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Epitaxial growth of transparent tin oxide films on (0 0 0 1) sapphire by pulsed
laser deposition
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A B S T R A C T

The growth of epitaxial SnO2 on (0 0 0 1) sapphire using pulsed laser deposition is examined. X-ray

diffraction analysis shows that the films are highly a-axis oriented SnO2 with the rutile structure. Three

distinct symmetry-equivalent in-plane epitaxial orientations were observed between the film and

substrate. With increasing growth temperature, both the growth rate and surface roughness increase

with columnar grain formation. Carrier concentration ranged from 1017 to 1019 cm�3, with mobility of

0.5–3 cm2/V s. The resistivity of the films increases with increasing growth temperature, suggesting a

lower density of oxygen vacancy-related defects formed during high temperature deposition.
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1. Introduction

In recent years, there has emerged significant interest in the
epitaxial growth and properties of functional oxide thin films [1,2].
Functional oxide of interest includes superconductors [3–5],
ferroelectrics [6], dielectrics [7], phosphors [8,9], and semicon-
ductors [10–13]. The latter class of oxides, namely semiconductors,
has emerged as particularly interesting for sensors, thin-film
electronics, and photonics. Tin oxide (SnO2) is a wide band gap
(3.6 eV) metal oxide semiconductor with excellent optical
transparency in the visible range [14]. It possesses the rutile
(tetragonal) crystal structure with a = 4.738 Å and c = 3.188 Å.
With a relatively high conductivity, visible wavelength transpar-
ency, chemical stability and thermal stability in oxidizing
environments [15], tin oxide films are being explored for a number
of applications. As a wide bandgap semiconductor, SnO2 is
attractive for use in photonic applications, such as solar cells,
where transparent electrodes are required [16,17]. SnO2 thin films
are used for gas sensor devices based on changes in conductivity
when exposed to selected chemical species [18–20]. In addition,
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there is also interest in the possibility of inducing ferromagnetism
in SnO2 through transition metal doping [21,22], an approach that
is also being pursued for other wide bandgap semiconductors [23–
26].

SnO2 thin films have been fabricated by a variety of techniques
including sol–gel method [27], electron beam evaporation [28],
reactive sputtering [29] chemical vapor deposition [28,30,31], and
sputtering [32,33]. One of the major challenges in synthesizing
SnO2 thin films is to control oxygen stoichiometry. When
deposition is carried out in vacuum at high temperatures, SnO2

films tend to be nonstoichiometric, frequently resulting in the
formation of metastable phases such as SnO or Sn3O4 [34]. The
existence of these metastable phases and relaxed crystal defects
will strongly affect the properties of the films.

While previous applications of SnO2 for sensors or transparent
conductors have primarily relied on polycrystalline material, many
of the emerging applications for functional wide bandgap
semiconductors require highly crystalline epitaxial films. As such,
understanding the effects of growth parameters and substrate
selection on the epitaxial growth of SnO2 is important. Epitaxial
growth kinetics can yield specific defect structures that signifi-
cantly affect the oxide thin-film properties [35,36]. This becomes
increasingly important as targeted thin-film structures involve
heterointerfaces, multilayers, or superlattices [35–40]. In this
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Fig. 2. a-axis lattice constant as a function of growth temperature.

L.C. Tien et al. / Materials Research Bulletin 44 (2009) 6–10 7
paper, we report on the epitaxial growth of SnO2 thin films on
(0 0 0 1) sapphire using pulsed laser deposition (PLD). Pulsed laser
deposition is widely used in the synthesis of complex oxide thin
films [41]. Pulsed laser deposition has the advantage of operating
in a reactive atmosphere over a wide range of oxygen pressure. The
effects of growth parameters on the crystalline orientation,
electrical transport properties and surface morphology is dis-
cussed.

2. Experimental

For thin-film growth, a KrF excimer laser was used as the
ablation source. The ablation target was fabricated using high
purity SnO2 (99.996%). The target was pressed and sintered at
1300 8C for 16 h in air. A laser repetition rate of 1 Hz was used, with
target to substrate distance of 4 cm and a laser pulse energy
density of 1–3 J/cm2. The growth chamber exhibits a base pressure
of 10�6 Torr. Single crystal (0 0 0 1) Al2O3 (sapphire) was used as
the substrate material in this study. Prior to deposition, the Al2O3

substrates were ultrasonically cleaned with trichloroethylene,
acetone and methanol, followed by compressed N2 drying. The
substrates were attached to the heater using Ag paint. Prior to
growth, the target was cleaned in situ by pre-ablating with
approximately 2000 shots. Film growth experiments were
performed over a temperature range of 300–700 8C in an oxygen
pressure of 50 mTorr. Film thickness ranged from 200 to 300 nm
and typical growth time was 2 h. The deposited films were
characterized using four-circle X-ray diffraction, atomic force
microscopy and field emission microscopy. Four-point van der
Pauw Hall measurements were performed to determine transport
properties.

3. Results and discussion

Epitaxial SnO2 films on (0 0 0 1) Al2O3 were realized for
deposition at temperature as low as 400 8C in an oxygen pressure
of 50 mTorr. Fig. 1 shows the X-ray diffraction (XRD) u–2u patterns
for SnO2 thin film prepared by PLD at different temperatures. The
(2 0 0) and (4 0 0) SnO2 are the dominant peaks in all scans, which
indicates that the films are highly a-axis oriented; i.e. the principal
out-of-plane orientation is SnO2 (1 0 0)//Al2O3 (0 0 0 1). The weak
peaks for SnO2 (1 0 1) grains are also observed at higher
temperatures. The results clearly show that epitaxial growth of
a-axis oriented SnO2 grains on the (0 0 0 1) Al2O3 substrate is
Fig. 1. X-ray diffraction patterns from SnO2 films deposited on (0 0 01) Al2O3 at

different temperature.
favored, placing the film c-axis in the plane of the surface. As seen
in Fig. 2, the a-axis lattice parameter shows an increase with
increasing growth temperature. However, the a-axis spacing is
consistently less than that seen in bulk SnO2.

The epitaxial crystallinity of the films was confirmed by looking
at both out-of-plane rocking curves and in-plane w-scans. The
rocking curve through the (2 0 0) plane for SnO2 film grown at
700 8C is shown in Fig. 3, yields a full width half maximum (FWHM)
of 0.01568, which confirms that the film is highly oriented with the
a-axis perpendicular to the surface. With increasing growth
temperature, the crystallinity significantly improved as reflected
in corresponding smaller FWHM values. Overall, the films exhibit
good out-of-plane alignment of the (1 0 0) planes.

The in-plane alignment of the SnO2 film is seen from the w-scan
in Fig. 4. The film in-plane mosaic (Du � 108) is much larger than
the out-of-plane mosaic. The in-plane alignment can be described
as SnO2 [0 1 0]//Al2O3 1 1 2̄ 0

� �
or equivalently SnO2 [0 0 1]//Al2O3

0 1 1̄ 0
� �

and 608 rotations. The SnO2 films grow epitaxially on the
(0 0 0 1) Al2O3 substrate with three orientations rotated 608 in
plane with respect to each other due to the six-fold symmetry of
the c-plane surface of Al2O3. This epitaxial structure is consistent
with the matching of the oxygen octahedral arrangements existing
on the SnO2 (1 0 0) surface and on the Al2O3 (0 0 0 1) surface as
illustrated in Fig. 5, resulting in the epitaxial growth of (1 0 0)
oriented SnO2. This in-plane variant structure with three different
symmetry-equivalent orientations has also been observed on films
synthesized by metal-organic chemical vapor deposition (MOCVD)
Fig. 3. Rocking curve of (2 0 0) reflection of SnO2 films grown at 700 8C.



Fig. 4. w-scans (a) through the SnO2 (1 1 0) and (b) through the SnO2 (1 0 1)

reflections.

Fig. 6. Growth rate of SnO2 films on (0 0 0 1) Al2O3 as a function of temperature.
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[31] and sputtering [42] approaches. A likely explanation as to why
the in-plane mosaic is much larger than the out-of-plane is that the
rotational mosaic is due to lattice matching between the film
(tetragonal symmetry) and the substrate (rhombohedral symme-
try). On average the film (0 1 0) and (0 0 1) planes are aligned with
low-index sapphire directions. But then other low-index film
planes are not aligned. For example, the film (0 1 1) planes are
56.38 from (0 1 0) planes and 33.78 from (0 0 1) planes. Thus, if
Fig. 5. The (a) SnO2 crystal structure projection on the (1 0 0) plane and (b) in-pl
these planes tend to align with low-index Al2O3 planes, they would
be frustrated by �48 on average. All crystal directions cannot be
aligned when a tetragonal film grows on a rhombohedral (pseudo-
hexagonal) c-axis substrate. Fig. 6 shows the growth rate of SnO2

thin films at different temperatures. The growth rate is measured
to be approximately 0.3–0.4 Å/s. For all growth temperatures, the
growth rate shows a weakly linear relation to growth temperature,
suggesting that an increase in growth temperature enhances the
SnO2 phase formation.

The surface morphology of the SnO2 film was measured using
atomic force microscopy (AFM) measurements. AFM measure-
ments were performed in air using a Veeco Nanoscope III. All
samples were scanned over a 5 mm � 5 mm area. In Fig. 7, the AFM
images for SnO2 grown on sapphire at 700 8C are shown. The
surfaces showed a dense columnar structure with an rms
roughness of 16.76 Å. With increasing temperature, the surface
roughness increases, reflected in the formation of large columns.

The resistivity and carrier concentration of the films were
determined at room temperature using Hall measurements
(Lakeshore 7507). The Hall data is shown in Table 1. Hall
measurements showed that the epitaxial SnO2 films were n-type
ane epitaxial growth orientations by SnO2 (1 0 0) on sapphire (0 0 0 1) plane.



Table 1
Measured Hall data of SnO2 thin films grown at different temperatures.

Temp (8C) Thickness (nm) Resistivity (ohm cm) Hall coefficient (cm3/C) Carrier density (1/cm3) Hall mobility (cm2/VS)

300 205 0.047 �0.149 4.2 � 1019 3.1

400 239 0.296 �0.728 8.6 � 1018 2.4

500 223 0.244 �0.703 8.9 � 1018 2.9

600 237 15.193 �10.3 6.1 � 1017 0.67

700 279 28.534 �16.417 4.0 � 1017 0.58

Fig. 7. AFM images of SnO2 thin film grown at 700 8C.

Fig. 8. Resistivity and carrier density of SnO2 films grown at different temperatures.
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semiconductors with carrier concentration varying from 4 � 1017

to 4.2 � 1019 cm�3. Fig. 8 shows the resistivity and carrier
concentration of SnO2 grown on sapphire as a function of
deposition temperature. It has been postulated that the con-
ductivity is related to the existence of shallow donor levels near the
conduction band, formed by a large concentration of oxygen
vacancies. The electrical conduction in undoped SnO2 is associated
with nonstoichiometry and with oxygen-related intrinsic defects
[43]. The resistivity increase with growth temperature suggests
that fewer oxygen vacancies formed during high temperature
deposition, resulting in lower carrier concentrations as well.

4. Conclusions

In conclusion, epitaxial SnO2 thin films were realized on
(0 0 0 1) Al2O3 substrates using pulsed laser deposition. X-ray
diffraction shows that the films have a phase-pure rutile structure
and grow along the (1 0 0) plane. The epitaxial relationship can be
described as SnO2 [0 1 0]//Al2O3 1 1 2̄ 0

� �
or equivalently SnO2

[0 0 1]//Al2O3 0 1 1̄ 0
� �

and 608 rotations. The undoped SnO2 films
were n-type semiconductor with carrier concentration varied from
4 � 1017 to 4.2 � 1019 cm�3. The electrical transport properties are
strongly dependent on the growth temperature.
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