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Multi-functions (conductor, semiconductor and insulator) ZnInSnO (ZITO) transparent oxide thin films
have been obtained by a co-sputtering system using ITO target and ZnO target with oxygen gas contents
(0-8%). The ZITO film containing a small ITO content had the lowest resistivity (good electron mobil-
ity) and higher optical transmittance. In addition, the influences of thermal treatments (post-annealing
and substrate temperature) on electrical properties and optical transmittance of ZITO films were stud-

ied. Photoluminescence (PL) of the ZITO film confirmed the contribution of ITO content and oxygen gas

content on the photo-emission. The ZITO film with zinc atomic concentration of 58 at.% was a good can-

K ds:
Z%wor s didate for TCO material (3.08 x 10~ €2 cm). Under the substrate temperature of 100 °C or post-annealing
ITO temperature of 200 °C, the properties of ZITO film could be improved.
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1. Introduction

ZnO-based transparent conductive oxide (TCO) film has been
received great attention due to its potential applications in
transparency electrodes [1,2] and various optoelectronic devices
[3-6]. To achieve better efficiency, various multi-compound
TCO films were fabricated and further applied in optoelec-
tronic device. Minami [7] used low-resistivity ZnO-In,03 thin
film to substitute for indium tin oxide (ITO) transparent elec-
trode. Heo et al. [8] not only grew the Zn-In-Sn-O film (not
co-sputtering method) at the substrate temperature of 250°C,
but also applied in the organic light-emitting diodes (OLEDs).
The Zn-In-Sn-0 film was further used as a transparent anode
in fabrication of the flexible OLEDs [9]. In addition, amorphous
semiconductor Zn-In-Sn-O materials have been also employed
as the active layers of thin film transistors (TFTs) due to its
high mobility (>10cm?/Vs) and reasonable Ionof ratio (>10°)
[10,11].

The Zn-In-Sn-0 (ZITO) films may have a potential application
in different optoelectronic devices (photodetector, piezoelectric
devices or gas sensor, etc.). Therefore, the variations in the ratios
of ZnO to ITO and thermal effects (substrate and post-annealing
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temperatures) for the ZITO characteristics were worth to inves-
tigate. In addition, the luminescent quality mainly affected the
photodetector performance, however the characteristics of pho-
toluminescence (PL) for Zn-In-Sn-0 (ZITO) film has never been
reported.

Judging from the above, the multi-compound ZITO films (have
conductive and semiconducting properties) were synthesized by
co-sputtering system in present work, while the influences of the
substrate temperatures (30-200°C) and post-annealing tempera-
tures (30-400°C for 30 min) on electrical and optical properties
of conductive ZITO film were also investigated. Notably, the ZITO
films would be measured by photoluminescence (PL) to analyze
the effects of ITO content and oxygen gas content on the emission
characteristics.

2. Experimental procedures

ZITO films were co-deposited onto the glass substrate using an ITO target and a
ZnO target (ULVAC, Model ACS-4000-C3). The initial pressure of deposition cham-
ber was 2.3 x 10-° Pa and the depositing pressure was kept at 1.9 x 10~ Pa. The
RF power supplied to the ZnO target was fixed at 80 W while the DC power sup-
plied to ITO target was varied from 0 to 80 W, respectively. Contrarily, the ITO
target was fixed at 80 W and then ZnO target was varied from 10 to 40W. As a
result, the ZITO films were referred to the ratio of zinc atomic concentration to
the total atomic concentration of zinc and indium [Zn/(Zn +In)at.%]. In addition,
the different functions (conductor and semiconductor) of ZITO films were obtained
by adjusting the substrate temperature (30-200°C) and oxygen partial pressure
[02/(0O3 +Ar)=0-8%] during the deposited process. To understand the contribu-
tions of post-annealing on conductivity and transmittance, the ZITO films were
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also treated at different post-annealing temperatures (30-400°C) for 30 min in
vacuum.

The detailed compositions of all ZITO films were checked using an attached
energy dispersive X-ray (EDX) spectroscope of a scanning electron microscope
(SEM). The crystalline structure of ZITO films was examined by multipurpose X-ray
thin film diffraction (XRD). In addition, the optical transmittance and electrical prop-
erties were measured by an UV-vis spectroscopy and the Hall measurement system,
respectively. Finally, photoluminescence (PL) was used to analyze the optical quality
by 325 nm UV light from a He-Cd laser at room temperature.

3. Results and discussion
3.1. Structural characteristics of ZITO films

Fig. 1 shows the X-ray diffraction patterns of ZITO films
deposited at room temperature as a function of various zinc atomic
concentration ratios [Zn/(Zn +In) at.%]. For pure ITO film, the poly-
crystalline structure with an obvious diffraction peak of (2 2 2) was
obtained [12]. After a small amount of Zn [Zn/(Zn +In) =5 at.%] was
doped, the intensity of the major diffraction peaks decreased which
indicating that the crystallization of ZITO film deteriorated. With
increasing the Zn concentration at the atomic ratios varying from
5% to 21%, the ZITO films were still dominated by ITO polycrys-
talline structure. The intensity of (2 2 2) peak reached a maximum
value at the atomic ratio of 17% and then decreased. Notably, the
In, 03 phase was found at the Zn atomic concentration ratio reached
32%. Following, the polycrystalline structure was transformed into
an amorphous-like structure at the Zn atomic concentration ratios
varying from 58% to 69%. In fact, the crystallization of this ZITO
film (69%) was dominated by Zn;In,0Os5 phase and In;O3; phase
(Fig. 1(c)). When the Zn atomic concentration was less than 69%,
the crystallized effect of the In,O3 phases was quite obvious. This
amorphous-like structure was similar to the data of previous lit-
erature [13] that may be applied in transistors. At the Zn atomic
concentration ratio increased up to 76%, not only the Zn;In,05
phase existed, but also the related diffraction peak of ZnO appeared
and dominated the ZITO film.

3.2. The effects of Zn atomic concentration

The resistivity, electron mobility and optical transmittance in
visible region (390-800 nm) of ZITO films are shown in Fig. 2. These
films were deposited at room temperature under a pure argon
atmosphere (flow rate of 14 sccm). For pure ITO film, the film resis-
tivity and electron mobility was 3.51 x 10~4 Q cm and 9.67 cm?/V's,
respectively. With increasing the zinc atomic concentration ratio,
the lowest resistivity of ZITO film (1.62 x 104  cm) was achieved
at the Zn atomic concentration ratio of 32%. The main reason is that
the Zn%* ions not only substituted for In3* ions sites, but also formed
the oxygen vacancies resulted in the decrement of resistivity under
the polycrystalline ITO structure region (0-32%) [14].

As the Zn atomic concentration ratio increased up 32%, the
resistivity of ZITO films was gradually increased and the electron
mobility decreased. These results were indicated that the existence
of excess ZnO impurities not only decreased the film resistivity, but
also promoted the decrement of electron mobility [15,16]. In addi-
tion, regardless of the Zn contents, the average transmittance in
visible region (390-800 nm) of pure ITO film and all ZITO films pos-
sessed an excellent transparency (over 87%). To consider the cost
(ITO content), ZITO film with a Zn atomic concentration ratio of
58% not only had a low resistivity (3.08 x 10~4  cm), fastest elec-
tron mobility (13.9 cm?2/V s), but also possessed an excellent optical
transmittance that can be as good candidate for TCO electrode.
According to XRD and electrical properties results, to adjust the
oxygen content during the deposited process, the characteristics of
ZITO films with a Zn atomic concentration ratio of 69-89% could
be transformed from conductor to semiconductor that be suitable
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Fig. 1. X-ray diffraction patterns of ZITO films deposited with various zinc atomic
concentration ratios. (a) 0-21 at.%, (b) 32-89at.% and (c) the magnified pattern of
69at.% film.

for active layer of thin film transistors (TFTs) and photodetector,
respectively.

3.3. ZITO electrode (Zn atomic concentration ratio of 58%)

To understand the effects of substrate temperature and fur-
ther apply in optoelectronic devices of flexible substrate, the ZITO
film was deposited under the different substrate temperatures
(30-200°C). Fig. 3 shows the resistivity, electron mobility and
optical transmittance of the ZITO film as a function of different
substrate temperatures. With increasing the substrate tempera-
ture, the resistivity of ZITO film achieved a minimum value of
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Fig. 2. Resistivity, electron mobility and optical transmittance as functions of zinc
contents for ZITO films.
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Fig. 3. Resistivity, electron mobility and optical transmittance of ZITO electrode
deposited at different substrate temperatures.

2.18 x 1074 Qcm at substrate temperature of 100°C and then
increased. The decrement of resistivity was associated with the
improvement of the crystallization quality and more formation of
oxygen vacancies [17,18]. Contrarily, the resistivity increased as
the substrate temperature more than 100 °C that attributed to the
formation of oxygen vacancies were suppressed due to the oxy-
gen atoms were prone to react with zinc atoms [8,19]. In addition,
the electron mobility and average transmittance in visible range
of ZITO film decreased when the substrate temperature increased
which associated with the growth of grains [17,20,21].

The post-annealing is an important role for transparent con-
ductive oxide thin film that not only improved the crystalline
quality and electrical properties, but also enhanced the perfor-
mance of optoelectronic devices [22,23]. Therefore, the resistivity
and optical transmittance of ZITO electrodes annealed at different
temperatures under vacuum as shown in Fig. 4. At lower anneal-
ing temperature (<200 °C), the film resistivity decreased with the
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Fig. 4. Resistivity and optical transmittance of ZITO electrode post-annealed at dif-
ferent temperatures.
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Fig. 5. Resistivity and optical transmittance of ZITO film as functions of O, gas
concentration [0, /(0; +Ar)%].

increment of annealing temperature. The main reason is that the
crystalline grain size became larger resulted in the amount of
trapping states reduced [24]. As annealing temperature was more
than 200°C, the film resistivity rapidly raised which associated
with the more zinc acceptor impurities were activated to recom-
bine with the oxygen resulted in reduction of oxygen vacancies
[19,25]. The average transmittance in visible region (390-800 nm)
of as-deposited film is about 90.9%. When the post-annealing tem-
peratures were raised, the average transmittance in visible region
of film slightly decreased which associated with the increment of
surface roughness [26]. Briefly, a suitable substrate temperature
(100°C) can promote the film resistivity under the depositing pro-
cess. However, the resistivity and optical transmittance of ZITO film
could not be efficiently improved by a post-annealing.

3.4. Semiconducting ZITO film (Zn atomic concentration ratio of
69% and 89%)

According to the XRD (Fig. 1), the ZITO film with Zn atomic
concentration ratio of 69% was an amorphous-like structure that
was suitable for the application in thin film transistors (TFTs). To
achieve the semiconductor characteristic, the ZITO film with Zn
atomic concentration ratio of 69% was selected to adjust the resis-
tivity under the different oxygen partial pressures. Fig. 5 shows
the resistivity and optical transmittance of ZITO films under the
different oxygen gas concentrations. The resistivity of ZITO films
increased with increasing the oxygen gas pressure (0-8%) which
revealing the more oxygen interstitials existed in lattice resulted
in the amount of electron-trapping centers increased [27]. As the
oxygen gas pressure was more than 3.85%, the ZITO films possessed
a semiconductor characteristic (>6.05 x 10°> Q cm) that could be
applied in TFT devices [28]. In addition, the average transmittance
in visible region of all films was about 81% which indicated that the
influence of oxygen gas concentration on optical transmittance of
ZITO films was not obvious during the depositing processes.

To investigate the luminescence properties of the semicon-
ducting films, the ZITO films under the different oxygen partial
pressures (0%, 3.85% and 8.16%) were measured by photolumines-
cence (PL) at room temperature (Fig. 6(a)). The PL characteristics
of present ZITO films presented three distinct emissions in a vio-
let luminescence at 2.95eV, three green luminescence peaks at
2.41eV, 2.31eV and 2.28eV and two red luminescence peaks at
1.79eV and 1.75eV. The violet luminescence can be attributed
to the interface traps present at the depletion region near the
grain boundaries [29]. The green luminescence originated from
the recombination of the holes with the single ionized charge of
oxygen-vacancy (Vo*) [30,31]. The red luminescence was related
to the oxygen-vacancy (Vy) or zinc interstitial (Zn;) [32,33]. Com-
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Fig. 6. (a) PL spectrum with different O, gas contents for ZITO film with Zn atomic
concentration ratio of 69%. (b) PL spectrum of ZITO film with Zn atomic concentration
ratio of 89%.

paring to the ZnO film [5], the violet emission position of present
ZITO film exhibited a red-shift from 3.18 eV to 2.95 eV which indi-
cated that the doped ITO resulted in the increment of nonradiative
recombination [34]. Notably, when the oxygen gas was injected, the
ZITO films presented an orange luminescence peak at 2.03 eV that
may be associated with the single ionized oxygen interstitial (O;~)
[35]. Notably, the intensity of luminescence increased with increas-
ing the oxygen gas content. The main reason is that more defects
(singly ionized oxygen and zinc interstitial) were generated during
the deposited process. These defects were acted as donor-acceptor
pair and further enhanced the luminescence intensity [36].

In addition, the ZITO film with Zn atomic concentration ratio
of 89% had a good crystallization and lower cost (the lowest ITO
concentration) that may be as a candidate for the active layer of
photodetectors. Therefore, PL was used to check its optical quality.
Fig. 6(b) shows the PL spectrum (at room temperature) of ZITO film
with Zn atomic concentration ratio of 89%. In this spectrum, the film
exhibited a broad emission band (violet-yellow emission) which
resulted from the deep level or trap state emission [37]. This broad
emission can be divided into three emission bands at violet emis-
sion of 440 nm (2.82eV), green emission of 550 nm (2.41eV) and
yellow emission of 596 nm (2.08 eV), respectively. This violet emis-
sion was mainly attributed to the radiative recombination related
to the interface traps between the grain boundaries [38]. Also, the
existence of oxygen vacancies and indium-oxygen vacancy cen-
ters probably resulted in the generation of this violet emission [39].
These visible emissions of 550 nm and 596 nm were corresponding
to the deep-level emission that originated from the oxygen vacan-
cies in ZITO films and radiative recombination of electron form
shallow donors with trapped holes, respectively [40]. According to
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Fig.7. (a) Variations in resistivity for ZITO (Zn atomic concentration of 58% and 69%)
and ITO films at different substrate and post-annealing temperatures. (b) Variations
in resistivity and PL intensity for ZITO (Zn atomic concentration of 69%) film at
different O, gas concentrations.

above results, the ZITO film has good potential to apply in different
optoelectronic devices by adjusting the content of ITO phase and
oxygen gas.

Notably, the ZITO film with Zn atomic concentration of 58% had
a low resistivity (3.08 x 10~4 © cm) that can be as a candidate for
TCO material. Under a suitable thermal treatment (substrate tem-
perature of 100°C or post-annealing temperature of 200°C), the
conductivity of ZITO film had improved (Fig. 7(a)). Judging from
the above, the resistivity of ZITO film not only was raised, but also
possessed an amorphous phase when the Zn atomic concentra-
tion increased to 69%. With increasing the oxygen gas to 3.58%, the
ZITO film character was varied from conductor (9.19 x 104 © cm)
to semiconductor (3.92 x 108 2 cm) (Fig. 7(b)). In addition, higher
oxygen gas content could enhance the luminescent property of
ZITO films. Itis clear that the ZITO film possessed different functions
via thermal treatments that could apply in various optoelectronic
devices.

4. Conclusions

The ZITO film with Zn atomic concentration ratio of 58%
not only had good electrical properties (p~3.08 x 10~4Qcm,
1~ 13.9cm?/Vs), but also possessed an excellent transmittance in
visible region (>90%). Under the substrate temperature of 100°C,
the film resistivity could be reduced, while the post-annealing
could not effectively improve the performance of films.

ITO content decreased (Zn atomic concentration ratio of 69%),
the amorphous structure of ZITO film formed. Increased the oxy-
gen gas content (>3.85%), the active layer of TFTs was obtained and
its photoluminescence presented three distinct emissions in violet,
green and red region, respectively. In addition, the ZITO film with Zn
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atomic concentration ratio of 89% not only had a good crystalliza-
tion, but also possessed a potential application in photodetectors
Or gas sensors.
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