternary oxide film�, the dielectric
constant and the dielectric loss factor �tan �� of the oxide layer were
calculated considering a parallel plate capacitor. Figure 9 shows the
variation of k and tan � as a function of the volume of water added
to the starting solution. In this figure the error bars represent a dis-
persion of the values of k calculated for at least five MOM structures
produced on the same Corning 7059 glass slices covered with a
TCO film substrate. The dielectric constant has lower values for
capacitors prepared with starting solutions with small Vw than those
obtained in samples prepared with large Vw. Although it can be

Figure 4. Variation of the Al/Zr ratio as a function of the water volume
added to the starting solution. This result indicates that the AlAcAc decom-
position rate is higher than that of ZrAcAc.

Figure 5. Refractive index of the Zr–Al–O films deposited for all the vol-
umes of water added to the starting solution. All values are around 1.85.



F156 Journal of The Electrochemical Society, 153 �7� F153-F159 �2006�F156
considered that the dielectric constant value is almost constant, it
does not have a strong dependence on Vw. The dielectric loss factor
has high values.

Discussion

It was expected that all deposited films were of amorphous phase
given the relatively low substrate temperature used during deposi-
tion and the aluminum acetylacetonate added in the starting solution.
The substrate temperature used for film deposition is lower than that
where crystalline zirconium oxide can be produced.18 Besides, the
aluminum incorporated in these films, forming a ternary compound
with zirconium and oxygen, also enhances the amorphous phase of
the deposited films. It has been reported that films deposited with
aluminum acetylacetonate added to the starting solution in the same
concentration as in the present case results in the incorporation of
aluminum in the deposited films with values around 20 atom % with
respect to the zirconium concentration.19 This higher value appears
to indicate that the oxidation rate of aluminum radicals is higher
than that of the zirconium radicals, both of which are generated by
the decomposition of the source materials. The incorporation of this
relatively high concentration of aluminum in the zirconium oxide
induces the stabilization of the amorphous phase of the deposited
films.30

Figure 6. FTIR spectra for zirconium–aluminum oxide films deposited using
different values of Vw. The location of the absorption bands associated with
�–·–·–·�, Zr–O: 404, 460, and 570 cm−1, �---� Al–O: 664 cm−1, and �¯¯�
Si–O 1075 cm−1, vibration modes are indicated.

Figure 7. Optical bandgap for Zr–Al–O films as a function of Vw. The
optical bandgap has a small increment related with a high aluminum concen-
tration incorporated in the films.
The results of Fig. 2-4 show the strong effect of the addition of
relatively small volumes of water to the starting solution, with �i� a
deposition rate decreasing toward an almost constant value and �ii�
the almost linear increase of the Al/Zr ratio values as Vw is aug-
mented. In order to explain these variations, it should be considered
that in the deposition process the starting solution is atomized by an
ultrasonic beam, generating small drops which are transported by
the carrier gas toward the reaction chamber, where the heated sub-
strate is located. In its transit toward the surface of the heated sub-
strate the solvent of the starting solution is evaporated, giving place
to an atmosphere that contains methanol and water vapors. It has
been published that aluminum oxide films deposited by low-pressure
metallorganic chemical vapor deposition �CVD� process, at given
temperatures and using dialkylacetylacetonates as source materials
in an inert atmosphere �N2 gas� without water vapor or oxygen gas,
have black color. Chemical composition analyses show that the de-
posited material is formed by metallic suboxides and organic radi-
cals from the material source decomposition. Generally, these films
are very rich in carbon �more than 10% of their weight�.31 Films
formed by completely oxidized metallic elements without the incor-
poration of organic species can be obtained in high-temperature pro-
cesses or in a low-temperature process by adding water vapor to the
atmosphere during deposition.17,32 Also, in studies of the reactions
of bis�2,4-pentanedionato�lead�II� and water vapor33 and tris�2,4-

Figure 8. Current density–applied electric field characteristics of MOM
structures for oxide films prepared with different Vw values. The thickness of
the ternary oxide films used in these structures are 101.0 �ZAA3�, 72.1
�ZAA5�, and 85.0 �ZAA7� nm, respectively. The current density decreases at
least by one order of magnitude for increasing Vw.

Figure 9. Dielectric constant ��� and dielectric loss factor ��� variation as
a function of Vw. The dielectric constant acquires values of the order of
those reported for zirconium oxide films.



F157Journal of The Electrochemical Society, 153 �7� F153-F159 �2006� F157
pentanedionato� aluminum and water vapor34 similar behaviors were
observed. The existence of several chemical species in the vapor
phase during the decomposition process was analyzed by gas chro-
matography, mass spectroscopy, and FTIR measurements. In those
works several pathway chemical reactions are proposed to obtain
metallic oxides as products. The CVD process is carried out at a
given temperature, then the pyrolysis of the source material repre-
sent a direct decomposition pathway producing organic species like
C5H6O and intermediate species, such as Al�C5H7O2�OH, in the
case of aluminum 2,4-pentanedionate. If the reaction with water is
considered, the same intermediate species are produced as well as
the organic species 2,4-pentanedione �C5H8O2�. Considering that
aluminum acetylacetonate �Al�C5H7O2�3� is adsorbed on the surface
of the substrate during the reaction to produce aluminum oxide, the
overall reaction would be

2Al�C5H7O2�3�sur� + 3H2O�g� → Al2O3�s� + 6C5H8O2�g� �1�

Rhoten and De Vore obtained a value for the activation energy for
this reaction of +245 ± 5 kJ/mol,34 taking into account that the heat
of formation of Al2O3�s� has a value of −1675.7 kJ/mol.36 In the
case of lead oxide, using bis�2,4-pentanedionato�lead�II� the ob-
tained value for the activation energy of the reaction is
+105 ± 5 kJ/mol,33 with the heat of formation value of PbO�s� of
−219.4 kJ/mol.35 An important result of these studies is that the
pathways of the chemical reactions with lowest energy correspond
to those in which the reactions between the metallic acetylacetonate
with water are involved. These reactions occurred at relatively low
temperatures and produce carbon-free metallic oxide films.

In the present work a possible overall reaction to produce
ZrO2�s� using zirconium acetylacetonate Zr�C5H7O2�4 with water
would be

Zr�C5H7O2�4�sur� + 2H2O�g� → ZrO2�s� + 4C5H8O2�g� �2�

The heat of formation of Al2O3�s� can be obtained considering val-
ues published in Ref. 36. Taking into account that in the present case
the substrate temperature was 475°C, the value calculated was simi-
lar to the above mentioned of the order −1675 kJ/mol. The value
calculated for the heat of formation of ZrO2�s�, considering pub-
lished data in Ref. 36, is −946 kJ/mol. The difference between the
values of the heat of formation for Al2O3�s� and that for the ZrO2�s�
indicates that the pathway of the chemical reaction to produce alu-
minum oxide needs lower energy. This result infers that the chemi-
cal reaction rate forming Al2O3�s� is higher than that for ZrO2�s�.
The difference between these chemical reaction rates should be in-
creased as the volume of water added to the starting solution is
augmented.

Results obtained in some studies on metallic acetylacetonates
decomposition have established that if the concentration of water is
low enough the activation energy for decomposition of metallic
acetylacetonates would approach that determined for direct pyroly-
sis decomposition, 100 kJ/mol for AlAcAc.34,37 Similarly, if the
concentration of water is high enough, the activation energy for
decomposition of metallic acetylacetonates would approach that de-
termined for the hydrolysis reaction, 28 kJ/mol for AlAcAc.34,38 In
an intermediate case, for metallic acetylacetonate decomposition
both processes contribute and the activation energy determined
would be an intermediate value. Then the pathway reaction needing
lower energy dominates at low temperatures if an excess of water
vapor is present. The zirconium and aluminum acetylacetonate con-
centrations in the starting solution, in the present work, are 4.51
� 1020 molecules of ZrAcAc and 2.26 � 1019 molecules of AlA-
cAc in 30 mL of starting solution. The number of water molecules
calculated for each volume of water added to the starting solution
varies from 6.68 � 1020 �20 �L/30 mL� up to 3.34 � 1022

�1000 �L/30 mL�. When the ratio of the number of water mol-
ecules to the number of aluminum acetylacetonate molecules is cal-
culated, it reaches values from 29.6 up to 1478. Meanwhile, the ratio
of the number of water molecules to the number of zirconium acety-
lacetonate molecules reaches values from 1.48 up to 74. Given these
values, it could be considered that for AlAcAc the decomposition
conditions goes from low concentration toward high enough concen-
tration of water, and for ZrAcAc the deposition conditions appear to
be always near to low enough concentrations of water. Moreover,
these variations can be reinforced by the presence of oxygen from
the air used as carrier and director gas. Then the chemical reaction
producing Al2O3 dominates at high water concentration. As a result
of the above analysis, the water added to the starting solution estab-
lishes two conditions: �i� for small values of volume of water added
to the starting solution, the activation energies for aluminum and
zirconium acetylacetonates decomposition are determined by direct
pyrolysis. Given the large concentration of ZrAcAc in comparison
with that of AlAcAc, the deposited films are formed by a material
that has a larger concentration of zirconium oxide radicals than that
of aluminum oxide radicals. This high concentration of ZrAcAc and
its decomposition process result in a relatively high deposition rate.
�ii� For large values of volume of water added to the starting solu-
tion, the activation energy for aluminum acetylacetonate decompo-
sition is determined by a hydrolysis reaction and the activation en-
ergy for zirconium acetylacetonate decomposition is mainly
determined by direct pyrolysis. These differences in activation ener-
gies result in a larger generation rate of metallic aluminum species
than that of metallic zirconium species. Taking into account this fact
and the values of heat of formation for aluminum and zirconium
oxides, there is a larger generation rate of aluminum oxide radicals
than that of zirconium oxide radicals. This result could indicate that
if it is considered, the relatively low concentration of aluminum
acetylacetonate in the starting solution and that the zirconium oxi-
dation is carried out by the pyrolysis process, such that in the path-
way of the chemical reaction the formation of volatile species re-
lated with zirconium could be generated, then the deposition rate for
the zirconium aluminum oxide films should decrease. All the above-
mentioned effects determining the variations are observed in the
results shown in Fig. 2-4. In depth-profile chemical composition
obtained by XPS measurements, carbon was detected only on the
surface of the films analyzed, in agreement with results earlier
reported.17,32

The almost constant behavior of the refractive index can be seen
as the result of two parts, one with low values of Vw and the other
with high values of Vw. In the first case, low values of Vw give high
deposition rates and n acquires values which can be determined by
two mechanisms. �i� Given the high deposition rate the deposited
films have a relatively low density which results in low values of n.
This effect of low density resulting in a decrease of refractive index
has been observed in several metallic oxides prepared by different
processes.39,40 �ii� The concentration of aluminum incorporated in
the films is already higher than that used in the starting solution,
contributing to the decrease in the value of n. In the second case, for
high values of Vw, the deposition rate acquires an almost constant
low value, giving place to a densification effect of deposited films.
As it was explained above, the addition of high volumes of water to
the starting solution induce a more efficient decomposition of AlA-
cAc over the ZrAcAc, with higher concentrations of aluminum in-
corporated in the films that make the Al/Zr ratio acquire values
higher than 1. These effects can be balanced, resulting in films with
an almost constant refractive index, taking values between 1.81 and
1.89. A similar behavior has been reported for the ternary oxide
�TaTiOx�, where the refractive index acquires values near to that of
the Ta2O5 for samples with equal concentrations of metallic oxides,
indicating that a simple interpolation of the indices of the pure ox-
ides is not correct.41

The results of FTIR spectroscopy show that the absorption bands
associated with Al–O and Zr–O vibration modes correspond to sto-
ichiometric Al2O3 and ZrO2 compounds. The small differences
should be related with the presence of both metallic oxides in the
deposited films. Changes in the frequencies of vibration modes of
Si–O bonds due to the presence of bismuth atoms has been observed
in the generation of bismuth silicate films formed by an interdiffu-
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sion process between silicon dioxide and bismuth oxide.42 Probably,
a similar effect is responsible for the observed behavior. The pres-
ence of zirconium atoms near to Al–O bonds can induce small
changes in the frequencies of its vibration modes due to its major
atomic mass. Similarly, the presence of aluminum atoms near to
Zr–O bonds can induce small changes in the frequencies of its vi-
bration modes due to its smaller atomic mass. In this case the effect
of the water added is to improve the dissociation of the organic
molecules of the source materials �metallic acetylacetonates�, result-
ing in better oxidation of the metallic atoms as they arrive to the
heated surface of the substrate.

The behavior of the optical bandgap as a function of water vol-
ume added to the starting solution changes slightly for samples pre-
pared with small values of Vw compared with those obtained with
values of at least 500 �L. This is understandable if it is considered
that for low values of Vw the aluminum oxide concentration in the
films has its lowest values, with the Al/Zr ratio having values lower
than 0.5. Perhaps at those Vw values some organic species, from the
incomplete decomposition of the source materials, can be incorpo-
rated in the deposited films. For great values of Vw the aluminum
oxide concentration in the films acquires its highest values, because
the water added to the starting solution may induce an almost com-
plete decomposition of the AlAcAc, which results in Al/Zr ratio
having values as high as 1.25, resulting in a trend toward wider
optical bandgap.

From the current density vs electric field characteristics, the ef-
fect of addition of water to the starting solution is to reduce at least
by 1 order of magnitude the current density for electric fields up to
4 MV/cm. However, given the general form of these curves, with a
trapping ledge, it appears that there should be a high density of
charge carrier traps in the volume of the films. This could be ex-
plained by electron injection into interfacial traps associated with
zirconium atoms.43 The shape of these curves also appears to indi-
cate that the leakage current density is large in all the analyzed
samples. If a plot of natural logarithm of the current density vs the
square root of the electric field is made, a linear dependence is
observed �inset of Fig. 8�. This could indicate that the leakage cur-
rent behavior is consistent with the Schottky emission model.44

However, more work is necessary to clarify this point. It can be seen
that for applied electric fields higher than 4.5 MV/cm, the current
density shows an irregular variation. This behavior is due to the
damage of the aluminum electrode because the high current estab-
lished through the MOM structure at those electric fields induces the
oxidation of the aluminum electrode. This oxidation is observable
with naked eye.

The behavior observed for the dielectric constant as a function of
Vw can be explained if it is considered that a balancing effect is
achieved, in a similar way as happened for the refractive index. For
low values of Vw the aluminum oxide concentration in the films is
relatively small, but probably the deposited films are formed by a
low-density material, giving place to relatively low values of k.
Meanwhile, for large values of Vw there should be a better decom-
position of the source materials, at least of the AlAcAc, and also a
better oxidation of the metallic atoms, giving place to materials
deposited with high values of k. The deposition rate for the latest
films has its lowest values. This fact might permit the deposition of
denser films, which induces the high k values measured. These k
values are higher than those calculated in zirconium–aluminum ox-
ide films prepared by the same process at similar conditions but
without water addition in the starting solution. The high values of
tan � calculated are in agreement with the large values of the leak-
age current density observed in the current density-applied electric
field characteristics. In order to get zirconium–aluminum oxide films
with good electrical characteristics, more work is necessary.

Conclusions

The addition of relatively small volumes of water to the starting
solution for deposition of zirconium–aluminum oxide films by the
pyrosol process, using acetylacetonates of zirconium and aluminum,
has a strong effect on the chemical reactions for oxidation of Zr and
Al atoms, giving place to the increase of the aluminum concentra-
tion incorporated in the deposited films as Vw is augmented. Water
molecules promote a more efficient decomposition of the organome-
tallic source materials, which generate metallic atoms that are com-
pletely oxidized. The incorporation of aluminum atoms in the net-
work of ZrO2 stabilizes the amorphous phase obtained at the
substrate temperature used. The location of absorption bands asso-
ciated with Zr–O and Al–O bonds in the infrared spectra show small
shifts in comparison with those observed in stoichiometric alumi-
num oxide and zirconium oxide, indicating that the presence of the
metallic atoms with different atomic mass induce changes in the
frequency of the vibration modes of the metal–oxygen bonds. The
addition of water in the starting solution has little effect on the
refractive index and the energy bandgap values of the Zr–Al–O
films because their calculated values are in the ranges determined by
the values of ZrO2 and Al2O3. A similar behavior is obtained for the
magnitude of the dielectric constant that has values around 23.8,
which is of the order of several values reported for zirconium oxide
films, although the dielectric loss factor has large values, in agree-
ment with the high leakage current density observed. All these prop-
erties indicate that the material forming the deposited films is a
ternary oxide. The effect that the water addition has on the I–V
characteristics is to reduce at least by one order the magnitude of the
leakage current density. However, the electrical properties were ob-
tained in samples without any thermal postdeposition process.
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