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Pure nanocrystalline SnO2 ¯lms were grown on a clean glass substrate by using sol–gel dip coating
and chemical bath deposition (CBD) techniques for gas sensor applications. The ¯lms were annealed
in air at 300�C, 400�C, and 500�C for 60min. The deposited ¯lms with a thickness of approximately
300 � 20 nm were analyzed through X-ray di®raction, scanning electron microscopy (SEM), atomic
force microscopy (AFM), and optical absorption spectroscopy. Results revealed that the ¯lms
produced by dip coating exhibited a tetragonal rutile structure and those produced by CBD showed
a tetragonal rutile and orthorhombic structure. The crystalline sizes of the ¯lms produced by dip
coating annealed at 300�C, 400�C, and 500�C were 8, 14, and 22.34 nm and those for CBD ¯lms at
these temperatures were 10, 15, and 22 nm, respectively. AFM and SEM results indicated that the
average grain size increased as annealing temperature increased. The transmittance and absorbance
spectra were then recorded at wavelengths ranging from 300 nm to 1000 nm. The ¯lms produced by
both the methods yielded high transmission at visible regions. The optical band gap energy of dip-
coated ¯lms also increased as annealing temperature increased. In particular, their optical band gap
energies were 3.5, 3.75, and 3.87 eV at 300�C, 400�C, and 500�C, respectively. By comparison, the
energy band gap of CBD-prepared ¯lms decreased as annealing temperature increased, and their
corresponding band gaps were 3.95, 3.85, and 3.8 eV at the speci¯ed annealing temperatures. The
¯lms were further investigated in terms of their sensing abilities for carbon monoxide (CO) gas at
50 ppm by measuring their sensitivity to this gas at di®erent times and temperatures. Our results
demonstrated that dip-coated and CBD-prepared ¯lms were highly sensitive to CO at 200�C and
250�C, respectively.

Keywords: SnO2 thin ¯lms; sol–gel; chemical bath deposition; XRD; SEM; AFM; CO gas sensor.

1. Introduction

SnO2 known by the systematic name tin (IV) oxide is

an n-type semiconductor.1 SnO2 ¯lms are used as

transparent conducting electrodes in many electro-

optic applications, such as liquid crystal and op-

toelectronic devices.2 Compared with other materials,
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SnO2 exhibits a large band gap of 3.6–4.0 eV3–5 and

provides remarkable advantages, such as low tem-

perature increase and high chemical stability. SnO2

is also used for di®erent applications, including

heat mirrors and solar energy conversion devices.

Some examples of thin-¯lm transparent oxide semi-

conductors include SnO2, SnO2:F, SnO2:Sb, SnO2:In,

and CdSnO4. SnO2 thin ¯lms have been utilized as a

window layer in solar cells and in other applications,

including sensors for CO, H2S, H2, NO, and CH4

gases.2,3 SnO2 ¯lms can be deposited through di®er-

ent methods, including DC magnetron sputtering,4

ion beam sputtering deposition,5 dip coating and spin

coating sol–gel processes,6–8 chemical vapor deposi-

tion,9 pyrolysis deposition,10 and chemical bath de-

position (CBD).11 In our study, sol–gel and CBD

were selected to prepare nanocrystalline SnO2 ¯lms

because they are well-known low-temperature aque-

ous methods used to deposit large-area ¯lms of

semiconductors directly. These methods also provide

several advantages, such as potential use of high-

purity starting materials. Additionally, they involve

cost-e®ective and simple processes and do not require

vacuum equipment.12

Exposure to high CO concentrations can cause

death. Low CO concentrations are similarly harmful

to individuals with heart disease; in some instances,

1600 ppm CO causes headache, tachycardia, dizzi-

ness, and nausea within 20 min and death within

30min.13 CO also contributes to the formation of

ground-level ozone and smog. This phenomenon

causes respiratory problems. As such, CO must be

detected to monitor environmental conditions.

Maosong et al.14 focused on the CO sensing properties

of SnO2 thin ¯lms. Williams et al.15 used SnO2 thin

¯lm to sense CO from a car exhaust and found that the

sensor e±ciently operates at 125�C. Kumar et al.16

prepared SnO2 thin ¯lms on a clean glass substrate by

using a sol–gel dip incrustation technique at an

annealing temperature of 500�C and determined the

CO sensing properties of these ¯lms at di®erent heat

ranges. They found that grain size plays a vital role in

gas sensing and these ¯lms are highly sensitive to

50 ppm CO at 220�C. Vaezi and Zameni17 prepared

SnO2 thin ¯lms on soda–lime glass substrates by using

a dip coating sol–gel method. After exposing the gas to

di®erent ethanol concentrations, they observed that

¯lms with a thickness of approximately 299 nm elicit

optimum sensing responses at 300�C, 27.7 ppm

ethanol (C2H5OH), 70 s response time, and 88 s re-

covery time. Tripathy et al.18 deposited SnO2 thin

¯lms on a glass substrate through thermal evapora-

tion and sol–gel techniques for gas sensing applica-

tions and examined the structural, microstructural,

optical, and gas sensing properties of these ¯lms. They

found that thermally evaporated and sol–gel-prepared

¯lms are highly sensitive at 220�C and 235�C at

50 ppm, respectively. In this study, SnO2nanos-

tructured ¯lms were deposited and characterized

through sol–gel dip coating and CBD. The CO sensing

properties of these ¯lms were also evaluated as a

function of annealing temperature.

2. Experimental

2.1. Preparation of solution and
deposition of the ¯lms by using
dip coating method

SnO2 ¯lms were prepared using the following proce-

dure. Chloride dehydrate (SnCl2 � 2H2O; 2 g) was

dissolved in C2H5OH (15mL). The solution was

stirred by a magnetic stirring apparatus for 1 h at

75�C–80�C. Then, the sol was mixed with glycerin

(C3H8O3) as a dispersion stabilizer to obtain the sol–

gel for dip coating. Actually, this method preferred to

rely on using ¯lms from the solution (sol) to be ap-

plied in dip-coating technique. The substrate glass

slides at a dimension of 26mm � 76mm � 1mm are

cleaned by immersing in ultrasonic bath for 5 min and

¯nally rinsed by ethanol. Thus, all ¯lms are dipped

into the sol then slowly withdrawn from the bath at a

¯xed speed equal to 80mm/min. All the ¯lms were

dried at low temperature reaching 100�C at 30min.

Then, they are subjected to heat treatment at 300�C,
400�C, and 500�C for 60min.

2.2. Preparation of solution and
deposition of the ¯lms using chemical
bath deposition method

The chemical bath system was used to prepare tin

oxide SnO2 thin ¯lms when they were dissolved sep-

arately. Up to 5.64 g of SnCl2 � 2H2O in 25mL of

distilled water and 1 g of sodium hydroxide in 25mL

of distilled water were then added. The molar con-

centrations of these compounds are 1 and 1 M, re-

spectively. Subsequently, 5mL of SnCl2�2H2O with
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5mL of triethanolamine was added. These com-

pounds were also added in a 50mL glass beaker and

placed in a magnetic mixing device (magnetic stirrer).

The color of the solution quickly changes to white as

monitored. In addition, 2mL of sodium hydroxide

solution was then added to 3mL of polyphenol

alcohol. The addition is gradual and sequential at

continued mixing. The reaction of sol and deionized

water was mixed slowly at room temperature at

continuous stirring. Thus, the substrates were verti-

cally dipped into the sol in a beaker containing the

mixed reaction. The beaker was placed in a water

bath at a temperature of 80� 3�C. The solution was

stirred with a magnetic stirrer. Then, it was annealed

with continued stirring to the required heat of depo-

sition. The pH was measured by pH meter type

(Hana, pH211 Digital). The measured pH at the start

of the deposition process was 9. Substrates were then

removed after a suitable time. They were washed with

distilled water, and then dried. Subsequently, they

were subjected to heat treatment at 300�C, 400�C,
and 500�C for 60min.

2.3. Characterization of nanocrystalline
SnO2 ¯lms

The crystal structure of SnO2 ¯lms was analyzed

using X-ray di®raction (XRD) system (Shimadzu

X-ray di®raction) with CuK�1 radiation at

� ¼ 1:54�A, 30 kV, and 30mA. Film thickness was

measured by interferometry Fizeau using a He–Ne

laser (0.632�m). The morphologies of the resulting

¯lms were characterized by atomic force microscopy

(AFM) (CSPM-5000) and scanning electron micros-

copy (SEM) (VEGA TE Scan). The optical transmit-

tance and absorbance measurement were performed

with UV/Vis spectrophotometer (UV-1800 Shi-

madzu) with double beam at a wavelength range from

300–1000 nm.

3. Results and Discussion

3.1. XRD analyses

The XRD spectra revealed the crystalline growth of

SnO2 ¯lms produced through dip coating and CBD

techniques on clean glass substrates at various

annealing temperatures of 300�C, 400�C, and 500�C
for 60min in air. The in°uence of annealing temper-

ature on the crystallinity of SnO2 prepared by dip

coating is illustrated in Fig. 1(a). X-ray analysis dis-

played well-de¯ned di®raction peaks with good crys-

tallinity. The di®raction peaks are in good agreement

with those given in JCPD data card (JCPDS No.

41–1445). Each annealed sample is polycrystalline

with a tetragonal crystal composition. The polycrys-

talline and ¯lm prefer the growth direction along

(110). Other peaks corresponding to the directions of

(101), (200), (211), and (220) are also observed. An

increase in annealing temperature improves the

crystal structure by increasing the intensity of the

planes. This improvement in crystal structure can be

due to the increasing size of crystallite as small crys-

tallites aggregate in the planes with the increasing

annealing temperature (Table 1). Annealing thin

¯lms at a temperature of 500�C shows a strong

preferential growth orientation along the (110) plane.

(a) (b)

Fig. 1. XRD patterns of SnO2 thin ¯lms at various annealing temperatures and constant annealing time of 60 min (a) by dip
coating and (b) by CBD.
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The di®raction peaks of the ¯lms become sharp, in

turn, leading to increase in the crystalline ¯lms. The

full width at half maxima (FWHM) decreases with the

increase of annealing temperature. These results agree

with the previous results.12–19 The size of crystalline of

¯lm is calculated by Scherrer–Debye formula20:

D ¼ 0:9�=� cos �; ð1Þ

where �, �, and � represent the wavelength of X-ray

(1.541�A), FWHM, and Bragg angle, respectively. The

size of crystalline was 8, 14, and 22.34 nm at 300�C,
400�C, and 500�C, respectively. The in°uence of

annealing temperature on the crystallinity of SnO2

¯lms produced by CBD technique can be understood

from Fig. 1(b). When the annealing temperature is

300�C, four di®erent located peaks corresponding to

110, 101, 200, and 211 planes were observed. The

tensile stress could have resulted from the oxygen va-

cancies in the lattice of SnO2 crystallites in the ¯lm as

the annealing temperature rises up to 400�C, the peaks
associated with the tetragonal phase, and the presence

of the (020) re°ections corresponds to orthorhombic

phase due to the tensile stress in SnO2.
20 At an

annealing temperature of 500�C, ¯ve di®erent located
peaks corresponding to tetragonal 110, 101, 200, 211,

and 220 planes and (020) re°ection corresponding to

orthorhombic phase are observed. Increase in intensity

of (110) orientation becomes sharp and intense. This

¯nding indicated that crystallinity was improved be-

cause annealing temperature provides energy for the

atoms on the ¯lm to enhance mobility that can de-

crease defects in SnO2 ¯lms and improve their quality.

Thus, the FWHMof the peak is reduced and the size of

the crystallites of the ¯lms is increased. These results

agree with previous ¯ndings.21 The crystalline sizes

calculated using Eq. (1) were 10, 15, and 22 nm at

300�C, 400�C, and 500�C, respectively.

3.2. AFM analyses

Figure 2 reveals the 2D and 3D AFM images of SnO2

thin ¯lms produced by using dip coating deposited at

an annealing temperature of 300�C, 400�C, and

500�C at an annealing time of 60 min on a cleaned

glass substrate. This surface property is important for

applications, such as gas sensing. AFM images show

that all ¯lms are well faceted crystallites, uniformly

packed, and with small grain. Grain size increases as

annealing temperature increases. The histogram of

size distance shows the size of particle ranging from

70 nm to 91.67 nm. The roughness of surface decrea-

ses with increasing annealing temperature, wherein

the relationship of grain size with the roughness is an

inverse relationship as shown in Table 2. Figure 3

reveals the 2D and 3D AFM images of SnO2 thin ¯lms

prepared by CBD and deposited at an annealing

temperature of 300�C, 400�C, and 500�C at an

annealing time of 60min on cleaned glass substrate.

The small particles are arranged closely as can be

observed from AFM image of the SnO2 thin ¯lms

annealed at 300�C. Meanwhile, the AFM image of the

SnO2 thin ¯lms annealed at 400�C shows larger

particles formed in the ¯lm compared with the ¯lms

annealed at 300�C. A topographical scan of SnO2

¯lms annealed at 500�C exhibits a regular pattern of

pore walls and pore openings in the ¯lm, with well-

de¯ned boundaries of grain. These results indicate

that annealing temperature exhibits a strong e®ect on

the growth properties of ¯lm, such as size and shape

of particles. The roughness of these ¯lms decreases

Table 1. Obtained results of the XRD for SnO2 thin ¯lms at various annealing temperatures and constant annealing
time of 60min.

Annealing
temperatures (�C) (2�)(deg) hkl

FWHM
� (deg)

d(�A)
XRD

d(�A)
JCPDS a(�A) c(�A)

Average grain
size (nm)

Dip Coating
300 26.58 (110) 0.9980 3.3363 3.347 4.738 3.18 8
400 26.62 (110) 0.5651 3.3215 3.347 4.78 3.174 14
500 26.6 (110) 0.3650 3.3470 3.347 4.763 3.2 22.34

CBD
300 26.65 (110) 1.3542 3.361 3.347 4.738 3.19 10
400 26.7 (110) 0.5441 3.359 3.347 4.73 3.22 15
500 26.8 (110) 0.3720 3.3562 3.347 4.743 3.3 22
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(a)

(b)

(c)

Fig. 2. Two- and three-dimensional AFM images of SnO2 thin ¯lms prepared by using dip coating at various annealing
temperatures of (a) 300�C, (b) 400�C, and (c) 500�C.

In°uence of Annealing Temperature on the Characteristics of Nanocrystalline SnO2
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Table 2. Variation of root mean square, roughness, and grain size of SnO2 from AFM, SEM, and
XRD at various annealing temperatures.

Annealing
temperature(�C)

Grain size
(nm) AFM

Grain size
(nm) SEM

Grain size
(nm) XRD

Roughness
(nm)

RMS
(nm)

Dip coating
300�C 70. 27.95 8 8.93 10.3
400�C 80.38 44.12 14 2.77 3.21
500�C 91.67 79.22 22.34 1.01 1.17

CBD
300�C 80.5 43.11 10 2.11 2.55
400�C 85.2 50.76 15 1.2 1.38
500�C 88.56 61.62 22 1.12 1.3

(a)

(b)

(c)

Fig. 3. Two- and three-dimensional AFM images of SnO2 thin ¯lms prepared by using CBD at various annealing
temperatures of (a) 300�C, (b) 400�C, and (c) 500�C.
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with the increase of annealing temperatures; these

results agree with previous ¯ndings.18

3.3. SEM analyses

Figure 4 shows the SEM images that feature mor-

phology of surface of the SnO2 thin ¯lms produced by

using dip coating on a clean glass substrate at various

annealing temperatures. The SEM photograph illus-

trates the tightly packed grains. Furthermore, all of

the ¯lms exhibit a homogeneous, uniform surface

morphology that is dense and adhere well to the

substrate without any cracks. The sizes of grains

obtained from SEM images are 27.95, 44.12, and

79.22 nm at annealing temperatures of 300�C, 400�C,
and 500�C, respectively. The increasing of size of

particle with increase in annealing temperatures is

caused by reduction of boundaries of grain in SnO2

thin ¯lm as noted from the SEM. These results agree

with XRD results. Figure 5 shows that the SEM

images are the featured morphology of surface of the

SnO2 thin ¯lms produced by CBD on cleaned glass

substrate at various annealing temperatures. The

SEM photograph clearly illustrates the tightly packed

grains. Furthermore, all the ¯lms are homogeneous

surface morphology, dense with few porosities, and

adhere well to the substrate without any cracks. The

sizes of grains gained from SEM are 43.11, 50.76, and

61.62 nm at annealing temperatures of 300�C, 400�C,
and 500�C, respectively. The increase in particle size

is due to increasing annealing temperature as seen

from the SEM. These results are consistent with the

XRD results. The particle size shown by AFM and

SEM is higher than that calculated from the XRD

results because XRD provides the average mean

crystallite size, whereas AFM and SEM show the

probable grain aggregate of many crystallites.

3.4. Optical properties

3.4.1. Transmission

All of the ¯lms exhibited uniform thickness, although

their optical properties remain unchanged as their

position is altered. The in°uence of various annealing

temperatures at 300�C, 400�C, and 500�C at con-

stant annealing time of 60min on SnO2 thin ¯lms

produced by using dip coating and CBD is shown in

Fig. 6. The SnO2 ¯lm exhibits high transmission in

the entire visible region (i.e. above 400 nm). As

annealing temperature increases, optical transmission

(a) (b)

(c)

Fig. 4. SEM image (top view) of SnO2 ¯lm prepared by dip coating at annealing temperature of (a) 300�C, (b) 400�C, and
(c) 500�C.

In°uence of Annealing Temperature on the Characteristics of Nanocrystalline SnO2
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also increases. This ¯nding is attributed to the in-

crease in ¯lm homogeneity and degree of ¯lm crys-

tallinity. Our results are consistent with previous

¯ndings.8,18,19

3.4.2. Optical energy gap

The band gaps of these ¯lms were calculated from the

equation.22

�h� ¼ Aðh�� EgÞr; ð2Þ

where � is the coe±cient of absorption; h is the

Planck's constant; � is the frequency of fallen light;

Eg is the optical energy gap of the material; r is the

factor controlling the direct and indirect transitions

of the electrons from the valence band to the con-

duction band, and where A is ¯xed. h� is the energy

of photon. The value of optical energy gap (Eg) is

(a)

0

20

40

60

80

100

300 400 500 600 700 800 9001000

Tr
an

sm
an

ce
 T

%

λ (nm)

500 ºC
400 ºC
300 ºC

(b)

Fig. 6. Variation of transmittance with wavelength of SnO2 thin ¯lms at various annealing temperatures (a) by dip coating
and (b) by CBD.

(a) (b)

(c)

Fig. 5. SEM image (top view) of SnO2 ¯lm prepared by CBD at annealing temperatures (a) 300�C, (b) 400�C, and
(c) 500�C.
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studied by extrapolation of the straight line of the

plot of (�h�)2 with energy of photon for various

annealing temperatures of SnO2 thin ¯lms produced

by using dip coating as shown in Fig. 7(a). The linear

dependence of (�h�)2 with (h�) indicates direct band

gap. The results show that the annealing temperature

is very important in the optical band gap assignment.

The optical energy band gap is increased from 3.5 eV

to 3.87 eV with the increasing annealing temperature

from 300�C to 500�C as shown in Table 3. This result

may be due to the removal of defects of surface with

annealing. Another reason is that optical band gap

increases with annealing. This phenomenon is possi-

bly associated with the increase in grain size and the

decrease in the density of defects and number of

boundaries (improving crystallinity as shown by

X-ray, Fig. 1(a)). These results are in agreement with

previous results.18,23,24 Meanwhile, SnO2 thin ¯lms

prepared by CBD are shown in Fig. 7(b). The optical

band gap energy is reduced from 3.95 eV to 3.8 eV at

increasing annealing temperature from 300�C to

500�C as shown in Table 3. The band gap is reduced

due to the reduction in the transition tail width and

shift e®ect. These results are in agreement with

previous results.25–27

3.5. Electrical conductivity

The electrical conductivity of SnO2 thin ¯lms

was measured at a temperature range from 303–

433K. The electrical conductivity increases expo-

nentially as the temperature increases as noticed in all

SnO2 ¯lms. This ¯nding represents common semi-

conductor property (the charge carrier concentration

increases when the temperature increases). Figure 8

shows the relationship between Ln� and 1000/T at

di®erent annealing temperatures of SnO2 ¯lms pre-

pared by dip coating and CBD technique. The ¯gure

shows two mechanisms of conductivity elevation to

the two energies of activation Ea1 and Ea2. The ¯rst

energy of activation (Ea1) occurs at high tempera-

tures. This phenomenon is the reason for conduction

of the carrier excited into the expanded states after

the mobility edge. Meanwhile, the second activation

energy (Ea2) is observed at low temperatures. The

conduction mechanism of this step is the reason of

carrier transfer to the location near to states of the

valence and band of conduction. With the annealing

temperature increasing, the electrical conductivity

increases (Fig. 8); this ¯nding may be due to the in-

crease in the concentration of charge carriers' due to

the increase in vacancies of oxygen by increasing the

(a) (b)

Fig. 7. Variation of (�h�)2 vs (h�) for SnO2 ¯lms for various overheat temperatures (a) by dip coating and (b) by CBD.

Table 3. Values of optical energy gap of SnO2 thin ¯lms prepared by using dip coating and CBD
techniques.

Method Annealing temperature Eg(eV) Method Annealing temperature Eg(eV)

Dip coating 300�C 3.5 CBD 300�C 3.95
400�C 3.75 400�C 3.85
500�C 3.87 500�C 3.8

In°uence of Annealing Temperature on the Characteristics of Nanocrystalline SnO2
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annealing temperature.28 In addition, the boundaries

of the grains spread with rise in the annealing tem-

perature. This phenomenon results in an increase in

grain size and electrical conductivity. The energy

activation is calculated using the formula29:

� ¼ ��expðEa=kT Þ; ð3Þ
where � is the conductivity at heat T; �o is ¯xed; k is

the constant of Boltzmann; T is the absolute of

temperature and Ea is the activation energy. The

activation energy indicates the site n of trap levels

below the band of conduction. From Fig. 8, energy of

activation (Ea) increases when ¯lm is annealed at

300�C, 400�C to 500�C for both ¯lms prepared by dip

coating and CBD. Table 4 shows the activation en-

ergies Ea1 and Ea2 of the SnO2 thin ¯lms prepared by

dip coating and CBD.

3.6. Sensing properties

Gas sensing reactions are due to surface sensitivity.

An increase in surface area attributed to nanosized

¯lms increases the probability of these reactions and

hence sensitivity. When the surface of SnO2 thin ¯lms

is exposed to air, an electron depletion layer is formed

because of absorbance. In this layer, electron density

is low, and a high-resistance layer is consequently

established. In addition, the adsorbed oxygen remains

in the form of O� and O�
2 species. Thus, high-

resistance SnO2 thin ¯lm is present in air. More

electrons are released when the surface of SnO2 thin

¯lm is exposed to the reducing gas CO because of

surface reaction. These released electrons transfer

back into the conduction band, which increases the

conductivity or decreases the resistance of SnO2

¯lms.9,30 The sensitivity of SnO2 thin ¯lms to CO gas

was studied at a concentration of 50 ppm. The sen-

sitivity S of SnO2 gas sensor is typically explained as

the rate of the surface resistance Ra of the ¯lm in air

to that in the target gas (Rg)
22:

S ¼ Rg � Ra

Ra

�
�
�
�

�
�
�
�
� 100: ð4Þ

The sensitivity of SnO2 thin ¯lms produced by

using dip coating and CBD on a clean glass substrate

at various annealing temperatures with operating

time at room temperature is shown in Figs. 9(a) and

9(b). The sensitivity of all of the samples to CO

decreases as annealing temperature increases.

(a)

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

2 2.2 2.4 2.6 2.8 3 3.2 3.4

Ln
σ 

(Ω
.cm

) -1

1000/T(K)-1

500 ºC

400 ºC

300 ºC

(b)

Fig. 8. Ln � as a function of 1000/T (K)�1 for SnO2 ¯lms at various annealing temperatures (a) by dip coating and (b) by
CBD.

Table 4. Activation energies Ea1 and Ea2 for SnO2 thin
¯lms at various annealing temperatures prepared by using
dip coating and CBD.

Annealing
temperatures

Activation
energy Ea1(eV)

Activation
energy Ea2(eV)

Dip coating 300�C 0.4 0.025
400�C 0.45 0.03
500�C 0.5 0.035

CBD 300�C 0.09 0.02
400�C 0.11 0.03
500�C 0.15 0.043
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The decreasing in the sensitivity in this case may

be the reason for the in°uence of the change in the

size of particle,27,31 where the sensor samples with

small particles exhibit high surface region providing

further e±cient sites at which the gaseous species

adsorb and interact as the average size of particle of

the sensor samples increases with annealing temper-

ature. The sensitivity of the samples prepared by dip

coating annealed at 300�C and 400�C is higher to gas

sensing than that of the samples prepared by CBD

because of an increase in surface area attributed to

their small grain size. Meanwhile, the ¯lms prepared

by CBD and annealed at 500�C showed higher sen-

sitivity than the ¯lms produced by using dip coating

at the same annealing temperature because of small

grain size as shown in XRD results. Response time

and recovery time are the basic parameters of the gas

sensors. The response time is de¯ned as the time

taken by the sensor to attain 90% of maximum

change in resistance on exposure to gas; the recovery

time is de¯ned as the time taken by the sensor to

obtain 90% of the original resistance.32 In Fig. 9, the

SnO2 ¯lms produced by using dip coating annealed at

500�C show a response time of 175 s. Meanwhile,

SnO2 ¯lms produced by using CBD and annealed at

500�C exhibit a response time of 280 s. Similarly, the

recovery time (	rec) is de¯ned as the time required to

recover within 10% of the original baseline when the

°ow of reducing or oxidizing gas is removed.

Figure 10 shows the sensitivity to CO gas as a

function of temperature of SnO2 thin ¯lms produced

by using dip coating and CBD at various annealing

(a)
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(b)

Fig. 10. Sensitivity (S) as a function of temperature plot of SnO2 thin ¯lms at di®erent annealing temperatures for CO gas
(a) by dip coating and (b) by CBD.
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Fig. 9. Sensitivity (S) as a function of time plot of SnO2 thin ¯lms at various annealing temperatures deposited (a) by dip
coating and (b) by CBD.
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temperatures of 300�C, 400�C, and 500�C. The sen-

sitivity gradually increases with increasing tempera-

ture and attains the ultimate values at 200�C for

samples prepared by dip coating, and 250�C for

samples prepared by CBD. With the temperature

increasing above 200�C or 250�C, the sensitivity of

the sensor samples decreased. The high sensitivity of

the sensor samples to CO gas at 200�C or 250�C can

be explained depending on gas adsorption models, in

which the sensitivity of sensor samples depends on the

interaction between the adsorbed oxygen species and

CO on their surfaces.33 As the temperature of the

sensor samples increases above 50�C, the concentra-

tion of the adsorbed oxygen species gradually

increases at a certain temperature by accepting elec-

trons from the conduction band. This phenomenon is

accompanied by an increase in electrical resistance.

Thus, maximum sensitivities were obtained at 200�C
or 250�C because of the high density of the chemi-

sorbed oxygen kinds and the high oxidation action of

CO. At temperatures higher than 200�C or 250�C,
oxygen species from the sensor surfaces are adsorbed

and their densities are decreased. Consequently, sen-

sitivity decreases.

4. Conclusions

Low-cost, simple, and e±cient methods have been

used to fabricate CO gas sensors composed of SnO2.

In our study, the structural, optical, and electrical

properties of SnO2 thin ¯lms were examined. XRD,

AFM, and SEM revealed that the grain size of CBD-

synthesized ¯lms is larger than that of dip-coated

¯lms at annealing temperatures of 300�C and

400�C. By comparison, the grain size of the former is

smaller than that of the latter at 500�C. The ¯lms

were then exposed to CO to determine their gas

sensing properties. Our results showed that the dip-

coated and CBD-prepared ¯lms are highly sensitive

to 50 ppm CO at 200�C and 250�C, respectively.

Therefore, the gas sensing properties of dip-coated

SnO2 ¯lms are higher than those of CBD-prepared

¯lms because the former possesses larger surface areas

available for exposure than the latter does.
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