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In this paper we have studied a low-temperature process of fabricating zinc oxide (Zn0O)
thin-film transistors (TFTs) on polyethylene terephthlate (PET) substrate. PET film
has a lower glass transition temperature (Tg = 120°C) than costly Polyethersulphone
(PES) film (Tg = 230°C). Therefore we applied a low-temperature cross-linked poly-
vinylphenol (c-PVP) process to annealing at 110°C instead of the conventional c-PVP
process (annealing at 165°C). The resulting TFTs based on oxide fabricated by the low-
temperature process were similar in electrical characteristics to conventional TFTs. In
addition, the ZnO TFTs fabricated by the low-temperature process exhibited a field-
effect mobility of 0.075 cm?/Vs, a threshold voltage of 15 V and an on/off ratio of 1.7 x
10° respectively.

Keywords zinc oxide thin-film transistor; PET substrate; low-temperature process

Introduction

Oxide semiconductors have been extensively studied due to their excellent ambient stability
and optical transparency [1-3]. In particular, oxide thin film transistors (TFTs) are expected
to use switching devices within active matrix liquid crystal displays and organic light
emitting diodes [4, 5]. There are a number of reports on TFTs that incorporate transparent
materials such as zinc oxide (ZnO) as the active channel layer [7, 8]. However, the success of
oxide semiconductors in the marketplace depends critically on the ability of these materials
to sustain their electrical performance on a flexible substrate. The reason for this importance
is that flexible electronics permits the development of displays that are thin, light, robust,
conformable, and can, if required, be rolled away when not in use. In addition, the use
of available low temperature process plastic-based substrates opens up the possibility of
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Figure 1. Structure of a bottom-contact low temperature process-based ZnO TFT fabricated on a
transparent flexible PET substrate.

cost-effective processing in high volumes of roll to roll processing [9—-11]. However, in
the case of the R2R process, processing on low-priced PET film even with its low glass
transition temperature can reduce their fabrication costs more effectively compared to using
expensive PES film.

Therefore, in this work we studied the low-temperature fabrication process of zinc
oxide (ZnO) thin-film transistors (TFTs) based on a polyethylene terephthalate (PET)
substrate with an organic gate dielectric.

Experimental

TFTs based on oxide fabricated bottom-gate and top-contact structures are described in
Fig. 1. To deposit on this structure, 180 nm thick indium-tin-oxide (ITO) as a gate elec-
trode was deposited on PET substrate and patterned using conventional photolithography.
An Al gate electrode was deposited by a thermal evaporator. As a gate dielectric layer,
dissolved cross-linked poly-vinyl phenol (c-PVP) in 2-Propanol anhydrous (IPA) as an
organic dielectric layer was formed using spin-coating on the gate electrode and then it
was cross-linked by thermal baking at 110°C in a vacuum oven for a duration of 1 hour for
the low-temperature process [12]. As an n-type semiconductor, ZnO films were deposited
on the c-PVP as gate dielectric using zinc precursors diethylzinc (DEZn, Zn(C,Hs),) and
deionized water as an oxygen precursor. The ZnO films’ rate of growth was defined to
be about 6.8 A/cycle, and the substrate was heated for 73 cycles at 120°C. Therefore, we
studied one of the most important elements of fabrication in less than 120°C on the flexible
PET substrate. The drain and source electrodes were deposited by the thermal evaporation
method though a shadow mask to form a 50 nm thick Aluminum layer. The fabricated
ZnO TFTs have a channel length of 60 um and a width of 300 um (W/L = 5). The
electrical characteristics of ZnO TFTs were measured by a semiconductor analyzer unit
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Figure 2. Current density—electric field (J-E) characteristics of MIM structures measured for differ-
ent insulators: conventional c-PVP 10 wt%; and low-temperature process c-PVP 10 wt%.

(Keithley 4200-SCS). For investigating the lower processing temperature and fabrication
on the low-priced plastic substrate, the current density—electric field (J-E) characteristics
of the flexible MIM device were measured using an HP-4192 impedance analyzer.

Results and Discussion

In this paper we adapted the low-temperature process for ZnO TFTs on PET flexible
substrates. Two types of devices were created according to the gate dielectric annealing
environment and different gate dielectric layers for applying on the flexible substrate,
respectively. The current density—electric field (J-E) characteristic curves of the MIM
devices are represented in Fig. 2. Moreover, no electrical breakdowns were detected up
to 2 MV/cm in the whole device. These results demonstrate that low-temperature process
c-PVP is an also suitable gate insulator for flexible ZnO TFT applications. Figure 3 shows
the capacitance—frequency (C-F) characteristics. The capacitance of the low-temperature
process c-PVP 10 wt% gate insulator was 5.29 nF/cm? at 10 kHz. It shows a similar value
to the conventional process c-PVP capacitance. The inset of Fig. 3 shows a contact angle
image of the conventional c-PVP and low-temperature process c-PVP surface. This evidence
suggests that the surface of the c-PVP layer and low-temperature process c-PVP layer show
the approximate characteristics. Using Young’s equation, the surface free energies of the
gate dielectric layers were calculated to be about 39.8 mJ/m? for c-PVP and 36.5 mJ/m?
for the low-temperature process c-PVP [13]. The optical transmittance spectra of bare
glass, ITO/PET substrate and low-temperature c-PVP gate dielectric/ITO/PET substrate
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Figure 3. The capacitance - frequency (C—F) graph of TFTs using: a conventional c-PVP 10 wt%
dielectric layer; a low-temperature process c-PVP 10 wt% dielectric layer; and a low-temperature
process c-PVP 5 wt% dielectric layer. Inset shows the contact angle image of a conventional c-PVP
and low-temperature process c-PVP surface.

are compared in Fig. 4. Except for the source and drain electrodes, the low-temperature c-
PVP gate dielectric/ITO/PET substrate was highly transparent for the whole range of visible
wavelengths with a transmittance as high as ~90% by glass standards, indicating that the
spin-coated low-temperature c-PVP gate dielectric layer hardly affected the transmittance
of the ITO/PET substrate. The inset of Fig. 4 is a top-view photograph of the ZnO TFTs,
showing its clear visibility. Figure 5(a) shows the Ip—V curves of those figures, the on/off
current ratio (Iop/ofr) and sub-threshold slope of ZnO-FETs, for the following three cases:
using a conventional c-PVP 10 wt% on PES substrate; using a low temperature c-PVP
10 wt% on PET substrate; and using low temperature c-PVP 5 wt% on PET substrate. A
comparison between the performance of conventional c-PVP 10 wt% and low-temperature
c-PVP 10 wt% processing showed similar electrical characteristics. This indicates that the
low temperature c-PVP process can be used instead of the conventional c-PVP process
and still act as a good gate dielectric. Furthermore, we study the 5 wt% low temperature
process c-PVP gate insulator for the improvement of field-effect mobility. By optimizing
the concentration of insulator in the same voltage was able to induce more carriers. As
a result, ZnO TFTs with low-temperature process c-PVP 5 wt% exhibited the typical n-
type characteristics and good saturation behavior of the device to the same degree as the
ZnO TFTs using conventional process c-PVP 10 wt%, as shown in Fig. 5. The mobility
values of the low-temperature process c-PVP ZnO TFTs and the conventional process
c-PVP ZnO TFTs were measured to be 0.075 cm?*Vs and 0.024 cm?/Vs, respectively.
Figure 5(b) shows the output characteristics Ipg versus Vpg of flexible ZnO TFTs. Table 1
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Figure 4. Comparison of the optical transmittance of bare glass, ITO/PET substrate and low-
temperature c-PVP gate dielectric/ITO/PET substrate; inset is a top-view photograph of ZnO TFTs
for clarity.

shows the summarized electrical properties for three kinds of ZnO TFTs. Using the low-
temperature process c-PVP layer shows some improvement of the field effect mobility and
high transmittances with the ITO gate electrode. Moreover, using the PET substrate can
dramatically lower the fabrication cost needed for mass production.

Table 1. The electrical parameters of fabricated ZnO TFTs.

Conventional Low-temperature Low-temperature
c-PVP 10 wt% process c-PVP 10 wt% process c-PVP 5 wt%
on PES sub. on PET sub. on PET sub.
Gate electrode Al Al ITO
Threshold voltage [V] 10 8 15
Subthreshold slope 2 3.7 2.5
[V/decade]
On/Off current ratio 6.65 x 10* 9.03 x 103 1.70 x 10°

Mobility [cm?/Vs] 0.024 0.020 0.075
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Figure 5. (a) Electrical characteristics of ZnO TFTs on a flexible substrate. The square root of the
drain current Ipg'? versus the gate voltage Vg, and Ipg versus Vg curves at the drain-source voltage
of 30 V using an Al gate electrode and a conventional CPVP 10 wt% on PES substrate, using an Al
gate electrode and a low temperature CPVP 10 wt% on PET substrate, and using an ITO electrode
and a low temperature CPVP on PET substrate; (b) Output characteristics Ips versus Vpg of flexible
ZnO TFTs. Three types of devices were tested according to the gate dielectric annealing environment
and different gate electrodes and flexible substrates.

Conclusions

In summary, we conclude that the low-temperature c-PVP process shows similar electrical
characteristics in comparison with the conventional c-PVP gate dielectric process. In addi-
tion, ZnO TFTs using a low-temperature c-PVP layer and ITO gate electrode were shown
to have high performance transmittance characteristics on the PET substrate. Therefore, an
optimized process adapting the transparent gate electrode (ITO) and organic gate dielectric
layer on a transparent flexible substrate will allow for the development of the all transparent
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ZnO-FETs. Flexible ZnO-FETs on low-priced PET film might be an excellent candidate for
transparent flexible devices in flexible flat panel displays or for other electronic applications.
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