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a b s t r a c t
High quality rutile Ti1- x Snx O2 nanoﬁlms were successfully grown in a layer-by-layer mode at a moderately low temperature of 400 ◦ C using pulsed laser deposition (PLD). High solid solubility of up to
x = 0.216 has been achieved in the Ti1- x Snx O2 ﬁlms despite theoretical prediction by Density functional
theory (DFT) of large formation energy (∼5.64 eV) required for the substitutional alloy to exist at such
high Sn concentration. The resultant ﬁlms have smooth interfaces and step-terraced surfaces with well
controlled stoichiometry and are optically transparent. Sn L3 -edge Extended X-ray absorption ﬁne structure (EXAFS) reveals the substitution of Sn4+ in the Ti4+ lattice sites of TiO2 . The lattice spacing along
[110] increases linearly with increment in x due to substitution of Sn4+ ions in the Ti lattice sites of the
Ti1-x Snx O2 ﬁlms. X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering (RBS) show that
Sn is uniformly distributed on the surface and in the bulk of the ﬁlms. These results are crucial when considering Ti1- x Snx O2 with suitable composition for making TiO2 based quantum structures in advanced
optoelectronic devices and solar energy materials, where high-quality crystalline thin ﬁlm-substrates
are important.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
TiO2 holds an important role in many research ﬁelds due to
its desirable properties such as highly efﬁcient photocatalytic
activity in water and air [1], high refractive index, resistance to
photo-corrosion, strong ultraviolet resistance and environmentally
benign nature [2–4]. TiO2 also holds great potential in making
optoelectronic devices such as blue and ultraviolet light emit-
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ters/absorbers and photo-detectors operable at room temperature.
Most of these applications depend on the value of the bandgap
(Eg ). Band gap engineering of TiO2 by doping and alloying is a key
technology towards design and fabrication of efﬁcient TiO2 -based
superlattices and quantum structures which requires the oxide to
be in the form of a thin ﬁlm or coating. Doping or combining TiO2
with metal or non-metal ions could also be an effective method
to induce dramatic changes in the structural, electrical and optical properties [5–9]. The incorporation of Sn into the TiO2 lattice
could be effective because 1) Sn4+ and Ti4+ have the similar ionic
radii and 2) SnO2 and TiO2 oxides have the similar crystal structure
[10,11]. However, the nanoscale mixing of TiO2 /SnO2 composites
also inherits the disadvantage of each component due to the ease

Z. Yong et al. / Applied Surface Science 428 (2018) 710–717

of phase separation, and doping of metal ions into oxide matrix at
the atomic level is also a challenging task.
Several techniques have been used to grow Sn-doped TiO2
ﬁlms which include hydrothermal process [12,13], spray pyrolysis [4], sputtering [14], electron beam evaporation deposition [15],
chemical vapor deposition [7] and sol–gel [16,17]. These efforts to
produce high-quality ﬁlms at lower substrate temperature often
result in amorphous or polycrystalline ﬁlms with rough surfaces.
Moreover, these techniques require a post-deposition annealing of
the ﬁlms at high temperature (>450 ◦ C) which generally damage
surfaces of both the substrate and the ﬁlm. In this paper, PLD is utilized to grow high-quality Ti1-x Snx O2 ﬁlms. PLD provides several
advantages compared to other techniques. The composition of the
ﬁlms grown by PLD is relatively close to that of the target, which
allows precise control of the ﬁlm stoichiometry and is extremely
critical in the growth of doped or alloyed ﬁlms. The deposition rate
of PLD is typically higher than techniques (e.g. MBE) with competing control over stoichiometry. Another advantage of PLD for
the growth of TiO2 ﬁlms is that it results in a much smoother ﬁlm
surface as compared to many other growth techniques. To date,
no report exists for the PLD of Ti1-x Snx O2 single crystalline ﬁlms,
especially at high dopant concentration.
Here, epitaxial growth of the single-crystalline Ti1-x Snx O2 (110)
nanoﬁlms with (0 ≤ x ≤ 0.216) and low defect content are successfully prepared at a moderately low temperature of 400 ◦ C. The
resultant ﬁlms possessed smooth interfaces and step-terraced surfaces, with well controlled stoichiometry. Sn, Ti and O elements are
also found to be homogenously distributed on the surface and in
the bulk of the Ti1-x Snx O2 ﬁlms. Sn4+ is also found to substitute Ti4+
in Ti lattice site in the ﬁlms.
2. Experimental methods
2.1. Sample preparation
SnO2 and TiO2 powders with high-purity (bought from Sigma
Aldrich Co.) were grind for a few hours before sintering in a furnace
at high temperatures of more than 1000 ◦ C and these processes
are repeated twice to form the Ti1-x Snx O2 (x = 0, 0.01, 0.02, 0.05,
0.10 and 0.20) target pellets. Rutile Ti1-x Snx O2 nanoﬁlms were
deposited on surface-treated rutile TiO2 (110) single crystal substrates at 400 ◦ C by PLD, using a 248 nm Lambda Physik excimer
laser with laser energy density of about 2 J/cm2 . Target to substrate distance was kept at ∼7 cm inside the vacuum chamber.
The oxygen partial pressure during deposition was maintained at
0.4 mTorr throughout the deposition. In each deposition, ∼15 nm of
pure TiO2 ﬁlm was ﬁrst deposited as a buffer layer on the substrate,
followed by approximately 3.5 nm of Ti1-x Snx O2 ﬁlm. The growth
of the Ti1-x Snx O2 ﬁlms was monitored by in situ reﬂection highenergy electron diffraction (RHEED). Post-deposition annealing is
not needed.
2.2. Characterization
Atomic force microscopy (AFM) was used to examine the surface
topography of the Ti1-x Snx O2 ﬁlms. The crystallographic phases,
orientations and strain states of the ﬁlms were investigated by
performing high resolution X-ray diffractometry (HR-XRD) and
reciprocal space mapping (RSM) on the ﬁlms, using the diffractometer Huber 4-circle system 90000-0216/0 at the X-ray diffractometry
and development beamline (XDD) [18] of Singapore Synchrotron
Light Source (SSLS). The Rutherford backscattering (RBS) – ion
channeling was performed using 2 MeV He+ ion beam at 20 nA from
a 4 MV ion electrostatic accelerator, with a Au-Si surface barrier
detector at an angle of 15◦ (165◦ backscattering geometry) with
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respect to the beam axis. The impinging He+ ions strike the sample surface at normal incidence. The standard reference samples
used for surface energy calibration are Si, Pd and Pt. Sn L3 -edge
EXAFS spectra were measured in a 45◦ incident alignment ( = 45◦ ),
on both reference samples and the Ti1-x Snx O2 ﬁlms at the X-ray
absorption ﬁne-structure (XAFS) spectroscopy for fundamental and
applied catalysis research beamline (XAFCA) of SSLS [19]. Sn L3 edge EXAFS spectra were collected using ﬂuorescence mode using
silicon drift detector. The Sn absorption curves were ﬁrst subjected
to pre-edge subtraction and then normalized to the edge jump at
3930 eV, the difference in absorption coefﬁcient just below and at
a ﬂat region above the edge. High resolution transmission electron
microscopy (HR-TEM) was performed using FEI TITAN 80–300 kV
TEM/STEM microscope, at an operating voltage of 200 kV, to study
the interfacial structure and verify the crystalline properties of the
ﬁlms. TEM samples were ﬁrst prepared using a focused ion beam
(FIB), prior to viewing under TEM. The samples were protected by
a 5 nm SiO2 and 40 nm Au sputtered-on layers prior to FIB. The
FIB-prepared sample was less than 100 nm thick. RBS is used for
the quantiﬁcation and depth proﬁling of Sn in the ﬁlms. The X-ray
photoelectron spectroscopy (XPS) spectra were obtained using a
VG ESCALAB 220i-XL instrument with Al-K␣ monochromatic X-ray
source (1486.6 eV). A low-energy electron ﬂood gun was utilized for
compensation of sample charging. The pass energy of the analyzer
was set to 20 eV to achieve high energy resolution. C 1s peak from
adventitious carbon at 285.0 eV was used as a reference for charge
correction.
3. Theoretical calculations
First-principles calculations based on DFT were performed on
the Vienna Ab-initio Simulation Package (VASP). The projectoraugmented wave (PAW) [20] basis set was used for wave
function. The generalized gradient approximation (GGA) [21] with
Perdew–Burke–Ernzerhof (PBE) functional [22] was applied for the
exchange-correlation interaction of electrons. To mimic the thin
ﬁlm construction, 5 layers of TiO2 orientated along the z-direction
(110) with Oxygen termination on both sides were utilized. To
avoid the interaction of mirror image caused by periodical boundary condition, a vacuum layer larger than 15 Å was added on the
direction perpendicular to the plane of thin ﬁlm. A 3 × 1 × 1 supercell with 90 atoms was built for the defect-related calculations,
together with a 4 × 5 × 1 Monkhorst-Pack k-mesh setting. The doping concentration was controlled to be 3.3%, 6.7%, 10% and 20%
through one, two, three and six Sn atoms substitution, respectively.
Formation energy of defect Y is calculated by the formula as follows:
Ef (Y ) = Etot (Y ) − Etot (bulk) −



ni i

i

where Etot (Y ) is the total energy of the thin ﬁlm model with a defect
Y, Etot (bulk) is the total energy of pristine TiO2 thin ﬁlm. ni is the
number of atoms of type i(host atoms or dopant) that have been
added to (ni > 0) or removed from (ni < 0) the thin ﬁlm model to
construct the defect, and i are the corresponding chemical potentials.
4. Results and discussions
To explore the solid solubility limit and formation energy of Sn
dopant in TiO2 , ﬁrst-principles calculations based on DFT were performed on VASP. The calculated formation energies per supercell
of the 3.3%, 6.7%, 10%, and 20% Sn-substitution defect which are
uniformly distributed in TiO2 thin ﬁlm models are 0.90 eV, 1.92 eV,
2.60 eV and 5.64 eV, respectively. The increase in formation ener-
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Fig. 1. (a) In-situ RHEED oscillations of Ti0.913 Sn0.087 O2 ﬁlm deposited on TiO2 (110) substrate. The arrow indicates the start of deposition. Insets (top) include the streaky
RHEED pattern before and after growth of the ﬁlm. (4 m x 4 m) Topography image of ∼3.5 nm of (b) 2.3% Sn-doped TiO2 ﬁlm (Inset: annealed TiO2 (110) substrate), (c)
4.8% Sn-doped TiO2 ﬁlm, (d) 9.3% Sn-doped TiO2 ﬁlm and (e) 21.6% Sn-alloyed TiO2 ﬁlm, all deposited on annealed TiO2 (110) substrates. Sn concentration in atomic% (X) is
quantiﬁed by XPS analysis.

gies indicates that it is increasingly more difﬁcult to dope at higher
Sn concentration. In particular, the formation energy of 5.64 eV for
20% Sn-substitution defect is high, revealing that it is very hard to
realize doping at such high concentration. Based on the DFT calculation results and no known report, to the author’s knowledge, on
Sn-TiO2 substitutional alloy at high Sn concentrations (≥20%), we
conclude that it is difﬁcult for Sn4+ ion to substitute Ti4+ ion in the Ti
lattice site at such high concentration. Furthermore, the synthesis
of Sn-TiO2 substitutional alloy with high Sn concentration is difﬁcult as Sn tends to agglomerate at high concentration [23,24] due to
its low melting temperature [25]. However, we have proven experimentally that it is physically viable to achieve high Sn concentration
substitutional alloying in TiO2 by using PLD. With non-equilibrium
processes such as PLD, the alloying of TiO2 and SnO2 can be achieved
with a large solid solubility that is well beyond the thermodynamic
limit [26]. During the PLD process, the laser ablated species gained
sufﬁcient kinetic energy and can thus nucleate and grow into ﬁlm at
a relatively low temperature. This is different from the equilibrium
growth where only thermal energy is supplied by high temperature
heating [27].
Fig. 1a shows the typical in-situ reﬂection high-energy electron
diffraction (RHEED) intensity oscillations during the Ti0.83 Sn0.17 O2
ﬁlm growth. Both the periodical RHEED oscillations and streaky
RHEED pattern reveal the good layer-by-layer growth for the deposition of Sn-doped TiO2 ﬁlm. The growth rate could be determined
as ∼80 laser pulses per monolayer (3.268 Å), consistent with the
result obtained from HR-XRD –2; measurement. The clean terrace patterns of the ex-situ AFM images of various Ti1-x Snx O2 ﬁlms
(Fig. 1b–d) are similar to that of the annealed TiO2 substrate displayed in the inset of Fig. 1b. This observation attests to the high
quality of epitaxial layer-by-layer growth of the fully covered Sndoped TiO2 overlayers. Analysis of AFM images revealed that the
root mean squared (RMS) roughness of the ﬁlm surfaces generally

increases (up to 5 Å) with the increment in Sn doping content in
the ﬁlms.
To understand the epitaxy, coherency, and strain state of the
∼3.5 nm Ti1-x Snx O2 nanoﬁlms/∼15 nm of TiO2 ﬁlm deposited on
top of TiO2 (110) substrate, RSM and –2 scans were performed.
Specular –2 scans around (220) were also measured as shown
in Fig. 2a. The smaller 2 value of (220) ﬁlm peaks, as compared to
the TiO2 substrate, indicates that the ﬁlms have slightly larger lattice spacing than bulk TiO2 . This shift to lower 2 with respect
to the TiO2 substrate signiﬁes an out-of-plane expansion of the
Ti1-x Snx O2 unit cell, indicative of in-plane compressive strain of the
thin ﬁlm on the substrate due to the substitution of Sn4+ ion which
has a larger ionic radius (Sn4+ = 0.69 Å, Ti4+ = 0.605 Å) [11,28] at the
Ti lattice site. Moreover, the well-deﬁned Laue oscillations (thickness fringes) observed in all our Ti1-x Snx O2 ﬁlms verify the sharp
interface and high quality of the crystal growth. The observation of
only (ll0) types of diffraction further conﬁrms the epitaxial growth
of the Ti1-x Snx O2 ﬁlms. Fig. 2b and c display the typical off-specular
RSMs of the Ti0.784 Sn0.216 O2 ﬁlm (highest x) around (130) and (332),
respectively. Clearly, both the ﬁlm and substrate share the same
projection along the in-plane [1̄10] and [001] axes but at displaced
positions in the out-of-plane (L: [110]) direction, indicating the
coherent growth (along [001] and [1̄10]) of the Ti1-x Snx O2 ﬁlms
on TiO2 substrate. This can be attributed to the in-plane epitaxial
constraint of the rutile substrate.
Due to depth resolution limitations of RBS, it is performed on
slightly thicker ﬁlm. Fig. 2d shows a typical RBS random spectrum
for the thicker (∼38 nm) 5.4% Sn incorporated TiO2 thin ﬁlm grown
on TiO2 substrate. The homogeneous distribution of Sn element in
the bulk of the Ti0.946 Sn0.054 O2 ﬁlm is veriﬁed by RBS, implying that
the distribution of Sn should be homogeneous in the nanoﬁlms as
well.
The normalized Sn L3 -edge EXAFS spectra from the Ti1-x Snx O2
ﬁlms are presented in Fig. 3a. The spectra of reference samples: Sn
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Fig. 2. (a) Specular HR-XRD –2 scans displaying (220) peaks of all Ti1-x Snx O2
ﬁlms/TiO2 ﬁlm/TiO2 (110) substrates, of which the Ti1-x Snx O2 layer thickness is
∼3.5 nm and TiO2 ﬁlm layer thickness is ∼15 nm. Off-specular RSMs around (b) (130)
and (c) (332) of Ti0.784 Sn0.216 O2 /TiO2 ﬁlm/TiO2 substrate. (d) 2.0 MeV He+ RBS random spectrum for Ti0.946 Sn0.054 O2 deposited on annealed TiO2 (110) substrate. The
elemental positions are indicated on the spectrum.

metallic foil, SnO2 and SnO nano-powder are displayed for comparison. Because of poor data statistics, only two Ti1-x Snx O2 ﬁlms
with high Sn concentration were shown. The Sn L3 spectra mainly
result from 2p3/2 → 5s (pre-edge peaks M and N) and 2p3/2 → 5d5/2
(peak P) excitations, respectively [29]. For the metallic Sn foil, Sn
L3 -spectra is almost featureless except for the edge step at the
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absorption edge, indicating a transition to the free electron like conduction band above the Fermi level (EF ). In SnO and SnO2 , the Sn ion
has electron conﬁguration of [Kr]4d10 5s2 5p0 and [Kr]4d10 5s0 5p0 ,
respectively. The 5s atomic orbitals are completely ﬁlled in SnO
but are empty in SnO2 . In an octahedral environment of SnO2 , the d
orbitals are split into two groups, eg (dz 2 and dx 2 -y 2 orbitals) and t2g
(dxy , dxz and dyz orbitals). The t2g anti-bonding orbitals have energy
lower than the degenerated atomic orbitals. Some bound excited
d-type states exist in the conduction band, which can serve as the
ﬁnal states for the photoelectron. Thus, feature P is present at the
Sn L3 -edge spectra in SnO and SnO2 [29].
From Fig. 3a, we can tell that the surface sensitive ﬂuorescence
spectra of Ti1-x Snx O2 are more similar to that of SnO2 nano-powder
rather than the Sn foil and SnO. No signiﬁcant shift in absorption
energy or change in intensity of the pre-edge peak M was observed
with varying x. As the position of feature M of Ti1-x Snx O2 are very
close to that of SnO2 , this implies that the valence state of Sn in
the samples is 4+. The sharp peaks M, N and P seen in the spectra
of Ti1-x Snx O2 and SnO2 indicate localized electronic states [30]. The
fourier transform of EXAFS scattering intensity calculations (Fig. 3b)
give the atomic locations in real space and is known as Radial structure function (RSF). The phase-uncorrected RSF of Ti1-x Snx O2 ﬁlms
are compared with those of SnO2 nano-powder in Fig. 3c. The peaks
are attributed to the nearest neighboring shells which surrounds
the absorbing Sn Atom in 7.5 Å distance. The peak distances are
associated with the atomic distances between the source Sn atom
and the neighboring Sn or O atoms. Each peak provides information
about the spherical localization of atoms in the crystal [31]. Due to
weak signal detected from the nanoﬁlms, we will only analyze the
ﬁrst radial peak (∼1.5 Å) which is contributed by the Sn O bond
pairs in the ﬁrst coordination shell of Ti1-x Snx O2 ﬁlms and SnO2 .
Accordingly, the local symmetry and coordination number (CN) of
Sn sites in Ti1-x Snx O2 are similar to that in SnO2 , implying that the
Sn ion is bonded to six Oxygen ions in Ti1-x Snx O2. In comparison
with the position of Sn O in SnO2 , the downshifts of the ﬁrst radial
peak by 0.03 Å and 0.09 Å indicate the slight contraction of the Sn O
bond length in 21.6% and 9.3% Sn-doped TiO2 , respectively. This is
most likely due to the substitution of Sn4+ in Ti4+ lattice site. The
reported bond length of SnO2 and TiO2 are 2.05 Å and 1.95 Å, respectively [32]. Since the ionic Ti O has shorter bond length than Sn O,
the overall Sn O bond length of the substituted Sn4+ will need to
contract so as to ﬁt into the TiO2 lattice. Furthermore, the intensity
of the ﬁrst radial peak of Ti1-x Snx O2 is observed to be much higher
than that of nano-powder SnO2 , indicating the orderly arrangement of Sn4+ ions in the Ti1-x Snx O2 crystal lattice, relative to the
disorderly arrangement of Sn4+ ions in the amorphous SnO2 nanopowder. All these results indicate successful substitution of Sn4+ in
the Ti4+ lattice site of TiO2 .
Cross-sectional transmission electron microscopy (TEM) is performed to study the interfacial structure and verify the crystalline
properties of the ﬁlms. The high angle annular dark ﬁeld scanning transmission electron microscopy (HAADF-STEM) image in
Fig. 4a depicts clearly that the Ti0.784 Sn0.216 O2 ﬁlm of ∼3.5 nm
thickness is deposited on top of ∼15 nm TiO2 ﬁlm. HR-TEM image
in Fig. 4b shows the high quality single crystalline nature of
the Ti0.784 Sn0.216 O2 ﬁlm. Fast Fourier transform (FFT) images are
extracted from regions of the HR-TEM image marked with squares.
The lattice spacing, c, along [110] for the Ti1-x Snx O2 nanoﬁlms is
calculated from FFT. From Fig. 4c, c is shown to increase almost
linearly with increment in Sn concentration in atomic% (X), which
is in accordance with the Vegard’s law. The phenomenon can be
explained by the substitution of Sn4+ ions into the Ti lattice sites of
the TiO2 host matrix. Since Sn4+ has a larger ionic radius than Ti4+ , c
will naturally increase with larger number of substituted Sn4+ ions
replacing Ti4+ ions in the TiO2 lattice sites.
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Fig. 3. (a) Sn L3 -edge EXAFS spectra of the Ti1-x Snx O2 ﬁlms along with the Sn, SnO and SnO2 reference samples, measured in ﬂuorescence mode. Pre-edge peaks M and N
arise from 2p3/2 → 5s while peak P arises from 2p3/2 → 5d5/2 excitations. Inset shows the expanded N feature, indicating the slight shift to lower energy with increase in x
as a result of an increase in the average Sn–O bond distance. (b) Sn L3 -edge EXAFS scattering intensity functions 21.6% and 9.3% Sn-doped TiO2 ﬁlms. (c) Sn L3 -edge Fourier
transformed EXAFS spectra (i.e., the radial structure function, RSF) for 21.6% and 9.3% Sn-doped TiO2 ﬁlms, together with SnO2 . Phase shift was not corrected.

Fig. 4. (a) HAADF-STEM image of the Ti0.784 Sn0.216 O2 ﬁlm/TiO2 ﬁlm/TiO2 substrate, of which the Ti0.784 Sn0.216 O2 layer thickness is ∼3.5 nm and TiO2 ﬁlm layer thickness is
∼15 nm. (b) HR-TEM image of the Ti0.784 Sn0.216 O2 ﬁlm. FFT images are extracted from the regions of the HR-TEM image marked with squares. (c) Graph of Lattice spacing
along [110] (extracted from FFT) vs. Sn concentration in atomic% (X) for Ti1-x Snx O2 ﬁlms.

XPS was performed on the ﬁlms and the annealed TiO2 (110)
substrate to further study the surface composition and the chemical
states of the Ti1-x Snx O2 ﬁlms. Fig. 5a–c show the XPS spectra of Ti 2p,

Sn 3d5/2 and O 1s of the samples, respectively. The Ti 2p doublet and
O 1s spectra were ﬁtted using Gaussian–Lorentzian mix functions
after an iterated Shirley-type background subtraction. The Sn 3d5/2
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spectra were ﬁtted using a single Gaussian–Lorentzian mix function
after an offset linear background subtraction.
From Table 1, it was observed that the FWHM of the Ti 2p, Sn
3d5/2 and O 1s peaks remained generally consistent across samples
with different X. In Fig. 5a, the XPS peak positions of Ti 2p3/2 and
Ti 2p1/2 for all samples are located at about 458.7 eV and 464.4 eV,
which indicates that the valence state of the majority of Ti in the

Table 1
Surface Analysis by XPS for Ti1-x Snx O2 ﬁlms and TiO2 substrate.

Fig. 5. (a) Ti4+ 2p, (b) Sn4+ 3d5/2 (inset: Sn 3d spectra of 4.8%, 9.3% and 21.6% Sndoped/alloyed TiO2 ﬁlms) and (c) O2− 1s XPS core level de-convoluted spectra of
Ti1-x Snx O2 ﬁlms deposited on TiO2 (110) substrates. x in Ti1-x Snx O2 ﬁlms is quantiﬁed
by XPS composition analysis. Error bar of XPS core level spectra is within ±0.05 eV.
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ﬁlms is 4+ [17,33]. Furthermore, the energy difference ( = 5.8 eV)
due to spin-orbit splitting of Ti 2p is about the same as that of Ti 2p
spin-orbit splitting in pure TiO2 [34] which further corroborates the
fact that the oxidation state of Ti is 4+. The transparency of the ﬁlms
and the lack of Ti3+ as observed by XPS, imply that a comparable
quantity of oxygen vacancies is not present in the ﬁlms [35]. As
seen in Fig. 5b and its inset, the peak position corresponding to
Sn 3d5/2 is about 486.6 eV and the energy difference ( = 8.4 eV)
due to spin-orbit splitting of Sn 3d is approximately equal to that
of pure SnO2 [34]. Thus, the valence state of Sn in the ﬁlms can
be assigned as 4+. No addition Sn 3d peak of other valence state
has been observed in the spectra, indicating the absence of other
secondary Sn phases in the near-surface region. Fig. 5c shows that
O 1s XPS spectra are asymmetrical in shape, indicating at least two
kinds of chemical forms. After curve ﬁtting, the O1s spectrum can
be de-convoluted into two peaks: a well formed peak at 529.9 eV
and a shoulder at 531.8 eV. The peak at 529.9 eV can be ascribed to
the O2− ion under fully oxidized stoichiometric conditions – oxygen
(OL ) in TiO2 lattice [36]. The shoulder peak at higher BE of 531.8 eV
is attributed to the bridging hydroxyls (OH ) [33,37].
Table 1 shows the ﬁtted values of the binding energy (BE) and
full-width half maximum (FWHM) of Ti 2p, Sn 3d5/2 and O 1s peaks.
In general, the stoichiometry of Ti to OL is (or close to) 1:2 for an
ideal TiO2 crystal. Thus, it can be deduced from the evaluated atomic
number ratio of Ti and Sn (y + z) to OL (n) in Table 1 that there are
very few oxygen vacancies on the ﬁlm surfaces. The quantiﬁcation
of Sn by XPS analysis is also displayed in Table 1, as well as the surface stoichiometry of Ti, Sn and OL . The Sn concentration on the ﬁlm
surfaces is found to be close to the stoichiometry of the respective
targets used in PLD, implying that Sn is uniformly distributed on
the surface of the Ti1-x Snx O2 nanoﬁlms. These results veriﬁed the
precise control of the ﬁlm stoichiometry during PLD.
5. Conclusions
We have demonstrated a moderately low temperature (400 ◦ C)
PLD process for the growth of high-quality epitaxial nanoﬁlms
of Ti1-x Snx O2 (0 ≤ x ≤ 0.216) where no post-deposition annealing
is needed. The resultant ﬁlms possessed smooth interfaces and
step-terraced surfaces and are optically transparent with well controlled stoichiometry. Because Sn4+ ion has a larger ionic radius
than Ti4+ ion, the out-of-plane [110] lattice spacing of Ti1-x Snx O2
ﬁlms increases almost linearly with x due to the substitution of
Sn4+ ion at the Ti lattice site. Sn, Ti and O elements are found to
be homogenously distributed on the surface and in the bulk of the
Ti1-x Snx O2 ﬁlms. DFT calculations predicted large formation energy
of 5.64 eV for the substitutional Sn-TiO2 alloy with 20% Sn. However, the extended Sn solid solubility (up to 0.216) achieved in this
work implies that PLD is an efﬁcient way to incorporate Sn into TiO2
beyond the thermodynamic limit.
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