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In this study, the submicrometer-sized grains of chemically sprayed tin oxide, SnO,, were largely inves-
tigated. The films (Sn;_x03, Aly), with x=0-0.085 were grown by spray pyrolysis onto glass at a fixed
temperature of 300°C. Structural, optical, electrical and morphological properties were studied. These
films are polycrystalline in nature with a tetragonal crystalline structure, and exhibited a preferred ori-

entation along the (200) planes. Atomic force microscope (AFM) analysis demonstrated a nano-grain
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structure. Our nanostructured films revealed high transparency in the visible and infra-red spectra and
an electrical resistivity that ranged from 1 to1000 2 cm.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Tin oxide (SnO,) has recently become one of the most stud-
ied materials in technology research, due to its various properties
such as high transparency in visible range, high reflectivity in the
infrared [1], direct band gap around 3.5 eV, and high exciton bind-
ing energy at room temperature (130 meV) [2]. It is well known that
Sn0,, is asemiconductor that crystallizes in a tetragonal rutile struc-
ture [3]. SnO, films were grown by various processes like chemical
precipitation route [4], chemical vapor deposition (CVD) [5], sput-
tering [6,7], sol-gel [8], pulsed laser deposition (PLD) [9], and spray
pyrolysis deposition (SPD) [2,10,11]. This latter is a chemical depo-
sition technique in which fine droplets of a solution containing
desired species are sprayed on a preheated substrate. SPD is a facile
technique that is low cost and permits easy doping [12]. With SPD,
large and uniform SnO, films can be deposited at low temperature.
This technique consists in a thermal decomposition that occurs on
the hot substrate, giving rise to a continuous film as reported in lit-

* Corresponding author. Tel.: +213 41429212.
** Corresponding author. Tel.: +213 772211491; fax: +213 41424931.
E-mail addresses: mbenhaliliba@gmail.com, bmost_31@yahoo.fr
(M. Benhaliliba), babimo14@yahoo.fr (C.E. Benouis).

0925-8388/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2012.02.128

erature [13]. SnO, is extensively used for a variety of applications
including architectural windows, flat panel displays, smart win-
dows, and film photovoltaic and polymer-based electronics [14].
Elements such as F, Cl, Sb, Br, Ni, Cu, Fe [12], Al [1], Co [15], and
In [2], have been used as dopants for SnO,. Tin oxide was grown
on different substrates such as indium tin oxide (ITO) and silicon
[16,17]. In this paper, we report on submicrometer-sized grains
of (Sni_xAlx, Oy) thin films chemically sprayed with different Al
contents in the starting solution. Furthermore, we exhibit the char-
acterizations and the role of Al concentration levels on chemically
sprayed SnO,, films properties.

2. Experimental procedures
2.1. Precursor preparation and deposition parameters

The deposition of the films was carried out by a homemade SPD technique, as
sketched in Fig. 1. First, pure and Al-doped SnO, films were sprayed onto a corning
glass 7059, near-zero alkali baria alumina borosilicate. The starting material was
(SnCly-5H,0) and the doping source was aluminum (3+) chloride (AICl3). Both pre-
cursor and doping compounds were dissolved in methanol. The starting material
concentration was 0.2 M and the concentration of the dopants Al/Sn in the solution
were 1, 1.5, 3 and 8.5%. Spray rate and substrate to nozzle distance were maintained
respectively at 20 ml/min and 25 cm. The glass substrate was heated at 300 °C which
was controlled by a digital thermometer connected to the heater. Finally, the film
thicknesses ranged between 150 and 270 nm.
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Fig. 1. Schematic diagram of spray pyrolysis deposition set-up.

2.2. Films characterization

X-rays diffraction patterns of the SnO; films were analyzed at room temperature
using a Rigaku X-ray diffractometer, model DMAX 2200, having a copper anticath-
ode (Cu Ka, 1.54 A). The Bragg angle (26) ranged from 30° to 70°. The UV-VIS-NIR
transmittance spectra of the SnO; films prepared at different concentrations of Al
were recorded via a Shimadzu UV-3600 PC double beam spectrometer. The electrical
resistivity measurement of the films was carried out by a Keithley 6517A electrom-
eter at room temperature by two metal probes put in contact with the film, having
a radius of 0.5 mm each and separated by 3-4 mm. The samples’ morphology was
investigated using a Park system XE-100 E atomic force microscope. Data measure-
ments were taken at room temperature. Scans were made over areas ranging from
5pum x5 pumto 1 wm x 1 wm, and the scan rate ranged from 0.25 to 0.50 Hz. All AFM
measurements described here were achieved with taping mode, non-contact silicon
cantilever. AFM parameters details, such as section analysis, grain size distribution
histogram, power spectral density (PSD) were deduced from XEI version 1.7.1 data
processing and analysis software.

3. Results and discussion
3.1. Crystalline structure by XRD pattern analysis

The X-rays pattern spectra of pure and Al-doped SnO, were
displayed in Fig. 2A. The as-grown films were identified as poly-
crystalline SnO, with a tetragonal crystal structure and preferred
orientation along the (200) plane. Ours samples only exhibited
the SnO, structure and no other was detected, as reported in the
JCPDS card (No. 72-1147) data of SnO,. Pure SnO, films revealed
intense peak at 26 ~ 37.8° (see Fig. 2B). The main strong peaks were
(200),(211)and (101)asevidenced in Fig. 2A which identifies the
tetragonal structure (closed squares); the weak peaks (closed cir-
cles) demonstrated the presence of SnO, orthorhombic structure.
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Fig. 2. (A) X-rays patterns of pure and Al doped SnO, grown by SPD: pure, 1%, 1.5%,
3% and 8.5% Al doped SnO;. Peaks of SnO;: red closed squares show tetragonal
phase, while closed black circles show orthorhombic phase. (B) (200) and (211)
orientations of pure and Al doped SnO, are evidenced, red lines of JCPDS 72-1147
card were signed by star. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

The peak (200) was very intense in the case of pure SnO,, while
Al doping levels reduced it. On the other hand, the (21 1) orienta-
tion of the films became more pronounced with Al content; mainly
for doping levels of 1.5% and 8.5% sprayed films. Furthermore,
the (101) direction diminished with the increase of Al content,
whereas the peaks of orthorhombic SnO, became insignificant in
the doped samples. Overall, these peaks presented a slight broad-
ening (FWMH increases) which led us to report on nanostructures
formation. This statement was confirmed by the small grain sizes
of our samples (see Table 1). The increase of Al content led to
a decrease in crystalline structure of the films, a result that was

Structural (grain size according to (2 00) plane, lattice parameters a, Aa, ¢, Ac, &,,, V, AV|V), optical (T at 550 nm), morphological (RMS, grain size by AFM analysis) parameters

of pure and Al doped tin oxide.

Al level (%) Grain size Lattice constants (A) &2z (%) V(A3) AVIV (%) T(550nm) RMS (nm) Grain size
(XRD)(nm) (AFM) (nm)
A Aa c Ac
0 20.98 4.745 0.008 3.201 0.016 0.502 72.104 90.28 88.252 10.41 90.28
1 26.81 4718 -0.019 3.218 0.033 1.036 71.660 149.31 75.475 19.09 149.31
1.5 21.61 4712 -0.024 3.212 0.027 0.848 71.342 41.67 80.701 15.82 41.67
3 19.83 4.707 -0.030 3.219 0.034 1.067 71.343 27.78 77.439 10.84 27.78
8.5 21.57 4.715 -0.022 3.211 0.026 0.816 71.394 101.56 77.435 11.52 101.56
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Fig. 3. Lattice parameters a and c of sprayed SnO, films were plotted versus Al
content. Parameter a was fitted as exponential decay profile (black dash curve), and
parameter ¢ was fitted as SWeibull2 model (blue dash curve). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

also noticed by Ahmed et al. [18]. Similar crystalline structure and
peak identification were reported in literature for Al-doped SnO,
[13,15,18,19]. Amloukreported the same trend for SnO2 thin layers,
prepared at 440°C [20]. (110), (101) and (211) are the prefer-
ential orientations in the case of Al-doped SnO2 films produced
by sol gel dip coating as cited in literature [18,19]. Similar orien-
tations were observed for the pure SnO, nanoparticles prepared
by laser ablation [21]. Goyal et al. reported that (110), (200) and
(211) were the main intense peaks in the case of Sb-doped SnO,
grown by spray pyrolysis deposition [22]. A slight angle (26) shift
was detected for the (2 0 0) direction, to the lower angle (pure sam-
ple) and to higher angle (Al-doped samples) as seen in Fig. 2B. This
angle shift was also discussed by Lei for the Al-doped films [23].
In our study, for the selected scanned range of angle 26, the (101)
direction was obviously seen in 0, 1 and 1.5% Al doped samples
spectra, whereas it was less visible in 3 and 8.5% cases. The (200)
orientation has been found to be strong for the pure tin oxide film;
this peak intensity was reduced with increasing the aluminum dop-
ing levels. The (2 1 1) orientation was improved by the Al dopant in
most of the samples. Fig. 3 depicted the variation of lattice param-
eters (a) and (c) versus Al doping levels. The lattice parameters a
and ¢ were determined from the expression 1 according to (200)
direction [24],

1 [h2 4 k2 2
V@ +C7 (1)

The values of lattice parameters a and ¢, unit cell volume
V (A3), the differences Aa=a—ag, Ac=c—co (JCPDS-72-1147:
ag=bg=4.737 A, cp=3.185 A), and the cell volume growth AV/V (%)
were then listed in Table 1. We noticed that the lattice parameters
a and c changed with Al doping levels, and the unit cell was then
modified. The results were consistent with the improvement of the
grain size and shape of the films depicted in the AFM picture. We
observed that the unit cell was reduced according to (a) orientation
and extended according to (c) orientation, a phenomenon certainly
due to Al ion insertion into the SnO,, lattice, whereas the pure sam-
ple showed an increase of both a and c directions. The Sn (+4) and Al
(3+) ionic radii were respectively given, rs, =0.69 A and ry; =0.54 A,
and their ratio was raj3+)/Tsn(a+) =0.78. Lei also reported that lat-
tice constants of SnO, were expanded by Al doping [23]. Since the
Al ion radius was lesser than tin ion radius which allowed an easy
diffusion of the dopant atoms in the lattice of SnO,, until the min-
imal energy of Al ions was reached. Knowing that a was fitted as
exponential decay profile a=Ae~*/t+ag, where the following con-
stants were,A=0.0345 + 0.005,t=0.578 +0.261,a9=4.711 +0.003,
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Fig.4. (A)Dependence of grain size of sprayed SnO; films on Al content according to
(200)and (21 1) orientations. (B) Variation of the dislocation density § (lines nm~2)
of sprayed SnO, films with Al content according to (200) and (21 1) orientations.
(C) Plot of textural coefficient of sprayed SnO, films with Al content according to
(200) and (21 1) orientations. Average curve was sketched (black dash line).

and the parameter c was fitted as model c=cy — (co — n)e( — (kx)?)
where the constants were, cp=3.219, n=3.201, k=2, d=1. Fitted
values of a were: 0% Al (4.746), 1% Al (4.717), 1.5% Al (4.713), 3%
Al (4.711) and 8.5% Al (4.711)A (see Fig. 3). Furthermore, chlo-
rine was drastically present in the starting material and the doping
precursor described above, which were sprayed at low deposition
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Fig. 5. Transmittance of pure and Al doped SnO; was plotted against photon wave-
length. Arrow showed oscillations.

temperature. The ionic radius of chlorine (Cl-) 1.88 A, being close
to that of (02~ ) which is 1.40 A; made it easy for chlorine ions to be
incorporated into the SnO, lattice as substitutes to the oxygen ions.
It seems that during the film growth, stacking faults, arising from
the size difference between ions occur. In general, the proportion
of carriers increases with the chlorine concentration in the film. CI~
ions can substitute 0%~ ions, which caused a number of electrons to
become free. lons of CI~ were localized on certain sites and did not
become donors, which led to a weak degree of crystalline structure
without breaking the Sn—0 bonds. The strain &,; along c orientation
was expressed as [25],

(c—co)
Co

&2 = x 100% (2)
where c is the lattice parameter of the strained SnO, films calcu-
lated from formula 1, and ¢y is unstrained lattice parameter, so the
film became tensile if £,; >0, or compressive, if £, <0, the obtained
values of ¢, were listed in Table 1. Consequently, we confirmed also
that Al doping level improved the strain as can be seen in Table 1,
and as we have mentioned before it was in well agreement with
the lattice parameters change. Moreover the modified unit cell as a
result of Al content was proved by parameter AV/V (%) as listed in
Table 1. The film grain size G was given by Scherrer formula [26],

_ 0.941
" Bcosh

where A is the wavelength of the X-ray used, 8 is the full width
at half maximum which had maximum intensity and 26 is the
Bragg angle. Grain size according to (200) and (211) was plot-
ted in Fig. 4A. According to (2 0 0) orientation, G varied from 19 nm
to 27 nm (see Table 1). It has been found to vary from 13.5 nm to
43.8 nmaccording to (21 1) plane. The same grain size was found by
Wei for spin coated Al:SnO, films [27]. The dislocation length per
unit volume, was defined by the dislocation density § (lines nm~2),
which measured the proportion of defects in a crystal as reported
by Ravichandran [24]. The dislocation density was expressed as
follows,

1
8= e (4)
The evolution of § was described in Fig. 4B according to (200)
and (211) orientations. The higher values of § (~10'4lines/m?)
were reached for 1% Al-doped SnO, when the lower dislocation
density (~1.510'3 lines/m?2) was obtained for 8.5% Al-doped SnO,
according to (2 00) direction. While the pure SnO, exhibited val-
ues of § up to 2 x 1013 lines/m2. These were of the same order of

(3)
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Fig. 6. Variations of (ehv)? of sprayed SnO films versus incident photon energy hv.
Inset shows the obtained values of band gap energy E; (eV).

magnitude as those reported by Ravichandran [24]. Similar shape
was observed according to (211) direction [27]. Therefore, the
degree of crystallization (dcryst) of pure and Al-doped SnO, was
evidenced by the value of § (6~ 1/dcyst) as displayed in Fig. 4B.
We observed the same shape for both orientations. The varia-
tion of dislocation density depended on aluminum content. The
texture coefficient expressed as TC=10¢/[(I200 +1211 +1101)/3][2]
was sketched in Fig. 4C according to (200) and (2 1 1) orientations.
The influence of Al doping on TC was extremely confirmed accord-
ing to both (200) and (211) planes. In the (211) direction, TC
increased with Al content while it decreased according to (2 00).

3.2. Optical characterization

The UV-VIS-NIR spectra of transmittance of pure and Al-doped
tin oxide were depicted in Fig. 5. Pure samples revealed oscillations,
similar trend was found by Senthilkumar for tin oxide prepared
by electron beam evaporation technique [28], and by Wang for
electrospun tin oxide nanofibers [29]. Furthermore, transmittance
increased rapidly in the UV range and strong oscillations were
observed in the VIS range for the 0, 1 and 1.5% Al-doped tin oxide
samples. These oscillations might be due to the difference in film
thickness. The oscillations were observed in 2.31, 12.05 and 18.56%
Al-doped SnO, produced by sol gel technique as reported by Ahmed
[18,19], and by Ravichandran in Sn0O,-ZnO films [24]. Our sam-
ples exhibited significant fluctuations of the transmittance in VIS-IR
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Fig. 7. Plot of electrical resistivity (semi-log scale) of sprayed SnO; films against Al
content (left). Grain size versus Al content was plotted (right).
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Fig. 8. Atomic force microscope (AFM) topography image of sprayed SnO films at 300°C (A: pure SnO,, B: Al 1%, C: Al 1.5%, D: 3 Al% and E: 8.5 Al%): 2D view (1 pm x 1 wm)
nanograins, nanorods were signed by black arrows. Grain size was marked by black arrow in 2D-image and by two red arrows in section analysis (left), 3D-view (right up)
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Fig. 8. (Continued ).

spectrum around an average equal to 82%. Transmittance values at
550 nm were tabulated below. The same trend was found by Mar-
tinez, Lee and Seo [30-32]. Fig. 6 depicts the absorption coefficient
(ahv)? against incident photon energy (hv). We can clearly see the
Al content effect on the optical band gap. The band gap energy for
allowed direct transitions was given by formula (5) [26],

ahv = (hv — Eg)'/? (5)

where « is the absorption coefficient, h is Planck’s constant, v is the
photon frequency, and E; is the band gap energy. By extrapolation
of the linear part of the curve, the intersection with energy axis
determined the band gap Eg, which ranged from 4.11 to 4.24eV,
while the pure SnO, exhibited a band gap found to be 4.14eV
as can be easily seen in the inset of Fig. 6, consequently the dis-
crepancy of Eg was due to Al doping levels. Our results were in
accordance with those found by Bagheri Mohagheghi and Shokooh-
Saremi (3.60 < Eg <4.20) [33]. In addition, ions of Pt and Pd reduced
the optical band gap from 4 eV to 2.8 eV [34]. Fluorine ions changed
very slightly the optical band gap of SnO, [35]. SnO,, prepared by
sol gel route, exhibited an optical band gap of 3.48-3.72 eV [36] and
iron ions reduced the value of Eg from 3.87 to 3.38 eV [37].

3.3. Electrical measurements
The electrical resistivity p of pure and Al-doped SnO, was shown

in Fig. 7. The samples exhibited a resistivity range of 1-1000 2 cm.
The electrical resistance R (2) was given by expression (6), where

p was the electrical resistivity of the film, [ was the length between
two metal contacts, and A was their area,

R=p (6)

A
At room temperature, the resistivity has been found to vary
from 0.73 to 6.25Qcm as cited by Ahmed et al. [19]. Lower
values of resistivity were reported in literature, for pure SnO,
(2.71 x 1072 Q cm) and 2% Al-doped SnO; (6.7 x 10~2 Q cm) and
the resistivity increased with Al doping level [38]. High resistiv-
ity of pure SnO, (~10KS2cm) was obtained by Li [39]. Further,
minor values of resistivity (172.37 and 704.25 2 cm) were detected
for the Sb-doped SnO, sample [40]. Our samples demonstrated a
resistivity increase due to chlorine incorporation and the low sub-
strate temperature as mentioned previously. In literature, similar
films (o ~ 2 KS2 cm), were prepared by reactive sputtering [41]. The
resistivity of samples depended on grain size as shown in Fig. 7.
Resistivity of films was not reduced as much as it depends more on
the density of charge carriers and their mobility.

3.4. AFM morphology observation

The nanostructure morphology of the SnO, films was analyzed
by AFM. The grains sizes of our films ranged within 27-150 nm.
We confirmed that both Al doping and its level had influence on
grain structures as sketched in Fig. 8A-E. Nanograin-like assem-
bled islands were shaped in the 1.5% Al-doped tin oxide film. These
results were in good agreement with those found by Hamd et al.
and large sized grains exceeding 100 nm were confirmed [42]. Kim
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had found analogous shapes by AFM for pure SnO, grown by PLD
technique [43]. Other researchers like Khandelwal reported that
tin oxide exhibited columnar profile [44]. Overall, the surface was
homogenous and grains have different sizes. Moreover the grains
grown according to (2 00) preferential direction had well-defined
boundaries, these results corroborated with those given by X-ray
pattern. In summary, the pure tin oxide nanostructures looked like
rods with an average radius found to be 90 nm (see Fig. 8A up-left).
For the 1% Al-doped films, the grains looked like nano-islands with
an average size found to be 150 nm, with no well-defined bound-
aries, which expanded the whole surface with few voids as seen in
micrograph (Fig. 8B). The observed grains were clearly longer and
seem to be nanorods which were pointed to by an arrow on the
micrographs. The nanorods grew according to (2 00) orientation,
furthermore the Al ions’ presence made the nanorods thinner as
the Al content increased (Al 1.5%). The nanorods of 3% Al-doped
films became thinner and wavier with a size of 30 nm (see Fig. 8D).
Finally, in the case of 8.5% Al, grains were assembled in clusters,
and looked roughly like flowers, as can be seen in Fig. 8 D and
E (2 and 3-dimensional views (2D) and (3D)). Zhao reported that
SnO,, flower-like architecture had been synthesized by hydrother-
mal technique [45]. The high roughness of surface was detected
in 1% Al-doped SnO>, films as listed in Table 1. The smooth surfaces
were those of pure and 3% Al-doped SnO,, (root mean square rough-
ness (RMS) ~10nm). It would generally be considered that the
surface morphology of grown films was related to constituent ele-
ment parameters such as surface thermal energy and mass diffusion
[46]. The histogram distribution depicted the number of pixels per
division; the section analysis and PSD of nano-films were described
in Fig. 8 (bottom). The section analysis demonstrated the grain size
by two red arrows, smaller SnO, nano-clusters was grown by ther-
mal decomposition process (from 1.5 nm to 4 nm) as demonstrated
by Salavati-Niasari [47].

4. Conclusions

In summary, nanostructures of sprayed aluminum-doped SnO,
films were investigated. A careful study revealed that the Al doping
level greatly influenced the structural, morphological, optical and
electrical properties. These films were found to be polycrystalline
with a tetragonal crystal structure, which grew according to the
preferential (2 00) orientation with grain size of 19-27 nm. Lattice
parameters, a=4.707-4.745 A, and c=3.201-3.219 A, were affected
by the incorporation of Al in the unit cell of tin oxide. Additionally,
the SnO,, films were tensile (0.5 <¢&,; <1.1) and cell volume growth
AV|V (%) increased with Al content. The Al doping reduced the
transmittance and high transparency of the film was demonstrated
(Taverage ~ 83%). The optical band gap was found to be 4.14eV for
pure tin oxide and was modified by Al level doping. Film resistivity
changed with grain size as a result of Al content. Grains, having a
size range of 25-150 nm showed a nanorods’ structure and became
nano-flowers when Al rate exceeded 2%. The following characteris-
tics, low resistivity, high transmittance (~77.5%), major crystalline
structure TC (~0.8), a grain size of 25 nm, little surface roughness
(10.8 nm), made 3% Al doped tin oxide the best candidate for many
applications in micro-optoelectronic devices.
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