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Abstract

:

Flexible transparent electrodes are integral to the advancement of flexible optoelectronic devices such as flexible displays and solar cells. However, indium tin oxide (ITO), a traditional material used in transparent electrodes, exhibits a significant increase in resistance under mechanical stress, which limits the long-term stability of flexible devices. Here, we prepare various types of silver nanowire (AgNW)-based transparent electrodes and investigate their stability in terms of electrical resistance and optical transmittance under compressive and tensile stresses. Under compressive stress, ITO on a polyethylene terephthalate (PET) substrate exhibits a significantly high electrical resistance of >3000 Ω after 1000 stress cycles, while the AgNW-coated electrode on a PET film exhibits a relatively smaller resistance of <1200 Ω. The AgNW-embedded electrode in a UV-curable polymer matrix (NOA63 or NOA71) exhibits an even lower electrical resistance of <450 Ω because AgNWs can easily maintain their network. A similar trend is observed under tensile stress. The AgNW-embedded electrode shows the highest resistance stability, whereas the ITO on the PET substrate shows the poorest stability. The optical transmittance is comparable regardless of the type of stress or electrode used. This superior stability of the AgNW-based electrodes, realized by integrating it with a polymer matrix, is promising for the development of durable and high-performance flexible optoelectronic devices.






Keywords:


silver nanowire; flexible electrode; electrical resistance; compressive stress; tensile stress












1. Introduction


Electronic components have evolved from heavy and rigid into lightweight and flexible structures, thereby allowing us the flexibility to use various devices anytime, anywhere [1,2,3]. Specifically, traditional transistors are heavy and inflexible, but recently reported transistors have been manufactured in lightweight and flexible forms capable of bending and stretching [4,5,6]. Similarly, solar cells, which were traditionally manufactured using rigid inorganic materials, now have lightweight and portable device architectures [7,8,9,10]. One of the strategies that can provide such flexibility and lightness to various optoelectronic components is the adoption of flexible transparent electrodes [11,12]. Flexible transparent electrodes have been developed based on organic and nanomaterials, which has made heavy and unbendable substrates redundant [13,14,15].



Early flexible transparent electrodes were fabricated by depositing indium tin oxide (ITO) onto polyethylene terephthalate (PET) films [16,17,18]. The ITO deposition techniques are highly mature and therefore offer the advantage of ease of production [19,20]. However, ITO, a ceramic material based on inorganic elements, generates cracks when subjected to external stress, resulting in an increase in the resistance of transparent electrodes and limiting the service life of flexible electronic components [21,22,23]. Various materials have been developed to overcome these challenges. Silver nanowires (AgNWs) are one of the promising materials for producing flexible electrodes with long-term stability [24,25,26]. People have reported various applications of AgNW-based electrodes, including solar cells, organic light-emitting displays, and sensors [27,28,29]. Flexible electrodes based on AgNWs are manufactured by simply coating AgNWs on a PET substrate or by coating AgNWs on a substrate with weak adhesion, pouring the polymer on top, curing it, and then peeling it off to create a AgNW-embedded form in the polymer [30,31]. They have been demonstrated to be applicable in various optoelectronic devices such as solar cells and organic light-emitting devices [32,33,34]. However, how various types of AgNW-based electrodes exhibit different behaviors and how their physical properties change depending on the type of external stress have not yet been investigated.



In this study, we investigated the changes in the electrical, morphological, and optical characteristics of AgNW-exposed and AgNW-embedded electrodes under compressive and tensile stress. For the fabrication of AgNW-exposed electrodes, PET was used as the substrate, and NOA63 and NOA71 were used for the AgNW-embedding process. The sheet resistance was measured to evaluate the electrical properties. The morphological properties were analyzed using scanning electron microscopy (SEM) and atomic force microscopy (AFM). Further, ultraviolet–visible (UV-Vis) spectroscopy measurements were conducted to evaluate the optical properties. Through a comprehensive analysis of these characteristics, we determined which electrode configuration performs optimally as a flexible transparent electrode under compressive and tensile stresses.




2. Materials and Methods


To observe the effect of external compressive and tensile stresses on the properties of flexible transparent electrodes, an ITO electrode on a PET film was purchased and AgNW-based flexible transparent electrodes were prepared. For the AgNW-based transparent electrodes, a AgNW-exposed electrode, where the AgNWs were exposed to air, and a AgNW-embedded electrode, where the silver nanowires were impregnated onto a polymer surface, were fabricated. The ITO electrode on the PET film was purchased from Sigma-Aldrich and used as received. The thicknesses of the ITO and PET film were 130 nm and 127 µm, respectively. The AgNW-exposed electrode was manufactured by spin-coating a 0.3 wt% AgNW solution in deionized water (C3nano Korea, Yongin, Republic of Korea) on a PET film and drying it on a hot plate. The diameter and length of the AgNWs were 25 nm and 25 µm, respectively. Spin-coating was performed at 1000 rpm for 60 s, followed by a drying process at 100 °C for 60 s. The AgNW-embedded electrode was fabricated by coating an anti-adhesive layer on a glass substrate, coating a silver nanowire on the anti-adhesive layer, coating an ultraviolet (UV)-curable polymer on the silver nanowire, curing it under UV illumination, and then peeling it off from the anti-adhesive layer. Poly(methyl methacrylate) (PMMA, Kayaku, Westborough, MA, USA) was used as the anti-adhesive material, which was spin-coated at 3000 rpm for 60 s and dried on a hot plate at 180 °C for 30 s to form an anti-adhesive layer. The AgNW solution was also coated and dried under the same conditions to form a AgNW layer as mentioned above. NOA63 (Norland Products Inc., Jameburg, NJ, USA) and NOA71 (Norland Products Inc.) were used as polymers for embedding the AgNWs. The viscosities of NOA63 and NOA71 were 2000 cps and 200 cps at 25 °C, respectively. The moduli of elasticity were 240,000 psi for NOA63 and 55,000 psi for NOA71, respectively. The tensile strengths were 5000 psi for NOA63 and 1300 psi for NOA71. NOA63 and NOA71 were spin-coated at 500 rpm for 60 s, followed by curing under 365 nm UV illumination for 90 min. This resulted in a 70 µm-thick NOA63 layer and a 25 µm-thick NOA71 layer, respectively. NOA63 and NOA71 have different viscosities; thus, the thicknesses of NOA63 and NOA71 were different under the same spin-coating conditions. They were then peeled off from the anti-adhesive layer to complete the fabrication of the AgNW-embedded electrode [32]. The AgNW thickness for the conduction path was the same in both AgNW-embedded electrodes because the spin-coating conditions for AgNWs were the same.



After preparing various flexible electrodes, their electrical, morphological, and optical properties were examined by applying compressive and tensile stresses. Assuming that the conductive material was located on the top surface, the electrodes were bent upward to induce compressive stress and downward to induce tensile stress. The bending radius was 4 mm under each stress condition. The sheet resistance was measured to examine the effect of external stress on the electrical characteristics. After five samples of each electrode type were tested, the average value and standard deviation were calculated excluding the maximum and minimum values. A four-point probe meter (EDTM, RC2175) was used to measure the sheet resistance, and the change in the resistance depending on the number of stress applications was recorded. Next, the morphological changes were examined to investigate the factors that result in changes in resistance. Morphological characteristics were analyzed via SEM (FE-SEM, JSM-6500F, JEOL, Peabody, MA, USA) and AFM (XE-100, Park Systems, Suwon, Republic of Korea), and crack generation and crack density were observed. In addition, the optical transmittance was analyzed using UV-Vis spectroscopy (UV-2600, Shimadzu, Kyoto, Japan) to investigate the effect of external stress on the optical characteristics. The wavelength range for the transmittance measurements was 300–800 nm.




3. Results and Discussion


To investigate the effect of compressive stress on the electrical properties of various types of AgNW-based electrodes, sheet resistances were measured depending on the number of compressive stresses applied to the electrodes. Figure 1 shows the sheet resistance depending on the number of compressive stresses applied to an ITO electrode on a PET film, a AgNW-exposed electrode, and a AgNW-embedded electrode. As shown in Figure 1a, the sheet resistance of the ITO electrode on the PET film increased linearly with the application of compressive stress. While the initial sheet resistance was 93 Ω/sq, the sheet resistance increased to 2214 Ω/sq after compressive stress was applied 500 times and to 3173 Ω/sq after compressive stress was applied 1000 times. This indicates that the ITO electrode on the PET film is no longer suitable for electronic device applications. In contrast, the AgNW-exposed electrode exhibited relatively stable electrical characteristics under compressive stress. Although the sheet resistance increased according to the number of compressive stresses, it was only approximately 572 Ω/sq when compressive stress was applied 500 times and 1178 Ω/sq when compressive stress was applied 1000 times (Figure 1b). The sheet resistance was approximately 1/3 of that of the ITO electrode on the PET film at an identical number of compressive stresses. The AgNW-embedded electrode exhibited better stability under compressive stress than the AgNW-exposed electrode. First, when NOA63 was used as a polymer for embedding AgNWs, the sheet resistance was approximately 325 Ω/sq when compressive stress was applied 500 times and approximately 441 Ω/sq when it was applied 1000 times (Figure 1c). These were approximately 1/10 of the sheet resistance of the ITO electrode on the PET film and 1/2 of that of the AgNW-exposed electrode, indicating the superiority of the AgNW-embedded electrode. Even when the polymer for the embedding process was changed to NOA71, there was no significant change in sheet resistance characteristics upon application of compressive stress. As shown in Figure 1d, the sheet resistance was approximately 334 Ω/sq when stress was applied 500 times, and approximately 343 Ω/sq when stress was applied 1000 times. Therefore, as long as the polymer used for the embedding process is sufficiently flexible, sufficient stability under compressive stress can be ensured for a AgNW-embedded electrode.



To determine why the sheet resistance of the ITO electrode on the PET film increased rapidly and why the AgNW-based electrodes showed good electrical stability with the application of compressive stress, the surface of each electrode was observed using SEM and AFM after applying compressive stress 1000 times. Figure 2 shows SEM and AFM images before and after applying compressive stress to the ITO electrode. The SEM image shows the smooth surface of the ITO electrode before applying compressive stress (Figure 2a). In contrast, a large crack is observed in the SEM image of the ITO electrode after the application of compressive stress (Figure 2b). The SEM results indicate that the compressive stress generated cracks on the rigid ITO surface. The AFM image also shows the changes on the surface upon applying compressive stress. As shown in Figure 2c, the ITO electrode on the PET film exhibits a flat surface with an RMS roughness of 1.9 nm. However, after applying the compressive stress 1000 times, the ITO electrode appeared to float on the PET film and exhibited an RMS roughness of 170.0 nm. This indicates that cracks occurred on the ITO surface due to compressive stress, and the sheet resistance continued to increase with crack growth. Figure 3 shows SEM and AFM images of the AgNW-exposed electrode. First, large cracks, which were observed in the ITO electrode, were not found on the AgNW-exposed electrode; however, local bending or breaking of the AgNWs was observed in the SEM image. The AgNW-exposed electrode also showed a much smaller increase in the RMS roughness than that of the ITO/PET electrode in the AFM image. The RMS roughness values before and after applying the compressive stress were 9.8 and 12.9 nm, respectively. The SEM and AFM images indicate that although some of the AgNWs can be bent or broken owing to compressive stress, this is rare. Therefore, the surface morphology can generally be maintained, resulting in a minor increase in the sheet resistance. The AgNW-embedded electrode showed a more stable surface morphology under compressive stress than the ITO/PET and AgNW-exposed electrodes, regardless of the type of polymer used for the embedding process. Figure 4 shows SEM and AFM images of the AgNW-embedded electrodes prepared with NOA63 and NOA71. As shown in the SEM image, few cracks or broken AgNWs were detected on the surface, and the RMS roughness maintained a low value regardless of the compressive stress. Specifically, the AgNW electrode embedded with NOA63 showed an RMS roughness of 3.7 and 3.4 nm, respectively, before and after applying compressive stress. The AgNW electrode embedded with NOA71 showed an RMS roughness of 1.6 and 2.7 nm, respectively, before and after compressive stress was applied, thereby maintaining a low level. In conclusion, the AgNW-embedded electrode exhibited low resistance even after applying compressive stress 1000 times because the effect of compressive stress on the surface morphology is too small to generate cracks. This is attributed to the ability of the polymer to release the applied compressive stress and maintain the AgNW network.



Next, the sheet resistance was measured as a function of the number of tensile stresses to examine the effect of tensile stress on the sheet resistance of the flexible electrodes. Figure 5 shows the change in sheet resistance due to the application of tensile stress to the ITO electrode on the PET film, the AgNW-exposed electrode, and the AgNW-embedded electrode, which were prepared using NOA63 and NOA71. As shown in Figure 5a, the sheet resistance of the ITO electrode rapidly exceeded 10,000 Ω/sq even when the tensile stress was applied just 100 times. When the tensile stress was applied 1000 times, the sheet resistance was 87,833 Ω/sq, indicating insulating characteristics. Considering that the sheet resistance was approximately 3173 Ω/sq when compressive stress was applied 1000 times, the increase in sheet resistance by the application of tensile stress is very large. The AgNW-exposed electrode also showed an increase in sheet resistance when tensile stress was applied. Similar to the ITO electrode, the sheet resistance increased at a higher rate when tensile stress was applied than when compressive stress was applied. As shown in Figure 5b, the sheet resistance was 573 Ω/sq after applying tensile stress 500 times and 1856 Ω/sq after applying tensile stress 1000 times. Similar to the application of compressive stress, the AgNW-embedded electrode exhibited the smallest increase in sheet resistance when tensile stress was applied. When NOA63 was used as the polymer in the embedding process, the initial sheet resistance was 106 Ω/sq. The sheet resistance increased to 281 Ω/sq when tensile stress was applied 500 times and to 296 Ω/sq when tensile stress was applied 1000 times. When adopting NOA71 as an embedding polymer, the sheet resistance was 93 Ω/sq. When tensile stress was applied 500 times and 1000 times, the sheet resistance changed to 156 Ω/sq and 159 Ω/sq, respectively. Upon application of tensile stress 1000 times, the resistance of the AgNW-embedded electrode increased by approximately 1/500 over that of the ITO electrode and 1/10 over that of the AgNW-exposed electrode. This indicates that the AgNW-embedded electrodes exhibited the highest stability under tensile and compressive stresses.



To investigate why the ITO electrode on the PET film showed a more significant increase in sheet resistance than the AgNW-based electrodes when applying tensile stress, and why the sheet resistance significantly increased under the application of tensile stress compared to compressive stress, the morphology of the ITO electrodes was examined via SEM and AFM before and after applying tensile stress 1000 times (Figure 6). Although the ITO surface did not have any cracks or defects before the application of tensile stress, a large crack was observed on it after the application of tensile stress. While the cracks were not wide and the ITO was slightly connected across the cracks under the application of compressive stress, the cracks were very wide and the ITO was completely separated because of the cracks under the application of tensile stress. The AFM images indicated that tensile stress increased the RMS roughness of the ITO electrode. The RMS roughness of the ITO electrode was 1.9 nm prior to applying the tensile stress and 13.2 nm after applying the tensile stress 1000 times. When comparing the application of compressive stress, the RMS roughness increased less with the application of tensile stress. When a compressive stress was applied, the two areas divided by the crack pushed each other upward, resulting in a rough surface. In the case of tensile stress application, the two areas do not have the force to push each other upward. There is only force to enable the two areas to move away from each other, resulting in a relatively small increase in the RMS roughness. In addition, both the SEM and AFM images indicate that tensile stress generated large cracks on the ITO surface and significantly increased the sheet resistance compared to that observed when compressive stress was applied, and the ITO was completely separated into two regions by the cracks. Figure 7 shows the SEM and AFM images of the AgNW-exposed electrode before and after applying tensile stress. The SEM image of the AgNW-exposed electrode shows no noticeable cracks, unlike the ITO electrode on the PET film. However, similar to the application of compressive stress, the AgNWs were broken locally. The AFM images show a different trend from that observed when compressive stress is applied. The RMS roughness remained similar, regardless of the application of tensile stress. The RMS roughnesses were 9.8 nm and 9.4 nm before and after applying the tensile stress, respectively. This is because, as in the ITO electrode, the tensile stress did not generate the force required to push the nanowires or the two different regions upward. Consequently, the AgNW-exposed electrode exhibited a smaller sheet resistance increase than that observed in the ITO electrode. In addition, although the application of tensile stress showed little change in the RMS roughness of the AgNW-exposed electrode, the sheet resistance increase was relatively large compared to that observed when compressive stress was applied. The reason is that the driving force to divide the conductive region into two was greater than the compressive stress. The AgNW-embedded electrode exhibited a stable surface morphology, regardless of the application of tensile stress, similar to the application of compressive stress. As shown in Figure 8, regardless of the type of polymer used for the embedding process, there were few cracks or regions where the nanowires were broken. In addition, the RMS roughness was 4.8 nm and 2.5 nm when NOA63 and NOA71 were used as an embedding polymer, respectively, which is similar to that before the application of tensile stress. The AgNW-embedded electrodes showed superior sheet resistance stability compared to ITO electrodes on a PET film and AgNW-exposed electrodes. This was because a AgNW network was formed inside the embedding polymer, regardless of the application of compressive stress or tensile stress.



To examine how the compressive and tensile stresses affect the light transmittance characteristics, the optical transmittance in the region of 300–800 nm was measured for various electrodes. Figure 9 shows the optical transmittance of the ITO electrode on the PET film, the AgNW-exposed electrode, and the AgNW-embedded electrode before and after the application of compressive and tensile stress. The ITO electrode on the PET film showed an average transmittance of 77.1% before stress application in the visible light region (400–700 nm). After applying compressive and tensile stresses, the transmittance remained at approximately 77%, regardless of the type of stress. This is because the stress generated cracks on the ITO electrode; however, they were not sufficiently large to change the optical reflection. The AgNW-exposed electrode showed a slightly higher transmittance than the ITO electrode before stress application. Specifically, the average transmission in the visible light region was 83.9%. However, after stress application, the average transmittance decreased, reaching 72.8% and 80.6% when compressive and tensile stresses were applied, respectively. It is speculated that the relatively large reduction in transmittance after the application of compressive stress results from a gap between the substrate and the silver nanowire, which is caused by upward pushing or roughness change. In contrast, the AgNW-embedded electrodes showed similar transmittance regardless of the type of polymer used for embedding and the type of stress. When NOA63 was used as the embedding polymer, the average transmittance in the visible light region was 86.7%. When compressive stress or compressive stress was applied, the average transmittance remained approximately 86%. When NOA71 was used as the polymer for the embedding process, the average transmittance in the visible region was 86.3% before stress application and remained 86% even when compressive or tensile stress was applied, indicating that the stress had little effect on the transmittance. This is because stress had little effect on the surface morphology and light reflection, as seen in the SEM and AFM images.




4. Conclusions


Electrical properties, such as sheet resistance, and optical properties, such as light transmittance, were observed upon the application of compressive and tensile stresses to various types of flexible transparent electrodes. The sheet resistance of the ITO electrode increased to 3173 Ω/sq and 87,833 Ω/sq when compressive and tensile stresses were applied 1000 times, respectively. This is because cracks were generated by the stress, with the crack size being larger under tensile stress. In the AgNW-exposed electrodes, the effect of stress on the sheet resistance was relatively small. Therefore, when compressive and tensile stresses were applied 1000 times, sheet resistances of 1178 Ω/sq and 1856 Ω/sq were observed, respectively. This is because there were few cracks in the AgNW-exposed electrode, and the AgNW was only locally broken or bent. AgNW-embedded electrodes showed the highest sheet resistance stability under all stresses because a AgNW network capable of enabling electron flow was formed inside the polymer; thus, no significant change was generated. In addition, stress had little effect on the transmittance. Therefore, it is concluded that the fabrication of a AgNW-embedded flexible electrode using a flexible polymer is the best method for manufacturing stable electronic devices under both compressive and tensile stresses.
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Figure 1. Sheet resistance of (a) ITO electrode on a PET film, (b) AgNW-exposed electrode on a PET film, (c) AgNW-embedded electrode inside NOA63 and (d) AgNW-embedded electrode inside NOA71 depending on the number of compressive stresses. The bending radius was 4 mm. 
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Figure 2. (a,b) SEM and (c,d) AFM images of ITO electrode on a PET film (a,c) before and (b,d) after applying compressive stress. The RMS roughness values before and after applying compressive stress were 1.9 nm and 170.0 nm, respectively. 
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Figure 3. (a,b) SEM and (c,d) AFM images of AgNW-exposed electrode on a PET film (a,c) before and (b,d) after applying compressive stress. The RMS roughness values before and after applying compressive stress were 9.8 nm and 12.9 nm, respectively. 
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Figure 4. (a–d) SEM and (e,h) AFM images of AgNW-embedded electrode in (a,b,e,f) NOA63 and (c,d,g,h) NOA71 (a,c,e,g) before and (b,d,f,h) after applying compressive stress. The RMS roughness values of the AgNW-embedded electrode in NOA63 were 3.7 nm and 3.4 nm before and after applying compressive stress, respectively. The RMS roughness values of the AgNW-embedded electrode in NOA71 were 1.6 nm and 2.7 nm before and after applying compressive stress, respectively. 
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Figure 5. Sheet resistance of (a) ITO electrode on a PET film, (b) AgNW-exposed electrode on a PET film, (c) AgNW-embedded electrode inside NOA63 and (d) AgNW-embedded electrode inside NOA71 depending on the number of tensile stresses. The bending radius was 4 mm. 
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Figure 6. (a,b) SEM and (c,d) AFM images of the ITO electrode on a PET film (a,c) before and (b,d) after applying tensile stress. The RMS roughness values before and after applying tensile stress were 1.9 nm and 13.2 nm, respectively. 
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Figure 7. (a,b) SEM and (c,d) AFM images of the AgNW-exposed electrode on a PET film (a,c) before and (b,d) after applying tensile stress. The RMS roughness values before and after applying tensile stress were 9.8 nm and 9.4 nm, respectively. 
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Figure 8. (a–d) SEM and (e,h) AFM images of the AgNW-embedded electrode in (a,b,e,f) NOA63 and (c,d,g,h) NOA71 (a,c,e,g) before and (b,d,f,h) after applying tensile stress. The RMS roughness values of AgNW-embedded electrode in NOA63 were 3.7 nm and 4.8 nm before and after applying tensile stress, respectively. The RMS roughness values of AgNW-embedded electrode in NOA71 were 1.6 nm and 2.5 nm before and after applying tensile stress, respectively. 
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Figure 9. Optical transmittance of (a) the ITO electrode on a PET film, (b) the AgNW-exposed electrode on a PET film, (c) the AgNW-embedded electrode inside N