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Abstract Buffer layers, such as SiO,, may prevent impu-
rities from permeating into the depositing film. Thus, the
effects of buffer layer thickness on indium-zinc-tin oxide
(IZTO) thin films were investigated. IZTO thin films are
applied to transparent conductive oxide, and SiO, is used as
a material for the buffer layer. Before depositing the IZTO
by RF magnetron sputtering, the SiO, buffer layers were
deposited on different plastic substrates, such as polyether
sulfone, polyethylene terephthalate, and polyethylene naph-
thalate (PEN), by plasma enhanced chemical vapor deposi-
tion. The resulting structural, morphological, electrical, and
optical properties were measured and analyzed. By using
the obtained values of the electrical and optical proper-
ties, the figure of merit for transparent devices designed by
Haacke was calculated. As a result, we conclude that the
IZTO thin film deposited on a PEN substrate with a 30 nm
thick SiO, buffer layer has the finest properties, which are
a resistivity of 2.13x 1073 Q-cm, sheet resistance of 8.875
Q sq'l, Hall mobility of 5.99 cm? V™! s7!, carrier concen-
tration of 3.671x10?! cm™>, and transmittance of 80.26%
at 550 nm. In addition, the figure of merit calculated for
this sample was 12.50x107%/Q. These results indicate
that the proposed structure is suitable for flexible display
devices and flexible solar cells.
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1 Introduction

Indium-tin oxide (ITO) is a material used in transparent
conductive oxide (TCO) films and has been used widely for
display devices such as liquid crystal displays (LCD), light-
emitting diodes (LED), and organic light-emitting diodes
(OLED), as well as in solar cells. This is because of the
superior optical and electrical properties of ITO, which are
due to its structural crystallization in the 300—400 °C tem-
perature range [1, 2].

Recently, flexible display technologies have been high-
lighted for next generation displays. Accordingly, investi-
gations have been carried out, by applying flexible plastics
such as polyether sulfone (PES), polyethylene terephthalate
(PET), polyethylene naphthalate (PEN), and polyimide (PI)
to substrate materials. For example, H. Kim et al.(2001)
deposited ITO on a PET substrate by using pulsed laser
deposition and analyzed its resulting properties [3]. Li et al.
deposited ITO on a PI substrate and analyzed its resulting
properties [4]. To improve the optical and electrical proper-
ties through crystallization of ITO, the films must be depos-
ited at high temperature or be thermally treated after depo-
sition. Thus, the overall properties of such films deposited
on plastic substrates, such as PES, PET, PEN, and PI, could
be degraded because plastic tends to be deformed by heat.

Therefore, there is a necessity to make a new TCO mate-
rial with excellent optical and electrical properties even at
room temperature. In relation to this area of research, Teix-
eira et al. deposited amorphous ITO on a glass substrate
by DC sputtering and analyzed its resulting properties [5].
According to their results, band gap energy was reduced
by approximately 1 eV when compared with crystallized
ITO and the sheet resistance was measured to be in the
230-760 Q sq~' range. Thus, the properties of such films
are not good enough for them to be applied as a transparent
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electrode in electrical devices. In addition, Yaglioglu et al.
deposited amorphous and crystallized Indium-Zinc-Oxide
(IZO) on a glass substrate by DC magnetron sputtering
and analyzed the resulting properties [6]. According to
their results, the electrical and optical properties of these
films were better than those of amorphous ITO, but IZO
has a critical drawback in that the manufacturing price of
1Z0 targets is very high and their manufacturing process is
complex.

In this research, to solve the problems mentioned, we
suggest using indium-zinc-tin oxide (IZTO) instead of ITO.
This compound is produced by doping zinc atoms into ITO
structures. Zinc doping results in immiscibility between
indium and tin atoms, thus IZTO films are formed with
amorphous structures [7, 8]. Additionally, IZTO films have
excellent electrical properties induced by the indium atoms
contained in them, and they are more flexible compared
with ITO, a rigid material. Thus, the IZTO is suitable for
next-generation flexible display devices.

However, plastic has another critical drawback; it
absorbs moisture and gases during the deposition pro-
cess, which then permeate to the disordered parts of film
being deposited as impurities [9]. Consequently, this could
degrade the quality of films [10]. It has been reported that
this problem can be reduced to some degree by forming a
film with a high work function and low reactivity (such as
Si0,, TiO,, HfO,, Ga,0;) on substrates before depositing
the TCO film. These materials may act as a buffer layer,
thus prevent impurities from permeating [11, 12].

Polyether sulfone (PES) is known to be a superior
plastic in regards to its optical properties, but its mechan-
ical properties, such as tensile strength and extension
strength, are poor. Polyethylene terephthalate (PET) has
the lowest coefficient of thermal expansion (CTE) among
plastics and is therefore an attractive option for mass
production. However, its glass transition temperature
(Tg), which is as important as the CTE, is also the lowest
among plastics. Therefore, there is a temperature limita-
tion. On the other hand, polyethylene naphthalate (PEN)
has two condensed aromatic rings, by replacing the
benzene ring in PET with naphthalene rings, as shown
in Fig. 1. Due to these aromatic rings, PEN has excel-
lent physical and chemical properties compared to PET,
in addition to having the property of blocking ultraviolet
(UV) rays [13, 14]. Table 1 shows a comparison between
the PET (125 pm, Teijin DuPont, TETORON KEL86W)
and PEN (125 pm, Teijin DuPont, TEONEX Q65HA)
films in view of their main features: tensile strength,
CTE, Tg, haze, and total transmittance. The naphthalene
aromatic rings described above, which replace benzene
rings, slightly improve PEN’s tensile strength and CTE,
and increase the glass transition temperature, which is a
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Fig. 1 Chemical structures of a PES, b PET, and ¢ PEN

Table 1 Properties of PET and PEN

Property PET PEN

Tensile strength 232 Mpa 250 Mpa

Coefficient of thermal expansion (CTE) 0.4% 0.3%
(150°C, 30 min)

Glass transition temperature (Tg) 75°C 120°C
Haze 0.4% 2%
Total light transmission (TLT) 91% 87%

critical problem of PET films. Consequently, it might be
expected that there are merits to using PEN. However,
its optical properties, namely haze and transmittance, are
slightly worse than those of PET, because of PEN’s prop-
erty of blocking UV rays. In spite of the excellent physi-
cal properties and heat-resisting property held by PEN
when compared with PET, its application as substrate for
display devices is unprecedented.

In this research, we utilized PES, which has superior
optical properties, PET, which is the most suitable for
mass production, and PEN, whose physical properties
are improved by replacing the benzene rings in PET with
naphthalene rings. The buffer layers, composed of SiO,,
were formed and applied before depositing the new trans-
parent conductive oxide, IZTO. The properties of each
structure were then analyzed.
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Fig. 2 Proposed structures

2 Experimental details

Experiments in this research were carried out using the
structures presented in Fig. 2. Before depositing the IZTO
as the TCO on PES, PET, and PEN, SiO, was applied as a
buffer layer.

The plastic substrates, such as PES (200 nm,
SUMILITE® FST-5300), PET (125 um, Teijin DuPont,
TETORON KEL86W), PEN (125 um, teijin-dupont,
TEONEX Q65HA), were cut into squares of the size of
1x1 in. Because these plastic substrates can be deformed
by acetone, they were cleaned with ultrasonic cleaner in
isopropyl alcohol and deionized water each for approxi-
mately 3 min. They were then dried by nitrogen gas.

Plasma-enhanced chemical vapor deposition (PECVD)
was used for depositing SiO, as a buffer layer, with thick-
nesses of 10, 20, 30, 40, and 50 nm. The Table 2 shows the
depositing conditions of PECVD.

A sintered 2-inch diameter IZTO (In,O; 90 wt%; ZnO
5 wt%; SnO, 5 wt%) ceramic target was used in the deposi-
tion process, and the IZTO thin films were deposited by RF
magnetron sputtering; the process’s conditions are shown
in Table 3.

Table 2 Conditions of PECVD

Working pressure 800 mTorr
Working temperature R.T

RF power 40 W

N density 20 sccm
N,O density 200 sccm
SiH, density 600 sccm

IZTO

SiO; buffer layer

(a) IZTO/SiO2/PES
(a) IZTO/SiOz/PET
(a) IZTO/SiO2/PEN

Table 3 Conditions of RF magnetron sputtering

Base pressure 45x107%Pa
Active gas (Ar) density 20 sccm
Working pressure 3 mTorr
Working temperature R.T

RF power 50 W
Deposition time 10 min
Deposited thickness 160 nm

The structural and morphological properties of the
deposited IZTO were analyzed using X-ray diffraction
(HR-XRD, Xpert-Pro, MRD) and atomic force microscopy
(AFM, SII Nano Technology, SPA400). The electrical and
optical properties were analyzed using hall-effect meas-
urements (Accent, HL5500PC) and UV-Vis spectrometry
(Varian, Cary-500). Using the sheet resistance data meas-
ured by hall-effect measurements and the transmittance
data for 550 nm wavelengths measured by UV-Vis spec-
trometry, the figure of merit designed by Haacke was calcu-
lated, which represents synthetic performance for transpar-
ent electrodes.

3 Results and discussion

Figure 3 represent the X-ray diffraction patterns of the
IZTO thin films with 0-50 nm SiO, deposited on several
plastic substrates. In the case of PES substrates (Fig. 3a),
these films only have halo patterns at 32°, thus we can
conclude that these films have an amorphous structure. In
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Fig. 3 X-ray diffraction patterns of IZTO films deposited on PES a,

PET b, and PEN ¢
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addition, the results of XRD for the IZTO films deposited
on PET (Fig. 3b) and PEN (Fig. 3c) show a very exten-
sive peak at 27° of diffraction angle 20, and another peak,
smaller than that of 27°, at 23°. According to previous
research, it has been reported that these peaks are native
peaks of PET and PEN, whose structure is semi-crystalline
[8, 13]. According to these facts, we can conclude that the
IZTO thin films deposited on PES, PET, and PEN sub-
strates have amorphous structures. The XRD patterns of
PEN, in which the benzene rings of PET are replaced with
naphthalene rings, have remarkably reduced peak inten-
sity compared with those of PET. Thus, we can assume the
semi-crystalline features of PEN were weakened, in com-
parison with PET’s.

The AFM images of IZTO thin films deposited on PES
substrates are shown in Fig. 4. For buffer layer thicknesses
ranging from 10 to 50 nm, surface roughness, which is rep-
resented by the root mean square (RMS) value, was meas-
ured to be lower than 3 nm, which means the surfaces were
very smooth. However, pin-holes, which extremely degrade
the overall properties of the thin films, were generated. In
the case of the 10 nm SiO, buffer layer (Fig. 4a), in par-
ticular, the film presented the most severe condition: porous
film. Because the IZTO thin film is a template for the
next process in device level, such as LED, OLED, LCD,
and solar cells, fewer pin-holes, and cracks result in better
properties. If the next process for manufacturing display
device were carried out on porous IZTO thin film, that dis-
play panel would shows defects on that panel. So, we could
analogize that this PES substrate is not suitable for opto-
electrical device, due to the pin-holes generated on the sur-
face of IZTO thin film deposited on PES substrates.

Figure 5 shows the AFM images of IZTO thin films
deposited on PET substrates with 10-50 nm thick SiO,
buffer layers. It seems that the IZTO thin films were suc-
cessfully deposited on PET substrates without pin-holes
or cracks. However, the values of surface roughness were
measured to be 15.59, 16.98, 17.97, 18.11, and 17.25 nm,
respectively, as the thickness of the SiO, buffer layer
increased from 10 to 50 nm. These values are considera-
bly worse compared with those of PES, which means that
the surfaces are not smooth. This was analogized with the
results obtained with X-ray diffraction shown in Fig. 3,
which describe the semi-crystalline structure of PET.

The IZTO thin films deposited on PEN substrates are
shown in Fig. 6. The surface roughness of IZTO thin films
with no SiO, buffer layer were measured to be 3.576 nm,
which is considerably lower than in the case of IZTO on
PET. For an increasing buffer layer thickness ranging
from 10 to 50 nm, the values of surface roughness were
measured to be 2.772, 2.714, 2.694, 3.148, and 3.128 nm,
respectively. These values are comparable with the case of
IZTO deposited on PES substrates, and means that IZTO
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Fig. 4 AFM images (2D) of
1ZTO/SiO,/PES films with dif-
ferent thicknesses of SiO, buffer
layers

deposited on PEN substrate has a surface smooth enough to
be applied in display devices. The buffer layer performed its
role of buffer well as increasing its thickness up to 30 nm,
so the surface roughness was reduced. When the thickness
of the Si0O, layer was 40 or 50 nm, however, those rough-
ness were increased. This could be analogized by the fact
that the stress induced to the substrates was relaxed and the
degree of disorder increased [13].

The transmittance of the IZTO thin films deposited on
(a) PES, (b) PET, and (c) PEN substrates with various
thickness of SiO, buffer layer are represented in Fig. 7. The
transmittance curves (Fig. 7a, b) of samples using PES and
PET as substrates showed no remarkable differences with
varying SiO, buffer layer thicknesses, while in the case
of using PEN as a substrate (Fig. 7c), they present tangi-
ble differences compared with other cases. Consequently,

1
[hm)

05

[1m)

IZTO/SiO2/PES
(a) SiO2 thickness : 10 nm
(b) SiO:2 thickness : 20 nm
(c) SiO2 thickness : 30 nm
(d) SiO:z thickness : 40 nm
(e) SiO:z thickness : 50 nm

[1m]

we determine that the PEN substrates may be affected
by the thickness of the SiO, buffer layer more than other
substrates, and that the thickness of this SiO, buffer layer
might be an important parameter for overall performance at
the device level.

The feature of optical devices is determined by optical
transmittance at wavelengths of 550 nm (Tss,), because
human’s vision is most sensitive at that wavelength. Thus,
the Tss, of each film, composed of IZTO/SiO,/PES, IZTO/
SiO,/PET, and IZTO/SiO,/PEN were measured and are
shown in Fig. 8. In the cases in which the PES and PET
substrates were used, the Tss, values are substantially iden-
tical with negligible differences as the thickness of the SiO,
buffer layer increased. There was also a decreasing ten-
dency. However, the samples that use PEN substrates show
fluctuating Tss, values. The highest Tss, values measured
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Fig. 5 AFM images (2D) of
1ZTO/SiO,/PET films with dif-
ferent thicknesses of SiO, buffer
layers

were 81.14% and 80.26% for buffer layer thicknesses of 20
and 30 nm, respectively. The IZTO/SiO,/PES films have
transmittance at 550 nm similar with or lower than the case
of PET, and these films have pin-holes as shown in Fig. 4.
We could analogize that the IZTO films deposited on PES
substrates have extremely deteriorated electrical property
due to the pin-holes and these films have optical property
worse than the IZTO films deposited on PET or PEN. So,
we concluded the IZTO thin films deposited on PES sub-
strates are not suitable for applying to opto-electrical device
and they do not need to measure the electrical property of
them.

Figures 9 and 10 represent the electrical properties
(resistivity, Hall mobility, and carrier concentration) of
the IZTO thin films deposited on PET (Fig. 9) and PEN
(Fig. 10). There are no substantial differences in the Hall
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IZTO/SiO2/PET
(a) SiO2 thickness : 10nm
(b) SiO:2 thickness : 20nm
(c) SiO2 thickness : 30nm
(d) SiO:2 thickness : 40nm
(e) SiO:2 thickness : 50nm

mobility curves for PET substrates (Fig. 9); the Hall
mobility was measured to be 5 cm®* V™! s7!, approxi-
mately. In contrast, the carrier concentration increased
from 5.91x10* cm™ to 9.03x10%° cm™ as the thick-
ness of the buffer layer increased (<40 nm). It has been
reported that carriers in IZTO thin films are generated
through substitution processes between indium and tin,
and this process occurs more frequently at sharp points in
the surface [13, 15, 16]. The generation of carrier in this
research have the thread of connection with aforemen-
tioned report and the AFM images in Fig. 5. On this wise,
increased carrier concentration minimized the resistivity
to a value of 1.43x 1073 Q-cm when the thickness of the
Si0, buffer layer was 40 nm.

When the 30 nm thick SiO, buffer layer was formed on
the PEN substrates, as shown in Fig. 10, the lowest carrier
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Fig. 6 AFM images (2D) of (a) 1ZTO/PEN (b) 1ZTO/SiO2/PEN, SiO2: 10nm
1ZTO/SiO,/PEN films with ) '

different thicknesses of SiO, .
buffer layers
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concentration value was measured to be 3.671x 10*! cm™.

analogous to surface roughness in Fig. 6, and this could
The highest carrier concentration was 8.213x10%' cm be comprehended by the tendency explained above that
when using a 50 nm thick buffer layer. These results are  carriers are generated through substitution processes and

-3
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Fig. 7 Transmittance of IZTO thin films with various thicknesses of
SiO, buffer layers deposited on a PES, b PET, and ¢ PEN plastic sub-
strates

this process occurs frequently at sharp points in the sur-
face. But, all the values were high, it always exceed 10*!
cm~>. However, the largest value for Hall mobility was
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Fig. 8 Transmittance of IZTO/SiO,/plastic substrate films for
500 nm wavelengths using PES (black, rectangular), PET (red, cir-
cle) and PEN (blue, triangle) substrates. (Color figure online)

measured to be 5.99 cm? V~! s7! when using a 30 nm thick
buffer layer, while the lowest value for Hall mobility was
1.37 cm? V~! s7! when the buffer layer was not applied. All
films deposited on PEN substrates have a high carrier con-
centration in broad outlines, thus it seems that Hall mobil-
ity affects electrical properties more than carrier concentra-
tion because the hall mobility could affect to conductivity
as much as carrier concentration [17]. According to these
results, the best value for resistivity was 2.13x 107> Q-cm,
when using a 30 nm thick buffer layer.

The sheet resistance (R,,,,) and figure of merits (@) of
the IZTO thin films deposited on PET and PEN are shown
in Figs. 11 and 12, respectively. Sheet resistance was calcu-
lated by Eq. (1), using the resistivity values (p) from Figs. 9
and 10, and a film thickness t of 160 nm.

p
Rsheet == (1)

t
Additionally, the figures of merit @, for transparent
electrodes, designed by Haacke, were calculated by substi-
tuting sheet resistance obtained from Eq. (1) and Tss, from
Fig. 8 into Eq. (2) [18]:

10
TSSO

D, =
yie R

@

sheet

where Ts5 is transmittance for wavelengths of 550 nm.
The IZTO thin film deposited on PET with a 10 nm
thick SiO, buffer layer had a sheet resistance of 121.875
Q sq”', and then decreased to 89.375 Q sq~! as the thick-
ness of the buffer layer increased (<40 nm). However, the
highest transmittance at 550 nm, as shown in Fig. 8, was
measured to be 76.09% when using a 20 nm thick buffer
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layer; this value then decreased as the buffer layer thickness
increased. The figure of merit, as shown in Fig. 11, reached
its highest value of 6.20x 10~*/Q when using a 20 nm thick
buffer layer, because the figure of merit is more affected by
transmittance than sheet resistance, as shown in Eq. (2).

In the case of IZTO thin films deposited on PEN
(Fig. 12), the highest sheet resistance value was meas-
ured to be 30.667 Q sq~!, when the buffer layer was not
applied. After forming different buffer layer thicknesses
ranging from 10 to 50 nm, the IZTO thin films presented
superior sheet resistance values of 8.875-12.904 Q sq~',
compared with the cases in which PET substrates were
used. In particular, when using a 30 nm thick buffer layer,

SiO, Thickness (nm)

the IZTO thin film had the lowest sheet resistance, 8.875
Q sq~!. As shown in Fig. 8, when no buffer layer was used,
PEN substrates yielded a higher transmittance at 550 nm,
with a value of 77.19%, compared with the case in which
a PET substrate was used. Forming SiO, buffer layers with
thicknesses ranging from 10 to 50 nm, transmittances at
550 nm were measured to be 70.84, 81.14, 80.26, 74.13,
and 71.48%, respectively. When using 20 and 30 nm thick
buffer layers on PEN substrates, an excellent transmittance
value, higher than 80%, was obtained. By substituting these
transmittance and sheet resistance values into Eq. (2), the
figure of merit were calculated. Even when not forming a
Si0, buffer layer, a good figure of merit of 2.45 X 1073/Q
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Fig. 11 Sheet resistance and figure of merit for IZTO films deposited
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Fig. 12 Sheet resistance and figure of merit for IZTO films deposited
on PEN with various thickness of SiO, buffer layers

was obtained, which is better than for all the cases in which
PET was applied. By forming a buffer layer on PEN, higher
figures of merit ranging from 2.46 to 12.50x 107%/Q were
obtained. In particular, the highest figure of merit was
acquired when a 30 nm thick SiO, buffer layer was applied.

4 Conclusion

As an effort to develop flexible display devices, IZTO
thin films were deposited on plastic substrates (PES, PET,
and PEN) using RF magnetron sputtering. The incorrigi-
ble problem of plastic substrates, which absorb moisture
and gases and then permeate that to the depositing film as
impurities, could be alleviated to some degree, by form-
ing a SiO, buffer layer before depositing the IZTO thin
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films. In the case of PES being used as substrate, plenty of
pin-holes appeared on the IZTO surface, which results in
porous films, even with the buffer layers. When the semi-
crystalline structured PET was used as a substrate, the sur-
face roughness was worse. It was expected that both cases
(when PES and PET were used) would have degraded over-
all device level properties, because these thin films become
a template for the next deposition process. However, when
PEN was used as a substrate, the pin-hole appearance
and roughness of the surface were improved. In particu-
lar, IZTO thin films deposited on the PEN substrate with
a 30 nm thick buffer layer had the optimum properties,
i.e., a resistivity of 2.13x 107> Q-cm, sheet resistance of
8.875 Q sq~!, Hall mobility of 5 99 cm? V™! s7!, carrier
concentration of 3.671x10%! cm™, and figure of merlt of
12.50 x 1073/Q. Considering these optimal optical and elec-
trical properties, we conclude that the structure proposed in
this research, namely IZTO/SiO,/PEN, is suitable for appli-
cations in fields such as flexible displays and solar cells.
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