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In this paper we present the results of X-ray Photoemission Spectroscopy (XPS) study of
the surface chemistry of Laser-assisted Chemical Vapour Deposition (L-CVD) deposited tin
oxide SnOx thin films before and after subsequent exposure to molecular hydrogen (hydro-
genation) at room and elevated temperature up to 800 K. As-deposited L-CVD tin oxide thin
films exhibited a nonstoichiometric composition with a relative concentration [O]/[Sn] equal
to 1.29±0.05. After exposure to 105 L of hydrogen at room temperature the relative con-
centration [O]/[Sn] was almost the same. After the same exposure to hydrogen at elevated
temperature the relative concentration [O/Sn] decreases what confirms the effect of drastic
reduction to the almost stoichiometric tin oxide SnO thin films. This evident reduction of L-
CVD tin oxide thin films was confirmed by the shape analysis of corresponding XPS Sn3d5/2

and O1s peaks using the deconvolution procedure in which the different contribution of O-
Sn2+ and O-Sn4+ bondings were determined.

PACS: 68.35 Dv, 68.55 a, 81.15 Gh, 81.65 Mq

1 Introduction

Tin dioxide (SnO2), a wide band gap (3.6 eV) n-type semiconductor, is one of the most important
material for gas sensors [1–3]. In general, the gas sensing mechanism of SnO2 consists of signif-
icant changes of the surface electrical conductivity as a result variation of its stoichiometry after
chemisorption and/or catalytic reactions in the presence of even low concentration of reducing
gases (CO-50 ppm) and oxidising gases (NOx –1ppm) [2, 3].

Since 30 years the commercial gas sensors devices based on SnO2 are mainly fabricated using
thick films of thickness of mm scale. Their fundamental limitation is a large power consumption.
This limitation does not concern the thin solid film gas sensors. That’s why in the last several
years a great attention is given for elaboration of a good quality SnO2 thin films which could be
used in the gas sensors devices [1–3].

1Presented at SSSI-IV (Solid State Surfaces and Interfaces IV) Conference, Smolenice, Slovakia, 8–11 Nov. 2004.
2E-mail address: Monika.Kwoka@polsl.pl
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One of the most promising techniques in the preparation of high quality and almost stoichio-
metric tin dioxide thin films is the L-CVD technique, developed by the group of Larciprete [4–7].
Contrary to the commonly used deposition techniques for tin dioxide thin film recently reviewed
in [1–3] the L-CVD method exhibits several advantages as low substrate temperature, high spa-
tial resolution (the focused laser beam allows the growth of thin film patterned film with high
lateral resolution), and a precise doping of the sample during deposition [4].

In early studies [4–7] the L-CVD SnOx thin films were obtained in two step process, i.e. the
thin Sn films were deposited on atomically clean Si substrates using the tetramethyltin Sn(CH3)4
(TMT) flux as precursor, irradiated by the ArF excimer laser, which subsequently were submitted
to the oxidation process through an exposition to molecular oxygen up to 1012 L. The XPS studies
showed that, in the as obtained thin films a relative concentration [O]/[Sn] reached a maximal
value of about 1.5 [6]. That’s why, an another approach in L-CVD process for preparation of
the SnOx thin films has lately been developed defined as one step process, in which a mixture of
two precursors, i.e. tetramethyltin Sn(CH3)4 (TMT) and molecular oxygen O2 was used in the
presence of ArF excimer laser [8, 9].

It has been shown by XPS studies that the such obtained L-CVD tin oxide thin films ex-
hibit an evident nonstoichiometry because the relative concentration [O]/[Sn] was at the level of
about 1.4 [8, 9]. However, in these papers a simplified procedure of the determination of relative
concentration [O]/[Sn] was applied what gave us some evident inaccuracy.

In the recent paper [9] we presented the results of XPS studies of surface chemistry of the
L-CVD deposited tin oxide thin films after their in situ additional oxidation. The relative con-
centration [O]/[Sn] was equal to about 2.0, what evidently confirmed that after those procedures
the obtained films are almost stoichiometric.

In this paper we present the XPS results of studies of the opposite effect, i.e. influence of
reduction of the almost stoichiometric L-CVD SnO2 thin films after subsequent in situ exposure
to molecular hydrogen at room and elevated temperature. Basing on the area of XPS O1s i
Sn3d5/2 spectral lines and using the procedure based on the atomic sensitivity factor [10], the
relative concentration [O]/[Sn] of L-CVD SnOx thin films was determined. Moreover, from the
shape analysis of corresponding XPS Sn3d5/2 and O1s peaks using the deconvolution procedure
different bondings between Sn and O atoms were recognized.

2 Experimental

The preparation and XPS characterisation of the L-CVD SnOx thin films was performed in
ENEA (Ente Nazionale Energie Alternative) Centre, Frascati, Italy. The experimental set-up
consists of a loading chamber, a deposition chamber (background pressure ∼10−7 Pa) for prepa-
ration of SnOx thin films by the L-CVD technology using the ArF (193 nm) excimer laser
(Lambda Physik, LPX 100 Model), connected via a gate valve to the analysis chamber (base
pressure ∼10−8 Pa) equipped, among others, with the XPS spectrometer based on X-ray lamp
(Al Kα 1486.6 eV) and a double-pass cylindrical mirror analyser (DPCMA) (PHI 255G Model)
working at the constant resolution of 0.1 eV.

The SnOx thin films were deposited on Si(100) substrates covered with a natural oxide, which
were firstly cleaned by UHV (10−7 Pa) annealing at 940◦C.

During a deposision TMT-O2 mixture with 0.2 sccm and 5 sccm fluxes was used, respec-
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Fig. 1. XPS survey spectra of the as-deposited L-CVD SnOx thin films on clean Si surface.

tively, with pulsed laser beam (5 Hz, 20 mJ/cm2) set in a perpendicular geometry. The Si sub-
strate was kept at room temperature. The thickness of deposited SnOx thin films was about 20
nm after 60 min., as determined with a quartz crystal microbalance.

As-deposited samples were then exposed to the controlled doses of H2 at different tempera-
tures and then cooled down to room temperature for XPS measurements.

For XPS experiments the X-ray beam striked a sample at room temperature at an angle 70◦

with respect to normal, whereas the spectra have been recorded at take-off angle of 20◦ in order
to enhance the surface sensitivity. All the reported binding energy (BE) data have been calibrated
using C1s peak at 285.0 eV of residual carbon at the surface of SnOx thin films. The analysis
of the XPS data was perfomed using the XPS Peak Fitting Program version 4.1 elaborated by
Kwok [11]. Background subtraction was done by Shirley method.

Other experimental details have been described elsewhere [7–10].

3 Results and discussion

Figure 1 shows the XPS survey spectrum of the as deposited L-CVD SnOx thin films together
with the reference XPS survey spectrum of the clean Si substrate [12]. One can easy note from
the XPS survey spectrum that the as deposited L-CVD SnOx thin films exhibit a good purity.
Apart from a weak C1s peak at about 285 eV at the signal-to-noise ratio of about 2 (at the limit
of detection), only Sn and O related core levels were detectable.



334 M. Kwoka et al.

Fig. 2. XPS windows consisting the O1s and Sn3d peaks of the as-deposited L-CVD SnOx thin films and
after subsequent exposure to molecular hydrogen at room and elevated temperature. The X means the
relative concentration [O]/[Sn].

Already our preliminary recent XPS experiments [8, 9] showed that the stoichiometry of as
freshly deposited L-CVD SnOx thin films evidently changed after subsequent cycles of exposure
to the molecular hydrogen H2.

In this paper we focused on the detailed quantitative analysis of the surface chemistry of L-
CVD SnOx thin films of as-deposited and after subsequent exposure to molecular hydrogen of
105 L (1 L = 10−4 Pa·s) at room and elevated temperature of 650K and 800K.

Figure 2 shows the corresponding XPS spectral windows of Sn3d and O1s peaks. From their
areal intensities using the analytical procedure basing on the atomic sensitivity factor [10] we de-
termined the relative concentration of [O]/[Sn]. The obtained values are shown on corresponding
spectra in Fig. 2.

For the as-deposited L-CVD SnOx thin films the relative concentration [O]/[Sn] was deter-
mined as equal to 1.29±0.05. This value shows an evident nonstoichiometry of the L-CVD SnOx

thin films, similarly as in our recent studies [8, 9, 13].
After exposure of as-deposited L-CVD SnOx thin films to molecular hydrogen at room tem-

perature the relative concentration [O]/[Sn] remains almost unchanged.
An evident decrease of the relative concentration [O]/[Sn] was only determined for the as-

deposited L-CVD SnOx thin films after subsequent exposure to molecular hydrogen at elevated
temperature at 650 K. The relative concentration [O]/[Sn] = 1.03±0.05 evidently confirms the
effect of reduction of as-deposited L-CVD SnOx thin films to the form of tin oxide SnO.
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Fig. 3. Recorded XPS Sn3d5/2 and O1s peaks (in circles) and deconvoluted components (solid lines) of the
as-deposited L-CVD SnOx thin films.

A more evident effect was observed after exposure of L-CVD SnOx thin films to molecular
hydrogen at higher temperature of 800K. The relative concentration [O]/[Sn] was determined as
equal to 0.95±0.05. It means that after this last procedure the as-deposited L-CVD SnOx thin
films are reduced to stoichiometric tin oxide SnO.

This evident reduction of L-CVD SnOx thin films was independently confirmed by the shape
analysis of corresponding XPS Sn3d5/2 and O1s peaks using the deconvolution procedure.

In Fig. 3 (right side) the XPS Sn3d5/2 line of as deposited L-CVD SnOx thin films is pre-
sented. Already a simple observation indicates that it is asymmetrical. Thus, it is evident
that it should contain the components corresponding to Sn atoms (ions) at various oxidizing
states corresponding to the following BE values: Sn0 (485.0 eV), Sn+2 (485.9 eV) and Sn+4

(486.6 eV) [9].
Accordingly, a procedure of deconvolution of XPS Sn3d5/2 line has been performed as-

suming the presence of all these Sn components, corresponding to the three of Sn bonding just
mentioned. The main parameters used in the applied fitting procedure as well as the best fitting
parameters are summarized in Table 1.

The deconvolution of the Sn3d5/2 peak of as-deposited L-CVD SnOx thin films confirmed
that it is built-up essentially as a mixture of three components. However, there are only two
components corresponding to the Sn2+ and Sn4+ ions, respectively, separated by 0.7 eV (see
Fig. 3). It means that the as-deposited L-CVD SnOx thin films consist essentially of a mixture
of tin oxide SnO and tin dioxide SnO2. No evidence from contribution of elemental Sn0 atoms
at BE of 485 eV was observed. The relative surface area of the both components independently
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Tab. 1. The binding energy (at maximum), full width at half maximum (FWHM) and relative areal intensity
of the main components of XPS Sn3d5/2 peak of as-deposited L-CVD SnOx thin films.

XPS Sn3d5/2 peak parameters Components
Sn-L(?) Sn2+ Sn4+

Binding energy [eV] 484.0 485.9 486.6
FWHM [eV] 1.42 1.43 1.79
Relative areal intensity 0.05 0.68 0.27

Tab. 2. The binding energy (at maximum), full width at half maximum (FWHM) and relative areal intensity
of the main components of XPS O1s peak of as-deposited L-CVD SnOx thin films.

XPS O1s peak parameters Components
Ochem(?) O-Sn4+ O-Sn2+

Binding energy [eV] 532.0 530.5 529.8
FWHM [eV] 1.25 2.08 1.31
Relative areal intensity 0.05 0.30 0.65

confirms a relative concentration of [O]/[Sn] ∼1.3 of as-deposited L-CVD SnOx thin films.
However, an additional third small component at BE about 484.0 eV was observed. A similar

component in the Sn3d5/2 peak was recently observed by Larciprete et al. [6] for the two-step
deposited L-CVD SnO2 thin films and was attributed to ligand-type bonding of Sn atoms (Sn-L)
with different fragments of residual TMT precursor Sn(CH3)n (where n=1-3) created during UV
laser photolysis and incorporated in the deposited L-CVD SnOx thin films. Our interpretation of
the origin of this additional third small Sn3d component at BE about 484.0 eV confirms the fact
that the relative amplitude of this component (Sn-L) with respect to Sn2+ and Sn4+ components
is twice larger for the L-CVD SnOx thin films prepared recently by Larciprete et al [6, 7] in
two-step process for which the relative concentration [C]/[Sn] equal to 0.6 is also twice larger.

In Fig. 3 (left side) the XPS O1s line of as-deposited L-CVD SnOx thin films is presented.
Also in this case already a simple observation of XPS O1s peak shows that it is wide, asym-
metrical, and exhibits an evident shoulder at the high BE side. Thus, it is evident that it should
contain the components corresponding to O atoms (ions) in bonding with various Sn atoms (ions)
at proper oxidizing states. The main parameters used in the applied fitting procedure as well as
obtained parameters are summarized in Table 2.

The deconvolution of the XPS O1s peak of as-deposited L-CVD SnOx thin films confirmed
that it is built-up as a mixture of three components. Two components corresponding to the O-
Sn2+ and O-Sn4+ bondings have easily been distinguished, respectively, separated by 0.7 eV,
as shown in Fig. 3. The relative surface area of the two components independently confirms a
relative concentration of [O]/[Sn] ∼1.3 of as-deposited L-CVD SnO2 thin films.

Moreover, an additional third small component at BE about 532 eV was observed. A similar
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Fig. 4. Recorded XPS Sn3d5/2 and O1s peaks (in circles) and deconvoluted components (solid lines) of the
as-deposited L-CVD SnOx thin films after exposure to 105 L H2 at 800 K.

components in the O1s peak was recently observed in our recent paper [9] and was attributed
to the additional oxygen atoms chemisorbed at the surface and defined as Ochem, what was in a
good agreement with the recent observation of Mulla et al. [14] and Yea et al. [15], who propose
the energetic position of this component close to 533.0 eV.

For the as-deposited L-CVD SnOx thin films exposed to the molecular hydrogen H2 the
shape analysis have been performed only for the mostly reduced sample, i.e. after exposure to
105 L H2 at 800 K.

In Fig. 4 (right side) the XPS Sn3d5/2 line of as-deposited L-CVD SnOx thin films after
exposure to 105 L H2 at 800 K is presented. Already a simple visual shape analysis showed that
it is almost symmetrical. The deconvolution of Sn3d5/2 peak confirmed that it is built-up by only
one component Sn2+ which energetic position exactly corresponds to the centre of gravity of full
peak at BE about 486 eV. As before for the as-deposited L-CVD SnOx thin films no evidence
from contribution of elemental Sn0 atoms at BE about 485 eV was observed. It means that after
H2 exposure the almost all the tin Sn4+ ions become reduced to Sn2+. This is also confirmed by
a relative concentration of [O]/[Sn] ∼1.0. However, there is still an additional component at BE
about 484 eV corresponding to the ligand-type bondings of Sn atoms with different fragments
of residual TMT precursor created during UV laser photolysis and incorporated in the deposited
L-CVD SnOx thin films.

Figure 4 (left side) shows the XPS O1s line of as deposited L-CVD SnOx thin films after
exposure to 105 L H2 at 800 K. Already a visual observation shows that the peak become narrow
and symmetric. Its deconvolution confirmed that it is built-up by only one component O-Sn2+

which BE position exactly corresponds to the centre of gravity of all the peak at BE about 530 eV.
It additionally confirms that after H2 exposure almost all the tin Sn4+ ions become reduced to
Sn2+ and finally the deposited thin films become the almost stoichiometric tin oxide SnO layer.
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4 Conclusions

In this paper a detailed XPS studies of the SnOx thin films of thickness of about 20 nm deposited
by L-CVD technique and then subsequently exposed to the molecular hydrogen H2 were per-
formed. The influence of exposure to the molecular hydrogen H2 on the stoichiometry of SnOx

thin films was determined.
Our studies that as deposited SnOx thin films exhibit nonstoichiometric composition with a

relative concentration [O]/[Sn] = 1.29±0.05, that corresponds to a mixture of tin oxide SnO and
tin dioxide SnO2. It was also confirmed by the shape analysis of XPS Sn3d and O1s peaks.

After subsequent hydrogenation the L-CVD SnOx thin films have been reduced reaching
after final hydrogen exposure 105 L H2 at 800 K a relative concentration [O]/[Sn] = 0.95±0.05
corresponding to the stoichiometric tin oxide SnO. It was also confirmed by the shape analysis
of XPS Sn3d and O1s peaks.

These information on surface chemistry of the L-CVD SnOx thin films will be a base for
the interpretation of their electronic and sensing properties. Currently we are engaged in the
depth profiling of L-CVD SnOx thin films with XPS technique in order to get an information
on their composition in subsurface region including the unknown origin of the Sn-L and Ochem

components of XPS Sn3d and O1s peaks.
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