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Abstract

High-quality fluorine-doped tin oxide (FTO) thin films were deposited using a low-cost homemade spray pyrolysis appara-
tus and the effect of film thickness on structural, morphological, electrical, and optical properties were investigated. As the
thickness increases, the carrier concentration remains almost unchanged (~2.6 X 10% cm_3). However, as a result of grain
size increase, mobility enhanced considerably (from 19.1 to 40.1 cm? V~! s7!), which can be a convincing explanation for
resistivity reduction (from 12.0x 10~ Q cm to 6.00 x 10~ Q cm). As expected, the FTO thin films were highly transparent in
the visible region and naturally decreased by increasing the thickness. The band-gap value of the spray-deposited FTO thin
films was estimated, with results showing a gradual reduction with increasing thickness. The figure of merit was calculated
for the prepared FTO thin film and an outstanding value of 9.77x 10~ Q! corresponding to an average transmittance of

78.60 (400-900 nm) and sheet resistance of 9.21 €/sq was achieved.

1 Introduction

Due to the extensive variety of applications in electronic
and optoelectronic devices as well as the feasibly of deposi-
tion using a wide range of methods, transparent conduc-
tive oxides (TCOs) have been the center of attention during
the last decades. The most practical and well-known TCOs
are mainly based on zinc oxide (ZnO), tin oxide (SnO,),
and indium oxide (In,03). A variety of metal dopants have
been employed by researchers to modify both the transpar-
ency and conductivity of the aforementioned metal oxides,
giving rise to promising TCOs such as indium-doped ZnO
(IZO) [1], aluminum-doped ZnO (AZO) [2], tin-doped In,0O4
(ITO) [3], and antimony-doped SnO, (SnO,:Sb) [4]. How-
ever, it seems that the substitution of primary metal with
metal dopant can cause a considerable perturbation on the
conduction band, confining the free-carrier mobility and,
therefore, conductivity. On the contrary, in the cases of non-
metal dopant TCOs such as fluorine-doped SnO, (FTO) and
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fluorine-doped ZnO (FZO), the electronic perturbation is
restricted to the valence band, leading to a superior mobil-
ity and conductivity [5]. Furthermore, compared to other
common TCOs, FTO has almost the least toxicity, lowest
cost of production, best mechanical and chemical durabil-
ity, and best thermal stability [5], the latter making the FTO
thin films a wise choice for heat treatment and multilayer
deposition [6].

FTO thin films have been deposited via almost all con-
ventional physical and chemical deposition techniques such
as sol—gel [7], sputtering [8], pulsed laser deposition [9],
chemical vapor deposition [10], and spray pyrolysis [11].
Among the aforementioned methods, the low cost of depo-
sition and suitability for mass production [12] are the main
reasons for the extensive application of spray pyrolysis for
FTO thin-film deposition.

Clearly, variation of spray parameters has a decisive
impact on the characteristics of resulting FTO thin films.
Accordingly, there have been numerous studies in which the
effect of spray parameters such as temperature [13], solution
concentration [14], solution properties [15], and annealing
[16] has been investigated.

In the present study, the effect of spray solution volume
on the structural, morphological, optical, and electrical prop-
erties of FTO thin films has been examined. Varying the
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solution volume primarily leads to FTO thin films with a
different thickness and, therefore, different characteristics.

2 Materials and methods

FTO thin films were deposited onto well-cleaned soda lime
glass via a homemade spray pyrolysis apparatus endowed
with a custom spraying gun. To prepare the 80 ml precursor
solution, 5.162 gr of tin chloride dihydrate (SnCl,.2H,0)
was added to 2 ml hydrochloric acid (HCI) (37%) and stirred
vigorously for half an hour. As a result, the SnCl,.2H,0 was
dissolved in HCI and a transparent solution was prepared. It
is well known that the presence of HCI can break down the
strong ionic bonds in SnCl, and facilitate the pyrolysis reac-
tion and growth of the tin oxide layer on the substrate. More
accurately, the reaction between HCl and SnCl, leads to the
formation of HSnCl; which is an unstable molecule and
decomposes during the spray process [17]. Smith et al. [18]
investigated the influence of HCI concentration (from 0.03 to
0.7 M) on the starting solution containing SnCl,.2H,0O and
reported that the conversion of SnCl,.2H,0 into HSnCl; is
maximum for 0.2 M of HCI concentration. As the concen-
tration of HCI exceeds 0.2 M, the possibility of formation
of acid molecule HSnCl,~ and H,SnCl,* increases as well.
These molecules are less capable to react at the film surface.
In this study, the concentration of HCI (0.3 M) is fairly close
to the optimum concentration for the SnCl,.H,O conversion.

The resulting solution was diluted by adding 58 ml of
deionized water. 0.254 gr ammonium fluoride was utilized as
a fluorine source and dissolved in the previously mentioned
solution. Finally, 20 ml methanol was added to the solution.
To investigate the effect of FTO film thickness, 6, 10, 14,
18, and 22 ml of the resulting solution was spray-deposited
on the glass substrate and named T1, T2, T3, T4, and T5,
respectively (Table 1). The optimized experimental param-
eters for spray deposition were the substrate temperature of
500 °C, nozzle-substrate distance of 287 mm, and carrier gas
pressure of 0.9 bar.

The XRD patterns of the deposited FTO thin films were
recorded via an X’Pert PRO PANalytical diffractometer
with Cu-Ka radiation and 0.026 scan steps. Moreover, an
MIRA3TESCAN-XMU field-emission scanning electron
microscope (FESEM) was employed to study the surface
morphology, measure the thickness, and record the energy
dispersive X-ray spectroscopy (EDX) of the FTO thin films.
The electrical properties of as-prepared thin films, including
carrier mobility, carrier concentration, and resistivity of the
resulting films, were monitored via Van der Pauw and Hall
effect techniques (Phys Tech) at room temperature. Finally,
the optical transmittance and reflectance of the deposited
FTO thin films were obtained by a Perkin-Elmer Lambda
25 spectrophotometer.

3 Results
3.1 Structural properties

The recorded XRD patterns of the spray-deposited FTO thin
films with different thicknesses are presented in Fig. 1. It
is evident that there are eight distinctive peaks related to
the (110) (101) (200) (211) (220) (310) (301), and (321)
planes of the tetragonal SnO, structure which are in good
agreement with JCPDS card No. 041-1445 [19, 20]. For
the T1 sample, the (110) (200), and (211) have the highest
intensities, indicating that the mentioned orientations are the
dominant orientations. As the thickness increases from T1
to TS5, FTO thin films grow mainly with the (211) and (301)
orientations to the extent that (211) and (301) orientations
have the highest intensities for the TS5 samples.

To gain a better understanding of the variation of peak
intensities, the texture coefficient (TC) was calculated for
prominent peaks [21], and the results are presented in Table 1
and Fig. 2a. As shown in Fig. 2a, the thickness of FTO thin
films increases, and the 7C(301) starts to generally grow dras-
tically from 0.702 for the T1 sample to 4.244 for the T5 sam-
ple. Furthermore, the lattice constant (a, ¢) and volume cell
(V) of the tetragonal FTO thin films were calculated using the

Table 1 The precursor volume, thickness, texture coefficient, and lattice parameters of the spray-deposited FTO thin films with different thick-

nesses

Sample name Precursor Thickness Texture coefficient Lattice parameter

volume

(ml) t (nm) 110 200 211 301 aA) c(A) V(A%
T1 6 390 0.797 2.364 1.077 0.702 4.7303 +0.0003 3.1884+0.0008 71.34
T2 10 570 0.433 2.108 1.289 2.608 4.7377+0.0004 3.1915+0.0004 71.64
T3 14 730 0.241 1.578 1.341 3.736 4.7370+0.0004 3.1924 +0.0005 71.63
T4 18 865 0.149 2.607 1.023 3.282 4.7369 +0.0003 3.1915+0.0004 71.61
TS 22 965 0.192 1.504 1.125 4.244 4.7381+0.0003 3.1936 +0.0003 71.7
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Fig.1 The XRD pattern of the FTO thin films with different thick-
nesses along with (hkl) planes

lattice spacing (d},,;) of (110) and (101) planes and the follow-
ing equation [22]:
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The results are represented in Table 1. For a better under-
standing of structural characteristics, the Williamson—Hall
method was employed to estimate the crystallite size (D) and
strain (&) of the FTO thin films:
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where @ is the Bragg angle, f is the full width at half
maximum, A is the X-ray wavelength (1.5406A), and & is
a constant (0.9) [23]. The estimated values of the afore-
mentioned parameters are listed in Table 2 and illustrated
in Fig. 2b. It is found that both crystallite size and strain
increase with increasing thickness, whereas the rate of the
increase gradually reduces with thickness to the extent that
there is no considerable difference between T4 and TS5 crys-
tallite size and strain.

3.2 Morphological properties

The systematic variation in the surface morphology and
the cross-section image of the T1, T3, and TS5 samples
are demonstrated in Fig. 3. Based on FESEM images, the
surface morphology of all samples is quite compact and
crack-free with rather distinguishable boundaries, while
grain size and homogeneity are highly dependent on the
thickness of the deposited FTO thin films. The smallest
grains belong to the T1 sample in comparison with T3
and TS5 samples. Furthermore, the grain size distribu-
tion is fairly wide in the former sample. As the thickness

Table2 The estimated crystallite size, strain, bandgap, and Urbach
energy for the spray-deposited FTO thin films with different thick-
nesses

Sample name Crystallite size strain ~ Bandgap Urbach energy

D (nm) ex10” E,(eV) Ey(eV)
Tl 89 1.50 3.894 0.133
T2 105 1.56 3.878 0.184
T3 107 1.67 3.872 0.203
T4 112 1.71 3.854 0.254
T5 113 1.72 3.845 0.280
1/8x10°°
(b) -
-/ o—* Limios
././
S
1/6x10°° g
o %)
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Fig.2 The variation of a (110) (200) (211), and (301) texture coefficients, and b crystallite size and strain with thickness for the spray-deposited

FTO thin films
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Fig.3 The surface FESEM and cross-section image of a, d T1 b, e T3 ¢, f TS samples

increases, a significant enlargement in grain size as well
as a more homogenous size distribution can be observed
for T3 and TS samples which are in good agreement with
the XRD results [24]. As discussed in the previous sec-
tion, as the thickness increases, the FTO thin films grow
mainly with the (211) and (301) orientations, which can

be a proper explanation for the grain size increase and
homogeneity improvement with thickness [25]. Moreover,
the results of performed EDX analysis (Fig. 4) confirm
the existence of tin (Sn), oxygen (O), and fluorine (F) in
sample T5.

Fig.4 The EDX spectrum of
the TS sample

Intensity (a. u.)
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3.3 Electrical properties

To examine electrical characteristics, the Hall effect tech-
nique with Van der Pauw configuration was performed on
the spray-deposited FTO thin films with different thick-
nesses, and the results are presented in Table 3. In addition,
the variation of resistivity, mobility, and carrier concentra-
tion are depicted in Fig. 5. In general, the free-carrier con-
centration of a semiconductor oxide can be elevated by (i)
deviation from stoichiometry, or (ii) introducing an adequate
impurity to the main structure. Due to the almost similar
radii of O?~ (1.40 A) and F~ (1.36 A), the substitution of
02~ with F~ is quite probable and each substitution gives
one free electron to the structure [26]. Accordingly, the con-
siderable value of carrier concentration in the prepared FTO
thin films is the direct result of oxygen vacancy and sub-
stitution of O>~ with F~. Since all the FTO thin films with
different thicknesses were deposited with the same spray
condition and F-doping percentage, the carrier concentration
remains almost unchanged. On the contrary, by increasing
the thickness up to the T4 sample (865 nm), the resistiv-
ity of the films improved drastically (from 1.2x 107> Q cm
for T1 to 5.94x10™* Q cm for T4), and there was no sig-
nificant change for the TS5 sample (6.00 x 10~ Q cm). The
same enhancement trend can be observed for mobility
with increasing thickness, showing that the enlargement of

mobility is responsible for resistivity reduction. The same
trend for mobility and carrier concentration variation with
thickness has been reported in the literature [27].

Zhang et al. [28] reported that as long as carrier concen-
tration is larger than 5 X 10'® cm™3, lattice vibration scatter-
ing dominates the mobility for large crystallite size TCOs at
the temperatures more than 100 K. Accordingly, there must
be a correlation between the texture variation and the mobil-
ity increase in the FTO thin films. As presented in Fig. 6, the
variation of the mobility shows remarkable consistency with
TC(301)/TC(110) ratio. It has been known that the (110)
plane has a high value of atomic density [8, 29]. Further-
more, Korotkov et al. [30] utilized different precursors to
deposit SnO, thin films with different preferred orientations
and showed that the highest value of mobility belongs to the
films with (301) preferred orientation. The reduction of the
TC(110) and the increase in the TC(301) with increasing
thickness and, therefore, reduction in the lattice vibration
seem to be the main reasons for the mobility variation [31].

3.4 Optical properties

Figure 7a demonstrates the optical transmittance and reflec-
tance of the spray-deposited FTO thin films with different
thicknesses. As a consequence of having the lowest thickness,
the highest value of transparency belongs to the T1 sample

Table 3 The electrical characteristics, average transmittance, and calculated figure of merit of the spray-deposited FTO thin films with different

thicknesses

Sample name  Mobility Carrier concentration  Sheet resistance  Resistivity Average transmittance  Figure of merit
m(em?V71s™y 7 (x1020 cm™3) R, (Q/5q) p (x107*Q cm)  (400-900 nm) % @ (x1073Q7h
T1 19.4 2.66 30.9 12.0 87.33 8.35
T2 28.2 2.69 14.4 8.21 79.82 7.29
T3 34.2 2.72 9.21 6.72 78.60 9.77
T4 39.9 2.64 6.87 5.94 70.11 4.18
T5 40.1 2.60 6.22 6.00 67.35 3.09
Fig.5 The variation of the ~3.2x10% -
resistivity, mobility, and carrier 5 o—————© - 4.0x107 <
concentration of the FTO thin 1.2x10” . g
; ~ -~ F3.0x10°° ~=~
ﬁlrns ds:posned b‘y spray pyroly IS —m— Resistivity ) > -
sis at different thicknesses o e —e— Mobility F3.5x10 E KS)
N -~
S 1.0x10° —A— Carrier Conc E r28x10?
> = <
= L 1
s . A\A\ 3.0x10 > §
B 8.0x10"1 A 'g -2.6x10%° 8
& \ L2.5x10" 3 5
m F2.4x10%° &
6.0x10 \- m 1 3
° - 2.0x10
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Fig.6 The variation of the TC(301)/TC(110) ratio and mobility of the
prepared FTO thin films

(average transmittance of 87.33% in the 400-900 nm range)
which is expectedly decreased with increasing thickness
(Table 3).

The direct bandgap (E|,) of the deposited FTO thin films
was estimated using the Tauc relation:

n

ahv = A(hv - Eg) , 3)

where hv is the photon energy, A is an energy-independent
constant, and »n is 1/2 for direct allowed transition. The
absorption coefficient (@) was calculated using transmittance
(T) and reflectance (R) experimental data and the following
equation:

1 | (1=-R)  Ja-p*
=-1 R2|.
=™y "\t @)
100
(a)

—~
R 604
N—
@
2 40-
’ -%f
0 T T T T T
400 500 600 700 800 900

Wavelength (nm)

(ahv)? (eV/ecm)?

Here, t is thickness. Therefore, the bandgap can be esti-
mated by extrapolating the linear part of (ahv)? versus hv to
(ahv)*=0 (Fig. 7b) [32]. Moreover, the Urbach energy was
estimated for the prepared FTO thin films using the following

equation:
a:aoexp<h—v>, (®)]
Ey

in which a, is a constant. To estimate the Urbach energy, the
Ln(a) was plotted versus hv (Fig. 8a) and the resulting slope
was inverted [33]. The estimated bandgap and Urbach energy
value of the spray-deposited FTO thin films with different
thicknesses, which are in good agreement with the value
reported in the literature [34], are listed in Table 2, and the
variation is illustrated in Fig. 8b. It is clear that the band-gap
value of the FTO thin film slightly decreases with increasing
thickness from 3.894 for the T1 sample to 3.845 for the T5.
Among the parameters which can be responsible for altering
the bandgap, the increase in the crystallite size of the FTO
thin films seems to be the dominant one. It is well known
that the bandgap of thin films is related to the grain size
through the quantum confinement effect [35]. Conversely,
increasing the thickness leads to an increase in the Urbach
energy (Fig. 8b) which can be related to increased disorder.
The aforementioned results show a good consistency with
XRD results (increase in the estimated strain values) as well
as the estimated band-gap values. Based on the XRD result,
the increase in thickness leads to a strain increase, which can
explain the Urbach energy increase and, consequently, the
reduction in the bandgap of FTO thin films [36].

To evaluate the quality of the prepared FTO thin films as
a transparent conductive oxide (TCO), the Haacke’s figure of
merit (P) was calculated using the following relation:

(6)

Fig.7 a The optical transmittance and reflectance spectra of the spray-deposited FTO thin films; b the plots of (ahv)? vs. hv for the estimation of

the optical bandgap
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films

where T denotes the transmittance and Rg, represents the
sheet resistance of the thin film [37, 38]. The calculated
results are listed in Table 3, based on which the largest
value of the figure of merit belongs to the T3 sample (9.77),
indicative of the best performance as a TCO from among
others. Moreover, Table 4 presents a comparison between
the resistivity, average transmittance, and figure of merit of
the T3 sample and the best results for spray-deposited FTO
thin films reported in the past.

As can be seen in Table 4, the results of the present study
are considerable for spray-deposited FTO thin films. Ching-
Prado et al. [11] prepared FTO thin films by spray pyrolysis
technique on a glass substrate and reported resistivity of
1.15% 107> Q cm and an average transmittance of 81.2% in
the visible region. Elangovan et al. [39] studied the effect of
fluorine doping on the physical properties of spray-depos-
ited FTO thin films and reached a minimum sheet resistance
of 1.75 Q sq and ~65% transmittance at 600 nm. Kumar

et al. [24] utilized nebulizer spray pyrolysis for depositing
FTO thin films and investigated the effect of different sol-
vent proportions. They achieved a minimum resistivity of
1.90x 10 Q cm and 82% transmittance for 650 nm wave-
length. Purwanto et al. [38] deposited FTO thin films using
flam-assisted spray and examined the influence of fluorine
doping level. They reported minimum sheet resistance of
21.8 Q sq and average transmittance of 81.9% for the wave-
length range of 400-800 nm.

4 Conclusions

FTO thin films were spray-deposited on glass and, to study
the effect of film thickness, the quantity of spray solu-
tion was varied from 6 to 22 ml with 4 ml steps. It was
found that all the FTO thin films are polycrystalline with a
tetragonal structure. Furthermore, the estimated crystallite

Table 4 The best sheet resistance, resistivity, average transmittance, and figure of merit achieved in this study compared with some of the best

results for spray-deposited FTO thin films

Sheet resistance Resistivity Average transmittance Figure of merit Technique References
Rg;, (Q 5q) p (x10* Q cm) % & (x1073 Q7

9.21 6.72 78.60 (400-900 nm) 9.77 Spray pyrolysis This study
8.4 10 74 (at 550 nm) 59 Spray pyrolysis [17]

8.43 9.86 85 (450-900 nm) - Spray pyrolysis [13]

214 - 75.49 (400-1000 nm) - Spray pyrolysis [20]

- 11.5 81.2 (visible region) 52 Spray pyrolysis [11]

53 391 75 (at 550 nm) Spray pyrolysis [14]

1.75 - ~65 (at 600 nm) 11.0 Spray pyrolysis [39]

- 6 80 (400-1100 nm) - Pyrosol deposition [27]

4.96 1.90 82 (at 650 nm) 2.77 Nebulizer spray pyrolysis [24]

21.8 - 81.9 (400-800 nm) 11 Flame-assisted spray [38]
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size and strain increased with increasing thickness. The
FESEM image indicated that increasing the thickness leads
to a considerable grain size enlargement. The resistivity
of 5.94x 10 Q cm and average transmittance of 78.60%
(400-900 nm) were achieved at the thickness of 730 nm
(14 ml of spray solution). Considering the aforementioned
results and the fact that the spray pyrolysis technique is cost-
effective and suitable for mass production, the prepared FTO
thin film can be a proper choice for TCO-based devices.
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