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Multi-component tin, zinc and cadmium oxide (Sn,Zn,Cd; _ x _ ,O) transparent conductive oxide coatings
with high transparency and charge carrier mobility were prepared on polyimide substrates by radio
frequency magnetron sputtering from powder targets. The films were columnar in morphological, but
with defects present. The microstructure was nano-crystalline for the film containing the highest Cd
content, and a mixture of amorphous and nano-crystalline for other films. The average transmittance within
the visible wavelength range improved from 70% to 90% with decreasing Cd or Sn content in the films. The
charge carrier concentrations of the films were of the order of 10'® cm 3, and the highest mobility reached

31 cm?/V s. This initial study of SnyZn,Cd; _ x — ,O films on polyimide substrates shows promise for
applications, such as flexible thin film transistors.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the development of opto-electronic devices, such as photovoltaic
solar cells, flat panel devices, thin film transistors (TFT) and light emit-
ting diodes etc., transparent conductive oxide (TCO) coatings on flexible
transparent substrates becoming more and more attractive [1-7]. Apart
from doped oxide films for passive applications [2-5,8], many studies of
multi-component TCO films for active applications have been carried
out[1,6,7,9,10]. Most multi-component oxide coatings have amorphous
structures, which offer not only optical transparency, but also high car-
rier mobility and phase stability due to low self-trapping of ns electrons
and the absence of grain boundaries [1,11-13]. The amorphous semi-
conductive materials involved in o-TFTs are a mixture of the heavy-
metal oxides, such as indium, gallium, zing, tin, cadmium and strontium
oxides [12-18]. Among those oxides, indium oxide (In,03) is believed
to have excellent optical and electrical properties, but it is a scarce re-
source and therefore, very expensive. Cadmium oxide (CdO) offers not
only conductivity as high as that of In,0s, but also the highest carrier
mobility (up to 200 cm?/V s) [18]. Of course, the heavy metal element
Cd should be used carefully and sparingly due to its toxicity. Zinc
oxide (ZnO) and tin oxide (Sn0O,) are the most commonly used TCO ma-
terials with high transparency and large band gaps (>3.2 and 3.6 eV for
Zn0 and SnO,, films, respectively) in comparison with the band gaps of
CdO (direct band gap, 2.3 eV; indirect band gaps, 0.8 and 1.1 eV)
[2,7,19-24]. Therefore, Sn0O,, ZnO and CdO were chosen in this study
due to their low costs and the wide range of their electrical and optical
properties.
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There are many techniques available to prepare multi-component
TCO films, for example, magnetron sputtering, pulse laser deposition,
chemical vapor deposition, sol-gel, spray-pyrolysis, inkjet-printing and
combinatorial approaches [3,6,17,20,21,25-31]. To produce the required
properties, the coated substrates often have to bear either high deposi-
tion temperatures or post-deposition annealing. Magnetron sputtering
is the process of choice for preparing the films at low temperature, and
is suitable for use on flexible organic substrates. Closed-field unbalanced
magnetron sputtering from powder targets in pulsed DC mode has been
used by the authors in recent years to deposit multi-component mate-
rials [27,32-35]. Powder targets offer the advantages of low cost and
easily variable coating composition [27,33,35]. In this study, a radio fre-
quency (RF) discharge, which produced a high plasma density, but low
ion energy, was used instead of pulsed DC to deposit multi-component
films on the flexible polyimide substrate. The polyimide (PI) substrate
film, produced by the University of Science and Technology Liaoning,
has a glass transition temperature (Tg) and transparency within the
visible range as high as 294 °C and 90%, respectively.

2. Experimental details

The SnyZnyCd; _ x — yO coatings were deposited in a rig specifi-
cally designed for powder target use. The substrate holder was
positioned directly above the magnetron, at a separation of 150 mm.
Before mounting on the substrate holder, the substrates (PI and glass
slides for comparison purposes) were ultrasonically cleaned in alcohol.
The magnetron was driven by an Advanced Energy RFX600 13.56 MHz
RF power supply. The 99.99% pure SnO,, ZnO and CdO powders were
mixed and blended at appropriate atomic ratios, ready for using as
targets. The mixed powder was distributed uniformly across the surface
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of a copper backing plate on the magnetron and lightly tamped down.
No further processes, such as sintering, were involved in target produc-
tion. The rig was then evacuated to a base pressure of lower than
3 x 1073 Pa and backfilled with Argon gas to a pressure of 0.2 Pa. The
substrates were RF sputter cleaned at 100 W for 15 min. The coatings
were then deposited at 100 W RF power for 9 h to avoid PI deformation.
The different target compositions tested are listed in Table 1. Also, addi-
tional pure SnO,, ZnO and CdO coatings were deposited at 200 W and
their deposition rates calculated to be 185, 80 and 488 nm/h, respectively.

The cross-sectional composition of the film was probed and analyzed
by Auger electron spectroscopy (AES ULVAC-PHI 700). A silicon oxide
film on a silicon wafer was used as a standard sample, which was
sputtered by an Ar™ gun at a pressure of 5.2 x 10~ Pa. The structures
of the coatings were subsequently characterized by transmission elec-
tron microscopy (TEM JEM 2100) at 200 kV working voltage, atomic
force microscopy (AFM CSPM 3000) by contact mode, X-ray diffraction
(XRD X'PERT PRO) scanning with copper Ka radiation in 6-26 mode.
The coatings were gently scratched off the PI substrates using a surgical
blade. The pieces were then placed into pure alcohol and vibrated by an
ultrasonic machine to disperse the coating chips. A carbon supported
copper grid was used to collect the chips to form the TEM samples. Coat-
ing thicknesses were measured by an Afar-Step 1Q Surface Profiler. The
electrical and optical properties were investigated according to the
Van-der Pauw method by using a SWIN Hall 8800 at room temperature
and a UV-2802S spectrophotometer, respectively.

3. Results and discussion
3.1. Coating composition

One coating, deposited from a target with a compositional ratio of
Sn:Zn:Cd = 2:2:1, was chosen to be analyzed by AES and the compo-
sitional depth profiles are shown in Fig. 1. It can be seen that the ox-
ygen component in the film did not reach the full stoichiometry value,
which often happens when the coatings of this type are prepared in a
pure Ar atmosphere [27,32]. The depth profiles for the metallic ele-
ments can be divided into two parts. The top portion of the film
(sputtering time from O to 1.25 min) has a Sn:Zn:Cd ratio of 2:2:0.9,
which is very similar to the composition of the target. In the lower
portion of the film (sputtering time from 1.25 to 2.5 min), i.e., the
layer deposited first, the coating composition was Cd rich, and Sn
and Zn poor compared to that of the target. The possible reasons for
this are as follow: CdO has the highest sputtering rate, as determined
during the pure target deposition rate investigation referred to earli-
er. Thus the initial sputtering rate of CdO from the target surface
would be faster than those of SnO, and ZnO and the surface of the tar-
get would become depleted of CdO. Eventually equilibrium is reached
and the composition of the film becomes similar to that of the target.

3.2. Coating structure

Fig. 2 shows the morphological structure of the SnyZn,Cd; — x — ,O
films from AFM analysis. The coatings both on polyimide and glass
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Fig. 1. Cross-sectional composition of the Sng4Zng 4Cdo 0 film by AES.

Fig. 2. Morphological structures by AFM: a) Sng,Zng,Cdy 6O on PI, the z-bar was 0-
30 nm; b) Sng4Zng4Cdo>0 on P, the z-bar 0-8 nm; and ¢) Sng4Zng>Cdo 40 on glass,
the z-bar 0-10 nm.

slides were columnar, but with defects present in the coatings on PI.
The roughness of the films was calculated by CSPM image analyzer soft-
ware. The root mean square roughness of the films was about 1 nm
except for the film with the highest Cd content (RMS = 4.15 nm),
which indicated that the surfaces of the multi-component coatings
were generally very smooth. The maximum heights in the AFM images
of the films in Fig. 2a) and b) were 30 and 8 nm because they were
enlarged by defects in the films. There might be two possible reasons
to have defects of the films on PI: PI substrates are hydrophobic,
which reduces the adhesion of the coating to the PI; the coefficient of
thermal expansion of the PI was very different to that of the coating,
and the resulting interfacial stresses may have broken the coating
bond [2]. In Fig. 3, it can be seen that the domain sizes of the

Table 1
Optical and electrical properties of the Sn,Zn,Cd; _ x — O films on PI and glass.
Sample no. Targets Sn:Zn:Cd Film thickness Cut-off points Concentration of charge carriers Mobility Resistivity
(atomic ratio) nm nm x10'® (em™3) cm?/V s O cm
Polyimide substrate Glass
x1072
1 1:1:3 329 325 1.36 31 14.9 0.14
2 1:2:2 159 311 75.7 0.856 9.63 17.2
3 2:1:2 198 312 295 25.2 8.40 0.98
4 1:3:1 154 303 8.25 9.91 7.46 3110
5 2:2:1 155 301 7.21 10.6 8.16 2.11
6 3:1:1 325 300 531 6.81 17.2 0.29
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Fig. 3. TEM micrograph of a Sng»Zng»Cdg 6O film showing a columnar nano-crystalline
region.

nano-crystalline regions of the coating are about 30-40 nm. Also,
the columnar structures can be identified in the circled area. This
micrograph was taken from the sample with the highest Cd content.
All other films were a mixture of nano-crystalline and amorphous
regions.

The main preferred orientation of CdO (200) was visible in the XRD
pattern of the highest Cd content film (sample No.1), see Fig. 4. There
were no obviously identifiable peaks in the other 5 XRD patterns,
although low intensity diffraction peaks could be seen in some cases.
This indicated a nano-crystalline structure for the film with the highest
Cd ratio, and a mixture of amorphous and nano-crystalline structures or
predominantly amorphous structures for the other films. The reason
that the film with the highest Cd ratio had a nano-crystalline structure
might be that CdO needs a much lower crystallization energy than
those of SnO, and ZnO [36]. Of course, SnO, and ZnO crystal lattices
may exist more or less in all multi-component SnyZnyCd; _ x — ,O coat-
ings. Anyway, it might be difficult to form long range atomic order in
these coatings, because the three metallic atoms tend to replace the
positions of each other in the lattice.
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Fig. 4. 6-260 XRD patterns of the SnyZnyCd; _ x _ O films.

3.3. Optical properties

The average transmittance of the Sn,Zn,Cd; _ x — ,O films within
the visible wavelength range varied from 70% to 90%, depending
on coating composition (Fig. 5). The cut-off wavelengths listed in
Table 1 and indicated in a ternary diagram in Fig. 6 are the intercepts
of the tangents of the transmittance spectra at near ultraviolet re-
gions, as determined using Origin 8.0 software. The transmittance
increased as the Cd and Sn decreased in the films. The direct band
gaps of intrinsic Sn0O,, ZnO and CdO films were 3.6, 3.2 and 2.3 eV,
which are in inverse proportion to the cut-off points of the optical
spectra. Therefore, the cut-off point of SnO, film is the shortest in
the optical spectra among these three oxide films, ZnO the second
and CdO the longest. The cut-off points of the multi-component
films shift towards shorter wavelengths as the Cd proportion de-
creases and the Sn proportion increases, and those of the films
containing 20 at.% Sn are very similar in value. It can clearly be seen
that the cut-off points of the films decreased as the compositions
changed from the CdO corner to the SnO, and ZnO corners in the ter-
nary diagram (Fig. 6). Therefore, it is easy to adjust the cut-off points
(or band gaps) of the multi-component coatings by simply changing
the ratios of the metallic components.

3.4. Electrical properties

The electrical properties of the Sn,Zn,Cd; _ x _ ,O films on PI are
summarized in Table 1, and indicated in ternary diagrams in Figs. 6
and 7. The resistivities of the films on glass slides measured by four
point probes are also shown in Table 1. All films were n-type semicon-
ductors and electrons were the free charge carriers. The charge carrier
concentrations of the multi-component films on PI were in the range
of 10'® cm 3. Carrier mobilities of up to 31 cm?/V s could be seen
from the film with the highest Cd content. Also, the carrier mobility of
the Sng.4Zng->Cdo4O was over 25 cm?/V s. The films containing high
Cd had relatively low carrier concentrations and high carrier mobility.
It can be seen in Figs. 6 and 7 that the multi-component films with
long cut-off points, i.e. film compositions near the CdO corner of the ter-
nary diagrams, had relatively low charge carrier concentrations and
high mobilities. It has to be mentioned that the resistivity of the films
on polyimide substrates were 3-4 orders higher than those on glass
slides. The former were about 10 Q) cm, and the latter were in the
range of 1072 to 102 Q cm. One reason for the big difference might
be that defects existed in the films on PI, which trapped the electrons
and blocked the transfer of the electrons within the films. The results
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Fig. 5. Transmittance spectra of the Sn,Zn,Cd; _  _ ,O films on PIL
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Fig. 6. Ternary diagram showing cut-off points and charge carrier concentrations of the
SnyZnyCdq _ « — 4O films.

of Sample No. 2 by Hall Effect measurement and Sample No. 4 by four
point probe measurement were unusual and might not be accurate.

In general, the as-deposited SnyZnyCd; _ x — yO films on PI pre-
pared by RF magnetron sputtering were produced with no melting
and deformation of the substrate. The initial study of the films
showed high transmittance, high charge carrier mobility and low
carrier concentrations, which would be suitable for use as the active
layer in devices, such as TFTs.

4. Conclusions

SnyZn,Cd; _ x — yO films were deposited by RF sputtering from
powder targets directly onto PI substrates with no melting or deforma-
tion of the substrate. The use of blended powder targets allowed a wide
range of compositions to be studied efficiently and economically. Most
of the SnZn,Cd; _ , _ ;O films were a mixture of amorphous and
nano-crystalline structures, but defects were present in the films on
PIL. The SnyZn,Cd; _ x — yO films were n-type semi-conductive TCOs.
The transmittance of the films at a wavelength of 650 nm was up to
90%, the bulk charge carrier concentrations were about 10'® cm ™3,
and the mobility reached 31 cm?/V s. The mobility of the charge
carriers was mainly contributed by the Cd component, and the trans-
mittance of the films benefitted from the Zn and Sn components.
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Fig. 7. Ternary diagram showing charge carrier concentrations and mobility of the
SnyZnyCdy — x — O films.
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