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ABSTRACT: Oxygen plasma-assisted molecular beam epitaxy was used to grow layers of SnO2 on single-crystal rutile TiO2 (110)
substrates. Surface composition was studied by X-ray photoelectron spectroscopy, whereas secondary ion mass spectrometry was
used to determine the depth distribution of Sn and Ti. For substrate temperatures below 600 °C, SnO2 grows as an epitaxial film on
top of the TiO2, but at higher temperatures there is evidence for pronounced interdiffusion between the substrate and the epilayer.
At growth temperatures above 775 °C the Sn diffuses rapidly into the substrate to give Sn-doped TiO2 rather than a distinct SnO2
epilayer. The films were all highly (110) oriented but the lattice parameter of the deposited film decreased with increasing growth
temperature, consistent with the formation of TixSn1-xO2 solid solutions through interfacial solid-state reaction in a narrow temperature
regime between 750 and 775 °C.
Introduction
SnO2/TiO2 is an intriguing mixed-oxide system that has been
extensively studied and linked with a number of applications.
SnO2 and TiO2 share similarities in electronic and crystal
structure: both are wide band gap n-type semiconductors, and
both crystallize in the tetragonal rutile crystal system. The lattice
parameters for SnO2 are however somewhat larger than those
for TiO2. Above 1450 °C, TiO2 and SnO2 form thermodynamically stable solid solutions of formula TixSn1-xO2 across the
whole composition range 0e x e1. The phase diagram for SnO2/
TiO2 has been determined down to 500 °C,1 and indicates a
nearly symmetrical miscibility gap, with stable Sn-rich (x <
0.15) and Ti-rich (x > 0.85) phases at temperatures below 900
°C.
The SnO2/TiO2 system has been investigated for a number
of possible applications. SnO2 is a prototype gas sensing
material, which changes its resistivity in response to the
interaction of oxidising or reducing gases with the oxide
surface.2,3 However, the limited long-term stability of SnO2 at
the high operating temperatures required for gas sensing is a
concern. In an effort to improve stability, and the selectivity of
the SnO2 surface to different gases, Ti-doped SnO2 sensors have
been investigated by several groups.4-7 Another promising
application of Sn-doped TiO2 is in visible light photocatalysis.4-12
For both of these areas of application, the study of well-defined
samples produced by molecular beam epitaxy (MBE) offers the
promise of furthering understanding of the fundamental surface
physics of this complex system.13 One aspect of particular
importance is the differentiation of electronic structure and
functional properties between heterostructures involving an
SnO2/TiO2 interface and solid solutions phases of the sort
TixSn1-xO2.7
Epitaxial films of SnO2 have been grown on various crystal
faces of rutile TiO2 by sputtering,14 pulsed laser deposition15
and chemical vapour deposition,16 and on sapphire by MBE.17
The motivation in several of these studies has been the creation
of ideal surfaces for investigation of functional properties,
especially gas sensing.14 There is significant lattice mismatch
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between TiO2 and SnO2 which might be expected to hinder
epitaxial growth; in the a direction the lattice mismatch is (aSnO2
-aTiO2)/aTiO2 ) (473 pm - 461 pm)/461 pm ) +2.6%, whereas
in the c direction, the mismatch is (cSnO2 - cTiO2)/cTiO2 ) (320
pm - 297 pm)/297 pm ) +7.7%.18 Diebold et al. suggested
that the lattice mismatch might be overcome through diffusion
of Sn and Ti between the growing film and substrate, forming
a solid solution at the interface.18 This solid solution might lead
to a gradual change in lattice parameters, relieving strain and
promoting epitaxial growth. The use of interdiffusion to produce
epitaxial TixSn1-xO2 films would also be of interest. However,
such diffusion has not been previously observed experimentally.
In this paper, we report an investigation into the SnO2/TiO2
interface in epitaxial films grown using oxygen plasma assisted
molecular beam epitaxy, provide direct evidence of interfacial
metal ion diffusion, and quantify the diffusion by calculating
the diffusion coefficients for each metal cation.
Experimental Section
Tin oxide layers were grown on rutile TiO2 (110) substrates supplied
by Pikem Ltd. in a UHV oxide MBE system (SVT, Eden Prairie, MN)
with a base pressure of 5 × 10-10 mbar. This incorporated a
conventional Sn Knudsen cell and a radio frequency oxygen plasma
atom source operated at 200 mW rf power with an oxygen background
pressure of 5 × 10-5 mbar. The Sn Knudsen cell was heated to 1120°C,
and the nominal metal deposition rate was set at 0.01 nm s-1 using a
quartz crystal monitor offset from the sample position. Substrates were
cleaned by treating ultrasonically in acetone followed by propan-2-ol
for 10 min. After introduction to UHV, the substrates were heated
radiatively using a graphite filament to the desired growth temperature,
Tg, which was varied between 500 and 900 °C. After the required
temperature was attained, substrates were exposed to the oxygen plasma
beam for 5 minas a final cleaning step and to ensure oxidation of the
surface prior to film growth. Films were then grown by exposing the
substrate simultaneously to the Sn and O beams for 50 minutes. The
substrate was cooled in the presence of the O atom beam. Low energy
electron diffraction was carried out in situ in an analysis chamber
connected to the growth chamber. High-resolution X-ray photoemission
spectra (XPS) were recorded in a Scienta ESCA 300 spectrometer
located at Daresbury Laboratory, UK, which incorporated a rotating
anode Al KR (hν )1486.6 eV) X-ray source. The X-ray source was
run with 200 mA emission current and 14 kV anode bias, whereas the
analyzer operated at 150 eV pass energy with 0.8 mm slits. Gaussian
convolution of the analyzer resolution with a linewidth of 260 meV
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Figure 1. (a) 5 µm × 5µm AFM image of film grown at 500 °C. The
colour scale in the image extends over 100 nm and the rms roughness
is 8.7 nm. (b) 5 µm × 5µm AFM image of film grown at 750 °C. The
colour scale in the image extends over 10 nm and the rms roughness
is 0.7 nm. (c) LEED pattern from film grown at 500 °C, electron energy
115 eV. (d) LEED pattern from uncoated TiO2 (110) substrate, electron
energy 88 eV.
for the monochromated X-ray source gives an effective instrument
resolution of 450 meV. Powder X-ray Diffraction (XRD) was carried
out on a Panalytical instrument using monochromated Cu KR1 radiation.
Secondary ion mass spectrometry (SIMS) was carried out using an
Cameca IMS 3f SIMS instrument located at Loughborough Surface
Analysis Ltd. A 10 kV O2- beam was used, with the sample held at
4.5 kV. Samples were sputter-coated with gold in order to reduce
charging. After SIMS analysis the crater depths were measured with a
Dektak 6M profilometer in order to produce a depth scale. AFM images
were recorded in a Digital Instruments Multimode SPM instrument with
a Nanoscope IIIa controller. This was operated in contact mode using
silicon nitride tips with a scanner having a lateral range of approximately
100 µm and a vertical range of 6 µm.

Results
Film Morphology and Crystalline Order. AFM images of
films grown at 500 °C and 750 °C are shown in Figure 1. The
film grown at the lower temperature has a rough granular
structure with a root mean square (rms) roughness of 8.7 nm
and overall z displacement range of 100 nm in the 5 µm × 5
µm image. Nonetheless there is sufficiently good epitaxial
registry with the substrate that well-defined low energy electron
diffraction patterns are observed even from this macroscopically
rough film; Figure 1 shows LEED patterns taken from the film
grown at Tg ) 500 °C, electron energy 115 eV (c) and the
uncoated substrate, annealed at 500 °C in ultrahigh vacuum in
the presence of the RF oxygen plasma beam with electron
energy of 88.0 eV (d). Well-ordered growth is further confirmed
by X-ray diffraction data to be discussed below. The film grown
at 750 °C is much smoother with an rms roughness of only 0.8
nm and an overall z range of 10 nm in a 5 µm × 5 µm image.
X-ray Photoelectron Spectroscopy. XPS revealed a changing surface composition with increasing growth temperature;
Figure 2 shows the Sn 3d and Ti 2p regions of the photoelectron
spectrum taken from samples grown at different Tg.

Figure 2. X-ray photoelectron spectra of samples grown at the
temperatures indicated showing Sn 3d and Ti 2p core lines. The dashed
lines represent the binding energy expected for the Sn 3d5/2 (higher
binding energy) and the Ti 2p3/2 (lower binding energy) core lines of
SnO2 and TiO2, respectively.

The presence of Sn, O and low amounts of Ti was detected
in samples grown at Tg ) 500, 750 °C. The Sn:Ti ratio in these
films, calculated from the area of the 3d and 2p core lines,
respectively, was approximately 500:1, and in both samples the
Sn 3d5/2 core line binding energy was 486.3 eV, in agreement
with previous studies of SnO2.18 The sample grown at Tg )
775 °C had a mixed composition, with a Sn:Ti ratio of 55:45.
The Sn 3d5/2 core line was measured at 485.8 eV, shifted to
lower binding energy by 0.5 eV compared with samples grown
at lower temperatures, possibly indicating chemical interaction
between Sn and Ti. The Ti 2p3/2 core line in this sample was
observed with a principle component at 458.0 eV, which is
consistent with Ti4+ in TiO2,19 in a 20:1 ratio with a weaker
component at 456.5 eV, consistent with Ti3+ in sub-stoichiometric titanium dioxide.20,21 The reduction of TiO2 may have
occurred at the elevated temperatures and low oxygen partial
pressure during the MBE growth process. At higher Tg (800
and 900 °C), the surface appeared to be composed only of TiO2;
no Sn was detected within the sampling depth (approximately
50 Å) and detection limits (approximately 0.1 at %) of XPS.
The Ti 2p3/2 core line in these samples appeared at a binding
energy of 458.1 eV in each case, corresponding to Ti4+ in TiO2.
X-ray Diffraction. Powder X-ray diffraction patterns taken
in the range 2θ ) 20-70° for the films grown at Tg )
500-775°C contained only peaks corresponding to the (110)
and (220) Bragg reflections of rutile SnO2 from the overlayer
and rutile TiO2 from the substrate (Figure 3). Each pattern has
been adjusted to align the TiO2 (110) peak with that of the
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Figure 3. (Top) X-ray diffraction patterns for an untreated rutile TiO2
(110) substrate and samples grown at Tg ) 500-900 °C. In all samples,
the TiO2 (110) peak is present close to 27.5°. Some samples also show
a SnO2 (110) peak. The dashed line marks the expected position of the
SnO2 (110) peak. Bottom, stoichiometry of the Sn rich layer, calculated
from the position of the SnO2 (110) peak.

untreated substrate, the maximum that any pattern was adjusted
in this way was (0.02°. No peaks corresponding to anatase
phase TiO2 were observed. The absence of any other peaks
indicates highly orientated epitaxial growth of the SnO2 layer.
XRD patterns for films grown at a higher temperatures (786
°C, 800 °C) contained only (110) and (220) TiO2 peaks with
no peaks corresponding to SnO2. The sample grown at Tg )
775°C showed significantly weaker intensity SnO2 (110) peak,
possibly corresponding to a substantially thinner Sn rich layer.
A closer look at the (110) Bragg reflection (Figure 3) shows
deviation of the SnO2 overlayer peaks to higher values of 2θ
than for the pure SnO2 phase, consistent with a contraction of
the unit cell in the (110) direction caused by formation of a
TixSn1-xO2 solid solution. This deviation increases with Tg; the
2θ values of the SnO2 (110) peak maxima in the Tg ) 500,
750, 763, and 775 °C samples are 26.59, 26.64, 26.64, and
26.74°, respectively, a total variation of 0.13° across the samples.
The presence of diffraction peaks at 2θ values intermediate
between those expected for SnO2 and TiO2 has been welldocumented for TixSn1-xO2 solid solutions across the entire
composition range,21 and thus diffraction results indicate that
the layers grown by MBE might be best described as Sn-rich
TixSn1-xO2 solid solutions. The presence of so few diffraction
peaks due to the highly crystallographically orientated nature
of the samples makes Rietveld refinement of the patterns
impossible, but the lattice parameter a of the tetragonal lattice
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can be calculated from the position of the (110) peaks. This is
calculated as 4.740, 4.729, 4.728, and 4.710 Å for films grown
at Tg ) 500, 750, 763, and 775 °C, respectively. Hence,
assuming a linear change in lattice parameters with changing
solid solution composition (Vegard’s law), the mean stoichiometry of the TixSn1-xO2 overlayer probed in XRD can be
calculated as x ) 0, 0.05, 0.06, and 0.18, respectively. It should
be noted that deviations from Vegard’s law have been reported
for the TixSn1-xO2 system, as well as distortion of the tetragonal
lattice such that the lattice parameter a * b,21-23 which would
introduce error into this calculation. However, these deviations
are most prominent for 0.4 < x < 0.7, i.e. near the middle of
the solid solution composition range, within the miscibility gap,
and are less-pronounced close to the end-members.21 Similar
systematic deviations in peak position of the TiO2 (110) peak
were not observed; this indicates that any Sn diffusion into the
substrate is insufficient to alter the TiO2 lattice parameter to an
extent detectable by XRD; this is perhaps unsurprising considering the relative thickness of the substrate (approximately 1 mm)
and the film (approximately 150 nm). Instead, the TiO2 (110)
peak position was constant to within 0.03°, and any variation
within this range was not systematic with growth temperature,
and is likely due to imperfect sample alignment, thus as stated
previously, each diffraction pattern in Figure 3 was shifted to
align the TiO2 (110) peak with that of the untreated substrate
at a 2θ value of 27.441°. Samples grown at Tg ) 786 and 800
°C showed only a single set of (110) and (220) Bragg reflections
at 2θ values, very close to those expected for rutile TiO2 (Figure
2). The absence of a SnO2 diffraction peaks indicates that no
crystalline Sn-rich phase is present, and indeed, no Sn was
detected on the surface of these samples by XPS.
Secondary Ion Mass Spectrometry (SIMS). SIMS was used
to measure metal diffusion profiles. Figure 4 shows the SIMS
profiles of samples grown in the range 500 °C < Tg < 800 °C.
In concurrence with the XRD and XPS analyses, SIMS indicates
that samples grown at Tg ) 500-763 °C comprise a distinct
Sn rich layer atop the TiO2 substrate, where the Sn secondary
ion signal is constant between 105 and 106 counts. Film
thicknesses for these samples were determined by measuring
the step height by profilometry from the uncoated region of the
substrate (masked by the sample holder during the MBE growth)
to the coated region. These heights ranged from 135-160 nm.
After SIMS analysis, the crater depth was measured in the same
way, and these two measurements were used create the depth
scales used in Figure 4.
Looking in greater detail at the Sn profiles in panels a and b
in Figure 4 it can be seen that at the lower growth temperatures
(Tg ) 500, 600 °C) the film-substrate interface is quite abrupt,
with the Sn secondary ion signal intensity falling three orders
of magnitude over a depth of 10 nm. There is, however, an
extended weak tail, which indicates penetration of some Sn into
the substrate. It should be considered this diffusion tail could
result, at least in part, from mixing caused by the incident ion
beam during the SIMS analysis. At growth temperatures of 750
and 763 °C, a more pronounced diffusion tail is evident, with
Sn detectable at a sputtering depth of 300 nm, approximately
160 nm below the film-substrate interface. Figure 4b best
illustrates the changing growth regime with increasing temperature. Unlike those samples grown at lower temperatures,
samples grown at 775 and 800 °C display no distinct Sn-rich
layer but simply a tail of Sn extending into the substrate from
the surface. Figure 4c shows corresponding Ti depth profiles.
At Tg ) 500 and 600 °C, the interface between film and substrate
is abrupt: the Ti secondary ion count diminishes to less than 1
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Figure 5. Plots of secondary ion yields of Ti and Sn as a function of
square of displacement from SnO2/TiO2 interface for film grown at
750 °C.

Figure 4. (a) SIMS Sn ion depth profiles of samples grown at 500,
600, and 750 °C. (b) SIMS Sn ion depth profiles of samples grown at
763, 775, and 800 °C. (c) SIMS Ti ion depth profiles showing diffusion
of Ti into the Sn-rich layers. Distinct Sn rich layers can be discerned
in samples grown at Tg ) 763°C and below.

× 10-4 times its value in the TiO2 substrate within 15 nm of
the interface. It is again possible that mixing caused by the action
of the incident ion beam has artificially increased this diffusion
length, and the interface may in reality be more abrupt. Growth
temperatures of 750 °C and 763 °C yielded much more extensive
Ti diffusion tails, with Ti at detectable levels close to the upper
surface of the film in each case. The absence of corresponding
Ti signal in the XPS of these samples may be due to the lower
sensitivity of XPS to trace elements compared with SIMS. The
sample grown at Tg ) 775 °C showed a quite different SIMS
profile, with only a 10 nm Sn-rich layer, within which the Ti
secondary ion signal dropped to approximately half of the value
observed within the TiO2 substrate. This is in broad accordance
with the XPS analysis, which observed a Sn:Ti ratio of 55:45
at the surface of the sample. The SIMS data can also be
compared with the XRD analysis. In the light of the SIMS data,
the TixSn1-xO2 compositions calculated from the XRD peak
positions must be seen as mean compositions, because the
composition of the Sn-rich overlayers changes throughout their
thickness.
Discussion
From the analyses presented above, an explanation can be
put forwards for the changing properties of the samples produced
at different growth temperatures. If the film growth rate is greater
than the rate at which Sn4+ diffuses into the substrate, then a
Sn rich layer will form. In this case, there will be a discontinuity
in the material composition at the interface between film and
substrate. Conversely, if the diffusion rate is greater than the

growth rate, i.e,. the incident Sn4+ ions diffuse into the substrate
faster than they arrive, then a region of Sn doped TiO2 will be
present at the surface but no distinct Sn-rich layer will form
and there will be no abrupt interface between film and substrate.
A lower sticking probability of the incident Sn, expected at
higher growth temperatures, would also disfavour formation of
a Sn-rich layer. The cross over point between these two growth
regimes has been determined as between Tg ) 775 °C and Tg
) 800 °C, although likely to be closer to the lower limit, as at
this temperature only a 10 nm Sn-rich layer is formed.
Cation diffusion occurs through motion of point defects in
the cation sublattice. It is well-established that the principle point
defects in rutile TiO2 at all temperatures and O2 partial pressures
are the O vacancy and the Ti interstitial. 24-26 However, in SnO2,
there is a significant concentration of intrinsic Sn vacancies.27
Thus either the interstitial or vacancy diffusion mechanism could
conceivably operate in the TixSn1-xO2 materials studied here.
Cation diffusion in the SnO2/TiO2 system has been studied by
Drobeck et al. who inferred an interstitial diffusion mechanism
involving tetravalent cation interstitial defects.28 In their work,
the addition of substitutional pentavalent cation dopants,
expected to reduce the cation interstitial concentration, duly
reduced the diffusion rate; further addition of the dopant caused
an increase in rate, suspected to be the onset of a vacancy
diffusion mechanism. Akse et al. earlier came to the same
conclusion of a dominant interstitial diffusion mechanism for
Ti4+ self diffusion in slightly reduced rutile TiO2,29 although
no similar study has been carried out on SnO2. Therefore, it is
expected that cation interdiffusion occurs in the MBE samples
via the interstitial mechanism, although the vacancy mechanism
cannot be ruled out, especially in the Sn-rich phase. Fick’s
second law of diffusion solved for a thin film diffusing into a
semi-infinite substrate is29

c)

R2

√πDt

( )

exp

-x2
4Dt

where c is the dopant concentration at time t and displacement
x from the interface, R is the initial concentration of dopant,
and D is the diffusion coefficient. D can be found by plotting
ln(c) against x2. The relationship between the intensity of a SIMS
signal and the material composition can be complex and is
frequently non-linear. However, plots of the natural logarithm
of the SIMS intensity against the square of the depth contain
linear regions (an example given in Figure 5), and this suggests
that the SIMS intensity may be a valid linear measure of the
dopant concentration in this case.
The diffusion coefficients for diffusion of Ti into SnO2 (DTi)
and Sn into TiO2 (DSn) at the temperatures (500-775 °C) and
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Table 1. Diffusion coefficients for Sn in TiO2 and Ti in SnO2
estimated from SIMS data.
growth
yemperature (°C)

DTi
(× 10-16 cm2 s-1)

DSn
(× 10-16 cm2 s-1)

500
600
750
763

1.8
1.8
47
31

0.26
1.8
76
60

oxygen partial pressure (2 × 10-5 mbar) investigated, can be
obtained from the gradients of the plots of the type shown in
Figure 5 and are given in table 1. These values are comparable
to those previously reported for Sn, Ti, and Zr diffusion in TiO2
at a variety of temperatures and oxygen partial pressures,26,29,30
whereas no values have been previously published for DTi.
Conclusion
In conclusion, MBE has been used to grow films of SnO2 on
rutile TiO2 (110). Two distinct growth regimes can be identified:
firstly growth of a Sn rich film with increasing diffusion and
formation of TixSn1-xO2 at increasing Tg, and secondly direct
diffusion of the incident Sn ions into the substrate without
formation of a Sn-rich layer. This methodology might be useful
for studying the functional properties of ideal TiO2-SnO2
systems.
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