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ABSTRACT 

 

Boron doped SnO2 thin films are prepared by spray pyrolysis and 
their LPG and methane sensitivity are compared with that of 
undoped samples. The average thicknesses of the films are 900 nm 
and the grain size varies from 31 nm to 39 nm with deposition 
temperature. Maximum sensitivity of 56 % is obtained towards 
LPG for 0.6 wt. % boron doped film deposited at 355°C. Towards 
methane it is only 22 %. Only 45 % of added boron is 
incorporated in the film formation at lower temperature of 285°C 
where as about 65 % is incorporated at deposition temperature of 
355oC. Boron incorporation favours the preferential orientation 
growth along plane (110) and (301) at lower temperatures and 
(110) alone at higher temperature. For maximum sensitivity both 
(110) and (101) plane reflections possess maximum intensities. 
The band gap energy and the lattice strain are a factor of 
deposition temperature. The optical transmittance increases with 
deposition temperature in the visible region but decreases in the 
ultra violet region. The lattice parameters are in close matching 
the reported values. XRD, SEM, EDX, UV-Vis and XPS are 
utilized for characterization. 
 

Keywords: boron doping, tin oxide film, LPG sensing, methane 
sensing, XPS study. 
 

1.  INTRODUCTION 
 
 The  oxidation  of  reactive  gases  at  

the surface of semiconducting metal oxide 
(SMO) thin films thereby causing change in 
electrical conductivity of the films has been 
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extensively well thought-out for substantial 
research in the development of electronic 
nose, during past few decades. The reaction 
of SMO materials with gases and the result 
of the conductometric changes were 
introduced in the early 1950's by Brattain    
et al.1 and Heiland et al.2. The direct 
application of the effect was established to 
detect gaseous components in air by 
Bielanski3 in 1957 and by Seiyama4 in 1962. 
But some constraints still prevent the 
universal application of this effect for the 
exact measurement of gases. Numerous 
oxides have been studied in attempts to 
optimize the effect, and tin oxide seems to 
be a material with favorable unique 
properties such as chemical and thermal 
stability, natural non-stoichiometry and good 
ability to absorb oxygen. Thin film form of 
the oxide is expected to produce highest 
sensitivity, as sensing is essentially a surface 
phenomenon5,6,7. The resistance of tin 
dioxide thin films changes according to the 
nature of ambient gas, its concentration, 
surface temperature, film thickness and 
stoichiometry, while the relationships are 
nonlinear8. The electrical resistance of SnO2 
based sensors is controlled by a potential 
barrier mechanism. The dense layer of SnO2 
acts as a "molecular sieve", for holding 
oxygen adsorbed from the atmosphere at the 
grain boundaries, leading to an electron 
depleted zone. The reducing gases such as 
hydrocarbons react with the adsorbed 
oxygen thereby increasing the electron 
concentration in the material resulting in 
increase of the electrical conductance. The 
best working temperatures of SnO2-based 
sensors are different for various target gases 
and ranges widely, with method of 
preparation6,9,10. Among various deposition 

methods for thin film preparation, spray 
pyrolysis is attractive because of its 
simplicity, lower process cost and the 
possibility to vary the parameters of film 
preparation over a wide range in order to 
have enhanced material properties11,12. Also 
the pyrolysed tin dioxide films will have 
high optical transmission13 and low sheet 
resistance14,15. Although the oxide themselves 
are active in gas ambience, they are rarely 
used in isolation as their gas sensing 
characteristics are greatly enhanced by 
adding a small amount of both metallic and 
non-metallic dopants9,10,16. 
  In this research, polycrystalline, B 
doped SnO2 thin films are prepared by the 
spray pyrolysis method under predetermined 
conditions. Its electrical, optical, composi-
tionnal and microstructural characteristics 
are analysed and their gas sensing properties 
towards LPG and methane are investigated. 
In spite of many relevant researches had 
been carried out, an atomic level 
understanding in sensing properties of SnO2 
based materials towards various gases lack 
in literature. Here an attempt is done for a 
micro level explanation of the sensing 
properties based on the XPS, XRD, SEM, 
and UV-visible spectra. 
 
EXPERIMENTAL 

 

Boron doped SnO2 thin films along 
with undoped films are deposited on well 
cleaned micro glass slides by spray pyrolysis 
technique. The basic solution is prepared by 
dissolving an aqueous solution of 
SnCl2.2H2O in dilute HCl and isopropanol. 
Boron doping is achieved by adding required 
amount of boric acid (H3BO3) in starting 
solution. The films are deposited at 
temperatures in between 285°C to 355°C 
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with an accuracy of ±3°C. Spraying is done 
using glass atomiser with compressed air as 
a carrier gas. Surface temperature of the 
substrate is controlled electronically by 
means of a chromel-alumel thermocouple. 
The spray duration is 10 minutes and the 
solution flow rate is 9 ml. /minute.  

Thickness of the films is measured 
by using the Sloan Dektak 6M profilometer. 
Structural properties of the films are studied 
by X-ray diffractometer (Rigaku MiniFlex 
600). The elemental identification is carried 
out by recording the Fourier transform Infra-
Red spectra using Bruker Tensor 27, FTIR 
spectrophotometer.  Compositions of the 
films are verified by XPS (VG Scientific 
Multilab ESCA 3000 spectrometer) using Al 
Kα and EDX. Surface morphology of the 
films are analyzed by SEM (Hitachi S 2400). 
The variation in optical absorbance and band 
gap energy with deposition temperature is 
also studied utilizing UV-Visible 
spectroscopy (PerkinElmer Lambda 650). 

 

To analyse the  gas sensing 
behaviour, the films are individually loaded 
in an air tight conductivity chamber, having 
electrical measurement set up and are carried 
out in van der Pauw four-probe method by 
means of computer controlled Keithley 
micro-ohmmeter S 2400. The sample is 
radially heated to a particular operating 
temperature detected using a chromel-alumel 
thermocouple and is controlled 
electronically. The value Ra is noted as the 
initial resistance of sample in the absence of 
the test gas at a particular operating 
temperature. Liquefied petroleum gas (LPG) 
is injected into the test chamber to attain a 
concentration of 1000 ppm. The resistance 
of the film, Rg, is continuously recorded in 
an interval of 5 seconds to determine the 

sensor response. The film sensitivity is then 
determined as the ratio of variation in film 
resistance to its original resistance in 
percentile. LPG is then pumped out using a 
rotary pump and pure atmospheric air is 
admitted. Again the variation in resistance of 
the film is recorded to analyse its recovery 
characteristics. Response and recovery are 
investigated repeatedly. Instead of LPG, 
Methane is injected into the chamber. The 
film response and recovery characteristics 
towards methane gas are investigated as 
earlier.  
 
RESULTS AND DISCUSSIONS 
 
Material characterisation 
 

The thicknesses of the deposited 
films are in the range 860 nm to 1100 nm. 
Grain size evaluations carried out using 
Scheerrer’s formula shows that average 
grain size increase with the deposition 
temperature from 31 nm to 39 nm as the 
deposition temperature is varied from 285ºC 
to 355ºC. The characteristics planes (110), 
(101), (111), (211), (200) and (301) of SnO2 
cassiterite structure are observed with good 
intensity in the  all diffractograms of 
samples prepared in the range 285°C to 
355°C. Boron incorporation favours the 
preferential orientation growth along plane 
(110) and (301). The variation in intensities 
of the planes (101, (200), (111), (211), (220) 
and (301) are also identified with 
temperature. 

 

The X-ray diffractogram of 0.4 wt% 
Boron doped SnO2 deposited at 355°C is 
shown in Fig 1, for which the maximum 
sensitivity is obtained towards both gases. 
The film has a preferred orientation in (301) 
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plane. For maximum sensitivity it is found 
that the intensity of (110) should exceed that 

of (101) plane.  The grain size of the film is 
obtained as 31 nm. 

 

 
Figure 1. X-ray diffractogram of 0.4 wt% of boron doped SnO2 film deposited at 355°C. 

 
 
Table1. Texture coefficients of planes for samples deposited at 355oC with varying Boron 
concentrations 
 

Dopant Concentration wt.% 
Texture coefficients for planes 

110 101 200 111 211 220 310 301 
        Undoped 0.2281 0.5627 .4932 - 1.8346 - - 2.1267 

0.2 0.4178 0.5165 0.4125 0.9187 1.2490 - - 1.9176 
0.4 0.9537 0.86016 0.3182 1.4877 1.1269 - - 1.4532 
0.6 0.5992 0.5309 0.4409 1.1336 1.4738 - - 1.1719 
0.8 0.4598 0.7691 0.1324 1.3211 1.9387 - - 0.9143 

 

 
The variation of texture coefficient 

of planes with boron concentration for 
samples deposited at 355 °C is shown in 
table 1. The growth of (110) plane increase 
up to 0.6 wt.% of boron and then decrease. 
Boron addition generally suppress the 
growth of (301) plane. There is no growth in 
(220) and (310) planes and it is concluded 
that the growth in these planes are governed 
by deposition temperature only and not by 
dopant concentration. 

Williamson-Hall plot are constructed 
to determine lattice strains. The micro strain 
in 0.6 wt% Boron doped film (deposition 
temperature – 355°C is determined as 4.69 x 
10-3. The grain size determined from 

Williamson-Hall plot for the same sample is 
44 nm and is in well agreement with that 
obtained from XRD. 

Figure 2 shows the variation of 
absorbance (α), with wave length of incident 
photon for 0.6 wt. % samples prepared at 
285 °C and 355 °C with their Tauc plot in 
the inset. The plots for other temperatures 
are also similar and are not included for 
readability. The absorbance is moderate in 
the visible region and shoots up at far ultra 
violet region. The study reveals that the band 
gap energy is 3.64 eV for samples prepared 
285°C and increases linearly with 
temperature up to 3.74 eV for samples 
pyrolysed at 355 °C. 
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Figure 2. UV-Visible wave length versus absorbance with Tauc plot in inset for 0.6 wt.% boron doped film 
deposited at various temperatures 
 

Table 2. Structural analysis of 0.4 wt% boron doped films deposited at different temperatures 
 

Temperature 
(°C) 

hkl 
plane 

d spacing 
A° 

a    
(A°) 

c    
(A°) 

a/c 
ratio 

lattice 
strain  

(x10-3) 

Grain 
size 
(nm) 

Band Gap 
energy 
(eV) 

         
285 

110 3.34802 
4.7348 3.2113 1.474 4.55 38 3.64 

211 1.76776 

325 
110 3.34896 

4.7361 3.2118 1.474 4.43 34 3.70 
211 1.76819 

355 
110 3.35468 

4.7442 3.2067 1.479 4.63 31 3.74 211 1.76945 
        

 

 
Figure 3. EDX spectrum for 0.6 wt % Boron doped SnO2 deposited at 355°C. 
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The variation in lattice constants, 
micro strain, grain size and band gap energy, 
with deposition temperature for 0.4 wt% 
boron doping is shown as table 2. It can be 
seen that the observed d-spacing of the 
diffraction planes are very close to the 
standard values and therefore ∆dhkl values 
are very small in the order of 10-3 nm for 
both (110) and (211) planes having 
maximum intensities in the diffractograms.  

 
The dimension of lattice constant ‘a’ 

shows a small increase with deposition 
temperature 385°C where as the constant ‘c’ 
depicts  a slight fall, there by the ratio a/c 
increases gradually up to 385°C and then 
shows a fall. All the films have a positive 
value for lattice strain and are of the order of 
10 -3.The grain size is least for films 
deposited at 355°C and band gap energies 
increases linearly with deposition 
temperature as evident from table 2. 

The boron incorporation into the 
film is verified by EDX analysis. The EDX 
Spectrum for 0.6 wt % Boron doped SnO2 

deposited at 355°C, is shown in figure 3, 
with the atomic percentage of composition 
given in the inset. The spectrum exhibited 
clear peaks of Sn, O and B elements. 
Comparison of EDX spectrum for different 
conditions furnish that the amount of added 
boron incorporated into the film depends on 
the deposition temperature. It is observed 
that only 45% of added boron is 
incorporated in the film formation at lower 
temperature of 285°C where as about 65% is 
incorporated at deposition temperature of 
355oC. 

 
The micrograph of the undoped film 

deposited at 355°C is shown as figure 4(a) 
and 0.4 wt % boron doped film in 4(b). The 
image shows that in undoped films the 
grains are nearly spherical shaped having 
uniform size of about 150 nm and are filled 
with voids. Boron doping greatly influences 
the grain formation in both size and 
orientation. The grains are of pebble like 
shaped of varying size in doped 
morphology. 

 
 
 

 
 

Figure 4. Micrograph of (a) undoped and (b) 0.4 wt. % boron doped films, deposited at 355°C. 
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Figure 5. XPS survey scan for 0.4 wt.% B doped SnO2 film deposited at 355 °C 
 

 
Figure 6. XPS area analysis determination of O-Sn ratio in 0.4wt.% Boron doped SnO2 thin film deposited 
at 355°C. 
 

Figure 5 is the XPS survey scan of 
0.4 wt% B-SnO2 films deposited at 355°C, 
which shows maximum sensor response to 

LPG. The spectra have been referenced to C 
1s binding energy value of 284.6 eV. The 
spectrum contains the Sn 4d, Sn 3d5/2, Sn 
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3d3/2, Sn 3p3/2, Sn 3p1/2, C 1s and O 1s peaks. 
A small peak at 187.8, (given as inset in 
Figure 5) reveals the presence of boron in 
the sample. The separation between the Sn 
3d5/2 and Sn 3d3/2 binding energy is in 
agreement with the reported value (8.5 eV) 
of SnO2-x thin films. Similarly, the film 
features the Sn3d5/2 peak which reveal the 
adsorbed species of O– (O–Sn4+) and O2– 
(O–Sn2+) on SnO2 surface.  

The compositional analysis of the 
film is carried out from XPS detail survey of 
Sn and O by the area analysis of their peaks. 
Figure 6 shows the detailed area analysis of 
the major peak of Sn and O1s. For this the 
sensitivity factor of Sn 3d5/2 is taken as 4.725 
and that of O1s is taken as 0.711. The 
obtained O1s - Sn 3d5/2 ratio is 2.085. This 
suggests the formation of SnO2 in the crystal 
structure. The excess of oxygen is due to the 
chemisorptions of atmospheric oxygen on to 
the film surface. 
 
Gas sensing analysis 
 

The resistances of the as prepared 
samples are measured by four probe method. 
It is seen that the sheet resistance decreases 
almost linearly with increase in temperature. 
At all the temperatures, the undoped films 
have the minimum resistance than the doped 
samples. As the boron concentration is 
increased, the sheet resistance increases 
initially up to 0.6 wt. % and then shows a 
decrease in its value. 

 

When the samples are heated in air, 
its resistance initially shows a fall. The 
resistance then gets almost steady at a 
temperature in between 250°C and 260°C, 
and will be nearly 65% of the its resistance 
at room temperature. As the temperature is 

again increased the resistance starts 
increasing. At a temperature of 340°C, the 
resistance regains its original value at room 
temperature, above which sensitivity 
become appreciable. Larger the resistance of 
the film, higher will be its sensitivity. 

The gas sensitivity of the films is 
greatly influenced by operating temperature. 
The films do not show response to LPG 
below an operating temperature of 280°C. 
Similarly it responds to methane gas only 
above 325°C. Maximum sensitivity with 
smooth response curve is obtained for LPG 
at an operating temperature of 350°C and 
that for methane at 385°C, as evident from 
figure 7.  Hence the films have optimum 
temperatures for its operation and a good 
level of selectivity is attained between LPG 
and methane. As the operating temperature 
is further increased above these optimum 
temperatures the sensitivity shows as slight 
decrease for both gases. Hence our studies 
are concentrated at these optimum 
temperatures.  
 

 
 
Figure 7. Variation of film sensitivities with 
operation temperature for LPG and methane. 
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The sensitivities of the prepared 
samples are plotted against boron 
concentration, for each of the deposition 
temperatures. Figure 8 shows the variation 
of LPG sensitivity with boron concentration 
at an operating temperature of 350°C.  
Almost similar profiles are obtained for all 
deposition temperatures. The undoped 
samples have very week sensitivity and their 
variation is small with deposition 
temperature. But for doped samples there is 
appreciable variation with dopant 
concentrations and deposition temperatures. 
The sensitivity increases upto a deposition 
temperature of 355°C. Similarly the 
sensitivity shows a hike with boron 
concentration up to 0.4 wt. %. Maximum 
sensitivity of 56 % towards LPG is obtained 
for 0.4 wt.% boron doped sample pyrolysed 
at 355°C. 
 

 
 

Figure 8. Variations in LPG sensitivity with boron 
concentration for samples pyrolysed at 
temperatures in the range 285°C and 355°C. 
 

Figure 9 shows the variation of 
methane sensitivity for different dopant 
concentration and deposition temperatures at 
an operating temperature of 385°C. The 
sensitivities towards methane for undoped 
samples are appreciable but have only weak 
enhancement by boron doping. For all the 

samples, their methane sensitivity is far 
behind that of their LPG sensitivity. The 
sensitivity increases up to 0.4 wt.% of boron 
and then decreases with boron additive. Also 
sensitivity of films increases up to a 
deposition temperature of 355°C. 

Figure 10 shows the actual variation 
in four probe resistance of 0.4 wt.% boron 
doped sample, for whom maximum 
sensitivity is obtained towards both gases, 
during the feeding and removal of 1000 ppm 
of LPG and methane separately. 
 

 
Figure 9. Variations of methane sensitivity with 
boron concentration for samples pyrolysed at 
temperatures in the range 285°C and 385°C. 
 

 
Figure 10. The variation in resistance for 0.4 wt.% 
boron doped film during its response in 1000 ppm 
LPG and methane ambient separately and their 
recovery in atmospheric air at an operating 
temperature of 350°C and 385°C respectively. 
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Four consecutive cycles of response 
and recovery are plotted for both the gases. 
From the response curve it is obvious that 
for both cases, 80% of the sensitivity is 
attained within 76 seconds after the feed of 
gas. Similarly 80% of recovery of original 
value after the gas is washed out is attained 
within 100 seconds. The samples recover 
only 96% of its initial resistance even after 
200 seconds. In the case of methane 
response (dotted line), the response and 
recovery are little faster than LPG as the 
variation in resistance is low due to low 
sensitivity. 
 
CONCLUSIONS 
 

A good polycrystalline SnO2 films 
are obtained at a pyrolytic temperature 
above 280°C. The thicknesses of the 
deposited films are in the range 860 nm to 
1100 nm. The grain size varies with 
deposition temperature in the range 31 nm 
and 39 nm. The amount of boron 
incorporation on to the films depends on 
deposition parameters. Boron incorporation 
favours the preferential orientation growth 
along plane (110) and (110). Boron addition 
generally suppress the growth of (301) and 
(211) plane. The lateral strains calculated 
from Williamson-Hall plot is obtained as 
4.69 x 10-3 and vary slightly with deposition 
temperature.  The band gap energy widely 
varies from 3.64 eV to 3.74 eV with 
temperature. The lattice parameters are close 
matching with standard values and the 
deviation with deposition condition is very 
less. Only 45% of added boron is 
incorporated in the film formation at lower 
temperature of 285°C where as about 65% is 
incorporated at deposition temperature of 
355oC. 

Boron doping in tin oxide improves 
the LPG and methane sensitivity 
significantly. The samples do not respond to 
LPG while the measurement temperature is 
kept below 280oC. At an operating 
temperature of 325oC an appreciable change 
in electrical resistance is observed and a 
very good response is obtained at an 
operating temperature of 350oC. Towards 
methane, response occurs only above 340°C 
and for obtaining maximum sensitivity the 
operating temperature should be 385°C. It is 
observed that small amounts of B doping 
enhance both LPG and methane sensitivity. 
The enhanced sensitivity towards LPG while 
comparing with methane may be due to the 
long chain molecules in it. Also methane 
having strongest bond strength among the 
hydrocarbons, needs higher temperature to 
dissociate. 
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