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Abstract: Amorphous oxide semiconductors (AOSs) are interesting materials which combine optical
transparency with high electron mobility. AOSs can be prepared at low temperatures by high
throughput deposition techniques such as magnetron sputtering and are thus suitable for flexible
transparent electronics such as flexible displays, thin-film transistors, and sensors. In magnetron
sputtering the energy input into the growing film can be controlled by the plasma conditions instead of
the substrate temperature. Here, we report on magnetron sputtering of InGaZnO (IGZO) and ZnSnO
(ZTO) with a focus on the effect of deposition conditions on the film properties. IGZO films were
deposited by radio-frequency (RF) sputtering from an oxide target while for ZTO, reactive sputtering
from an alloy target was used. All films were deposited without substrate heating and characterized
with respect to microstructure, electron mobility, and resistivity. The best as-deposited IGZO films
exhibited a resistivity of about 2 X 1072 Ohm-cm and an electron mobility of 18 cm?-V~1-s~1. The
lateral distribution of the electrical properties in such films is mainly related to the activity and amount
of oxygen reaching the substrate surface as well as its spatial distribution. The lateral uniformity is
strongly influenced by the composition and energy of the material flux towards the substrate.
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1. Introduction

Amorphous oxide semiconductors (AOSs) are important building blocks for flexible electronics
where low deposition temperature is essential and when heat sensitive substrates are used. New
materials and associated fabrication processes are crucial for flexible electronics. Microelectronics
are normally based on high quality Si, which is difficult to produce in thin film forms at low
temperature [1,2]. Hence, low temperature amorphous materials have attracted considerable attention
recently. Amorphous oxide semiconductors provide a unique combination of high electron mobility
and optical transparency. Moreover, thin film AOSs can be synthesized at room temperature. The
most prominent example of AOSs is InGaZnO, which was reported for the first time in 2004 [3-5] and
is presently used, for instance, in flexible transparent thin film transistors in liquid-crystal displays
(LCDs) or solar cells. Due to the limited availability of indium, there has been a growing interest in
In-free alternatives to InGaZnO. Several materials with promising properties, such as GaSnZnO and
SnZnO, have been reported [6-8]. Although AOSs offer very interesting properties, long term stability
of devices based on AOSs is still an issue. It has been shown recently that oxygen incorporation into
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AOSs does significantly affect the behavior of the resulting devices. Excess weakly bonded oxygen is
incorporated into the material and creates deep trap states [9].

Most AOSs are deposited by radio-frequency (RF) magnetron sputtering from ceramic targets. In
our experiments we sputtered films from both ceramic and metallic targets. This widened the range
of available processing conditions during sputtering from metallic targets and in the case of ceramic
targets we enriched the sputtering atmosphere with oxygen to incorporate more oxygen into the
growing film. The control of oxygen partial pressures allows for fine tuning of the thin film properties
and helps to identify the role of oxygen in the deposition process. There are two potential challenges
in reactive deposition of oxides. Reactive sputtering typically requires a feedback process control
because of the hysteresis effect which normally occurs. The process control enables operation inside
the transition region where stoichiometric films may be synthesized at a relatively high rate while
keeping the oxygen pressure at a sufficiently low level [10-13].

In this work, the lateral distribution of the electrical properties and chemical composition of
InGaZnO (IGZO) and ZnSnO (ZTO) thin films prepared by reactive RF magnetron sputtering on glass
substrates without additional heating are investigated across a distance of 80 mm by means of Hall
measurement and X-ray photoelectron spectroscopy (XPS). Negative oxygen ions that are formed at
the target surface gain energies up to the full target potential and may be detrimental for film growth.
However, a phenomenon in planar magnetron sputtering of oxides that is not yet well investigated is
the laterally non-uniform film properties resulting from the laterally inhomogeneous erosion of the
target. The lateral position points towards different plasma activations of oxygen and hence different
oxidation degrees of the growing film, resulting in a change of electrical properties.

2. Materials and Methods

The thin films of IGZO and ZTO were deposited by reactive RF magnetron sputtering in a
custom-made deposition system with a cylindrical stainless-steel chamber of about 20 dm? which was
evacuated by a cryopump. The base pressure was kept below 3 x 107> Pa. Argon and oxygen, both of
99.995% purity, were introduced into the chamber at flow rates of ¢4, and ¢o,, respectively, which
were set by mass-flow controllers. The working pressure was adjusted via a throttle valve and the total
pressure was kept constant at 0.4 and 1 Pa, respectively. The deposition time was set in order to deposit
films with a thickness of ~400 nm. All depositions were performed by RF magnetron sputtering from a
circular unbalanced magnetron source with a target diameter of 50 mm.

The a-IGZO films were deposited from a ceramic InGaZnOQ, target (InyO3/Ga;O3/ZnO 1:1:1, purity
99.99%) in an Ar and Ar/O, atmosphere using 100 W RF power. Three oxygen flow rates of ¢po, =0,
0.2, and 0.4 sccm were used and that of argon was adjusted in order to maintain a total gas flow of
d(ar + 0,) = 70 scem. The working pressure was adjusted via a throttle valve and the total pressure
was kept constant, for the Ar and Ar/O, atmosphere, at 0.4 Pa. During deposition of a-ZTO films a
metal ZnSn target (Zn/Sn 2:1, purity 99.99%) was used. The discharge power was kept constant at
60 W. During all of the ZTO film depositions, the pressure was fixed and the oxygen and argon flow
was varied from a 0.153 to a 0.2 O,/Ar ratio, corresponding to an oxygen flow of 10 to 15 sccm.

All films were deposited onto silicon (100) wafers and soda-lime glass (1 mm thick) with no
intentional substrate heating. Si substrates were cleaned first using an ultrasonic bath of acetone and
subsequently cleaned in isopropanol and dried, and the soda-lime glass was cleaned by a standard
RCA process. All depositions were carried out on electrically floating substrates with a target-substrate
distance of 100 mm. Rectangular substrates 100 mm long were used to study the variation of the film
properties as a function of lateral position +40 mm from the substrate holder center located opposite to
the center of the sputtering target.

The electrical properties, i.e., electrical resistivity, carrier mobility, and concentration, were
determined using the differential van der Pauw method at room temperature, using a Keithley 6221
current source, and two electrometers, a Keithley 6514 with a Keithley 2182A nanovoltmeter together
with a Keithley 708 B switching matrix (all by Keythley Instruments, Solon, OH, USA) and magnetic
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field of +0.2 T. Square glass substrate samples (around 5 mm X 5 mm) provided with soldered In
contacts in the corners were used for electrical measurements. The films” compositions were analyzed
by XPS (by Physical Electronics, Chanhassen, MN, USA) with an X-ray Al-K« source.

3. Results

All film characterization was performed at different distances from the substrate center in order
to identify lateral variation of the sputtered films’ properties. The inhomogeneous erosion of a
sputtering target in planar magnetron sputtering results in variations in the growth conditions across
the substrate. The plasma conditions or non-uniform ion bombardment may also result in a gradient
in the film properties.

Starting with the resistivity, a clear lateral variation can be observed for both studied materials.
This is seen in Figure 1, which shows how the resistivity varies over the deposited film. For IGZO
films grown without additional oxygen, the lowest resistivities are achieved at a distance of £20 mm
from the center. With increasing addition of oxygen, the point with lowest resistivity moves further
out toward the edges of the substrate. ZTO exhibits similar behavior, albeit at higher oxygen flows.
With an increasing amount of oxygen the films become most conductive in the central area. With a
further increase in oxygen'’s partial pressure the resistivity decreases until the trend reverses; when the
oxygen supply is increased even more, this point with the lowest resistivity shifts towards the edges of
the substrate in agreement with the behavior observed for IGZO.
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Figure 1. Variation of the InGaZnO (IGZO) (a) and ZnSnO (ZTO) (b) resistivity as a function of the
substrate position with increasing oxygen supply.

When comparing the resistivities of the IGZO and ZTO films, there is a similar effect on the lateral
position. Since ZTO films were grown from metallic targets these changes are even more pronounced
due to the control of oxygen amount introduced to the sputtering process in a wider range. The range
of oxygen partial pressures allows for fine tuning of the thin film properties and helps to identify the
role of oxygen in the deposition process.

To explain the variation of resistivity across the substrate, detailed chemical bonding states of the
elements and their respective concentrations were examined by XPS. The XPS measurements, shown
in Figure 2, reveal significant variations in the distribution of the elements. There is an increasing
concentration of oxygen and gallium towards the center, while zinc and indium have their minimum
concentrations at the center. This phenomenon is even more pronounced with oxygen addition.
Moreover, the gallium peak shows a change from metallic Ga (at 17.8 eV) to ceramic GayO3 (at 19.8 eV)
with decreasing distance from the center of the substrate (see Figure 3).
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Figure 2. Lateral distribution of elements in IGZO films.

It seems that a significantly higher partial pressure is needed to oxidize the films located close
to the substrate edges where not all the Ga has entered into the IGZO lattice sites but is partially
segregated and has formed metallic Ga. Additionally, the chemical compositions of the films remain
more or less stable at the substrate edges. However, starting at 20 mm from the substrate/target center,
the concentrations of oxygen and gallium increase through the investigated volume of the material
at the expense of indium and zinc. The observed lateral variations are heavily influenced by the
composition and energy of the material flux towards the substrate.
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Figure 3. X-ray photoelectron spectroscopy (XPS) of Ga 3d peak which indicates a shift from Ga,O3
(19.8 eV) at the center to metallic Ga (17.8 eV) towards the edge.

From the XPS analysis together with the resistivity measurements it can be concluded that zinc and
indium atoms increase the conductivity whereas gallium and oxygen atoms give rise to an increased
resistivity of the sputtered IGZO films. This is seen in Figure 4.

The observed trends may be caused by oxygen vacancy variations, which determine the final
free electron concentration in the sputtered films. In keeping with the study of A. Murrat [14] and G.
H. Kim [15], oxygen vacancy distribution exhibits a trend with respect to Ga in InGaZnQy, since the
Ga ions have a stronger chemical bond with oxygen compared to Zn and In atoms. Accordingly, we
can conclude that with increasing Ga atomic content the electron concentration is suppressed and the
IGZO films’ conductivity steeply decreases.
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Figure 4. IGZO films’ resistivity dependence on the element atomic concentration measured from

substrate center “0” to the edges “30”.

Figure 5 shows the variations in charge carrier concentration (#), Hall mobility (u), and resistivity
(p), of amorphous IGZO and ZTO films sputtered in an-oxygen enriched atmosphere. For the ZTO
films, the resistivity steeply decreases from 10° to 10~!, whereas the carrier concentration and mobility

increases with an increasing O,/Ar ratio from 0.15 to 0.18% from 1.3 x 10'° to 1.7 x 10'® cm™

and

from 2.8 to 18.2 cm?/(Vs), respectively. With a further O,/Ar ratio increase, the mobility slightly
decreases, while the resistivity and carrier concentration remain stable for up to a 0.2 Op/Ar ratio. For
the IGZO films, the oxygen addition slightly increases the mobility and resistivity, while the carrier
concentration drops down. When comparing Hall results with XPS analysis data the effect of the Ga/Zn
ratio was investigated. With an increasing Ga/Zn ratio the mobility increased from 7 to 15.6 cm?/(V's),
the resistivity increased by two orders of magnitude, and the electron concentration decreased from
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Figure 5. Charge carrier concentration (1), Hall mobility (i), and resistivity (p) of IGZO (a) and ZTO
(b) films.
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4. Discussion

These results illustrate the sensitivity of electrical properties to Ga impurity scattering and
oxidation degree as well as to the Ga/Zn ratio in the IGZO films. For our a-IGZO films, we suggest that
defects create donor levels in the band gap. The nature of these defects depends on the film composition
and thus on the oxygen flow rate. Taking into account the electronic and coordination structures
from Nomura et al. [3], a-IGZO is basically formed by compounds that constitute the n-type oxide
semiconductors, such as InyOs, GapO3, and ZnO. The large spherical 5s orbitals of metals can produce
extended energy states at the bottom of the conduction band, leading to more free electrons [16].

The lateral variations of the electric properties are influenced by the composition and energy of the
material flux towards the substrate. As depositions are carried out on stationary substrates, variations
in growth conditions across the substrate are to be expected. It is known that in magnetron sputtering
of oxides, energetic negative oxygen ions may have a pronounced impact on the film properties [17].
Due to the formation of an oxide at the target surface, the partial sputtering yields of the metallic atoms
change with an increasing degree of oxidation [18]. In addition, differences in the deposition rate lead
to a different ratio between the metal and oxygen flux.

Our results, however, cannot be explained by either of the above effects. Instead, the results seem
to indicate more efficient incorporation of oxygen and thus higher oxidation of the surface directly
facing the magnetron. The observed variations can be tentatively explained by plasma activation of
oxygen. The plasma density was found to be higher immediately under the target where the highest
degree of oxidation also occurs. Areas outside this region required significantly higher oxygen partial
pressure to reach the same degree of oxidation. The plasma activation may be very efficient in reducing
the amount of unreacted oxygen in the material. This has been shown [19] to improve long-term
stability of IGZO transistors.

5. Conclusions

In this work, high-mobility InGaZnO and ZnSnO films reactively sputtered at room temperature
with variable oxygen addition have been presented. The effect of different plasma/discharge conditions
has been examined to identify the relation between growth conditions and properties of InGaZnO and
ZnSnO films. Control of oxygen incorporation and its impact on Ga and Zn atom coordination turned
out to be critical for room-temperature-grown AOSs with electrical parameters suitable for thin film
transistors. With an increasing Ga/Zn ratio the free electron concentration was found to drop because
of a lower oxidation potential of Ga atoms compared to Zn and In ions in IGZO. The results suggest
that oxygen is more efficiently incorporated into the films at the center, facing the sputtering target, in
the case of IGZO and ZTO. This is somewhat surprising considering that the deposition rate is higher
in the central area and it may be expected that the required oxygen pressure will be higher as well.
Further studies of metal and oxygen flux across the substrate area are desirable to bring more light to
the presented results.
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