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A B S T R A C T

The optical and electrical properties of fluorinated tin oxide (FTO) films deposited at room temperature by
sputtering have been investigated varying the fluorine content and the hydrogen atmosphere. The complex
behavior of the obtained films is disclosed using a wide set of characterization techniques that reveals the
combined effects of these two parameters on the generated defects. These defects control the electrical transport
(carrier density, mobility and conductivity), the optical properties (band gap and defects-related absorption and
photoluminescence) and finally promote the amorphization of the samples. H2 in the sputtering gas does not
modify the H content in the films but induces the partial reduction of tin (from Sn4+ to Sn2+) and the con-
sequent generation of oxygen vacancies with shallow energy levels close to the valence band. A variation of up to
four orders of magnitude in electrical conductivity is reported in samples with the appropriate fluorine doping
and hydrogen fraction in the sputtering gas, maintaining excellent optical transparency. Optimized room tem-
perature grown electrodes reach sheet resistance ~20 Ω/□ and transparency> 90%. This room temperature
deposition process enables film preparation on flexible organic substrates, such as polyethylene terephthalate
(PET), with identical performance of doubtless interest in flexible and large scale electronics.

1. Introduction

Technologies for photovoltaic energy harvesting and light emitting
devices are strongly dependent on the research on new transparent
conductive materials (TCM) including its processing and the production
methods [1,2]. Typically, high temperature processes are necessary to
obtain a TCM with optimized performance [3] however, film prepara-
tion at nearly room temperatures is of particular interest for flexible
electronics and also for the coating of large area glasses as those used in
architectural windows. Indium tin oxide (ITO) is the most commonly
used TCM in electronic devices because of its excellent electrical and
optical properties [4], but research on indium-free materials has be-
come highly interesting due to indium scarcity and also to further en-
hance TCM functionality for some specific applications. In this sense,
tin oxide based TCMs are excellent materials for transparent electrodes
due to the low cost, high stability and adequate mechanical properties.
Fluorinated tin oxide (FTO) is a typical n-type TCM with excellent

optical properties (high transmittance and wide band gap) and suitable

conductivity. Among other deposition techniques, such as spray pyr-
olysis or pulsed laser deposition [5–9], sputtering has been used to
prepare FTO from different starting materials as metallic Sn [10],
blended SnF2-Sn [11], mixed oxide fluoride SnO2-SnF2 [12,13]. In-
dependently of the deposition technique, preparation at nearly room
temperature is a requirement for films supported on organic substrates.
However, FTO with suitable conductivity is usually obtained by high
temperature deposition techniques or with post-deposition annealing
processing [14,15]. To circumvent this issue, the use of hydrogen in the
sputtering working gas has been demonstrated to be an effective way
for ITO preparation at room temperature with improved conductivity
without transparency worsening [16,17], as reported for ITO deposited
on organic flexible substrates [18]. In this context, the influence of H2
in the sputtering gas has been studied for FTO preparation at moder-
ately high temperature (300 °C) [15] and room temperature [19].
To enlighten the different processes that contribute to determine the

conductivity in FTO, in this paper we report a detailed study on FTO
films deposited by sputtering using hydrogen in the sputtering gas. The
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effect of hydrogen partial pressure on the optical and electrical prop-
erties in several FTO series with different fluorine contents is analyzed
in parallel with its elemental composition, crystallographic film struc-
ture, tin and oxygen local valence bonding and oxygen defects.

2. Experimental

FTO films were deposited on fused silica, polyethylene ter-
ephthalate (PET) and Si(100) substrates by DC magnetron sputtering
from 2 in. FTO ceramic targets. Blends of SnO2 and SnF2 with weight
ratios 94:6 and 80:20 were pressed with 100 Kg/cm2 to obtain disks of
nearly 3 mm in height and then heated to 400 °C during 2 h. Within
these conditions, the X-ray diffraction analysis of the as-processed tar-
gets show no diffraction peaks from SnF2, proving that fluorine has
entered into the SnO2 structure. Consequently, the obtained disks are
conductive enough to allow DC sputtering.
The sputtering chamber had a typical base pressure of 1 × 10−4 Pa

and a load-lock attached chamber was used for introducing the sub-
strate. After pre-sputtering target cleaning, the film deposition process
was carried out with different Ar, H2 and O2 gas mixtures at constant
pressure of 0.65 Pa with variable H2/(H2 + O2 + Ar) content from 0 to
1% and constant O2/(H2 + O2 + Ar) content of 5%. Gas flows are
regulated by three independent mass flow controllers (from
Bronkhorst). Typically, FTO films of 300 nm thickness were obtained
with deposition rates of 5 nm/min by using DC power of 20 W.
The room temperature electrical properties were obtained with a

Keithley 2400 source-meter and a Keithley 2000 digital voltmeter
managed by home-made computer software to quantify I-V and V-H
curves. According with the van der Pauw method [20,21], four silver
paint contacts were placed on the FTO films surface corners of squared
samples to measure its sheet resistance (RS). Hall effect measurements
were made at room temperature by placing samples in a variable
magnetic field provided by a standard electromagnet (−0.8 T < H <
0.8 T). Resistivity (ρ), charge carrier density (N) and optical absorption
coefficient (α) were calculated after measuring the films thickness with
a Veeco Dektak 150 profilometer.
The optical transmission characterization was performed by using a

Cary-4000 Varian spectrophotometer in the 200–900 nm wavelength
range. The signal from the substrate was eliminated by measuring the
corresponding bare substrates. The samples were also analyzed by
spectroscopic ellipsometry (SE) with a GES-5E (SOPRA©) ellipsometer
within the 1.5–5 eV spectral range. A Tauc-Lorentz (TL) optical model
was used for data fitting to extract the optical constants. It should be
noted that the TL description is normally suitable for amorphous or
nanocrystalline semiconductors and dielectrics [22]. Raman and pho-
toluminescence (PL) experiments were performed at room temperature
with the 488 nm line of an Ar+ laser, incident power of 10 mW, an
Olympus microscope, and a “super-notch-plus” filter from Kaiser. The
scattered light was analyzed with a Jobin-Yvon iHR-320 mono-
chromator coupled to a Peltier cooled Synapse CCD (charge-coupled
device).
Rutherford backscattering spectrometry (RBS) was performed at the

5 MV HVEE Tandetron accelerator located at the Centro de Micro-
Análisis de Materiales of the Universidad Autónoma de Madrid [23].
RBS experiments were performed with helium ions of energy close to
2 MeV. Compositional characterization of the films, including light
elements such as H, was carried out by means of heavy-ion elastic recoil
detection analysis (ERDA). The measurements were performed with
35 MeV Cl7+ projectiles impinging at an incidence angle of 75° with
respect to the sample surface normal. The scattered projectiles and
recoiled sample atoms were detected with a Bragg ionization chamber
positioned at a scattering angle of 31°, allowing the discrimination of
detected particles according to their atomic number. The analysis of the
recoil spectra and scattered Cl spectrum was performed simultaneously
for each sample with the NDF code [24].
The electronic structure was studied with X-ray absorption near-

edge structure (XANES). This technique provides information of elec-
tronic states for each individual element, being a powerful technique to
study complex multi-element systems. XANES measurements were
carried out at the dipole beamline PM3 of the synchrotron facility
BESSY-II of Helmholtz-Zentrum Berlin (HZB).

3. Results

3.1. Compositional characterization

Element composition of FTO films was checked by RBS and ERDA to
determine the actual content of fluorine and hydrogen in several series
of samples deposited from SnO2-SnF2 cathodes with different SnF2
concentrations and different H2 content in the sputtering gas [25].
According with the fluorine content obtained by RBS and/or ERDA, the
four FTO studied series will be referred to as ‘F1.5TO’, ‘F3TO’, ‘F5TO’
and ‘F8TO’ so that 1.5, 3, 5 and 8 indicate the F at% content in the
films.
ERDA allows measuring the hydrogen amount across the thickness

of the films. It shows that Sn, O, F and H are homogeneously distributed
in depth. Fig. 1 shows ERDA outcomes corresponding to ‘F3TO’ and
‘F5TO’ series. The results show no clear trend of the hydrogen amount
in the films as a function of H2 content in the sputtering gas. In fact,
samples produced with no H2 in the gas discharge present a relatively
higher H content in the films, which may be related with residual water
in the base pressure. Nevertheless, hydrogen content is higher in the
series with less fluorine (‘F3TO’) compared to that with more fluorine
(‘F5TO’), suggesting a correlated effect between both foreign ions (H
and F). Regardless of whether hydrogen is present in an atomic form or
molecularly occluded in the films, the average chemical formulae ob-
tained by ERDA for the ‘F3TO’ and ‘F5TO’ series are Sn0.92O2F0.08H0.28
and Sn0.90O2F0.15H0.23, respectively. Fluorine contents of 2.7% and
4.9% are obtained, which justify the labelling (3 and 5) of the series.

3.2. Conductive properties

Recently, we reported [19] on the interesting electrical behavior of
FTO with high fluorine content, ‘F8TO’ series, that we include here
together with the series with lower fluorine content to contribute to an
ampler understanding of the FTO system. Fig. 2(a) shows the resistivity
of all the studied series.
A clear decrease of resistivity (two orders of magnitude) upon F-

doping is observed without H2 in the sputtering gas, saturating at
around 5 at.% F. Regarding the effect of H2, fluorine free tin oxide
samples show no significant change in their properties. However, low
fluorine content series (‘F1.5TO’, ‘F3TO’ and ‘F5TO’) show a

Fig. 1. Atomic composition ‘F3TO’ and ‘F5TO’ series vs. the H2 concentration in
the sputtering gas.
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monotonous decrease in resistivity with H2 concentration in the sput-
tering gas, reaching values close to 10−2 Ω cm. Conversely, in the same
studied hydrogen range, ‘F8TO’ series shows a different behavior with a
minimum in resistivity. For this ‘F8TO’ series, very low H2 concentra-
tion (< 2%) in the sputtering gas has a beneficial effect on resistivity,
which decreases to near 10−2 Ωcm. Nevertheless, for moderate con-
centrations ([H2] > 2%), the H2 effect turns to be detrimental and
samples present resistivity values higher than those deposited without
H2. For each fluorine content series, the proper addition of H2 has a
clear beneficial impact on the film electrical properties, inducing a
variation over four orders of magnitude in film resistivity.
Fig. 2(b) and (c) show charge carrier density (N) and mobility (μ) for

‘F3TO’, ‘F5TO’ and ‘F8TO’ series with similar behavior as its corre-
sponding conductivity. It is interesting to note that also the ‘F8TO’
series shows a remarkable enhancement of N and μ in coincidence with
the low resistivity regime.
In order to prove the interesting application of room temperature

deposition of FTO on organic substrates, we have deposited these series

on polyethylene terephthalate (PET) flexible substrates. PET has ex-
cellent mechanical properties [26] for polymer solar cells [27] or re-
sistive-type touch screen [28] so that the deposition of TCM films on
organic substrates by using low temperature processes is a matter of
active research [18,29–31]. Fig. 2 evidences the similar behavior of
PET-samples (orange spheres) as those obtained in analogue series
deposited on fused silica.

3.3. Optical characterization

Fig. S2 shows optical images of samples from different series de-
posited on fused silica. All of them are transparent but with different
coloring. In Fig. S3, the optical transmission of the three series studied
is given. As reported previously [19], H2 addition induces the presence
of a wide absorption band centered near 400 nm, but transparence is
not substantially affected at visible wavelengths. Fig. 3 shows the re-
lative decrease of transparence around 400 nm. As discussed below, the
higher the fluorine content the lower the H2 addition is needed to easily
observe this broad band.
Band gap energy is typically characterized using the Tauc method

[32] by searching the absorption cut-off by extrapolation of a power of
the product of the optical absorption (α) measurement near edge mul-
tiplied by the photon energy (that is, assuming a behavior near the
band-gap onset as α hν ~ (hν − Eg)n , with n ranging from ½ to 2
depending on the optical transition type). There is a large list of
methods to evaluate the band gap energy [33] that give similar trends
when comparing sample series. For this FTO particular system, the
analysis of its gap energy behavior becomes difficult because: (i) the
optical absorption at wavelengths near edge is affected by the finite
thickness oscillations appearing in thin films (for thicknesses of in-
terest), (ii) the appearance of the broad band around 400 nm in the gap
that strongly affects the cut-off extrapolation and (iii) the different
degrees of amorphization of the samples. This last point becomes very
important because the optical transition type (direct or indirect) may
change from crystalline to amorphous samples within the series. For
these reasons, we have considered alternatively the optical absorption
coefficient raw measurement (α ~ (hν − Eg) without any hν multi-
plicand. This procedure gives values in between those obtained con-
sidering direct or indirect transitions in the Tauc method. The as-
sumption, that it is not necessary to know the optical transition factor n
to determine the gap energy, has already been proposed to overcome
unawareness of the transition type [34]. On that way, any mathema-
tical artifacts are avoided to determine gap energy values (Eg) and, what
is more interesting, to observe the Eg behavior with H2 in the studied
series. Fig. S4 shows the absorption coefficient of the three relevant
series. Firstly, it is interesting to note that, accordingly with the

Fig. 2. Electrical characterization of samples series. (a) Resistivity; (b) Charge
carrier density; (c) charge Mobility.

Fig. 3. Variation of the transmittance obtained at 400 nm vs. the hydrogen
content in the sputtering gas.
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reported behavior [35], Eg decreases with fluorine content for the
samples grown without H2 in the gas mixture (see inset of Fig. S4(a)).
On the other hand, the Eg behavior as a function of the H2 content differ
for ‘F3TO’ and ‘F5TO’ series in comparison to that in ‘F8TO’ (Fig. 4).
Series with small fluorine content present a monotonous Eg decrease
with H2 content in the sputtering gas. However, a fine analysis in
‘F8TO’ series shows an Eg increase for low H2 content (< 6%) in sput-
tering gas followed by a decrease for H2 content higher than 6%. Fig. 4
summarizes the obtained analysis of Eg values, where it is evidenced
that the trends of Eg in the three series behave in some parallel way to
resistivity, charge density and mobility (Fig. 2).
Additionally, we have used spectroscopic ellipsometry (SE) to de-

termine the refractive index of FTO samples. Fig. S5 shows the real part
of the obtained refractive index and Fig. S6 shows the extinction
coefficient of ‘F3TO’ and ‘F8TO’ series (‘F3TO’ and ‘F5TO’ series have
very similar behaviors). Insets of Fig. S5(a) and Fig. S6(a) show a weak
variation with fluorine content for the samples grown without H2 in the
gas mixture being an indication of minor contribution of fluorine to
optical properties. Conversely, Fig. S5 and Fig. S6 reveal different
evolution of refractive index along ‘F3TO’ and ‘F8TO’ series, which
stand for a stronger influence of H2 in low fluorine content series
(‘F3TO’ and ‘F5TO’ series), but very weak in medium fluorine (‘F8TO’
series) content samples.

3.4. Long-range order characterization

Long-range order was studied by X-ray diffraction (XRD), Fig. 5
shows diffractograms obtained for two FTO series (‘F3TO’ and ‘F5TO’).
Measurements indicate a medium-range crystalline order that worsen
with increasing H2 content in the sputtering gas. Moreover, amorphous
character is obtained for smaller H2 content in series with higher
fluorine content. In the ‘F3TO’ series, amorphous films are obtained
from 4% H2 concentration in sputtering gas. A slight change is observed
in the ‘F5TO’ series for which, from only 2% H2 sputtering gas, the
obtained films are mainly amorphous. Moreover, we have not obtained
hints of long-range ordering in the ‘F8TO’ series. This trend points to-
ward the conclusion that H2 in sputtering gas favors film amorphization
that is further facilitated in series with higher fluorine content.

3.5. Local-order bonding characterization

X-ray absorption spectroscopy (XAS) has been used to study the
electronic state of tin and oxygen in ‘F3TO’ and ‘F5TO’ series. Fig. 6
shows the Sn MV-MIV- and O K-absorption near edge spectra of samples
from ‘F5TO’ series. The spectral lineshape, for both edges, is rather si-
milar for all the samples except for the higher H2 case (very similar
results are obtained in ‘F3TO’ series showed in Fig. S6).

The peak observed in the low energy region of the O K-edge cor-
responds to the transition from the O 1s core level into primarily O 2p-
Sn 5s hybridized ag states, which forms the bottom of the conduction
band (CB) and the features at higher energies corresponds to transitions
to O 2p-Sn 5p states (b1u, b2u, and b3u) [36,37]. As observed in tin oxide
thin films prepared by the atomic layer deposition technique [38], the
low energy peak (at ~537 eV) compared with the feature at higher
energies (around ~543 eV) has small changes in their relative intensity
and position. The relative increase of ag intensity in the sample pre-
pared with 9.5% H2 indicates a higher promotion of transitions to the
unoccupied states in the bottom of CB and, on the other hand, the slight
decrease of energy implies a slight CB expansion that would increase
carrier transport in terms of an extension of the unoccupied conduction
band. This effect has been associated with charge mobility increase [39]
because of the easier carrier transport to the CB due to the increase in
probability of carrier hopping.
On the other hand, the energy onset of the Sn MV – MIV absorption

edges is coincident with SnO2, showing Sn mainly in 4+ oxidation
state; nevertheless, very small variations are detected along the series.
The difference between the position of the first peak of oxygen and tin
MV edge may be used to detect small variations in tin oxidation state
[40] in the sense that the lower difference in energy values the higher

Fig. 4. Band gap energy of the studied FTO series.

Fig. 5. X-ray diffractograms: (a) ‘F3TO’ series; (b) ‘F8TO’ series.
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oxidation state. Fig. 7 shows a small, but measurable and systematic,
increase of the O 1s to Sn 3d energy difference with the H2 content in
the sputtering gas revealing a continuous decrease of Sn oxidation state
(from the +4 nominal state) in both ‘F3TO’ and ‘F5TO’ series. As-
suming a linear behavior of Sn oxidation state change vs. the O 1s to Sn
3d energy difference, a reduction of ~0.3 units in the average oxidation
state of Sn can be estimated along each series, resulting in ~15% Sn2+

increase. Another interesting point is that, for samples made with the
same H2 amount; ‘F5TO’ presents lower average Sn oxidation than
‘F3TO’ series. This comparison between series estimates an average tin
reduction of ~0.16 units, resulting in ~8% Sn2+ increase due to the
increased amount of fluorine in ‘F5TO’ compared to ‘F3TO’.

3.6. Defect structure characterization

The photoluminescence (PL) associated to defects in SnO2 has been
extensively studied [41–44] but the exact origin of the observed bands
is still under debate. PL spectra of SnO2 and FTO typically present four
emission bands in which the less energetic one (centered near ~500 nm
or 2.5 eV) has been associated to electron transitions mediated by
oxygen vacancies levels in the band gap. Alternatively, Trani et al. [45]
ascribed this band in SnO2 to the appearance of a fully occupied flat
energy level lying at about 1 eV above the valence band and an empty
level resonant with the conduction band. Moreover, based on positron
annihilation experiments, Zhou et al. [46] have supported the origin of
this 2.5 eV band as electron transitions from a VO+ energy hybridized
with the conduction band to a VO2+ energy level.
Instead of the typically used UV excitation, we have recorded PL

spectra by using visible light (at 488 nm, below the band gap) to study
in detail the 2.5 eV (around 500 nm) emission band. Fig. 8 presents the
PL spectra for the three series evidencing that H2 addition in the

Fig. 6. X-ray absorption near edge spectra of ‘F5TO’ samples: (a) oxygen 1s
absorption edge; (b) tin 3d absorption edges (includes comparison with tin
fluoride and tin oxide).

Fig. 7. Evolution of the energy difference between the tin 3d and the oxygen 1s
absorption edges (evaluated at the main jump).

Fig. 8. Evolution of photoluminescence in studied series. (a) ’F3TO’ series, (b)
’F5TO’ series, (c) ’F8TO’ series.
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sputtering gas increases the PL intensity of the 502 nm band. It should
be noted that the wavelength range in which this PL band appears
coincides with the characteristic Raman spectrum of SnO2 using
488 nm exciting wavelength; however, the very low Raman signal does
not perturb significantly the PL band. Fig. 9 shows that H2 promotes
more efficiently the PL emission at 502 nm as the nominal fluorine
content is increased. In the assumption that this PL band is related to
oxygen vacancy energy levels in the gap, its intensity accounts for the
density of oxygen defects. The results in Figs. 8 and 9 evidence that,
independently of the fluorine content, the samples prepared without H2
have very low amount of oxygen vacancy defects and that defects are
generated more efficiently in series with higher fluorine content. For
example, ‘F8TO’ reaches a similar defect densitiy in samples deposited
with ~4% H2 as those obtained with 9.5% H2 in ‘F5TO’ and ‘F3TO’
series.
In order to explain the effect of H2 on the electronic structure of

FTO, we have considered the reported SnO2 and FTO band structures
[46] in which fluorine incorporation at oxygen site (FO) slightly shifts
the energy levels of oxygen vacancies VO2+ and VO+ towards the band
edges (Fig. 9(c)) compared to SnO2 (Fig. 9(b)). This scheme let us
identify the absorption and emission features observed in our samples
(Fig. 9(c)). The energy gap ranges from 3.63 to 3.40 eV (represented as
~3.5 eV in Fig. 9(b)) for samples prepared without H2, as shown in
Fig. 4.
Additionally, the intensity of the broad absorption band at 400 nm

(~3.1 eV) (Fig. 3 and Ref. [19]) depends both on fluorine and H2 gas
content. Its dependence on the fluorine content indicates that the
transition has to be related to fluorine at oxygen vacancies (FO) and
corresponds to transitions from the VB to FO energy levels (Fig. 9(c)).
The monotonous dependence of this broad band with H2 (Fig. 3) should
be related with changes in the VB due to the monotonous partial re-
duction of Sn4+ to Sn2+ observed in XAS experiments.
On the other hand, the intensity of the 2.5 eV (502 nm) PL emission

band also depends on both the fluorine content and the H2 gas amount,
indicating that this band is related to transitions from FO to VO2+ en-
ergy levels. The dependence on H2 is due to generation of oxygen

vacancies by Sn2+ in the SnO2 mother structure. This explanation is in
agreement with the reported band structure in [46] and explains small
variations of energy level values as shown in Fig. 9(c), giving FO energy
levels at ~0.4 eV below the CB and VO2+ energy level at ~0.6 eV above
the VB.

4. Discussion

To summarize the observed behaviors vs. the H2 content in sput-
tering gas along the studied series we can consider the following facts:
(i) there is no dependence on H2 of the film atomic composition (in-
cluding H); (ii) the use of H2 in the sputtering gas improves the elec-
trical conductivity up to saturation in ‘F3TO’ and ‘F5TO’ series and
presents maximal values for ~4% H2 content in ‘F8TO’; (iii) high
transparency is obtained in all samples up to 4% H2 and a broad ab-
sorption band around 400 nm is clearly observed in samples with high
H2 content, (iv) in ‘F3TO’ and ‘F5TO’series band gap energy decreases
while in ‘F8TO’ the gap presents maximal values for 4–6% H2; (v) F
content in the films and H2 in the sputtering gas favor film amorphi-
zation; (vi) a small but continuous decrease of Sn oxidation state is
observed vs. H2 content in sputtering gas; (vii) oxygen defects are
generated by using H2 being more effective in high fluorine content
series.
The many techniques used in this study allow the understanding of

apparently contradictory results regarding the constant actual content
of hydrogen in the films but their radically different optical and elec-
trical properties. Increasing H2 content in the sputtering gas, does not
increase hydrogen concentration in the films but reduces the average
oxidation state of Sn4+ (observed by XAS) by inducing the formation of
Sn2+ and oxygen vacancies that decrease long-range order and finally
leads to amorphous films. These oxygen vacancies modify the optical
transmission and PL spectra by providing shallow in-gap defect-states
(substitutional F and O vacancies) and explain the improvement of
conductivity by the generation of charge carriers.
The resistivity behavior is rather complex but some clear correla-

tions can be highlighted. An increase in conductivity is clearly observed
in series with low fluorine content (up to 5%) which is found to saturate
in coincidence with crystallinity hindering (Figs. 2 and 5). On the other
hand, the amorphous character shown by the ‘F8TO’ series is key to
explain its electrical behavior as the competition between the genera-
tion of charge carriers and amorphization. In high fluorine content
samples (‘F8TO’ series) the joint effect of oxygen substitution by
fluorine ions (FO) and the excess of oxygen vacancies (VO2+ and VO+

provided by H2) is detrimental for the long-range order, that is a typical
cause of conductivity worsening in TCMs. Consequently, series with
moderately high fluorine content (> 5%) and enough Sn2+ amount
(due to H2 gas) become amorphous hampering generation of charge
carriers in the CB and decreasing charge mobility. Conversely, series
with low fluorine content (< 5%) present an increase of charge carrier
density that improves conductivity up to saturation (within the studied
range) due to amorphization.

5. Conclusions

The effect of using H2 in sputtering gas to prepare FTO films at room
temperature from SnO2-SnF2 cathodes with several fluorine contents
has been studied. From the macroscopic point of view, conductivity has
a complex behavior depending on fluorine content in the film and H2
concentration in sputtering gas, but high transparence at visible wa-
velengths is obtained for all samples. The variation of fluorine doping
and the H2 content in sputtering gas allows improvements of four orders
of magnitude in film conductivity.
Microscopic characterizations let us conclude that H2 in sputtering

gas causes a slight reduction of Sn4+ in FTO films that consequently
creates oxygen vacancies and promotes amorphization. The competi-
tion between reduction of Sn4+ and amorphization explains the
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Fig. 9. (a) Evolution of the integrated area intensity of photoluminescence in
studied series. (b) Energy levels in SnO2, (c) Energy levels in FTO.
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complex behavior of electric transport properties. Optimized F doping
and H2 gas content can deliver excellent values of sheet resistance
(20 Ω/□) with optical transmission (> 90%) for films grown at room
temperature on fused silica as well as on flexible substrates (PET).
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