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Transparent conductive cadmium and tin oxide films (CdxSn1−xO TCO) prepared by RF magnetron sputtering
from the mixed oxide powder targets were with similar compositions to those of the targets. The morpholog-
ical structures of the films were columnar in the grain sizes over 100 nm. New phrases were formed for the
films with proper metallic ratio, i.e. x=0.5 and 0.7 and the mixture of nano-crystal and amorphous structure
might exist. Also, the nano-crystal structure with severe lattice deformation could be seen in the x=0.2 and
0.8 films, and all nano-crystals were in domain sizes about 10–20 nm. Other multi-component films were
with amorphous structure. The average transmittance of the films within the visible wavelength, except
for the pure CdO film, was over 80%. The concentrations of electrons of these n-type CdxSn1−xO films were
in the order of 1020 cm−3. Without considering of the pure CdO and SnO2 films, the high mobilities (up to
50 cm2/V s) can be obtained from the films with amorphous structure. The resistivities of the films decreased
from 10−3 to 10−4Ω·cm with the increases of Cd ratios in the films.

© 2012 Elsevier B.V. All rights reserved..co
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1. Introduction

It is well known that transparent conductive oxide (TCO) films can
be widely used as the passive layer, such as the electrode and window
layer in photovoltaic solar cell [1–5]. Tin doped indium oxide (ITO),
aluminum doped zinc oxide (AZO) and fluorine doped tin oxide
(FTO) are quite commonly used n-type materials for above applica-
tion [1,6–9]. With the development of multi-component TCO mate-
rials, these films obtained the chances to be used as an active layer,
such as in thin film transistor, due to the amorphous structure and
therefore, the high carrier mobilities since 2006 [10,11], in which
the channel mobility of 12–20 cm2/V s could be achieved. The recent
studies on multi-component TCO materials varied from the selection
of the oxides (indium, zinc, gallium, tin (SnO2), strontium and Hafni-
um) [12–15] focused on not only the as-prepared and post treatment
processes, such as magnetron sputtering, pulsed laser deposition and
solution-process, annealing atmosphere and temperature, but also
the substrate, compositions and carrier's density and mobility
[13,16–23]. All the research studies aimed to produce the TFT with
high mobility and stability at low temperature. Apart from the amor-
phous multi-component oxide TFT, Fortunato E et al. [1] reported the
fully transparent TFT by using undoped ZnO as the channel layer.

Another important oxide material, cadmium oxide (CdO), which
was the first known TCO material and famous for the very high
carrier's mobility and low resistivity [24–26], but notorious for the
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low transmittance and narrow band gap [24,27] should not be forgot-
ten. Several multi-component CdXO films, deposited by sol–gel,
MOCVD and magnetron sputtering etc., were studied to adjust the
band gaps and transmittance of the films, in which X could be In,
Zn, Ga, Sn, carbon (C) and silicon (Si) [28–33].

CdO and SnO2 were selected in this study by changing the oxide
proportions to form the CdxSn1−xO films either with crystal or amor-
phous structure, high transmittance, various band gaps, low resistiv-
ity and high carrier's mobility. Closed-field unbalanced magnetron
sputtering from powder targets by pulsed DC has been successfully
used over recent years taking its advantages of cheap target fabrica-
tion and easy changes of the target compositions [7,8]. Instead of
Pulsed DC, a RF 600X drive, which produced even high plasma density
and low ion energy, was used in this study [34,35]. The aim of the in-
vestigation is to figure out the effect of the Cd:Sn ratio on the struc-
ture, the optical and electrical properties of the CdxSn1−xO films.
Also, it will be helpful to find out the relationship between the struc-
tures and properties of the ternary films. There must be potential to
produce CdxSn1−xO films with desirable features according to the ap-
plication requirements by adjusting the compositions and controlling
the process parameters.

2. Experimental details

The CdxSn1−xO coatings were deposited in a rig specifically
designed for the use of powder targets [7,35,36]. The substrate holder
was positioned directly above the magnetron, at a separation of
150 mm. The target was connected with a RF drive.
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The 99.99% pure CdO and SnO2 powders, micrometers in size,
were mixed as appropriate atomic ratios, and blended in a rotable
drum for several hours to get the uniform compositions. The particles
of the powders can be seen from the SEM photography in Fig. 1 and
the composition of the powder targets referred in Table 1. The
mixed powder was distributed across the surface of a copper backing
plate on the magnetron, slightly tamped down using a cylindrical
stainless steel block, to produce a 2 mm uniform thickness and
smooth surface to the targets. No further process, such as sintering,
was involved in the target production. The rig was then evacuated to
a base pressure of lower than 2×10−3 Pa and backfilled with Argon
gas to a pressure of 0.2 Pa. The glass microscope slides (soda-lime sili-
cate of 25.4×76.2 mm2 in dimension) as the substrates were ultrason-
ically cleaned in ethanol, and then inner plasma cleaned in the chamber
by RF at 100 W for 15 min. The substrates were then deposited at
200 W RF power for 3 h to obtain sufficient coating's thicknesses for
the analysis of the XRD structures and electrical properties. Three slides
were deposited in one run tomake sure therewould be enough samples
to be analyzed and compared. Before inner cleaning, each glass slide
was drawn an ink line. The coated ink line was able to be removed by
ethanol after deposition and left a step on the coating. These coating
steps can be used to measure the thicknesses of the films.

The AZO and multi-component ITO and AZO films were deposited
by pulsed magnetron sputtering from AZO (3% Al) and ITO+AZO
mixed powder targets in our previous study [37]. The compositions
of the films across the sections (or through the thickness) were ana-
lyzed by secondary ion mass spectroscopy (SIMS) and Rutherford
backscattering (RBS) techniques, which proved the uniform, similar
compositions to those of the targets. The possible reason might be
that the atoms on the surface of the powder target got the same
chance to be sputtered out, no matter how different the sputtering
rates of the oxides are. Anyway, two samples were taken in this
study for the examinations by X-ray photoelectron spectroscopy
(XPS) and energy dispersive spectrum analysis (EDS), to get the sur-
face compositions of the films. The structures of the coatings were
subsequently characterized by atomic force microscopy (AFM) and
transmission electron microscopy (TEM) to show the morphological
structure and micro-structure, and by X-ray diffraction (XRD) to de-
termine the preferred orientations. The coatings were scratched off
from the glass slide substrates, and then put into ethanol, finally
fished out by micro-grid wires to be ready as the TEM samples. Coat-
ing thicknesses were measured across the film steps by an Afar sur-
face profilometer. The electrical properties were investigated using
Hall-effect (HMS-3000). Optical transmittance of the films was
taken within the ultraviolet, visible and near-infrared wavelength
(200–1100 nm) by a spectrophotometer (UV-2802S). The transmit-
tance of the actual film was defined as the measured transmittance
after deducting the glass background.
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Fig. 1. SEM photography of the oxide powder.
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3. Results and discussion

3.1. Composition and structure

From the earlier study [37], it can be presumed that the composi-
tion of the film through thickness should be uniform and the same as
those of the targets due to the equal chances of the oxide atoms to be
sputtered out from the surface of the target. To confirm the above as-
sumption, two samples were measured by using of XPS and EDS tech-
niques. The measured and fitted XPS spectra can be seen in Fig. 2. The
atomic ratios of Cd:Sn were calculated after fitting, and the results
were compared to those of the EDS measurement, see Table 1. The
measured and calculated Cd:Sn ratios were close to those of the tar-
gets. Therefore, we may conclude that the compositions of the targets
should be able to represent those of the films.

AFM analysis showed that the films were columnar in the grain
sizes over 100 nm, refer to Fig. 3. There was no evidence relating co-
lumnar grain sizes to the compositions of the CdxSn1−xO films. The
surface roughnesses of the films were directly analyzed by using the
CSPM imaginer software, which was provided by the AFM sale repre-
sent. The surface roughnesses of the ternary component films became
much lower than those of the pure oxide films. The average rough-
nesses of the pure CdO and SnO2 films were 21.6 nm and 2.2 nm,
respectively. The average roughnesses of the multi-component films
were less than 1 nm. The CdxSn1−xO films (x=0.4–0.7) were either
the mixture of nano-crystal and amorphous structures or amor-
phous structure, refer to the TEM micrograph in Fig. 4. The struc-
ture of the other films was nano-crystalline. The domain sizes of the
nano-crystals were about 10–20 nm. The differences of the rough-
ness of the pure oxide films may be due to the big differences of the
deposition rates. Therefore, the columnar grains of CdO film grew
much faster than those of the SnO2 film. The very smooth rough-
ness of the ternary oxide films may benefit from the amorphous
structure [13,38].

The (111) and (200) preferred orientations of pure CdO and (200)
of pure SnO2 films were shown in the XRD patterns, refer to Fig. 5.
(200) CdO orientation could be seen for the film with Cd0.8Sn0.2O
due to the Sn atom doping into CdO. The position of CdO (200) was
very near to SnO2 (200) in the XRD spectra, and with similar lattice
distances. Hence, tin atoms would be easy to place themselves onto
the positions of cadmium atoms with the CdO orientation (200).
There was no diffraction peak in the Cd0.2Sn0.8O film, which was sup-
posed to be SnO2 (200). The reason might be the severe lattice defor-
mation, small nano-crystal sizes and the relatively thin thickness
(408 nm) of the film. Also, it was possible that the broad peaks in
the Cd0.7Sn0.3O and Cd0.5Sn0.5O XRD spectra were the new Cd2SnO4

and CdSnO3 phrases with the preferred orientations of (200) and
(020), respectively [24]. The new phrases were considered due to
the proper compositions of the coatings. The diffraction peaks of the
new phrases were with wide ‘full width at half maximum’ (FWHM),
which meant that the crystal sizes were even smaller than those of
the pure oxide films, or the deformation of the new phrases' lattice
was serious andmore or less amorphous structure might exist. Others
showed no obvious orientations, which might be due to the amor-
phous structure in the films. The metallic atoms tend to position
themselves randomly and only connect with the oxygen atoms
when the proportions of the metallic atoms are similar to each
other. Therefore, the short range order of atoms, which is the special
feature of the amorphous structure, might be formed.

3.2. Optical properties

The average transmittance of the CdxSn1−xO films within the vis-
ible wavelength was about 80%, except for that of the pure CdO film
(60%), see Fig. 6. The tangent lines were drawn at the beginnings of
the α2~hω curves, which were transferred from the transmittance
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Table 1
Thickness and composition and electrical properties of CdxSn1−xO films.

Compositions of targets EDS measurement XPS calculation Film thickness (nm) Concentration
×1020(cm−3)

Mobility
cm2/V s

Resistivity
×10−3(Ω·cm)

SnO2 N/A N/A 355 −0.319 5.55 35.6
Cd:Sn=1:4 N/A N/A 408 −1.518 15.5 2.66
Cd:Sn=2:3 2:3.26 2:2.86 522.9 −1.382 43.4 1.04
Cd:Sn=1:1 N/A N/A 683.3 −2.200 32.35 0.877
Cd:Sn=3:2 N/A N/A 716.7 −2.060 50.4 0.602
Cd:Sn=7:3 N/A N/A 604.8 −3.158 43.14 0.458
Cd:Sn=4:1 4:1.07 4:1.04 1513.9 −5.618 25.5 0.436
CdO N/A N/A 1569 −1.59 57.7 0.682
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spectra, Fig. 7. The absorption coefficient (α) was calculated accord-
ing to the equation

α ¼ 1
t

� �
ln

1
T

� �
ð1Þ

where t is the film's thickness, and T is the transmission at the wave-
length in question [30]. The calculation in reference [30] showed that
the reflectance of the film only contributes 0.05 eV band gap differ-
ence, and therefore, was reasonable to calculate ‘α’ by Eq. (1). Then
the intercepts of the tangent lines on the hω axis could be defined
as the band gaps of the films. It could be clearly seen from the inner
drawing of Fig. 7 that the band gaps of the CdxSn1−xO films were be-
tween those of pure CdO and SnO2 films, and directly related to the
metallic components of the films. The decreases of Sn and increases
of Cd in the films would lead to the reductions of the band-gaps.
The band gaps can be adjusted by varying the metallic components
Fig. 2. XPS spectra of the films: (a) Cd0.2Sn0.8O and (b) Cd0.4Sn0.6O.
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of the CdxSn1−xO films and the transmittance can be improved by
adding SnO2 into CdO.

3.3. Electric properties

The electric properties of the CdxSn1−xO films were summarized
in Table 1. All films were n-type semiconductors and electrons were
the free charged carriers. The resistivities of the ternary films could
be as low as 10−4Ω·cm, the concentration of the electron was in
the order of 1020 cm−3, and the mobility was about 15.5–50 cm2/
V s. Cd provided high concentrations and mobilities of the electrons
in the multi-component films. Therefore, the resistivities decreased
with the increases of the Cd proportions in the films. The electrical
properties of the multi-component films were affected not only by
the metallic components, but also by the structures of the films. It is
reasonable to believe that the lattice deformation might be serious
in the films Cd0.8Sn0.2O and Cd0.2Sn0.8O due to Sn doped CdO and Cd
doped SnO2, and the fact is that the mobilities of electrons in both
films were low. In other words, the lattice scattering dominated the
mobilities of free electrons. Also, the high mobilities of the free elec-
trons could be seen in the multi-component films with similar Cd:
Sn ratios (x=0.7–0.4), and the even higher mobilities in the films
without obvious new phrases, i.e. with amorphous structure. The au-
thors in reference [24] pointed out that the free path of electrons in a
semiconductor film was only about 10 nm when the concentration
was over ×1020 cm−3, which was comparable to the crystal domain
sizes here. Therefore, the free electrons were not only trapped by de-
fects in the amorphous structure, but also scattered by the domain
fringes and lattice's deformation of the nano-crystalline. The struc-
tures with more amorphous proportion and less domain fringes ben-
efit the mobilities of the free electrons. This conclusion was also
proved by many recent studies on amorphous oxide TFT [19,39,40].

In general, the structures of CdxSn1−xO films varied from nano-
crystal, the mixture nano-crystal and amorphous to amorphous by
changing the compositions. The transmittance of the films could be
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Fig. 3. Typical morphological structures of the CdxSn1−xO films by AFM.
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Fig. 4. Typical TEM micro-structures of the CdxSn1−xO films.
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improved by adding the SnO2 into CdO, the band gaps enlarged as well.
The electron's mobility decreased for the CdxSn1−xO (0bxb1) films
with nano-crystal structure due to the scattering mechanisms by do-
main fringe and lattice deformation. In another word, high electron's
mobility was benefit from the amorphous structure because there was
no fringe potential for the electron to overcome. The electron concen-
trations of the films increased and resistivities decreased with the in-
creases of Cd ratios in the films. By carefully controlling the deposition
process, such as the input part of oxygen in argon atmosphere, the
low concentration and high mobility of the amorphous CdxSn1−xO
filmsmay be prepared, which will be carried out in the future research.
4. Conclusions

1. The CdxSn1−xO films prepared by RF from powder targets were
columnar in over 100 nm grain size. The surfaces of the ternary
films were much smoother than those of the pure oxide films.

2. The resistivities of CdxSn1−xO films decreased with the increases
of Cd proportion and were as low as 10−4 Ω·cm, and the concen-
trations of electrons increased. The mobilities of electrons could be
up to 50 cm2/V s when the Cd:Sn ratio was 3:2.

3. The structures of CdxSn1−xO (x=0.4–0.7) films were the mixture
of amorphous and nano-crystal or amorphous, which benefits the
electron mobility.

4. The electron mobilities of the CdxSn1−xO films (x=0.2 and 0.8)
were low due to the scattering by severe lattice deformation and
nano-fringe.

5. The transmittance of the ternary CdxSn1−xO films was about 80%
within the visible wavelength. The band gaps can be adjusted by
changing the Cd:Sn ratios.
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