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Abstract

:

The objective of this study is to investigate the effect of long-term static bending on the conductive characteristics of indium tin oxide (ITO) thin film in flexible optoelectronics. Two types of substrate are considered, namely ITO on polyethylene naphthalate (ITO/PEN) and ITO on polyethylene terephthalate (ITO/PET). Electrical properties of the ITO/PEN and ITO/PET sheets are measured in situ under static bending at various radii of curvature. Experimental results indicate that no significant change in electrical resistance of the ITO/PEN and ITO/PET sheets is found for compressive bending after 1000 h at a curvature radius of 10 mm or larger. However, the ITO/PEN and ITO/PET sheets are seriously damaged under a tensile bending of 10 mm radius and 5 mm radius, respectively. The given ITO/PET sheet exhibits a greater resistance to long-term mechanical bending than the ITO/PEN one, which is attributed to the effect of stiffness and thickness of substrate. As the given PET substrate has a lower stiffness and thickness than the PEN one, ITO thin film in the ITO/PET sheet has a smaller stress given a bending radius. Consequently, a smaller extent of change in the electrical conductance of ITO thin film is found in the ITO/PET sheet.
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1. Introduction


Flexible organic optoelectronics has recently received much attention due to several advantages, such as flexibility, impact resistance, light weight, low cost, and possible roll-to-roll mass production. It is a promising subject for continuous investigation and development. Organic materials are commonly used as semiconductor components in flexible optoelectronics, thanks to their extremely flexible and ductile properties. Applications of organic semiconductor components in flexible electronics include organic light emitting diode (OLED), organic photovoltaic (OPV), and organic thin film transistor (OTFT) [1]. Flexible optoelectronics are expected to create more innovative applications in the future. In order to make highly efficient organic semiconductor components, transparent conductive layers are needed. The most common transparent conductive layers for flat panel displays, electroluminescent and electrochromic displays, OPV, and OLED are indium tin oxide (ITO) thin films [2]. They can be deposited by various techniques such as magnetron sputtering, reactive evaporation, radio frequency sputtering, spray pyrolysis, pulsed laser deposition, and screen printing process [3,4,5]. Manufacturing of ITO thin films needs precious raw materials and expensive tools, which limits their compatibility with mass production and low-cost devices [3]. Although alternatives for transparent conductive film are available, such as zinc-doped indium oxide, gallium-doped zinc oxide, and aluminum-doped zinc oxide [4], due to its excellent electrical characteristics and high transparency, ITO is still the best candidate for the organic semiconductor components at present [6,7,8,9,10,11]. However, the natural brittle characteristic of ITO thin film results in damage after mechanical bending, and causes challenges for implementation in flexible organic optoelectronics. Therefore, its bending behavior needs to be studied for better applications in flexible optoelectronics.



The most common chemical compositions considered for polymer substrate in flexible organic optoelectronics are polyethylene terephthalate (PET), polyethylene naphthalate (PEN), and polyethersulfone (PES). A material with a greater Young’s modulus is usually more brittle than a low one. Note that PET has a smaller Young’s modulus, such that it has better flexibility [12,13,14]. On the other hand, heat-resistance also needs to be considered in the roll-to-roll fabrication process of flexible electronics. PET has the lowest glass transition temperature (Tg) among the aforementioned three materials, while PES has the highest one [12,13,14]. Therefore, PES is more suitable for high-temperature manufacturing processes. The material properties of PEN are in-between, and it is also considered as a favorite substrate for flexible optoelectronics. In this study, PET and PEN are selected to study the substrate effect on the bending performance of ITO thin film.



Currently, many studies have been conducted to find ways to improve conductive property and/or mechanical performance or to investigate failure mechanism of ITO thin film under bending [7,12,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42]. Lim et al. [12] studied the flexural ability of ITO on PES, PET, and PEN substrates at different radii of curvature under cyclic bending [12]. Their results show that Young’s modulus of the substrate significantly affects the conductive stability of ITO electrode and mechanical properties of ITO/substrate film [12]. A cyclic bending test was also conducted to investigate the electrical conductivity of ITO thin film under various conditions of temperature and humidity [20,42]. Their results show that cyclic bending deformation is the dominant factor for the electrical resistance increase in those ITO films. That cyclic bending method was also applied to addressing the failure behavior of aluminum-doped zinc oxide thin film in harshly environmental conditions [43,44,45,46]. In addition to cyclic bending test, Hamasha et al. also investigated the conductivity behavior of ITO film under various stretching rates [47]. A three-point bending test combined with dynamic stiffness measurement was used to study deformation change and brittle failure mechanism of ITO thin film by Kirubanandham and Basu [15]. Their results show that bending causes buckling, delamination, and cracking in ITO thin film, and leads to an electrical resistance rise [15]. Lim et al. [38] studied the bending reliability of an ITO thin film on a 125 μm-thick PET substrate, by decreasing the bending radius, to define the critical bending radius. Electrical resistance of that ITO thin film was synchronously measured as the bending radius continued to decrease from 40 mm to 3 mm [38]. Their results show that the critical bending radii of 20, 50, 100, and 150 nm-thick ITO electrodes are 4.5, 4.5, 6, and 6 mm, respectively [38]. Leppänen et al. [40] investigated the mechanical and electrical behavior of an ITO thin film under static bending at different curvatures. Samples were bent from 53 mm to 15 mm radius of curvature [40]. Electrical resistance measurement and cracking observation were immediately conducted after 0, 2, and 24 h of bending [40]. The results show that cracks appear at 20 mm-radius cylinder and smaller, in conjunction with slight degradation in the conductivity of ITO thin film [40]. The exemplified results, described above, indicate that the electrical performance of ITO films is degraded under certain bending conditions.



As flexible optoelectronic devices can be curved like paper in applications, the most attractive feature is their flexibility. For prolonged use of such devices, long-term failure mechanisms related to electrical characteristics of conductive layers of flexible organic optoelectronics should be considered. Although investigations on electrical conductivity of ITO thin films under bending have been conducted in previous studies, the change of electrical conductivity is mostly assessed after cyclic bending [12,15,16,17,20,22,31,42,48,49,50,51] or static bending [40]. However, it is necessary to study the concurrent change of electrical conductivity of ITO thin film under long-term mechanical bending, and its correlation with the mechanical failure mechanism. In our prior work [41], the effect of cyclic bending on the in situ variation of electrical conductance of ITO thin film has been investigated. In this study, changes of electrical conductance in ITO thin film on different polymer substrates are investigated by conducting long-term static bending tests with various radii of curvature. Particularly, electrical conductivity of the given ITO thin films is monitored by in situ electrical resistance measurement during static bending up to 1000 h. Hopefully, such results could help assess lifetime of flexible optoelectronics and clarify the relevant failure mechanisms for long-term static bending.




2. Experimental Procedures


2.1. Materials and Specimen Preparation


Two types of ITO thin film are investigated, one using PET as the substrate and the other using PEN. The ITO thin film on PET substrate (ITO/PET) sheets were purchased from Win-Optical Technology Co., Ltd., (Tao-Yuan, Taiwan). According to product specifications [52], surface resistance of the ITO thin film is 150 Ω/sq after annealing at 150 °C for 90 min. The ITO/PET sheets were received in a form of A4 sheets with a thickness of 133 μm. Rectangular samples in physical dimensions of 36, 51, 83, 114, and 145 mm (length) × 10 mm (width) are cut out to conduct static bending tests at various radii of curvature, namely 5, 10, 20, 30, and 40 mm, respectively. The ITO thin film on PEN substrate (ITO/PEN) sheets were fabricated by Peccell Technologies, Inc., (Yokohama, Japan) and purchased through Ruilong Co., Ltd., (Miao-Li, Taiwan). According to product specifications [13], its surface resistance is less than 15 Ω/sq. The as-fabricated ITO/PEN sheets were received in a form of 20 cm × 25 cm × 200 μm [13]. Rectangular samples are cut out of the ITO/PEN sheets for static bending tests and have the same dimensions of the ITO/PET samples.




2.2. Static Bending Test


For investigating the effect of long-term static bending on electrical conductance of the given ITO thin films, a fixture of static bending test is designed and made in-house, as shown in Figure 1. Each ITO thin film sample is firstly clamped by two stainless steel clips at both ends, as shown in Figure 1. The two clips are then fixed on a flat plate. As the sample is bent in a concave downward position (Figure 1), ITO thin layer is under tension when placed at the top position. ITO thin layer is subjected to compressive stress when it is placed at the bottom of the sample. Five radii of curvature (5, 10, 20, 30, and 40 mm) are applied for static bending tests, and the specimens are continuously bent until 1000 h. During the bending test, all the specimens are placed in a closed box at room temperature to avoid dust accumulating on the specimens.



During the static bending test, the electrical resistance of ITO film is monitored using a source measurement unit (SMU-Keithley 2400, Keithley Instruments, Inc., Cleveland, OH, USA). For measuring electrical resistance of several ITO film samples at the same time, the source measurement unit is combined with a homemade switch system controlled by a LabVIEW program, as shown in Figure 2. This homemade switch system, which consists of a relay module and a microcontroller (Arduino Mega 2560, Arduino LLC, Turin, Piedmont, Italy), is in contact with an array of eight ITO specimens through electrical wires. The electrical wires and relay contacts are used as electrical current entrances to measure the electrical resistance, thanks to their high conductivity and negligible resistance. During the measurement, the electrical current is continuously recorded by the given source measurement unit under a constant source voltage of 20 mV. The resistance change of each ITO sample is then in situ determined throughout the bending test.




2.3. Microstructural Analysis


In order to determine coating thickness of the ITO thin films studied, some specimens are cut along the thickness direction to observe the cross-sectional microstructure using a scanning electron microscope (SEM) (Hitachi S-800, Hitachi, Ltd., Tokyo, Japan). Pt films are deposited on the specimens to prevent accumulation of electrostatic charge at the surface. After mechanical bending test, fracture surfaces of the ITO/PET and ITO/PEN specimens are observed using an optical microscope (OM) and SEM to analyze the failure mechanism. In addition, the surface morphology and roughness profiles of ITO/PEN and ITO/PET sheets in as-received and after-bending states are characterized by atomic force microscopy (AFM) (XE 7, Park Systems, Suwon, Korea). The microstructural changes, interfacial cracks, and bonding defects observed are correlated with the electrical resistance change of the mechanically bent ITO/PET and ITO/PEN samples.





3. Results and Discussion


3.1. Bending Effect on ITO Thin Film


The electrical resistance change of ITO/PEN and ITO/PET sheets with time under static bending at various radii of curvature are shown in Figure 3 and Figure 4, respectively. Two specimens are repeatedly tested for a given bending condition to check the repeatability of data. In addition, each figure shows the results of four samples bent at a similar radius of curvature, namely two under tension (Tensile 1 and 2) and the other two under compression (Compressive 1 and 2). Note that in Figure 3 and Figure 4, change of the resistance is normalized by its original value and plotted in the ordinate. As shown in Figure 3 and Figure 4, a slight reduction of electrical resistance of ITO thin film is generally observed at the beginning of compressive bending for both ITO/PEN and ITO/PET sheets. The initial reduction of electrical resistance under compressive bending for ITO/PEN sheet is about 20% and 2% at a 10 mm and a 20 mm curvature radius, respectively. For ITO/PET sheet, the initial reduction under compressive bending is about 50%, 7%, and 1% at a radius of 5 mm, 10 mm, and 20 mm, respectively. For a change from neutral state to compressive state, a reduction of electrical resistivity occurs because of a net decrement in the space between ITO aggregates, which produces more conduction paths [53,54]. When the ITO/PET sheet is bent in tension, a slight reduction of electrical resistance is also observed at the beginning for bending radius of 10 mm or 20 mm. The extent of initial reduction is about 6% and 1% for the 10 mm and 20 mm curvature radius, respectively. This is attributable to the fact that a rotation of ITO aggregates may cause additional connections of ITO aggregates in response to the longitudinal expansion of specimen under tension. This phenomenon is called an orientation effect of non-uniformly spaced aggregates of nanostructured substance [53]. A lower electrical resistance in a compressive or tensile state than that in a neutral state is also observed for the given ITO thin films under cyclic bending in our previous study [41].



As shown in Figure 3a, the electrical resistance changes of ITO/PEN under both tensile and compressive bending with a 40 mm curvature radius are about 2% after 1000 h of static bending. The electrical resistance change under 1000 h of tensile or compressive bending with a 30 mm curvature radius is also about 2% (Figure 3b). No significantly detrimental effect on the electrical conductance of ITO/PEN sheet is found for bending with a radius of curvature of 30 mm or 40 mm. As shown in Figure 3c, the electrical resistance change gradually increases with time under both tensile and compressive bending with a 20 mm curvature radius. Compared with the initial reduction of electrical resistance at beginning of bending, the electrical resistance changes after 1000 h of tensile and compressive bending are about 3–5% and 3%, respectively. The electrical resistance of ITO/PEN significantly increases with time under tensile bending with a 10 mm curvature radius, and a change of 800–900% is found after 1000 h of bending (Figure 3d). However, for a similar bending radius of 10 mm, the electrical resistance of ITO/PEN only increases by 3% after 1000 h of compressive bending.



An overall comparison of the results presented in Figure 3 indicates that a detrimental tensile bending effect is found for a curvature of 20 mm and smaller. In particular, as the bending radius is decreased to 10 mm, the electrical resistance significantly increases to an extent of about 500% at the beginning, and 800–900% after 1000 h. On the other hand, a slight effect of compressive bending is found for bending radius of 20 mm and smaller. The electrical resistance slightly decreases by 2% at the beginning, and increases by 3% after 1000 h of bending with a radius of 20 mm. When the bending radius is reduced to 10 mm for more severe bending, no further detrimental effect is observed, and the electrical resistance change is similar to that of 20 mm. These results reveal that tensile bending is much more detrimental than compressive bending to the electrical conductance of the given ITO/PEN sheet under a long-term static flexural deformation.



As shown in Figure 4a,b, the electrical resistance changes of ITO/PET under both tensile and compressive bending with 30 mm and 20 mm curvature radii are about 2% after 1000 h of bending. Therefore, no significantly detrimental effect on the electrical conductance of ITO/PET sheet is found for a bending radius of 20 mm or 30 mm. As shown in Figure 4c, the electrical resistance change under tensile bending with a 10 mm curvature radius starts to increase at 100 h, and reaches a change of 6–20% at 1000 h. For a bending radius of 5 mm, the electrical resistance significantly increases from the beginning of tensile bending, and has a change of 60,000% after 1000 h (Figure 4d). However, for a compressive bending state with a radius of curvature of 10 mm or 5 mm, no significant change of electrical resistance is found, as shown in Figure 4c,d. As the ITO/PET sheet is seriously damaged at the beginning of tensile bending with a 5 mm curvature radius in a repeated test, no long-term static bending is conducted on this repeated sample.



Comparison of the electrical resistance changes of ITO/PET sheet presented in Figure 4 indicates that a detrimental tensile bending effect is found for curvature radius of 10 mm and smaller. In particular, for a bending radius of 5 mm, tensile bending increases, extremely, the electrical resistance to an extent of 50,000% at beginning, and 60,000% after 1000 h of bending. Such a great change of electrical resistance makes the damaged ITO/PET sheet almost nonconductive. On the contrary, the electrical conductance of the ITO/PET sheet remains stable for all the compressive states of long-term static bending. This indicates, again, that tensile bending is much more detrimental than compressive bending to the electrical conductance of the given ITO/PET sheet under a long-term static flexural deformation.



In comparison of ITO/PEN and ITO/PET sheets under tensile bending (Figure 3 and Figure 4), electrical resistance of the ITO/PEN sheet slightly increases at a bending radius of 20 mm, but the ITO/PET sheet remains stable up to 1000 h. When the bending radius is reduced to 10 mm for more severe bending, electrical resistance of the ITO/PEN sheet significantly increases, but electrical resistance of the ITO/PET sheet just slightly increases. For a counterpart comparison under compressive bending, these two ITO sheets show no significant change in electrical resistance at a bending radius of 30 mm or larger. For more severe bending of 20 mm and 10 mm radii, electrical resistance of the ITO/PET sheet is still stable under compressive bending after 1000 h, but electrical resistance of the ITO/PEN sheet slightly increases. Based on the comparisons described above, the given ITO/PET sheet exhibits a greater resistance to long-term static bending than the ITO/PEN sheet in terms of change in electrical conductance.




3.2. Failure Analysis


As described in Section 3.1, given a bending radius of 10 mm, the electrical resistance of ITO/PEN sheet increases significantly by 800–900% under tensile bending, and increases only by 3% under compressive bending after 1000 h. OM micrographs of ITO/PEN sheet after 1000 h of compressive and tensile bending with a 10 mm curvature radius are shown in Figure 5 and Figure 6, respectively. Cracks are found in both specimens, and are presumably initiated at the edge of the specimen, as shown in Figure 5 and Figure 6. However, cracks develop on the PEN substrate when ITO is under compressive bending, and on the ITO thin film when ITO is under tensile bending, as shown in Figure 5a and Figure 6b, respectively. As shown in Figure 6b, wrinkles are also found in the ITO/PEN sheet after tensile bending. Existence of wrinkles is attributed to shrinkage deformation caused by Poisson’s effect in the underlying film [55]. As deformability of the underlying film is much higher than that of the ITO film, part of the ITO film is wrinkled up [55]. These results reveal that static bending of 10 mm radius seriously damages the ITO/PEN sheet in both compressive and tensile states, but the ITO thin film is damaged only under tensile bending.



For a larger bending radius of 20 mm, the electrical resistance of ITO/PEN sheet increases by 3–15% under tensile bending of 1000 h. An OM micrograph of ITO/PEN in this bending case is shown in Figure 7. Cracks of a smaller size are only found at edge of the specimen, as shown in Figure 7. As described above, tensile bending of ITO/PEN at a radius of 20 mm exhibits a smaller change of resistance (3–15%) in comparison with that of a 10 mm radius bending (800–900%). These fractography observations are consistent with the electrical resistance measurements. An exemplified SEM micrograph of ITO/PEN sheet after 1000 h of tensile bending is shown in Figure 8. Cracks are found in the ITO thin film of this sample. These cracks are perpendicular to the direction of tensile stress, roughly parallel to each other, and appear as straight lines. They could degrade the electrical conductance of ITO thin film. It is confirmed, again, that cracks are formed to deteriorate the ITO/PEN sheet’s electrical performance.



For the worst case in ITO/PET sheets, the electrical resistance significantly increases from the beginning of tensile bending up to a change of 60,000% at a 5 mm radius. An OM micrograph of ITO/PET sheet after 1000 h of tensile bending with a 5 mm curvature radius is shown in Figure 9. Similar to the ITO/PEN sheet, cracks and wrinkles are found in the ITO/PET sheet after tensile bending, as initiated at the edge of the specimen. For a larger bending radius in ITO/PET sheet, the failure mechanism is similar to that described above. An exemplified SEM micrograph of ITO/PET sheet after 1000 h of tensile bending with a 5 mm curvature radius is shown in Figure 10. Cracks and wrinkles are again found in the ITO thin film of this sample. These straight cracks are perpendicular to the loading direction and parallel to each other.



Moreover, surface morphology of the ITO/PEN and ITO/PET sheets after bending is also examined by AFM, and shown in Figure 11 and Figure 12. The surface roughness profiles along selected scanning paths in the investigated areas are also shown in Figure 11 and Figure 12. If cracks are present on the outer surface of ITO layer, it is expected that certain changes in the surface morphology would be observed through AFM. Therefore, scanning paths in the AFM are selected to pass across an apparent crack which is visible by OM. Although the selected scanning paths in the AFM pass across an apparent crack, both Figure 11b and Figure 12b reveal that the ITO outer surface has no remarkable change in the roughness profile along the scanning line. Note that the ITO layer is transparent. Therefore, the cracks observed in OM might be initiated at the interface of ITO/PET and ITO/PEN sheets, instead of at the outer surface of ITO layer. The AFM results indicate that cracks are not initiated at the ITO outer surface. A similar observation has been reported by Li and Lin [16] that cracks are preferentially initiated at the interface between ITO layer and substrate during bending.



Cross-sectional SEM micrographs of ITO/PEN and ITO/PET sheets are shown in Figure 13. As shown in Figure 13, the ITO layer thickness is about 200–250 nm for both cases. According to the product specifications, the overall thickness of the ITO/PEN and ITO/PET sheets is 200 μm [13] and 133 μm [52], respectively. As the thickness of ITO layer is comparable between the ITO/PEN and ITO/PET sheets, the bending effect on the ITO thin film is also related to the substrate structure. In this regard, stiffness and thickness of the substrate also play a role in the bending behavior of ITO thin film. As listed in Table 1, the Young’s modulus of PEN is greater than that of PET. Moreover, the substrate thickness in the ITO/PEN sheet is also greater than that in the ITO/PET sheet. As the Young’s modulus of PEN is greater than that of PET, it is expected that flexibility of PET is better than that of PEN.



In order to correlate the flexible deformation with bending stress, a three-dimensional (3D) finite element method (FEM) model is established to quantitatively determine the corresponding stress values in the bending test. The material properties and thicknesses of thin films used in the FEM modeling are listed in Table 1. Distributions of the maximum principal stress (σ1) in the ITO/PET and ITO/PEN sheets are then obtained for a similar bending radius of 10 mm, as shown in Figure 14. As shown in Figure 14, the ITO/PET or ITO/PET specimen is bent in a concave downward position, and the ITO thin layer on the top is under tension. In the comparison of ITO/PEN and ITO/PET sheets under tensile bending at a bending radius of 10 mm, σ1 in the ITO/PEN and ITO/PET sheets is 1309 MPa and 857 MPa, respectively (Figure 14). Note that the critical tensile fracture stress for ITO thin film is of 1.2 GPa [56]. Accordingly, the ITO/PEN sheet is expected to experience severe cracking right after applying a tensile bending of 10 mm curvature radius, as the calculated σ1 = 1309 MPa is greater than the critical tensile fracture stress. This is consistent with the experimental observation in which the electrical resistance significantly increases by 500% at the beginning of applying a tensile bending of 10 mm radius on the ITO/PEN sheet (Figure 3d). These calculations also show that ITO thin film in the ITO/PET sheet has a smaller stress at a given bending radius, compared to the ITO/PEN one. Based on the mechanics calculation of multilayer thin film under flexural deformation [57] and a critical tensile fracture stress of 1.2 GPa for ITO thin film [56], a limited bending radius of 9.6 mm and 6.1 mm is estimated for the given ITO/PEN and ITO/PET sheets, respectively, for an instantaneous bending failure. Therefore, the ITO/PEN sheet is seriously damaged under a tensile bending of 10 mm radius, and a significantly detrimental effect on the ITO/PET sheet is found for bending with a radius of curvature of 5 mm, as observed in the experiment. Based on the comparisons described above, the given ITO/PET sheet exhibits a greater resistance to long-term flexural deformation than the ITO/PEN sheet, in terms of degradation in the electrical conductance of ITO.





4. Conclusions


	(1)

	
Tensile bending is much more detrimental than compressive bending to the electrical conductance of the given ITO/PEN and ITO/PET sheets under a long-term static flexural deformation.




	(2)

	
Under tensile and compressive bending of a curvature radius of 30 mm or larger, electrical conductance of both ITO/PEN and ITO/PET sheets remain stable for up to 1000 h of static loading.




	(3)

	
In 1000 h of tensile bending at a 20 mm curvature radius for the ITO/PEN sheet and at a 10 mm curvature radius for the ITO/PET sheet, the electrical conductance of ITO is degraded by 3–15% and 6–20%, respectively.




	(4)

	
In 1000 h of tensile bending at a 10 mm curvature radius for the ITO/PEN sheet and at a 5 mm curvature radius for the ITO/PET sheet, the electrical conductance of ITO is significantly degraded by 800–900% and 60,000%, respectively.




	(5)

	
The given ITO/PET sheet has a greater resistance to long-term mechanical bending than the ITO/PEN sheet in terms of change in electrical conductance. This is attributed to a smaller stress in the ITO layer because the ITO/PET sheet has a smaller stiffness and thickness in the substrate than the ITO/PEN sheet.
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Figure 1. Schematic diagram of static bending test setup and cross section of sample structure of indium tin oxide (ITO) thin film. 
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Figure 2. Schematic diagram of in situ measurement of electrical resistance during static bending test of ITO thin film. 
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Figure 3. Electrical resistance change of ITO/PEN (polyethylene naphthalate) sheet under static bending of various radii: (a) 40 mm; (b) 30 mm; (c) 20 mm; and (d) 10 mm. 
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Figure 4. Electrical resistance change of ITO/PET (polyethylene terephthalate) sheet under static bending of various radii: (a) 30 mm; (b) 20 mm; (c) 10 mm; and (d) 5 mm. 
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Figure 5. OM micrographs of ITO/PEN sheet after compressive bending with a 10 mm curvature radius for 1000 h: (a) viewed from PEN side; (b) viewed from ITO side. 
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Figure 6. OM micrographs of ITO/PEN sheet after tensile bending with a 10 mm curvature radius for 1000 h: (a) viewed from PEN side; (b) viewed from ITO side. 
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Figure 7. OM micrograph of ITO/PEN sheet after tensile bending with a 20 mm curvature radius for 1000 h, as viewed from the ITO side. 
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Figure 8. SEM micrograph of ITO/PEN sheet after tensile bending with a 10 mm curvature radius for 1000 h, as viewed from the ITO side. 
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Figure 9. OM micrograph of ITO/PET sheet after tensile bending with a 5 mm curvature radius for 1000 h, as viewed from the ITO side. 
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Figure 10. SEM micrograph of ITO/PET sheet after tensile bending with a 5 mm curvature radius for 1000 h, as viewed from the ITO side. 
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Figure 11. AFM images of ITO/PEN sheet: (a) as-received; (b) after tensile bending with a 10 mm curvature radius for 1000 h. 
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Figure 12. AFM images of ITO/PET sheet: (a) as-received; (b) after tensile bending with a 5 mm curvature radius for 1000 h. 
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Figure 13. Cross-sectional SEM micrographs of (a) ITO/PEN sheet and (b) ITO/PET sheet. 
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Figure 14. Distributions of maximum principal stress in ITO thin film on (a) PET substrate and (b) PEN substrate. 
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Table 1. Material properties and parameters used in the 3D FEA modeling [12,13,14].
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	Material
	Young’s Modulus (GPa)
	Poison Ratio
	Thickness (μm)





	ITO
	116
	0.35
	0.25



	PET
	3.0
	0.37
	133



	PEN
	6.1
	0.38
	200
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