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Structural and optoelectronic properties of sprayed Sb:SnO; thin films: Effects of
substrate temperature and nozzle-to-substrate distance
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Abstract: The influence of substrate temperature and nozzle-to-substrate distance (NSD) on the structural, mor-
phological, optical and electrical properties of Sb:SnO, thin films prepared by chemical spray pyrolysis has been
analyzed. The structural, morphological, optical and electrical properties were characterized by using XRD, SEM,
UV-visible spectrophotometry and Hall effect measurement techniques. It was seen that the films are polycrys-
talline, having a tetragonal crystal structure with strong orientation along the (200) reflection. The pyramidal crys-
tallites formed due to coalescence were observed from SEM images. The values of highest conductivity, optical
transmittance and figure of merit of about 1449 (2-cm)™!, 70 % and 5.2 x 1073 [0/, respectively, were observed

for a typical film deposited using optimal conditions (substrate temperature = 500 °C and NSD = 30 c¢m).
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1. Introduction

Transparent conducting oxides (TCOs), like SnO,, In,O3
and ZnO, have a wide range of applications in optoelectronic
devices, owing to their unique combination of high electrical
conductivity and optical transparency in the visible spectrum
of light!'=3]. The development of TCO coatings seems to be
an important application of thin film technology, which works
as window layers transparent to solar radiation and electrical
contacts. Among the TCOs, antimony-doped tin oxide (ATO),
being an n-type, wide band gap semiconductor (= 3.6 eV) with
special properties (high transmittance in the visible range and
high reflectance in the infrared, excellent electrical conductiv-
ity, greater carrier mobility and good mechanical stability), is
used in different devices, like solar cells as transparent, protec-
tive electrodes, flat panel collectors as spectral selective win-
dows, sensors for the detection of gases, sodium lamps and
varistorsl*~7.

ATO films have been prepared by various techniques, such
as chemical vapour deposition, metalorganic deposition, RF
sputtering, electron beam evaporation, sol—gel, pulsed laser de-
position and spray pyrolysisl®~12l. Spray pyrolysis is one of the
simplest deposition techniques employed in various kinds of
thin films due to its simplicity, and its compatibility with large
area coatings without high vacuum ambience. Furthermore, the
capital cost and the production cost of high quality metal ox-
ide thin films is lowest for sprayed thin films. Moreover, the
spray pyrolysis technique is well suited to controlling the tex-
ture via the tuning deposition temperature and mass production
capability for uniform large area coatings.

Vasu et al.['3] have observed that the nozzle-to-substrate
distance (NSD) is significant in the pyrolytic reaction, whether
it is homogeneous or heterogeneous. It is known that the ho-
mogeneous reaction (which affects, the conductivity and the
visible transparency of the SnO;, films) can be minimized by
adjusting the substrate temperature and NSD. Shanthi et a/.['4]
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reported that the substrate temperature, NSD and air flow rate
play a significant role in determining the size distribution of
the droplets in the pyrolytic reaction. By suitably adjusting
these parameters, it is possible to force a heterogeneous reac-
tion to take place in the vapour phase. Ni ez al.['5] have re-
ported the electrical, structural, photoluminescence and opti-
cal properties of p-type conducting antimony-doped SnO, thin
films deposited on the quartz glass. By employing a simplified
version of spray technique using a perfume atomizer, the syn-
thesis of antimony doped tin oxide (ATO) films is reported by
Ravichandran ez al.!'®!, Thangaraju ez al.!'”! have carried out
structural and electrical studies on highly conducting spray de-
posited fluorine and antimony doped SnO, thin films from a
SnCl, precursor and reported the lowest sheet resistance (Ry)
of 5.65 ©/00 with 70% transmittance.

Even though an enormous amount of literature is avail-
able on the synthesis and characterization of ATO thin films
by different methods, efforts are still going on to enhance their
properties—especially the figure of merit, which requires high
conductivity and optical transmittance. This study focuses on
structural, morphological, optical and electrical properties of
sprayed ATO thin films, prepared specially, in order to enhance
the conductivity, carrier concentration, electron mobility and
figure of merit by varying the substrate temperature and NSD.

2. Experimental methods

Antimony doped tin oxide thin films were prepared by
spray pyrolysis onto the glass substrates using AR grade stan-
nic chloride (SnCly-5H,0) and antimony trichloride (SbCl3)
as precursors. Firstly, the 2M stannic chloride solution in aque-
ous media was prepared followed by 2 at% antimony incorpo-
ration in order to achieve an appropriate doping concentration.
For each deposition, 10 cc from this solution was mixed with
10 cc of propane-2-ol to make a final spraying solution of 20 cc.
To enhance the physicochemical properties of deposited films,
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Fig. 1. (a) XRD patterns of Sb:SnO> thin films deposited at 450, 475, 500, 525 and 550 °C. (b) XRD patterns of Sb:SnO> thin films deposited
with different nozzle-to-substrate distance (NSDs) of 29, 30, 31 and 32 cm.

Table 1. Various parameters estimated for sprayed Sb:SnO; thin films with substrate temperature. Rg,-Sheet resistance, p-Resistivity, n-Carrier
concentration, (-Mobility, ¢-Figure of merit, E¢-Fermi energy, /-Mean free path, C.S.-Crystallite size, wp-plasma frequency, A,-plasma wave-

length.
Substrate Ry 0 n I ¢ E¢ l C.S. p Ap
temperature () (1074 Q-em) (1029 ecm™3)  (ecm2/(Vss)) (1073 Q71 (V) (A) (mm) (10° Hz)  (nm)
(°C)
450 1031 129 2.46 19.63 0.029 053 251 19.6 191 986
475 825 106 2.81 20.85 0.175 058 278 299 2.04 923
500 421 69 3.73 24.04 5.81 070 352 306 235 801
525 575 8.1 3.36 22.88 2.00 0.65 234 283 223 844
550 715 9.7 3.26 19.81 0.602 064 278 28 2.20 857

we have studied the effect of substrate temperature and NSD
from 450 to 550 °C and 29 to 32 cm, respectively. After de-
position, all the films were allowed to cool naturally to room
temperature. The other deposition parameters were kept at their
constant values.

The structural properties were studied by a powder X-ray
diffractometer (Bruker D8 Advance, France) using CuKa ra-
diation in the 26 range of 20°-80°. The surface morphology
of the films was studied using scanning electron microscopy
(SEM, JEOL JSM 6360, Japan). An optical absorption study
was carried out in the wavelength range 300-1100 nm us-
ing a double beam spectrophotometer (SHIMADZU UV-1700,
Japan). The Hall effect setup (supplied by Scientific Equip-
ments, Roorkee, India) was used for the measurement of elec-
trical parameters like carrier concentration (7) and mobility (1)
at room temperature. The electrical conductivity was measured
in a van der Pauw configuration. A specially designed Hall
probe on a printed circuit board was used to fix the sample
of the size 10 x 10 mm?. Silver paste was employed to ensure
good electrical contacts.

3. Results and discussion

3.1. X-ray diffraction

Figure 1(a) shows the XRD patterns of Sb:SnO, thin films
as a function of substrate temperature. It shows the polycrys-
talline nature with a preferred orientation along the (200) re-
flection. The comparison of observed and standard d values
confirms that SnO, has a tetragonal crystal structurel'®]. As

the temperature increases, the reflection intensity of the planes
increases up to 500 °C, while for higher temperature the reori-
entation effect is observed. From this it is seen that the substrate
temperature has a key role in the growth mechanism. Deposited
films shows strong intense reflection along the (200) plane up
to 500 °C, and further at 525 and 550 °C the (211) and (301)
observe highly intense orientations, respectively. The films de-
posited at 450-500 °C show preferred orientation along the
(200) plane[lg]. Other weak intensity peaks viz. (110), (101)
and (310) are also observed.

In order to study the effect of NSD on the structural prop-
erties, SnO, films were grown by varying the NSD from 29 to
32 cm, at a fixed substrate temperature of 500 °C. The XRD
patterns of Sb:SnO, thin films deposited at different NSDs are
shown in Fig. 1(b). It is observed that the film deposited with a
29 cm NSD shows orientation along the (211) plane, whereas
for higher NSDs (30 cm, 31cm, 32 cm) the films show orienta-
tions along the (200) and (301) crystallographic directions. The
higher intensity of the (200) reflection is observed for the films
deposited at a 30 cm NSD. The orientation along the (301)
plane at higher NSDs is due to a reorientation effect caused
due to heterogeneous reactions responsible for the film struc-
ture. From the above structural analysis it is indicated that the
(211) and (301) reflections become dominant with changing
nozzle-to-substrate distance

The crystallite size ‘D’ is calculated using Scherrer’s for-
mula,
092
" Bcosh’

()
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Fig. 2. Scanning electron micrographs of Sb:SnO, thin films deposited at (a) 450 °C, (b) 475 °C, (c) 500 °C, (d) 525 °C and (¢) 550 °C.

where D is the crystallite size, B is the broadening of the
diffraction line measured at half of its maximum intensity (rad)
FWHM and A is the X-ray wavelength (1.5406 A) It is seen
(Table 1) that as the temperature increases, the average crystal-
lite size increases up to 500 °C (19.6 to 30.6 nm) and tends to
decrease afterwards due to a homogeneous reaction occurring
above the surface of the substrates.

3.2. Scanning electron microscopy

Figures 2(a)-2(e) show the SEM images of Sb:SnO, thin
films deposited at different substrate temperatures. It is seen
that the films are rough, homogenous, compact and adherent
in nature. The film thickness and grain size of the films in-
creases with deposition temperature from 450 to 550 °C. The
presence of big and faceting nanocrystals observed in these fig-
ures indicates the fact that pyramidal crystallites are formed
by coalescence. At 450 °C, randomly oriented spherical grains
are observed. At higher temperatures, these spherical grains are

converted into needle, prismatic, pyramidal like grains. In the
present study, two principal factors, such as substrate tempera-
ture and condensation rate, determine the structure of the con-
densate. SnO; in the tetragonal phase belongs to the P42/mnm
space group and has a ditetragonal-dipyramidal type of sym-
metry. This means that the external shape of the macrocrystals
is a combination of prisms (lateral facets of the crystal) and
pyramids (end facets of the crystal). It is observed that long
prismatic and needle crystals are formed at higher crystalliza-
tion rates in comparison with rates of pyramidal formation. At
intermediate rates, there is a combination of these cases, with
comparable areas of prismatic and pyramidal facets. Cross-
sectional images (Fig. 3) show the thickness variation of the
deposited films. As the temperature increases, the thickness of
the film goes on increasing (1.25-1.64 pum) up to 500 °C and
then decreases for higher temperatures.

Figure 4 shows scanning electron micrographs of the
Sb:SnO, samples deposited for various NSDs. The film de-
posited at 29 cm shows a relatively rough, loosely bound and
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Fig. 3. Cross-sectional images of Sb:SnO5 thin films deposited at (a) 475 °C, (b) 500 °C, (c) 525 °C and (d) 550 °C.

Fig. 4. Scanning electron micrographs of Sb:SnO, thin films deposited with different NSDs of (a) 29 c¢cm, (b) 30 cm, (c) 31 cm and (d) 32 cm.

slightly porous surface morphology while the film deposited
at a 30 cm NSD shows uniformly distributed grains of greater
size. After 30 cm, films were transferred towards loosely orga-
nized smaller grains. Cross-sectional images of different NSDs
are shown in Fig. 5. The thickness of the films goes on de-

creasing (1.7-1.29 um) with increasing NSD due to the evap-
oration of aerosols. The nature of the film structure changing
with thickness can be considered as evidence of layer-by-layer
growth during spray pyrolysis. This means that when a cer-
tain thickness is achieved, crystallites stop growing and new
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Fig. 5. Cross-sectional images of Sb:SnO» thin films deposited with different NSDs of (a) 29 cm, (b) 30 cm, (¢) 31 cm and (d) 32 cm.

Fig. 6. Optical transmittance of Sb:SnO» films at different substrate
temperatures using a NSD of 30 cm.

crystallites are appearing on the surface. In other words, de-
posited films may have layering structure where every layer
would have its own structure with other sizes of crystallite and
their preferred orientation.

3.3. Optical properties

Figures 6 & 7 show the variation in optical transmittance
with wavelength of SnO,:Sb thin films deposited at various
substrate temperatures and NSDs. The well-developed inter-
ference patterns in transmittance (7)) show that the films are
specular to a great extent. The average transmission in the visi-
ble region has been found to be 70% at the optimized substrate

Fig. 7. Optical transmittance of Sb:SnO» films deposited with differ-
ent NSDs.

temperature of 500 °C. At lower temperatures, e.g. at 450 °C,
relatively lower transmission is observed due to the formation
of whitish milky films due to incomplete decomposition of the
sprayed droplets. The increase in optical transmission with sub-
strate temperature can be attributed to the increase in structural
homogeneity and crystallinity. In general, in the visible region
of the spectrum, the transmission is very high (high enough to
observe interference fringes). Owing to less absorption due to
transfer of electrons from the valence band to the conduction
band as a result of optical interference effects, it is possible to
maximize the transmission of the thin film at a particular re-
gion of wavelengths. The decrease in transmittance at higher
temperature (> 500 °C) may be due to the increased scattering
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Fig. 8. Plot of (a/1v)? versus v for Sb:Sn0O5 thin films deposited with
different substrate temperatures.

Fig. 9. Plot of (whv)? versus kv for Sb:SnO5 thin films deposited with
different NSDs.

of photons by crystal defects. The free carrier absorption of
photons may also contribute to the reduction in optical trans-
mittance®?). The amplitude of interference fringes decreased
at higher temperatures (> 500 °C), and this indicated a loss in
surface smoothness leading to slight scattering losses.

The variation in transmission of the deposited films with
NSD is shown in Fig. 7. The transmittance increases with
NSDs from 50% to 70%, achieving maximum value at 30 cm.
Lower transmittance at lower NSDs is because of sprayed so-
lution droplets reaching the substrate early, so the mechanism
of spray pyrolysis will not be completed perfectly. Also, the re-
sulting films are rough and whitish-blue in colour, which may
be one of the reasons for a lower transmittance. At the optimum
NSD, the thermal energy gained by the droplet is such that it va-
porizes just above the substrate and gives a good, highly trans-
parent film. In the case of a high NSD, the droplets vaporize
entirely above the nucleation centre of the film onto the pre-
heated substrates. Hence the homogeneous reaction takes place
in the vapour phase, which diminishes the deposition efficiency
and the molecules condense as microcrystallites. They form a
powdery precipitate on the substrate, resulting in a decrease in
transparency. The decrease in optical transmittance at higher
NSDs is due to re-crystallization of the crystallites in the film.

Fig. 10. Variation in reflectance of Sb:SnO, thin films with various
substrate temperatures.

Fig. 11. Variation in reflectance of Sb:SnO; thin films prepared with
different NSDs.

In order to estimate the band gap energy of the films, the
variation in (ahv)? with hv is shown in Figs. 8 and 9 for
various substrate temperatures and NSDs. This has a straight
line portion, indicating that the transition involved is direct al-
lowed?!]. The direct band gap, determined by extrapolating
the straight portion to the energy axis to (ahv)? = 0, varies
from 3.50 to 3.97 eV up to 500 °C (30 cm NSD) and further
decreases for higher temperatures and NSDs. These values are
higher than the value of E, = 3.57 eV reported for single crys-
tal Sn0,122). This increase in band gap can be attributed to
an increase in carrier concentration of the films due to com-
plete decomposition of the deposited materials. Thin films of-
ten show a small band gap widening and the absorption edge
moves to a shorter wavelength than that of the bulk material
showing blue shift. So the blue shift of the band gap is at-
tributed to the compressive strain in deposited tin oxide films,
and after increasing the deposition temperature and NSD, the
band-gap value decreases due to the relaxation of the built in
strain.

Reflectance spectra of Sb:SnO, thin films deposited with
various substrate temperatures and NSDs are shown in Figs. 10
and 11. The reflectance increases with increasing substrate
temperature and NSD, attaining a maximum value at 500 °C

102001-6



J. Semicond. 2011, 32(10)

R. Babar et al.

Table 2. Various parameters estimated for sprayed Sb:SnO» thin films with various NSDs. Rg,-Sheet resistance, p-Resistivity, n-Carrier concen-
tration, u-Mobility, ¢-Figure of merit, E¢-Fermi energy, /-Mean free path, C.S.-Crystallite size, w,-Plasma frequency, A,-Plasma wavelength.

Nozzle to Rqn I n " ¢ E¢ l C.S. wp Ap
substrate dis-  (Q) (1073 Q-em)  (102°em™3)  (em2/(V-s)) (1073 Q7Y  (eV) (A) (mm) (10 Hz)  (nm)
tance (cm)

29 736 1.2 2.79 17.87 0.17 057 238 257 203 926
30 421 69 3.73 24.04 5.81 070 352 306 235 801
31 6.57 0.1 3.35 18.48 2.68 0.65 261 296 223 845
32 853 1.1 3.18 17.79 0.57 0.63 247 256 217 867

and 30 cm NSD and decreasing afterwards. Well resolved in-
terference patterns are seen. The reflectivity of the films in-
creases with respect to wavelength. The IR reflectivity of the
films is calculated using the relation!2!

R = (1 +2¢epcoRq) 2, 2

where free space impedance 1/ggco = 376 2, Ry, is sheet re-
sistance. This equation is valid over a wide range of IR region.
The calculated IR reflectivity is found to be in the range of
89%—96% and 91%—-96% for the films prepared with various
substrate temperatures and NSDs. The estimated high IR re-
flectance of these films suggests that the films are useful in flat
plate collectors and in different electrode processes.

Drude’s model is generally used for the analysis of a de-
crease in the transmittance near the infrared region[2*l. Briefly,
this model illustrates the drop in transmittance at the near IR
region and it is associated with the plasma frequency (w,) ex-

pressed as
drne® \'?
wp=—"77] - 3)
£0E0cM ¥

where n is the carrier concentration, e is the electronic charge,
o is the permittivity of free space, e« is the high-frequency
permittivity and m is the effective mass. As wy, is proportional
to the square root of the carrier concentration, an increase in
carrier concentration leads to a decrease in transmission in the
near-IR region. The plasma wavelength (4,) is expressed as

4m2c?
A= — )
p
As the deposition temperature and NSD increase, the
plasma wavelength shifts towards the lower wavelength side
due to increases in carrier concentration (Table 2) and then
shifts towards the higher wavelength region due to a decrease
in carrier concentration at higher substrate temperature as well
as NSDs.
The device performance is determined from the figure of
merit (¢) and is calculated by using Hacke’s formula,

TlO
b= % ®)

where T is the transmittance and Ry, is the sheet resistance.
The sheet resistance (Ry,) is a main factor for figure of merit,
which is calculated by the van der Pauw technique. The varia-
tion in figure of merit with substrate temperature and NSD is
shown in Tables 1 and 2. The highest achieved figure of merit
is about 5.02 x 1073 Q~! at 500 °C and 30 cm NSD and it is
attributed to enhanced crystallinity.

3.4. Electrical properties

The electrical resistivity (p) and Hall mobility (u) of the
Sb:SnO, thin films with different deposition temperature are
shown in Table 1. The resistivity is found to decrease with in-
creasing temperature initially up to 500 °C and then increases
for higher temperatures. The initial decrease in resistivity with
temperature up to 500 °C is a consequence of an increase in
mobility, which is found to increase due to the improvement
of the crystalline structure of the films due to heating, as ob-
served by the XRD analysis. With increased crystallinity, grain
size increases thereby minimizing the grain boundary scatter-
ing losses and defects in the films. So the number of electron
trap states decreases and hence the carrier concentration in-
creases. Further, the resistivity increases above 500 °C temper-
atures due to evaporation of solution and slight generation of
powdery films. The Hall mobility and carrier concentration of
films represents a similar trend as per resistivity. The electron
motilities and carrier concentration for Sb:SnO, films range
from 19 to 25 cm?/(V-s) and 2.46 x 10%° t0 3.73 x 10%° cm™3,
respectively. On the other hand, it is generally agreed that the
stoichiometry of the films is commanded by the deposition at-
mosphere and substrate temperature. In case of films deposited
at low substrate temperatures, the overall of Sn oxide reac-
tions do not take place. As the substrate temperature increases,
films with a more appropriate stoichiometry are obtained. For
films deposited at higher substrate temperatures, the following
two aspects should be considered: a more stoichiometric film
is formed, and a diffusion of alkaline impurities coming from
the substrate to the films is present; both facts lead to Sb:SnO,
films being more resistive.

Table 2 shows the variation in electrical properties of the
Sb:SnO, films grown at different NSDs. As the NSD changes,
the thermal gradient in the vapour space changes, hence modi-
fication in the thermophoretic force acting on the liquid droplet

takes place. The expression for the thermophoretic force (Fiy)
i5[25]
is

—3mnrgradT,
Fop= 0 ERCN (6)
Yara
3A,.gradT,
dTy = ——, 7
B = e + Aa )

where r is the radius of the droplet, 7 is the temperature of
the droplet, T, is the temperature of air, A, is the thermal con-
ductivity of air, A4 is the thermal conductivity of the droplet,
n is the viscosity, y, is the density, and / is the mean free
path of air molecules. In spray pyrolysis, when the droplet ap-
proaches the substrate, it should vaporize entirely just above

102001-7



J. Semicond. 2011, 32(10)

R. Babar et al.

the substrate; this is the ideal condition for the best transporta-
tion of the species to the substrate. The thermal energy gained
by the droplet depends on the factor grad T4. Assuming that
the size distribution of all the droplets is the same, the ther-
mal energy gained by the droplets will increase greatly with in-
creasing NSD. This results in the preheating of the droplets by
carrier gas through heat radiation. It is known that preheating
enhances the pyrolytic reaction!!#]. As the NSD increases, the
grain growth increases, which turn decreases scattering. The
structural quality of the films increases with the NSD and hence
a reduction in the grain-boundary scattering is obtained in ad-
dition to the grain size growth. Therefore, it seems that at 30 cm
NSD, a heterogeneous reaction takes place due to the preheat-
ing of the optimized droplet size and hence good Sb:SnO, qual-
ity films are obtained. Above 30 cm, the thermal energy gained
by the droplet is very high, causing the complete vaporization
of water molecules (oxidizing agent in the pyrolytic decom-
position) takes place far away from the substrate. The particle
melts and vaporizes (or sublimes), and a chemical reactions
occur in the vapour phase. This is a homogeneous reaction, be-
cause all the reactant molecules and product molecules are in
the vapour phase. The molecules condense as microcrystallites,
which form a powdery precipitate on the substrate. This pow-
der disturbs the formation of the layer and leads to a reduction
in transmission. In addition, the homogeneous reaction dimin-
ishes the deposition efficiency. The variation in mobility with
NSD can be explained on the basis of grain boundary scattering
and impurity scattering, which are the main scattering phenom-
ena in the case of extrinsic semiconductors.

The mean free path (/) is calculated by the following rela-

tion,
h (3n 1/3
l=z(7) s ®)

where & is Plank’s constant, e is the electron charge, n is the
carrier concentration and p is the Hall mobility. The mean free
path increases with deposition temperature and NSD (Tables 1
& 2), and then decreases for higher deposition temperature and
NSD. The films deposited at 500 °C and 30 cm NSD show a
mean free path (/) of 35.2 A. Since the / values are consider-
ably shorter than the grain size (as seen in the SEM images),
the Hall mobility is limited by the ionized impurity scattering
rather than the grain boundary scattering.

The film degeneracy is confirmed by evaluating the Fermi
energy using relation

2 2/3
8m* \ &

The value of effective mass evaluated from plasma fre-
quency for Sb:SnO, films; 0.27m, (m. = rest mass of electron)
is used for the evaluation of Fermi energy. The calculated value
of Fermi energy lies in the range of 0.53-0.70 eV (Table 2).
Fermi energy values are relatively higher compared to kT at
room temperature, which is evidence for the degenerate nature
of materials.

4. Conclusions

The influence of the substrate temperature (75) and NSD
on the structural, morphological, optical and electrical prop-

erties of Sb:SnO, thin films has been investigated. Deposited
films show a tetragonal crystal structure with a reorientation ef-
fect. Morphological images show that the surface of the films
is rough and adherent. Thermophoretic forces affect the nucle-
ation growth of the films. The blue shift has been observed in
optical band gap analysis. The highest achieved transparency
and conductivity at the optimized substrate temperature and
NSD is about 70% and 1449 (Q-cm)™!, respectively. With
these properties, the deposited Sb:SnO, films are very useful
in optoelectronic devices.
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