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ABSTRACT
Fluorine doped tin oxide (FTO) films were successfully prepared on glass and quartz substrate
at a substrate temperature equal to 450 ℃ for different fluorine doping (0, 0.05, 0.1, 0.15) by a
homemade spray pyrolysis technique. The spray solution prepared from tin tetrachloride pentahydrate
(𝑆𝑛𝐶𝑙4 · 5𝐻2 𝑂) dissolved in distilled water at (0.1 𝑀) concentration and ammonium fluoride (𝑁𝐻4 𝐹)
was added into the solution for fluorine doping. X-ray diffraction patterns of the spray-deposited
(SnO2: F) films for different fluorine doping show that all the diffractograms contain the characteristic
SnO2 orientations. The matching of the observed and standard d-values confirm that the deposited
films are of tin oxide with tetragonal structure and the films are polycrystalline with (110) as a
preferred growth orientation. The surface morphology of 𝑆𝑛𝑂2 : 𝐹 thin film has been examined by
atomic force microscopy (AFM). The average transmittance in the visible region (at 550 nm) has been
found (40 %, 47 %, 52 %, 59 %, 61 %) for the fluorine doping (0, 0.05, 0.1, 0.15, 0.2) respectively.
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1. INTRODUCTION
Transparent conducting oxide (TCO) thin films such as zinc oxide, indium oxide, tin
oxide, indium tin oxide and cadmium oxide have attracted considerable attention because of
their low resistivity and high transmittance [1]. Due to their optical and electrical properties,
TCOs are used for photovoltaic solar cells, phototransistors, liquid crystal displays, optical
heaters, gas sensors, transparent electrodes and other optoelectronic devices [2-9]. Among
these TCOs SnO2 films are inexpensive, chemically stable in acidic and basic solutions,
thermally stable in oxidizing environments at high temperatures and also mechanically strong,
which are important attributes for the fabrication and operation of solar cells [10-12]. SnO2
has a tetragonal structure, similar to the rutile structure with the wide energy gap of 𝐸𝑔 =
3.6 − 4 𝑒𝑉 and behaves as an n-type semiconductor [13-15]. Antimony (Sb), arsenic (As),
phosphorus (P), indium (In), molybdenum (Mo), fluorine (F), and chlorine (Cl) have been
selected as doping elements for SnO2 films [16-23]. SnO2 thin films are produced by different
techniques such as thermal evaporation, sputtering, spray pyrolysis, sol-gel and hydrothermal
[24-33]. Among these, spray pyrolysis is well suited for the preparation of doped tin oxide
thin films because of its simple and inexpensive experimental arrangement, ease of adding
various doping materials, reproducibility, high growth rate and mass production capability for
uniform large area coatings [1,34].
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2. EXPERIMENTAL PART
Fluorine doped tin oxide (FTO) films were prepared on glass and quartz substrate
(2.5 × 2.5 𝑐𝑚2 ) at a substrate temperature (450 ℃) for different fluorine doped (0, 0.05, 0.1,
0.15) by a homemade spray pyrolysis technique under ambient atmosphere. The experimental
setup and other details have been reported elsewhere [35]. The spray solution prepared from
tin tetrachloride penthydrate (𝑆𝑛𝐶𝑙4 · 5𝐻2 𝑂) dissolved in distilled water at (0.1 𝑀)
concentration and ammonium fluoride (𝑁𝐻4 𝐹) was added into the solution for fluorine
doping. The deposition parameters were the same for the series of 𝑆𝑛𝑂2 : 𝐹 films. The crystal
structure and crystallinity of as-grown (FTO) films were investigated by X-ray diffraction
(XRD) using SHIMADZU X-Ray diffractometer system (XRD - 6000), which record the
intensity as a function of Bragg's angle. The surface morphology of (𝑆𝑛𝑂2 : 𝐹) thin film has
been examined by using atomic force microscopy (AFM, scanning probe microscope). The
optical measurements of the SnO2: F thin film are calculated from the transmittance and
absorbance spectrum at normal incidence over the range (300 – 900 nm), by using UV-VIS
spectrophotometer type (SHIMADZU) (UV-1600/1700 series).
3. RESULTS AND DISCUSSION
3. 1. Structural characterization
3. 1. 1. X-ray Diffraction (XRD)
Since changes in the structural properties of SnO2 films can be correlated with the
variations of the electrical and optical properties, x-ray diffraction measurements were made
to determine the d-values, crystallographic structure, lattice parameters, grain size, texture
coefficient and others. XRD patterns obtained for the films grown on glass substrate at a
substrate temperature equal to (450 ℃) were studied in the (2θ) range of (20 – 70°). Figure
(1) depicts the x-ray diffraction patterns of spray-deposited 𝑆𝑛𝑂2 : 𝐹 thin films for different
fluorine doping. All the diffractograms contain the characteristic SnO2 orientations. The
observed d-values are presented in table (1) and compare with the standard ones from the
(JCPDS) data files [36]. The matching of the observed and standard d-values confirms that the
deposited films are of tin oxide with tetragonal structure.
The x-ray diffraction spectra of (SnO2: F) films for different fluorine doping levels in
the precursor solution shows that the films are polycrystalline with (110) as a preferred
growth orientation. The (110) peak is the strongest peak observed in all the films, the presence
of other peaks such as (101), (200) and (211) have also been detected but with substantially
lower intensities. The presence of other phases such as (SnO, Sn and SnF2) is not detected,
indicating the (O) atoms were replaced by (F) atoms in the (SnO2: F) films [37,38,42-46]. The
introduction of fluorine does not affect the structural properties of the films, however, the
decrease in the intensities of the main XRD peaks with increasing fluorine doping levels, is
probably attributed to the change in the growth rate which leads to a decrease in the thickness
of the 𝑆𝑛𝑂2 : 𝐹 films.
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Fig. 1. X-ray diffraction patterns of (SnO2: F) thin films for different fluorine doping.
Table 1. XRD parameters of ASTM and prepared (𝑆𝑛𝑂2 : 𝐹) thin films deposited on glass substrate
at 450 ℃.

0%

5%

10 %

15 %

ASTM
(SnO2)

2θ (deg.)
(110)
d (Ǻ)

26.5449
3.35523

26.5683
3.35233

26.5666
3.35254

26.5383
3.35605

26.611
3.35

Int.
2θ (deg.)
d (Ǻ)
(101)
Int.
2θ (deg.)
(200)
d (Ǻ)
Int.
2θ (deg.)
(211)
d (Ǻ)
Int.

100
33.7291
2.65520
22
37.8255
2.37653
19
51.8074

100
34.0788
2.62875
32
38.0603
2.36241
23
51.7674

100
33.7990
2.64987
28
37.8555
2.37472
17
51.8074

100
33.8390
2.64683
28
37.8155
2.37714
17
51.7375

100
33.893
2.644
75
37.949
2.369
21
51.780

1.76327
25

1.76453
32

1.77058
28

1.76548
28

1.765
57

Doping

(hkl)

International Letters of Chemistry, Physics and Astronomy Vol. 18

3. 1. 2 Lattice Parameters
The lattice constant (a) and (c) of the 𝑆𝑛𝑂2 : 𝐹 thin films for different fluorine doping
determined from equation (1) and the ratio of (𝑐 ⁄𝑎) belong to the (110) plane as a preferred
orientation have been listed in Table (2), found to be in a good agreement with the reported
and the standard (JCPDS) values. It is also found that the lattice constant (a) increase slightly
with increasing fluorine doping in the films, while there are an arbitrary changed in the lattice
constant (c) with increasing fluorine doping. Figures [2, 3] show the lattice constant (a) and
(c) as a function of fluorine content in the films.

1
𝑑2

=

ℎ2 +𝑘 2
𝑎2

𝑙2

+ 𝑐2

……. (1)

Table 2. Lattice constants of (SnO2: F) thin films deposited for different fluorine doping
at a substrate temperature (450 ℃).

(𝐜⁄𝐚)

Samples

Fluorine Doping (%) a (Å)

c (Å)

1

0

4.74003

3.1959241

0.6742408

2

5

4.74091055

3.1588125

0.666288135

3

10

4.74120754

3.1955645

0.673998024

4

15

4.74617143

3.1887284

0.671852775

(JCPDS)

0

4.73761543

3.1863765

0.672569684

4.747
4.746

a - axis Length (Å)

4.745
4.744
4.743
4.742
4.741

4.74
4.739
0

5

10

Fluorine content %
Fig. 2. a-axis length vs. fluorine content.
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3.2

3.195

c -axis Length (Å)

3.19
3.185
3.18
3.175
3.17
3.165
3.16
3.155
0

5

10

15

20

Fluorine Content %

Fig. 3. c-axis length vs. fluorine content.

3. 1. 3. Grain Size (D)
The crystallite size is estimated by using Scherrer’s formula given by equation (2) [38].

𝐷=

𝑘𝜆
𝛽𝑐𝑜𝑠𝜃

………. (2)

where k varies from 0.89 to 1.39. But in most of the cases it is closer to 1. Hence for grain
size calculation it is taken to be 0.94, λ is the wavelength of x-ray, β is the full width at half of
the peak maximum in radian and θ is Bragg’s angle (in degree).
It is observed that crystalline size increases initially with an increase in fluorine doping
in the films reaches the maximum (5.29) nm at (0.10) fluorine doping and thereafter it goes on
decreasing with increases in fluorine content in the films.
The values of crystallite size for different fluorine content are shown in Table 3 and
depicted in Figure 4.
3. 1. 4 Full Width at Half Maximum (FWHM)
The full width at half maximum of the preferred orientation (peak) could be measured,
since it is equal to the width of the line profile (in degrees) at the half of the maximum
intensity.
The values of FWHM of the preferred orientation (110) have been measured and listed
in Table 3.
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5.3
5.25

Grain Size (nm)

5.2
5.15
5.1
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5
4.95
4.9
4.85
4.8
0

5

10

15

Fluorine Content %

Fig. 4. Grain size vs. fluorine content.
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Fig. 5. Texture coefficient vs. fluorine doping.
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3. 1. 5 Texture Coefficient (TC)
The texture coefficient defined by Barret and Massalski [39] has been used to describe
the preferred orientation.

TC (hkl) 

I (hkl) I 0 (hkl)
1
N r  N I (hkl) I 0 (hkl)

……… (3)

where TC is the texture coefficients of the (hkl) plane, I(hkl) the measured intensity, I0(hkl) the
ASTM standard intensity of the corresponding powder, and N is the reflection number of
significant peaks. From this definition it is clear that the deviation of the texture coefficient
from the unity implies the preferred orientation of the growth. The larger of texture coefficient
deviates from unity, the higher will be the preferred orientation of a film. The variation of
texture coefficient estimated along (110) direction with the fluorine content for SnO2: F thin
films are shown in Figure 5 and listed in Table 3. It is seen that the texture coefficient
decrease with adding fluorine atoms in the SnO2 films and it will increase with the increasing
in fluorine doping in the films reaches to a constant value for the (10 %, 15 %) fluorinedoping films.
3. 1. 6 Micro strain (ε)
The micro strain is caused during the growth of thin films, and will be raised from
stretching or compression in the lattice to make a deviation in the c-lattice constant of the
tetragonal structure from ASTM value. So the strain broadening is caused by varying the
displacement of atoms with respect to their reference lattice position. This strain can be
calculated from then following equation [40]. The values of micro strain of the SnO2: F films
have been calculated and listed in Table (3).

  

C ASTM  C XRD
100%
C ASTM

…………… (4)

3. 1. 7. Integral Breadth (B)
The integral breadth of the samples has been obtained from XRD pattern. The values of
integral breadth are recorded in table (3) and are calculated by using the following equation
[41].

 

Area
…………. (5)
I0

where: Area = area under peak, I = maximum intensity
o

3. 1. 8 Shape Factor (Φ)
The shape factor of the line profile resulting from the x-ray diffraction patterns could
be calculated from the following relation [41] and are listed in table (3).

𝛷=

𝐹𝑊𝐻𝑀
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝐵𝑟𝑒𝑎𝑑𝑡ℎ

………… (6)
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Table 3. Structural properties of SnO2: F thin films deposited at (450 ℃).

Sample

Doping
%

Grain
Size (D)
(nm)

Micro
Strain (ε)
%

TC (110)

FWHM
(degree)

1

0

4.84

0.279

1.517

1.6867

1.64

1.028

2

5

4.98

0.909

1.297

1.64

1.68

0.976

3

10

5.29

0.268

1.495

1.5433

1.34

1.151

4

15

5.04

0.053

1.495

1.62

1.33

1.218

Integral Shape Factor
Breadth
(Φ)

3. 2. Film Morphology
The surface morphology of 𝑆𝑛𝑂2 : 𝐹 thin films for different fluorine-doping (0, 0.05,
0.1, 0.15) deposited on ga glass substrateat a substrate temperature (450 ℃) has been
examined by atomic force microscopy (AFM, scanning probe microscope). The threedimensional (3D) topographic views of AFM images for 𝑆𝑛𝑂2 : 𝐹 films are shown in figure
(6).
The films reveal homogenous surface and the grains were elongated from the inner
towards the surface and, the root mean square (RMS) roughness for 𝑆𝑛𝑂2 : 𝐹 are (1.09, 1.07,
0.94, 0.69) nm for the fluorine doping (0, 0.05, 0.1, 0.15) respectively. The AFM study
showed that the RMS roughness of undoped films reduced considerably from 1.09 to 0.69 nm
due to fluorine doping (0.15), and the results showed that the values of the RMS roughness of
the present work are smaller than the results obtained from another report [1], which makes a
suitable reason to use it in solar cell applications.
The grain size of (SnO2 : F) thin films were evaluated at (78, 92, 97, 95) nm for
fluorine-doping (0, 0.05, 0.1, 0.15) respectively. Grain size was less than (100 nm) which
confirms the presence of nanostructures. AFM study reveals that the roughness of the film is
dependent on the concentration of the dopant.

(a)

(b)
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(c)

(d)

Fig. 6. The AFM images of 𝑆𝑛𝑂2 : 𝐹 thin film for different fluorine-doping
(a) F = 0, (b) F = 0.05, (c) F = 0.1 and (d) F = 0.15

3. 3. Optical characterization
The optical properties of 𝑆𝑛𝑂2 : 𝐹 thin films prepared with different fluorine-doped (0,
0.05, 0.1, 0.15, 0.2) by spray pyrolysis technique on quartz substrate at substrate temperature
(450 ℃) have been investigated by the room temperature transmission and absorption spectra
were measured in the range from (300 nm to 900 nm).
3. 3. 1. Transmittance
The UV-visible transmittance spectra of 𝑆𝑛𝑂2 : 𝐹 thin films as a function of wavelength
for different fluorine doping have been shown in Figure 7. It is seen that the transmittance of
the 𝑆𝑛𝑂2 : 𝐹 films increases with increasing fluorine dopant in the films, and the average
transmittance in the visible region (at 550 nm) has been found (40 %, 47 %, 52 %, 59 %, 61
%) for the fluorine doping (0, 0.05, 0.1, 0.15, 0.2) respectively. The transmittance value of 50
% for the undoped films found increased to 70 % for 0.20 of fluorine doping (at 890 nm).
The increase in the transmittance spectra of the 𝑆𝑛𝑂2 : 𝐹 due to the decreasing in the film
thickness because of the growth rate is decreased with increase fluorine content in the films
and, the color of the undoped tin oxide thin film is milky white that turned colorless When the
doping concentration increased to (20 %), which is in a good agreement with the report [1].
3. 3. 2. Optical Bandgap (Eg)
The optical bandgap (Eg) of the 𝑆𝑛𝑂2 : 𝐹 thin films was calculated from the allowed
direct transition given by [1].
1⁄
2 ……… (7)

𝛼ℎ𝛾 = 𝐴(ℎ𝛾 − 𝐸𝑔 )

where α (cm-1) is the absorption coefficient, h (J.s) is Planck’s constant, γ (Hz) is the photon
frequency, A is the edge parameter, and Eg (eV) is the bandgap energy.
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Fig. 7. Transmittance spectra of 𝑆𝑛𝑂2 : 𝐹 thin films as a function of wavelength for different fluorine
doping.
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Fig. 8. Optical bandgap of SnO2 : F thin films as a function of photon energy for different fluorine
doping.
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The optical bandgap is determined by extrapolating the linear part of the curve (𝛼ℎ𝛾)2
which intercepts the energy axis, Eg are found to be (3.5, 3.57, 3.65, 3.7, 3.75) eV for the (0,5
%, 10 %, 15 %, 20 %) fluorine doping concentration respectively as shown in Figure 8. As
can be clearly seen in Figure 8 the optical bandgap is increasing with the increase in fluorine
doping concentration in the films. This result is in a good agreement with the report results
obtained by Elangovan and Ramamurthi [1].
4. CONCLUSIONS
Fluorine doped tin oxide (FTO) films were successfully prepared on glass and quartz
substrate at a substrate temperature equal to 450 ℃ by a homemade spray pyrolysis
technique. All the diffractograms contain the characteristic SnO2 orientations. The x-ray
diffraction spectra of (SnO2: F) films for different fluorine doping levels in the precursor
solution shows that the films are polycrystalline with (110) as a preferred growth orientation.
The introduction of fluorine does not affect the structural properties of the films, however, the
decrease in the intensities of the main XRD peaks with increasing fluorine doping levels, is
probably attributed to the change in the growth rate which leads to a decrease in the thickness
of the 𝑆𝑛𝑂2 : 𝐹 films. The AFM study showed that the RMS roughness of undoped films
reduced considerably from 1.09 to 0.69 nm due to fluorine doping (0.15). The transmittance
value of 50 % for the undoped films found increased to 70 % for 0.20 fluorine doping (at 890
nm). The increase in the transmittance spectra of the 𝑆𝑛𝑂2 : 𝐹 due to the decreasing in the film
thickness because of the growth rate is decreased with increase fluorine content in the films.
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