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Abstract

Pure and Ni-, Pt-, Pd-, Os-doped tin oxide and pure and Fe-doped indium oxide thin films have been prepared by the sol–gel process. The

microstructural properties of the as-prepared films have been investigated by means of X-ray diffraction (XRD). All the samples showed a

polycrystalline structure that resulted to be dependent on the presence of the particular doping element. Integrated gas microsensor devices

based on both pure and doped sol–gel thin films of these two different metal oxides (SnO2 and In2O3) were realized. They were linked in an

array configuration and exposed to the volatile compounds of different commercial olive oils samples in order to test the application of the

array in an electronic nose for the discrimination among different commercial olive oils. The differently modified sensitive materials showed

different sensing characteristics to the headspace of the olive oil, hence modulating the selectivity of the array. PCA analysis was performed

on the array responses and the results showed the capability to discriminate olive oils of different quality. # 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The sol–gel process is an emerging wet-chemical synthesis

and deposition technique that seems to be well suited for

the preparation of thin sensitive layers for MOS-based gas

sensors. It is characterized by many advantages respect to

the traditional techniques, such as the low operating tem-

peratures in the preparation of the starting solutions, the easy

deposition of thin films (by spin- or dip-coating) and the

possibility to modify the chemical composition of the films

with multiple different dopants. This last feature is particu-

larly interesting in the field of gas sensors, where it is known

that the addition of suitable catalysts to the sensing layer

may improve the response of the sensor, as concerns both the

response time and the selectivity of the sensor [1].

However, great efforts in the scientific research on gas

sensors are still indispensable to develop high performance

and fully reliable prototypes of metal oxide gas sensors. In

particular further advances are still needed to limit the

effect of lacking selectivity and the relatively large long-

term drift. Two lines of approach are being pursued in

parallel: the first aims at tailoring the material properties in

order to enhance the sensitivity to a particular gas and/or to

improve the long-term stability. A particularly promising

approach seems to be the control of the grain size [2].

Basically, the effects of the microstructure, namely, the

porosity in the packing of the metal oxide particles,

the large interface-to-volume ratio, the grain size and more

specifically the ratio of the grain size to the Debye length

(LD) are well recognized parameters which control the

electrical conduction properties and the gas sensing

mechanism. It has been claimed that sensitivity is increased

as grain size is decreased as far as the nanocrystalline

range, that seems really a critical limit at which the solids

show interesting tunable electronic and physical properties

[3]. Indeed, in this condition the size d of the nanocrystal-

line particles is so low (d < LD) that the grains are com-

pletely depleted and the Schottky barriers are so short that

a flat band condition can be assumed [4–9]. Small varia-

tions in the concentration of free carriers may change fast

the grains from highly depleted to nearly full and vice

versa; this faster conductivity modulation by carrier deple-

tion in the grains could explain the better sensing properties

of nanocrystalline MOS films. In this context, a lot of

research has been devoted in the last years, being the

characterization and the applications of nanostructured

materials in solid state applied physics still a matter of

current development.
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The second line of approach aims at solving the problem

of poor selectivity of MOS sensors by the use of an array of

different sensors with partially overlapping sensitivity; the

sensor array continues to be the sensitive and receptor

element of the device, being a chemical species in air

detected by a modulation of the electrical conductance of

each chemoresistive sensor. In a subsequent data processing

step the sensor signal are evaluated and elaborated by

suitable software in order to extract the required information

about the analyzed ambient (qualitative and quantitative

analysis). To this purpose, many pattern recognition meth-

ods like principal component analysis (PCA), partial least

square (PLS), partial model building (PMB), etc. [10,11]

have been developed. It is well known that this electronic

device, named ‘‘electronic nose’’ or ‘‘artificial nose’’

[12,13], can be used as powerful method to discriminate

and recognize complex gas mixtures and hence it finds

application in numerous fields like monitoring of air pollu-

tion and control of the quality of foods.

In this work we applied the sol–gel process to the pre-

paration of pure and doped SnO2 and In2O3 thin films

through a synthesis route that allows to obtain long-time

stable solutions. Since the dopants may affect the structural

and morphological properties of the films prepared and in

turn the gas sensing properties of the material, the structural

modification of the films as a function of their composition

was also studied. Nickel, platinum, palladium and osmium

were chosen as doping elements for SnO2, while iron as

doping element for In2O3. Moreover, the obtained devices

have been tested as functional materials in an electronic

nose. In particular in the present work we show the results

related to the sensing properties of the our array to the

‘‘aroma’’ of some commercial Italian olive oil and the

classification power among olive oils of different quality.

PCA was used as pattern recognition technique to evaluate

the array response towards the volatile compounds of the

olive oils samples.

2. Experimental

A multisensor array consisting of seven different sensors

has been used for the reported research. Five of them were

tin oxide-based sol–gel thin films (pure and activated with

Pd, Pt, Os and Ni). The other two were based on pure and Fe

modified sol–gel indium oxide thin films. Table 1 reports the

characteristics of the used films.

Indium oxide sols were prepared by dissolving 1 g of

In(NO3)3�5H2O in methanol. After the dissolution of the salt,

acetylacetone (CH3COCH2COCH3, acacH) was dropped in

the solution in order to chelate the In3þ ions, with an acacH/

In molar ratio of 2. Finally, concentrated ammonium hydro-

xide (30 wt.%) solution in water was added to the solution,

with a NH3/In molar ratio of 2. For the preparation of Fe-

doped solutions, the prescribed amount of Fe(NO3)3�9H2O

was dissolved in methanol, then acacH was added with an

acacH/Fe molar ratio of 2, and the resulting solution was

added to the indium oxide sol.

Pure SnO2 sols were prepared starting from anhydrous

SnCl4, water, propanol (C3H7OH), isopropanol (2-C3H7OH),

in the following molar ratios: SnCl4:H2O:C3H7OH:2-

C3H7OH ¼ 1:9:9:6. For the preparation of Os, Pt and Pd

modified sols, with X/Sn atomic ratio ¼ 0:05 (X ¼ Os, Pt,

Pd), OsCl3, PtCl2 and Pd(OOCCH3)2 were used as precursors.

The procedure and details for their preparation has been

reported elsewhere [14–16].

The thin films were deposited, after a suitable cleaning

procedure, on suitable Al2O3 substrates pre-arranged for

cutting and obtaining 3 mm � 3 mm single samples. The

sensitive layers, after spinning the starting solution, were

thermally annealed at different temperatures. They were

subsequently covered by a photoresist film by means of a

spin-coater for the realization of electrical contacts. After-

ward, by using a suitable mask and photolithographic

process, the Ti/Au interdigitated electrodes on the front

and the Pt integrated heater on the back were performed.

In this way 100 samples 3 mm � 3 mm sized were ready to

be cut and mounted onto a standard TO-8 socket. During

operation the sensors were heated by applying a voltage VH

across the heating meander, whose resistivity value gave the

sensor’s operating temperature. At the same time a voltage

of 2 V was applied between the sensor’s electrodes and the

current was continuously monitored by means of an elec-

trometer Keithley model 6517A equipped with a multiplexer

module.

The whole experimental system was connected to a PC

equipped with a Pentium microprocessor and a IEEE 488

board for acquiring and plotting the electrical response of

each sensor in real time by using Labview National Instru-

ments software.

As regard the experimental set-up and the protocol used

for the olive oil measurements it was arranged as follows.

The baseline of sensors was acquired in a dry air nitrogen

ambient in a continuous total flow of 200 sccm (50 sccm dry

air, 150 sccm nitrogen). For the measurement a volume of

200 ml of olive oil was poured into a 500 ml vial kept at the

temperature of 30 8C; the headspace was stripped by means

of a deviation of the only 150 sccm nitrogen flow for 15 min,

keeping constant the other 50 sccm flow of dry air. In this

way the volatile compounds were directly transferred by the

carrier into the sensors chamber.

Table 1

Sensor parameters

Sample label

S1 S2 S3 S4 S5 S6 S7

Sensing material SnO2 SnO2 SnO2 SnO2 SnO2 In2O3 In2O3

Dopant – Pd Pt Os Ni – Fe

Dopant

content (wt.%)

– 5 5 5 5 – 5

Film thickness (Å) 1500 1500 1500 1500 1500 1000 1000
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3. Results and discussion

X-ray diffraction (XRD) measurements were performed

in order to obtain information on the crystallographic nature

of the prepared films.

As an example, Fig. 1 reports the XRD spectra of SnO2

coatings for heating temperatures from 150 to 700 8C. At

150 8C the spectrum indicates a prevalently amorphous

structure. After heating at 250 8C the reflections from the

tetragonal crystallographic phase (cassiterite) of SnO2

become more defined and progressively more intense and

sharp for higher heating temperatures. Similar spectra have

been obtained for Pt-doped coatings with the clear presence

of Pt peaks. For all the other dopants no obvious differences

with respect to the spectra of Pt (apart of course for the lack

of the Pt peaks) were observed. Only for Pd doping the

diffractogram displayed new peaks, attributed to PdO.

As reported in Fig. 2, in the case of In2O3 the results show

that the film crystallization occurs after heating at 300 8C,

while after heating at 400 8C the peaks are narrower, indi-

cating the growth of In2O3 grains. After heating at 500 8C
the diffraction curve does not indicate obvious changes with

respect to the heating at 400 8C.

The analysis of the curves by the Scherrer equation shows

that after heating at 500 8C the mean size of grains in In2O3

is about 8 nm. Fig. 3 reports the mean crystallite size as a

function of the film composition and of the heating tem-

peratures for the complete set of analyzed materials. An

increase of the mean particle size with the heating tempera-

ture is generally observed, but with some exceptions: after

heat treatment at 700 8C the mean size is almost unchanged

for Pd and decreases for Pt, with respect to the heat treatment

at 500 8C. Furthermore, for Pd and Pt doping the particle

size is higher than for pure SnO2 and Ni and Os doping, after

heat treatments at 350 and 500 8C. The reverse trend is

observed after heat treatment at 700 8C. On the other hand,

pure SnO2, Ni- and Os-doped coatings have very similar

grain sizes, for a given heating temperature, apart for the

Fig. 1. XRD spectra of the SnO2 films for heating temperatures ranging

from 150 to 700 8C.

Fig. 2. XRD spectra of the In2O3 films for sintering temperatures ranging from 100 to 500 8C.
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heat treatments at 500 and 700 8C, where Ni-doped coatings

show a mean SnO2 grain size lower than for pure SnO2.

Gas sensor devices based on the as-prepared nanostruc-

tured thin film materials were put into a chamber in an array

configuration. We carried out a series of experimental tests

on the discrimination power of our sensor arrays with respect

to different olive oils of various quality. The experimental

procedure for such experiments was as described in the

experimental paragraph.

Table 2 reports the different type of tested olive oils: three

of good quality (extra-virgin), one virgin, one of bad quality

(husk oil) and the last one an oil deriving from a so call

biological cultivation.

The response of the sensor array, for each sample, was

calculated in terms of fractional variation of electrical

current. PCA analysis was performed on raw matrix of

responses through correlation matrix.

Fig. 4 shows the PCA score plot in the three-dimensional

vectorial space of the first three principal components. The

plot shows the best results obtained at the sensor operating

temperature of about 250 8C. We can note that over 86% of

the total variance within the data is contained in the first two

principal components and even 98% of the total data var-

iance in the first three principal components. This analysis

shows a good separation among the clusters related to olive

oils of different quality, i.e. it is easy to distinguish a region,

the three-dimensional PCA plot were the clusters related to

four extra-virgin olive oils are present, an intermediate

region for the virgin olive oil cluster and a final area for

the olive–husk oil. Moreover, it can be easily observed

that also all the olive oils of different trademark are well

separated.

So in general a good separation among all the clusters was

obtained, demonstrating in such a way the electronic nose

capability to distinguish olive oils from different quality.

Fig. 3. Mean crystallite size as a function of the film composition and of

the sintering temperatures for the complete set of the analyzed materials.

Table 2

Different types of olive oil considered in the experiments

Sample Trade mark Quality

Oil 1 Carapelli Extra-virgin

Oil 2 Coricelli Extra-virgin

Oil 3 De Santis Extra-virgin

Oil 4 Del Papa Virgin

Oil 5 Dentamaro Husk oil

Oil 6 Adamo Biological oil

Fig. 4. Score plot in the space of the first three PCs for all the six olive oils.
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4. Conclusions

Pure and modified (Pt, Pd, Os, Ni, Fe) SnO2 and In2O3

nanostructured thin films have been successfully prepared

by means of sol–gel process, starting from inexpensive

Ti(IV) chloride and indium nitrate. The presence of modi-

fiers is evidenced both in the form of nanoparticles (Pd and

Pt) and doping atoms (Os, Ni, Fe), and it increases the

sensitivity to certain gases, so improving the selectivity of

the sensing material [1].

Starting from these results, arrays of active films for

application in electronic nose has been developed, showing

good sensitivity to the volatile compounds which are present

in the headspace of olive oils. PCA has been applied to

experimental data and gave satisfactory classification for all

the examined commercial Italian olive oils. In particular, the

measurements performed on olive oil of different quality

have shown a good capability of the electronic nose to

discriminate them on the basis of their brand and their

characteristics of quality (extra-virgin, virgin, husk and

biological). The results confirm that the use of an ‘‘electro-

nic nose’’ even with a limited number of sensors is a

powerful tool for classifying rapidly foods volatile com-

pounds. Measurements are in progress with the aim to

correlate electronic nose measurements with GC/MS experi-

ments and panel test.
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[10] S. Vaihinger, W. Göpel, Multicomponent Analysis in Chemical

Sensing in Sensors: A Comprehensive Survey, Vol. 2, Part II, VCH,

Weinheim, 1991, pp. 192–237.

[11] A. Hierlemann, M. Schweizer-Berberich, U. Weimar, G. Kraus, A.
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