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ABSTRACT 

The effect of Cu, Al and In doping on the microstructural and the electrical properties of the SnO2 films were studied. The 
undoped, Cu, Al and In (2 at. %) doped SnO2 films were deposited on the glass substrate by spray pyrolysis from 0.8 M SnCl2–
ethanol solution at substrate temperature 400 °C. The microstructural properties of films were investigated by X-ray diffraction 
(XRD) method. It was determined that the films formed at polycrystalline structure in tetragonal phase and structure was not 
changed by dopant species. The lattice parameters (a), (c) and crystallite size (D) were determined and obtained in the range of 
4.90-4.92 Å, 3.26-3.31 Å and 34-167 Å, respectively. The optical transmittance of thin films was measured and the optical band 
gap Eg values of the films were obtained in the range of 3.96-4.00 eV, using the Tauc relation. The electrical transport 
properties of undoped, Cu, Al and In-doped SnO2 films were investigated by means of conductivity measurements in a 
temperature range of 120-400 K. The electrical transport mechanism of the undoped, Cu, Al and In-doped SnO2 films was 
determined by means of the tunneling model through the back-to-back Schottky barrier and the thermionic field emission model 
in the temperature range of 120-300 K and 300-400 K, respectively. Copyright © 2014 VBRI press. 
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Introduction  

Tin dioxide (SnO2) has been intensively investigated 
because of its rich physical properties and large 
applications in commercial devices. The SnO2 with a wide-

band-gap (Eg =3.6-4.0 eV) [1-3] is one of the excellent 
semiconductors which can be applied to solid state gas 
sensors, sensing arrays, solar cells, photovoltaic cells, 
organic light emitting diodes, touch sensitive screens and 

thin film transistors [4-10]. The SnO2 thin films can be 
fabricated by a number of techniques such as chemical 
vapour deposition (CVD), metalorganic deposition, rf 

sputtering, sol–gel dip coating and spray pyrolysis [11-16]. 
It was clearly established that structural, electronic 
transport and optical properties of SnO2 films are very 
sensitive to preparation method, deposition conditions, 
dopant atoms and amount of dopant atoms. The spray 
pyrolysis, among the various deposition techniques, is the 
well suited for the preparation of doped tin dioxide thin 
films because of its simple and economic experimental 
arrangement, ease of adding various doping material, 
reproducibility, high growth rate and mass production 
capability for uniform large area coatings, which are 
desirable for industrial and solar cell applications. In order 
to change the order of electrical conductivity of SnO2, the 
doping with various atoms is an effective way. In previous 
articles, it was declared that the order of electrical 
conductivity increased with fluorine, antimony, tungsten 
and decreased with indium, aluminum, copper, lithium, etc. 

dopant atoms [17-24]. On the other hand, there are only a 
few publications in order to explain the electrical 

conduction mechanism in doped SnO2 up to now [25-28]. 
In this study we aimed to determine the effects of Cu, Al 
and In atoms, in the constant doping ratio, on the electrical 
conduction mechanism. In order to realize our goal we 
planned to prepare SnO2 films on the glass substrate and 
measure their electrical conductivity in the temperature 
range of 120-400 K. 

 

Experimental 

Synthesis of materials  

The glass substrates were ultrasonically cleaned by keeping 
in ethanol and in the distilled water, for ten minutes, 
respectively. Then the glass substrates were dried. The 
films were deposited on the glass substrates by spray 
pyrolysis technique. In order to prepare the coating 
solution, firstly, 2.70 g tin chloride dihydrate [SnCl2.2H2O, 
99.99%, Merck, Germany] was dissolved in 5 ml of 
hydrochloric acid [HCl, 37%, Merck, Germany] by heating 
at 90 °C. Then 10 ml of ethanol [C2H6O, 99.99%, Merck, 
Germany] was added in the solution. The concentration of 
the sprayed solution was 0.8 M. The solution flow rate of 2 
ml/min was maintained using air as the carrier gas. The 
distance between the substrate and nozzle was kept at 37 
cm. In the period of spraying, the substrate temperature was 
kept at 400

o
C. The temperature was controlled by an 

electronic temperature controller. In order to prepare the 
Cu, Al and In-doped films, CuCl2 [99.99%, Merck, 
Germany], AlCl3 [99.99%, Merck, Germany] and InCl3 
[99.99%, Alfa Aesar, Germany] were dissolved in 5 ml of 

ethanol with the same doping ratio 2 at. % and the solutions 
were added into the coating solution, respectively. 
 
Characterizations 

The microstructure of the SnO2 films was investigated by 
means of an Inel-Equinox 1000 diffractometer. The 
radiation source, the wavelength, and the 2θ scanning range 
of the diffractometer were Co Kα, 0.179 nm and 20–70

o
, 

respectively. The optical band gap of the films was 
calculated by means of UV–Vis-NIR transmittance 
measurements performed with a Shimadzu UV-3600 
spectrophotometer. The electrical resistance measurements 
were performed by two-point probe method as a function of 
temperature using a Keithley 2420 programmable constant 
current source in the temperature range 120–400 K. The 
carrier concentrations in the films were determined by Hall-
effect measurements at room temperature (RT).  
 

 
 

Fig. 1. The XRD patterns recorded for SnO2 films prepared by various 
dopant atoms. 

 

Results and discussion 

Structural analysis 

The XRD patterns of undoped and Cu, Al, In-doped SnO2 

films are shown in Fig. 1. The films deposited showed five 
peaks namely (110), (101), (200), (211) and (220). Since 
all the peaks are sharp it is evident that the films deposited 
are polycrystalline in nature and the positions of X-ray 
diffraction peaks fit well with the tetragonal structure of 

SnO2 (JCPDS card tin oxide, 41-1445) [29]. As seen from 

Fig. 1, the preferred orientation is (110) plane for undoped 
SnO2 film. The addition of Cu, Al and In atoms do not 
affect the preferred orientation along (110) plane and 
crystal structure. The dopants do not form extra peaks in 
the XRD pattern of doped SnO2 films because dopant 
atoms incorporate homogeneously into the tin oxide matrix. 
In the present study, the most conspicuous feature observed 
in the XRD analysis of the films is orientation along the 
(110) plane. In literature published on SnO2 films doped 
with different atoms such as Al, Zn and Co exhibited 

similar behaviors [19, 30]. This result is consistent with the 
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analysis of the microstructure of undoped SnO2 films 
prepared by spray pyrolysis from various solutions by 

Smith et al. [31]. It was seen that the amount of HCl in the 
starting solution strictly controls the preferred orientation. 
In the case, the amount of HCl is less than 0.2 mol/l, the 
preferred orientation occurs as (110). If the amount of HCl 
is greater than 0.2 mol/l, then the preferred orientation 
occurs as (101). 

The lattice constants a and c for the tetragonal phase 

structure are determined by the relation [32] 
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where d and (hkl) are the interplanar distance and Miller 
indices, respectively. The calculated lattice constants a, c 

and c/a values are given in Table 1. It was seen that they 

match well with the Standard JCPDS data card [29] and 

Kulaszewicz’s [33] results. It was also observed that the 
various doping atoms did not change the lattice parameters. 

 
Table 1. Lattice parameters and crystallite size values of SnO2 films 
prepared for various dopant atoms. 
 

Doping 

Atom

a 

(Å)

c 

(Å)

c/a D 

(Å)
Undoped 4.90 3.31 0.68 155

Cu 4.92 3.32 0.68 167

Al 4.90 3.31 0.68 141
In 4.90 3.26 0.67 34

 
 

 
 
Fig. 2. Transmittance spectra of SnO2 films prepared by different dopant 
atoms. 

 
The crystallite size for crystallites with the (110) plane 

was calculated by Scherrer’s formula, D = 0.9λ/(βcos θ) in 
which the peak broadening due to residual stresses in the 
films was neglected. Where D, β and λ are the size of the 
crystallite, the broadening of the diffraction line measured 
at half its maximum intensity in radians and the wavelength 
of X-rays (0.179 nm), respectively. The calculated values 

of crystallite size are listed in Table 1. It was observed that 
the crystallite size of the films depended on the kinds of 
dopant atoms. This behavior can be explained by means of 

differences in the ionic radius of Al
3+

, In
3+

 and Cu
2+

 which 
the ionic radius of them are 0.050, 0.080 and 0.073 nm, 
respectively. 
 

 
 
Fig. 3. The variation of (αhν)2 versus hν for SnO2 films for the various 
dopant atoms. 
 

Optical properties  

Fig. 2 shows the optical transmittance spectra of the SnO2 
films for various dopant atoms. The transmittances of all 
the films were increased in an apparent way with 
wavelength near the IR region. It was seen that the 
transmittance has the lowest value for the film doped with 
Al. The absorption coefficients (α) were determined by 
means of the optical transmittance spectra using the 
relation, α =(1/d)ln(1/T) where d is the thickness and T is 
the transmittance of the film at a particular wavelength. The 
optical band gap Eg of the film was calculated using the 

Tauc relation [34], which is given as αhν=α0(hν−Eg)
n
, 

where hν, α0 and n=0.5, 1.5, 2.0 and 3.0 are the photon 
energy, a constant and for allowed direct, forbidden direct, 
allowed indirect and forbidden indirect electronic 

transitions, respectively [35]. The plot of (αhν)
2
 versus hν is 

shown in Fig. 3. It was seen that the band-gap energy Eg 
obeyed to the allowed direct transition (n=1/2) model. The 
optical energy band gap was obtained by extrapolating the 
linear portion of (αhν)

2
 versus hν plot to (αhν)

2
=0 as 4.00 

eV for undoped, 3.96 eV for In-doped SnO2 and 3.98 eV 
for Cu and Al-doped SnO2 films. The similar values for the 
optical energy band gaps were also reported by many 

researches [1, 2, 36, 37]. 
 
Electrical measurements 

Fig. 4 exhibits the electrical conductivity of undoped and 
doped SnO2 films as a function of temperature for the 
various doping atoms in the temperature range of 120-
400K. It was seen that the conductivity for undoped, Al, Cu 
and In-doped films are almost constant in the temperature 
range of 120-300 K, but slightly depends on temperature in 
the temperature range of 300-400 K. It is also observed that 
the conductivity values significantly depend on the kinds of 
dopant atom. The electrical conductivity of SnO2 film 
decreases with the kinds of dopant atom of Al

3+
, In

3+
 and 

Cu
2+

 in all the temperature range. These electrical 
conductivity behaviors of SnO2 film can be explained 
because of the coexistence of donors (intrinsic point defects 
such as oxygen vacancies and tin interstitials) and acceptors 
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(substitution of Sn
4+

 by In
3+

, Cu
2+

 or Al
3+

) in the films and 
In, Al and Cu atoms behave as acceptors. 

 

 
 

Fig. 4. Conductivity of SnO2 films as a function of temperature for the 

various dopant atoms. The inset is the fits of the experimental data for 
SnO2 films following Eq. (5). 

 

Orton and Powell [38] discussed the band conduction in 
polycrystalline semiconductors by comparing L with the 

Debye length LD [given LD=(0kT/e
2
N)

1/2
]. Where, ε, o, k 

and e are the relative dielectric constant [39] of the material 
given as 12, the dielectric constant of free space, 
Boltzmann’s constant and the electron charge, respectively. 
The interface trap states create potential barriers in the 

grain boundary regions in the case L2LD. It can be said 
that the flat conduction band occurs. The calculated LD 

value for each film is presented in Table 2. The grain size 
values L determined from the atomic force microscopy 
AFM images. The carrier concentrations N in the films are 
obtained from Hall effect measurements at the room 

temperature and the results are also exhibited in Table 2. It 
was observed that all the films have a very low LD (a few 
Å) value compared to L. It points out that potential barriers 
can be created in grain boundary regions when interface 
traps are present. It should be also noted that the SnO2 films 
prepared by the spray pyrolysis technique exhibits large 
disorders. In other terms, SnO2 films have a distribution of 
L, defective grain boundaries, native defects such as 
oxygen vacancy and extrinsic impurities. It is concluded 
that a remarkably narrow and low potential barrier is 
formed at the grain boundary in the case LD and N are small 
and high, respectively.  

Fig. 5 shows the energy band diagram of back-to-back 

Schottky barrier [40] at a grain boundary for the 
degenerated films. Three possible transport mechanisms at 
the grain boundary are illustrated; (i) thermionic emission 
over the grain boundary, (ii) thermionic field emission and 
(iii) field emission (direct tunneling) through the grain 
boundary. For simplicity, the grain is assumed to be a 
square having a grain size of L cm.  

The temperature dependence of the conductivity for 
undoped, Cu, Al and In-doped SnO2 films are found 

constant near RT (120-300 K) Fig. 4. The constant 
conductivity suggests that the tunnel effect plays a major 

role in the carrier transport across the barrier [41]. When it 
was assumed the potential barrier to be a rectangle of the 
height VB and the width l2, the tunnel current can be easily 
obtained. 

 

 
 
Fig. 5. Energy band diagram and possible carrier transition mechanisms 
at a grain boundary of the degenerated films. 

 

As to Holm [42], the tunnel current density Jtun for a 
very small applied voltage V across a barrier is given by 
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where m* and h are the effective mass of carrier and the 

Planck constant, respectively. The conductivity by the 

tunnel effect tun becomes 
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This equation indicates that tun is proportional to grain 
size. L, m

*
, VB and l2 are the unknown quantities and 

should be determined in Eq. (3). Since L values are given in 

Table 2 and for the polycrystalline SnO2, Jousse [39] 
proposes as m*=0.15m0 where m0 is the free electron mass. 

When 2t NlQ  , N/8qQV 2
tB   and equation (3) are 

solved simultaneously, then VB and l2 values can be 
obtained. The values of Qt is the gap state density at grain 

boundaries, VB and 12 are calculated and listed in Table 2. 
It should be noted that all the SnO2 films satisfy the 

conditions of Qt < NL and 12 «L. The values of VB in Table 

2, compared with those of other polycrystalline materials 

[38] are reasonable. 
 

Table 2. L, N, LD, VB, l2, Qt and Veff values of SnO2 films prepared for 
various dopant atoms. 

 

Doping 

Atom

L 

(Å)

N 

(cm-3)

LD (Å) VB (eV) l2
(Å)

Qt

(cm-2)

Veff

(eV)

Undoped 775 1.65x1020 3.23 0.056 14.8
2.00x101

3
0.018

Cu 837 5.27x1018 18.10 0.192 27.4
3.71x101

3
0.043

Al 707 4.99x1019 5.88 0.132 22.8
3.07x101

3
0.032

In 175 1.84x1018 30.60 0.212 28.9
3.90x101

3
0.056

 
 
Undoped, Cu, Al and In-doped SnO2 films reveal a 

weak T-dependent  behavior beyond RT (300–400 K);  
gradually increases with an increase in T. The gradual 

increase in  with T for the undoped and lightly doped 
degenerate films can be attributed to the influence of the 
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grain boundary scattering. Thermionic emission over grain-
boundary is known as the typical grain boundary scattering 
mechanism for polycrystalline semiconductor films. Based 
on Maxwell-Boltzmann statistics, a conductivity limited by 
thermionic emission over the back-to-back Schottky barrier 

is expressed as [40]. 
 

   /kTqVexpkTm2NLqσ B

1/2*2 


       (4) 

 
Thermionic field emission consists of two steps; (i) the 

thermal activation of trapped or free charges in the grain 
boundary region and (ii) the subsequent tunneling of the 
thermally activated charges through the potential barrier as 

in Fig. 5 [43]. The kinetic equation for thermionic field 
emission through the back-to-back Schottky barrier can be 
approximated by modifying Eq. (4) to 

 

 /kTVexpBTσ eff
1/2           (5) 

 
where B is a weakly T-dependent parameter and Veff is the 
effective barrier height for the thermal emission of 

electrons to tunneling possible sites [44]. The Veff values 

are also determined from the ln(T
1/2

)-1/T plot in the 300-

400 K T region as shown in Fig. 4 and presented in Table 

2. 
The electrical conduction mechanism of our films was 

compared with the published results of the other 
researchers [25-28, 41]. At these references, they dealt with 
fluorine doped prepared by CVD method, undoped by 
CVD method, undoped by reactive sputtering, fluorine 
doped by spray pyrolysis and undoped by CVD, 
respectively. The electrical conduction mechanism of these 
SnO2 films were metallic, Efros-Shklovskii variable range 
hopping (VRH), VRH, VRH and tunneling, respectively. 
The temperature range of these studies was about 50-300 
K. In our case, it was 120–400 K and the electrical 
transport mechanism was the tunneling model through the 
back-to-back Schottky barrier and the thermionic field 
emission model in the temperature range of 120-300 K and 
300-400 K, respectively. It was observed that the transport 
mechanism did not change with the kinds of dopant atoms. 
 

Conclusion 

In this study it was concluded that the kind of dopant atoms 
did not change the structure of undoped and Cu, Al and In-
doped SnO2 films grown by spray pyrolysis. The 
orientation of the films was along the (110) plane. The 
films were polycrystalline in nature and had tetragonal 
structure. The ratio of lattice parameters (c/a) was found as 
0.67. The crystallite size of the films calculated from XRD 
depending on the kind of dopant atoms. The transmittances 
of all the films were apparently increased with increasing 
wavelength near the IR region and the transmittance has the 
lowest value for the film doped with Al. The forbidden 
band-gap energy value was found as 4.00 eV and 3.96 eV 
for undoped and In-doped SnO2 film, respectively. Eg was 
determined as 3.98 eV, having the same result for Cu and 
Al-doped SnO2 films. The temperature dependence of the 
electrical conductivity of undoped, Cu, Al and In-doped 
SnO2 films is found constant in the temperature range of 

120-300 K and changes gradually in the temperature range 
of 300-400 K. The electrical transport mechanism of the 
undoped, Cu, Al and In-doped SnO2 films was determined 
by means of the tunneling model through the back-to-back 
Schottky barrier and the thermionic field emission model in 
the temperature range of 120-300 K and 300-400 K, 
respectively. 
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