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Abstract— Indium-gallium-zinc-oxide thin-film transistors 

(TFTs) gated with solution-processed, ultra-thin AlxOy have been 
fabricated on a plastic substrate. The effects of bending on the 
gate dielectric in terms of leakage current density and 
capacitance density have been studied. The devices show a low 
operating voltage of less than 1 V, a high current on/off 
ratio > 105 and a low subthreshold swing < 90 mV/dec. The 
devices maintain their high performance even when flexed to a 
curvature radius of 11 mm. As a result, such devices possess a 
great potential for low-power, flexible electronics. 

 
Index Terms— Indium-gallium-zinc-oxide, thin-film 

transistors (TFTs), plastic substrate, 1 V operation 

I. INTRODUCTION 
n recent years, thin-film transistors (TFTs) based on oxide-
semiconductors, especially indium-gallium-zinc-oxide 
(IGZO), have shown great potential in a wide range of 

electronic applications, such as displays and radio frequency 
identification (RFID), due to their excellent mobility, 
transparency, flexibility and large-area uniformity [1]. Many 
next generation electronic devices will require reduced power 
consumption, hence it is highly desirable for TFTs to be 
capable of low-voltage operation. However, it is still 
challenging for oxide-semiconductor-based TFTs to achieve 
both high current on/off ratios and low operating voltages at 
same time. 

Operating voltages can be reduced by increasing the 
capacitance of gate dielectric materials. One method is to 
reduce the insulator thickness. However, for traditional 
insulators like SiO2, such a method may result in a large gate 
leakage current if the insulator layer is too thin [2]. To 
increase the gate capacitance without dramatically increasing 
the gate leakage current, high dielectric constant (high-κ) 
materials, such as Al2O3, HfO2 and Ta2O5, can be used as the 
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gate dielectric layer [3-5]. A widely-used high-κ material is 
Al2O3, due to its large bandgap, low cost, low leakage current 
density and good compatibility with oxide semiconductors [3]. 

Commonly, pinhole free aluminum oxide is deposited using 
atomic layer deposition (ALD) [6]. However, ALD normally 
suffers from a slow growth rate and it is still challenging to 
use ALD for large-area, non-vacuum deposition. 
Alternatively, high-quality aluminum oxide can be deposited 
using anodization, which has been proven to be a cost-
efficient technique for large-area, room temperature 
fabrication of capacitors [7]. Anodization is a self-limiting 
process, meaning pinhole free, homogeneous oxides can be 
created, even at an ultra-thin thickness [8]. The low deposition 
temperature also makes it compatible with flexible substrates. 
We have recently shown that using anodized, ultra-thin AlxOy 
as the gate dielectric layer, it is possible to fabricate IGZO 
TFTs with an ultra-low operating voltage of 1 V [9]. However, 
these devices were fabricated on a rigid glass substrate.  

Here, IGZO TFTs with solution-processed, ultra-thin AlxOy 
as gate dielectrics have been fabricated on polyethylene 
naphthalate (PEN) substrates. The fabricated devices operate 
within 1 V with a high current on/off ratio > 105 and a low 
subthreshold swing < 90 mV/dec. The devices maintain their 
high performance even when flexed to a curvature radius of 
11 mm.  

II. EXPERIMENTAL PROCEDURE 
Flexible IGZO-based TFTs with a bottom gate, top contact 

structure were fabricated on PEN substrates. A schematic of 
the devices is shown in Fig. 1(a). Firstly, a 200 nm thick 
polymethyl methacrylate (PMMA) layer was spin-coated onto 
the PEN as a buffer layer to improve the smoothness of the 
surface. A 200 nm thick layer of Al was then thermally 
evaporated as the gate electrode. Next, an AlxOy layer 
approximately 3 nm thick was formed by anodization in a 
1 mM citric acid solution using the process conditions 
reported previously [9]. Then, a 30 nm thick IGZO channel 
layer was RF sputtered in pure argon ambient at 45 W. After 
that, 200 nm thick Al source and drain were thermally 
evaporated through a shadow mask. The channel length and 
width were 60 µm and 2 mm, respectively. Finally, the 
devices were passivated by spin-coating a 200 nm thick 
PMMA followed with a 70 ˚C annealing in air ambient for 20 
minutes.  
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Fig. 1(b) shows the PEN TFT array undergoing electrical 
measurement on a curved surface, thereby demonstrating their 
flexibility. The bending radius in this case is 3.5 cm. The 
electrical properties of the TFTs were measured using an 
Agilent E5270B semiconductor analyzer and an E4980A LCR 
meter at room temperature.  

III. RESULTS AND DISCUSSIONS 
Fig. 2(a) shows the capacitance density as a function of 

frequency (C-f) of Al/AlxOy/Al capacitor at a bias voltage of 
1 V before and after bending. A very slight change of 
capacitance density is found in both cases, indicating low 
defect densities in the thin film. Fig. 2(b) shows the 
capacitance density as a function of applied voltage (C-V) of 
the capacitors at 100 kHz before and after bending. The 
capacitance per unit area is found to be almost the same at 
900 nF/cm2 before and after bending.  

 

 
 
The leakage current density-voltage (J-V) characteristics of 

the capacitors are shown in Fig. 2(c). A maximum leakage 
current density of ~ 6 nA/cm2 is found at 1 V (3.33 MV/cm), 
which is better than most previously reported anodized oxide 
layers fabricated on flexible substrates [10, 11]. Almost no 
leakage current density change is found after bending, 
demonstrating a good flexibility of the anodized, ultra-thin 
AlxOy. To verify the uniformity and reproducibility, 10 
devices that were fabricated in different batches were 

randomly chosen from 35 devices to measure the capacitance 
and leakage current density before and after bending. The 
obtained results show a capacitance density of 
910 ± 30 nF/cm2 and a maximum leakage current density of 
13 ± 7 nA/cm2 with negligible change being observed after 
bending, confirming a high uniformity and reproducibility.  

Fig. 3(a) shows the output characteristics (ID-VD) of the 
flexible TFTs. The device operates in n-type enhancement 
mode with linear, pinch off and saturation regimes clearly 
shown. Fig. 3(b) shows the corresponding transfer 
characteristics. The current on/off ratio is found to be larger 
than 105 with an almost zero hysteresis between forward (-0.5 
to 1 V) and backward (1 to -0.5 V) sweeps. The subthreshold 
swing, SS, is found to be 83 mV/dec, which is close to the 
theoretical limit at 300 K [12]. A leakage current, IG, less than 
1 nA is achieved throughout the whole test, confirming the 
good insulating behavior of anodized, ultra-thin AlxOy. The 
relationship between square root of drain current, ID1/2, and 
gate voltage, VG, is also displayed in Fig. 3(b), from which a 
threshold voltage, VTH, of 0.44 V is extracted.   

 

 
 
In the saturation regime (VD > VG – VTH),  

𝐼" =
$
%
&
'
µ𝐶(𝑉, − 𝑉./)%,                        (1) 

where W/L is the ratio of channel width and length, C is the 
capacitance per unit area. By taking into account the gate 
capacitance density (900 nF/cm2), a mobility, µ, of 9 cm2/Vs 
can be calculated. This mobility value is an improvement upon 
our previous work [9] and may be ascribed to the increase of 
IGZO deposition power and thickness [13, 14], and the help of 
top capping layer [15, 16]. 

To measure flexibility, the TFTs were bent onto a curvature 
holder (as shown in Fig. 1(b)) with bending radius from 5 cm 
to 1.1 cm. For each bending radius, the TFTs were bent for 20 

 
Fig. 1.  (a) Schematic of IGZO TFTs on flexible PEN substrates. (b) Photo of 
the electrical measurement set up of the flexible IGZO TFTs bent on a 
curved surface with a curvature radius of 3.5 cm. 
  

 
Fig. 2 (a) C-f, (b) C-V and (c) J-V characteristics of Al/AlxOy/Al capacitors 
before and after bending. The bending radius is 3.5 cm. 
  

 
Fig. 3. Electrical properties of the flexible IGZO TFTs. (a) Output 
characteristics. (b) ID, ID

1/2 and IG as a function of VG at VD = 1 V. 
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minutes before measuring the electrical characteristics. As 
shown in Fig. 4(a), there is no pronounced device performance 
degradation, indicating there is no obvious strain-induced 
cracking or buckling in the films due to bending. 

 

 
 
The corresponding mobility change (Δµ) and threshold 

voltage change (ΔVTH) as a function of bending radius is 
shown in Fig. 4(b). Under a bending radius of 11 mm, 
mobility increased by 0.39 cm2/Vs and threshold voltage left 
shifted by 0.035 V. A possible reason for this is the distance 
between atoms in the IGZO semiconductor layer increases 
during bending, resulting in more electrons moving to the 
antibonding state and therefore increasing the channel 
conductivity [17].  

 Importantly, throughout the whole test, the current on/off 
ratio remained > 105 and the subthreshold swing 
was < 90 mV/dec. These results are maintained even after 
several bending events. The bending test have also been 
carried on for several devices and all of them show a similar 
behavior with a left shift of threshold voltage of 0.04 ± 0.01 V 
and an increase of mobility of 0.4 ± 0.12 cm2/Vs under a 
bending radius of 11 mm. 

We further tested the flexible TFTs under lower operating 
voltages, as shown in Fig. 5. Even under a bias of 0.6 V, well 
behaved transfer characteristics with an on-current of 1.5 µA 
and a current on/off ratio of 105 are achieved. When 
decreasing to the gate bias to 0.5 V, the maximum drain 
current is decreased to 0.49 µA and the current on/off ratio is 
decreased to 6 × 104. The carrier mobility is also reduces with 
gate bias due to carrier trapping by interface states becoming 
more dominant at lower gate voltages [18].  

 
 
A comparison with previously reported flexible IGZO TFTs 

is shown in Table I. The electrical properties in terms of 
operating voltage, mobility, subthreshold swing, threshold 
voltage shift, and current on/off ratio, ION/IOFF, of our devices 
match, and even surpass, those of other IGZO TFTs using 
similar bending conditions.   

 
 
In conclusion, we have reported flexible IGZO TFTs using 

solution-processed, ultra-thin AlxOy as the gate dielectric 
layer. The fabricated devices are capable of operating within 
1 V with a high current on/off ratio > 105 and a low 
subthreshold swing < 90 mV/dec. The devices maintain their 
high performance even when flexed to a curvature radius of 
11 mm. Therefore, this work may have important implications 
for future low-cost, large-area electronics where a low 
operating voltage and mechanical flexibility are necessary.  
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