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ABSTRACT KEYWORDS

The (In,0,),,3,(Zn0), (SNO,),, ¢ . (denote to IZTO-2) films with x =13, 15, Thin Film; Reactive Mode;
17,19 wt.% were prepared on PET film with a 100-nm-thick SiO, buffer TCO; Flexibility; 1ZTO
layer by using RF-magnetron sputtering method, and their electrical sta-

bilities were tested under various external stresses such as moist heat,

temperature fluctuations and bending of substrate films. The lowest

resistivity of 4.8 x 10=* Qecm was observed in the 1ZTO-2 film of x =

17 wt.% which also had such good properties as high electrical stabil-

ity, surface uniformity, and high conductivity as compared with those of

another (In,0,),,(Zn0),(Sn0,), (IZTO-1) film. These results suggest that

the optimum starting composition for IZTO film with high quality as a

flexible transparent conducting oxide(TCO) film is In,0; : ZnO : SnO, =

7734 :17 : 5.66 wt.%. The electrical stability of the optimum IZTO-2 film

was greatly improved because the SiO, buffer layer introduced between

IZTO thin film and PET substrate acted as a blocking barrier to water

vapour and organic solvents diffusing from the PET film and also as a

buffer layer withstanding the bending damage.

Introduction

At present the In,O;-SnO, (ITO) thin films deposited by using a sputtering method are most
commonly used as transparent conducting oxide (TCO) thin films for optoelectronics devices
such as touch panels, flat panel displays (FPDs) and thin-film solar cells [1-15]. ITO film has
also been used as an electrode in a-Si solar cell of supersaturates type, but some problems
have been reported such as high deposition temperature, instability under hydrogen plasma
atmosphere, and rough surface [16-20]. Recently, In,O;-ZnO (IZO) and In,05-Zn0O-Sn0,
(IZTO) thin films have been actively investigated due to the good optical and electrical prop-
erties comparable to the ITO films [21-27]. Although the electrical properties and chemical
stabilities of the multi-component oxide thin films are highly dependent on their composi-
tions, their effect on the composition of the thin films have not been well known. We exam-
ined IZTO films with the composition ratio of (In,03)e(Zn0)4(SnO; )0« and reported that
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IZTO film with a specific composition ratio of In,O; : ZnO : SnO, = 90 : 7: 3 wt.% (denote
to IZTO-1 film) showed good chemical stability with high electric conductivity, high trans-
mittance and particularly strong adhesion to the substrates. This composition ratios were
based on the optimum composition ratio (In,O3 : ZnO = 90 : 10 wt.%) of ITO thin films
[28-30].

In this work, we investigated IZTO thin films with another composition ratio of
(Iny03)7734(Zn0)4(SnO;) 266« (denote to IZTO-2 films) based on the optimum composi-
tion ratio (In,O; : ZnO = 77.34: 22.66 wt.%) of IZO film [29] and compared their properties
with those of IZTO-1 film. Since most plastic films contain water vapor or organic solvents,
mixing of the vaporized gases in the sputtering process affects the properties of the deposited
IZTO films. We therefore investigated electrical and the mechanical stabilities against exter-
nal stresses such as moist heat, temperature variation, and bending of substrate films for the
IZTO-2 films deposited on PET film with a SiO, buffer layer. The results were compared with
those of IZTO-1 film.

Experimental methods

The composite powders of IZTO-2 (x = 13~19 wt.%) were mixed by using ball mill for
24hours with additional hand milling and were calcined at 1000°C for two hours to remove
the moisture. The 2-inch targets were made under a pressure of 12 tons by using a Caver press
and were solidified for one hour at 600°C in vacuum of 10~ Torr. These sintered pellets were
used as the sputter targets for IZTO-2 films. The IZTO-2 films were deposited on flexible PET
substrates at room temperature by using a conventional rf-magnetron sputtering method. The
PET(Dupont ST504) was obtained by using solid-state polycondensation had 0.7—0.8 dl/g at
a water vapor transmission rate of 4.2 g/cm*/day and glass transition temperature of 80°C the
solid state took about 15 to 20 hours to achieve at 210°C. Thus, the PET with a contraction
rate below 0.1% was thermally very stable at 150°C. The sputtering depositions of IZTO-1 and
IZTO-2 with various composition ratios were carried out at room temperature in a pure Ar
gas at a working pressure of 2 x 107 Torr and an rf-power of 75 W. To make a buffer layer, we
pre-coated SiO, with a thickness of 100 nm on the PET substrate by using an ion-gun-assisted
sputtering method. The PET substrate with a size of 50 x50 mm?* was placed parallel to the
target surface at a distance of 8.5 cm during the deposition.

On the other hand, in a case of IZTO-1 films, we prepared only one film with a composition
of (In;O3)99(Zn0),(Sn0O,); that is known to show the most excellent electrical and chemical
stabilities against the moist heat [25, 27]. IZTO-1 and IZTO-2 films were prepared under the
same sputtering conditions. In order to examine the stability of IZTO films in a practical living
environment, we imposed three specific thermal and moist stresses on the as-deposited films:
(i) a low temperature of —25°C or (ii) a high temperature of 100°C repeated thermal stresses
due to violent temperature switching between quenching at —25°C and annealing at 100°C for
5 min for each process, and (iii) a moist-heat condition at 90% relative humidity (RH) at 80°C.
Also, in the test of bending effect for IZTO films, the substrates were bent around a cylinder of
radius 18 mm or 20 mm. The stress effects of the films are investigated by measuring variation
in their sheet resistance before and after imposition of the stresses. Surface morphology of
the IZTO films was observed by using an atomic force microscope (AFM) and a scanning
electron microscope (SEM). The film thickness was measured by using an «-step profiler and
an ellipsometer. The four-point probe methods were used to measure the sheet resistance of
the films.
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Results and discussion

In Fig. 1(a), we plot the electrical resistivity (p), the carrier concentration (n), and the Hall
mobility (1) as functions of the ZnO content for 150-nm-thick IZTO-2 films deposited at
room temperature on PET substrate. The resistivity of IZTO-2 films decreases with increasing
X up to x = 17wt.%, but over x = 17 wt.%, the resistivity increases again. The lowest resistivity
of 4.8 x 10~* Qecm and the maximum carrier concentration of 3.2 x 10?°/cm? were obtained
in IZTO-2 film of x = 17 wt.%, the Hall mobilities were distributed from 42 to 48 cm?eV ~les~!
for IZTO-2 films. For reference; the resistivity of IZTO-1 film was confirmed to be 5.3 x 10~*
Qecm in the previous work [27].

The sheet resistance of the IZTO-2 film of x = 17 wt.% with a buffer layer is shown in Fig.
1(b) as a function of the film thickness. For comparison, that of IZTO-2 film of x = 17 wt.%
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Figure 1. (a) Resistivity (p), carrier concentration (n), and Hall mobility (i) of the 1ZTO-2 films with various
the composition ratios and (b) sheet resistance of the IZTO-2(x = 17 wt.%) films with and without a buffer

layer as functions of the film
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without a buffer layer is also shown. The sheet resistance rapidly decreases with increasing
thickness in both the films with and without the buffer layer. In general, the sheet resistance
R is inversely proportional to the thickness (R = p/t, where t is the film thickness). The lower
resistivity of the IZTO/SiO,/PET sample is mainly contributed to the excellent surface uni-
formity caused by the inserted layers of SiO, because the buffer layer acts as a blocking barrier
to water vapor or organic solvents diffusing from the PET substrate during deposition. It was
found that the introduction of the buffer layer did not to affect seriously the electrical conduc-
tivity itself, but improved remarkably the stability of the film against external stresses, such as
the moisture, the heat, and the substrate bending, as described below.

Figure 2 shows variations of the sheet resistance under a thermal stress of quenching at
—25°C for 150-nm-thick IZTO-2 films deposited on the PET substrates with a SiO, buffer
layer. It is shown that IZTO-2 film of x = 17wt.% is the most conductive compared to other
films (x = 13, 15, 19 wt.%). It is also shown that all IZTO-2 films are very stable under a
thermal stress of quenching at —25°C. For instance, all films show variation below 1% in
their sheet resistance after being quenched for 240 h.

In Fig. 2 we also show the variation (open circles) of the sheet resistance for IZTO-1 film
with a buffer layer under a thermal stress of quenching at —25°C. The IZTO-2 film with x =
17 wt.% shows a lower sheet resistance of 31.9 /0] than that 37.9 /0] of IZTO-1 film before
the stress and IZTO-2 film is electrically more stable than IZTO-1 film. For instance, the sheet
resistance of IZTO-2 film increases only by 0.8%, while IZTO-1 film increases by 5.5% after
being quenched for 240h.

Figure 3 shows the annealing-time dependence of the sheet resistances under a thermal
stress of heat treatment at 100°C in air for 150-nm-thick IZTO-2 films deposited on PET
substrate with a SiO, buffer layer. As the annealing time increases, the sheet resistance of
IZTO-2 film with x = 17 wt.% is almost constant, but the resistance rises monotonically for
other films (x =13, 15, 19 wt.%). After annealing for 240 h, the sheet resistance increases from
30% to 90% for IZTO-2 films with x = 13, 15, 19 wt.%, but increases only by 5.5% for the film
of x = 17 wt.%.

On the other hand, for comparison, the variation of sheet resistance of IZTO-1 film under
a thermal stress of heat treatment at 100°C in air is also shown in Figure 3. IZTO-2 film of
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Figure 2. The sheet resistance changes as a function of the quenching time during quenching at —25°C for
the 150-nm-thick 1ZTO-2 films of different compositions with a SiO, buffer layer. For comparison, those of
IZTO-1 film are also shown (open circles).
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Figure 3. Variations of the sheet resistance as a function of the annealing time during the annealing at 100°C
for the 150-nm-thick 1ZTO-2 films of different compositions with a SiO, buffer layer. For comparison, the
variation (open circles) of IZTO-1film is also shown.

x = 17 wt.% shows the superior electrical stability than that of IZTO-1 film, which the sheet
resistance of IZTO-1 film increased up to 63% after annealing for 240h.

Figure 4 we plot the variations of the sheet resistance of the IZTO films under more severe
stress: The IZTO films suffered a thermal stress in which a contrasting temperature cycles
repeatedly occurred due to quenching at —25°C and annealing at 100°C for 5 min at each
process. Against the thermal stress of the repeated cyclic processes, all IZTO-2 films show a
comparative stable electrical characteristic. In particular, IZTO-2 film of x = 17 wt.% shows
an excellent electrical stability with a variation less than 0.3%, from 31.9 to 32 Q/U]. This is
much better than that(open circles) of IZTO-1 film, as shown in Fig. 4, against the same severe
stresses, IZTO-1 film responds with a considerable variation of 11.8%, from 37.9 to 42.4 Q/U.
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Figure 4. Changes of the sheet resistances on the repeated number of the violent temperature switching

between quenching at-25°Cand annealing at 100°C for IZTO-2 films with a SiO, buffer layer. For comparison,
the change(open circles) of the sheet resistance on the thermal cyclic stress for IZTO-1 film is also shown.
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Figure 5. Variation of sheet resistance as a function of bending times for (a) IZTO-1 film and (b) IZTO-2 film
of x =17 wt.% with a SiO, buffer layer.

In Fig. 5, we plot the sheet resistance change as a function of bending times for (a) IZTO-1
and (b) IZTO-2 films with a thickness of 150 nm deposited on PET with a SiO, barrier layer.
Here, the PET substrates were positively bent around a cylinder with a diameter of 18 mm and
20 mm, respectively. When the bending radius is 20 mm, the variation in the sheet resistance
of IZTO-1 film is not observed, as shown in Fig. 5(a). However, in a case of the bending diam-
eter of 18 mm, the sheet resistance of IZTO-1 film rapidly increases with increasing bending
times. This variation in the sheet resistance to bending largely occurs at bending time less than
100 times, and the variation rate significantly decreases at bendings over 100 times. As shown
in Fig. 5(b), the variation in the sheet resistance of IZTO-2 film show trends similar to those
of IZTO-1 film, but the variation of IZTO-2 film is much less than that of IZTO-1 film in the
bending with a diameter of 18 mm. Therefore, IZTO-2 film is found to be more stable than
IZTO-1 film against the bending stress, and the critical bending diameter to secure flexibility
is also found to be over 18 mm for the IZTO films with a thickness of about 150 nm.

Because the surface uniformity of the TCO films is a very important for ensuring a long
life time of optical devices, the AFM images and XRD patterns of the as deposited IZTO films
on PET substrates and their spectra of section analysis are shown in Fig. 6. A close-packed
columnar structure of sharp tips is observed in the surface morphology of the IZTO-2/PET
film, as shown in Fig. 6(a). The root-mean-square (RMS) value of the IZTO-2/PET film is
estimated as 1.041 nm, which is a detailed average of the surface roughness and is evaluated
from the section analysis of the AFM images of the film surfaces. In Fig. 6(b), however, the
IZTO-2/Si0,/PET with a buffer layer has a smoother and more uniform surface with an RMS
value of 0.551 nm, which means that the SiO, layer contributes to the uniformity of the film
in the process of deposition. For comparison, AFM image and the section analysis of IZTO-1
film with a buffer layer are also shown in Fig. 6(c). It is found that IZTO-2 films have excellent
surface uniformity in comparison with IZTO-1 film. Therefore, we can guess that IZTO films
are more uniformed as the relative proportions of Sn to Zn (Sn/Zn) decreases.

On the other hand, the Fig. 6(b), shows a XRD patterns for as deposited IZTO-2 films with
a SiO, buffer layer. For comparison, that of IZTO-1 film with the buffer layer is also shown.
The X-rays are injected perpendicularly to the deposited IZTO layer. There are not observed
any crystalline peaks except peak at near 260 = 27° in all films. The peak at near 26 = 27°
was identified to be peak due to the hard coating layer pre-coated on PET(Dupont ST504),
as shown in previous work [22]. Therefore, IZTO films deposited on PET has amorphous
structures.
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Figure 6. Typical AFM images and their spectra of section analysis for IZTO-2 film of x = 17wt.%, (a)without
and (b) with a buffer layer, (c) IZTO-1film with a buffer layer, and (d) XRD patterns of IZTO-1film and 1ZTO-2
films with a buffer layer.

Conclusion

In this work, IZTO-2 thin films of (In,03)7734(Zn0)4 (SN0 )25 ¢6—x Withx =13,15,17, 19 wt.%
were prepared on PET with a SiO, buffer layer by using rf-magnetron sputtering method, and
their electrical stabilities under various external stresses such as the moist heat, temperature
fluctuations and bending of substrate films. We found that IZTO-2 film with x = 17 wt.% had
better electrical stability, surface uniformity and electrical conductivity than those of IZTO-1,
(In;03)90(Zn0)7(Sn0O,);5 thin film. These results suggest that the optimum initial composi-
tion ratio of IZTO thin film is In, O3 : ZnO; SnO, = 77.34 : 17 : 5.66 wt.%. We also found that
the electrical stability is greatly improved with the SiO, buffer layer between IZTO thin film
and PET substrate, which act as a blocking barrier to water and organic vapour diffusing from
the PET substrate.
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