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Smartphones have become a ubiquitous part of modern life. One of the major issues with 

current smartphone technology is the brittleness of the screen. This causes them to easily break, 

with the replacement a significant fraction of the overall phone cost (usually greater than 60 %). 

Many solutions, such as gorilla glass, screen guards, and protective cases are available in the 

market but still the issue has not been effectively tackled. According to The Economic Times 

(27th May 2017), approximately one in every four Indians drop their phones more than four 

times in a year and more than forty percent of users have a scratched smartphone screen. 

Android authority statistics show nearly two screens are broken every second in the United 

States and the amount spend for replacement was more than $3.4 billion just in the year of 

2018. Clearly, this is a serious issue that requires innovative technological solutions. 

In smartphones, the display and the capacitive touch screen need a special type of material 

as a top layer coating. This is referred to as a transparent conductor (TC), and as the name 

implies, it is transparent to visible light while being electrically conductive. Indium Tin Oxide, 

popularly known as ITO, is the material of choice as a TC in smartphones. It has desirable 

properties, such as optical transparency greater than 80 % and electrical sheet resistance as low 

as 30 ohm/sq. However, ITO is expensive due to the scarcity of the indium and due to the 

complexity in coating the material. Typically, vapor deposition processes, such as sputtering 

or pulsed laser deposition, are needed and these require expensive vacuum chambers and 

deposition setups. Being a ceramic, ITO is brittle and has poor toughness (breaks easily). The 

motivation for my work was to find a suitable substitute for ITO, with equal or better 

optoelectronic properties, but which also possesses good flexibility and ductility. Developing 
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a cost-effective way of synthesis and deposition is also important, since this will help both in 

ease of manufacturing and in widespread adaptability.    

Various engineering solutions have their inspiration from nature. For this work, the 

inspiration is the spider, particularly its web. The spider web has two specialties. It appears to 

be transparent, because its low areal density structure has a lot of gaps. At the same time, the 

threads and their spacing are so cleverly optimized that the spider can catch even the smallest 

prey. This inspired me to fabricate a nanoscale ‘spider web’ like structure using a conducting 

material which will in effect act as a TC. 

 Metals such as copper, silver, and gold are excellent electrical conductors and are 

collectively called noble metals. Among these, silver has the highest bulk conductivity, lower 

cost compared to gold, and greater corrosion stability compared to copper. In my work, one-

dimensional high aspect ratio nanostructures of silver (or in short, nanowires) were deposited 

on a substrate to form the TC. The wires had low areal density, which helped to maintain 

transparency and at the same time they formed an electrically conductive layer. The nanowire 

network is shown in Figure 1, along with a spider web in the inset. To further improve the 

properties, a conducting polymer, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS in short), was mixed with the nanowires to improve their substrate adhesion, 

without altering the optoelectronic properties. To ensure ease of fabrication, the nanocomposite 

(silver nanowires and PEDOT:PSS) was synthesized as a printable dispersion (ink), using a 

mixture of solvents.  

Formulation of the nanocomposite as an ink has some advantages. The ink can be loaded 

onto any materials printer (inkjet or extrusion) and deposited over a wide range of substrates 

such as glass, polyethylene terephthalate (PET) sheets, photo paper, Kapton, to name a few. 

Fig. 1. Silver nanowire network on a substrate that resembles a spider web (inset). 

https://www.google.com/url?sa=i&url=https://www.countrylife.co.za/conservation/man-made-spider-webs&psig=AOvVaw0To1IkpRthP5POMVhtvYlh&ust=1570529031557000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCLjqt9vyieUCFQAAAAAdAAAAABAW
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Printing is a widely used cost-effective deposition technique, which helps in conserving 

expensive material. The second advantage is that it enables selective deposition without the 

need for additional steps such as lithography or fabricated hard masks. Thus, inkjet or extrusion 

printing is highly advantageous at the design and testing stage, since it enables deposition of a 

variety of designs during product optimization. Once the design is fixed, commercial 

production can be carried out using techniques such as roll-to-roll, gravure, and screen printing. 

This might also entail some tailoring of the rheological properties of the nanocomposite ink.  

For my studies, I tested the nanocomposite ink using standard square patterns. The patterns 

were deposited in ambient conditions and required annealing temperatures of around 120 C, 

which is compatible with most flexible substrates. The patterns showed good substrate 

adhesion, which was tested using a standard scotch tape peel-off test. They also showed good 

flexibility, an inherent property of the wire-like metallic network, as seen in Figure 2 (a). The 

printed patterns were able to withstand 10,000 bending cycles without much performance 

variation. The nanocomposite TC layer showed a transparency > 80 % and sheet resistance less 

than 20 ohm/sq., better than those obtained with ITO. To showcase its applicability, I 

implemented a flexible capacitive touchpad on a PET substrate, based on an interdigitated 

electrode design, which can be printed in a single cycle. A coated polydimethylsiloxane 

(PDMS) layer was used as the dielectric. The touchpad working can be seen in Fig. 2(b). The 

flexible properties of the TC make it ‘unbreakable’ and its optoelectronic properties make it 

compatible for future foldable, bendable, and flexible smartphones.  

Fig. 2. Printed film (a) show good stability against mechanical deformations like bent, twist 

and roll. (b) shows the fabricated flexible and transparent capacitive touch pad. The touch 

pad also works in the bent configuration.   

Flexibility Flexible touch pad a b 
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As another application, we implemented transparent Wi-Fi antennas and heaters, 

specifically for automotive applications. The transparent antennas can be installed over the 

window glasses without hindering the visibility, at same time away from the metallic 

automobile case, which helps to lower the electromagnetic shielding. The transparent heater 

can be used for anti-fogging applications.  The printable nanocomposite ink can be used 

wherever a TC is required. Thus, it is a good contender for flexible and wearable devices in the 

future. 

Flexible devices are the wave of the future and TCs are an essential part of the same. Our 

work represents a stepping stone towards achieving this goal and we will see its greater 

applicability in a variety of areas in the near future. 

This work was carried out under the guidance of Dr. Parasuraman Swaminathan 

(Department of Metallurgical and Materials Engineering, IIT Madras) and Dr. Debdutta Ray 

(Department of Electrical Engineering, IIT Madras). An Indian Patent has been filed (Appl. 

No. 201941012467) on 29/03/2019. The work has been published in Flexible and Printed 

Electronics (IOP Science) with the title “Direct Writing of Silver Nanowire-based Ink for 

Flexible Transparent Capacitive Touch Pad” and the DOI is https://doi.org/10.1088/2058-

8585/ab4b04. 
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