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ABSTRACT

The compositional dependence of co-sputtered tungsten indium zinc oxide (WInZnO) film properties
was first investigated by means of a combinatorial technique. Indium zinc oxide (IZO) and WOs targets
were used with different target power. W composition ratio [W/(In+Zn+W)] was varied between 3
and 30at% and film thickness was reduced as the sample position moved toward WOs3 target.
Furthermore, the optical bandgap energy increased gradually, which might be affected by the reduction
in film thickness. All the WInZnO films showed an amorphous phase regardless of the W/(In+Zn+W)
ratio. As the W/(In+Zn+W) ratio in WInZnO films increased, the carrier concentration was restricted,
causing the increase in electrical resistivity. W cations worked as oxygen binders in determining the
electronic properties, resulting in suppressing the formation of oxygen vacancies. Consequentially, W
metal cations were effectively incorporated into the WInZnO films as a suppressor against the oxygen

Compositionally spread films
Active channel layer

vacancies and the carrier generation by employing the combinatorial technique.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Recently, Zn-based amorphous oxide semiconductors (AOSs)
have attracted considerable attention as promising candidates for
driving thin-film transistors (TFTs) of future displays such as
active-matrix organic light-emitting diodes (AMOLEDs) due to
their low-temperature processing, potentially better device
performance, and stability comparable to amorphous silicon TFT
counterparts [1-3]. The composition of AOSs as an active channel
layers such as In-Ga-Zn-0, In-Zn-0, Zn-In-Sn-0, Zn-Sn-0, and
In-Al-Zn-0 has been usually fabricated by mixing several metal
oxides to improve the TFT device performance [3-7]. The group III
and IV elements (e.g., Ga, Y, Si, Sn, Ti, Zr, and Hf) are considered to
play important roles in suppressing charge carrier generation
(< ~10' cm~32) and in improving the stability of TFTs by binding
with oxygen [3,4,8-12]. The elements composed of heavy-metal
cations with (n—1)d'°ns® (n>4) electronic configurations,
especially In and Zn, can present the high electron mobility and
stability due to ns® (n>4) orbital overlap between adjacent
orbitals [11,13]. Furthermore, most of the research has focused
on the process parameters, semiconductor deposition methods,
thermal annealing conditions, and electrical analyses.
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In this study, we first report on a combinatorial investigation
of tungsten trioxide (WO3) as an oxygen binder in tungsten-
indium-zinc oxide (WInZnO) semiconductor materials. The
combinatorial radio-frequency (rf) magnetron co-sputtering geo-
metry used is possible to make a compositionally spread film at
once, thereby, the effect of W element on electrical properties of
WInZnO films could be systematically studied. The electrical
resistivity was rapidly affected by suppressing the charge carrier
generation at W/(In+Zn+W) ratio of > 15.1 at% in WInZnO
thin films.

2. Experimental
2.1. Film synthesis

WInZnO thin films were prepared on a glass substrate
(180 x 50 mm) by a combinatorial rf magnetron co-sputtering
system at room temperature (R.T) using a 10 wt% ZnO-doped
In,05 target (IZO, 4 N) and a WOs target (4 N). Fig. 1a shows
the schematic diagram of the combinatorial sputtering, which
consists of a vacuum chamber reactor (ULVAC MB07-4501)
equipped with 4-in. sputtering guns at both sides of the substrate.
The substrate with a shadow mask was located at a distance of
150 mm away from the targets. The sputtering chamber was
initially evacuated to a base pressure of <5 x 107°%Pa and the
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working pressure for film deposition was maintained at 0.17 Pa
using Ar (24.8 sccm) and O, (0.2 sccm) ambient gasses. Sputtering
was carried out for 30 m with the 1ZO rf power of 200 W and the
WOs3 rf power of 100 W. The substrate holder was not rotated
during the sputtering. As a result, WInZnO film was composition-
ally graded by rf power for each target across the glass substrate
as shown in Fig. 1b.

2.2. Characterization techniques

The composition of the films was examined by energy
dispersive X-ray spectroscopy (EDS) and the result was summar-
ized in Table 1. The surface roughness was analyzed by atomic
force microscopy (AFM, XE-200 system). The film thickness was
observed by a cross-sectional view of field emission scanning
electron microscope (FE-SEM, Quanta 200). Optical transmission
spectra were measured using a UV-vis-NIR spectrometer in the
wavelength range (Varian Cary 5000). Sheet resistance was
measured using a conventional four-point probe system
(RT-3000/RG-100) and the electrical resistivity, free carrier
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Fig. 1. (a) A schematic diagram of the combinatorial rf magnetron sputtering
system for the deposition of WInZnO films and (b) the samples at various
positions in the combinatorial library.

Table 1
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concentration, and Hall mobility were determined from the Hall
effect measurements using the Van der Pauw geometry (Model
7707, LakeShore Cryotronics) at a constant magnetic field of 0.4 T.
The crystal structure was characterized by X-ray diffraction (XRD)
using monochromatic CuKo radiation with a wavelength of
1.5406 A (X’Pert—PRO MRD XL).

3. Results and discussion

Fig. 2 shows the composition mapping in the ternary composi-
tion triangle, where each point represents the cation composition
extracted from each sample. W content of WInZnO film increased
as the sample position became close to W target, which was in
contrast with In content. On the other hand, Zn content experi-
enced little change. It was also found that O content of the films
increased constantly from 69.5 to 91.1 at% as shown in Table 1.
Namely, the amount of O element in WInZnO film increased with
increasing W incorporation. As discussed below, it is therefore
assumed that the W8 ions works as oxygen binders in determin-
ing the electronic properties due to its high electronegativity
(W=2.4), thereby possibly suppressing the formation of oxygen
vacancies [10].

Fig. 3 shows the film thickness with respect to the sample
position of WInZnO films and the sheet resistance (R;), which was
compositionally graded by rf power for each target. The Ry value
had a tendency to increase consistently from 39.0 Q/sq to
14.9 MQ/sq as the sample position became close to W target,
while the film thickness declined due to different rf power of each
target and the target-to-substrate distance [14].

Fig. 4 shows the change in average transmittance of WInZnO
films extracted in the wavelength range of 400-800 nm. Trans-
mittance value increased consistently and then it decreased
reversely. Although the transmittance is generally dependent on
the film thickness, the resultant transmittance revealed the
parabolic curve. This result implies that the contribution of W
to optical property of WInZnO film is larger than the dependence
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Fig. 2. Composition mapping in the ternary composition triangle. Each point
represents the cation composition of WInZnO films.

Chemical composition and W/(In+Zn+W) ratio of the compositionally spread WInZnO films deposited by combinatorial rf magnetron co-sputtering system.

Sample position [ Il 111 I\% \'% VI VII VIII IX X XI

OK 69.5 71.8 74.2 77.8 79.9 81.1 84.7 87.3 89.1 89.5 91.1
InL 24.2 224 20.4 17.7 15.5 139 10.9 8.8 7.0 6.1 4.9
ZnK 5.4 4.8 4.0 3.1 29 3.0 2.1 1.7 1.3 1.6 13
WL 0.9 1.0 1.4 1.4 1.7 2.0 2.3 2.2 2.6 2.8 2.7
W/(In+Zn+W) (at%) 3.0 33 5.2 6.4 8.6 104 15.1 17.7 238 26.5 305
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Fig. 3. Film thickness and sheet resistance of WInZnO films as a function of the
sample position.
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Fig. 4. Plot of average transmittance of WInZnO films as a function of the sample
position. The inset shows the optical bandgap energy with the film thickness.

of film thickness at W/(In+Zn+W) ratios of > 15.1 at%, while it
may be in competition with each other at W/(In+Zn+W) ratios
of 8.6—15.1 at%. The inset in Fig. 4 shows the optical bandgap
energy with different film thickness. Optical bandgap energies of
the WInZnO films were found by plotting (ohv)? vs. hv and
extrapolating to the energy axis. The optical bandgap energy
increased gradually with reduction in film thickness as the
sample position became close to W target (Position XI). According
to the Burstein—-Moss effect [15], the increase of the Fermi level in
the conduction band leads to the broadening optical bandgap
energy with increasing carrier concentration, but it cannot quan-
titatively describe the results shown in the inset of Fig. 4 because
of reduction in carrier concentration. The detail electrical proper-
ties of WIZO films will be discussed. In our case, the change in
optical bandgap energy seems to be the effect of the film
thickness, which is expressed as

h

ABg~ o s (1)

where # is Planck’s constant divided by 27, m’ is the effective
carrier mass, and t is the film thickness [16]. Eq. (1) can generally
explain the bandgap expansion with reduction of film thickness,
i.e., the optical bandgap energy increases when the film thickness
is reduced. The optical properties related to bandgap energy of

the WInZnO films have good correlation with the change in film
thickness as shown in the inset of Fig. 4. A physical investigation
using AFM was performed to evaluate the surface topography of
the WInZnO composition spread films. The measured root-mean-
square roughness value for all samples was about 0.25 nm (not
shown here), which seems to be so smooth and contains few
small grains, confirming the nearly amorphous nature of the
WInZnO films. Thus, W incorporation did not influence the
surface morphology of the amorphous matrix.

Fig. 5 shows the XRD patterns of the WInZnO composition
spread films deposited on glass substrates at R.T using combina-
torial rf magnetron co-sputtering system. The XRD patterns of the
WInZnO films for sample positions between I and IV showed a
halo peak with a mixture of the IZO phase and an amorphous
phase around 20=31°, and no sharp peaks appeared for all
sample positions. Namely, all the XRD patterns of the films
regardless of sample positions [W/(In+Zn+W) ratio] exhibit the
amorphous phase, indicating very small grain sizes and structu-
rally disordered film. It seems that WO3; was evenly embedded in
the amorphous matrix ZnO-doped In,0s.

Resistivity, carrier concentration, and Hall mobility of compo-
sitionally spread WInZnO films are shown in Fig. 6. Resistivity
showed exponential curve as the sample position move toward
position XI (WOs rich region), while the carrier concentration
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Fig. 5. XRD patterns of the compositionally spread WInZnO films deposited by
combinatorial rf magnetron co-sputtering system.
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Fig. 6. Resistivity, carrier concentration, and Hall mobility of WInZnO films as a
function of the sample position.
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exhibited a reverse behavior and Hall mobility decreased gradu-
ally. This is apparent evidence that resistivity strongly depends on
Hall mobility and carrier concentration. At the sample position
[-VII [ <15.1 at%¥ W/(In+Zn+W) ratio], resistivity was affected
by Hall mobility rather than carrier concentration because the
carrier concentration remained almost constant, attributing to the
decrease in film thickness (see Fig. 3) and to the effect of a little
incorporated W. The thinner film contains more structural defects
and/or voids than thicker film. Since a larger scattering of carriers
in the amorphous matrix, including very small grain sizes, could
be existed in thinner film, the Hall mobility was limited by carrier
trapping at localized state and ionized impurity scattering,
resulting in the low mobility [17,18]. At the sample position
VII-XI [ > 15.1 at% W/(In+Zn+W) ratio], the decrease in carrier
concentration is major contributor to increase in resistivity,
which is not a direct correlation of broadening optical bandgap
energy as described in Fig. 4. These results can be explained by
the fact that the carrier concentration is restricted by oxidation
enhancement due to W incorporation as O binders, as discussed
in Fig. 2. As a result, the WInZnO composition spread films having
low carrier concentration ( < ~10'® cm~32) deposited by combi-
natorial rf magnetron co-sputtering system is expected to expand
further application fields to electronic devices including an active
channel layer for oxide TFTs.

4. Conclusion

In summary, the WInZnO film prepared on glass substrate by
combinatorial rf magnetron co-sputtering at R.T using the 1ZO and
WOs targets was first introduced. A compositionally spread films
accompanied by reduction in film thickness were made at once.
The content of W and O elements increased gradually, as the
sample position moved toward WOs5 target; namely, it is easy to
control the chemical composition in the films by introducing the

combinatorial sputtering system. Furthermore, the bandgap
energy increased with decreasing film thickness. All the films
regardless of the sample position exhibited the amorphous phase.
Incorporated W metal cations in the WInZnO film seemed to
play a role in binding oxygen, because the electrical resistivity
exponentially increased with decreasing carrier concentration.
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