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The Effect of the Process Conditions on the Synthesis of
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Spray Pyrolysis
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Zirconium-aluminum oxide thin films with different aluminum/zirconium ratios �Al/Zr� have been prepared by ultrasonic spray
pyrolysis, using metallic acetylacetonates as source materials. The effect of variations of substrate temperature �Ts�, carrier gas
flow rate �Fg�, and aluminum concentration in the start solution ��Al/Zr�s� on the Al/Zr ratio, the deposition rate �Rd�, and
refractive index of deposited films is analyzed. The Al/Zr ratio increases when the Ts and ��Al/Zr�s� ratios increase, but it
diminishes as Fg is augmented. Moreover, Rd grows when the deposition parameters are incremented. Refractive index acquires
values around 1.85 in all cases. X-ray photoelectron spectroscopy results indicate that the Zr 3d and O 1s core levels shift toward
low binding energies when aluminum is incorporated. The location of line Al 2p and its symmetry indicates that aluminum atoms
are completely oxidized, forming a ternary oxide with zirconium atoms. Infrared transmittance spectra show small absorption
bands related with Zr–O and Al–O bonds in a ternary �ZrAlO� oxide. X-ray diffraction spectra show that all the films containing
aluminum are amorphous, except that deposited at the highest Ts. In all other studied cases the films are amorphous. The dielectric
constant has values between 11.84 and 20.96 depending on the deposition conditions.
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Due to the ultralarge-scale-integration trends, the reduction in the
lateral dimensions of devices has, as a consequence, a reduction in
the capacitance of metal-oxide-semiconductor �MOS� structures.
When a SiO2 gate dielectric about 1.5 nm thick is required, the
leakage current density through the dielectric film can be of the
order of a few amperes per square centimeter, which is
unacceptable.1 This fact has originated a great research effort look-
ing for a dielectric material that can replace the silicon dioxide in
those devices, keeping the device area small and preventing high
leakage current densities. Thicker, high dielectric constant materials
films can be used to fulfill these requirements. However, further
requirements on the gate dielectric materials are �i� the dielectric
should be thermodynamically stable on silicon in further processing
steps; �ii� the gate dielectric should have a large bandgap to achieve
a large energy barrier from the conduction band to the Fermi level of
the gate electrode to prevent high leakage current densities; �iii�
sharp interface with the Si substrate to get a low density of interface
states.2 Besides the above requirements, to avoid large leakage cur-
rent densities through the grain boundaries in crystalline oxides, the
dielectric must be of amorphous nature.

Some materials have been suggested to replace the SiO2 as gate
dielectrics, such as Al2O3, Ta2O5, HfO2, TiO2, ZrO2, etc3-7 Among
them aluminum oxide remains amorphous at very high tempera-
tures, has a large bandgap ��8.8 eV�, but has a relatively low di-
electric constant �8–10�. Zirconium oxide has a relatively large
bandgap ��6.5 eV� and a high dielectric constant �� � 20–30�, but
it does not remain amorphous at temperatures higher than 500°C. It
is known that the amorphous nature of a material can remain at high
temperature if another material is mixed with it, in certain chemical
concentrations.8 Insulating thin films for applications in thin-film
electroluminescent devices �TFELD� of the MISIM type should
have some specific properties, from an electric point of view. During
operation of TFELD, the applied voltage is divided between three
films so that a larger percentage of that voltage should be applied to
the active semiconductor layer. To accomplish this condition, the
capacity of insulating films should be as high as possible, which
means that the quotient of dielectric constant/ thickness of the film
��/d� should be high.9

Zirconium-aluminum oxide has been proposed as a possible can-
didate for gate dielectric applications, and also could be applied to
TFELD. Thin films of this ternary oxide have been prepared by

z E-mail: aortiz@servidor.unam.mx
Downloaded 06 Apr 2010 to 132.248.12.226. Redistribution subject to E
several methods, such as reactive sputtering, off-axis sputtering, an-
odization of sputtered-deposited Zr–Al alloys, pulsed laser deposi-
tion, and atomic layer chemical vapor deposition.8,10-13 There are
recent reports where the deposition of aluminum oxide and, sepa-
rately, zirconium oxide thin films, has been carried out by the ultra-
sonic spray pyrolysis method, at relatively low substrate tempera-
ture, using aluminum and zirconium acetylacetonates as source
materials, respectively. Aluminum oxide thin films are of amorphous
nature for all the substrate temperatures used, and zirconium oxide
films are also of amorphous nature for substrate temperatures lower
than 500°C. The Al2O3 prepared films have a bandgap higher than
6.2 eV, breakdown electric fields of the order of 8 MV/cm, and
dielectric constant of 10. Meanwhile, ZrO2 films have a bandgap of
5.47 eV and breakdown electric fields of the order of 6 MV/cm.14,15

The ultrasonic spray pyrolysis method, also called pyrosol, has
been well described in several reports. This method is considered as
a chemical vapor deposition �CVD� process when the deposited pa-
rameters are optimized. It does not require expensive vacuum equip-
ment. It is probably the easiest and lowest cost process to prepare
thin films.16 Zirconium and aluminum acetylacetonates are organo-
metallic compounds that are inexpensive, nontoxic, and stable in air
atmosphere at room temperature.

In this work we report the effect of the deposition parameters on
the synthesis of zirconium-aluminum oxide films, prepared by the
ultrasonic spray pyrolysis method using acetylacetonates as source
materials.

Experimental

The zirconium-aluminum oxide films were deposited by the py-
rosol process. The start solutions were obtained dissolving zirco-
nium acetylacetonate and aluminum acetylacetonate in pure metha-
nol. It was not necessary, in any case, to add acetic acid to get the
complete dissolution of the source materials, since all the solutions
were visibly transparent. The following deposition parameters of the
pyrosol process were taken into account: substrate temperature �Ts�,
carrier gas flow rate �Fg�, and the �Al/Zr�s ratio in the start solution.
Samples were deposited for different sets of deposition parameters.
Case A: The start solution was 0.025 M zirconium acetylacetonate
with 5 atom % aluminum acetylacetonate added ��Al/Zr�s ratio
equal to 0.05 in solution�. The carrier gas flow rate �air in the present
work� was kept constant at 3.0 l/min. The substrate temperature was
varied from 375 up to 525°C, in 25°C steps. Case B: For a start
solution similar to that of case A and a constant substrate tempera-
ture of 475°C, the carrier gas flow rate took values of 2.0 �AZU18�,
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2.5 �AZU19�, 3.0 �AZU20�, and 3.5 �AZU21� l/min. Case C: For a
constant substrate temperature of 475°C and a constant carrier gas
flow rate of 3.0 L/min, the �Al/Zr�s ratio in the start solution was
varied at 0.0 �AZU1�, 0.0125 �AZU2�, 0.025 �AZU3�, 0.050
�AZU4�, 0.075 �AZU5�, 0.10 �AZU6�, 0.15 �AZU7�, 0.20 �AZU8�,
0.25�AZU9�, and 0.30 �AZU10� values. The substrates used in this
work were Pyrex glass slices, Corning 7059 glass slices covered
with a transparent conducting layer �TCC�, and clear fused quartz
slices ultrasonically cleaned with trichloroethylene, acetone, and
methanol; and n-type silicon �100� single-crystal slices with
200 � cm electrical resistivity. 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 the surface of the
silicon slices. The films deposited onto Pyrex glass were used to
measure the thickness; in this case, a small part of the substrate was
covered with a cover Pyrex glass to form a step during deposition.
The thickness of the deposited films was measured with a Sloan
Dektak IIA profilometer. X-ray diffraction spectra were obtained on
films deposited onto fused quartz slices with a Siemens D-500 dif-
fractometer using a Cu K� wavelength �0.154056 nm�. In selected
preparation conditions the X-ray diffraction spectra were obtained
with an integration time of 14 h. The films deposited onto single-
crystalline Si slices were used to measure the refractive index �n�
and thickness by ellipsometry with a manual Gaertner 117A ellip-
someter using the 632 nm line from a He–Ne laser. Infrared trans-
mittance measurements were achieved on these samples with a Fou-
rier transform infrared �FTIR� 205 Nicolet spectrophotometer. In
order to obtain the Al/Zr ratio, X-ray photoelectron spectroscopy
�XPS� measurements were carried out on films deposited onto c-Si,
using an ultrahigh vacuum �UHV� system VG-Scientific Microtech
Multilab ESCA2000 with a CLAM4 MCD detector analyzer. The
X-ray source used was Mg K� �h� = 1253.6 eV� with a 20 mA
beam intensity and a polarized anode at 15 kV. The incident X-ray
beam was at 55° with respect to the surface normal, and the spectra
were acquired with a constant energy step of E0 = 20 eV. The analy-
sis of the spectra was performed using the software SDPv4.1 and the
sensitivity factors reported by Scofield. The pressure was maintained
constant during the measurements at 1 � 10−8 mbar. The films de-
posited, at selected preparation conditions, onto Corning 7059 cov-
ered with a transparent conductive layer were used to measure the
capacitance of Al/ZrAlO/TCC structures, in which the aluminum
electrodes were dots, 1.2 mm in diameter, formed by thermal
vacuum evaporation through a metallic mask. In the preparation of
these MIM structures a small part of the TCC was covered with a
cover Pyrex glass during the insulator film deposition to make elec-
trical contact.

Results and Discussion

Case A.— The thickness of the films deposited were obtained by
profilometry �on the Pyrex substrate� and by ellipsometry �on the
c-Si substrates� measurements. The values obtained by the two tech-
niques were similar for each one of the deposition conditions and
take values from 103.4 nm at low Ts to 60 nm at high Ts. From the
thickness of the films and deposition time, the deposition rate was
calculated. Figure 1 shows the dependence of the deposition rate on
the substrate temperature. The deposition rate increases as the sub-
strate temperature increases from 375 to 425°C. For Ts higher than
425°C the deposition rate decreases as Ts increases. This behavior is
a common one observed in films deposited by spray pyrolysis. This
variation is associated with a better decomposition of the source
materials at higher Ts and with des-adsorption of adsorbed species
due to the high substrate temperatures. The higher values of Rd for
low Ts can be understood as a result of the incorporation of organic
radicals in films deposited at low substrate temperatures, because
chemical composition measured by XPS indicates that the carbon
concentration, associated with the source materials, decreases as Ts
increases, from 20 to 8 atom %. The Al/Zr ratio in the deposited
films, not shown, varies from values of the order of 0.09, for the
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lowest temperature, up to 0.32 for highest Ts. For low Ts the oxida-
tion rate of the organic radicals related to source materials has given
values, then as Ts increases the decomposition rate of organic radical
increases, generating a higher number of metallic radicals, resulting
in an increased oxidation rate of these radicals. However, it can be
inferred that the oxidation rate of the aluminum radicals is higher
than that of the zirconium radicals giving way to higher Al/Zr ratio
values. Figure 2 shows that the refractive index of the deposited
films is almost independent of Ts. The measured refractive index of
films has values around 1.9. All these values are located inside the
range of values defined by those obtained for films of
Al2O3 ��1.635�14 and ZrO2��2.1�15 deposited by the ultrasonic
spray pyrolysis method, although the n values in the present case are
closer to the refractive index measured in ZrO2. Taking into account
the variation in the Al/Zr ratio, increasing for high Ts, it could be
expected that the n values should go down. These results are ex-

Figure 1. Dependence of the deposition rate on the substrate temperature for
zirconium-aluminum oxide, prepared by the pyrosol process. The decreasing
trend at high Ts is a typical behavior in films deposited by spray pyrolysis.

Figure 2. Refractive index as a function of the substrate temperature for
Zr–Al–O films. All values are around 1.9.
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plained considering two possibilities, one associated with the incor-
poration into the deposited films of high concentrations of organic
radicals for low Ts, which does not permit n values close to 2.1. The
second possibility is that, for high Ts, the reduction in the incorpo-
ration of organic radicals should increase the value of the refractive
index, but that reduction is accompanied by an increment in the
aluminum incorporation, resulting in a compensation effect where
the value of the refractive index is maintained almost constant. A
densification effect due to the high Ts is also possible.

Case B.— The variation of the deposition rate as a function of
the carrier gas flow rate is shown in Fig. 3; there is an increment in
Rd with the increment in Fg. This trend is explained taking into
account that the carrier gas flow rate is the parameter that controls
the quantity of mass impinging on the surface of the substrate, for
constant rate of generation of the small drops of start solution and
for a given chemical composition of the start solution. The linear
behavior indicates that the decomposition processes of the source
materials and the chemical reactions generating the zirconium–
aluminum oxide film are of first order, in the range studied. In Fig.
4 it is shown that the Al/Zr ratio as a function of Fg decreases

Figure 3. Deposition rate variation as a function of the carrier gas flow rate.

Figure 4. Decreasing exponential variation of the �Al/Zr� ratio for increas-
ing the carrier gas flow rate.
Downloaded 06 Apr 2010 to 132.248.12.226. Redistribution subject to E
exponentially. This variation is explained again considering that for
low values of Fg the quantity of mass impinging on the substrate is
small. In this condition the oxidation rates of radicals related to Zr
and Al have given values. However, the Al/Zr ratio has the highest
value for the smallest value of Fg, indicating that the oxidation rate
by the carrier gas �air� of the aluminum radicals is higher than that
of the zirconium radicals. When Fg increases, the Al/Zr ratio de-
creases; in these conditions more mass impinges on the surface of
the substrate. The decreasing trend in the Al/Zr ratio is understood
considering that in the start solution the concentration of the zirco-
nium source material is too high in comparison with that of the
aluminum source material, and that the oxidation rates of the Al and
Zr radicals are constant. Then, the oxidation of aluminum radicals is
diminished because there is less time for the oxidation of the alumi-
num radicals before the next chemical species reaches the surface of
the substrate. Given these variations in Al/Zr ratio and in Rd as a
function of Fg, it is inferred that the oxidation of the zirconium
radicals controls the deposition process, even though the oxidation
rate of aluminum radicals is higher than that of zirconium radicals.
From ellipsometric measurements it is observed that the refractive
index of the deposited films increases from 1.81 up to 1.89 as Fg
goes up from 2.0 to 3.5 L/min. This behavior is associated with the
variation of the Al/Zr ratio. For higher values of the Al/Zr ratio
when the aluminum concentration in deposited films has the highest
values, the refractive index acquires its lowest values and, for lower
values of the Al/Zr ratio, the zirconium concentration in the material
forming the deposited film is high, resulting in higher values of n.

Figure 5 shows the FTIR spectra of films deposited for different
values of Fg. In some of these spectra there are small but well-
defined absorption bands. The spectrum obtained for the sample
with the lowest carrier gas flow rate �AZU18� shows features lo-
cated at 457 �ZrO2�, 515 �ZrO2�, 582 �Al2O3�, 649 �ZrO2,Al2O3�,
and 762 �ZrO2� cm−1. Some of them can be related to vibration
modes of Zr–O and Al–O bonds. However, the location of these
bands is near those reported for stoichiometric ZrO2 and Al2O3
compounds.17,18 The small differences can be explained considering
that in the films deposited, in this work, there are Zr–O and Al–O
bonds and the simultaneous presence of both kinds of bonds can
shift the location of the absorptions bands, indicating that the films
are formed by a ternary ZrxAlyOz material. The spectrum of the film
deposited with the highest carrier gas flow rate �AZU21� shows two
well-defined bands located at 428 and 567 cm−1, which can be as-
sociated with vibration modes of Al–O bonds. The location of both
is near those reported for stoichiometric Al O �alundum�.18 The

Figure 5. FTIR spectra for zirconium-aluminum oxide films deposited at
different carrier gas flow rate. No evidence of vibrations of Zr–O or Al–O
bonds is observed.
2 3
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spectra obtained in samples prepared with medium carrier gas flow
rates �AZU19 and AZU20� do not show any well-defined absorption
bands that can be related to vibration modes of Zr–O and Al–O
bonds. Although the aluminum concentrations in the films are rela-
tively high �Al/Zr ratio values between 0.22 and 0.32�, there are not
segregates of aluminum or zirconium oxides, given the absence of
the broad band of amorphous Al2O3

19 and the IR features corre-
sponding to zirconium oxide.20 All these spectra show well-defined
absorption bands located at 1070, 1630, and 3410 cm−1. The band
located at 1070 cm−1 is related to the stretching vibration mode of
silicon dioxide. This silicon dioxide is formed during film deposition
as an interface layer between the zirconium-aluminum oxide film
and the crystalline silicon substrate.21 The bands at 3410 and
1630 cm−1 are related to the stretching and bending vibrations of
O–H groups, respectively. The films probably adsorb water from the
atmosphere after deposition. The peak observed around 2350 cm−1

is due to carbon dioxide from the air atmosphere present during
measurement.

Case C.— Figure 6 shows the dependence of the deposition rate
on the aluminum concentration added in the start solution. The
deposition rate increases almost linearly with �Al/Zr�s. For this ratio
equal to zero, Rd has a value of about 14 nm/min; this is related to
zirconium oxide deposition. Although the maximum value of the
�Al/Zr�s ratio is 0.3, solution 0.0325 M of metallic source materials,
Rd acquires a value which is double that corresponding to
�Al/Zr�s = 0. This appears to indicate that the rate of aluminum
oxidation, in air atmosphere, is higher than that of the zirconium
oxidation for the substrate temperature used. The refractive index
acquires values around 1.85 for all �Al/Zr�s values. It is unexpected
that, even for the highest values of �Al/Zr�s, the refractive index
does not show a trend toward the value of refractive index of Al2O3
�1.638�. It is known that for high deposition rates the density of the
deposited films is lower than in those grown with low deposition
rates, which is determined by the kinetics of the deposition process.
At present, computational simulation studies of the oxidation of the
metallic species and film growth processes are being carried out to
clarify these results.

In Fig. 7 the dependence of the Al/Zr ratio on the �Al/Zr�s ratio
is shown. This dependence shows an almost linear behavior. How-
ever, for a value of �Al/Zr�s = 0.3, the Al/Zr ratio has a value of
1.52, which is higher than that of �Al/Zr�s by a factor of 5. This
appears to indicate once again that the rate of aluminum oxidation is

Figure 6. Rd variation as a function of the �Al/Zr�s ratio. A value of
14 nm/min is related to deposition of a zirconium oxide film.
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higher than that of zirconium oxidation. However, this fact does not
indicate that the rate of zirconium oxidation and zirconium incorpo-
rated in the deposited film decreases. The concentration of zirco-
nium source material is constant in the start solution, in all cases,
and the number of Zr–O radicals incorporated in the films must be
constant. If the rate of aluminum oxidation is higher than that for
zirconium, then more Al–O radicals are incorporated in the depos-
ited films, increasing the values of Al/Zr and Rd. The IR spectra for
these samples show a similar behavior to that shown in Fig. 5,
without clearly defined evidence that could be associated with Al–O
or Zr–O bonds associated with separated phases.

Figure 8 shows the normalized photoelectron lines of Al 2p �Fig.
8a�, Zr 3d �Fig. 8b�, and O 1s �Fig. 8c� core levels, respectively. The
spectral lines correspond to the samples prepared with �Al/Zr�s ratio
equal to 0.0 �AZU1�, 0.025 �AZU3�, 0.075 �AZU5�, 0.15 �AZU7�,
and 0.25 �AZU9�. In Fig. 8a it can be observed that the peak related
with the core-level Al 2p increases as the �Al/Zr�s ratio increases;
the maximum of the well-defined peaks is located at 74.3 eV. This
value and the symmetry of the peak indicate that it corresponds to
completely oxidized aluminum �Al+3�.22 However, when Al atoms
are incorporated in the zirconium-aluminum oxide compound the
location of the core-level Al 2p peak shows a slight shift toward low
binding energies in comparison with that reported for aluminum
oxide �74.9 eV�.23 The slight shift observed in this case indicates
that the aluminum atoms are incorporated in the ternary oxide with
zirconium. Meanwhile, the main peak of the Zr 3d core level, in Fig.
8b, shifts from 183.3 eV up to 182.5 eV as the �Al/Zr�s ratio in-
creases. It has been reported that the location of this spectral peak Zr
3d is 183.44 eV for completely oxidized zirconium.24 In the present
case, the value of 183.3 eV is obtained for the sample without alu-
minum in the start solution. Then, it can be considered that the film
is formed by a stoichiometric zirconium oxide. The doublet Zr 3d is
shifted toward lower energies as the aluminum concentration in the
deposited film increases. The location of the maximum of the spec-
tral line has a value of 182.5 eV for the sample with higher alumi-
num concentration. This decreasing binding energy can be due to the
generation of Zr–O–Al bonds as more aluminum atoms are incorpo-
rated in the films. A similar shift has been observed in zirconium-
aluminum oxide annealed films prepared by sputtering.25 The O 1s
core level shows a similar shift, like the Zr 3d core level, toward low
binding energies as is shown in Fig. 8c, from 530.6 eV up to
530.0 eV as the �Al/Zr� ratio increases. The first value is associated

Figure 7. Al/Zr ratio variation as a function of the aluminum quantity added
to the start solution. This result indicates a higher aluminum oxidation rate
than that of zirconium oxidation.
s
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with oxygen forming Zr–O bonds, as is the case for the sample
without aluminum in the start solution. For the sample with the
highest �Al/Zr�s ratio value, the location of the peak is shifted to-
ward low binding energies. This slight shift can be due to the gen-
eration of Al–O bonds besides the Zr–O bonds. The existence of
both of these bonds, Zr–O and Al–O, results in the structure of the
spectral line that can be defined by the shoulder on the side of high
binding energies. This line is composed of two contributions, one
due to Zr–O bonds in the low binding energy region and the other

Figure 8. XPS spectra of �a� Al 2p, �b� Zr 3d, and �c� O 1s core levels. The
Al 2p peak increases as �Al/Zr�s increases. Meanwhile, the Zr 3d and the O
1s lines shift toward low binding energies as �Al/Zr�s increases.
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due to Al–O bonds in the high binding energy region, as has been
reported earlier.22 Also, it can be observed that the shoulder on the
spectral line increases its magnitude as the �Al/Zr�s ratio increases;
this effect is explained considering that for higher values of the
�Al/Zr�s ratio the concentration of aluminum atoms incorporated in
the films is higher, resulting in a higher number of Al–O bonds.

Figure 9 shows the X-ray diffraction spectra obtained for
samples deposited at selected deposition conditions. The spectrum
of the film deposited, as in case C �AZU1�, at a substrate tempera-
ture of 475°C shows well-defined peaks located at 31.5, 35.3, 50.7,
and 60.3°. The peak at 31.5° is associated with reflections in the
�111� family planes of the monoclinic phase of ZrO2.26 Meanwhile,
those located at 35.3, 50.7, and 60.3° are related to reflections in the
�200�, �220�, and �311� planes of the cubic phase of Zr2O.27 These
peaks have crystallite sizes ranging from 10 up to 15 nanometers,
calculated with the formula of Scherrer. The presence of both peaks
is explained considering that for this sample the �Al/Zr�s ratio value
is zero, without aluminum added to the spray solution. The substrate
temperature has a relatively high value to induce the crystallization
of ZrO2, but it is not high enough to produce the complete oxidation
of the metallic zirconium radicals arriving on the surface of the
substrate. The spectrum obtained for the film deposited, as in case A
�AZU17�, at the highest substrate temperature of 525°C shows only
the peak located at 31.5°, which is related to the deposition of nan-
ograins of the monoclinic phase of ZrO2. Although this sample has
a relatively high concentration of aluminum atoms incorporated
�Al/Zr ratio has a value of 0.32�, the substrate temperature is high
enough to induce the complete oxidation of zirconium-related radi-
cals and the formation of nanocrystals of ZrO2. The X-ray diffrac-
tion spectra for the films deposited at 475°C, as in case B �AZU18�
with the lowest carrier gas flow rate and, as in case C �AZU10�, with
the highest value of the �Al/Zr�s ratio, both having higher Al/Zr
ratio values, do not show any peak that indicates some crystalline
phase of the ZrO2 and Al2O3 compounds. Given the Al/Zr ratio
values for these samples, the obtained results in the present case are
in agreement with those previously published.28

Although the main goal of this work was to analyze the effect of
the deposition parameters on the synthesis of ZrAlO compound by
ultrasonic spray pyrolysis, the capacitance measurements carried out
on the Al/ZrAlO/TCC structures permit us to calculate the dielectric
constant values for films deposited at selected deposition conditions.

Figure 9. X-ray diffraction spectra for films deposited at selected deposition
conditions. The peaks on spectra of samples AZU1 and AZU17 indicate a
crystallite size ranging from 10 to 15 nanometers.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



F184 Journal of The Electrochemical Society, 152 �11� F179-F184 �2005�F184
Table I shows the deposition conditions, the values of the Al/Zr ratio
obtained from XPS measurements, and the values calculated for the
dielectric constant.

The sample prepared at a substrate temperature of 400°C
�AZU12� has the highest k value for films with aluminum incorpo-
rated. It was mentioned above that the Al/Zr ratio increases as Ts
increases; then, at low Ts the value of the Al/Zr ratio is relatively
low �0.15�, indicating that the film deposited has a high Zr–O bond
concentration, giving way to the high value of k. For higher sub-
strate temperature �AZU15�, the value of the Al/Zr ratio increases
because more aluminum oxidized related radicals are incorporated
in the film, resulting in a decreasing value of the dielectric constant.
As shown in Fig. 4, the film prepared with the lowest carrier gas
flow rate �AZU18� has values of the Al/Zr ratio as high as 0.32,
indicating a high incorporation of Al–O radicals, which should result
in a low value of k. However, at that value of the carrier gas flow
rate it could be a densification effect of the film deposited giving
way to a relatively high value of the dielectric constant. The film
deposited with the highest value of the �Al/Zr�s ratio �AZU10� has a
relative chemical composition such that the aluminum concentration
is higher than that of zirconium by a factor of 1.52. This fact ex-
plains the low value of its dielectric constant �11.84� which is closer
to that obtained for Al2O3 films �10� prepared by spray pyrolysis.
Similar results have been obtained in ZrAlOx deposited by atomic
layer CVD.29 All the k values calculated for these films indicate that
they are formed by a ZrAlO ternary compound without the existence
of separated phases of ZrO2 and Al2O3.

Conclusions

The variations in the Al/Zr ratio values as a function of the
deposition parameters indicate that it is possible to control the rela-
tive chemical composition of the deposited material by controlling
the magnitude of deposition parameters. Refractive index and XPS
results show that the deposited material is constituted by a ternary
oxide, the metallic atoms being aluminum and zirconium. Similarly,
the FTIR results show small bands that can be related to vibration
modes of Zr–O and Al–O bonds. They appear to indicate that
zirconium-aluminum oxides are the deposited materials. Although
the generation of a silicon dioxide interfacial layer is observed, it
does not form a crystalline phase of a metallic silicate. X-ray dif-
fraction spectra for samples deposited without aluminum in the start
solution and that deposited at the highest substrate temperature in-
dicate the existence of nanocrystals. The materials deposited in all

Table I. Dielectric constant k and Al/Zr ratio values for selected
deposition conditions.

Sample
Ts

�°C�
Fgp

�L/min�
Fgd

�L/min�
�Al/Zr�s

ratio
Al/Zr
ratio K

AZU12 400 3.5 1.5 0.05 0.15 20.96
AZU15 475 3.5 1.5 0.05 0.23 13.79
AZU18 475 2.0 1.5 0.05 0.32 16.86
AZU10 475 3.5 1.5 0.30 1.52 11.84
the other deposition conditions are of amorphous nature, even for

Downloaded 06 Apr 2010 to 132.248.12.226. Redistribution subject to E
the lowest aluminum concentration in the films. This result permits
us to infer that the amorphous state of zirconium oxide could be
stabilized by the aluminum incorporation. Dielectric constant of
20.96 was calculated for films with Al/Zr ratio of the order of 0.15
and a value of k of 11.84 is obtained in films with Al/Zr ratio of 1.5.
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