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Abstract

Amorphous indium gallium zinc oxide thin-film transistors (TFTs) were fabricated and
characterized on flexible Poly(ethylene naphthalate) (PEN) substrates. A hybrid
inorganic/organic double-layered barrier layer structure was proposed for enhancing the
permeability and surface roughness of the PEN substrates, which was composed of 3-um-
thick spin-coated organic layer and 50-nm-thick atomic-layer-deposited Al,O3 inorganic layer.
The saturation mobility, subthreshold swing, and on/off ratio of the TFTs on the PEN
substrates with the proposed hybrid barrier structure were obtained to be approximately 15.5
em” Vs, 0.2 V/dec, and 2.2x10°, respectively. These good TFT performances were not
degraded even under the mechanical bending situation at a curvature radius of 3.3 mm and
after the repetitive bending cycles. Furthermore, the variations in turn-on voltage of the TFT
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were evaluated to be approximately as small as -0.1 and +1.6 V under the negative and

positive-bias stress tests, respectively.
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1. Introduction

Flexible electronic systems on plastic substrates have energetically been researched and
developed because of their bendable, rollable, thinner, and lighter advantages.lN2 Above all,
flexible-type flat-panel displays have great potential for highly functional next-generation
display applications.”™ Plastic substrates are most important for these applications and hence,
they should be satisfied with such requirements as a low thermal expansion coefficient, a
high temperature compatibility, a strong chemical stability, a high impermeability against
ambient gas and moisture, and a smooth surface roughness. These properties for the plastic
substrates are typically inferior to those obtained for conventional glass substrates.
Consequently, the introduction of appropriate barrier structure into the plastic substrates
would be an indispensable solution for flexible electronic applications, especially for
improving their permeability and surface roughness.

Flexible active matrix organic light-emitting diode display panels equipped with various
types of thin film transistors (TFTs) were previously demonstrated.””’ In particular, the TFT
backplane with an amorphous In-Ga-Zn-O (a-IGZO) channel layer have actively been
researched due to its high field-effect mobility and high on/off ratio even at a low process
temperature, compared with conventional amorphous silicon and organic semiconductors.®
Furthermore, the beneficial features of a-IGZO TFTs, such as excellent uniformity and robust
device stability, have been suggested that they can be promising backplane devices for the
flexible display panels.’

Generally, the polyimide (PI) has been employed for a flexible substrate owing to its high
glass transition temperature (T,) of around 360 °C. The effect of barrier layer prepared onto

the PI substrates on the device behaviors of the a-IGZO TFTs were previously investigated.'
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However, because it significantly takes cost to use the expensive PI as a substrate for large-
area electronics including the flexible displays, it would be definitely desirable to employ a
cheaper plastic substrate with optimizing a process temperature for the a-IGZO TFTs under
150 °C. The poly(ethylene naphtalate) (PEN) has features of a low T, of around 155 °C, a low
thermal expansion coefficient, and a robust chemical stability. Thus, the PEN can offer a
good chance to realize flexible display panels with reasonable cost by employing the a-IGZO
backplane devices at a low process temperature. Although the device characteristics of the a-
IGZO TFTs fabricated on PEN substrates were previously examined,"™ the device
behaviors are not fully optimized regarding transfer characteristics'>, mobility'>'?, bias stress
stability'®, and bending performances.'"'*"> More specifically, although the device in ref. 11
exhibited high carrier mobility of 24.3 cm?/Vs and robust stability characteristics, the bending
properties were not provided. The devices in ref. 12 and 13 showed relatively low carrier
mobilities of 5.13 and 11.2 cm?*/Vs, respectively. Furthermore, the bending strain available
for the device operations under the bending situations remained as just 1.5 and 0.63 %,
respectively. Furthermore, the roles and functions of barrier layers introduced on the PEN
substrate have rarely been investigated in previous literatures. In this work, we suggest that
device performances would be enhanced by optimizing the barrier layer structures on the
PEN substrate.

We fabricated a flexible a-IGZO TFTs on the PEN substrates and optimized the barrier
layer structures. A hybrid organic/inorganic double-layered barrier was proposed to enhance
the permeability and surface roughness of the PEN. Its superior process compatibility and
barrier properties were well confirmed from two viewpoints of bending characteristics and

bias stabilities of the flexible a-IGZO TFTs fabricated on the plastic PEN substrates.
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2. Experimental Section

We fabricated a-IGZO TFTs with top-gate bottom-contact structure on the flexible
poly(ethylene naphthalate) (PEN) substrates (Teonex, Teijin DuPont). The PEN substrates
with the thickness of 125 um were laminated on the glass substrates using the cool-off type
adhesive (Intelimer, Nitta Corp.) for convenience of device fabrication. In order to obtain a
smooth surface and a low moisture permeability, and a protection against mechanical damage,
3-um-thick organic barrier (TR-8857-SA7, manufactured by Dongjin Semichem Co. Ltd) and
50-nm-thick inorganic Al,Os barrier were prepared by spin-coating and atomic layer
deposition (ALD), respectively. To compare the roles of each barrier layer, three-type devices
were fabricated with only an organic barrier, a hybrid organic/inorganic double-layered
barrier, and without any barrier, respectively. After formation of barrier layers, the 150-nm-
thick indium-tin oxide (ITO) was deposited via dc sputtering and patterned by wet etching
process with hydrogen-chloride-based etchant as source/drain (S/D) electrodes. After the wet
etching process, we carefully performed a rinsing process with deionized water to completely
remove etchant residue from the surface of device substrate. The 20-nm-thick a-IGZO
channel layers with the atomic composition of 1:1:2.5 (In:Ga:Zn) were deposited by rf
sputtering at room temperature. In order to prevent chemical damages during the patterning
process for the active layer, the 9-nm-thick protective layer of Al,O3 was formed by ALD at
150 °C." Then, a 100-nm-thick Al,O; film was deposited by ALD as a gate insulator. Contact
holes were opened by removing given areas of Al,O; by conventional photolithography and
acid-based wet etching processes, in which phosphoric acid was used at a temperature of 120

°C. Gate electrodes and S/D pads were formed by deposition and patterning of Al via thermal
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evaporation. Post annealing processes were performed for 1 h at 180 °C in an oxygen ambient
to optimize the device characteristics. For the final step, the PEN substrates delaminated from
the glass substrates by decreasing the temperature below 10 °C."" The schematic cross-
sectional view and optical microscopic image of the fabricated flexible a-IGZO TFT were
shown in Figs. 1(a) and (b), respectively. The device characteristics including the stabilities
and bending performances of the fabricated TFTs were evaluated using a semiconductor
parameter analyzer (Keithley 4200SCS) in a dark box at room temperature. Channel width

and length of measured TFTs were 40 and 20 um, respectively.

3. Results and Discussions

The surface roughness of the substrate was one of the most critical points in guaranteeing
the device behaviors including the bending performances and electrical characteristics of the
IGZO TFTs prepared on flexible plastic substrates, which was supposed to be more important
for the top-gate bottom-contact structure because of its back-channel effects. The surface
morphologies of the PEN substrates prepared with various barrier layers were investigated by
atomic force microscopy (AFM). Figures 2(a), 2(b), and 2(c) show the AFM images of the
PEN without any barrier, an organic barrier, and inorganic/organic double-layered barrier on
the PEN substrates, respectively. The R, values, which represent the arithmetic averages of
absolute roughness values, were estimated to be 1.47 nm for the bare PEN surface. This value
was found to be too high to obtain sound device behaviors. On the contrary, the R, was
effectively reduced to 0.28 nm by introducing a 3-um-thick organic barrier. After the
deposition of inorganic Al,O; barrier layer, the R, was measured to be 0.17 nm. However, this

was not a significant difference in considering the relative atomic size and excellent film

6

Page 6 of 26



Page 7 of 26

Journal of Materials Chemistry C

conformality of ALD process. These results indicate that the PEN surfaces could be modified
to be very smooth and homogeneous by the treatments with organic and inorganic barrier
layers owing to the surface planarization effect of the spin-coated organic barrier with a
suitable film thickness and the good conformality of the ALD-grown ALOs; layer.'® For
conveniences, three-type devices fabricated on the PEN substrates with no barrier layer, only
an organic barrier, and an inorganic/organic double-layered barrier were termed as TFT1,

TFT2, and TFT3, respectively.

Figures 3(a) and 3(b) showed the drain current (Ips)-gate voltage (Vgs) characteristics of
the fabricated three flexible TFTs and corresponding device parameters calculated from each
transfer characteristics, respectively. Calculated parameters were summarized in Table 2. All
measurements were performed with double-sweep mode in forward and reverse directions of
Vgs. While TFT1 showed a low on-current in Ips and a turn-on voltage (V,,) shifted in a
positive direction, the TFT2 showed a higher on-current of approximately 5 x10* A at a Vgs
of 20 V and a V,,at near 0 V. However, these two devices exhibited clockwise hysteretic
behaviors in transfer curves, which were caused by the back-channel effect owing to the
organic materials existed beneath the IGZO active channel. The proton and water molecule
were captured at the surface of PEN and/or organic barrier. These results were supported by
the Raman spectroscopy, as shown in Fig. 3(b). The peaks at 519, 1382, and 1631 c¢cm™
corresponded to the vibration of COO™ anion in carboxylic acid salt and C=C double bond
structures, respectively. It reveals that hydrogen and hydronium ions might be captured at the
surfaces of PEN and organic barrier layer, which was resulted in the hysteresis in Ips and
positively shifted V,, observed for the TFT1 and TFT2. Moreover, since the TFT1 was

featured to have rough interface between the channel layer and PEN surface or gate insulator,
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as confirmed by AFM, the field-effect mobility at saturation region (Us,) and subthreshold
swing (SS) were found to be significantly degraded. On the other hand, the introduction of
hybrid double-layered inorganic/organic barrier structure could be a powerful solution to
enhance the device performances. After the post annealing process, the pg, SS, threshold
voltage (Vry), and on/off ratio of the TFT3 were estimated to be approximately 15.5 cm® V-
's1 0.2 V/dec, 4.1 V, and 2.2x10°, respectively. The annealing temperature of 180 °C could
be considered to be lower than those for the conventional IGZO TFTs prepared on the glass
substrate. The device characteristics have typically been optimized at a post annealing
temperature around 300 °C. However, the optimum temperature can be varied according to
the IGZO composition and employed substrates.'”2° Especially when the plastic substrates
with organic barriers were employed for the flexible IGZO TFTs, the reduction of required
thermal budget for the annealing process might be closely related to the effect of latent heat
provided by the organic barrier or PEN substrate.”’ As results, the obtained results were
superior properties to those for the previously reported oxide TFTs on the flexible

substrates. >4

For various flexible applications such as flexible displays and circuits, highly excellent
impermeability against ambient atmospheres including O, and H,O should be guaranteed.
However, it was well known that the moisture is easily transmitted through the flexible
polymer substrates, and that the penetrated moisture can significantly affect the electrical
characteristics of the devices. For the flexible TFTs, the permeability of the substrate was
expected to have great impacts on the V,, (or Vg) and the current drivability. Table 1
summarized the permeability values measured for the PEN substrates with no barrier, only an

organic barrier, and an inorganic/organic double-layered barrier. It was interesting to note that
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the permeability of PEN substrate was not so markedly changed even when the organic
barrier was treated. The permeability of PEN was just slightly improved from 1.85 <107 to
1.48x10" g/m-day. On the contrary, the permeability was greatly enhanced to no more than
2x107 g/m-day after the inorganic barrier treatment, which was actually expected to be far
lower than the measured value, even though it was underestimated owing to the resolution
limit of measurement apparatus. It suggested that the moisture penetration was effectively
suppressed by the dense Al,O; barrier prepared by ALD process. It would be impressive to
investigate the variations in Vry (AVrth) and Ips hysteresis width (Wgys) of the fabricated
three-type devices with a lapse of shelf-test time. The AVty and clockwise Wy, for the TFT1,
TFT2, and TFT3 were examined for 30 days, as shown in Figs. 4(a) and (b), respectively.
While the AVty and Wyys were negligible with the time evolution for the TFT3, those for the

TFT1 and TFT2 were randomly fluctuated and typically larger than those for the TFT3.

From the viewpoints of the examined moisture permeability and aging property during the
shelf test, the role of Al,O3; inorganic barrier was found to be more remarkable than that of
organic barrier. However, the organic barrier proved its importance for securing the bending
performance. The Young’s moduli of organic materials are much lower than those of
conventional inorganic materials and the mechanical deformation of multi-layered structure
primarily occurs on the organic layers owing to the difference in modulus of elasticity
between two materials.” Consequently, the transfer characteristics for the TFT2 were
successfully demonstrated under the bending situation with a curvature radius to 4.0 mm, in
which a tensile strain was induced to the channel in parallel, as shown in Fig. 5(a). The
device operations and their stability for the TFT3 were well confirmed even at a curvature

radius of 3.3 mm, which corresponded to the calculated bending strain of 1.9 %, as shown in



Journal of Materials Chemistry C

Fig. 5(b). The device parameters of P, Vrm, and SS for the TFT2 and TFT3 were
summarized as a function of the applied curvature radius, as shown in Figs. 5(c) and 5(d),
respectively. It was also found that the transfer characteristics of the TFT2 were unstable due

to the charge re-distribution during the bending test. As mentioned above, the organic barrier

used in this work showed a considerable permeability and contained a large amount of proton.

On the other hand, the hybridization with an ALD-grown inorganic barrier could effectively
prevent the moisture penetration and proton generation and hence, the variation of device
parameters under the bending test were negligible, as shown in Fig. 5(d). Therefore, the
improvement in critical curvature radius, which was defined as the minimum curvature radius
to be applied without a failure of device operation, for the TFT3 could be explained. For
comparisons, the substrate type, process temperature, and calculated bending strain for the
previously reported IGZO TFTs fabricated on plastic substrates were summarized in Table 3.
Considering the substrate thickness, the flexible IGZO TFT prepared in this work exhibited
good performance at the highest bending strain among the compared devices. The bending
characteristics of the TFT3 were also evaluated to investigate the endurance under the
repeated bending situations with tensile strain, in which the substrate was bent for 5,000
times at a curvature radius of 6.0 mm and for 10,000 times at a curvature radius of 5.0 mm.
The transfer characteristics of the TFT3 did not exhibit marked changes even after the

repetitive bending events, as shown in Fig. 5(e).

Negative and positive bias-stress (NBS and PBS) stabilities were also investigated for the
TFT2 and TFT3, in which a Vgg of +20 V or -20 V was continuously applied for 10* s, as
shown in Figs. 6(a)-6(d), respectively. Figure 6(e) plotted the AVry’s for two TFTs as a

function of stress time under the NBS and PBS tests. For the TFT2 and the TFT3, the AVty’s
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were measured to be -4.0 V/4+2.2 V and -0.1 V/+1.6 V under the NBS/PBS tests, respectively.
The first discussion point was positive AVy under the PBS test, as shown in Figs. 6(b) and
6(d). These results originated from the fact that the simple electron trapping at the interface
between the gate insulator and channel layers, which was featured to show no variation in the
SS, by the continuously applied Vs of +20 V.** Because the active and gate insulator layers
were identically designed and fabricated for both TFT2 and TFT3, the PBS instabilities

related to the interface quality were expected to be similarly observed for the two devices.

On the other hand, TFT2 and TFT3 had marked different back-channels prepared on
organic and inorganic layers, respectively. The situation of back-channel for the oxide TFT
could have great impacts on the NBS stabilities. For the TFT2, when the negative bias was
applied for 30 s, the V,, started to move toward 0 V. Furthermore, the Ips and SS were
markedly enhanced. These variations were progressed as the increase in stress time and
saturated at 10* s. These result suggested the de-trapping events of trapped electrons and the
effects of hydrogen ions for the TFT2 with IGZO/organic barrier interface at back-channel.
During the initial stage of NBS test, the electrons trapped between the channel and gate
insulator layers could be de-trapped and hence, the V,, shifted in a negative direction.
However, the simple electron de-trapping couldn’t be responsible for the enhancement of Ipg
and SS. Two mechanisms of the plasma-induced damage and proton doping could also be
feasible to explain these phenomena. When the a-IGZO channel layer was deposited on the
organic layer during the sputtering process, the events of ion bombardment might induce the
damages into the organic barrier and hence, the back-channel interface could be degraded.
Thus, the initial SS and on/off ratio for the TFT2 was severely degraded. Because the

damaged organic layer was not be fully cured at a final annealing temperature of 180 °C, this
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plasma-induced damage could be one of the origins for the fluctuated characteristics during
the NBS test. Notwithstanding, the NBS stabilities were not completely explained by only the
plasma effect. The time-dependent variations in device behaviors during the shelf test [Figs.
4(a) and (b)] and the NBS test [Fig. 6(a)] revealed that the gradual doping of proton could be
another origin for obtained device characteristics. As confirmed from the Raman
spectroscopy shown in Fig. 3(b), the undesirable protons were expected to be captured at the
surface of back-channel and/or at the interface between the channel and organic barrier layers
after the device fabrications. Therefore, the initial transfer characteristic exhibited unstable
curve with a large SS value. When the negative bias was continuously applied during the
NBS test, the protons gradually moved into the IGZO active layer as dopants by the
continuous negative bias, as schematically illustrated in Fig. 6(f). Therefore, the protons were
de-trapped from the organic barrier layer and back-channel interface and hence, the back-
channel was cured and the interface quality was enhanced. Consequently, the V,, negatively
shifted and Ips and SS were simultaneously improved.”>* However, when most captured
protons were liberated, the V,, shift was saturated near the 0 V. As results, the TFT2
experienced a dramatic recovery with the progress of NBS by the enhanced interface quality
at the back-channel and finally obtained device characteristics were comparable to those of
the TFT3. However, one-day after, its enhanced characteristics were degraded again because
of the back-channel deterioration caused by the high permeability and the proton diffusion.
These results paradoxically reveal that the optimum structure of the barrier layer was
important to guarantee the device reliabilities of the IGZO TFTs prepared onto the PEN

substrates.

On the contrary, the plasma-induced damage and the proton doping effect could be

12

Page 12 of 26



Page 13 of 26

Journal of Materials Chemistry C

eliminated by the hybridization of inorganic barrier onto the organic barrier layer. As a result,
the AVry of TFT3 was as small as -0.1 V under the NBS tests. These bias stability
characteristics obtained for the TFT3 fabricated with a low thermal budget below than 180 °C
were far superior to those for the previously reported oxide TFTs on the flexible
substrates.'"> Furthermore, this result was one of the best performance when compared to

those for the IGZO TFTs fabricated on glass substrates.” >’

4. Conclusions

We have fabricated and characterized the a-IGZO TFTs on the flexible PEN substrates, in
which the barrier layer structures were varied to investigate their effects on the device
performance including the bias-stress stability and bending characteristics. Three-type TFTs
were prepared on the PEN with no barrier, only an organic barrier, and a hybrid
inorganic/organic double-layered barrier. The PEN substrate treated with the proposed hybrid
barrier exhibited marked improvements in both surface smoothness and ambient
impermeability. The hybrid barrier was composed of 3-um-thick spin-coated SA7 organic
and 50-nm-thick ALD grown Al,Os inorganic layers. The mechanical bending performance
was also found to be sufficiently desirable. From these investigations, it was evidently
confirmed that the flexible IGZO TFTs prepared on PEN with the hybrid double-layered
barrier layer exhibited excellent device characteristics. The gy, SS, threshold voltage (Vrn),
and on/off ratio were evaluated to be approximately 15.5 cm’ V's™, 0.2 V/dec, 4.1 V, and
2.2x10°, respectively. These characteristics were not markedly influenced by a mechanical

stress even at a curvature radius of 3.3 mm and under the 10*-times repetitive bending cycles

13



Journal of Materials Chemistry C

at a curvature radius of 5.0 mm. Furthermore, favorable NBS and PBS stabilities could also
be obtained thanks to the suitably designed barrier layer, even compared with those for the
IGZO TFTs optimized on the glass substrates. It was concluded that the bending performance
and bias stability of the flexible IGZO TFTs could be significantly improved by the
introduction of a hybrid inorganic/organic double-layered barrier layer on the PEN substrates,
and that this methodology would be a big help for reducing the thermal budget and

fabrication cost for the TFT arrays for future flexible electronic applications.
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Table captions
Table 1. Permeability values of bare PEN substrate and barrier-treated PEN substrates with

organic, inorganic, and organic/inorganic layers.

PEN +
Substrate PEN PFN+ < PE}N+ . Organic/Inorganic
Organic barrier  Inorganic barrier "
barrier
B 155 x 10° 148 x 10° <~1%10% <~1 x 107
[g/m-day]

Table 2. Summary of device parameters such as mobility, threshold voltage, subthreshold

swing, and current on/off ratio, for the TFT1, TFT2 and TFT3, respectively.

Saturation Threshold  Subthreshold

Device Mobility Voltage Swing On/Off Ratio
[em?/Vs] V] [V/dec]

TFT 1 1.11 9.4 0.4 3.1 x 107

TFT 2 14.4 2.8 0.4 1.5 x 10°

TFT 3 15.5 4.1 0.2 4.7 x 10°

Table 3. Summary of substrate type, process temperature, and calculated bending strain
values for the a-IGZO TFTs prepared on plastic substrates, including the device proposed in
this work. The bending strain was calculated by the equation of [strain = thickness of

substrate / (2xcurvature radius)].

Process Substrate Bending Strain
Reference Substrate temperature thickness radius 5
) @m om0
10 Polyimide 250 20 N/A N/A
1 PEN 150 125 N/A N/A
12 PEN 100 125 4 1.56
PEN 160 50 4 0.63
B PEN 160 125 10 0.63
14 Polyimide 115 50 2 1.25
28 Polyimide 350 10 3 0.17
29 Polyimide N/A 25 2 0.63
This work PEN 180 125 3:3 1.89




Journal of Materials Chemistry C

Figure captions

Figure 1. (Color online) (a) Schematic cross-sectional view and (b) microscopic photo image

of the fabricated a-IGZO TFT on a flexible PEN substrate.

Figure 2. (Color online) AFM images of surface morphologies for the PEN substrates (a)
with no barrier, (b) organic barrier, and (c) organic/inorganic double-layered barrier,

respectively.

Figure 3. (Color online) (a) Sets of Ips-Vgs transfer curves for the fabricated three-type
flexible TFTs with no barrier (TFT1), organic barrier (TFT2), and organic/inorganic double-
layered barrier (TFT3), respectively. (b) Summary of variations in saturation mobility,
threshold voltage, and S parameter for the three-type TFTs. (c) Raman spectroscopy of the

PEN substrate.

Figure 4. (Color online) Variations in (a) threshold voltage shift and (b) clock-wise hysteresis

width for the fabricated TFT1, TFT2, and TFT3 as a function of shelf-test time.

Figure 5. (Color online) (a) Sets of Ips-Vgs transfer curves and (c) variations in saturation
mobility, threshold voltage and S parameter of the TFT2 as a function of applied curvature
radius under the bending situations. (b) Sets of Ips-Vgs transfer curves and (d) variations in
saturation mobility, threshold voltage and S parameter of the TFT3 as a function of curvature

radius. (e) Ips-Vgs transfer curves for the TFT3 after 5,000 times bending events at a
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curvature radius of 6 mm and after 10,000 times bending events a curvature radius of 5 mm

under the cyclic bending situations.

Figure 6. (Color online) Variations in the Ips-Vgs characteristics with the evolution of stress
time under the (a) NBS at Vgs of -20 V and (b) PBS at Vgs of +20 V for the TFT2 and under
the (c) NBS at Vgs of -20 V and (d) PBS at Vgs of +20 V for the TFT3, respectively. All
measurements were performed for 10* s at room temperature. (e) Schematic illustration for
the feasible NBS instability mechanism for the TFT prepared on the organic barrier. The
protons (H") were incorporated from the PEN and/or organic barrier to the bulk region of

channel layer.
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Figure 5
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Bending characteristics of flexible oxide thin-film transistors could be enhanced by optimizing the

barrier layers on the polyethylene naphthalate substrate.
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