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ABSTRACT

Zn-In-Sn-O films were prepared at room temperature by combinatorial RF-magnetron co-sputtering system. The cationic con-

tents of the films were varied using a compositionally combinatorial technique. The effects of the oxygen partial pressure and

film compositionon the structural and electrical properties were investigated. The Zn-In-Sn-O films deposited at Ar gas atmo-

sphere showed an amorphous phaseirrespective of the film composition. However, the amorphous Zn-In-Sn-O films with a Zn con-

tent below 30.0 at% were converted into a bixbyite type-ITO polycrystalline phase with an increase in the oxygen partial pressure.

The resistivity, carrier concentration, and Hall mobility were strongly affected by the oxygen partial pressure and chemical composi-

tion of the film. At sufficiently high carrier densities above 5 × 1018 cm−3, the conduction behavior of amorphous Zn-In-Sn-O film

changes from thermally activated to degenerate band conduction accompanied with high mobility.
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1. Introduction

ecently, multi-component amorphous oxides such as In-

Ga-Zn-O, In-Zn-O, Zn-Sn-O, Zn-In-Sn-O, and W-In-Zn-

O systems have attracted much attention as transparent

electrodes in large-area flexible displays and thin-film solar

cell, or as active semiconductors in thin film transistors.1-6)

Contrary to amorphous covalent semiconductors, where car-

rier transport is limited by bulk defects,7) in metal oxides

the degenerated band conduction is not limited to the band

tail but is dependent on the channel conduction, governed

by metal cations and leading to films with high electron

mobility levels. This behavior is a consequence of a conduc-

tion band bottom primarily derived from spherically sym-

metric elements composed of heavy-metal cations that

satisfy the equation (n − 1)d10ns0 (n ≥ 4) for electronic config-

urations with large radii. Therefore, the adjacent orbitals

overlap, leading to the formation of well-defined conduction

paths in multi-component metal oxides.8,9)

Amorphous Zn-In-Sn-O film is a potential candidate as an

alternative to indium tin oxide (ITO) as a transparent

electrode material in OLED devices.10-12) We reported that

during the combinatorial synthesis of ITO-ZnO composition

spread film, the resistivity depended on the film structure

as well as the Zn content. The amorphous Zn-In-Sn-O film

with a resistivity level of 3.0 × 10−4
Ω·cm and transmittance

of 86% (at 550 nm) was obtained with a Zn content[Zn/

(Zn + In + Sn)] of 16.0 at%. Above all, we could actually

reduce the In content to as low as~ 30 at% compared to that

[In content : 83.2 at% (In / In + Sn)] of ITO having aresistiv-

ity value of ~ 10−4
Ω·cm. Beyond exhibiting high conductiv-

ity and transparency, it was noted that the amorphous Zn-

In-Sn-O films possessed unusually high work functions (5.2

~ 6.1 eV vs. 4.7 eV for ITO),13) thus of fering insight into the

influence of the anode work function on the hole injection

efficiency and OLED performance(turn-on voltage, current-

voltage response, and luminous efficiency) of these devices.

Based on these research results, here we also report oxy-

gen partial pressure dependence of the structural proper-

ties, electrical properties, and carrier transport properties of

Zn-In-Sn-O films. We found that the Hall mobility increased

asthe carrier concentration increased and that high levels of

mobility that exceeded 10 cm2V−1s−1could be obtained at car-

rier concentrations above ~1018 cm−3.

2. Experimental Procedure

For this study, combinatorial libraries were deposited

from an ITO [Sn (10 wt%) doped In
2
O

3
, 99.99%] target and a

ZnO [99.99%] target onto 180 mm × 50 mm glass substrates

at room temperature. The sputtering system consists of a

vacuum chamber reactor (ULVAC MB07-4501) with four

sputtering guns (4-in)located on either side of the substrate

center. The sputter guns are positioned such that a thick-

ness gradient is obtained in the deposited films to therefore

produce a compositionally graded film during the co-sput-

tering process from both guns at the same time. The combi-
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natorial deposition process and deposited sample library are

shown schematically in Fig. 1. The sputtering guns are posi-

tioned in such a way to produce a compositional gradient

across the sample in one direction and no gradient in the

other direction. The sputtering system was equipped with a

turbo-molecular pump, and its base pressure was less than

5 × 10−6 Pa. The substrate-to-target (D
ts
) distance was 150 mm,

perpendicularly. Sputtering was carried out for 30 minutes

in pure argon and argon + oxygen atmospheres with an ITO

RF power of 200 W and a ZnO RF power of 50 W. During

the deposition process, the oxygen partial pressure in the

chamber varied from 1.36 mPa to 6.8 mPa while maintain-

ing a total gas pressure of 170 mPa. A similar setup for the

deposition of Zn-In-Sn-O films on a glass substrate was

used in a previous study.14)

The thickness was determined by an optical thickness

monitoring system (K-Mac ST 5000). The sheet resistance

was measured using a conventional four-point probe sys-

tem. The resistivity, carrier concentration, and Hall mobil-

ity were evaluated using the Van der Pauw method [Lake

Shore Cryotronics] in a temperature range ranging from

room temperature down to 10K. The transmittance was

examined by a UV-Vis-NIR spectrophotometer [Varian

Cary 5000]. The film structure was checked by an X-ray dif-

fraction system (PANalyticalX’pert MPD). The microstruc-

tural and compositional analyses of the films were

performed using a field-emission SEM/EDS system [JEOL

JSM- 7000F]. The surface roughness was analyzed by

atomic force microscopy [AFM XE-200]. The selected-area dif-

fraction patterns (SADP) of the films were examined by trans-

mission electron microscopy (TEM, JEOL JEM2000 FX).

3. Results and Discussion

Table 1 presents the chemical compositions of the Zn-In-

Sn-O film libraries deposited in the pure Ar gas atmo-

sphere. The Zn contents of Zn-In-Sn-O films increased as

the sample position moved closer to the ZnO target; this

result was in contrast to that of the In content. On the other

hand, the Sn content underwent little change. It was also

found that the Zn contents [Zn/(Zn + In + Sn), at%] of the

film libraries ranged from 14.8 to 57.2 at%, as shown in

Table 1.

Table 2 presents the Zn contents [Zn/(Zn + In + Sn), at%]

of the Zn-In-Sn-O film libraries deposited at various Ar/O
2

partial pressures. The Zn contents did not change greatly

as the oxygen partial pressure changed from 1.36 mPa to

6.8 mPa and while keeping the total gas pressure at  170 mPa.

Fig. 2 shows X-ray diffraction patterns of the Zn-In-Sn-O

composition spread films deposited on glass substrates with

changes of the Zn contents [Zn/(Zn + In + Sn), at%] and oxy-

gen partial pressures. All XRD plots of the films deposited

at Ar gas atmosphere exhibited a broad or weak halo peak

with no sharp peaks. Specifically, all of the XRD patterns of

the films irrespective of the sample positions [Zn/(Zn +

In + Sn), at%] exhibited an amorphous phase, indicating

very small grain sizes and a structurally disordered film.

Fig. 1. (a) A schematic diagram of the combinatorial RF mag-
netron co-sputtering system and (b) the samples of
various positions in the combinatorial library.

Table 1. Chemical Composition of Zn-In-Sn-O Film Libraries Deposited at Pure Ar Gas Atmosphere by Combinatorial RF
Magnetron Co-Sputtering System

Sample position I II III IV V VI VII VI

OK 69.1 69.3 70.7 72.0 74.1 75.0 76.4 77.0

InL 24.1 23.2 20.7 18.7 15.5 13.2 10.5 8.8

SnL 2.2 2.2 1.9 1.8 1.2 1.2 1.1 1.0

ZnK 4.6 5.3 6.7 7.6 9.3 10.6 12.0 13.2

[Zn/(In+Sn+Zn), at.%] 14.8 17.3 23.0 27.0 35.8 42.5 50.9 57.2

[In/(In+Sn+Zn), at.%] 78.2 75.4 70.7 66.6 59.7 52.8 44.5 38.4
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However, an increase in the oxygen partial pressure caused

crystallization of films, as shown in Figs. 2(b) and (c). The

crystallinity of the films with Zn contents below 30.0 at%

converted from an amorphous phase into partially a bixby-

ite-type ITO crystalline phase, as confirmed by the peak of

2θ = 30.5o. This indicates that the increase in the oxygen

partial pressure improves the crystallinity of Zn-In-Sn-O

film, especially for amorphous ITO-rich films. On the other

hand, the addition of some amount of Zn atoms into ITO (Zn

content ≥ 30.0 at%) can effectively suppress the crystalliza-

tion of amorphous Zn-In-Sn-O film and lead to excellent

surface smoothness. 15)

Fig. 3 shows TEM bright-field images (BFI) (a) and the

selected-area diffraction pattern (SADP) (b) of the amor-

phous Zn-In-Sn-O film with a Zn content [Zn/(Zn+In+Sn),

at%] of 27.0 at% deposited in a pure Ar gas atmosphere. The

BFI and SADP images also show that the Zn-In-Sn-O films

deposited in the Ar gas atmosphere had an amorphous

phase, according to the XRD measurements. The carrier

generation in Zn-In-Sn-O films is mainly controlled by the

oxygen vacancies (O2− = 1/2O
2
 + 2e−1). A high oxygen partial

pressure would reduce oxygen vacancies and thereby

decreasethe carrier concentration. Fig. 4 shows the varia-

tions in the resistivity, carrier concentration, and Hall

mobility levels of the Zn-In-Sn-O composition spread films

deposited on glass substrates with changes in the Zn con-

tents [Zn/(Zn+In+Sn), at%] and oxygen partial pressures.

The electrical properties of the Zn-In-Sn-O films show

strong dependence on the oxygen partial pressure and film

composition. The resistivity value of 4.53 × 10−4 
Ω·cm for the

Zn-In-Sn-O film with a Zn content of 14.8 at% deposited in

pure Ar gas increased up to 1.21 × 102 cm with the injection

of the oxygen partial pressure up to 6.8 mPa (Fig. 4(a)). At

the same time, the carrier concentration and Hall mobility

tended to decrease with an increase in the oxygen partial

pressure. The carrier concentration decreased from 2.97 ×

1020 cm−3 to 1.22 × 1017 cm-3 and the Hall mobility decreased

from 46.38 cm2V−1s−1 to 0.42 cm2V−1s−1 with an increase in

the oxygen pressure(Figs. 4(b) and (c)). Similar electrical

behaviors were also observed for the ZnO-rich Zn-In-Sn-O

films. It has been reported that the carrier concentration

should exceed a threshold value to obtain a high degree of

mobility intransparent amorphous oxide semiconductors

containing post-transition-metal cations.5, 16,17) For the Zn-

In-Sn-O film, it was reported that a high level of mobility

was obtained when the carrier concentrations exceeded

Table 2. Zn Contents of the Zn-In-Sn-O Film Libraries Deposited at Various Oxygen Partial Pressures Keeping the Total Ar/O
2

Gas Pressure of 170 mPa

Oxygen partial pressure
(mPa)

Zn content [(Zn/Zn+In+Sn), at%]

I II III IV V VI VII VIII

Ar gas only 14.8 17.3 23.0 27.0 35.8 42.5 50.9 57.2

1.36 16.0 19.5 23.5 29.6 35.9 43.2 50.4 59.8

2.04 15.3 19.0 22.6 28.2 35.6 41.7 50.9 58.6

3.40 15.3 18.9 22.7 28.5 35.3 42.0 52.8 59.2

6.80 16.5 21.5 24.5 28.9 39.1 46.0 51.5 57.1

Fig. 2. X-ray diffraction patterns of :(a) the Zn-In-Sn-O com-
position spread films deposited at pure Ar gas, (b) at
O

2
 partial pressure of 1.36 mPa, and (c) at 6.80 mPa

by combinatorial RF magnetron co-sputtering system.
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~1016 cm−3.4) However, in our study, it was noted that high

mobility is obtained when the carrier concentrations exceed

~ 1018 cm−3 from the results of spread Zn-In-Sn-O films with

various compositions, as shown in Fig. 4 (d).

Fig. 5 shows the temperature-dependence of the electrical

conductivity (a) and the assumed energy diagram near the

conduction band edge (b) for the Zn-In-Sn-O films with car-

rier concentrations ranging from ~ 1015 to 1020 cm−3. The

electrical conductivity shows thermally activated behavior

when the carrier concentration is less than 1018 cm−3, and

the behavior changes to degenerate conduction at larger

concentrations. A log σ versus T-1/4 straight plot was confirmed

when the carrier concentration was less than 1018 cm−3, sug-

gesting variable-range-hopping conduction. The tempera-

ture-dependence of the electrical conductivity for the Zn-In-

Sn-O films could be described by the percolation conduction

model, which yields T−1/4 behavior in randomly oriented sys-

tems with potential fluctuations at the bottom of the con-

duction band, as shown in Fig. 5(b). There is a threshold

energy (E
th

) that separates the carrier conduction mecha-

nism from percolation to degenerate conduction. For amor-

phous Zn-In-Sn-O films having sufficiently high carrier

densities values(~ 1018 cm−3) and satisfying the criteria of

Orita et al.,18) the carriers may overcome the potential fluc-

Fig. 3. TEM bright field images (a) and selected area dif-
fraction pattern (b) of the amorphous Zn-In-Sn-O
film with the Zn content [Zn/(Zn + In + Sn), at.%] of
27.0 at.% deposited at pure Ar gas by combinato-
rial RF magnetron co-sputtering system.

Fig. 4. Variations in :(a) resistivity, (b) Carrier concentration, and (c) Hall mobility of the Zn-In-Sn-O composition spread films
with the changes of the Zn contents [Zn/(Zn+In+Sn), at.%] and oxygen partial pressures.(d) Dependence of Hall mobility
on carrier concentration.
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tuations and conduction mechanism changes from percola-

tion to degenerate conduction.5,16,17) This behavior is con-

firmed by the Zn-In-Sn-O films with high electron density

levels that equal or exceed approximately1018 cm−3, where

the conductivity does not show any activated behavior as

the Fermi level exceeds the potential barriers, as shown

in Figs. 5 and 6. This indicates that degenerate band

conduction(≥ 5 × 1018 cm−3) and high levels of mobility

(> 10 cm2V−1s−1) are possible in amorphous Zn-In-Sn-O

films due to the formation of extended conduction paths by

Zn 4s orbitals. 

4. Conclusions

We investigated the oxygen partial pressure-dependence

of the structural and electrical properties of Zn-In-Sn-O

films. Compositionally graded Zn-In-Sn-O film libraries

were deposited simultaneously. All of the films deposited in

an Ar gas atmosphere exhibited an amorphous phase. The

electrical properties of the Zn-In-Sn-O films showed strong

dependence on the oxygen partial pressure and film compo-

sition. The resistivity of the amorphous Zn-In-Sn-O film

increased from 4.53 × 10−4 cm to 1.21 × 102 cm with an

increase of the oxygen partial pressure to 6.8 mPa. At the

same time, the carrier concentration decreased from 2.97 ×

1020 cm−3 to 1.22 × 1017 cm−3 and the Hall mobility decreased

from 46.38 cm2V−1s−1 to 0.42 cm2V−1s−1. The electrical con-

ductivity showed thermally activated behavior when the

carrier concentration was less than ~ 1018 cm−3, and the

behavior changes to degenerate conduction at greater con-

centrations. 
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