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Nanocrystalline SnO2 and SnO2:Cu thin ¯lms derived from SnCl2 � 2H2O precursors have been
prepared on glass substrates using sol–gel dip-coating technique. The deposited ¯lm was
300� 20 nm thick and the ¯lms were annealed in air at 500�C for 1 h. Structural, optical and sensing
properties of the ¯lms were studied under di®erent preparation conditions, such as Cu-doping
concentration of 2%, 4% and 6wt.%. X-ray di®raction studies show the polycrystalline nature with
tetragonal rutile structure of SnO2 and Cu:SnO2 thin ¯lms. The ¯lms have highly preferred orien-
tation along (110). The crystallite size of the prepared samples reduced with increasing Cu-doping
concentrations and the addition of Cu as dopants changed the structural properties of the thin ¯lms.
Surface morphology was determined through scanning electron microscopy and atomic force mi-
croscopy. Results show that the particle size decreased as doping concentration increased. The ¯lms
have moderate optical transmission (up to 82.4% at 800 nm), and the transmittance, absorption
coe±cient and energy gap at di®erent Cu-doping concentration were measured and calculated.
Results show that Cu-doping decreased the transmittance and energy gap whereas it increased the
absorption coe±cient. Two peaks were noted with Cu-doping concentration of 0–6wt.%; the ¯rst
peak was positioned exactly at 320 nm ultraviolet emission and the second was positioned at 430–
480 nm. Moreover, emission bands were noticed in the photoluminescence spectra of Cu:SnO2. The
electrical properties of SnO2 ¯lms include DC electrical conductivity, showing that the ¯lms have
two activation energies, namely, Ea1 and Ea2, which increase as Cu-doping concentration increases.
Cudoped nanocrystalline SnO2 gas-sensing material has better sensitivity to CO gas compared with
pure SnO2.

Keywords: SnO2; structure properties; optical properties; sol–gel; scanning electron microscopy;
Cu-doping; activation energy.

1. Introduction

Metal oxide semiconductors, such as SnO2, ZnO,

In2O3 and Nb2O5, are widely used for detecting toxic

gases, including NH3, H2, and CO. Tin oxide (SnO2),

an n-type semiconductor, has a tetragonal rutile

structure with lattice parameter of a ¼ b ¼ 4:737�A

and c ¼ 3:187�A and a direct optical band gap of ap-

proximately 3.6 eV. SnO2 has attracted considerable
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attention because of its low cost and high sensitivi-

ty.1–5 The addition of metal ions as impurities likely

plays an important role in varying the charge carrier

concentricity of the metal oxide matrix, catalytic ma-

terial activity, surface potential, and crystallite size.6

Cu,7 Fe,6 Ag,8 Mn,9 Pt,10 and Nd11 are doped to im-

prove the SnO2 characteristics. DopingwithCu results

in better sensitivity and selectivity of SnO2 towards

CO gas compared with that of pure SnO2.Mishjil et al.

reported that Cu addition stabilizes the SnO2 surface

and increasing Cu content decreases SnO2 grain size.7

Williams et al. presented the use of SnO2 thin ¯lm for

sensing CO from a car exhaust and found the sensor to

operate at 125�C.12 Parthibavarman et al. reported

that the addition ofCuat 10 and20wt.%decreased the

structural and optical properties, speci¯cally, the grain

size and optical band energy of SnO2 nanopowders

prepared through chemical precipitation.13 Several

methods, such as electrostatic spray deposition,6,14

laser chemical vapor deposition,15 solvothermal,16 and

sol–gel,17 are used to produce SnO2 or doped SnO2 thin

¯lms. Among these techniques, the dip-coating meth-

od is attractive because of its simplicity, capability to

produce good-quality ¯lms at a large scale, safe oper-

ation, low cost of equipment, and easy handling of

chemical components.18–20Thiswork aims to develop a

sensor that has superior characteristics, i.e. higher

sensitivity at room temperature, for CO detection.

2. Experimental

2.1. Materials

The primary precursors for synthesis of SnO2 include

SnCl2 � 2H2O (chloride dehydrate 96%; Fisons, Eng-

land), CuCl2 � 2H2O, C2H5OH (ethanol 99%; Schar-

lau, Spain), and C3H8O3 glycerin. These chemicals

were used without further puri¯cations.

2.2. Preparation of solution

A total of 2 g SnCl2 �H2O was dissolved in 15mL

ethanol for Cu-doping. CuCl2 was added to the

starting solution, in which the volumetric ratios of Cu

were 2, 4, and 6wt.%. The solution was stirred for 1 h

with a magnetic stirring apparatus at a temperature

of 75–80�C. Then, solution (sol) was mixed with

glycerin as a dissipation stabilizer to obtain the

sol–gel through dip-coating.

2.3. Deposition of the ¯lms

Films from the sol are preferred for use in dip-coating

technique. The substrates (26� 76� 1mm glass

slides) were cleaned by emerging in ultrasonic bath

for 5min and then rinsing with ethanol. Thus, given

that all substrates were dipped into the sol, they were

slowly withdrawn from the bath at a ¯xed speed of

80mm/min. All ¯lms were ¯rst dried at 100�C for

30min and then subjected to heat treatment at

500�C for 1 h.

The crystal structure of SnO2 ¯lms was analyzed

using X-ray di®raction (XRD, Shimadzu) with

CuK�1 radiation at � ¼ 1:54�A. The crystallite size

was calculated using Scherer equation15:

D ¼ k�=� cos �; ð1Þ
where k is constant as 0. 9, � is the X-ray wavelength

of 1.54�A, � is the full width at half maximum

(FWHM) and � is the Bragg di®raction angle of the

XRD peak (degree). The morphologies of the result-

ing ¯lms were characterized through atomic force

microscopy (AFM) (CSPM-5000) and scanning elec-

tron microscopy (SEM) (VEGA TE SCAN). The

optical transmittance and absorbance were measured

using UV/VIS spectrophotometer (UV-1800 Shi-

madzu) with double beam in wavelength range of

300–1000 nm. Photoluminescence (PL) has been

measured using a °uorescence spectrophotometer

(CARY Eclipse).

Aluminum sheets were used to achieve the desired

electrode shape. To provide electrical properties, the

masks were prepared from aluminum foil. These

masks have similar dimensions to that of the sub-

strate and after they were cleaned, the masks were

attached and ¯xed to cover the substrate. These

masks are attached on ¯lms to depose the aluminum

on the SnO2 ¯lm surface using vacuum thermal

evaporation technique. Tangiesten (W) boat material

under 10�5 Torr pressure is used for electrical and

sensing measurement, with aluminum pole width

at 2mm.

The electrical resistivity of SnO2 ¯lms is an im-

portant parameter for its applications. Electrical

sensitivity can be calculated from the change in thin

¯lm resistance with temperature and can be used to

study the variation of ¯lm sheet resistance in di®erent

temperatures. In this study, the electrical resistivity

of SnO2 ¯lms was evaluated by putting the ¯lm

in a thermal oven (Gri±n Incubator). A digital
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electrometer is used to measure the variation in ¯lm

resistance with di®erent temperatures. Electrical

sensitivity has been measured from thermocouple

wire and ¯lm resistance for every 10�C was recorded,

starting from room temperature until 150�C.
Hall e®ect measurements using a HMS 3000

(EcopiA) were used to establish the charge carrier

type and carrier concentration of the semiconductor.

3. Results and Discussion

3.1. XRD analysis

The XRD patterns for thin ¯lms of Cu-doped SnO2 in

various Cu-doping levels, namely 0, 2, 4, and 6wt.%,

are shown in Fig. 1. All ¯lms are polycrystalline, with

rutile-phase SnO2 crystallites with tetragonal struc-

ture and the peak positions of the ¯lms were found to

be in good agreement with the established standards

(JCPDS No. 41-1445). In (110), (101), (200), (211),

and (220) oriented growth, no peaks corresponding to

Cu or CuO phase were noted, indicating that Cu has

been successfully incorporated into tin sites in the

SnO2 lattice. This can be attributed to the

substitution of Sn4þ ions with Cu2þ ion based on the

comparable radii of Sn4þ and Cu2þ (0.69 and

0.74�A).19 The oxygen-ion vacancies resulting from

substitutional doping of Sn4þ with Cu2þ are charged,

compensated by electron-holes. Such vacancies re-

duced the 2� of values, which were 26.65�, 26.50�,
26.45�, and 26.40�, corresponding to the (110) plane

peak with Cu concentrations of 0, 2, 4, and 6wt.%,

respectively. The lattice parameters (a and c) and

unit cell volume reduced upon Cu-doping, as shown

in Table 1 and Fig. 3. This result is in good agreement

with Ref. 13. The FWHM of the di®raction peaks

increases with increasing Cu concentration in the

¯lm, as illustrated in Fig. 4. Increase in FWHM along

with reduction in peak intensity indicates that Cu is

incorporated in SnO2 lattice in thin ¯lms. The addi-

tion of Cuþ2 signi¯cantly in°uenced the crystallinity

of SnO2, suggesting that the crystallinity of the thin

¯lms of Cu-doped SnO2 may decrease compared with

that of pure SnO2 thin ¯lms. This may be caused by

the formation of the stresses resulting from the

varying ion sizes between Sn- and Cu-doped ¯lms.

The sizes of the SnO2 crystallite, which was
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Fig. 1. (Color online) XRD pattern of SnO2 thin ¯lms for
di®erent doping concentration of Cu.

Fig. 2. (Color online) 2� as a function of di®erent doping
concentrations of Cu for SnO2 thin ¯lms.

Table 1. XRD Measurements of SnO2 thin ¯lms for di®erent doping concentrations of Cu by Sol–gel (dip-coating).

Doping consecration of Cu d Standard (110) d Calculated (110) a (�A) c (�A) Crystallite size (nm) FWHM

Pure 3.347 3.3470 4.763 3.2 22 0.3654
2% 3.347 3.35635 4.75 3.19 17 0.4586
4% 3.347 3.34663 4.729 3.191 16 0.51030
6% 3.347 3.3469 4.73 3.186 12 0.6338
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calculated to be 22, 17, 16, and 12 nm using Scherrer

formula, correspond to the peak of (110) plane, with a

Cu-doping in solution of 0, 2, 4, and 6wt.% respec-

tively. This result is in good agreement with

Refs. 7,11 and 21. Figure 4 displays the in°uence of

Cu-doping concentration on the average crystallite

size of the prepared SnO2 thin ¯lms. As shown, in-

creased Cu concentration decreases the average

crystallite size. The di®erent doping concentrations of

Cu, which was measured through XRD, in SnO2 thin

¯lms, are illustrated in Table 1.

3.2. Morphological analysis

Figure 5 reveals the 2D and 3D AFM images of pure

SnO2 thin ¯lms doped with 4 and 6wt.% Cu con-

centrations. The average grain size, which is mea-

sured from AFM analysis using software, of doped

and nondoped synthesized SnO2 ¯lms ranged from

91 nm to 75 nm. AFM results show that adding Cu to

SnO2 thin ¯lms causes the ¯lms to become rough and

porous and have a small grain size. This result is in

good agreement with Ref. 22. Table 2 shows the grain

size, roughness values, and root mean square of SnO2

thin ¯lms.

Figure 6 shows the SEM images displaying the

surface morphology of the pure and Cu-doped SnO2

¯lms on glass substrate. The SEM images clearly

(a)

Fig. 5. 2D and 3D AFM images of SnO2 thin ¯lms at various doping concentrations (a) pure (b) 4% Cu and (c) 6% Cu.

Fig. 3. (Color online) The Lattice constants ða&cÞ for
SnO2 thin ¯lms as a function to Cu-doping concentrations.

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

10

12

14

16

18

20

22

24

0 2 4 6 8

FW
HM

 (d
eg

)

Cr
ys

ta
lli

te
 s

ize
 (n

m
)

Cu-doping concentraƟon wt.%

Fig. 4. (Color online) The main grain size and FWHM for
SnO2 thin ¯lm with Cu-doping concentrations.
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illustrate the formation of spherical particle. Fur-

thermore, both pure and doped ¯lms have a homo-

geneous surface morphology, are dense with low

porosity and adhere well to the substrate without any

cracks. The grain sizes measured from the SEM

images are 79, 71, and 61 nm at 0, 4, and 6wt.% Cu,

respectively. The particles were uniformly distributed

in these ¯lms, with a decrease in average particle size

as the Cu-doping concentration increased. Cu-doping

in the SnO2 ¯lms also altered the shape of these

particles. Small-sized particles were uniformly

distributed in the nondoped ¯lm, which has

Table 2. Grain size and root mean square of surface roughness obtained
from AFM data.

Cu-concentration Grain size (nm) AFM Roughness (nm) RMS (nm)

Pure 91 1 1.1
4% 85 2 2.4
6% 75 3 3.7

(b)

(c)

Fig. 5. (Continued)
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agglomerated particles compared with the doped

¯lms. This further con¯rms the increase in stacking

fault density and these results are in agreement with

the previous XRD results. The low-magni¯cation

SEM image of ¯lms at 6wt.% Cu-doping is shown in

Fig. 6(d). The in°uence of Cu on the surface mor-

phology of the thin ¯lms is evident through the ap-

pearance of small, white grains shaped like the large

intestine. These results are in agreement with that of

previous studies.13 This kind of outgrowth assists the

application of these ¯lms as a gas sensor because the

¯lm has a wide open surface to be exposed to the gas.

The average grain size, which was obtained using

Scherrer–Debye formula, is smaller than that

estimated from AFM and SEM measurements, indi-

cating that grains are probably an aggregate of many

crystallites.

4. Optical Studies

Figure 7 shows the optical transmittance spectrum of

Cu-doped SnO2 ¯lms at various doping concentra-

tions. The transmittance of the deposited ¯lms was

measured under ultraviolet (UV)–Vis regions of the

electromagnetic spectrum. The transmittance of the

¯lms decreased from 82.4% to 65.3% when the doping

concentration increased from 0wt.% to 6wt.%. The

optical transmittance values decreased with increase

(a) (b)

(c) (d)

Fig. 6. (Color online) The SEM image (top view) of SnO2 thin ¯lms (a) pure (b) 4% Cu (c) 6wt.% Cu, (d) 6wt.% Cu with
low magni¯cation.
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in Cu concentration and this behavior is caused by

the increase in set free electron as a result of the in-

crease in Cu concentration. These results are in

agreement with those of previous works.7,11

The absorption coe±cient � was calculated using

the following equation8:

� ¼ 2:303A=t; ð2Þ
where � is the absorption coe±cient, A is the absor-

bance, and t is the ¯lm thickness. Figure 8 shows the

change in the absorption coe±cient of pure and doped

¯lms with varying wavelength. In general, the ab-

sorption coe±cient decreases with the increase in

wavelength. Moreover, the absorption coe±cient also

increases to greater than 104 cm�1 as the Cu con-

centration increases, indicating the strong possibility

of direct electronic transitions.

The band gaps of these ¯lms are calculated using

the following equation8:

�h� ¼ Aðh�� EgÞr; ð3Þ
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 translation

of the electrons from the valence band to the con-

duction band, A is constant, and h� is the energy of

photon. Figure 9 shows the relationship between

(�h�Þ2 and energy of photon h�. The results indicate

that an increase in the Cu content from 0wt.% to

6wt.% leads to a decrease in the band gap from

3.87 eV to 3.57 eV, as shown in Fig. 10. This
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Fig. 8. (Color online) Variation of absorption coe±cient �
with wavelength of SnO2 thin ¯lms for di®erent doping
concentrations of Cu ((a) pure, (b) 2% (c) 4%, (d) 6wt.%)
by Sol–gel (dip-coating).

(a) (b)

Fig. 9. (Color online) (�h�Þ2 versus. Photon energy plot of (a) pure SnO2 thin ¯lms (b) with di®erent doping concentration
of Cu.

Fig. 7. (Color online) Variation of transmittance with
wavelength of SnO2 thin ¯lms for di®erent doping con-
centrations of Cu ((a) pure, (b) 2% (c) 4%, (d) 6wt.%) by
Sol–gel (dip-coating).
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reduction in energy gap is caused by the presence of

prohibited impurities that led to the formation of

donor levels within the energy gap near the conduc-

tion band and these results are in agreement with

those of Refs. 12 and 21.

Figure 11 shows the PL spectra of nondoped and

Cu-doped SnO2 (4wt.% and 6wt.% doping) obtained

at room temperature. The spectrum displays two lu-

minescence peaks; the ¯rst peak is positioned exactly

at 320 nm UV emission and was caused by the near-

band edge in the wide band gap of the SnO2. The ¯rst

peak was formed because of the recombination of free

exciton through an exciton–exciton collision pro-

cess.23 The second peak positioned at 430–480 nm is

the well-known blue emission band. Table 3 shows

the peak energy values and the intensity of the lu-

minescence spectrum of the samples. For the pure

SnO2 and all the doped ¯lms, a strong PL band with a

peak position centered in 2.88 eV (430 nm) is

obtained and this is less than that of the optical band

gap of SnO2 ¯lm 3.87 eV because of the oxygen va-

cancies that trap electrons from the surface, thereby

causing this di®erence of the calculated energy gap

from Tauc's law. This result agrees with that of

Ref. 24. Therefore, the emission peak might corre-

spond to the electron transition from the donor level

formed by oxygen vacancy to the valance band in

¯lm. The electron in the donor level jumps to the

valence band and the transition generates violet light

emission, as shown in Fig. 11. XRD also shows the

e®ect of doping on the crystallinity of SnO2 thin ¯lm.

The PL emission might be closely related to the lu-

minescence of the recombination of photo-induced

electrons and holes. The intensity of the light-emis-

sion peak increases initially as the doping concen-

tration increases and reaches its maximum at 6wt.%

Cu-doping concentration. This is caused by the elec-

tron transition between 5d-excited state to 4f state

that is located in the UV region.25

5. Electrical Conductivity

Electrical conductivity of SnO2 thin ¯lms was mea-

sured at temperatures ranging from 303K to 433K.

Electrical conductivity in all SnO2 ¯lms increases

exponentially as the temperature increases and this

represents common semiconductor property, that is,

the charge carrier concentration increases when the

temperature increases. Figure 12 shows the relation-

ship between Ln� and 1000=T for di®erent Cu-dop-

ing concentrations. The activation energies Ea1 and

0
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Fig. 11. (Color online) Photoluminescence spectra of pure
and Cu- doped SnO2 thin ¯lm.

Table 3. Energy values and intensity of PL
peaks.

Cu-concentration
Wavelength
of peak (nm)

Energy of
peak (eV)

SnO2 Pure 430 2.88
4% Cu 465 2.66
6% Cu 480 2.58
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Fig. 12. (Color online) Ln� as a function of 1000/T (K)�1

for SnO2 thin ¯lms for various doping concentrations with
copper.
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Ea2 increase with increasing doping concentration in

the ¯lms because of the donor formation by Oxygen

vacancies and these results agree with that of Refs. 26

and 13. The energy activation is calculated using the

formula27

� ¼ �o expðEa=kT Þ; ð4Þ
where � is the conductivity at heat T , �o is constant, k

is the Boltzmann constant, T is the temperature ab-

solute, and Ea is the activation energy. Table 4 shows

the activation energies Ea1 and Ea2 of the SnO2 thin

¯lms for various doping concentration with Cu.

Hall measurements indicate that the SnO2

thin ¯lms have good performance with n-type

conductivity. As shown in Fig. 13 and Table 5, the

value of electrical conductivity signi¯cantly increased

along with an increase in the values of charge carriers

as the values of both the mobility and Hall coe±cient

decreased. The concentration variation of the carrier

can be ascribed to the substitution of Cu for oxygen,

resulting in generation of conduction electrons that

leads to the increase of carrier concentration. In dif-

ferent doping levels, the substitution of Cu for oxygen

is the main defect in SnO2:Cu ¯lms. In the substitu-

ent, each Cuþ2 substitutes an O�2 in the lattice and

the substituted O�2 provides more free electrons,

which actively a®ects the free carrier initially. The

mobility of SnO2:Cu ¯lms continuously decreases

with increasing Cu concentration. The actual value of

mobility is dependent on the interaction between the

various scattering centers and free carriers. These

results are in good agreement with that obtained by

Refs. 28 and 29.

6. Sensing Properties

The sensitivity (S) of SnO2 gas sensor is typically

de¯ned as the rate of the surface resistance Ra of the

¯lm in air to that in the target gas Rg,
30 i.e.

S ¼ Rg�Ra

Ra

�
�
�
�

�
�
�
�
� 100: ð5Þ

Figure 14 shows the sensitivity of pure and Cu-doped

SnO2 on glass substrate in di®erent concentrations

under the following conditions: increasing time at

room temperature, 50�C operating temperature and

CO concentration at approximately 50 ppm. The

sensitivity of all samples, including sensitivity to CO,

is increasing linearly with Cu-doping concentration.

The sensitivity of pure SnO2 is less than that of doped

SnO2. SnO2 doped with 6wt.% Cu has maximum

sensitivity at room temperature and 50�C and this

enhanced sensitivity could be attributed to an

Table 4. Activation energies Ea1 and Ea2 for SnO2 thin
¯lms for various doping concentrations with copper.

Cu-concentration
Activation

energy Ea1 (eV)
Activation

energy Ea2 (eV)

SnO2 Pure 0.5 0.035
2% Cu 0.55 0.04
4% Cu 0.61 0.046
6% Cu 0.65 0.05
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Fig. 13. (Color online) The carrier concentration and
mobility of SnO2 as a function of di®erent doping con-
centrations with copper.

Table 5. The obtained results of Hall measurement for SnO2 at di®erent annealing temperatures and Cu-doping
concentrations.

Deposition condition RHðm2=CÞ �H (cm2=v � s) n (cm)�3 Electric conductivity (� � cmÞ�1

Cu-doping concentration Pure 2.366� 106 21.35 0.2638� 1013 9� 10�6

2% 6.113 � 105 7.531 1.021� 1013 1.2� 10�5

4% 9.82 � 104 2.34 4.36� 1013 2.3� 10�5

6% 6� 104 1.77 10.2� 1013 2.9� 10�5
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increased oxygen de¯ciency and/or to a positive

catalytic e®ect caused by Cu-doping into SnO2 and

Cu-doping accelerates the adsorption/reaction of CO

on the surface. Furthermore, the smaller grain size of

the Cu-doped sensors compared with that of pure

SnO2 may also contribute to the improved sensor

response.31,32 The sensitivity of all samples is illus-

trated in Table 6.

As shown in Fig. 15, the sensor sensitivity increa-

ses with increasing operating temperature and the

optimal heat (200�C), which is the maximum peak

values at certain temperatures, reduces with further

increase in temperatures up to 300�C. The increase in
density of charge carrier in the energetic surface

results in a reduction in resistivity, thereby resulting

in increased sensitivity as the operating temperature

increases. Highest sensitivity appeared at 200�C and

at temperatures higher than such, the sensitivity is

reduced. This behavior may be attributed to the more

frequent reaction of adsorbed oxygen species as the

operating temperature increases, and more electrons,

which are released because of this reaction, are sent

back to conduction band, i.e. the desorption ratio of

adsorbed gases also increases with increasing tem-

peratures.33 As the temperature further increases,

more adsorbed oxygen species react and more elec-

trons are sent back to conduction band, leading to

increased conductivity. At 200�C, which is the critical

temperature Tc, almost all adsorbed oxygen species

react and electrons return to conduction band, lead-

ing to maximum sensitivity. The decrease in sensi-

tivity to temperatures above the critical operating

temperature, Tc, can be attributed to the higher de-

sorption rates at these temperatures. When the target

gases are introduced, the added desorption is caused

by the target gases, which are comparatively small for

the stable-state desorption in air, leading to reduced

in°uence on the sensor response for T > Tc. Given the

competition rates of adsorption and desorption, SnO2

sensors always tend to display maximum sensitivity

at a particular operating temperature.

Table 6. Values of sensitivity S % of pure SnO2 and
Cu dopant at room temperature and 50�C.

Cu-concentration
Sensitivity
S% at 50�C

Sensitivity S % at
room temperature

SnO2 Pure 23 16
2% Cu 26.4 18
4% Cu 28 20
6% Cu 32 23
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Fig. 15. (Color online) The sensitivity S% as a function of
temperature plot of SnO2 thin ¯lms for various doping
concentrations of Cu for CO gas.
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Fig. 14. (Color online) The sensitivity S as a function of time plot of SnO2 thin ¯lms for di®erent doping concentrations of
Cu (a) at room temperature, (b) at operating temperature, T ¼ 50�C.
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Figure 16 hows the response and recovery times for

pure SnO2 thin ¯lms and 6wt.% Cu-doping upon ex-

posure to CO at 50 ppm concentration. Pure thin ¯lms

derived through dip-coating have signi¯cantly faster

response and recovery time comparedwith that of thin

¯lms derived through 6wt.% Cu-doping, whereas Cu-

doped ¯lms have higher sensitivity compared with

pure ¯lms. The response and recovery times of pure

SnO2 and SnO2 doped with 6wt.% Cu thin ¯lm to CO

at room temperature is illustrated in Table 7.

7. Conclusion

Pure and Cu-doped SnO2 thin ¯lms were deposited on

clean glass substrates through dip-coating sol–gel

method. The deposited ¯lm was 300 nm thick, and

XRD studies of as-deposited samples show polycrys-

talline structure with clear characteristic peak of the

tetragonal rutile structure of SnO2 with highly (110)

preferred orientation. With Cu-doping from 0wt.% to

6wt.%, the prepared ¯lm has a good transmittance of

82.4–65.3% in the visible region and energy band gap

of approximately 3.87–3.57 eV. The average optical

transparency in the visible region and the direct op-

tical band gap of thin ¯lms reduce with increasing

Cu-doping concentration. The sensitivity of all

samples, including CO, was noted to increase with

Cu-doping and doping with 6wt.% Cu results in

maximum sensitivity of 23 at room temperature and

32 at 50�C. Based on the analysis of Cu-doped SnO2

thin ¯lms, the thin ¯lm doped with Cu at 6wt.% had

high sensitivity for carbon monoxide gas at room

temperature and 50�C. This means that Cu-doping at

6wt.% signi¯cantly improves the performance and

capability of SnO2 thin ¯lms as gas sensors.
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