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Abstract

In this work, relationships between chemical and physical properties of
fluorine doped tin oxide films prepared by the chemical spray pyrolysis
technique have been studied. Changes in the structural, optical and electrical
properties of these films in relation to their doping concentrations
determined by the resonant nuclear reaction analysis and x-ray
photoelectron spectroscopy (XPS) techniques have been correlated. By XPS
measurements, it was found that the fluorine content in the tin oxide films
does not induce any chemical shift of the Sn and O core levels. At the same
time, XPS measurements are carried out at low binding energy, shown that
the valence band of heavy doped tin oxide changes with respect to that
determined in SnO, powder, due to the influence of the fluorine doping. In
addition, it was shown that the formation of F—Sn complexes provides a
decrease in both the concentration and mobility of the carriers.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that most oxides are insulators in amorphous
or crystalline forms, particularly combinations between
oxygen and silicon. However, some oxides exhibit metallic
conduction; for example, vanadium oxide (M,V;0s) and
tungsten oxide (M,WO3) have a metal insulator transition
at certain carrier concentration [1]. Other kinds of
oxides with high conductivity are heavily doped n-type
semiconductors such as In,Oj3 : Sn and SnO5 : F known as ITO
and FTO, respectively. Materials exhibiting simultaneously
both high conductivity and optical transmittance are named
transparent conductors; thin films of ITO and FTO fulfil
these requirements; these materials are known as transparent
conductor oxides (TCOs).

Investigations about TCOs are very comprehensive due to
their great variety of applications [2]. Recently, many papers
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about properties of typical and new TCO materials with n- or
p-type conductivity have been published [3-5]. Particularly,
electrical and structural properties of undoped and fluorine
doped tin oxide prepared by different techniques have been
extensively studied [6-10]. However, studies of chemical
analysis of impurities, e.g. fluorine in FTO, are few, because
their low concentration is hard to detect by conventional
techniques [11-15]. It has been reported that resonant nuclear
reaction (RNR) analysis [12, 13] and secondary ion mass
spectroscopy [14] techniques yield accurate chemical analysis
for FTO films; in contrast, Auger electron spectroscopy and
x-ray photoelectron spectroscopy (XPS) are not adequate to
determine the fluorine content of FTO [10-13]. In addition,
fluoride ions can be quantified with an ion chromatography
technique after the etching of FTO films [15]. Despite this
background, only a few works have studied the relationship
between both chemical and physical properties of FTO films
[10]. In this work, we will discuss the interplay between
chemical and physical properties of FTO films prepared by the
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Table 1. Characteristics of a selected group of FTO samples prepared from solutions of SnCl, with different concentrations of fluoride and
similar thickness. The RMS values in brackets were determined from 2.5 um x 2.5 um AFM images; the others are from 5 um x 5 um
AFM images. The concentration of F atoms was determined from the RNR depth profiles.

Sample series  F/Snin solution  Ip/l1190 RMS roughness Fatoms/cm™ x 102 5, (cm™3) x10?°  p (cm?V~!s71)
A 0.0 0.407 (7.03) 8.36 — 1.02 11.1

B 0.05 0.986 (6.93)7.77 0.84-3.76 2.25 14.6

C 0.5 1.420 (11.9)16.2 2.52-6.44 7.33 18.9

D 1.0 0.895 (22.4) 30.4 2.57-6.88 9.59 18.5

E 2.5 0.472 (17.6) 22.9 4.67-9.36 7.57 17.1

Powder — 0.3 — — — —

chemical spray pyrolysis (SP) technique using x-ray diffraction
(XRD), atomic force microscopy (AFM), RNR, XPS, optical
and Hall effect measurements.

2. Experimental procedure

The SP method grows TCO thin films at high deposition rates
(~200-500 nm min~") with optical and conducting properties
comparable to other more expensive methods [16]. The
design of different SP deposition apparatuses has focused on
the control of substrate temperature (75) during the spraying
process [16, 17] and the control of droplet size [18, 19].
However, some modifications have reduced the growth rate
to very low values (~6-30 nm min~") [18]. In this work, a SP
technique controlled by a microprocessor without disturbing
the high deposition rate was developed. All depositions were
realized as follows: 20 ml of 0.2 M alcoholic solutions of SnCly
with different concentrations of NH4F (at. ratio F/Sn = 0-2.5)
were sprayed on glass or sapphire substrates; T was controlled
at Ty = 500 + 3°C. Some prepared samples were labelled
as is indicated in table 1. In order to prepare films with
different thicknesses 10 or 15ml were sprayed for selected
sample series. Sprayings were made using compressed air as
carrier gas (5 psi) with a solution flow rate of 11 ml min~! using
a nozzle of stainless steel and a nozzle to substrate distance of
30cm.

The film thickness was measured with an Alpha Step
200 profilometer. The electrical resistivity (o), Hall mobility
(un) and carrier concentration (n.) were measured at room
temperature using the van der Pauw method; Hall effect
parameters were measured in a magnetic field of 0.2-0.3T.
The optical transmission (T) spectra of the films were obtained
using air as reference. The structural characterization was
carried out with an x-ray diffractometer operating in the Bragg—
Brentano 6—0 geometry with Cu K, radiation. A JSPM-5200
atomic force microscope was used to study the film surfaces.
The chemical composition of the films was determined by
both XPS and RNR techniques. The RNR is a qualitative
analysis method that uses nuclear projectiles with energies
near to the isolated resonance reaction of the element to be
detected (fluorine); e.g. the nuclear reaction is F(p, ay)'°0
whose resonance lies at 340keV [20]. It was produced with
protons coming from a Van de Graaff accelerator with energies
from 300 to 700keV, detecting the y-rays with a Nal (TI)
scintillation device; for further details see [20]. The XPS
chemical and valence band analysis was carried out in a UHV
system of VG Microtech ESCA2000 Multilab, with an Al K,
x-ray source (1486.60 eV) and a CLAM4 MCD analyser. The

5092

surface of the samples was etched for 1 min with 3kV Ar*
at 0.11 uAmm~2. The XPS spectrum was obtained at 55°
of the normal surface with an energy step of 50 meV for high-
resolution scans. The atomic relative sensitivity factor reported
by Scofield was corrected by the transmission function of
the analyser [21] and by the SnO, reference powder. The
position of the signals was referenced to the background Ag
3ds,» photopeak located at 367.81 eV, having a full-width half-
maximum (FWHM) of 1.00eV.

3. Results and discussion

3.1. Structural characterization and chemical analysis

The XRD measurements indicate that all deposited FTO
films have the tetragonal rutile structure in polycrystalline
configuration with a preferential grain orientation that depends
on the fluoride concentration used in the solution. For example,
more intense reflections of tin oxide powders are (1 10), (10 1)
and (2 1 1), with an intensity ratio of the reflection (2 0 0) to the
(1 10) of oo/ 1110 = 0.3. Table 1 presents the I»oy/ ;10 ratios
of the deposited FTO films, showing higher values in B, C and
D samples. Actually, the preferred orientation does not depend
only on the precursor solutions; as is reported in tin oxide films
prepared by chemical vapour deposition, it also depends on
the film thickness [6]. Thus, samples C were prepared with
different thicknesses. The Igg/ 1110 ratios were 1.93, 1.72 and
1.42 for films with thicknesses of 210 nm, 320 nm and 450 nm,
respectively; thicker FTO films exhibit much less preferred
orientation. In order to evaluate changes in this parameter at
different fluoride concentrations, table 1 shows Iy /¢ ratios
for films with similar thicknesses (450 £ 10 nm, only sample E
exhibits a thickness of 410 nm). In addition, the mean size of
the grains was determined using the classical Debye—Scherrer
formula from the FWHM of the more intense reflections of the
XRD patterns; the grain size values are between 30 and 50 nm.

Images of surface structure of the films in an area of
25pum x 2.5um are shown in figure 1, it can be seen
that the tin oxide surface (sample A) is smoother than those
found in the FTO films. It is confirmed with the root mean
square (RMS) roughness measurements carried out at different
scanning areas. Table 1 shows the RMS roughness values
coming from 2.5 um x 2.5 pmimages, the same behaviour has
been found in 5 um x5 pum areas. The higher RMS roughness
values were found at high fluoride concentration in the starting
solution; it might be due to the formation of HF during
the pyrolytical reaction, which etches the tin oxide surface
promoting the development of granular structures shown in
figure 1 (samples C, D and E). Also, at %F = 2.5 (sample
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Figure 1. AFM images for samples A, C, D and E.
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Figure 2. XPS spectra determined at different ranges: (a) the 3ds,
and 3ds, orbitals for samples E and B compared with those from
SnO, standard powder; no shift of these signals is demonstrated.
(b) F 1s state for different FTO films.

E) some pits were observed. Moreover, from AFM images,
changes in the size and shape of the particles can be observed;
the particle size increases with the fluoride concentration but
deceases at the highest fluoride concentration in the starting
solution. Hence, the surface etching during the growth
of the films is confirmed by both thickness measurements
(lower film thickness in sample E) and from AFM
images.

The XPS spectra of the non-ion bombarded FTO films
revealed that tin, oxygen and carbon are present in the films.
After the etch procedure of all the analysed tin oxide films,
the signal corresponding to the contamination of hydrocarbon
atoms decreases and signals corresponding to Sn 3ds;,, Sn
3d3;; and O 1s were found at 486.60eV, 495.02¢V and
530.44 eV, respectively (see figure 2(a)), these signals match
very well with those reported for SnO, [22]. In addition,
no chlorine signals were found at any depth in the analysed
films due to its total evolution in the form of HCI. For FTO
films prepared at low fluoride concentration, very weak peaks
corresponding to fluorine are screened with the background
noise (see figure 2(b), samples B and D). However, when the
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Figure 3. XPS spectra determined at low binding energies; (a)
shows no shift of the Sn 4d state with respect to the standard SnO,
powder. (b) Valence band spectra for different FTO films in
comparison with that measured for SnO, powder.

fluoride content is very high in the starting solution (figure 2(b),
sample E), a signal located at 684.4eV was detected; this
peak corresponds to the F 1s orbital [22]. Fluorine 1s signals
by XPS studies have not been reported at this time for FTO
films prepared by SP; for example, at very high fluoride
concentration in the starting solution Amanullah et al [11] and
Zhou et al [23] did not report F signals by XPS. Only for
FTO films prepared by chemical vapour deposition [24] and
by DC reactive sputtering [25], were F 1s signals observed; but
these were assigned to C—F bonds arising from the precursors
used [16]. In this work, F 1s signals can be assigned to the
formation of Sn—F complexes formed in the SnO, framework.
The atomic F/Sn ratio determined by XPS of the sample with
greater fluorine content is 2% (sample E); in other samples, the
F content is below the detection limit. No energy shift of the Sn
and O core levels of FTO films with respect to SnO, powders
was found (see figure 2(a)); it is in contrast to other works that
report large shifts when F is present in tin oxide films [23].
As core level shifts are not adequate to evaluate the chemical
role of fluorine in FTO films, XPS spectra at low energies (e.g.
valence band—VB) were determined; these spectra reveal that
the fluorine doping affects the shape of the VB; it is worth
mentioning that this is the first work to measure VB of FTO
films by XPS.

Figure 3 shows XPS spectra at low binding energy (E);
(a) shows that the fluorine content in tin oxide films does not
induce energy shift of the Sn 4d level with respect to that
found in SnO, standard powder; thus even adding fluorine
to the films, XPS measurements are not sensitive to orbital
shifts. Figure 3(b) shows the VB-XPS spectra of FTO films
compared with that from SnO, powder. For the SnO, powder,
the determined VB spectrum shows very similar characteristics
to those found by Cox et al [26] and Themlin et al [27], with
prominent peaks located at E, = 4.8eV and 10.3eV. The
gradual appearance of a shoulder at Ey, lower than4.8 eV canbe
seen in figure 3(b) and prominent peaks keep the same location
(4.8 and 10.3 eV). Nevertheless, at very high F content (sample
E), the 4.8 eV peak becomes buried due to the appearance of
the F 2p state at E, ~ 6¢eV; it confirms the formation of Sn—F
complexes in this sample. Since there is no chemical shift
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Figure 4. RNR depth profiles for: (@) FTO films with thickness of
around 450 nm prepared with solutions with different fluoride
concentration, (b) FTO samples series C prepared with different
thicknesses. Observe that the proton energy is related to the sample
thickness; for example, for thinner films the signal decay is shown at
lower proton energies.

in the Sn 4d state with respect to the F-doping level, in our
experiments, changes in the VB spectra (the appearance of a
shoulder at Ey, ~ 2.5 eV) cannot be attributed to the formation
of SnO, as was demonstrated by Themlin in SnO, layers on
SnO [27]. The curve developed at ~2.5 eV has been attributed
to the Sn 5s state [27]; it forms the conduction band of SnO,
but in SnO; : F, as in SnO, it becomes part of the VB.

The RNR consists of bombarding FTO films with protons
of different energies, detecting the y-rays produced by the
nuclear reaction; the amount of y-rays produced during the
reaction is directly proportional to the fluorine content of
the films and the proton energy used is proportional to the
film thickness [20]. Therefore, with RNR measurements it is
possible to obtain the fluorine depth profiles of the FTO films.
Figure 4(a) shows depth profiles for FTO films prepared with
different fluoride concentrations in the starting solution. From
this figure, it can be observed that the F content near to the
film surface (low energy part) is less than those found near to
the interface film/substrate. For sample E, the incorporation
of fluorine in the films is higher than those found in films
prepared from other solutions. In addition, it can be observed,
for films with F/Sn = 0.5-1.0 in the starting solution, that
the incorporation of fluorine into films is slightly different.
Figure 4(b) shows depth profiles for samples C with different
thicknesses; it can be observed that the maximum of the profiles
is almost the same for all samples C. However, thicker samples
show less F content near the surface; this is due to the evolution
of F from the surface during the film deposition, since thicker
films exhibit more pronounced changes in the depth profiles
than those presented in thinner films.

3.2. Optical and electrical measurements

The spectra of FTO films deposited on glass show that their
transmittance is high (I' > 75%) over a large wavelength
range (400-900 nm), spectra not shown. Because of the small
energy gap of the glass substrate (~3.5¢eV), it is not possible
to determinate the optical band gap of FTO films. The optical
measurements of FTO films on sapphire were used to calculate
the optical energy gap (E,y) using the conventional method,
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Figure 5. The measured band gap (E,u) versus n2/* for FTO films.
The lines represent the calculations from [29] for two different
values of m} with m* = 0.31m.. The inset shows the square of the

absorption coefficient () versus the incident photon energy (hv) for
FTO films with different carrier concentrations: (a) 1 x 10?° cm™3,

(b)2.9 x 10 cm™3 and () 9.6 x 10* cm™3.

which consists of extrapolating the linear part of «?(hv) curves
to o® = 0 (see the inset of figure 5). Figure 5 shows that the
optical band gap increases with the carrier concentration; as
in different works [2, 28], this behaviour is attributable to the
Moss—Burstein (MB) shift (conduction band filling), which is
compensated by a band gap shrinkage, resulting as a net effect
in an increment of Egy, with n.. The band gap narrowing
is a consequence of many-body interactions, which cause
downward and upward shifts of the conduction and valence
bands, respectively. The measured optical band gap, Egn, can
be expressed by

Egm = EgO + AEgMB — AEgN, (D

where Eg is the intrinsic band gap of SnO,, AEg\p is the
MB shift and AEgy is the contribution of the many-body
interactions. For SnO; films, Sanon et al [29] calculated A Egy
by using the random phase approximation; A E,y is an addition
of the self-energies in the conduction and valence bands,
which are due to the electron—electron (e—e) and electron—
impurity (e—i) scattering effects. Figure 5 also shows the
curves of equation (1) using the AE,N values calculated by
Sanon, for two different effective valence band mass (m})
values taking an effective conduction band of m} = 0.31, with
AEg\s = (3n2ne)2/3h2/2mjc. It can be seen in figure 5 that
for high n. values, the experimental data are well described
with the calculations taking m} = 1.0m. and Eyy = 4.12¢eV;
for low values of n., a little deviation can be observed; it
may be due to the fact that m} and m] are not constant
with n.. As a comparison, Sanon et al found the best
agreement between theory and experiments with m} = 1.0m,
and Eg = 4.18eV. The changes in the XPS-VB spectra of
FTO films with the fluorine doping rules out the possibility of
valence band bending variations with the carrier concentration,
yielding changes in m} with the doping. As can be observed
in figure 5, the experimental data correlate well at low carrier
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Figure 6. Calculated values of py using the grain boundary (GBS)
and the charged impurity (CIS) scattering mechanisms; also, a curve
of the combined effects is included. Open circles indicate
experimental values of n. and py reported in the literature for
undoped and F-doped tin oxide films; filled squares indicate the
values measured in this work.

concentrations with calculations with m} = 0.8m., in contrast,
for high values of n., the experimental data have a good
agreement with m} = 1.0 m..

The effects of the fluorine doping can be observed with
the increase in the carrier concentration in FTO films; for
example, when the fluoride concentration in the starting
solution increases, both the fluorine content in the films and 7,
increase. However, the fluorine concentrations measured with
the RNR technique are lower than those . values found by Hall
measurements (see table); it confirms that the free carriers in
FTO films comes from both oxygen vacancies and F-doping.
In addition, when the fluoride content in the starting solution
is very high (sample E), there is no correlation between the
high fluorine content in films (detected with RNR and XPS
techniques) and n.. It might be due to the incorporation of
fluorine atoms in the oxygen vacancies and to the formation
of Sn—F complexes; this fact promotes a decrease in n, and
wp in sample E (see table 1) and changes in the valence band
(figure 3(b)).

For samples C with different thicknesses, we found a
decrease in p when the thickness increases; it is due to ug
increases compensated by a decrement of n.. Low values of
n. when the film thickness increase can be explained by using
the RNR profiles presented in figure 4(b). When thicker films
were prepared, the deposition time is longer; it promotes a high
evolution of HF from the film and lower n. values.

According to diverse carrier scattering mechanisms
(CSMs), it has been found that in polycrystalline TCO films
the main CSM is due to charged impurities (CI) and grain
boundaries (GB) [30,31]. The CI scattering was studied by
Brooks and Herring (BH) [30], and the GB scattering was
considered by Seto [31]. When different CSMs are present in
semiconductors, the total mobility should be calculated with
the Matthiensen rule; using it and the relations deduced by Seto
and BH, it is possible to obtain a relationship between n. and
ny [4]. Figure 6 shows the total mobility taking into account
both the grain boundary and the charged impurity scattering
mechanisms in a graph of uy versus n.. In this figure, it can be
observed that the GB scattering mechanism play an important

role only for n < 1 x 10®cm™ and the CI scattering
mechanism is more important for n, > 2 x 10%° cm—3; similar
results have been reported by Minami and collaborators for
ZnO films [4]. In addition, figure 6 includes both some
experimental values found in the literature for tin oxide and
FTO films and measured values obtained in this work for
different FTO samples. Hence, the model used represents well
the experimental values.

4. Conclusions

In this work, we have presented a discussion of the role of
chemical analyses on the electrical properties of FTO thin films
prepared by SP. It has been found that the fluorine content
measured by the characterization methods in doped films does
not match with those introduced in the starting solutions due
to the evolution of the very stable HF sub-product. In addition,
for the first time, the influence of fluorine doping on the valence
band of tin oxide has been reported. It is shown that decrement
of electrical properties of highly F-doped tin oxide is promoted
by the formation of Sn—F complexes. Due to the variation of the
VB shape with respect to the doping, and the lack of chemical
shift of core levels, it can be ruled out that the VB is affected
by the introduction of F atoms into the SnO, lattice.
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