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bstract

in (IV) oxide thin films were deposited on platinum-coated alumina substrates by means of electrostatic spray deposition (ESD) technique using
s precursor solution tin chloride pentahydrate (SnCl4·5H2O) in ethanol. The influence of the deposition parameters (temperature, time and flow
ate) and copper addition on the morphology and microstructure of the films was studied using scanning electron microscopy (SEM), transmission
lectron microscopy (TEM), X-ray diffraction (XRD) and Raman spectroscopy, respectively. The tetragonal rutile phase is evidenced by X-ray
iffraction (XRD) with no other phases observed. The size of the particles calculated from the XRD peaks are in the nanometer range (7–10 nm)

hich is in good agreement with the transmission electron microscopy (TEM) results. The Raman spectra indeed revealed that the SnO2 films are

rystallized in the rutile tetragonal phase and furthermore a peak shift and a decrease of the peaks intensity can be remarked for the films doped
ith CuO.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

SnO2 is an interesting material due to its potential appli-
ation in solar cells,1 as conductive transparent electrode,2 in
ransistors,3 in varistors,4 and in sensors.5 Over the time, tin
IV) oxide (SnO2) proved to be the most widely used semi-
onductor oxide gas sensor which can detect a wide range of
ollutant gases.6–10 The sensing mechanism of tin (IV) oxide,
eing an n-type semiconductor, is based on resistance changes
f it is exposed to oxidizing or reducing gases. A major draw-
ack of SnO2 and metal oxide-based gas sensors is the lack of
electivity, which limits its further applications when each gas
ust be detected in a mixture of gases. To overcome this draw-

ack different strategies have been employed. It is well known
hat the sensitivity and selectivity of SnO2 can be improved by

dding small amounts of dopants. For example, the sensitivity
f SnO2 to H2 is improved by doping with In2O3,11 to O2 by
oping with Ga2O3,12 and in particular the sensitivity of SnO2

∗ Corresponding author. Tel.: +33 3 87 54 70 76; fax: +33 3 87 31 52 32.
E-mail address: camelia.matei@umail.univ-metz.fr (C.M. Ghimbeu).
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o H2S is improved four orders of magnitude by doping with
mall amount of CuO.13

The sensors selectivity can be improved also by using an
rray of sensors and evaluating the sensor response data with
attern recognition methods like principal component analysis
PCA),14,15 discriminant factor analysis (DFA),16,17 and arti-
cial neural network method (ANN).18,19 This combination
etween an array of sensors and a pattern recognition method
ed to the system known as “electronic nose”. SnO2 or doped
nO2 as active gas sensor material is used as powder, ceramic
ompacts, and thick or thin films. It has been proved that the
se of films presents advantages such as high mechanical resis-
ance, easier application of the electrodes, and the possibility
f miniaturization.20 Different techniques were used to prepare
nO2 or doped SnO2 thin films, i.e., spray pyrolysis,21,22 sol–gel
rocess,23–25 chemical vapor deposition,26,27 sputtering,8,28

ulsed-laser deposition.29 In this work SnO2 and CuO-doped
nO2 thin films are deposited using the electrostatic spray

eposition (ESD) technique which offers many advantages like
imple set-up, ambient pressure operation, high deposition effi-
iency, and good control of the surface morphology. Tuning
he ESD-deposition parameters different morphologies ranging

mailto:camelia.matei@umail.univ-metz.fr
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.092
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rom dense to fractal-like porous and even reticular with inter-
onnected pores were obtained.30,31 The aim of this work is to
repare thin films of SnO2 and CuO-doped SnO2 using ESD
echnique in order to find the best process conditions to obtain
specially porous thin films suitable for gas sensor application.

. Experimental aspects

.1. ESD set-up

For the deposition of the films a vertical ESD set-up was
sed.31 The liquid precursor is pumped by a syringe pump (Kd
cientific, model 100, USA) through a flexible tube of plastic
aterial (Watson Marlow Marprene®, inner diameter 1.3 mm)

o the tip of a stainless steel nozzle (outside diameter, 0.9 mm).
hen a high voltage is applied by a dc voltage power supply

FUG HCN 14-12500, Rosenheim, Germany) between the noz-
le and the substrate the precursor solution is atomised into an
erosol. This aerosol consists of highly charged droplets that
re attracted by the grounded and heated substrate where they
mpinge, loose their charge and after complete solvent evap-
ration the thin layer is formed on the substrate surface. The
emperature of the substrate is maintained at a constant value
sing a temperature control unit (Eurotherm Controls, model
216e), which includes a heating element and a temperature
ontroller.

.2. Films deposition

Tin chloride pentahydrate (SnCl4·5H2O, Aldrich, 98%
urity) was dissolved in absolute ethanol (C2H5OH, J.T.
aker, 99.9% purity) to obtain a 0.05 M precursor solution

or depositing SnO2 films. For the doping procedure a 0.05 M
recursor solution of copper (II) nitrate hemipentahydrate
Cu(NO3)2·2.5H2O, 98% purity, Aldrich) in ethanol was used.
he doping of the films was varied from 1 to 4 at.%. The pre-
ursor solutions were pumped through the metal nozzle using a
ow rate of 1–4 ml h−1. The substrate comprised alumina pellets
99.7%, Gimex Technische Keramiek B.V., The Netherlands),
ith dimension of 10 mm × 20 mm and thickness 1 mm. The

ubstrate was then coated partially with a layer (1–5 �m) of plat-
num paste (Engelhard Clal, model 6082A) and fired at 800 ◦C
or 2 h in air. This substrate was fixed in a stainless steel sub-

trate holder, in order to allow a circular deposition surface of
0 mm in diameter (see Fig. 1).

The temperature of the substrate was varied in the range
50–400 ◦C and the deposition time between 1 and 3 h. A dis-

Fig. 1. Schematic representation of the films deposited on Pt-coated alumina.
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ance of 20 mm was kept between the nozzle and the substrate.
positive voltage between 6.0 and 8.5 kV was applied to the

ozzle in order to generate the aerosol of the precursor solu-
ion. The film deposition took place under ambient atmosphere.
he as-deposited films were annealed at 550 ◦C in air for 2 h to

emove any possible organic rests remained from the precursor
olution and also to improve the crystallinity and to sinter the
ayer.

.3. Structure characterization techniques

The surface morphology and the thickness of the coatings
ere investigated using a JOEL JSM 580 LV scanning electron
icroscope (SEM). To determine the films thicknesses and to

void charging of the samples a thin film of gold was sputtered
n the surface using an Edwards Sputter Coater S150 B.

The transmission electron microscopy (TEM) measurements
ere performed using a PHILIPS CM30T electron microscope
ith a filament of LaB6. The system is operating at 300 kV. The

amples are placed on Quantifoil carbon polymer supported on
gold grid by applying a few droplets of ground sample with

thanol, followed by drying in air. The chemical analysis of the
hin films was investigated using an energy dispersive X-ray
EDX) analyzer (Oxford Instruments).

The crystal structure of the films was determined with
Bruker D8 Advance X-ray diffractometer (XRD) using

onochromatic Cu K� radiation (λ = 1.5406 Å, 40 kV and
0 mA).

Raman measurements were performed at room temperature
sing a home-built set-up. The excitation source used is an
d:YVO4 laser system (Spectra Physics Millennia), which is
orking at a wavelength of 532 nm. The spectra were recorded in

he back-scatter mode using a liquid-nitrogen cooled CCD cam-
ra (Princeton Instruments LN/CCD-1100PB) connected with
Spex 340E monochromator. The monochromator is equipped
ith an 1800 grooves/mm grating. The CCD chip is controlled
y a Princeton Instruments ST-138 controller, which is con-
ected to a personal computer running with WinSpec software.
he laser beam power on the sample was limitated to ∼2 mW

o prevent heating of the samples. The scattering is removed
ffectively with two notch filters (Kaiser Optical Systems).

. Results and discussion

The SnO2 morphology changes as a function of the substrate
emperature (Fig. 2) was first studied. If the film is deposited
t 150 ◦C (Fig. 2a) the droplets arriving at the substrate do not
vaporate on the surface and a dense smooth film is formed. Nev-
rtheless, the film presents cracks, probably caused by thermal
tress built-up during the drying process of the film. In the same
xperiment repeated at 250 ◦C (Fig. 2b) the film becomes denser.
his film comprised of large particles of about 1 �m, which are
gglomerates of small particles. No cracks are observed in this

ase. If the deposition temperature is further increased up to
50 and 400 ◦C (Fig. 2c and d) a porous layer is formed due to
he faster growth rate. As can be seen (Fig. 2) the particle sizes
ecrease with the increase of the deposition temperature. Also
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Fig. 2. SEM pictures of SnO2 films deposited with 1 ml/h for 1 h using di

he porosity and roughness increase with increasing tempera-
ure.

The effect of the deposition time on the morphology of the
nO2 films has also been studied. Fig. 3a shows that the films
eposited in 1 h have a thickness of 5–6 �m. This was deter-
ined from the film cross-section (Fig. 3a′). With increase

f the deposition time up to 3 h (Fig. 3b) the layer thick-
ess increases to 20–25 �m (see Fig. 3b′). The porosity of
hese films also increases. The change in the porosity can be
xplained by the fact that in the first case the particles arriving
t the substrate are spreading easily on the alumina substrate,
herefore, a denser layer is formed. When the deposition time
s increased, the arriving droplets have to spread on the sur-
ace of the already deposited layer and discrete particles are
ormed which increase the roughness and lead to a more porous
orphology.
Fig. 4 presents the SEM pictures of the SnO2 layers deposited

t 400 ◦C, using a range of flow rates from 1 to 4 ml/h. For a low
ow rate (Fig. 4a and b) a porous film is formed due to the fact

hat the particles arriving at the substrate are dry or semi-dry and

lightly spread over the substrate.

As can be observed, the size of the particles is increasing
ith the increase of the flow rate of the precursor solution.
hen the droplets are landing on the substrate, they are still

o
S
fi
p

t deposition temperatures: (a) 150 ◦C; (b) 250 ◦C; (c) 350 ◦C; (d) 400 ◦C.

et, spread over it and a denser film is formed (Fig. 4c). Never-
heless, the films that show a high porosity have a low adhesion
o the substrate, a fact observed also by Chen et al.30 In this way
compromise between porosity and adhesion can be obtained

n order to have good quality SnO2 thin films.
For the deposition of the SnO2 films doped with CuO the

arameters, which lead to a porous morphology as well as a
ood adherence to the substrate are used (Fig. 4b).

Furthermore, the influence of the Cu dopant on the morphol-
gy of the films is studied. The process of doping does not have a
ignificant influence on the morphology. The morphology stud-
es of the layer show a porous structure in which the primary
articles are present in aggregates, which have sizes in the range
–5 �m in diameter. This porous morphology is preferred for
as sensor applications, because of large adsorption areas for
he gas molecules. As can be seen, the aggregates are uniformly
istributed. The thickness of the film determined by the SEM
ross-section (Fig. 4d) is about 7–8 �m.

TEM pictures of SnO2 (Fig. 5a) revealed that the particle
imensions are ranging between 10 and 15 nm. The grain size

f un doped SnO2 was found to be similar to that of Cu-doped
nO2 (Fig. 5b) and small amounts of Cu have little influence on
lm morphology and particle size. This fact is also found in the
resent SEM and XRD studies.
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ig. 3. SEM pictures of SnO2 films deposited with 1 ml/h at 400 ◦C using diffe
h, cross-section.

To confirm the composition of the films, EDX analysis was
mployed. Fig. 6 shows an EDX spectrum of SnO2 doped with
% of CuO realized on the marked zone from Fig. 5b. As can be
een peaks associated with Sn, Cu, and O elements are present.
he other peaks noticed, i.e., C and Au peaks are due to the grid
n which the sample was laid.

The XRD measurements were performed on pure and Cu-
oped SnO2 before and after annealing. The as-deposited films
t 400 ◦C are amorphous, but annealing of these films at 550 ◦C
n air leads to a crystalline structure. Fig. 7 displays the XRD
atterns of SnO2 and SnO2 doped with 4% Copper. In all cases
he tetragonal, rutile-type SnO2 phase is observed and the peak
ositions of the films are found to be in good agreement with
CPD 77-0450. It can be noted that no shift in the SnO2 peak
ositions or any Cu phase (i.e., Cu oxides or ternary compounds
ith Cu) is observed. This leads to the conclusion that doping
f SnO2 with Cu has occurred. There are two possible doping
echanisms of SnO2 with Cu: substitutional and interstitial. In

he case of substitutional doping some Sn4+ ions are replaced
ith Cu2+(Eq. (1)) based on the comparable radii of Sn4+ and

u2+ (0.69 and 0.73 Å, respectively). The oxygen-ion vacan-
ies (Vo

••) created by substitutional doping of Sn4+ with Cu2+

re charge compensated by electron holes (h•), if the sample is
nnealed in air. The electron holes compensate the Cu′′

Sn point

a
f
S
t

eposition times: (a) 1 h, top view; (a′) 1 h, cross-section; (b) 3 h, top view; (b′)

efects charge and are required for the site balance (Eq. (2),
röger–Vink notations).
In the second case Cu2+ ions can occupy the interstitial sites

f the SnO2 lattice (Eq. (3)). As can be seen the concentration
f tin ion vacancies (V′′′′

Sn) increases.

. Substitutional:

CuO
SnO2−→Cu′′

Sn + Ox
o + Vo

•• (1)

CuO + 1
2 O2 → Cu′′

Sn + 2Ox
o + 2h• (2)

. Interstitial:

2CuO
SnO2−→2Cu′′

i + 2Ox
o + 2V′′′′

Sn (3)

The crystallite size for doped and undoped samples was
alculated using the Debye–Scherrer formula32 for the (1 1 0)
eaks, i.e., D = Kλ/β cos θ where D is the crystallite size (nm),
the radiation wavelength (0.15406 nm for Cu K�), β the full-
idth at half maximum height FWHM of the X-ray line (radians)
nd θ is the diffraction peak angle. The average grain size D is
ound to be in the range 7–10 nm for SnO2 and CuO-doped
nO2. The XRD results confirm that the grains have a nanome-

er size and are in good agreement with the TEM results. In
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ig. 4. SEM pictures of SnO2 films deposited at 400 ◦C for 1 h using different l

onclusion, the copper dopant has a minor effect on the grain
ize and crystallinity.

The Raman spectra of SnO2 and Cu-doped SnO2 films are
resented in Fig. 8. The tetragonal rutile SnO2 unit cell con-
ains two tin ions and four oxide ions and belongs to the space

14
roup D4h(P42/mnm) and displays four Raman active modes in
he bulk of SnO2: A1g, Eg, B1g and B2g. Three Raman peaks for
nO2 (Fig. 8a) are detected at 474, 632, and 773 cm−1, corre-
ponding to the Eg, A1g and B2g vibration modes of tetragonal

m
c
o
S

Fig. 5. TEM picture of (a) SnO2 film and (b) SnO2 film doped with 4% CuO d
flow rates: (a) 1 ml/h; (b) 2 ml/h, top view; (c) 4 ml/h; (d) 2 ml/h, cross-section.

utile SnO2. These results are in good accordance with the liter-
ture values.33 The A1g (632 cm−1) and B2g (773 cm−1) are
elated to the expansion and contraction vibration modes of
n O bonds, while Eg (474 cm−1) is related to the vibration
ode of oxide-ions. The B1g mode corresponds to a librational

34
otion of octahedra and the intensity is very week that it is not
ommonly observed. Another Raman peak at 313 cm−1 is also
bserved in addition of the fundamental Raman peaks of rutile
nO2. This Raman peak corresponds to IR active Eu

(3)TO or

eposited at 400 ◦C (2 ml/h for 1 h) and annealed at 550 ◦C for 2 h in air.
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ig. 6. EDX spectrum of SnO2 doped with 4% CuO deposited at 400 ◦C (2 ml/h
or 1 h) and annealed at 550 ◦C for 2 h in air.

2uLO, where TO and LO are the modes of the transverse and
ongitudinal optical phonons, respectively. Similar results were
eported recently by Sun et al.35 for rutile SnO2 nanobelts and by
iu et al.36 for rutile SnO2 nanorods. Abello et al.34 explained

hat the infrared (IR) active modes are induced when disorder
nd size effect takes place. Comparing the Raman spectra of the
ndoped SnO2 and SnO2 doped with different percents of CuO
an be observed that for SnO2 doped with 1% CuO (Fig. 8b) no
ignificant shift of the peaks position takes place. In addition, an
mportant shift of the SnO2 A1g band from 632 to 628 cm−1 for
nO2 doped with 4% CuO (Fig. 8b) can be remarked. This can
e ascribed to the contribution of CuO modes to SnO2 modes
aking into account that the CuO Bg mode is between 626 and
36 cm−1.37,38 Furthermore, a decrease in the intensity of the
eaks with the increase of the copper percent can be remarked.
agnier et al. attributed the decrease of the peaks to the forma-
ion of the Cu–Sn solid solution or to the stress created due to
he coverage by CuO. In our case the first hypothesis can be
xcludes considering the XRD results but the second one can be
aken into account.39

ig. 7. XRD patterns of (a) SnO2, (b) SnO2 doped with 4%CuO and (c) Pt-
oated alumina substrate.
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ig. 8. Room-temperature Raman spectra of (a) SnO2 and SnO2 doped with (b)
%CuO and (c) 4%CuO films deposited at 400 ◦C (2 ml/h for 1 h) and annealed
t 550 ◦C for 2 h in air.

. Conclusions

Porous nano-structured SnO2 and copper-doped SnO2 thin
lms with average particles size of 7–10 nm were success-
ully deposited on Pt-coated alumina substrates using electro-
tatic spray deposition (ESD) technique. Varying the deposition
arameters (temperature, time and flow rate) SnO2 thin films
ith different morphologies, thickness and particle size were
btained.

The Cu-doping proved to have minor effect on the morphol-
gy and microstructure of the SnO2 films, as shown by SEM,
EM and XRD analysis. The Raman results confirm the rutile

etragonal phase of SnO2. A decrease of the intensity of the
ands and a shift of the A1g band can be remarked when the
mount of copper oxide in the film is increased.

Considering the nano-crystalline structure, the homogeneity
nd the porosity of these films it could be demonstrated that elec-
rostatic spray deposition (ESD) is a useful technique to obtain
hin films with desired morphology by varying the deposition
arameters. Furthermore, the possibility of using these films as
hemo-resistive gas sensors or in other applications can be taken
nto account.
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