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Abstract

Spray pyrolysis is a low-cost and simple technique for the fabrication of high-quality
transparent and conducting oxide thin films for different optoelectronic applications. The
fabrication method, structural, morphological, and electro-optical properties of fluorine-
doped tin oxide (FTO) and tin-doped indium oxide (ITO) films have been investigated.
The deposited films have low resistivity and high transparency. Applications of such
films are shown in high-efficiency surface-barrier photodetectors and solar cells, where
the films serve as an active and antireflection electrode. A short description of other
undoped and doped oxide films such as ZnO and TiO, fabricated by spray pyrolysis is
presented.

Keywords: spray pyrolysis, thin film, fluorine-doped tin oxide, tin-doped indium oxide,
surface-barrier photodetectors, solar cells

1. Introduction

It is well known that some thin oxide films that are heavily doped n-type semiconductors
present both high conductivity and high transparency. Materials exhibiting simultaneously
both high conductivity and optical transmittance are named transparent conducting oxides
(TCOs). The most representative of such materials are tin-doped indium oxide (In,0O,) and
fluorine-doped tin oxide (SnO,), known as ITO and FTO, respectively. These materials have been
thoroughly studied due to their innumerable optoelectronic applications for devices, such as in
solar cells, liquid crystal displays, organic light-emitting diodes, and heat mirrors [1]. A num-
ber of techniques, such as oxidation of metal films, sputtering, chemical vapor deposition, and
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growth from chemical solutions, have been investigated in the search for the most reliable and
cheapest fabrication method of the TCO thin films [1]. Chemical fabrication techniques have
been studied extensively due to their simplicity, low-cost, and the flexibility for the doping pro-
cess. The spray pyrolysis processing is one of the most simple fabrication method that has been
known for more than three decades since the first published work in 1966 when it was used
for the spray-deposited CdS films [2]. Because of the simplicity of the technical apparatus used
as well as the inherent suitability for large-scale production, the spray pyrolysis is the most
attractive method for the TCO films fabrication. This method presents a numbers of advantages
[3] such as the extremely easy way of doping the films by adding certain elements to the spray
solution, the process is conducted in air ambient (vacuum conditions are not required) and
operated at moderate temperatures, resulting into a compact and simple fabrication process.
The aim of this chapter is to describe the fabrication method and properties of some useful TCO
films and their optoelectronic properties suitable for applications as transparent ohmic contacts
in thin film solar cells as well as an active and antireflection electrode in the design of efficient
surface-barrier semiconductor photodetectors. Recently, the quite important optoelectronic
application of this method for the fabrication of efficient silicon solar cells and modules has
been reported [4]. Readers can find many such applications of the TCO films in the literature.

2. Spray pyrolysis processing: general remarks

Spray pyrolysis is a process in which a thin film is deposited by spraying a solution on a
heated surface, where the constituents react to form a chemical compound [5]. The chemical
spray deposition process, according to the type of reaction, can be divided into three groups
[6]: In the first group, the droplets of the solution reside on the heated surface as the solvent
evaporates and components may further react in the dry state. The second group represents a
process in which the solvent evaporates before the drops reach the heated surface and the dry
solid impinges on the surface by decomposition. In the third group, there are processes where
the solvent vaporizes as the droplets approach the substrate with the consequent heteroge-
neous reaction of the solution components. The most important parameters to be controlled in
all of these processes are the substrate temperature, carrier gas flow rate, nozzle-to-substrate
distance, and the solution content and concentration. Among these variables, the substrate
temperature has been considered as the most important factor in producing thin film from
spray pyrolysis processing; this is because the droplets drying, decomposition, crystalliza-
tion, and grain growth depend strongly on this parameter [7]. The main part of the apparatus
used for the spray pyrolysis deposition is the atomizer for obtaining aerosol from the precur-
sor solution. The design of this equipment can be variable from inexpensive cosmetics or
perfume purpose atomizers [8, 9] through a Pyrex glass or metallic individual or commercial
design atomizers to much more complicated ultrasonic equipments [10]. Despite the appar-
ent simplicity of the spray pyrolysis technique, a tight correlation of the deposition param-
eters called for a theoretical modeling spray pyrolysis deposition [11], the aim of which was
the understanding of this correlation with the optimization of the deposition process. Such
modeling examines the changing of the films topography, where the droplets can be seen as
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a flux and not as individual drops, and when they evaporate near the surface prior to fully
contacting the substrate in liquid form. A typical spray deposition system includes the spray
atomizer containing the precursor solution, a heater for the substrate, pressurized air, liquid
flow, and temperature controllers. Inherently, to the spray process, the thickness of the film
can be nonuniform, thus a random motion of the spray nozzle or the substrate is useful for
an uniform deposition [5]. The following sections of this chapter are dedicated to the descrip-
tion of the experimental method for the deposition of thin TCO films, as well to show their
structural, electric, and optical properties for their applications in designing different opto-
electronic devices. Our research activity in this field started by 1979 [12, 13] when the spray
pyrolysis was used for the fabrication of silicon solar cells.

3. Spray-deposited fluorine-doped tin oxide films

Figure 1 shows schematical representation of our spraying system [4]. It produces films pre-
senting uniform thicknesses for spraying areas of few square centimeters by a mechanical
moving of a Pyrex glass spray head.

The substrate holder is a graphite block mounted on the electric heater, the temperature
of which is controlled by a thermocouple. To prevent a rapid cooling of the substrate by
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Figure 1. Schematical representation of our spraying system.
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the spraying solution, the compressed air is injected into the atomizer during a short time
(around 1-2 s) with a long pause (10-30 s); this period of time is controlled by the magnetic
valve. Thus, the pulsed spraying leads to the deposition of uniform films. The fixed tempera-
ture (480°C) is controlled and supported by a microprocessor. The inset of Figure 1 shows the
holder modification for deposition of TCO films on semiconductor wafers with large areas.
The film thickness depends on several parameters: the distance between the spray nozzle and
the substrate, the substrate temperature, the concentration of the precursor solution, and the
deposition time.

The deposition method used in this work was conducted, using compressed air at a pressure
of 0.5 atm and a Pyrex atomizer located at 30 cm from either the Corning glass or the sapphire
substrate [14]. Additional technological parameters are shown in Table 1. A 0.2 M solution of
tin (IV) chloride pentahydrate (SnCl,-5H,0) dissolved in methanol was used as the starting
solution. A small amount of ammonium fluoride (NH, F) dissolved in water was added in the
starting solution for the preparation of the precursor with a 0-1 F/Sn molar ratio (Table 2).
Since the presence of water can lead to the hydrolysis of the tin chloride, we added a few
drops of hydrochloric acid (HCl) into the precursor solution; a 10 ml/min precursor flow rate
was used for this deposition process [14].

The films’ thickness was measured using an Alpha Step 200 profilometer. The X-ray diffrac-
tion (XRD) measurements were carried out with an X-ray diffractometer Brucker AXS D8
Advance, with a Cu cathode (1.54059 A) operating in the Bragg-Brentano Two-Theta geometry.
An atomic force microscope JEOL JSPM-4310 was used to study the films’ surface. The electri-
cal resistivity (p) and carrier density (n,) were measured at room temperature using the stan-
dard van der Pauw method, where the Hall effect parameters were obtained for a magnetic
field of 0.3 T. Finally, the optical properties were measured using the Agilent-8453 (200 nm
a 1100 nm) spectrophotometer.

The XRD measurements of the FTO films with different F/Sn ratios in the solution are shown
in Figure 2.

Transporting gas Compressed air
Pressure of the gas 3 kg/cm?
Diameter of nozzle 2 mm

Distance nozzle-substrate 30 cm
Temperature of the substrate 450 £ 5°C

Tin concentration in solution 02M

Atomic ratio of F/Sn in the solution 0.0-1.0

Time of a single deposition step 1s

Time of a single cooling period 2s

Table 1. Technological parameters used for the deposition of the FTO films.
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F/Sn molar ratio NH,F, mg SnCl-5HO, g H,0 + CH,CH,OH (1:3), ml
0 0 1.519 15
0.20 22.22 1.519 15
0.35 38.89 1.519 15
0.50 55.56 1.519 15
0.65 72.23 1.519 15
0.85 94.45 1.519 15
1 111.12 1.519 15

Table 2. Content of the precursor solutions for fabrication of fluorine-doped tin oxide (FTO) films with different F/Sn
ratios.

Figure 2 presents the X-ray diffraction (XRD) measurements for the FTO deposited; it can be seen,
according to the American Society for Testing and Materials standard for tin oxides [15], that the
films with a thickness around 500 nm have a tetragonal rutile structure since they show the more
intense peak in the (200) crystallographic plane. On the other hand, those films deposited with
a F/Sn ratio = 0 (pure tin oxide) shows a preferred orientation in the (211) plane and other peaks
in the (101), (110) and (301) planes. These results let us know that the grain orientation is highly
affected by the fluorine content that makes possible the obtaining of highly oriented films.

Actually, the preferred orientation depends not only on the precursor solutions, as reported
in tin oxide films prepared using CVD, but also on the film thickness [16]. Figure 3 shows the
films topography obtained using scanning electron microscopy (SEM).

The grain size values estimated from the XRD patterns using the Scherrer’s law [17], which
gives the coherence length perpendicularly to the substrate, are shown in Figure 4. The aver-
age grain size visualized by SEM, which corresponds to the grain size parallel to the substrate,
is higher than the estimation from the analysis of the XRD spectra. The root mean square

FiSn=1.0

10 20 30 40 50 60 70
Two Theta (degrees)

Figure 2. XRD spectra of FTO films with a thickness of around 500 nm and different F/Sn ratios in the precursor.
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(d) (e) ()

Figure 3. SEM images of the FTO films prepared using the solution with different F/Sn molar ratios. (a) F/Sn = 0; (b) F/Sn
=0.35; (¢) F/Sn = 0.50; (d) F/Sn = 0.65; (e) F/Sn = 0.85; (f) F/Sn = 1.0.

(RMS) surface roughness of the FTO films for different F/Sn ratios is also shown in Figure 4.
The highest grain size (~40 nm) and smallest RMS roughness (~8 nm) were observed for the
films prepared using the precursor solution with the F/Sn ratio = 0.5. The films fabricated
using the precursor solution with this fluorine concentration present a more arranged grain
structure, whereas the increment of the roughness for films with a higher fluorine concentra-
tion can be connected with the etching by gaseous HF formed by the thermal decomposition
of NH,F during the growth process.

Figure 5 shows the dependence of the electrical resistivity (p), Hall mobility (i), and carrier
density (1) for the 500 nm thick FTO films on different F/Sn ratios. The films fabricated using
the precursor with F/Sn ratio = 0.5 show the minimum resistivity, p =2.2 x 10 Q)-cm (or Rs =
4.5 0)?), as well as the higher carrier mobility and density, y =21.6 cm?/V s and n=1.7 x 10*!
cm’, respectively. Assuming an electron effective mass of 0.33 m [18], the threshold carrier
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Figure 4. Mean value of the grain size for the (200) plane and the RMS surface roughness for the FTO films prepared
using the solution with different F/Sn ratios.
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Figure 5. Resistivity (p), Hall mobility (i), and carrier density (1) for the FTO films prepared using solutions with
different F/Sn ratios.

density corresponding to strong degeneration in the conduction band for the FTO films is
3.6 x 10" cm™. Electron concentration and Hall mobility increase for a higher fluorine con-
tent due to this doping effect and the improvement of the film structure. On the other hand,
these parameters deteriorate when inside the film, and there is a formation of Sn-F dissipa-
tion neutral centers for carriers as well as due to a reduction in the oxygen vacancies for an
increasing F/Sn ratio. In an early publication [19], we present a more detailed discussion of
these results. A reduction in the mobility cannot be explained as due to the high carrier den-
sity, but as due to the electron scattering by ionized impurities and by neutral centers that
are formed by the Sn-F bounds shown by XPS measurements. The mean free path of conduc-
tion electrons has the same dependence as the carrier density and shows a maximum of 5.3 nm
for F/Sn = 0.5. Since the mean free path is considerably shorter than the grain size (3040 nm),
the resistivity of the films is determined by the ionized impurity scattering rather than by
the grain boundary scattering.

Figure 6 shows the transmittance of the 500 nm thick FTO films deposited on Corning glass
substrates using the precursor solutions with different F/Sn ratios. The transparency of the
films exceeds 80% in the visible spectral range.

For highly degenerated FTO films, the value of the optical gap (Figure 7) is determined by
a blue shift of the high-energy photon absorption edge due to the location of the Fermi level
inside the conduction band. This effect is known as the Burstein-Moss shift. Hence, the lowest
states in the conduction band are blocked, and the transitions of optically excited electrons
take place only to energies above the Fermi level.

The films with F/Sn ratio = 0.5 that present an optical energy gap of 4.6 eV due to a high value
of the Burstein-Moss shift; this is very useful for designing UV semiconductor photodetectors
by increasing their conversion efficiency. Subsequently, we discussed the practical applica-
tions of this effect for designing an effective surface-barrier UV photodetectors with the FTO
films as a transparent conducting active electrode.
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Figure 6. Transmittance of the 500 nm thick FTO films deposited using the precursor solutions with different F/Sn ratios
on Corning glass substrates.

For quality estimation and comparative analysis of the TCO films fabricated by different meth-
ods and having different thicknesses, Haacke [20] proposed a revised figure of merit (FOM)
defined by

T]O

P = R (1)

s

where R_and T represent the sheet resistance and transmittance, respectively.

A higher value of FOM indicates a higher performance of a film characterized simultaneously
with low sheet resistance and high transparency. However, the FOM cannot be unlimitedly
high. For commercial FTO films, the reported FOM is 17.4 x 10 Q™" [6], and the highest known
Haacke FOM value for such films is 35.7 x 10° Q! [7]. A different approach for the calculation
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Figure 7. Value of the optical gap for FTO films fabricated from the solutions with different F/Sn ratios.
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of the FOM was proposed by Gordon [8] to determine the FOM as the ratio of the electrical
conductivity o to the absorption coefficient a in the visible wavelength range.
1/R t

b =@ = Tnerio = ~IRI(T+R)]! )

where t is the film thickness, R_is the sheet ;esistance in ohms per square (€22), T is the total vis-
ible transmittance, and R is the total visible reflectance. From this point of view, a FOM =3 QO is
reported for CVD fluorine-doped tin oxide films with R =8 (0 and visible absorption coef-
ficient a = 0.04 1/cm. Other authors [9] report higher values of FOM = 5.3 (™! for FTO films
fabricated using aerosol-assisted CVD. The commercial FOM standard for FTO films lies in
the 1.5-1.6 Q! range.

The best-known value of the FOM=7 Q) is also reported by Gordon [10] for fluorine-doped
zinc oxide films. The use of this method requires the measurement of the reflectance and the
transmittance spectra, which is a disadvantage, however, has been adopted to establish the
TCO films FOM for developing thin film solar cells modules.

In this work, we used both methods for the calculation of the FOM (¢), proposed by Haacke
(¢,,) and by Gordon (¢.). For using the Haacke method, the wavelength of the transmittance
must be in the visible spectral range, though a specific wavelength is not determined. This
leads to some uncertainty on the calculation of the FOM reported by different authors because
of the strong dependence of the transmittance on the precise wavelength values. Furthermore,
a strong interference effects on the films, as well as a significant difference in the maximum
and minimum transmittance, strengthens this speculation.

The experimental reflectance and transmittance of the films must be integrated in order to calcu-
late the Gordon FOM in the visible spectral range. We show in Table 3 a comparison of the highest
FOM reported from different authors with those obtained in this work using both methods.

Fabrication Sheet resistance, Transmittance, % fH/ 10 W f., W7, (Gordon) Reference
method Q2 (Haacke)

CVD, commercial 7 80-82 15.4-19.6 [6]

Spray pyrolysis 5.1 85 (550 nm) 35.7 [7]

CVD 8 ~84 3 [8]
Aerosol-assisted 3.9 82 (400-700 nm) 35.2 5.3 [9]

Spray pyrolysis 4.5 84 (400-700 nm) 38.8 5.75 This work

Table 3. The comparison of the highest FOM values reported by different authors.

4. Spray-deposited tin-doped indium oxide films

Tin-doped indium oxide (ITO) films are more widely used for different optoelectronic appli-
cations. Spray pyrolysis is the cheapest fabrication method allowing the obtaining of ITO films
with high level of electric and optical parameters. Usually, the films are fabricated by spraying
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solutions of InCl,-4H,O in ethanol. A small amount of tin chloride (5nCl,-5H,0) is added as
dopant. A detailed fabrication technique using such precursor has been described earlier [4].
Table 4 shows the amount of the tin chloride in 25 ml 0.35 molar solution of InCL-4H,O in
ethanol to obtain different Sn/In ratios in the precursor solution.

The properties of the ITO films fabricated by spray pyrolysis on heated glass substrates
depend strongly on the deposition parameters. Films fabricated in optimal conditions at a
temperature of 480°C using the precursor solution with In/Sn ratio around 5% present the
highest electric and optical parameters in comparison with films prepared by DC sputtering
[20]. It was found that to obtain high-performance sputtered films, an additional annealing in
an oxygen atmosphere is necessary [21]; this comparison is shown in Table 5.

Some works, for instance [22], were conducted for determining the dependence of the film
parameters deposited by the spray pyrolysis method on the variation of the solvent in the
spraying solution. It was found that organic solvents, such as ethanol and methanol, are more
suitable in comparison with water for obtaining high-quality ITO films. A lower resistivity
2.5 x 10* Q-cm was obtained using the methanol as solvent. The resistivity of the films
fabricated using solutions in which water serves as solvent was in the range of 107 Q-cm.
However, the work function of the ITO films increases when an organic solvent mixed with
water was used.

As a basic substance for preparation of the spraying solutions other indium compounds can
be used, such as Indium (III) acetate, In(OOCCH,), dissolved in methanol. In this case, tin
chloride (SnCl,-5H,0) can be used for doping. Subsequently, the properties of the ITO films
fabricated on glass substrates heated to 460°C using such precursor solutions are reported.
Different Sn/In ratios in the precursors were used for the determination of the optimum tin
content in the spraying solution. A ratio of Sn/In = 6%% corresponds to an optimal doping
concentration for obtaining films with the minimum resistivity (Figure 8). For all the Sn/In
ratios used in the solution, the films fabricated were nanocrystalline with a (400) columnar
orientation of grains (inset in Figure 8).

The size of grains is around 150-180 nm. The sheet resistance of the 400 nm thick ITO films fabri-
cated from the precursor solution with an optimal Sn/In ratio was R =5.5 Q. The electron den-
sity and the Hall mobility were around 10*! cm™ and 28.5 cm?/Vxs, respectively. Transmittance
spectrum of such films without influence of the substrate is shown in Figure 9.

The figure of merit FOM = 57 x 107 Q" was determined from the experimental values of
R_and integral value of the transmittance T = 0.89 in visible and near infra-red spectral range.

Sn/In ratio in 0 0.02 0.03 0.05 0.07 0.09 0.11
solution

SnCl4-5HZO, 0 61.2 92.0 153.3 214.7 276.0 337.4
mg

Table 4. Amount of SnCl -5H,0 for obtaining different Sn/In ratios in the InCl,-4H,O ethanol solution.
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Parameters

Sputtered and annealed ITO film Spray-deposited ITO film

Annealing temperature, °C
Ratio Sn/In in solution, %
Substrate roughness (nm)

Ratio XRD peaks (222/400)
Grain size (nm)

ITO roughness (nm)

Specific resistance (10™* Q-cm)
Carrier concentration (10% cm™)
Mobility (cm?V-s™)

Integral transparency

FOM (10° Q1)

300 -

_ 5
2.7 2.7
1.23 0.032
45.0 165
0.43 30
2.8 2.3
11.8 10
22.0 28
0.83 0.88
12.5 23

Table 5. The comparison properties of sputtered and sprayed ITO films [20, 21].

Table 6 shows a comparison of this FOM value with that reported in the literature for ITO
films with different thickness fabricated by different methods.

According to the high FOM obtained for ITO films deposited from a spraying solution
based on indium acetate in ethanol, it is possible to conclude that this method allows for
the fabrication of high-quality tin-doped indium oxide films for a number of optoelectronics

applications.
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Figure 8. Resistivity of the ITO films fabricated using an indium acetate solution with different Sn/In ratios. The inset
shows the XRD spectra of the ITO films with a 6 at.% of Sn/In ratio.
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Figure 9. Transmittance of the ITO films fabricated using an indium acetate solution with a Sn/In= 6 at.% ratio.

Deposition method R, Q* Transmittance, % FOM, 10° Q! Reference
Spray pyrolysis 26 90 13.4 [23]
Spray pyrolysis 9.3 85 21 [24]
Reactive evaporation 25 98 32.7 [25]
Dip coating 7.1 78 11.7 [26]
Sputtering DC 22 92 19.7 [27]
Spin coating 30 90.2 11.9 [28]
This work 55 89 57 This work

Table 6. Comparison of the FOM obtained in this work using the spray pyrolysis method with that reported in literature
for ITO films fabricated by other methods.

5. Spray-deposited aluminum and indium-doped zinc oxide films

The undoped zinc oxide (ZnO) thin films, with an energy band gap of 3.3 eV, present a high
electrical resistivity and are used for several applications. For example, they have piezoelectric
properties and their highly oriented texture may be of interest for high-frequency electroacus-
tic transductors. When ZnO films are doped with indium [29, 30] or aluminum [31], the films
present a high conductivity. Due to the high conductivity and transparency in visible region
of the spectrum, the doped zinc oxide films are of great interest as transparent conductors
in optoelectronic displays, photovoltaic structures, thermal reflecting layers, and also when
used as a sensitive element in gas sensors. The spray pyrolysis method is very suitable for
the fabrication of high transparent and low conductive ZnO films [32-36]. Precursors for the
spraying alcoholic solution containing zinc (ZnCl,, Zn(NO),, Zn acetate, etc.) are cheaper than
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those containing indium. The precursors for doping may be InCl, and AICI, [37, 38]. However,
the fabrication of In- or Al-doped ZnO films with low resistivity by spray pyrolysis without a
postannealing processing does not lead to the expected results [39].

In this work, undoped and In- and Al-doped ZnO films were grown on borosilicate glass sub-
strates by spray pyrolysis at 500°C. A 0.3 molar solution was made by dissolving zinc acetate
in a 3:1 mixture of methanol and water. For doping purposes, InCl, or AICl, was added in the
spraying solution. The atomic ratio of In/Zn or Al/Zn in the solution was kept in the range
1-5%. After the deposition, some films were annealed at 300°C during 30 min in high vacuum
or in argon atmosphere.

The X-ray diffraction spectra of the undoped and doped annealed ZnO films show a ZnO-
single phase with an hexagonal wurtzite structure [40] as shown in Figure 10.

All the films are nano-crystalline with grain sizes between 40 and 60 nm, as determined by the
Debye-Scherrer method [41].

Introduction of indium in ZnO matrix changes the preferred grain orientation from (101) for
undoped ZnO films to (002) for In-doped ZnO films. Annealing in argon atmosphere leads to
a more pronounced enhancement of the grain sizes for Al-doped ZnO films. The SEM images
of the grown films are shown in Figure 11.

From Figure 11, it is clear that the In-doped films are smoother than the undoped and
Al-doped ZnO films.

The variation of resistivity of the films as a function of doping and thermal treatment is shown
in Figure 12 [39]. It was found experimentally that the lowest resistivity is presented by the
films with a ratio of Al/Zn or In/Zn around 3%. Annealing reduces the resistivity when this
is conducted in an argon atmosphere. This fact can be explained as due to the desorption of
chemisorbed oxygen at the grain boundaries [42], leading to an annihilation of the oxygen
acceptor states at the grain boundaries, which act as traps for electrons.

(101)
(100)
(002) (102) (110) (c)
. ~ il ™

Intensity (a.u.)

NG
()
1 L | N : = 1 I T 1 n 1 r
25 30 35 40 45 50 35 60

20 (degrees)

Figure 10. X-ray diffraction spectra for undoped ZnO (a), Al-doped ZnO (b), and In-doped ZnO (c) films.
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Figure 11. SEM images of undoped ZnO (a), Al-doped ZnO (b), and In-doped ZnO (c) films.

The Hall effect data show that the films are n-type with a mobility ranging from 1.8 to
13 cm?V™'s™! when the films were annealed in argon atmosphere. The highest value of mobil-
ity is observed for the In-doped ZnO films fabricated using a solution with an In/Zn ratio of
about 3%. The worse structural and electrical characteristics of Al-doped ZnO films could be
explained as due to an interstitial insertion of Al atoms in the ZnO lattice leading to a distor-
tion of the crystalline lattice and disorder in the grains orientation.

The transmittance spectra of the films in the visible and near infra-red spectral range are
above 80%. A reduction in the transmittance could be explained by the light scattering (haze),
and this is directly connected with the films morphology. Light scattering can be characterized
by the haze factor defined as the ratio between the diffuse transmittance measured in a pho-
tometric sphere and the total transmittance (diffuse + specular). The haze factor depends
on the wavelength and serves as an indicator for the light-scattering capability of diffusing
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Figure 12. Resistivity as a function of the annealing atmosphere for undoped, Al-doped, and In-doped ZnO films.
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transparent conducting films used in thin film solar cell applications. Textured surfaces of
the films lead to an enhancement on the light collected into thin film photovoltaic structures.
Al-doped ZnO films a higher haze factor, 30%, in comparison with undoped ZnO films (haze
factor = 19%) and In-doped ZnO films (haze factor = 0.85 for In/Zn = 3 at.%). It is directly
connected with the films morphology shown in Figure 11, which indicates that Al disturbs
strongly the film structure.

Figure 13 shows the transmittance spectra of undoped and In-doped ZnO films. The In/Zn
ratios are shown in the inset of the figure. Values of figure of merit (FOM) for the undoped
and doped ZnO films differ a lot from those reported above for FTO and ITO films. As depos-
ited, the ZnO films present low FOM values in the range of 2.5 x 107 Q™" for undoped films to
2.8 x 10~ Q! obtained for In-doped films.

The highest FOM = 3.7 x 10 Q7', after annealing in argon, is presented by the In-doped ZnO
films. However, it is one order of magnitude below the best FOM for FTO and ITO films.
Undoubtedly, spray-deposited doped ZnO films is of great interest for optoelectronic applica-
tions, but for fabrication such films with high FOM values, a further investigation is necessary.
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Figure 13. The transmittance spectra of undoped and In-doped ZnO films.

6. Spray-deposited fluorine-doped titanium dioxide films

In several applications such as in sensors, pigments, protective coatings, dye-sensitized solar
cells, and photocatalysis [43] titanium oxide (TiO,) has been found to be attractive. Due to
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its nontoxicity, high efficiency with a low cost, and biological and chemical stability, TiO, is
probably the most studied photocatalyst. Titanium dioxide films are very attractive to opto-
electronic applications, such as electrochemical solar cells, antireflection coatings, and protec-
tive layers, to prevent plasma reduction of transparent conductive oxides in thin film solar
cells. Because of its simplicity, spray pyrolysis is an attractive method for the fabrication of
these films [44-46].

We demonstrate the influence of fluorine on the structural and optical properties of
titanium dioxide films, prepared by spray pyrolysis on glass substrates at 470°C, using
Ti(OC,H,) alcoholic solutions with an addition of fluorine in the form of NH,F, over a
large range of fluorine to titanium atomic ratio in the solution. The characterization was
performed using X-ray diffraction analysis and measurements of transparency. Without
NH,F in the starting solution, the formation of titanium dioxide layers was not possible . A
high amount of ammonium fluoride (F/Ti ratio in solution about of 8.5 at.%) resulted in the
formation of a white hygroscopic powder, probably of polymeric nature. The formation
of transparent (above 85%) and nano-crystalline TiO, films depends strongly on the F/Ti
ratio in the spaying solution. Films prepared using a solution with F/Ti <1.5 at.% present
an amorphous structure and rough surface, with an integral haze factor near 20%. Films
fabricated using a solution with F/Ti ratio near 1.5-1.6 at.%, present a nanocrystalline
structure, not usually observed, brookite structure, an orthorhombic crystalline structure
with a unit cell described by the space group Pbca [47, 48], and their XRD patterns consist
only in one (121) sharp peak (Figure 14). Such films have a smoother surface (optical haze
factor <10%).

Edge absorption measurements show that the absorption coefficient above the threshold
of fundamental absorption follows the (E-E )" energy dependence characteristic of direct
allowed transitions (determined value of energy gap E, is 3.72 eV), in contrast to the indirect
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Figure 14. XRD spectra of fluorine-doped TiO2 films fabricated by spray pyrolysis.
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transitions in TiO, films either with rutile or anatase crystalline structure (E, = 3.03 eV and
3.2 eV, respectively). The synthesis of fluorine-doped TiO, powder was reported by using the
spraying of an aqueous solution of H,TiF, with F/Ti ratio from 2.76% to 9.40% at 1173 K [43].
Additional works reporting fluorine-doped titanium dioxide was not found. Undoubtedly,
further investigation in this field must be of interest. Pure brookite has demonstrated to be an
interesting candidate in photocatalytic applications, and the number of papers on the prepara-
tion and photocatalytic activity of the TiO, with brookite structure has increased exponentially
by 100 times in the past 10 years [48].

7. Application of TCO films in optoelectronic devices

The spray pyrolysis method for the fabrication of high-quality TCO films has been success-
fully applied to the development of simple but enough effective optoelectronic devices.
Readers have found a detailed description of useful effective photoelectronic devices based
on surface barrier heterojunctions in our published works [49-58].

The physics of surface-barrier (SB) devices is based on the well-known Schottky barrier
that is a potential energy barrier for carriers formed at a metal-semiconductor (M-S) junc-
tion [59]. In the design of SB devices, the main function of the barrier is to separate carriers
photogenerated inside the semiconductor substrate. Such optoelectronic devices are very
simple structures because they are unnecessary for the formation of a p-n junction by high-
temperature processes. SB optical detectors operate without optical losses in the highly
doped p-layer and also present a very high speed of response for a modulated optical
signal. The SB structure is very useful for the fabrication of optoelectronic semiconduc-
tor devices in which a p-n junction cannot be created due to doping troubles. At the same
time, in order to use M-S structures as radiation detectors, the metal electrode must be
extremely thin (<15 nm) to prevent the losses of the radiation absorption and also must
be chemically resistant to prevent device degradation in time (thinner metallization leads
to devices susceptible to degradation). Among the several metals available, only some of
them such as Au, Pt, Ni are suitable for this applications. Moreover, the high reflectivity of
these metallic layers demands the use of antireflection coatings. The electrical properties of
SB photodetectors based on M-S structures can be enhanced by the introduction of a very
thin (<3 nm) insulating layer between the metallic film and the semiconductor (M-I-S struc-
tures). The presence of this insulator layer reduces the number of localized states at the
semiconductor interface and hence serves to reduce the interface carrier recombination.
Its presence can also reduce significantly the thermo ionic emission current because of an
increase in the potential barrier for majority carriers [60]. In this case, the thickness of the
insulating layer must not reduce the transport of minority carriers from the semiconductor
to the metal.

In order to obtain the best photoelectrical properties of SB radiation detectors based on M-S
and M-I-S structures, the metallic opaque layer can be changed by a thin film based on some
transparent conducing oxide (TCO), such as tin-doped indium oxide (ITO) or fluorine-doped

213



214

Pyrolysis

tin oxide (FTO), which are widely used for optoelectronic applications. In such structures, the
TCO films operate as an active metal-like transparent conducting electrode. Thickness tuning
of the TCO films allows for its use as an effective antireflection coating for reducing the radia-
tion losses. The spray pyrolysis is the simplest method used for the deposition of such films
with high electrical and optical parameters.

Detailed characteristics of optoelectronic devices will be published soon. Here, we present
only some general characteristics to demonstrate the usefulness of the TCO films. Figure 15
shows the spectral response of high-speed SB photodiodes for ultra-violet, visible, and near
infra-red spectral range fabricated by the deposition of the ITO or FTO film on the surface of
some epitaxial semiconductors structures, GaP, AlGaAs compounds, and Si. Density of a dark
current does not exceed a value in the 10°-10° A/cm? range.

Figure 16 shows the current-voltage characteristic (a) and output power (b) of a solar cell
under AM1 solar illumination fabricated on monocrystalline silicon by deposition of a high-
quality ITO film on a chemically treated silicon surface [59, 60]. The efficiency of such low cost
in the fabrication of solar cells is around 13%.
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Figure 15. The spectral response of the surface-barrier photodiodes fabricated by spray deposition of the ITO and FTO
films on the surface of the semiconductor epitaxial structures.
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Figure 16. Current-voltage characteristic of a solar cell under AM1 solar illumination fabricated on monocrystalline
silicon by deposition of high-quality ITO film on a chemically treated silicon surface.

8. Conclusion

We report some basic knowledge about the spray pyrolysis method for the fabrication of
high-quality transparent conducting oxide films used for optoelectronic applications. This is
a low cost though an efficient method that has been used for the deposition of fluorine-doped
tin oxide, tin-doped indium oxide, indium- or aluminum-doped zinc oxide, and fluorine-
doped titanium dioxide films and other semiconductor and dielectric thin films. The high-
level electrical and optical parameters of these films prove that this method is very suitable
for the fabrication of different optoelectronic devices.
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