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ABSTRACT: For many opto-electronic applications, F:SnO2 materials
must benefit from high transparency, high conductivity, and high
mechanical strength even after quenching. The purpose of this study was
to investigate the influence of quenching on the opto-electronic
properties of the F:SnO2 layers synthesized at high temperature on
SixCyO-coated soda-lime glass by atmospheric chemical vapor deposition.
The morphology, structure, and composition of the layers were studied
before and after quenching in air- and oxygen-rich atmospheres at 670
°C. The free carrier concentration was reduced by oxygen vacancy (VO)
passivation, as well as by F and Na diffusion, with all effects scaling up
with quenching time in air. The transmittance also decreased with
quenching time as Na impurities acted as absorption and electron
recombination centers. In an oxygen-rich atmosphere, the VO passivation
was even more emphasized, with however a moderate contribution to
conductivity loss. The F:SnO2 layer microstructure and composition were rather fringed through high-temperature deposition. The
almost invariable free carrier concentration and transmittance of the F:SnO2 samples quenched in O2 versus air were related to a
moderation in Na diffusion. For long quenching times (>20 min) in air, Na and F diffusion prevailed explaining the conductivity
drop.

1. INTRODUCTION

Transparent conducting layers (TCLs) are essential compo-
nents not only in solar energy conversion or solar control
glazing applications, acting as buffer or collector layers,1−4 but
also in other (opto)electronic applications such as flat panel
displays5 or gas sensors.6 The most popular TCLs are the
doped metal oxides such as ITO (Sn:In2O3), AZO (Al:ZnO),
and FTO (F:SnO2). Particularly, FTO can be produced at low
cost, having high mechanical, chemical, and electrochemical
stability.7

Pristine SnO2 is an n-type semiconductor with a wide optical
band gap (Eg = 3.7 eV) and consequently high optical
transparency (T > 85%).8 In undoped SnO2, the oxygen
vacancies and interstitial Sn are the primary donor defects,9

and consequently, Sn vacancies are present as well (eqs 1 and
2)a. Because the Sni

4+ defects are localized in the conduction
band and are fully ionized, it is widely accepted that the n-type
conducting behavior is controlled by the oxygen vacancies
ionization. This material electrical conductivity is usually
enhanced by substitutional doping with fluorine (eq 3),
reaching resistivity values as low as 10−3 Ω cm with charge
mobilities of 20 cm2/(V s).10 When fluorine is integrated in
the network, it also fills up part of the oxygen vacancies (eq 4).

= +•• −0 2V VO Sn
4

(1)

= +− +0 V SniSn
4 4

(2)

+ → + ″••O F F 1/2Ox x
i0 0 O (3)

+ + → +− • −F V 3e F Vx x
0 O O Sn

4
(4)

High-quality FTO thin films are generally produced at a
large industrial scale by high-temperature spray pyrolysis11 or
(atmospheric) chemical vapor deposition.12 In the case of the
latter process, F and Sn precursors are fed together in the
chamber, their concentrations being separately controlled by
gas flow before mixing. The film deposition occurs by
vaporization, aerosol migration toward the heated substrate,
condensation, and precursor pyrolysis.
In the specific context of glass industrial processing,

quenching is the process of heat treatment for few minutes
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at a temperature close to the glass softening point, T ≈ 650 °C,
followed by rapid cooling treatment so as to “freeze” the glass
in a specific mechanical statehigher surface compression
and/or edge compressionand composition.13 The quench-
ing process is imposed through several European standards
(ASTM C1048, CPSC 16 CFR 1201, or ANSI Z97.1) for
decorative, automotive, photovoltaic, or architectural glazing
applications.
For most of the applications, including TCLs, soda-lime

glass is used as the substrate because of its lower price.
However, in the case of self-cleaning glass, it was already
proven that Na diffusion from glass into the functional layer
during post-deposition annealing treatments damages the self-
cleaning property.14 The TCLs’ emissivity15 and trans-
parency16 were also proven to be impacted by quenching.
Investigating and improving the stability of TCLs toward
quenching are therefore of high interest.
On the one hand, the modification of optical and electrical

properties as function of annealing temperature and time was
largely studied for F:SnO2 samples synthesized at room17 or
moderate (400−450 °C)16,18,19 temperatures using chemical
or physical methods. These films usually suffer from major
structural and morphological changes that engender the
modification of the opto-electronic properties when annealed
at T > 450 °C.
On the other hand, the behavior toward quenching of

highly crystallineF:SnO2 films deposited at high temper-
atures (500−600 °C) by industrial processes such as chemical
vapor deposition was far less studied. Indeed, a SixCyO barrier
layer was incorporated to block Na diffusion from glass
without damaging the glass final appearance. When using a 20
nm thick SixCyO barrier layer, Gao et al.20 showed that the
grain size of F:SnO2 films synthesized by atmosphere pressure
chemical vapor deposition (APCVD) at 600 °C was reduced
after quenching at T > 580 °C for 20 min. The structural
stability of the same F:SnO2 layers is improved by using a
thicker barrier layer (70 nm of SixCyO), showing that no
crystallinity or morphological changes were observed for short
annealing periods (20 min) at 650 °C. In both cases, the
conductivity loss was explained through the grain boundary
scattering mechanism with increasing quenching time. Na
diffusion was also considered as a potential explanation but
without any clear demonstration. The same study also
concluded that the infrared reflectance decreased along with
carrier concentration diminution.
On the contrary, Wang et al.21,22 proved by using

ellipsometry that the Na ions diffused into the barrier layer
after quenching up to 120 min at 600 °C, as confirmed by the
consequent transmission drop. In another study, Yang et al.23

reported no change in the structural and morphological
characteristics of F:SnO2 layers deposited at 500 °C by
APCVD after short time annealing (3−4 min) at 700 °C in air
and explained the conductivity loss by the oxygen vacancy
passivation mechanism. Again, Na diffusion was mentioned
without any evidence to consequential conductivity drop.
Oxygen vacancy passivation was also considered responsible
for the conductivity drop of F:SnO2 films deposited on the
SixCyO pre-coated glass after quenching at 600 °C for more
than 10 min.24 The same study highlighted some modifications
in the structure and morphology of the layers, as well as the
drop in transmittance in the visible region. The origin of
optical changes was not further discussed. According to Akkad
and Joseph,18 the oxygen vacancies have a short diffusion

length (20−26 Å); therefore, their passivation during cooling
in air does not constitute the main cause for the carrier
concentration decrease as this effect should be limited at the
extreme surface of the FTO layer.
To conclude, there is a clear lack in understanding the

impact of quenching on F:SnO2-coated glass. Indeed, the
relevant literature provides limited and sometimes contra-
dictory insights into the film composition and structural and
opto-electronic modifications with quenching.
The purpose of our study is to investigate the quenching-

induced damaging of the opto-electronic properties of F:SnO2
layers deposited by APCVD on the SixCyO-coated glass in
relation to microstructural and composition changes. Hence,
the F:SnO2 films were examined before and after quenching in
normal (air) and oxygen-rich atmospheres. To our knowledge,
no report can be found on APCVD-prepared F:SnO2/SixCyO
layers quenched in the oxygen-rich atmosphere, neither on the
simultaneous correlation of the composition with the opto-
electronic properties. Moreover, the stability toward quenching
of a SixCyO barrier layer is here investigated for the first time.

2. RESULTS AND DISCUSSION
First, the electrical properties of the F:SnO2 films were
characterized for the nonquenched samples and after
quenching in air at 670 °C for 6, 10, 15, and 23 min. The
F:SnO2 films were deposited on the SixCyO-coated (∼70 nm
thick) soda-lime glass by APCVD at 600 °C. The sheet
resistance (Rs) values increased with quenching time along
with the free carrier concentration and mobility reduction
(Figure 1). In order to discrete the respective influence of the

free carrier concentration and mobility, a numerical calculation
of the Rs values was performed (using the formulas ρ = Rs.d
and ρ = 1/(nμe), where ρ is the resistivity and d is the layer
thickness) by considering first a constant μ and then a constant
n (Figure S1 in the Supporting Information). From there, it
could be observed that the free carrier concentration
modification had almost a double effect on Rs values as
compared to mobility, meaning that the small oscillations in
mobility contributed only slightly to the evolution in
resistance.
Based on the overall diffractograms recorded for the

nonquenched and quenched F:SnO2 films (Figure 2a), we
could not highlight any significant changes in the micro-

Figure 1. Sheet resistance (Rs), free carrier concentration (n), and
Hall mobility (μ) as function of quenching time in air of the F:SnO2
films.
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structure, that could explain the resistance drop. The cassiterite
(SnO2 rutile, ICCD PDF 04-003-0649) phase peaks were
identified for both the nonquenched and quenched samples
(Figure 2a). Crystallite size and texture coefficients (TC) were
calculated for the (110), (101), and (200) reflections and were
found to be almost invariable with quenching time (Figure 2b).
The F:SnO2 films presented a (200) preferential orientation

which did not vary much with quenching. As reported by Gao
et al.,26 using a SixCyO barrier layer reinforces the (200)
preferred orientation.

Scanning electron microscopy (SEM) (secondary electron
mode) and atomic force microscopy (AFM) images (corre-
sponding to a low and high magnification perspective,
respectively) both showed that the surface topography was
not affected by the quenching treatment (Figure 3).
Because neither structural nor morphological changes could

explain the drop in conductivity, it was most likely that the
layer composition had changed. This assumption was
supported by the fact that the F:SnO2 films visual aspect
turned more and more yellowish with increasing quenching

Figure 2. (a) X-ray diffraction (XRD) patterns and (b) average crystallite size (bars) and TC (triangles and squares) values calculated for the
(110), (101), and (200) reflections for the F:SnO2 films quenched in air at 670 °C for different times.

Figure 3. SEM (secondary electron mode, top row) and AFM (bottom row, root mean square roughnessrmsvalues are shown in the pictures)
surface images of the F:SnO2 films nonquenched (0 min) and quenched in air at 670 °C for 10 and 23 min. The standard deviation values for the
rms measurements are ±0.1, ±0.3, and ±1.0 nm, respectively, whereas the instrument resolution is 1 nm.

Figure 4. (a) Total transmittance and (b) absorptance spectra of the F:SnO2 films nonquenched and quenched in air at 670 °C.
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time (Figure S2 in the Supporting Information) as highlighted
by the spectrophotometric measurements. A drop in trans-
mittance was recorded (Figure 4a) and related to a change in
absorptance (Figure 4b) and not in reflectance (reflectance
curves of the F:SnO2 films quenched for 23 min are shown in
Figure S3 in the Supporting Information). The red shift of the
absorptance curves with quenching in air was correlated with a
slight decrease in the band gap (e.g., band gap extraction from
the Tauc plotsrepresented in Figure S4is detailed in the
Supporting Information) and related to the creation of sub-
band gap defects.27 These defects act as absorption centers and
should be mainly related to Na impurities rather than to
oxygen vacancies as the preponderant passivation of vacancies
would correspond to an increase in transmittance.
The L*a*b* chromaticity parameters [L* is the lightness

which varies from black (0) to white (100), a* represents the
variation from green (−) to red (+), whereas b* varies from
blue (−) to yellow (+), and ΔE is the color difference
calculated as ΔE = sqrt[(ΔL*)2 + (Δa*)2 + (Δb*)2, with ΔE
= 2.3 corresponding to a just noticeable difference28] were
further calculated from the transmittance spectra using a D65
illuminant, and values are shown in Table 1 for the

nonquenched and 10 and 23 min quenched in air samples.
The change in color toward a yellow tint after quenching was
confirmed by the shift of the a* and b* parameters toward
positive values (absorptance in the blue-violet region).
Because the structural and morphological features of the

layers did not change with quenching, it was reasonable to
assume that the conductivity drop was related to the
annihilation and/or creation of defects in the F:SnO2 lattice.
To that end, the hypothesis of oxygen vacancies passivation
was further explored by quenching the F:SnO2 films in an
oxygen-rich (pure O2) atmosphere.
The L*, a*, b*, and ΔE parameters for the sample quenched

in O2 are also included in Table 1. It appeared that the F:SnO2
layers quenched in O2 and air turned yellowish nearly to the
same extent at longer quenching times as confirmed by the
similar ΔE values and almost identical transmittance curves
(Figure S5 in the Supporting Information).
The “Rs,” “n,” and “μ” values for the F:SnO2 films quenched

for 23 min in air and O2 with regard to the nonquenched film
are summarized in Table 2. As expected, the free carrier
concentration is smaller for the films annealed in O2 compared
to those annealed in air, but a more striking difference between
quenching in air and in O2 would have been expected if the
oxygen vacancies passivation was the main reason for the
conductivity drop.29

As previously concluded for the samples annealed in air, the
crystalline phase and the preferred orientation did not change
after quenching in O2 and neither did the morphology (Figure
S6a,b in the Supporting Information).

These results, along with the negligible change in the free
carrier concentration, suggested that the variability in electrical
properties was nested in some changes in composition, with a
similar effect in both samples. Indeed, taking into consid-
eration the free carrier concentration results for the samples
quenched in air and O2 for 23 min, the oxygen vacancies
passivation could not be the main or sole mechanism behind
such a behavior.
Other hypotheses reported in the literature involve Na

diffusion from the glass bulk inside the F:SnO2 structure
22,23 or

the fluorine migration out of the F:SnO2 structure during
quenching causing the lattice expansion15 or the creation of Sn
vacancies along with the lattice contraction.19 However, no
factual proof of elements migration was given in these studies.
It is important to mention that no shift in the XRD peaks
position with quenching could be detected in our study.
The marked increase in resistance values after 10 min made

us believe that the mechanism could occur in two steps, that is,
for shorter quenching times (below 10 min), the carrier
concentration would be mainly attributed to oxygen vacancy
passivation, whereas for longer quenching times, Na diffusion
from glass would have a higher impact in the scattering of the
free charge carriers. The diffusing Na ions could lower the free
carrier concentration by two mechanisms

(1) Reaction with the FO
• donors (eq 5);

(2) Oxygen vacancies passivation with the formation of
more NaSn

3− acceptor centers (eq 6).

+ → − +• • ••Na F Na F Vi O O (5)

+ + →• − −Na V 4e Nai
x

O Sn
3

(6)

To support our hypothesis, XPS depth profiles were
registered on the F:SnO2 layers before and after quenching
in air (10 and 23 min), as well as after quenching for 23 min in
O2. The purpose was to probe whether or not elements were
diffusing from the glass or from the SixCyO barrier layer. Prior
to step-by-step XPS analysis, Ar+ etching was performed. The
etching rate was estimated to be 0.3 nm/s versus a SiO2 layer.
The presence of carbon was detected at the surface because

of ambient contamination, and its content reached 0 at. % after
60 nm etching (Figure 5a showing no carbon until 200 nm
depth). The concentration of Sn decreased to 20 at. % after
720 s of etching time indicating a F:SnO2 layer thickness of
around 250 nm (theoretical etching rate: 0.3 nm/s for 720 s,
meaning 216 nm).
Within the barrier layer (zone “SixCyO,” as shown in Figure

5a), the decrease in the C content and the increase in O after
quenching in air and oxygen might indicate a slight oxidation
of the barrier layer (SiOx into SiO2) with no consequence on
the optical properties (ΔT = 0.55% at 550 nm, Figure S7a in
the Supporting Information).
However, a much more significant change in the trans-

mittance of the barrier layer (ΔT = 3.7% at 550 nm) was
obtained when the SixCyO barrier layer was quenched without

Table 1. L*a*b* Chromaticity Parameters and Color
Difference (ΔE) for the Nonquenched and the F:SnO2
Layers Quenched in Air and O2 at 670 °C

sample L* a* b* ΔEa

nonquenched 93.12 0.11 1.98
10 min in air 92.33 0.49 2.95 1.31
23 min in air 91.90 0.54 3.92 2.33
23 min in O2 91.45 0.65 3.60 2.39

aΔE was calculated versus the nonquenched value.

Table 2. Sheet Resistance (Rs), Free Carrier Concentration
(n), and Hall Mobility (μ) Values for the Nonquenched and
F:SnO2 Layers Quenched in Air and O2

sample Rs (Ω cm−2) n (cm−3) μ (cm2/(V s))

nonquenched 14.4 ± 0.1 6.2 × 1020 ± 0.5 21.4 ± 2.0
23 min in air 40.6 ± 0.1 3.0 × 1020 ± 0.3 15.5 ± 1.4
23 min in O2 52.4 ± 0.3 2.0 × 1020 ± 0.3 17.6 ± 5.0
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the protection of the F:SnO2 layer (previously removed by
chemical etching) as the reflectance of the oxidized SiOx was
lower (Figure S7b,c in the Supporting Information). This
proved that the change in color did not come from the barrier
layer but could be originated in the upward (downward)
elements diffusion into (from) the F:SnO2 layer.
Interestingly, the XPS data would indicate the presence of a

diffusion layer of more than 70 nm thickness at the interface

between the F:SnO2 and SixCyO layers (labeled as “F:SnO2 +
SixCyO” in Figure 5a). Such a diffusion layer was also identified
by Wang et al.25 by spectroscopic ellipsometry, having a
thickness of around 13 nm. The C, O, and Si contents were
quite constant over the 70 nm depth, thus defining the SixCyO
barrier layer thickness. Moreover, a second diffusion layer of
around 30 nm thickness was more likely present at the
interface with the glass bulk (labeled as “SixCyO + glass” in

Figure 5. XPS depth profiles (atomic % extracted from the Si 2p, C 1s, Sn 3d5, and O 1s spectra) (a) and the evolution of the Na/Si (b) and F/Si
(c) atomic ratios as function of the etching depth for the F:SnO2 samples nonquenched (“0 min”) and quenched in air and O2 at 670 °C.

Figure 6. Fitted O 1s XPS spectra at 60 s etching level for the F:SnO2 films nonquenched and quenched in air and O2 at 670 °C.
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Figure 5a) because the C content began to decrease and the O
content increased markedly at this level of depth profiling.
For both the nonquenched and quenched F:SnO2 layers, the

XPS profiling indicated that Na could have diffused from the
glass, through the barrier layer (Figure 5b), crossing the
“F:SnO2 + SixCyO” diffusion layer. At the F:SnO2/F:SnO2 +
SixCyO interface, the Na content was higher for the quenched
samples (Figure 5b) compared to the nonquenched one. This
would correlate with the decrease of the Na levels in the
proximity of the glass interface. Na could interfere in reducing
the carrier concentration by reacting either with the fluorine
donors or with the oxygen vacancies, as exemplified in eqs 5
and 6. Interestingly, the fluorine content at the F:SnO2/
F:SnO2 + SixCyO interface seemed to increase with increasing
quenching time (Figure 5c). The F downward diffusion, which
is nondetectable through XRD, would cancel the positive effect
of doping leading to conductivity drop. The O2 inward
diffusion from the atmosphere seemed to interfere with Na
diffusion as for the sample quenched in O2 the Na levels in the
“F:SnO2 + SixCyO” diffusion layer were lower compared to the
sample quenched in air.
Fitting of the O 1s XPS spectra corresponding to the F:SnO2

near surface (60 s etching time) could be proposed with three
contributions (Figure 6): one at around 530.5 eV correspond-
ing to O2− in the SnO2 lattice, another one around 531.5 eV
attributed to oxygen vacancies in SnO2,

30 and the third at
around 532.5 eV corresponding to chemisorbed −OH.31
Concerning the main O2− component, there was practically

no change in the O 1s peak full width at half-maximum
(fwhm) value (i.e., 1.32 eV) for the F:SnO2 layers before and
after quenching in air or O2. This was consistent with the XRD
results which showed no change in the layer crystallinity. The
VO
x proportion in the O1s peak was calculated, and the VO

x /O2−

(“531.5/530.5 eV”) component ratios were 0.032, 0.025,
0.017, and 0.007 for the nonquenched, 10, 23 min in air, and
23 min in O2, respectively. These proportions were quite small
because of the high temperature deposition conditions which
stabilized the F:SnO2 layer toward quenching. Higher
variations in the oxygen vacancy peak were reported for the
layers prepared by chemical/low-temperature methods.22,29

However, two main trends could be drawn, that is, the oxygen
vacancy content decreased with quenching time and in the
oxygen-rich atmosphere, the oxygen vacancies passivation was
emphasized. Nevertheless, the small difference in the free
carrier concentration and optical properties between the layers
annealed in air and O2 pointed to the fact that, indeed, the
differences in the VO

x /O2− proportion were negligible.
Implicitly, Na and F diffusion should mainly contribute to
the conductivity drop for longer quenching times, with a
mitigated effect for Na in the oxygen-rich atmosphere.

3. CONCLUSIONS
The influence of quenching on the opto-electronic properties
of the F:SnO2 layers deposited at high temperature by APCVD
on the SixCyO-coated glass was investigated with regard to
morphology, structural, and composition changes.
The structure and morphology of the studied F:SnO2 layers

were found invariant to quenching in air or O2 as the samples
microstructure was practically fringed through deposition at
high temperatures.
Moreover, the visible transmittance of the F:SnO2 layers was

markedly affected by tempering as Na impurities act as
absorption and electron recombination centers. Changes in the

optical properties of the barrier layer were excluded through
spectrophotometric measurements.
XPS in-depth profiling seemed to indicate the existence of

two diffusion layers at the F:SnO2/SixCyO and SixCyO/glass
interfaces, already present before quenching.
The layers conductivity decreased with quenching time in air

because of free carrier concentration reduction. Na upward
diffusion from the glass into the F:SnO2 layer and F downward
diffusion from the F:SnO2 layer were also proposed through
XPS. Along with the elements diffusion, the oxygen vacancy
diminution was found responsible for the conductivity drop for
shorter quenching times (<10 min). For longer quenching
times (>20 min), it seemed that Na and F diffusion mainly
contributed to free charge carrier diminution. A less marked
difference in the free carrier concentration and transmittance
was observed for the sample quenched in O2 compared to air
and related to a possible moderation in the Na diffusion by
incoming oxygen.
For a 300 nm thick F:SnO2 layer, the contribution of Na

diffusion to the free charge carrier scattering could be
minimized by keeping the quenching periods within 10 min.
This study emphasizes the importance and the complicity

between the two factors that would contribute to the
conductivity loss in highly crystalline APCVD-prepared
F:SnO2 layers subjected to quenching, that is, the oxygen
vacancy passivation and the diffusion of impurities inside and
outside the F:SnO2 layer.

4. EXPERIMENTAL AND CALCULATIONS

4.1. F:SnO2 Deposition. The F:SnO2 films (320 nm thick,
14 Ω/sq) were deposited by APCVD at 600 °C on the glass
coated with a SixCyO layer. Monobutyl tin trichloride and HF
were used as tin and fluorine precursors, respectively, and air
was used as carrier gas. After deposition, samples were polished
for optical properties optimization.

4.2. Samples Cleaning and Quenching. After being
cleaned with the neutral pH surfactant and rinsed consec-
utively in deionized water and ethanol in the ultrasonic bath
for 10 min followed by drying under compressed air stream,
the glass samples were quenched.
For quenching in air, the samples were placed in an open-air

furnace once the temperature was reached (670 °C) and
removed after a defined period (6, 10, 15, and 23 min). The
quenching treatment in the O2 atmosphere was performed in a
tubular furnace for 23 min at the same temperature. The
quenching times and temperatures were selected based on the
literature reports.21,23−25

4.3. Opto-Electronic Characterization. The electrical
characterization (sheet resistance, carrier concentration, and
Hall mobility) was performed using a PhysTechRH 2035
system in Van der Pauw 4-points configuration (Sn contacts of
1.5 mm diameter, placed at 12 mm distance of each other in a
square perimeter configuration). For the Hall effect measure-
ments, a fixed magnetic field (0.43 T) was used.
Optical characterizations were realized using the Shimadzu

UV3600 Plus UV−vis−NIR (BaSO4 integrating sphere, Ø = 15
cm) spectrophotometer, and the Panorama software was used
for the chromaticity parameter calculation.

4.4. Microstructural Characterization. XRD structural
characterization was performed on a Bruker D8 Discovery
diffractometer (grazing incidence, Cu Kα radiation, α = 0.154
nm, 20° < 2θ < 60°, step width 0.04 and 2° incidence angle).
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The crystallite size was calculated for the (110), (101), and
(200) reflections by using the Scherrer equation

λ
β θ

=D
K
cos (7)

where K is a dimensionless shape factor and typically equals
0.9, λ is the wavelength of the incident Cu Kα radiation
(1.5418 Å), β is the line broadening at fwhm of the diffraction
peak (measured in radians), and θ is the Bragg angle.
The TC were calculated for the (110), (101), and (200)

main peaks, using the formula below

=
∑ =

( )
( )
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I

I
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I

( )
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2 1

2

hkl

hkl

hkl

hkl

( )

0( )

( )

0( ) (8)

In the formula, I(hkl) represents the net area of the peak
(110), (101), or (200), and I0(hkl) is the net area of the same
peaks corresponding to a reference sample which presents
random orientation. The reference sample was SnO2 powder
(Sigma-Aldrich, p ≥ 99.9%, <100 nm particle size) which was
measured in the same conditions as the sample.
AFM (Digital Instrument Nanoscope III microscope from

Veeco) measurements were performed in a tapping mode with
a super sharp (NSG30_SS/10 from NT-MDT, tip diameter <
5 nm) improved super cone probe.
SEM characterizations were performed with an ESEM-FEG

XL30 FEI instrument operated at 15 kV (secondary electron
mode).
4.5. Chemical Characterization. A Thermo Fisher

Scientific K-Alpha spectrometer (monochromatized Al Kα
source, hν = 1486.6 eV, spot size 200 μm) was used for XPS
depth profiling of the F:SnO2-covered glass samples. All
binding energy values were determined with respect to the C1s
maximum peak at 284.9 eV. Etching was performed using an
Ar+ ion gun at 500 eV (20 levels in total with high-resolution
spectra recorded alternately with sputtering time). Quantifica-
tion and peak fitting were achieved by using the AVANTAGE
software (Thermo Fisher Scientific).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c00589.

Numerical simulations, pictures of the samples before
and after quenching, reflectance and/or transmittance
spectra of the F:SnO2 and SixCyO barrier layers before
and after quenching in air/O2, band gap extraction,
XRD, SEM, and AFM results of the sample quenched in
O2 atmosphere (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Laura Maria Manceriu − UR CESAM, GREEnMat, University
of Lieg̀e, B-4000 Lieg̀e, Belgium; orcid.org/0000-0002-
3990-7916; Phone: +32 (0)4 366 3533;
Email: laura.manceriu@uliege.be; Fax: +32 (0)4 366 4747

Rudi Cloots − UR CESAM, GREEnMat, University of Lieg̀e, B-
4000 Lieg̀e, Belgium; orcid.org/0000-0002-2648-0407;
Phone: +32 (0)4 366 3436; Email: rcloots@uliege.be;
Fax: +32 (0)4 366 4747

Authors
Anthony Maho − UR CESAM, GREEnMat, University of Lieg̀e,
B-4000 Lieg̀e, Belgium; orcid.org/0000-0002-3813-6240

Christine Labrugere − CNRS, Universite ́ de Bordeaux,
PLACAMAT UMS 3626, F-33600 Pessac, France

Eric Tixhon − AGC Glass Europe S.A, Technovation Centre, B-
6041 Gosselies, Belgium

Audrey Schrijnemakers − UR CESAM, GREEnMat, University
of Lieg̀e, B-4000 Lieg̀e, Belgium; orcid.org/0000-0003-
3276-1798

Aline Rougier − CNRS, Universite ́ de Bordeaux, Bordeaux INP,
ICMCB, UMR 5026, F-33600 Pessac, France; orcid.org/
0000-0002-1340-734X

Pierre Colson − UR CESAM, GREEnMat, University of Lieg̀e,
B-4000 Lieg̀e, Belgium

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c00589

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to the Walloon Region and AGC
Flatglass for financial support (project no. 7428).

■ ADDITIONAL NOTE
aIn these four equations, the Kroger−Vink notation is used:
VSn

4− is a tin vacancy with 4- effective charge because of the
missing four positive charges coming from Sn4+; FO

• means that
the F atom has substituted an oxygen atom in the lattice, and
the positive charge comes from the fact that a negative charge
was removed from the normal lattice; Oi″ is an oxygen
interstitial with 2- effective charge because two supplementary
negative charges are inserted into the network; O0

x and F0
x are

the oxygen and fluorine in their normal place in the lattice; VO
x

and VO
•• are the neutrally and double positively charged oxygen

vacancies, respectively.
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