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Departamento de Materiales Metálicos y Cerámicos Ciudad Universitaria, Coyoacán, M

a r t i c l e i n f o

Article history:
Received 11 October 2007
Received in revised form 18 February 2008
Accepted 20 February 2008
Available online 29 February 2008

Keywords:
Hafnium oxide films
Gas sensors
Impedance response
Spray pyrolysis

a b s t r a c t

Hafnium oxide (HfO2) film
The films were prepared
substrates at temperature
the deposition temperatu
amorphous, while at subs
of HfO2. Scanning electro
surface with spherical pa
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was obtained. The respon
possible sensing mechani
. Introduction

Hafnium oxide (HfO2) films are deposited by a variety of
echniques; these include atomic layer epitaxy [1], chemical
apor deposition [2], conventional electron beam evaporation [3],
on-assisted electron beam evaporation [4], sputtering [5], and
ltrasonic spray pyrolysis [6]. Ultrasonic spray pyrolysis (USP) is
processing technique used in research to prepare thin and thick
lms and powders. Unlike many other film deposition techniques,
SP represents a very simple and relatively cost-effective process-

ng method (regarding equipment costs). It is a simple process
or depositing films of any composition, specially oxides and sul-
hides. USP does not require high-quality substrates or chemicals.
he method has been employed for the deposition of dense or
orous films and for several types of powders production. Even
ulti-layered films can be easily prepared using this versatile tech-

ique. The precursor solutions used in this technique are obtained
rom inorganic and also organic salts such as chlorides, nitrates,
cetates, acethylacetonates, ethoxides, butoxides, etc., dissolved in
eionized water, alcohols or other organic solvents [7].
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ere deposited using the ultrasonic spray pyrolysis deposition technique.
hafnium oxychloride as a raw material and deposited on Corning glass

ging from 300 ◦C to 500 ◦C. Their crystalline structure was dependent on
t substrate temperatures below 350 ◦C the deposited films were almost
temperatures higher than 400 ◦C the films became the monoclinic phase
croscopy and electron energy dispersion analysis showed a very rough
s of nearly stoichiometric HfO2. Such films were assessed as active layers
ors. Furthermore, their response characteristics calculated on the basis of
the impedance and also on the total impedance value were determined as
frequency. The dynamic response to different concentrations of propane

d recovery times were also determined. Finally, a brief discussion on the
as also presented.

© 2008 Elsevier B.V. All rights reserved.

The transition metal oxides such as HfO2 have received great
attention because they are the materials with many potential appli-
cations. HfO2 can be used for wave-guides [8], and for protective

coatings due to its thermal stability and hardness [9,10]. Up to now
one of the most important applications of this oxide is probably
as a dielectric material with a relatively high dielectric constant
and refractive index, and wide band-gap (Eg = 5.5–5.6 eV). These
properties make it a good candidate for applications in metal-oxide
semiconductor devices of the next generation [11,12]. The wide
band-gap of HfO2 makes it transparent over a wide spectral range:
from the ultraviolet to the mid-infrared [4]. Then, HfO2 has been
employed in optical coating applications such as high-reflectivity
mirrors, anti-reflection coatings, filters and beam splitters [13,14].
Also, the large-energy gap and low-phonon frequencies of the HfO2
make it an appropriate host matrix for doping with rare-earth
activators [15,6]. An incipient application to gas sensors has been
proposed [16]. For this application, usage of transition metal oxides
like HfO2 is important due to the possibility of easily changing the
metal oxidation states. There is a great demand for gas sensors to be
used in various fields of industrial activity and as basic components
in the monitoring of gas emissions and in control systems for pollu-
tion prevention and evaluation of air quality. Some of the available
gas sensor devices, designed from semiconducting metal oxides,
use the variation of the electrical conductivity of the oxide with the

http://www.sciencedirect.com/science/journal/09254005
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Fig. 2. EDS pattern for an HfO2 film deposited at 500 ◦C, showing its basic compo-
sition. Peaks evidencing the presence of hafnium, oxygen and chlorine are clearly
seen.

sition temperatures (300 ◦C and 350 ◦C) have poor crystallinity, so
they can be considered as amorphous and/or nanocrystalline layers.
For higher Ts, the films show the characteristic peaks of the hafnium
oxide monoclinic phase (referenced JCPDS 431017). Sharper diffrac-
A. Avila-Garćıa, M. Garćıa-Hipólito / S

composition of the gas in the surrounding atmosphere. Besides,
considering that the process responsible for the change in electri-
cal conduction takes place at the boundary between the gaseous
and solid states, special attention must be paid to the surface fea-
tures of the oxide [17]. The scientists have devoted considerable
efforts to improving the properties of traditional sensors based
on SnO2, ZnO, TiO2, and Fe2O3, hesitating to examine new metal
oxides. Hafnium oxide films (both stoichiometric and pure) are
usually insulators with an ionic conduction where the oxygen ions
(O2−) are the predominant moving species. Nevertheless, impuri-
ties, crystallographic defects, and mainly oxygen vacancies due to
film preparation processes can generate intermediate states in the
gap of the oxide, making it an n-type semiconductor. In this context
the knowledge of the electronic transport properties of this mate-
rial is very poor [16,17]. To our best knowledge, HfO2 films have
been only used as a gas sensor to detect CO gas and there are no
reports, in literature, on this oxide as gas sensors for some other
gases.

In this work HfO2 coatings were synthesized by the USP tech-
nique, and their sensing characteristics to humidity and propane
were studied. Also, the characteristics of the surface morphology,
crystalline structure and chemical composition of the films are pre-
sented as a function of the deposition temperature.

2. Experimental details

The details of the USP technique have been described previously
[18]. The starting reagent to deposit HfO2 films was HfOCl2·8H2O.
The initial solution was 0.7 M in deionized water. Deposition tem-
peratures (Ts) were in the range from 300 ◦C to 500 ◦C. Corning
glass pieces of 1 cm × 1.5 cm were used as substrates. The carrier
gas was filtered air and the flow rate was 8 l/min. The deposi-
tion time was 5–6 min for all the samples in order to reach films
with almost the same thickness. This thickness was approximately
12 �m as measured by a Sloan Dektak IIA profilometer (within
±0.03 �m). Microstructure and elementary composition measure-
ments were carried out on a Cambridge–Leica scanning electron
microscopy (SEM) model stereoscan 440 by means of energy dis-
persive spectroscopy (EDS) with an X-ray detector of Si–Li Oxford
model Pentafet. X-ray diffraction (XRD) was used to analyze the
crystalline structure by means of a Siemens D-5000 diffractometer
with Cu K� radiation (� = 1.5406 Å). The alternating current mea-
surements were carried out with an SR830 DSP Lock-In amplifier

by using its sinusoidal internal signal as the measurement signal
and determining from the input in-phase and in-quadrature volt-
ages the impedance of the samples. The frequency range was from
1 Hz to 105 Hz. The small signal was almost always 15 mV rms in
amplitude, but sometimes 50 mV and even 2.5 V were needed to
overcome the high impedance values of the samples. The sample
was introduced into a small chamber (approximately of 133 cm3

volume) with a controlled temperature basement. By opening and
closing the appropriate valves of the gas feeding system the inner
atmosphere can be changed. Three types of atmosphere were used:
zero grade air (80% nitrogen and 20% oxygen), zero grade air plus
humidity (∼53% R.H.) and zero grade air plus humidity plus some
amount of propane (189 ppm, 500 ppm and 786 ppm). In order to
reproduce work conditions, the electrical measurements were per-
formed at near atmospheric pressure.

3. Results and discussion

In Fig. 1, the results of XRD measurements carried out on HfO2
films are shown. Diffraction patterns of samples deposited at Ts

from 300 ◦C to 500 ◦C are exhibited. Coatings grown at low depo-
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Fig. 1. XRD diffractograms for HfO2 films grown at different Ts: 300 ◦C, 350 ◦C,
400 ◦C, 450 ◦C and 500 ◦C.
tion peaks at high Ts could indicate an increase of the crystallites
size. The XRD spectra revealed a preferential (1 1 1) orientation of
HfO2 normal to the films surface.

An EDS spectrum is shown in Fig. 2. It clearly shows that Hf, O
and Cl are included in the film deposited at 500 ◦C. A comparison of
the results from the samples deposited at different temperatures is
shown in Table 1. It summarises the relative atomic percentages of
oxygen, chlorine and hafnium contained in the films as a function of
the deposition temperature. It is possible to observe that the rela-
tive content of oxygen is maintained constant, the hafnium relative
content is slightly increased and in the relative content of chlorine

Table 1
Atomic percent content of oxygen, chlorine and hafnium inside hafnium oxide films
as determined by EDS for different substrate temperatures

Ts (◦C) O Cl Hf

00 62.0 8.0 30.0
350 63.2 6.7 30.1
00 64.1 4.8 31.1

450 63.0 4.1 32.9
00 63.5 3.0 33.5
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: 300 ◦
Fig. 3. SEM micrographs of surface morphology of HfO2 coatings as a function of Ts

the black bars represents 10 �m.

is appreciable reduced, as the deposition temperature increases.
The films, in general, are oxygen deficient.

In Fig. 3 SEM micrographs of the surface morphology of the
coatings are presented. It is possible to observe rough and con-
tinuous films with good adherence to the substrate. No specific
adherence proof was done, but none of the films lifted up after
manipulation during the different measurements performed. Sam-
ples deposited at 300 ◦C, 400 ◦C, 500 ◦C and a cross-section of that
deposited at 500 ◦C are shown in this figure. The surface morphol-
ogy of the films depends on the deposition temperature. The film
deposited at 300 ◦C presents a rough and porous surface with a
few spherical particles. The coating deposited at 400 ◦C presents a
more compact surface than that deposited at 300 ◦C (with a larger
quantity of apparently solid spherical particles). As the deposition
temperature increases (500 ◦C), a rough surface with a more open
network is observed; in this case most of the spherical particles
are exploited, which produces a film with a higher superficial area.

These characteristics are probably obtained because at higher sub-
strate temperature the deposited precursors have larger surface
kinetic energy, which produces a more complete pyrolytic reaction
of the reactant materials. In addition, a cross-section of the sam-
ple deposited at 500 ◦C is exhibited. Here it is possible to observe a
nodular growth of the film further than a columnar one. It is pos-
sible to observe that the coating is formed by two sections: one is
composed of a solid layer of approximately 0.5–1 �m (white region)
and above this one, a porous section of about 11 �m (grey area)
composed of spherical particles of diverse sizes (typically 1–2 �m).
Also, the thickness here observed is similar to the value measured
by the profilometer.

Alternating current measurements at 30 ◦C and 250 ◦C were
carried out. Impedance values (Z = Z′ + iZ′′) of the samples are deter-
mined in the various atmospheres aforementioned as a function
of the frequency. After performing such measurements, the cor-
responding results can be presented in several forms. A compact
form was proposed by Macdonald et al. [19]. They consider the
imaginary part Z′′ as a 3D line function of the real part Z′ and the
frequency f. Then, the projections of this 3D line on the coordinate
planes provide the frequency dependence of Z′ and Z′′ besides the
C, 400 ◦C, 500 ◦C and cross-section of the sample deposited at 500 ◦C. The length of

Z′′ vs. Z′ plot. Measurements only for the film grown at 500 ◦C are
presented here. In Fig. 4 the projections on the coordinate planes
above mentioned within the three atmospheres of this work are
shown. The 3D line is not included for the sake of clearness. The
curves in Fig. 4a were obtained at 30 ◦C with 2.5 V rms due to the
high impedance of the sample. Those of Fig. 4b were measured at
250 ◦C with 15 mV rms because the impedance decreases at higher
temperature. In these figures ‘D’ stands for “dry air”, ‘H’ for “humid
air” and ‘HP’ for “humid air + 500 ppm propane”. The most notice-
able effects after changing the atmosphere are seen to happen at
30 ◦C in Fig. 4a. A large effect is clearly seen on the imaginary part
Z′′ of the impedance and occurs at low frequencies. At 250 ◦C the
largest changes are again produced on Z′′ at low frequencies, but
they are smaller than those at 30 ◦C. A capacitive equivalent cir-
cuit can be ascribed to the impedance plots depicted in Fig. 4. The
magnitudes of Z′ and Z′′ are much larger in Fig. 4a than in b, due to
the difference of temperature. Furthermore, in Fig. 4b the smaller

magnitudes allow to resolve two contributions to the impedance of
the sample. These are seen as two separate semi-circles. The larger
resistance and reactance changes produced at low frequencies by
both humidity and propane are presumably related to the surface
contribution to the film impedance [20,21].

The qualitative observations above made can be measured by
defining the response to both humidity and propane. We are inter-
ested only on the magnitude of the difference of either Z′, Z′′ or Z
produced after changing the atmosphere. Then, the definition we
use to calculate the sensor response in percentage is given by the
expression:

SH,P(X) =
∣
∣
∣
∣

XH,HP

XD,H
− 1

∣
∣
∣
∣
× 100 (1)

where X stands for Z′, Z′′ or Z. In this expression, for the case of
response to humidity, the subscript H in the left-hand side is used
together with H in the numerator of the right-hand side and D
on the denominator. For the response to propane, the remaining
subscripts are used.
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Fig. 5. Percentage responses as a function of measurement frequency calculated
from Eq. (1): (a) responses based on Z′ , Z′′ and Z to humidity at 30 ◦C and (b) to
propane at 30 ◦C.

very similar to the total impedance response and decreases from a
maximum of about 60% at 1 Hz downwards 1% at about 50 kHz.

The dynamic responses of Z′ and −Z′′ to several concentrations
of propane within humid air (approximately 53% R.H.) are plot-
ted in Fig. 6. They were obtained at 30 ◦C and 100 Hz frequency.
Also shown is the propane concentration. Both signals are mea-
sured during 5 min at the beginning. Then 10 min long pulses of
189 ppm, 500 ppm and 786 ppm are alternated with zero concen-
tration also along 10 min to allow for recovery of the sample. It is
seen that both Z′ and Z′′ decrease under the effect of propane on the
Fig. 4. Simultaneous plotting of the Z′ and Z′′ dependence on measurement fre-
quency and Z′′ vs. Z′ . The 3D line curves whose projections are the graphs shown
here are not depicted for the sake of clearness: (a) results under dry air (D), humid
air (H) and humid air plus 500 ppm propane (HP) at 30 ◦C and (b) results at 250 ◦C.

After using the last formula for Z′, Z′′ and Z as a function of fre-
quency, the plots of Fig. 5 were obtained for the measurements at
30 ◦C.

Two relative maxima around 100% of the resistive response to
humidity near 6 Hz and 3 kHz can be seen in Fig. 5a. Instead, in

the same figure a decreasing trend can be observed for the reac-
tive response, which behaves quite similarly to the total impedance
response. Hence, the maximum response around 60% in this case
corresponds to frequencies near 1 Hz. The peaked responses near
100 kHz are related to some resonant nature of the sample that is
left for later study.

As expected from Fig. 4b, at 250 ◦C response values lower than
6% turned out to both humidity and propane, so they are not illus-
trated. In this respect, the behavior of HfO2 films towards water
is similar to that of SnO2 pellets [22], exhibiting a high response at
low temperature and a poor response at 250 ◦C. At low temperature
the response is associated to reversible molecular water adsorption
that provides a parallel conduction path. At 250 ◦C the response
is ascribed to hydroxyl species coming from water reaction. How-
ever, at this temperature hydroxyl species tend to be irreversibly
bound, hence a poor reversible response is observed. According to
Norris [22], the response to hydrocarbons is largely determined by
adsorbed moisture.

Regarding the distinct responses to propane at 30 ◦C that was
based on the resistive nature of the sample has a relative maxi-
mum of about 25% at near 20 Hz. The reactive response is again
Fig. 6. Dynamic response of Z′ and−Z′′ of the sample grown at 500 ◦C under the effect
of different size of propane pulses. The amplitude and frequency of the measurement
signal were 2.5 V rms and 100 Hz, respectively. The sample was measured at 30 ◦C.
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Fig. 7. (a) Responses of both Z′ and Z′′ as a function of the propane concentration,
showing reasonable linearity; (b) response and recovery times of Z′and Z′′ .

film and certainly the total change produced after 10 min depends
on the concentration of propane. The recovery value is similar after
the three pulses of propane. Information on the linearity of both
responses and also on the response and recovery times is provided
after a detailed analysis of these plots. These are the times needed
to reach 90% of the total change after the cycling time of 10 min.
Such results depend on the propane concentration, as shown in
Fig. 7. In Fig. 7a reasonable linearity of the Z′ and Z′′ responses
turns out for the propane concentration range from 189 ppm to
786 ppm. Also, better responses to propane ranging from 13% up
to 34% are achieved by the real part of the impedance for all con-
centration values. The reactive response value goes only from 6%
up to 19%. In Fig. 7b the recovery time �rec of both Z′ and Z′′ is
seen to be longer than the corresponding response time �res for
all the propane concentrations. It ranges from 6 min to 8 min in

both cases and behaves decreasingly with propane concentration.
Instead, the response time goes from near 2 min to less than 6 min.
The resistive response behaves again decreasing with concentra-
tion, but the reactive response decreases from 189 ppm to 500 ppm
and then increases again up to near 6 min at 786 ppm. This reactive
response is of capacitive type, necessarily related to charge storage
processes resulting from the gas–surface interaction. The slowing
of reactive response with a propane increase could be related to the
surface morphology if it is accepted that the compact region of the
film reacts slowly with the gas and the porous region reacts faster.
The first region which reacts with the gas is that with protrud-
ing shells upon the surface, but as the gas concentration increases,
a larger contribution from the compact region could be involved,
then requiring longer times for the whole effect.

A similar chemical process for the interaction of CO with HfO2
to that with SnO2 has been formerly proposed [16]. As noted for-
merly, HfO2 and SnO2 behave similarly at 30 ◦C and 250 ◦C under
the effect of water. On the other hand, the Mars–van Krevelen redox
mechanism is generally accepted as the first step in the cases of
alkane oxidation reactions with metal oxides [23,24]. The second
step is re-oxidation by O2 at the surface [24]. The behavior of the
and Actuators B 133 (2008) 302–307

resistive response is carefully studied and explained by Koziej et
al. [23] by using simultaneously several experimental techniques.
They conclude that propane dissociates on acid–base pair sites
forming propyl radicals, which in turn react with adsorbed oxygen
species. As a result, ionic carboxylates and carbonates are produced
which are lately degraded to CO2(g) and H2O(g) only.

Response of HfO2 films to 786 ppm propane is of the same order
as that reported for tin oxide films to 3000 ppm propane [25].

4. Conclusions

This contribution reports on the structural, morphological and
humidity and propane sensing characteristics of HfO2 films which
are synthesized by the USP process. These films show good adher-
ence to the substrate and a high-deposition rate up to 2 �m min−1.
The crystalline structure of the analyzed coatings depended on the
substrate temperature; at low temperatures (300–350 ◦C) they are
in an amorphous state and when the deposition temperature is
increased they are transformed, mainly, to a polycrystalline mon-
oclinic HfO2 phase. Also, the surface morphology of the coatings
was dependent on Ts, SEM micrographs showed that these films
were very rough with spherical particles on the surface. Signif-
icant response of the films to both humidity and propane was
obtained at 30 ◦C but not at 250 ◦C. Some response at a different
high-temperature value cannot be discarded. The electrical mea-
surements were done at practically atmospheric pressure. At 30 ◦C,
the maximum resistive response of the films to humidity was up
to 100%, depending on the measurement frequency. On the other
hand, the maximum reactive response was about 60%. Regard-
ing propane, the resistive response was only about 25% while the
reactive one was 60%. The response times were always less than
6 min and the recovery times were less than 8 min, depending on
the propane concentration. The chemical response mechanism to
propane proposed for HfO2 is similar to that formerly given for
SnO2. Also, a slightly higher response to propane is determined for
HfO2 than that known for SnO2.
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