
ABSTRACT 

XU, FENG. Applications of One-Dimensional Nanomaterials for Stretchable Electronics. 

(Under the direction of Dr. Yong Zhu). 

 

Electronics that can be stretched and/or conformal to curvilinear surfaces has recently 

attracted broad attention. Success of stretchable electronics depends on the availability of 

electronic materials and structures that can be highly stretched, compressed, bent, and 

twisted. One-dimensional (1D) nanomaterials are expected to aid the development of the 

stretchable electronic systems by improving performance, expanding integration possibilities, 

and potentially lowering cost, due to their superior mechanical/electronic/optical properties, 

high aspect ratios, and compatibility with bulk synthesis. This dissertation is primarily 

focused on the application of 1D nanomaterials, including silicon nanowires (SiNWs), 

carbon nanotubes (CNTs) and silver nanowires (AgNWs) for stretchable electronics.  

The mechanical properties of SiNWs, grown by the vapor-liquid-solid process, were 

first studied with in situ tensile tests inside a scanning electron microscope (SEM). It was 

found that the fracture strain increased from 2.7% to about 12% when the NW diameter 

decreased from 60 to 15 nm. The Young’s modulus decreased while the fracture strength 

increased up to 12.2 GPa, as the nanowire diameter decreased. The fracture strength also 

increased with the decrease of the side surface area. Repeated loading and unloading during 

tensile tests demonstrated that the nanowires are linear elastic until fracture without 

appreciable plasticity. Then, SiNW coils were fabricated on elastomeric substrates by a 

controlled buckling process. SiNWs were first transferred onto prestrained and 

ultraviolet/ozone (UVO)-treated poly(dimethylsiloxane) (PDMS) substrates and buckled 

upon release of the prestrain. Two buckling modes (the in-plane wavy mode and the three-



dimensional coiled mode) were found; a transition between them was achieved by controlling 

the UVO treatment of PDMS. Structural characterization revealed that the NW coils were 

oval-shaped. The oval-shaped NW coils exhibited very large stretchability up to the failure 

strain of PDMS (~104% in our study). Such a large stretchability relies on the effectiveness 

of the coil shape in mitigating the maximum local strain, with a mechanics that is similar to 

the motion of a coil spring. Single NW devices based on coiled NWs were demonstrated with 

a nearly constant electrical response in a large strain range. In addition to the wavy shape, the 

coil shape represents an effective architecture in accommodating large tension, compression, 

bending, and twist, which may find important applications for stretchable electronics and 

other stretchable technologies. 

For CNTs, wavy CNT ribbons coated with a thin layer of Au/Pd film were fabricated 

on PDMS substrates through mechanical buckling. Covered with a top layer of PDMS, the 

wavy CNT ribbons are able to accommodate large stretching (up to 100%) with little change 

in resistance. Significantly, a new manufacturing strategy for buckling of aligned CNTs was 

developed, which does not involve prestretching the substrate but relies on the interface 

interaction between the CNTs and the substrate. More specifically, upon stretching the 

substrate the CNTs slide on the substrate, but upon releasing the CNTs buckle. Following 

this manufacturing strategy, stretchable conductors based on aligned CNTs were 

demonstrated.  

At last, a highly conductive and stretchable conductor with AgNWs embedded just 

below the surface of PDMS was fabricated. Stable conductivity of 5,285 S cm
-1 

was achieved 

in a large range of tensile strain (0-50%) after a few cycles of stretching/releasing of the 

substrate. This stable electric response is due to buckling of the AgNW/PDMS thin layer, 



which is attributed to irreversible sliding of the AgNWs in the PDMS matrix. AgNWs can be 

printed to fabricate patterned stretchable conductors with feature size as small as 50 μm. 

Furthermore, a stretchable light emitting diode (LED) circuit and a capacitive strain sensor 

were demonstrated using the AgNW-based stretchable conductors as interconnects or 

electrodes. 
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1. Introduction 

Conventional electronic devices are fabricated on flat, rigid silicon wafers or glass 

substrates, which are suitable for many existing applications. Flexible electronics has 

recently attracted much attention because of their potential in providing cost-efficient 

solutions to large-area applications such as rollable displays, e-paper, smart sensors and 

transparent radio-frequency identifications (RFIDs).
[1]

 The key advantages of flexible 

electronics, compared with current silicon technologies, are low-cost manufacturing (e.g. ink-

jet printing and roll-to-roll imprinting) and inexpensive flexible substrates (e.g. plastics). 

These advantages make flexible electronics an attractive candidate for next-generation 

consumer products which require lightweight, bendable, portable, and low-cost electronics. 

However, both conventional and flexible electronics are incompatible with applications in 

deformable layouts or on complex curved surfaces, as required for devices designed to mount 

on human skin or internal organs.
[2]

  

Stretchable electronics, also known as elastic electronics or elastic circuits, is a 

technology for building electronic circuits on stretchable substrates or embed them 

completely in a stretchable material such as silicones or polyurethanes.
[2-4]

 In the simplest 

case, stretchable electronics can be made by using the same components used for rigid 

printed circuit boards. However, the substrate and the interconnections should be stretchable, 

rather than flexible or rigid. Such electronics can be twisted, folded, and conformably 

wrapped onto arbitrarily curved surfaces, without mechanical fatigue or any significant 

change in performance. Stretchable electronics enable many powerful engineering design 
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options and modes of integration, such as direct, seamless mounting on tissues of the human 

body in ways that provide unprecedented functionality in surgical devices, monitoring 

systems, and human-machine interfaces.
[5]

 

One-dimensional (1D) nanomaterials have superior mechanical/electronic/optical 

properties, high aspect ratios, large surface areas, and are compatible with bulk synthesis. 

Thus, 1D nanomaterials are expected to aid the development of the stretchable electronic 

systems by improving performance, expanding integration possibilities, and potentially 

lowering cost.
[6]

 They also create unique opportunities in chem/biosensors, transistors, other 

classes of advanced semiconductor devices and transparent conductors that cannot be 

addressed using microstructured materials or thin films.
[7-9]

 Among the many 1D 

nanomaterials that have been explored, silicon nanowires (SiNWs), carbon nanotubes 

(CNTs) and silver nanowires (AgNWs) are particularly promising for applications in 

stretchable electronics. SiNWs are one of the key building blocks for nanoscale electronics, 

photonic, and electromechanical devices due to their excellent electrical, optical, and 

mechanical properties.
[10-11]

 A variety of flexible (bendable) devices using SiNWs have been 

developed.
[12]

 CNTs have high aspect ratio, excellent electric conductivity, high thermal 

stability and mechanical robustness,
[13]

 which make them promising candidates for 

stretchable conductors. As one of the most important conductive materials, AgNWs have 

recently attracted a lot of attention for potential applications as transparent and flexible 

electrodes.
[9]

 

This dissertation is primarily focused on the application of SiNWs, CNTs and 

AgNWs for stretchable electronics. Chapter 3 first studied the mechanical properties of 
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SiNWs with diameters between 15 and 60 nm with tensile tests in situ inside a scanning 

electron microscope. It was found that the Young’s modulus decreased while the fracture 

strength and strain increased, as the NW diameter decreased. Interestingly, the fracture strain 

increased from 2.7% to about 12% when the NW diameter decreased from 60 to 15 nm. 

Chapter 4 demonstrated controlled 3D buckling of SiNWs on poly(dimethylsiloxane) 

(PDMS) substrates. The NW coils exhibited very large stretchability up to the failure strain 

of PDMS (104% in our study). Single NW devices based on coiled NWs were fabricated 

with a nearly constant electrical response in a large strain range. In Chapter 5, wavy CNT 

ribbons coated with a thin layer of metal film were fabricated on PDMS substrates through 

mechanical buckling. Covered with a top layer of PDMS, the wavy CNT ribbons were able 

to accommodate large stretching (up to 100%) with little change in resistance. A new 

manufacturing strategy for buckling of aligned CNTs was developed in Chapter 6, which 

does not involve prestretching the substrate but relies on the interface interaction between the 

CNTs and the substrate. More specifically, upon stretching the substrate the CNTs slide on 

the substrate, but upon releasing the CNTs buckle. Following this manufacturing strategy, 

stretchable conductors based on aligned CNTs were demonstrated. Chapter 7 presents a 

highly conductive and stretchable conductor with AgNWs embedded just below the surface 

of PDMS. Stable conductivity of 5,285 S cm
-1

 was achieved in a large range of tensile 

strain(0-50%) after a few cycles of stretching/releasing of the substrate. AgNW films can be 

printed to fabricate patterned stretchable conductors. Furthermore, a stretchable light-

emitting diode (LED) circuit and a capacitive strain sensor were demonstrated using the 

AgNW stretchable conductors as interconnects or electrodes. 
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2. Literature Review 

2.1 One-Dimensional Nanomaterials 

1D nanomaterials, including NWs and nanotubes, have been regarded as the most 

promising building blocks for nanoscale electronic and optoelectronic devices due to their 

unique and superior electronic, optical, mechanical, thermal, and chemical properties. Many 

efforts have been devoted to investigate the growth, characterization and applications of 1D 

nanomaterials. This part mainly covers three types of 1D nanomaterials: SiNWs, CNT 

ribbons and AgNWs. 

 

2.1.1 Silicon Nanowires 

SiNWs are one of the most important 1D nanomaterials and have attracted significant 

attention in the last 10 years due to their excellent properties and promising applications.
[1]

 

There are two basic approaches to synthesize SiNWs: (1) bottom-up approach, and (2) top-

down approach. The vapor-liquid-solid (VLS) mechanism, first proposed by Wagner and 

Ellis in the mid-1960s,
[2]

 is the key mechanism for silicon-wire growth in the bottom-up 

approach. It includes the following sequential steps, as schematically shown in Figure 2.1a: 

(1) adsorption of Si containing gaseous species on the surface of molten metal (e.g. Fe, Au, 

Ni) nanoparticle catalysts, (2) diffusion of Si through the catalyst, (3) nucleation and 

crystallization of Si at the liquid–solid interface and (4) NW growth. The diameters of 

SiNWs would be dictated by the size of the catalyst particles on the substrate while their 

length would depend on the duration of growth. A couple of techniques have been developed 
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to grow the SiNWs, such as Chemical Vapor Deposition (CVD) (Figure 2.1b),
[3]

 Evaporation 

of SiO,
[4]

 molecular beam epitaxy (MBE),
[5]

 and laser ablation.
[6]

 For the top-down 

approaches, horizontal silicon NWs are mostly fabricated from either silicon-on-insulator 

(SOI) wafers or bulk silicon wafers using a sequence of lithography and etching steps.
[7]

 

Vertical silicon NWs can also be produced by reactive-ion etching out of a silicon wafer. A 

variety of different nanostructuring methods, such as nanosphere lithography
[8]

 and 

nanoimprint lithography,
[9]

 have been employed for this purpose. 

 

     
 

Figure 2.1 (a) Schematic illustration of SiNW growth from the reaction of SiCl4 and H2 

vapor phases through the VLS mechanism (Wikipedia). (b) SEM image of SiNWs grown by 

CVD.
[10]

 (c) SiNW field effect transistor.
[11]

  

 

 
 

Due to the size effects, SiNWs exhibit excellent mechanical,
[12]

 electrical,
[11]

 and 

optical properties.
[13]

 The possibilities of miniaturization have been used to apply SiNWs for 

electronic devices (Figure 2.1c),
[11]

 photovoltaics,
[14]

 battery electrode materials,
[15]

 

thermoelectrics,
[16]

 etc with a goal of improved efficiency in performance and power 

consumption. Other aspects relevant to the size reduction such as giant piezoresistance in 

SiNWs and their use as ultra-sensitive nano-electro-mechanical systems (NEMS) could be 

(a) (b) (c) 
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pertinent for high resolution and mass sensitivity applications.
[17]

 SiNWs are also excellent 

candidates for biologically related applications such as tissue-engineering, biosensors and 

drug/gene delivery because they are environmentally friendly, biocompatible and simple to 

modify.
[18]

 The nanoscale diameter and the high aspect ratio of SiNWs allow them to be 

readily accessible to the interior of living cells, which opens up the study of intracellular 

molecular level interactions.
[19]

 Their compatibility with conventional Si microtechnology, 

together with reliable quality will help accelerate the adoption of these high-performance 

materials.  

 

2.1.2 Carbon Nanotube Ribbons 

CNTs are molecular-scale tubes of graphitic carbon with outstanding properties. They 

are among the stiffest and strongest fibres known, and have remarkable electronic properties 

and many other unique characteristics.
[20]

 They have attracted huge academic and industrial 

interest for applications in the electronics, biomedical, chemical and composites fields.
[21]

 

CNT ribbons represent a unique multi-wall CNT (MWCNT) assembly in which 

aligned millimeter-long MWCNTs form bundles with neighbor MWCNTs along their axial 

direction, keeping the ribbons continuous up to meters.
[22]

 CNT ribbons can be obtained by 

drawing out directly from as-grown super-aligned CNT arrays, which is a special kind of 

vertically aligned MWCNT array having a higher surface density and better alignment of 

MWCNTs. The superaligned MWCNTs are very straight and have few defects, and they are 

typically grown by low-pressure chemical vapor deposition (LPCVD) system. The 

conversion process from superaligned CNT arrays to thin films is very simple, as 
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schematically shown in Figure 2.2a. Just by using tweezers to pull out a CNT bundle or 

blades to scratch a CNT line, one can obtain a continuous ribbon the width of which is 

determined by the size of the initial bundles picked or the length of the blades. The as drawn 

CNT films are quite thin, with typical thickness of tens of nanometers, depending on the 

height of superaligned CNT arrays from which it is drawn. Figure 2.2b shows the optical 

image of drawing a transparent conducting film from eight inch superaligned CNT arrays. 

The ultrathin CNT films are therefore extremely lightweight, transparent, conductive (typical 

sheet resistance is 700–1500 Ω/□ for a single-layer film), and have ultra small heat capacity 

per unit area (7.7×10
-3

 Jm
-2

K
-1

 for a single-layer film).
[22-23]

 In addition, CNTs are aligned in 

the drawing direction, resulting in polarization effect in both emitting and absorbing 

photons.
[24]

  

 

 
Figure 2.2 (a) Schematic illustration of the proposed model for drawing yarns or films from 

superaligned CNT arrays.
[22]

 (b) Optical image of drawing a transparent conducting film 

from eight inch superaligned CNT arrays.
[22]

 

(a) 

(b) 
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Many real applications based on CNT ribbons have been demonstrated, such as 

polarized light source and polarizer,
[24-25]

, flexible stretchable transparent loudspeakers,
[26]

 

incandescent displays,
[27]

 surface-enhanced Raman scattering (SERS) substrates,
[28]

 giant-

stroke and superelastic muscles,[29]
 CNT/polymer composites,

[30]
 transmission electron 

microscopy (TEM) grids
[31]

 and CNT touch screens.
[23]

 Some applications of CNT ribbons 

can be found in Figure 2.3. More and more CNT applications are being explored and the 

related products are expected to appear in market in the near future. 

 

 

Figure 2.3 (a) Optical image of the flexible CNT touch screen.
[23]

 (b) Optical image of the 

incandescence display.
[27]

 (c) Transparent CNT loudspeaker.
[26]

 (d) CNT loudspeaker put on 

a flag.
[26]

 
 

 

2.1.3 Silver Nanowires 

AgNWs are one of the most extensively studied metal nanostructures for applications 

in nanoelectronics and nanodevices, because of their unique and intriguing electrical, 

thermal, and optical properties. AgNWs can be grown at diameters of ~40–200 nm and 

lengths of ~1–30 μm. Currently, the most commonly-used preparation method for AgNWs is 

a polyol synthesis, namely the reduction of Ag nitrate in the presence of poly (vinyl 

(a) (b) (c) (d) 
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pyrrolidone) (PVP) in ethylene glycol.
[32]

 This method was originally developed by Xia’s 

group to produce silver nanostructures with controllable shapes, including cubes, rods, wires, 

and spheres.
[33]

 The hydrothermal or solvothermal synthesis method is another important 

technology for AgNW synthesis,
[34]

 which has been proven to be an effective and convenient 

process. Figure 2.4a shows AgNW ink in ethanol solvent with concentration of 2.7 mg/mL. 

Figure 2.4b shows a SEM image of AgNWs with diameters of 90±20 nm from Blue Nano. 

 

 

   

Figure 2.4 (a) AgNW ink in ethanol solvent with concentration of 2.7 mg/mL.
[35]

 (b) SEM 

image of AgNWs with diameters of 90±20 nm (Blue Nano). (c) A transparent PET substrate 

with AgNW electrodes deposited.
[36]

 

 

AgNWs exhibit an interesting optical property known as surface plasmon resonance, 

which occurs as a result of the coherent oscillation of the conduction electrons upon 

interaction with electromagnetic fields.
[37]

 The plasmonic properties of AgNWs have been 

used in a wealth of applications, including biosensing
[38]

 and plasmonic waveguiding.
[39]

 

Ag has the highest electrical conductivity among all the metals, by virtue of which 

AgNW films are considered as very promising candidates for transparent conductors in 

(a) (b) (c) 
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flexible electronics, with the aim of replacing brittle doped metal oxides (e.g., ITO).
[40]

 

Figure 2.4c shows a transparent PET substrate with AgNW electrodes deposited. Up to now, 

a couple of methods to fabricate AgNW electrodes have been developed from the NW 

dispersions, which includes drop-casting,
[40]

 vacuum filtration using cellulose membrane 

followed by transfer,
[41]

 and Meyer rod coating.
[35]

 Recently, a comprehensive study was 

conducted, including a scalable fabrication process, morphologies, and optical, mechanical 

adhesion, and flexibility properties, and various routes to improve the performance.
[35]

 

Besides annealing, they found that mechanical pressing or electroplating of metal can fuse 

the NW junctions, which dramatically decreases the film sheet resistance and surface 

roughness. 20 Ω/□ and 80% transmittance. Thanks to the progress in the fabrication and 

performance of Ag NW based electrodes, a wide range of flexible and cheap devices have 

been successfully demonstrated, such as organic light-emitting diode (LEDs)
[42-43]

 and solar 

cells.
[44]

 Most of these devices show advantages in terms of flexibility and efficiency, as 

compared to that made of traditional ITO electrodes. 

 

2.2 Materials and Architectures for Stretchable Electronics 

Electronic devices are typically composed of two main classes of materials; one is 

semiconductors such as Si, III-V and II-VI semiconductor groups, the other is metals (Al, 

Au, Mo, Ti, Ag) and conductive metal oxides such as ITO. Due to the small strain these 

conventional semiconducting or metal materials can sustain, it is difficult to directly integrate 

them with elastomeric substrates to fabricate stretchable devices. Recently, three main 

strategies have been developed by researchers to create stretchable electronic components: 
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(1) mechanical buckling, (2) direct patterning of 2D wavy metal interconnects, and (3) 

fabrication of conductive material/elastomer composites. Details of these three strategies will 

be summarized here.  

 

2.2.1 Mechanical Buckling for Stretchable Wavy Structures 

Since the pioneering work of Whitesides’ group on thermal induced buckling of metal 

thin films on elastomeric substrate of PDMS,
[45]

 there has been much interest in buckling, in 

controlled strategies for applications. Mechanical buckling method has been demonstrated to 

be a promising approach to realize stretchable ‘wavy’ structures on elastomeric substrates. 

Most Brittle inorganic materials could buckle and become stretchable with this approach. 

The process of mechanical buckling is schematically illustrated in Figure 2.5, which involves 

three steps: (i) prestrain the elastomeric substrate, (ii) transfer or deposit the functional 

semiconducting or metal materials onto the pre-strained elastomeric substrate, and (iii) 

releasing the pre-strain immediately. This relaxation leads to the spontaneous formation of 

highly periodic, wavy structures, which can be not only bent but also stretched and 

compressed, similar to an accordion bellows.  

 

                                                                                                             

Figure 2.5 Schematic illustration of the mechanical buckling process. 

L L+L L+L 

Release 

Strain 

Transfer 

materials 
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The mechanical buckling was first employed by Suo’s group to fabricate stretchable 

conductors based on metal thin films.
[46-47]

 Stripes of thin gold films were deposited on an 

elastomeric substrate with built-in compressive stress to form surface waves. They observed 

electrical resistance increase of only 25% up to an external strain 100% with the prestrain of 

25%.
[46]

 Such large strains will permit making stretchable electric conductors that will be 

essential to three-dimensional electronic circuits.  

 

    

Figure 2.6 (a) Buckled wavy Si ribbon structures formed on a PDMS substrate pre-strained 

to 50%. (b) Images of a single buckled GaAs ribbon stretched to different levels of tensile 

strain (positive %).
[49]

 

 

 

Later, Rogers’s group applied the mechanical buckling strategy to Si nanoribbons.
[48]

 

The maximum strains that the resulted wavy Si nanoribbons can accommodate are in the 

range of 20–30%. They further improved the approach to control the buckling of 

semiconductor nanoribbons for stretchable electronics.
[49]

 This improved approach involves 

the combined use of lithographically patterned surface chemistry to provide spatial control 

over adhesion sites, and elastic deformations of a supporting substrate to induce well-

(a) (b) 
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controlled local displacements. They show that precisely engineered buckling geometries can 

be created in nanoribbons of Si and GaAs in this manner (Figure 2.6). As one application 

example, they demonstrated that some of these structures provide a route to electronics (and 

optoelectronics) with extremely high levels of stretchability (up to ~100%), compressibility 

(up to ~25%) and bendability (with curvature radius down to ~5 mm).  

 

   

Figure 2.7 (a) AFM images of graphene ribbon arrays after buckling. The prestrain on 

PDMS was 30% used to create graphene ripples.
[53]

 (b) SEM image showing the buckled 

gel/metal nanoparticle composite lines on PDMS.
[54]

 

 

 

 
 

This buckling approach can expand its application scope to various other 

nanomaterials, such as SiNWs,
[50]

 CNTs,
[51]

 PZT nanoribbons,
[52]

 graphene.
[53]

 Figure 2.7a 

shows the buckled graphene ribbon arrays on PDMS, as an example. It was demonstrated 

that all the buckled silicon NWs, SWCNT and graphene ribbon could be used for flexible 

strain sensors due to their resistance changes upon different strains. With the assistance of the 

similar buckling approach, Hyun et al.
[54]

 fabricated ordered zigzag stripes of polymer 

(a) (b) 
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gel/metal nanoparticle composites, which can be used for highly stretchable conductive 

electrodes (Figure 2.7b). 

Besides inorganic materials as discussed above, buckling of conductive polymers 

such as poly-(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) were 

also demonstrated. By spin-coating the PEDOT:PSS on a prestrained PDMS substrate and 

releasing the prestrain, Bao’s group were able to form buckles, or waves, which converted 

tensile strain of the film into bending strains of the buckles.
[55]

 These buckled PEDOT:PSS 

films were shown to be reversibly stretchable, with no change to sheet resistance, during the 

course of over 5000 cycles of 0 to 10% strain. Therefore, they can be used as transparent and 

stretchable electrodes in novel devices, such as stretchable OPVs. 

 

2.2.2 2D Metal Interconnects   

In addition to the mechanical buckling strategy, the conformal fabrication of stiff thin 

films on compliant substrates with sinusoidal, ‘wavy’ features of surface represents an 

alternative method that can avoid any prestrain and as a result, achieve high stretchability. 

Gray et al.
[56]

 first demonstrated a general strategy to construct elastomeric electronics using 

microfabricated tortuous or sinusoidal gold wires embedded in silicone elastomer. After 

geometric optimization, these wires were able to accommodate linear strains of up to 54% 

before the failure of conductivity, as shown in Figure 2.8a.  
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Figure 2.8 (a) Stretching and releasing of the optimized tortuous gold wires fabricated by 

Gray et al.
[56]

 (b) Schematic representation of horseshoe-shaped stretchable interconnects and 

maximum deformation before break of the test sample as function of their initial 

resistivity.
[57]

 

 

 

 

Much effort was subsequently spent on the proper design of the wavy structures. An 

aim of the design and modeling activities was to minimize stress and strain concentrations in 

the wavy structure under deformation. Therefore, the stress has to be distributed as much as 

possible along the meander. Several designs of the electrical conductors satisfying the 

requirements of stretchability were proposed and compared among them by either finite 

element method (FEM) or experimental tests.
[57]

 From the modeling results, the horseshoe 

like shape (a connection of circular segments) was found to be the optimal (Figure 2.8b). It 

(a) 

(b) 
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offers a good compromise between sufficient stress distribution along the meander on the one 

hand, and ease of design and circuit layout on the other. The triangular and sinusoidal shaped 

meanders exhibit high stress concentrations at the peak and valley, resulting in early failures 

under repeated uniaxial stretch tests. The magnitude of the stresses is related to the stiffness 

of the substrate and the geometry of the meander. The damage in the metal is significantly 

reduced by applying narrow metallization schemes and low elastic modulus of the substrate. 

Based on experimental results, the maximum stretchability achieved with single and wide 

gold trace was in the order of 20%, while for the case of multiple and narrow metallizations 

the stretchability of the circuits above 100% have been demonstrated (Figure 2.8b). These 

results show the obvious advantage of using an optimized meander shape and multiple 

conductor lines in order to allow high deformation of the structure.  

 

     

Figure 2.9 (a) Extremely stretchable silicon membrane (~100-nm thickness) patterned into a 

mesh geometry and bonded to a rubber substrate only at square pads located between arc 

shaped bridge structures (b) Extremely stretchable noncoplanar electronics with serpentine 

bridge designs. 
 

 

 

 

(a) (b) 
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Another approach of 2D metal interconnects based on noncoplanar mesh design was 

also proposed for stretchable electronics.
[58-60]

 Using mechanical buckling techniques and 

patterned bonding to PDMS, metal interconnects will buckled to form arc shaped 

interconnecting structures (Figure 2.9a), which can move freely out of the plane to 

accommodate applied strains of 100% or more, even to values that approach the fracture 

limits of the PDMS.
[58]

 Combining mechanical buckling strategy with serpentine 

interconnects resulted in the formation of the other kind of non-coplanar stretchable 

interconnectors,
[58]

 as shown in Figure 2.9b. This kind of the structure shows superior 

performance. One reason is that the serpentine structure can accommodate much larger pre-

strain than straight one due to its much longer length. The other reason is that serpentine 

bridge can be further stretched due to the buckling modes associated with the serpentine 

geometry when the applied strain reaches the prestrain while the straight geometries cannot.  

 

2.2.3 Stretchable Conductors Based on CNT/Elastomer Composites. 

In the past few years, much effort has been devoted to fabricate CNT/polymer 

composite for stretchable electronics. For instance, by using an ionic liquid of 1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide, Sekitani et al
[61]

 uniformly dispersed 

SWNTs as chemically stable dopants in a vinylidene fluoride-hexafluoropropylene 

copolymer matrix to form a composite film. They found that the SWNT content can be 

increased up to 20 weight percent without reducing the mechanical flexibility or softness of 

the copolymer. The Manufacturing process is illustrated in Figure 2.10a. The SWNT 

composite film coated with PDMS exhibited a conductivity of 57 S cm
-1

 and a stretchability 
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of 134%. Despite the high conductivity and stretchability achieved, this material was 

incompatible with printing owing to its low viscosity and tendency for reaggregation before 

drying and, furthermore, it required an extra rubber coating and mechanical process to 

improve the elasticity. The same group then developed a printable elastic conductor 

comprising SWNTs uniformly dispersed in a highly elastic fluorinated copolymer rubber by 

using an imidazolium ion-based ionic liquid and a jet-milling process.
[62]

 This process make 

the resulted SWNT rubber composite gel becomes increasingly viscous, thus this material 

can be finely patterned using direct printing technologies (Figure 2.10b). Furthermore, a 

printed elastic conductor requires no extra coating and mechanical process, and can stretch 

by 118% and has an conductivity of 102 S cm
-1

at 29% strain (15.8 wt% of SWNTs) or 9.7 S 

cm
-1

 at 118% strain (1.4 wt% of SWNTs), as shown in Figure 2.10c. However, the 

conductivity of stretchable and printable composites needs to improve further if it is to 

compete with the high conductivity of metals.  

Recently, Chun et al.
[63]

 reported highly conductive, printable and stretchable hybrid 

composite materials by combining micrometre-sized silver flakes and MWNTs decorated 

with self-assembled silver nanoparticles. The nanotubes were used as flexible and conductive 

scaffolds to construct effective electrical networks among the silver flakes. The 

nanocomposites, including polyvinylidenefluoride copolymer, were created using a hot-

rolling technique. The maximum conductivities of the hybrid silver-nanotube composites 

were found to be as high as 5,710 S cm
-1

 at 0% strain and 20 S cm
-1

 at 140% strain.  
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Figure 2.10 (a) Manufacturing process of SWNT film and elastic conductor.
[61]

 (b) Printed 

elastic conductors on a PDMS sheet. The insets show SWNTs dispersed in paste and a 

micrograph of printed elastic conductors with a linewidth of 100 μm.
[62]

 

 

 

(a) 

(b) (c) 
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Progress has also been made to develop other novel CNT based stretchable 

conductors, by forming CNT conducting networks in rubbers. In these materials, the dynamic 

contacts between CNTs remain steady during the stretching process. Shin et al.
[64]

 prepared 

highly elastic and electrically conductive composite sheets by infiltrating MWNT forests 

with PU binder. After pretreatment by initial cycling, the sheets provide highly reproducible 

changes in resistivity upon stretching for strains up to 40%. Almost no degradation in 

electrical properties and linear dependence of resistivity on strain was observed for strains in 

10%-20% maximum range. Using MWNTs-PDMS as a model system, Huang et al.
[65]

 

established the systematic correlation between the electrical properties and the fabrication 

process of carbon nanocomposites. They found that highly inhomogeneous microstructure 

consisting of non-dispersed CNT clusters forming chains tends to result in higher DC 

conductivity. By short-time shear mixing or weak sonication, a highly stretchable MWNTs-

PDMS composite electrode was fabricated that is able to sustain reasonably high 

conductivity even after 100% tensile strain. Kim et al.
[66]

 have manufactured stretchable 

conductors by completely backfilling a prefabricated, electrically conducting porous SWNT 

3D network with an elastic polymer PDMS. The obtained composite materials were robust 

against repeated stretching, bending, or twisting deformations. The resistance during stretch-

release cycles remained constant after the fifth cycles for a maximum tensile strain of 100%. 
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Table 2.1 Summary of the performance of above reviewed non-transparent stretchable 

conductors, regarding the conductivity and stable strain range. Results of AgNW/PDMS 

stretchable conductors as presented in Chapter 7 and commercially available carbon-filled 

rubbers are also included in the table for comparison. 

 

Materials 
Conductivity 

(S/cm) 
Stable strain range References 

AgNW/PDMS 5285 50% Our results (Chapter 7) 

SWNT Composite 57 38% Ref. 61 

SWNT/Rubber 102/9.7 29%/118% Ref. 62 

Ag–MWNT 

composite 
5710 Linearly decrease Ref. 63 

MWNT forests/PU 0.5-1 Gradually decrease Ref. 64 

MWNT-PDMS 

composite 
10

-6
-10

-13
 Superlinearly decrease Ref. 65 

SWCNT 

aerogel/PDMS 
1.08 100% Ref. 66 

Carbon-filled 

rubbers 
0.02-0.2 Superlinearly decrease Stockwell Elastomerics, Inc. 

 

 

The performance of the above reviewed stretchable conductors is summarized in 

Table 2.1. The results of AgNW/PDMS stretchable conductors as presented in Chapter 7 and 

commercially available carbon-filled rubbers are also included in the table for comparison. 

All these stretchable conductors are non-transparent. It can be seen that our AgNW 

stretchable conductors are among the best results regarding both conductivity and stable 

strain range. The requirements for stretchable conductors in terms of conductivity and stable 

strain range depend on their applications. For some applications such as stretchable 

electrodes for capacitive strain sensors and electroactive polymers, conductivity and stable 

strain range are not critical. However, for some applications such as stretchable interconnects 
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for displays or integrated electronic circuit, high conductivity and large stable strain range are 

usually required in order to achieve excellent performance. Note that the stretchable 

electronics is still on the research and development stage with very few real applications 

commercialized. To the best of our knowledge, there is no specific metrics or standards that 

can be used for reference. 

Transparency will enable the broad applications of stretchable conductors, such as in 

stretchable displays and solar cells. Transparent CNT films with randomly distributed CNTs 

sprayed onto 3M VHB 4905 substrate were also reported as elastic conductors, where the 

films remained conductive under strains up to 700%.
[67]

 However, their conductivity 

decreased superlinearly with strains. CNT ribbons have also been explored to make 

transparent stretchable conductors. Zhang et al.
[68]

 fabricated transparent stretchable 

conductors by embedding continuous CNT ribbon in PDMS. The CNT/PDMS film showed 

unique resistance characteristics in stretching/releasing cycles: first stretching leads to 

moderately increased resistance; the following several releasing processes induce slightly 

deceased resistance while stretching has no more obvious effect; after several 

stretching/releasing cycles, a stable resistance under strains in a certain range was achieved. 

The CNT/PDMS film fabricated by this approach shows good transparency, excellent 

flexibility, and stable resistance with application of strains up to 100%. Cross-stacked 

SACNT films made from CNT ribbons were also demonstrated as transparent and stretchable 

conductors.
[69]

 The as-produced cross-stacked films are isotropic in electrical conductivity, 

but anisotropic in mechanical properties. Along some directions, the films can sustain a high 

strain, of more than 35%, which is helpful for applications as stretchable conductors. Pei’s 
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group prepared composite electrodes by in situ photopolymerization of a liquid monomer 

penetrating into a porous SWNT coating on glass and subsequent peeling off of the resulting 

SWNT-polymer composite electrode from the glass substrate.
[70]

 The interpenetrating 

networks of SWNT and the polymer matrix in the surface layer of the composites lead to low 

sheet resistance, high transparency, high compliance, and low surface roughness. The 

composite electrodes can be reversibly stretched by up to 50% strain with little change in 

sheet resistance. Recently, by spray-coating SWNT solution in N-methylpyrrolidone directly 

onto a substrate of PDMS, activated by exposure to ultraviolet/O3, Lipomi et al.
[71]

 fabricated 

transparent, conducting films that can be rendered stretchable by applying strain along each 

axis, and then releasing this strain. This process produces spring-like structures in the 

nanotubes that accommodate strains of up to 150% and demonstrate conductivities as high as 

2,200 S cm
-1

 in the stretched state. This is the best performance ever achieved for transparent 

and stretchable CNT based conductors. 

In Figure 2.11, we show a comparison of our CNT ribbon based stretchable 

conductors presented in Chapter 5 and 6 with the above reviewed results reported in 

literature, regarding sheet resistance and transmittance at 550 nm. It can be seen that our 

results only show medium performance, which is not as good as that reported in Ref. 70 and 

71. High optical transmittance and low sheet resistance are both essential for the utility as 

electrodes in optoelectronic applications. For example, for touch screen, the required 

transmittance and sheet resistance are 85% and 500 Ω/□ respectively. For LCD applications, 

the required sheet resistance is lower than 100 Ω/□. We have reduced the sheet resistance of 

our wavy CNT ribbon based stretchable conductors by metal coating. However, their 
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transparency must be further improved to meet the industrial standards. It should be noted 

that the stable strain range for our CNT ribbons based stretchable conductors could be 

controlled by the prestrain or strain applied in the first stretching cycles, which could be as 

high as the fracture strain of the polymer substrates.  

 

 

Figure 2.11 A comparison between our results of CNT ribbon based stretchable conductors 

as presented in Chapter 5 and 6 and the results of other transparent stretchable conductors 

reported in literature, regarding the sheet resistance and transmittance at 550 nm. 

 

 

2.3 Integration Systems for Stretchable Electronics 

In the previous section, we reviewed recent research progress on developing new 

architectures and materials for stretchable electronics. Integrating these architectures and 
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materials to fabricate complete stretchable devices or integrated systems will be important for 

the application of stretchable electronics in the real world. In the following section, we will 

discuss these related attempts that have been carried out by many research groups. 

Rogers’ group is one of the most pioneering research groups in the world to explore 

and fabricate integration systems for stretchable electronics. Many applications have been 

demonstrated in electronics, optoelectronics, biomedical areas using the mechanical buckling 

strategy and 2D metal interconnectors as discussed in section 2.2.1 and 2.2.2. The first case 

(Figure 2.12) is about the controlled buckling of a sheet to form waves with a herringbone 

configuration.
[72]

 The systems integrate inorganic electronic materials, including aligned 

arrays of nanoribbons of single crystalline silicon, with ultrathin plastic and elastomeric 

substrates. The designs combine multilayer neutral mechanical plane layouts and “wavy” 

structural configurations in silicon complementary logic gates, ring oscillators, and 

differential amplifiers. The amplitudes and wavelengths of the waves change in response to 

induced deformations in a way that involves considerable strains in the PDMS, but not in the 

silicon. The resulting Si/PDMS devices can be stretched and compressed reversibly to a 

strain range of 10 to 20%. Images of twisted (top) and bent (bottom inset) wavy Si-CMOS 

circuit that uses a dual neutral plane design. The inset at the top shows a coarse cross-

sectional view. Optical micrographs of inverters at the center and edge of the sample in the 

twisted configuration are also displayed in the right top and bottom panel. 
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Figure 2.12 Images of twisted (top) and bent (bottom inset) wavy Si-CMOS circuit that uses 

a dual neutral plane design. The inset at the top shows a coarse cross-sectional view. Optical 

micrographs of inverters at the center and edge of the sample in the twisted configuration 

shown in the right top and bottom panel.
[72]

  

 

 
 

 

Figure 2.13a presents a stretchable CMOS Si circuit with a non-coplanar mesh 

design.
[73]

 The microscale arc-shaped “ribbon cables” of metal and plastic in neutral 

mechanical layouts interconnect silicon devices located at the nodes of the mesh. With such 

kind of design, the devices can be mounted on nearly any class of substrate, flat or curved. 

As shown in Figure 2.13a, the circuit is conformally integrated onto a model of a fingertip. 

Figure 2.13b shows Optical images of stretchable CMOS circuits on finger joints of vinyl 

(Top) and leather (bottom) gloves in released (left) and stretched (right) states, indicating 

their potential application as “instrumented” surgical gloves.
[74]

 With the similar design, a 

digital camera was made based on an array of silicon photodetectors in the approximate size 

and curved layout of the human retina, as shown in Figure 2.13c.
[75]

 This design offers 
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Figure 2.13 (a) Stretchable silicon circuit with a mesh design, wrapped onto a model of a 

fingertip.
[73]

 (b) Stretchable CMOS circuits on finger joints of vinyl (Top) and leather 

(bottom) gloves.
[74]

 (c) Electronic eyeball camera that uses a hemispherically curved array of 

silicon photodetectors and picture collected with a similar camera that uses a paraboloid 

design.
[75]

 (d) Stretchable LED display devices that use mesh designs with microscale 

inorganic LEDs.
[76]

  

 

 

enhanced field of view and uniformity in illumination compared to a comparable planar 

detector. Fabrication of such an “eyeball” camera starts with an array of silicon photodiodes 

and blocking diodes formed in a planar but stretchable configuration. Conformal wrapping 

onto a concave, hemispherical glass substrate, followed by integration with an imaging lens 

(a) (b) 

(c) (d) 
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and a printed circuit board interface to a computer for data acquisition, completes the device. 

A picture of an eye, collected with a similar camera that uses a paraboloid design is displayed 

in the inset of Figure 2.13c. The image in the top is rendered in a form consistent with the 

curvature of the detector. A planar projection appears on the bottom, with the actual object in 

the center right inset. Such devices might be used as retinal implants or as active components 

on the eye to restore or enhance vision. Light-emitting devices are also possible to be made 

stretchable using the same strategy. Figure 2.13d shows an image of a stretchable inorganic 

LED display that uses ultrathin, microscale AlInGaP LEDs interconnected in a mesh layout 

and bonded to a PDMS substrate.
[76]

 

Very recently, Rogers’ group were able to incorporate electrophysiological, 

temperature, and strain sensors, as well as transistors, light-emitting diodes, photodetectors, 

radio frequency inductors, capacitors, oscillators, and rectifying diodes, all together into an 

ultrathin, low-modulus, light weight, stretchable ‘skin like’ PDMS thin membrane.
[77]

 An 

image of a demonstration platform for this type of epidermal electronic system (EES) can be 

seen in Figure 2.14a. The integrated system could be laminated invisibly onto skin just like 

transferring a temporary tattoo, as shown in Figure 2.14b. The integrated electronic system 

was attached in a compressed form to the skin using thin (~50μm) water soluble polyvinyl 

alcohol as temporary support. The mechanical properties of the integrated system such as 

Young’s modulus, thickness and elastic response to tensile strain were very well matched to 

those of the skin. This type of technology can also be used to measure electrical activity 

produced by the heart, brain, and skeletal muscles. 
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Figure 2.14 (a) Image of a demonstration platform for multifunctional electronics with 

physical properties matched to the epidermis. (b) Multifunctional epidermal electronic 

system on skin: undeformed (left), compressed (middle), and stretched (right).
[77]

 

 

 

By using the conductive metal based horseshoe-shaped meanders as interconnects, 

Vanfleteren et al presented an approach to integrate rigid components similar to the printed 

circuit board (PCB) technology.
[57, 78]

 Elastic materials, predominantly PDMS, are used to 

embed the conductors and the components, thus serving as a circuit carrier. The respiration 

monitor, shown in Figures 2.15, is an example of such a case. The two split circuits are 

electrically connected by 17 stretchable conductors. This method is useful when a circuit may 

be too complex to be sufficiently miniaturized. The large-area circuit can be split into several 

smaller area circuits, which are then joined by stretchable interconnections. 

(a) 

(b) 
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Figure 2.15 Assembled stretchable interconnect circuit for a respiration monitor.
[78]

 

 

 

Taking full advantage of the SWNT elastic conductor and paste, Sekitani et al
[61]

 

manufactured a 19-by-37–cell organic transistor-based stretchable active matrix by 

combining printing, vacuum evaporation, and mechanical processes, as shown in Figure 

2.16a. The fabricated array of organic transistors was connected with each other by elastic 

conductors. The SWNT elastic conductors were connected to the contact pads for gate, 

source, and drain electrodes by the SWNT paste (Figure 2.16b). During the stretching 

process, only the interconnection lines stretch, such that negligible changes in transistor 

characteristics occur even for strains up to 70%. After relaxation, the transistor characteristics 

also did not change when compared to those measured before the stretching tests. 

Furthermore, no changes were observed in either the electrical characteristics or the  
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Figure 2.16 (a) Images of large-area stretchable active matrix comprising 19-by-37 printed 

organic transistors and wiring using the SWNT elastic conductor wrapped on a curved 

surface.
[61]

 (b) Magnified image of one cell. A SWNT elastic conductor having a net-shaped 

structure was formed with a mechanical punching system and then coated with silicone 

rubbers.
[61]

 (c) Stretching tests of the active matrix.
[61]

 (d) A demonstration of a stretchable 

display that can be spread over arbitrary curved surfaces. The stretchable display is 

functional even when folded in two or crumpled, indicating excellent durability.
[62]

 

 

 

 

 

 

 

(a) (b) 

(c) 

(d) 
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mechanical properties of the matrix after 30 stretching cycles at 70% stretching, thereby 

indicating the excellent electrical functionality and stability of the active matrix under 

stretching (Figure 2.16c). By integrating a driving-cell active matrix and organic LEDs using 

printed elastic conductors described in earlier section 2.2.3, the same group
[62]

 manufactured 

a 16×16-pixel stretchable active-matrix organic LED display. Each driving cell consists of a 

selector transistor which enables the addressing of each OLED for light emission, driver 

transistor which control the luminescence, a capacitor (C) and printed elastic conductors. 

Figure 2.16d shows a demonstration of the display, which can be spread over an arbitrary 

curved surface. Bending or crumpling caused no mechanical or electrical damage because of 

the excellent conductivity and mechanical durability of the printed elastic conductors. 

With the CNT transparent and stretchable films, Lipomi et al.
[71]

 fabricated a grid of 

capacitors to produce 64-pixel array of compressible pressure sensors that had spatial 

resolution. The fabricated device can be found in Figure 2.17a, which is composed of two 

orthogonal patterned CNT stretchable lines on the top and bottom, and liquid eutectic 

gallium-indium (EGaIn) and copper wires at the ends of the nanotube lines serving as 

electrodes. The width and spacing of the patterned nanotube films are 2 mm. The average 

capacitance of each pixel was 13.3±1.4 pF. It was found that the crosstalk between adjacent 

pixels in the 64-pixel device was low, and the change in capacitance registered by the pixel 

on which pressure was applied was five times higher than the average of that registered by 

the four adjacent pixels (Figure 2.17b). The devices were monolithically integrated, 

extremely mechanically compliant, physically robust and easily fabricated. 
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Figure 2.17 (a) Photograph of the device, with enhanced contrast to show the lines of 

nanotubes (scale bar, 1 cm). (b) Map of the estimated pressure profile over a two-

dimensional area based on the change in capacitance registered by a central pixel and its four 

nearest neighbours when a pressure of 1 MPa is applied to the central pixel (scale bar, 2 

mm).
[71]
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3. Mechanical Properties of Vapor-Liquid-Solid 

Synthesized Silicon Nanowires 
 

3.1 Background 

SiNWs are one of the key building blocks for nanoelectronic and 

nanoelectromechanical devices.
[1]

 They exhibit excellent mechanical,
[2-3]

 electrical
[4]

 and 

optical
[5]

 properties, in addition to interesting multifunctional properties such as 

piezoresistivity
[6]

 and thermoelectricity.
[7-9]

 As such, SiNWs have been used in a broad range 

of applications including nanoelectronics,
[10-12]

 nano sensors,
[13]

 nanoresonators,
[14]

 light-

emitting diodes,
[15]

 and thermoelectric energy scavengers.
[8-9]

 The operation and reliability of 

these nano-devices depends on the mechanical properties of SiNWs, which are expected to 

be different from their bulk counterparts due to their increasing surface-to-volume ratio. 

Existing techniques for measuring the mechanics of individual NWs include 

observing the vibration (or resonance) of cantilevered NWs inside a transmission or scanning 

electron microscope (TEM/SEM),
[16-18]

 measuring the lateral bending of suspended NWs 

with an atomic force microscope (AFM),
[3, 19-21]

 measuring uniaxial tension of suspended 

NWs in SEM or TEM
[2, 22-26] 

and nanoindentation of NWs on a substate.
[27]

 Available 

experimental results on SiNWs exhibit significant scatter including: 1) Some reported a 

decrease in Young’s modulus with decreasing size,
[2, 17, 23, 28]

 while others showed an 

opposite trend;
[19, 21]

 2) The reported strength values of vapor-liquid-solid (VLS) grown 

SiNWs ranged from 500 MPa to 12 GPa;
[3, 28]

 and 3) Han et al.
[2]

 observed pronounced 

plastic deformation of SiNWs by in-situ TEM tensile tests at room temperature, while 
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Gordon et al.
[21]

 reported linear elastic behavior followed by brittle fracture using AFM 

bending tests. 

Moreover the experimental data show large discrepancy with the simulation 

results.
[29]

 For instance, the experimentally measured Young's moduli started deviating from 

the bulk value at diameters of about 200 nm;
[28]

 conversely, computational studies using both 

density functional theory (DFT) and classical molecular dynamics (MD) indicated that the 

transition diameter for Young’s modulus of SiNWs is less than 10 nm.
[30-32]

 The 

experimentally observed plasticity at room temperature occurred for SiNWs with diameter 

less than 60 nm; while MD simulations
[33]

 predicted a similar brittle-to-ductile transition 

(BDT) for SiNWs with diameter smaller than 4 nm at room temperature. Apparently, there 

exists a substantial gap between experiments and simulations in the transition size in both the 

elastic and inelastic properties of SiNWs.  

In this thesis we report the quantitative stress-strain measurements of SiNWs using 

tensile tests for the first time. We present experimental results on SiNWs with diameters 

ranging from 15 to 60 nm. The NWs were synthesized using the vapor-liquid-solid (VLS) 

process. The tests were conducted using a nanomanipulator as the actuator and an AFM 

cantilever as the load sensor inside a SEM. It was observed that the Young’s modulus 

decreased while fracture strength increased up to over 12 GPa, as the NW diameter 

decreased. The fracture strength also increased with the decrease of the side surface area. 

Repeated loading and unloading during tensile tests demonstrated that the NWs are linear 

elastic until fracture without appreciable plasticity. 
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3.2 Experimental Section 

SiNWs were synthesized by chemical vapor deposition (CVD) using gold 

nanoclusters as catalysts and silane (SiH4) as a vapor-phase reactant, following the method 

developed by Wu et al.
[1, 34]

 Gold nanoclusters with diameters ranging from 10 to 50 nm were 

deposited on Si substrates capped with a 600 nm-thick layer of thermal silicon dioxide. The 

substrates were placed in a quartz tube furnace (EasyTube™ 3000, First Nano). After a 30 

min. purge in H2 ambient at 50 Torr, VLS growth of nanowires was carried out at 480°C, 15 

Torr for 10 min. with the flow of SiH4 (20 sccm) and H2 (200 sccm).  

The tension tests were performed inside an SEM (JEOL 6400F). A nanomanipulator 

(Klocke Nanotechnik, Germany) with 1 nm resolution and 1 cm travel range in three 

orthogonal directions was used to pick up protruding NWs from the Si wafer following the 

procedure developed by Zhu and Espinosa.
[35]

 The tungsten tip controlled by the 

nanomanipulator was first moved to touch a selected SiNW. Then electron beam induced 

deposition (EBID) of carbonaceous materials in the SEM chamber was used to clamp the 

SiNW to the tungsten tip. Afterwards, the NW was pulled away from the Si wafer. For 

tension tests, an AFM chip (ORC8-10, Veeco) with two silicon nitride cantilevers on each 

side was mounted on a sample holder. The tungsten tip with the SiNW was moved toward 

the AFM cantilever and clamped on the side of the cantilever using the EBID again. 

Subsequently, the specimen was loaded and unloaded for a few cycles to investigate the 

elastic and possible inelastic properties. A series of SEM images were taken during the 

tensile process. Both force and elongation can be directly measured from the images. It is 

possible that a small torsion of the cantilever might occur under the applied tensile force as 
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the specimen is clamped on the side of the cantilever. However, this error was found to be 

negligible according to the SEM images.  Overall this tensile testing technique is similar to 

that developed by Yu et al.
[36] 

but differs in that a sharp tungsten tip instead of an AFM tip is 

used for NW manipulation and actuation. The high aspect ratio of the tungsten tip is 

advantageous in picking up NWs. In addition, in our configuration, the nanomanipulator is 

mounted on the SEM flange and the sample is placed on the SEM sample stage. This allows 

all the degrees of freedom of the SEM sample stage. 

The spring constant of the cantilever was calibrated using the Sader method.
[37]

 

According to his method, the spring constant of the AFM cantilever used in tension tests was 

measured as 0.70±0.05 N/m. The cantilever deflection was measured in images with lower 

magnification, where a resolution of half pixel translated to 7.5 nm. Therefore the force 

resolution was 5.25±0.38 nN. For NWs with diameters ranging from 15 to 60 nm, the stress 

resolution ranged from 29.7 to 1.8 MPa. The NW elongation was measured in images with a 

higher magnification (the image possesses 2000×1600 pixels and a nanowire typically spans 

1500~1800 pixels in length). Therefore, the strain resolution is about 0.03%.  

 

3.3 Results and Discussion  

The SiNWs grown from Au nanoclusters were nearly monodisperse with diameters 

determined by the nanoclusters. Figure 3.1a shows an SEM image of SiNWs produced from 

50-nm-diameter Au nanoclusters. Figure 3.1b is an enlarged SEM image, displaying that 

some SiNWs protrude out of the edge of the Si wafer. These NWs can be easily manipulated 

for the experiments reported in this theis. Figure 3.1c shows the TEM image of a SiNW with  
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Figure 3.1 (a) Typical SEM image of the SiNWs grown from 50nm-diameter Au 

nanoparticles. (b) Enlarged SEM image of SiNWs protruding out from the edge of the 

substrate. (c) TEM image of a single SiNW. Inset of (b): the corresponding SAED pattern of 

the SiNW with zone axis along [111]. (d) High-resolution TEM image of the NW. 

 

 

diameter close to 20 nm. It can be seen that the NW is not only straight but also uniform in 

width along the growth direction. The selected area electron diffraction (SAED) pattern in 

the inset of Figure 3.1c indicates that the NW growth direction is <110>. Figure 3.1d is a 
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HRTEM image, which indicates the single-crystal nature of the SiNWs and also confirms the 

growth direction of <110>. Careful characterization of SiNWs synthesized using this method 

have shown that NWs with diameters larger than 20 nm grow primarily along the <111> 

direction, whereas the NWs with smaller-diameter could have three growth directions: 

<110>, <112> and <111>.
[1, 34]

 Furthermore, these SiNWs have little or no visible amorphous 

oxide on the NW surface.
[34]

 It is believed that using H2 as the carrier gas passivates the 

surface. Our SiNWs are different from many other SiNWs reported in the literature using 

either the CVD-VLS method
[21]

 or other methods such as thermal evaporation,
[2, 38]

 where the 

SiNW surfaces are either covered with an at least 1-3 nm thick amorphous oxide or treated to 

be hydrogen-terminated. The surface condition might play an important role in the 

mechanical property of SiNWs as will be discussed later. 

Figure 3.2a-c shows a series of SEM images taken during the tensile test for a NW 

with diameter of 23 nm. Figure 3.2a is the image prior to loading. Figure 3.2b,c show the 

NW under the strain of  0.023 and 0.062, respectively. The loads on the NW were calculated 

from the cantilever deflections, which were obtained in the images with reference to a 

stationary feature at the left of the image. The stationary feature was the neighboring 

cantilever on the same chip and was out of focus in the SEM images due to the difference in 

focal depth. The force and elongation of the NW were measured based on these images and 

then converted to stress and strain. Additional SEM images with high magnification were 

taken at each loading step, as shown in the inset of Figure 3.2a, to increase the strain 

resolution. The NW was tested in a few loading and unloading cycles until fracture (Figure 

3.2d). 
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Figure 3.2 (a-c) A series of SEM images taken during the tensile test for a SiNW with 

diameter of 23 nm. Inset of (a): high resolution SEM image of the NW for strain 

measurements. (d) SEM image showing that fracture occurs on the NW when the load was 

applied to a certain value. 

 

 

Figure 3.3a shows the stress-strain response of this NW. The Young’s modulus was 

measured to be 166 GPa, which is lower than the bulk value of Si in the [111] direction (187 

GPa).
[39]

 It can be seen that the loading and unloading curves followed almost the same path 

showing a linear elastic behavior. No residual plastic deformation was observed when the 

NW was totally unloaded. This observation is corroborated with the enlarged image of the 

broken NW shown in Figure 3.3b. The broken end seems flat and no noticeable diameter 

reduction or necking. 
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Figure 3.3 (a) A typical stress-strain response of the specimens with diameter of 23 nm 

under repeated loading and unloading. (b) Enlarged SEM image of the broken end of the 

SiNW on the probe tip. 

 

 

Figure 3.4a shows the SEM image of the SiNW with diameter of 60 nm before 

tension test. From the image, the carbon deposition lines can be clearly seen. After the 

tension test, the NW was broken, as shown in Figure 3.4b. When comparing these two 

images, we can find that the shape of the carbon deposition clamps and the length of the free 

end of the nanwire on the probe tip are kept the same before and after the tension test. It 

indicates that the carbon deposition clamps are strong enough for testing SiNWs with 

diameters up to 60 nm without sliding. 
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Figure 3.4 SEM images of the SiNW with diameter of 60 nm before (a) and after (b) tension 

test showing that the carbon deposition clamp was strong enough for testing SiNWs with 

diameters up to 60 nm without sliding. 

 

 

 

Tension tests of all the NWs at different diameters were conducted following the 

same procedure with multiple loading/unloading cycles and all the NWs showed linear 

elastic behavior. To study the size effects on the mechanical properties of SiNWs, total 10 

NWs with diameters ranging from 15 to 60 nm were tested. Figure 3.5a shows the measured 

Young’s moduli of all the tested NWs as a function of NW diameter. Dotted lines are 

theoretical values for Si in the directions specified.
[39]

 It is evident that the Young’s modulus 

of SiNWs is almost constant, around the bulk value for the <111> orientation (187 GPa) 

when the diameters are larger than 30 nm. However, the softening trend is obvious for NWs 

with smaller diameters; the Young’s modulus decreases with the decreasing diameters. As 

discussed earlier, for NWs with diameters less than 20 nm, the growth direction could be 

<110>, <112> or <111>. The bulk Young’s moduli for <110> and <112> orientations are 

169 GPa.
[39]

 Therefore, the softening in the Young’s modulus of SiNWs is clear no matter 

what the growth direction is.  
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Figure 3.5 Plots of the (a) Young’s modulus, (b) fracture strain and (c) fracture strength vs 

diameters of the NWs from the tension tests. 

 

 

Multiscale simulations including continuum mechanics, molecular mechanics and 

first principle calculations have been conducted to investigate the size effects in the elastic 

behavior of nanostructures. Several major mechanisms have been proposed including: 1) 
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surface effects (surface stress and surface elasticity),
[30, 32-33, 40-41]

 2) nonlinear elastic 

response of the NW core,
[42]

 and 3) specifically for NWs with an oxide layer such as SiNWs, 

increasing importance of the oxide shell following the simple core-shell model.
[20-21]

 In view 

that the modulus of silicon oxide is smaller than that of Si, SiNWs with reducing NW 

diameter but constant oxide layer possess smaller Young’s modulus. But for the SiNWs 

tested in our experiments, there is little or no visible amorphous oxide on the surface as 

evidenced in the high-resolution TEM image.
[34]

 So the contribution of the oxide layer to the 

Young’s modulus of SiNWs following the core-shell model is negligible. However, we can 

not rule out the possibility that such a thin oxide layer might change the surface stress state, 

which might influence the Young’s modulus of SiNWs. According to the DFT calculations 

of <100> SiNWs conducted by Lee and Rudd,
[32]

 the nonlinear bulk elasticity had a 

negligible effect on the Young’s modulus of SiNWs. Note that the simulated SiNWs were 

passivated by hydrogen and the passivation mitigated the surface stress of reconstructed 

surfaces. Therefore, the remaining and most likely mechanism is the surface effects, which 

was found to strongly depend on the surface reconstruction. The surface reconstruction can 

lead to bond saturation, bond contraction or elongation, and loss of bonding neighbors.
[30]

 

Direct comparisons between experiments and simulations for SiNWs with the same geometry 

and surface conditions could further elucidate the mechanisms for the observed size effects. 

It should be noted that our results are in good agreement with the multiscale resonance 

calculations that predicted elastic softening in [100] SiNWs when the NW diameter dropped 

below 30 nm, although the crystalline orientations in two studies are different.
[41]
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Figure 3.5b and c show the fracture strain and fracture strength as functions of the 

NW diameters from the tension tests. It can be seen that the fracture strain increased from 

2.7% to about 12% when the NW diameter decreased from 60 to 15 nm. Similarly, the 

fracture strength was found to increase from 5.1 GPa to slightly over 12 GPa when the NW 

diameter decreased from 60 to 15 nm. 12 GPa strength is closest reported value to the 

theoretical strength of 15.2 and 18.8 GPa for Si along <110> and <111> directions, 

respectively.
[43]

 It is interesting to notice that the fracture strength dropped when the NW 

diameter is below 20 nm. This phenomenon may be related to the growth direction of the 

NWs. Since the ideal strength of a material is related to its Young’s modulus. The NWs 

grown along <110> or <112> have Young’s moduli lower than those along the <111> 

direction,
[43]

 therefore it is possible that their facture strengths are lower than those along the 

<111> direction. The SiNWs tested in our experiments possess much larger fracture strength 

than Si thin films (1~4 GPa)
[44]

 and NWs with larger diameters (0.03~4 GPa).
[21, 28]

 A similar 

fracture strength of 12 GPa in VLS-grown SiNWs have been reported recently using the 

AFM bending technique, but their NW diameters ranged between 100 and 200 nm.
[3]

 The 

size effects on the fracture strain and strength are assumed to be related to the defects 

presented in the NWs. For NWs with smaller size, the possibility of defects in the material is 

reduced, leading to the increase of the fracture strain and strength. This is a common 

phenomenon in nanoscale systems. 

The relation between the fracture strength and the side surface area of the SiNWs was 

also investigated, as shown in Figure 3.6. The mean fracture strengths from some Si thin 

films
[44]

 and NWs
[3, 23, 28]

 are summarized in the same figure as well. It can be found that the 
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fracture strength is sensitive to the side surface area in spite of the difference in fabricating 

the thin films and NWs. The strength increases with decreasing side surface area, which 

confirms that the defects on surface of the thin films and NWs play an important role in 

causing the fracture. Interestingly, with the decrease of the side surface area, the increase rate 

of the fracture strength for the NWs in our work is found to be much higher than that for the 

thin films. It is plausible that SiNWs synthesized by the VLS method possess less surface 

defects, thus better surface quality, compared to thin films fabricated using wet or dry etching 

methods. 

 

 

Figure 3.6 Plot of fracture strength vs the side surface area of the SiNWs and thin films. The 

fitted lines of our results and the thin films results show different slope, which might be 

related to the surface quality associated with two different manufacturing methods. SiNWs in 

refs. 3, 28 and our results are synthesized by the VLS method, while the SiNW in ref. 23 was 

produced using a very different method, namely, nanometer-tip contact and retraction.  
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The brittle facture observed in all our experiments is in contrary to a recent report by 

Han et al,
[2]

 where large-strain plasticity was observed for SiNWs with diameters smaller 

than 60 nm under tension in TEM. The authors found that the tensile plasticity was initiated 

by the emergence of a high density of dislocations followed by the development of a 

continuous disordered lattice by the emission of dislocations. It should be noted that the most 

unambiguous method for assessing plasticity is loading-unloading in tensile tests. If there is a 

plastic strain, it remains when the material is totally unloaded. Unfortunately, Han’s 

experiments do not possess the capability for stress measurement and thus cannot 

quantitatively assess the loading-unloading behavior. Two possible reasons can be suggested 

to explain the discrepancy between the two experimental results: effects of high-energy 

electron beam and difference in NW preparation. First of all, the electron beam irradiation in 

TEM is much stronger than that in SEM. The high-energy electron beam can increase the 

temperature of the NW. It can also significantly enhance diffusion and dislocation mobility, 

which both may contribute to the observed ductility.
[33]

 A recent in-situ TEM study on NaCl 

NWs also observed superplastic deformation and the authors confirmed that electron beam 

irradiation enhanced ductility.
[45]

 Another example on the superplasticity comes from carbon 

nanotubes (CNTs). In-situ TEM tension experiments showed that, at high temperatures, 

individual single-walled CNTs can undergo superplastic deformation (becoming nearly 

280% longer than its original length, much larger than the theoretical strain of CNTs at room 

temperature).
[46]

 Dramatically enhanced atomic diffusion was also observed for multi-walled 

CNTs under in-situ TEM.
[47]

 Secondly, the SiNWs in our experiments were synthesized 

using the CVD-VLS method,
[34]

 while those in Han’s experiments were synthesized using the 
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thermal evaporation method. Furthermore, the NWs in Han’s experiments were processed in 

HF, which might cause adverse effect on the NW properties. Similar BDT of SiNWs was 

observed in MD simulations by Kang and Cai.
[33]

 They found that NWs with diameters less 

than 4 nm become ductile at room temperature, while thicker NWs become ductile only at 

elevated temperatures. In our experiments, no plasticity was observed for the SiNW with 

diameter as small as 15 nm at room temperature, which is in line with the MD simulations.  

 

3.4 Conclusions 

In summary, the Young’s modulus and fracture strength of SiNWs with diameters 

between 15 and 60 nm and lengths between 1.5 and 4.3 m was measured. The NWs, grown 

by the VLS process, were subjected to in-situ tensile tests inside a SEM. The Young’s 

modulus of SiNWs was found to be close to the bulk value (187 GPa for <111> orientation) 

when the diameters are larger than 30 nm. However, the softening trend is obvious when the 

diameters of the NW are smaller than 30 nm; the Young’s modulus of the NWs decreases 

with the decreasing diameters. Our experiments also showed that fracture strain and strength 

of SiNWs increased as the NW diameter decreased. The maximum strength was found to be 

over 12 GPa. The fracture strength also increased with the decrease of the side surface area; 

the increase rate for the chemically-synthesized SiNWs was found to be much higher than 

that for the microfabricated Si thin films. Repeated loading and unloading during tensile tests 

demonstrated that the NWs are linear elastic until fracture without appreciable plasticity.  
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4. Controlled 3D Buckling of Silicon Nanowires for 

Stretchable Electronics 
 
4.1 Background 

Electronics that can be stretched and/or conformal to curvilinear surfaces (e.g., 

biological tissues) has recently attracted broad attention.
[1-2]

 Success of stretchable 

electronics depends on the availability of electronic materials and structures that can be 

highly stretched, compressed, bent and twisted.
[3-7]

 Two strategies have been employed to 

achieve stretchable electronics: one is to increase the intrinsic stretchability of the building 

blocks such as organic molecules, and the other is to create stretchable architectures out of 

the otherwise straight, fragile blocks.
[8]

 It is well known that inorganic semiconductor 

materials are brittle and typically fracture under a strain of ~1%, which poses a challenge to 

incorporate them into stretchable devices. Mechanical buckling has been exploited to 

enhance the stretchability of Si nanoribbons by making them into wavy shape.
[9-11]

 The wavy 

structures can be reversibly stretched and compressed to large extent without fracture, with a 

mechanics that is similar to the motion of an accordion bellows. The buckling strategy has 

also been used to develop stretchable metal electrodes.
[12-13]

  

SiNWs are one of the key building blocks for nanoscale electronic, photonic and 

electromechanical devices,
[14-16]

 due to their excellent electrical,
[17-19]

 optical
[20]

 and 

mechanical
[21-23]

 properties. A variety of flexible (bendable) devices using SiNWs have been 

developed.
[15-16, 24]

 Our recent work found that vapor-liquid-solid synthesized SiNWs have a 

diameter-dependent fracture strain up to 12%,
[23]

 which is much higher than their bulk value. 

This finding suggests that SiNWs hold promising potential for stretchable electronics. Ryu et 
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al.
[25]

 recently found lateral (or in-plane) buckling of SiNWs on elastomeric substrates. With 

the formation of wavy (i.e., sinusoidal) structures, SiNWs were found to sustain quite large 

tensile strains (up to ~27%). However, for a sinusoidal structure, the maximum 

tensile/compressive strains occur at localized positions (i.e., peaks and valleys) of the 

waves.
[3]

 As soon as the local maxima reach the failure strain, the entire structure fails.  

An ideal shape to accommodate large tension and compression would lead to uniform 

strain distribution along the structure. A coil (helical) spring is one such structure.
[11]

 In this 

thesis, we report realization and stretchability study of coiled SiNWs on 

poly(dimethylsiloxane) (PDMS) substrates for the first time. SiNWs were assembled on top 

of prestrained PDMS substrates and buckled upon release of the prestrain. Both the coiled 

shape and the in-plane wavy shape were obtained in a controlled fashion by tuning the 

surface properties of PDMS. Very large stretchability (~104% in this work) up to the fracture 

of PDMS was demonstrated for the SiNW coils, which is more than fifteen times the intrinsic 

fracture strain of freestanding SiNWs with the same diameter,
[23]

 and about four times the 

reported stretchability of the in-plane wavy SiNWs.
[25]

 Furthermore, single-NW devices 

based on coiled NWs were demonstrated with a nearly constant electrical response in a large 

strain range (from -15.3% to 16.5%). It should be noted that coil shape is only possible for 

one-dimensional structures (e.g., wires).  

 

4.2 Experimental Section 

Boron-doped (p-type) SiNWs were synthesized on Si substrates by chemical vapor 

deposition (CVD) using gold nanoclusters as catalysts and silane (SiH4) as a vapor-phase 
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reactant, following the method reported by Wu et al..
[26]

 Poly(dimethylsiloxane) (PDMS) 

substrates with thickness of 2 mm were prepared using ‘Sylgard 184’ (Dow Corning) by 

mixing the ‘base’ and the ‘curing agent’ with a ratio of 10:1. The mixture was first placed in 

a vacuum oven to remove air bubbles, and then thermally cured at 65 °C for 12 hours. 

Rectangular slabs of suitable sizes were cut from the resultant cured piece. 

 

 

Figure 4.1 (a-c) Schematic illustration of the process for fabricating the deformed NWs.  

 

 

Figures 4.1a-c shows schematically the process for fabricating buckled NW arrays on 

PDMS substrate. A tensile testing stage (Ernest F. Fullam) was used to mechanically stretch 

the PDMS substrates to the desired levels of prestrain. The prestrained substrate was radiated 

under a UV lamp (low-pressure mercury lamp, 30 µW/cm
2
 for 254 nm and 16 µW/cm

2
 for 

185 nm at the distance of 20 cm from the lamp, BHK) with the distance of 7 mm (Figure 

4.1a). A contact printing method was used to dry transfer the SiNWs to the PDMS substrate 

in the prestrained direction (Figure 4.1b).
[27]

 Releasing the prestrained PDMS resulted in 

buckling of the SiNWs (Figure 4.1c).  
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4.3 Results and Discussion  

Figures 4.2a and b are optical images showing large-scale SiNWs on the PDMS 

before and after release of the prestrain, respectively. It can be seen that all the aligned NWs 

buckled after releasing the PDMS. Two buckling modes, three dimensional (3D) coil and two 

dimensional (2D) in-plane (sinusoidal) wave, were found in our experiments. Atomic force 

microscopy (AFM) (in the non-contact mode) and scanning electron microscopy (SEM) were 

used to interrogate the structure of the buckled NWs, as shown in Figure 4.3. 

 

 

Figure 4.2 A large-area optical micrograph of the SiNWs (a) before and (b) after release of 

the prestrained PDMS substrate.  
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Figure 4.3 (a) Planar and (b) 3D AFM images of the coil-like SiNWs on PDMS substrate. (c) 

Line-scan profiles of the AFM image in a. (d) SEM image (top view) of a coil-like NW. The 

arrow marks the part of NW that is embedded in the substrate. (e) Planar and (f) 3D AFM 

images of the wavy SiNW on PDMS substrate. (g) Line-scan profile of the AFM image in e. 

(h) SEM image of the wavy NW. 

 

 

Figures 4.3a and b show the planar and 3D AFM images of a coil-like NW on PDMS, 

respectively. The NW showed both in-plane and out-of-plane deformation. Owing to the 

adaptive nature of the PDMS surface, the NW twisted from one end to the other, resulting in  

the formation of a helical structure. The spacing and width of the coil (except the ends) were 

quite uniform with an average value of 1523 nm and 810 nm, respectively. Figure 4.3c shows 
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two line-scan profiles across the peak and valley of the coil-like NW, as indicated in Figure 

4.3a. The line-scan profiles confirmed that the NW is in a coil configuration. Further they 

identified the depth of the coil structure to be 478 nm. By comparing the width and depth of 

the coil structure, it was concluded that the projected area of the coil in the axial direction is 

an oval rather than a circle. The ratio between the major radius (width) and minor radius 

(depth) of the coil was 1.71. Figure 4.3d shows an SEM image of a typical NW oval coil. 

Even though part of the NW appears embedded in the PDMS (as marked by an arrow), one 

can easily imagine how the NW twists to form the coil. SEM imaging further confirmed that 

the coil shape of SiNWs is real rather than artifacts from AFM imaging.  

 

 

Figure 4.4 AFM images of deformed SiNWs on the PDMS substrate at different treatment 

times of (a) 0 min, (b) 3min, (c) 5min, (d) 8min, and (e) 20 min. The prestrains were all set to 

be 20%. Scale bar is 1µm. 
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In contrast, Figure 4.3e and f show planar and 3D AFM images of an in-plane wavy 

NW, respectively. The corresponding line-scan profile (Figure 4.3g) and SEM image of a 

typical wavy NW (Figure 4.3h) confirmed that the NW is on top of the PDMS without any 

noticeable out-of-plane deformation. This in-plane buckling mode of SiNWs has been 

observed previously.
[25]

  

The buckling modes of SiNWs were found to be controlled by the duration of 

UV/ozone (UVO) treatment of the prestrained PDMS substrates. Several AFM images in 

Figure 4.4 illustrate transition between the two buckling modes at different UVO treatment 

times (0, 3, 5, 8 and 20 minutes). The five NWs had similar diameters (within the range of 

30±5 nm) and the PDMS prestrains were all set to be 20%. Without UVO treatment, the NW 

followed the in-plane wavy mode (Figure 4.4a). It was noticed that the actual strain as 

measured from the contour length was ~16% (smaller than the applied prestrain), which is 

evidence of in-plane sliding of the NW. With increase of the treatment time, NWs gradually 

exhibited out-of-plane deformation, as can be seen in Figure 4.4b. At UVO treatment of 5 

min, the out-of-plane deformation became pronounced, leading to the oval coiled mode 

(Figure 4.4c). However, for further increase of the UVO treatment time the out-of-plane 

deformation started to disappear, as shown in Figures 4.4d. Figure 4.4e shows a NW at UVO 

treatment of 20 min, which exhibited the in-plane wavy mode only. Note that for a given 

treatment time, all the NWs with the similar diameters underwent the same transition. Also 

the wavelength (or spacing) is approximately constant during the transition except the first 

case where sliding occurred, as shown in Figure 4.4.  
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The total system energy is composed of several parts: the strain energy of the PDMS 

substrate, the membrane and bending energies of the SiNW.
[25, 28-29]

 For the coiled mode, 

additional torsion energy of the SiNW exists. The buckling modes are determined as a result 

of the minimization of the total system energies. Note that the coil mode is energy efficient 

only for one-dimensional structures. The strain energy of PDMS depends on its Young’s 

modulus. UVO treatment leads to the formation of a continuous “silica-like” layer on the 

surface of PDMS.
[30]

 As a consequence, Young’s modulus of the PDMS surface was found to 

increase with the increasing treatment time.
[31]

 On the other hand, the sliding as observed in 

Figure 4.4a changes the bending and membrane energies of the SiNW. It is well known that 

the UVO treatment can change the surface properties of PDMS.
[32-33]

 The UV light induced 

ozone converts the unmodified hydrophobic surface of PDMS dominated by -Si(CH3)2O- 

groups, to a highly polar and reactive surface terminated with silanol groups (−SiOH), which 

allows reactions with various inorganic surfaces to form strong chemical bonds.
[34]

 In 

addition, the surface energy of PDMS increases.
[33]

 Therefore, the interaction (including 

static friction) between UVO-treated PDMS and almost all surfaces increases with the 

treatment time through enhanced chemical bonding and/or van der Waals force.
[9, 35]

 Our 

recent work found that the shear strength (static friction per unit area) between SiNW and 

PDMS increased from 0.08 to 6.05 MPa with increasing UVO treatment time. Details on the 

study of static friction between SiNW and PDMS was reported elsewhere.
[36]

 Increased static 

friction between SiNW and PDMS prevented the NW sliding, as shown in Figures 4.4b-e. In 

short, the transition between the buckling modes is likely attributed to combined effects of 

the modified Young’s modulus of PDMS surface and static friction between SiNW and 



 

69 

PDMS. Further investigation is warranted to understand the relative roles of the Young’s 

modulus and static friction.  

 

 

Figure 4.5 Schematics of (a) wavy and (b) coiled shapes. (c) The maximum local strain of a 

SiNW as a function of the prestrain up to 104% for in-plane wavy shape, circle-coiled shape, 

and oval-coiled shape with the ratios of 1.7 and 2.8 between the major and minor radii. The 

diameter of the NW was set to be 28 nm. The insets show the 3D schematics of the circle coil 

and oval coil. 
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Consider that a PDMS slab with an initial length of L0 is stretched to a length of L1 

(with the prestrain defined as 001 /)( LLLpre  ). A NW is transferred to the PDMS in the 

strained direction. When the prestrain is released, the NW could buckle into different shapes 

(wavy or coiled). Wavelength of the wavy shape (or spacing of the coiled shape) varies with 

the prestrain following a finite-deformation model, )1/(0 pre  , where 0  is the critical 

wavelength at the onset of buckling and is a function of the NW radius and Young’s moduli 

of the NW and substrate.
[29]

 Amplitude of the wavy shape (or radius of the coiled shape) can 

be determined by the simple accordion mechanics in which the contour length is equal to 

0 .
[29]

 Note that the coiled shape could be circle coil or oval coil (i.e., the projection in the 

axis direction is a circle or an oval).  

The wavy and coiled shapes of SiNWs are shown schematically in Figure 4.5a and b, 

respectively. Details on calculating the amplitudes (or radii) and maximum local strains for 

three shapes (sinusoidal wave, circle coil and oval coil) at a given prestrain are provided in 

Appendix A. Figure 4.5c plots the calculated maximum local strains as functions of the 

prestrain up to 104% (the fracture strain of PDMS in our work) for the three shapes. For the 

wavy shape, the maximum local strain increases almost linearly with the prestrain. Taking 

the fracture strain of 6.5% (for SiNWs with diameter of 28 nm)
[23]

 as an example, the 

maximum applicable prestrain is about 40%. By contrast, the maximum local strain of the 

circle-coiled shape gradually increases with the prestrain and approaches ~2.74% when the 

prestrain increases to 104%. This is due to the fact that the strain distribution is uniform 

along the length of the circle coil. For the oval-coiled shape, two ratios of the major and 
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minor radii (1.7 and 2.8) are used as examples. It can be seen that for both ratios, the 

maximum local strains are larger than that of the circle coil but much smaller than that of the 

wavy shape. Moreover, smaller ratio yields smaller maximum local strain at the same 

prestrain, which is consistent with the fact that the circle coil (with the smallest ratio of one) 

leads to the smallest maximum local strain. Clearly the coiled shape (both circle and oval) 

can achieve a much higher level of stretchability than the wavy shape.  

 

 

Figure 4.6 Representative AFM images of an oval-coiled NW stretched to different levels of 

tensile strain (indicated on the left in percentage). Scale bar is 1µm.  

 

 

Extremely large stretchability was demonstrated for the oval-coiled SiNWs on 

PDMS. A prestrain just before the failure strain of the PDMS substrate (~104% in our case) 

was achieved. Figure 4.6 shows representative AFM images of a single oval-coiled SiNW 

stretched to different levels of tensile strain. The diameter of the NW was estimated to be 28 
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nm and the UVO treatment was 5 minutes. The blue arrows in each AFM image indicate the 

same positions on the substrate (no sliding between the substrate and the NW) as 

displacement markers.  

 

 

Figure 4.7 (a) Spacing and major and minor radii of the oval-coiled SiNW as a function of 

the applied strain. (b) The maximum strain as a function of the applied strain calculated with 

measured parameters of the oval-coiled NW. 
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Figures 4.7a shows the corresponding plots of the spacing and major and minor radii 

of the oval-coiled NW as functions of the applied strain. It was found that the spacing 

increased consistently from 1.52 to 2.68 µm, in linear proportional to the increase of the 

applied strain. At the same time the major and minor radii of the oval coil gradually 

decreased as the applied strain increased, while the ratio between the major and minor radii 

increased from 1.71 to 2.77. Our results are in good agreement with a nonlinear, finite-

deformation model
[29]

 in that the wavelength increases in an approximately linear fashion 

with the prestrain, while the amplitude (major and minor radii in our case) decreases 

nonlinearly. This model was originally developed to study the buckling mechanics of Si 

ribbons on PDMS substrate.
[10]

  

With the measured parameters including spacing, major and minor radii of the coil 

and NW diameter, the maximum local strain of an oval-coiled SiNW at a given applied strain 

was calculated following the procedure Appendix A, and plotted in Figure 4.7b. It is evident 

that the maximum local strains are below the failure strain of the SiNW, which indicates the 

oval-coil shape is effective in mitigating the maximum strain in the NW and hence explains 

why coiled SiNWs were capable of achieving such a large stretchability. It is important to 

point out that the ratio between major and minor radii in the oval-coiled NWs increased (or 

decreased) with the increasing applied strain (or prestrain). For instance, at the applied strain 

of 90.1% (or prestrain of 13.9%), the ratio was 2.77; but at the applied strain of zero (or 

prestrain of 104%), the ratio became 1.71. Note that in our case an applied strain (εapplied) is 

equivalent to a prestrain with the value equal to 1.04 - εapplied. According to Figure 4.7b, the 

smaller ratio in an oval-coiled shape is more effective in mitigating the maximum local 
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strain. Therefore, the system seems to be self-adaptive or “smart” to search for an optimized 

configuration to reduce the maximum local strain (i.e., at a larger prestrain, the system 

buckles into an oval coil with a smaller ratio between major and minor radii). 

 

 

Figure 4.8 (a) An SEM image of a functional NW device with a single SiNW between two 

electrodes. The two ends of the NW under the electrodes manifested the out-of-plane 

deformation (as indicated by arrows). Scale bar is 500 nm. (b) I-V curves of a NW device at 

different tensile and compressive strains. 

 

 

(a) 

(b) 
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Two-terminal devices were fabricated using coiled SiNWs on a PDMS substrate to 

demonstrate how these NWs can be integrated into a fabrication process to produce 

functional, stretchable devices. A layer of Ni (400 nm thick) was evaporated through a 

shadow mask onto the NW coils to serve as electrodes. In order to improve the electric 

contact, the devices on PDMS were annealed at 280 
o
C for 3 minutes.

[17, 37]
 Figure 4.8a 

shows a typical two-terminal device with a single coiled SiNW. Tensile and compressive 

strains were applied to the PDMS in the NW axial direction by the Fullam mechanical testing 

stage loaded in a probe station (Micromanipulator). The current-voltage (I-V) response of the 

SiNW device was measured simultaneously using tungsten probe tips. Figure 4.8b shows the 

I-V response as a function of the applied strain (the prestrain in this case was 71.2%). 

A sequence of optical images the coiled NW device at different strain levels are 

shown in Figure 4.9, corresponding to the I-V curve in Figure 4.8b. It can be clearly seen that 

the NW was stretched or compressed. The last image shows that the NW was stretched to the 

level of the prestrain (i.e., the nanowire was stretched to be straight). No systematic variation 

was observed in the electrical properties of the devices when stretched or compressed to a 

large strain range (from -15.3% to 16.5%, the largest strain range for single-NW devices to 

the best of our knowledge). The scatter of the data is mainly due to variations in the quality 

of probe contacts. At compressive strains larger than those examined here, the PDMS bent in 

ways that made probing difficult. At larger tensile strains, the I-V curve changed markedly 

and did not return to its original state, most likely due to change in the contact resistance at 

the NW-electrode interface and/or formation of cracks in the metal electrodes.
[25, 38]
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However, within the strain range reported above, the device responses did not change 

appreciably after many cycles of compressing, releasing and stretching. 

 

 

Figure 4.9 A sequence of optical images of the coiled NW device at different strain levels.  

 

 

 

 

Before closing, it should be noted that freestanding helices of semiconductor 

nanoribbons have been fabricated by scrolling of strained semiconductor heterostructures.
[39]

 

Other similar nanostructures such as coiled carbon nanotubes and nanowires,
[40-41]

 SiO2 

nanosprings,
[42]

 ZnO nanohelices
[43]

 can be grown by chemical synthesis approaches. 
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However, freestanding coils formed using these methods turned out to be very challenging to 

be integrated on flat elastomer substrates for stretchable electronics.
[11]

 

 

4.4 Conclusions 

Here we have demonstrated the feasibility of fabricating oval-coiled SiNWs on 

PDMS and their resulting excellent stretchability (up to the failure strain of PDMS, ~104% in 

our study). Clearly according to Figure 1c, the stretchability of the NWs can be further 

increased if a more stretchable substrate is used. Such a large stretchability of the coiled NWs 

relies on their effectiveness in mitigating the maximum local strain, with a mechanics that is 

similar to the motion of a coil spring. The coil shape is instrumental in producing a two-

terminal, single-NW device that held constant I-V response across a large range of strain 

(from -15.3% to 16.5%). Future work includes improving the contact reliability at NW-

electrode interface and increasing the stretchability of electrodes, such that true functional 

devices with stretchability over 100% can be achieved. NW-based flexible (bendable) 

devices have seen rapid progress;
[15-16, 24, 44-45]

 now the unique coiled shape makes possible 

NW-based stretchable devices. Together with the demonstrated NW alignment techniques,
[27, 

46]
 coiled NWs offer promising potential for fabricating multilayered devices for stretchable 

electronics and other related applications. Overall the coiled shape represents an excellent 

structural form that can accommodate large tension and compression, and likely bending and 

twist as well. Although the experiments reported here used SiNWs, this approach should be 

applicable to other semiconductor nanowires.  
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5. Wavy Ribbons of Carbon Nanotubes for Stretchable 

Conductors 
 

5.1 Background 

Materials that remain electrically conducting under large stretching, bending, twist 

and/or folding are critical for many new applications ranging from flexible displays,
[1]

 

stretchable electronics,
[2-3]

 to artificial muscles
[4]

 and comfortable skin sensors.
[5]

 Carbon 

nanotubes (CNTs) have high aspect ratio, excellent electric conductivity, high thermal 

stability and mechanical robustness, which make them promising materials for stretchable 

conductors.
[6]

 Several methods have been reported for fabrication of CNT-based stretchable 

conductors. By mixing millimeter-long single-walled CNTs (SWNTs), an ionic liquid, and a 

fluorinated copolymer, Sekitani et al.
[7]

 developed rubber-like conductive composites, which 

exhibited high conductivity and excellent stretchability. Other methods include depositing 

transparent SWNT films on polymer films,
[8]

 backfilling SWNT aerogels with polymers,
[9]

 

infiltrating multi-walled CNT (MWNT) forests with polymer binder
[10]

 and dispersing 

MWNTs in polymers by ultrasonication or melt shear mixing.
[11]

 Still several limitations 

exist for these materials/structures including low conductivity,
[11]

 conductivity decrease with 

applied strain
[8, 10-11]

 or complicated fabrication process.
[7, 9]

  

CNT ribbons drawn out from vertically-grown CNT arrays have attracted much 

attention for a variety of applications due to their unique properties such as being 

unidirectionally aligned, ultrathin, transparent, and conductive.
[12]

 Promising stretchable 

conductors have been fabricated by simply embedding a single layer
[13]

 or even-layer cross-
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stacked CNT ribbons
[14]

 in poly(dimethylsiloxane) (PDMS). However, these composite 

structures typically have moderate conductivity (> 200 /□ in sheet resistance) and their 

resistance increases substantially when stretched. For the former structure, several 

stretching/releasing cycles were found to help stabilize the resistance under a certain strain 

range and the operating principle remained elusive.
[13]

  

To fabricate stretchable conductors, another strategy is to fabricate wavy structures by 

releasing a pre-strained elastomeric substrate with conductive materials lying on top of it.
[15]

 

Following this strategy, both evaporation
[16-17]

 and solution-processing
[18-19]

 have been 

demonstrated to fabricate wavy metal films as stretchable conductors. In addition, the 

buckling strategy has also been employed to develop stretchable device components based on 

semiconductor nanoribbons,
[20-21]

 nanowires,
[22-23]

 CNTs (randomly distributed and 

nontransparent)
[24]

 and etc. However, the buckling of CNT ribbons on elastomeric substrates 

has not been reported previously; it is unclear how the constituent CNTs would buckle (either 

collectively or individually). In addition, the as-drawn CNT ribbons have relatively high 

sheet resistance.
[25]

 Few studies have been reported to reduce their resistance such that they 

meet the requirements for practical device applications.
[26]

  

In this thesis, we report the fabrication and performance of stretchable conductors 

based on buckled CNT ribbons. The resistance of a CNT ribbon was first reduced by 

sputtering a thin film of Au/Pd on the surface. Then the metal coated CNT ribbon was 

transferred onto a prestrained PDMS substrate. Release of the prestrain led to periodic, out-

of-plane buckling of the CNT ribbon. A stretchable conductor was constructed by coating 

another thin layer of PDMS on top of the buckled CNT ribbon (the CNT ribbon was 
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embedded in PDMS). The resistance of the conductor increased only about 4.1% when 

stretched to the prestrain (100%). The buckled CNT ribbon exhibits better performance (high 

stretchability and small resistance increase) than almost all the reported stretchable 

conductors by far. Furthermore, a simple stretchable circuit composed of a light-emitting 

diode (LED) and two buckled CNT ribbons was demonstrated.  

 

5.2 Experimental Section 

Vertically-grown MWNT forests were synthesized using a recently developed 

chloride mediated chemical vapor deposition (CVD) method.
[27-28]

 The CNT ribbons were 

directly drawn from spinnable vertically-grown MWNT forests. Figure 5.1a shows a 

scanning electron microscopy (SEM) image of a CNT forest (side view), in which the CNTs 

are macroscopically straight and parallel to each other. Figure 5.1b shows an SEM image 

(top view) of a ribbon being drawn from the CNT forest. It can be seen that the CNTs are 

uniformly aligned along the drawing direction. The diameters of the MWNTs in our study 

typically ranged from 30 to 50 nm. Figure 5.1c is an optical image showing the experimental 

setup used in the drawing process. With the assistance of a roller, the CNT ribbons were 

drawn and attached onto a Teflon substrate, which was wrapped around the roller. High-

purity alcohol was then dropped on the Teflon substrate. The rapid evaporation of the solvent 

absorbed in the ribbon caused the shrinkage of the film due to the surface tension effects. 

PDMS substrates with thickness of 2 mm were prepared using ‘Sylgard 184’ (Dow 

Corning) by mixing the ‘base’ and the ‘curing agent’ with a ratio of 10:1. The mixture was 
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first placed in a vacuum oven to remove air bubbles, and then thermally cured at 65 °C for 12 

hours. Rectangular slabs of suitable sizes were cut from the resultant cured piece. 

 

 

Figure 5. 1 (a) Side view SEM image of the CNT forest. (b) SEM image showing the ribbons 

directly drawn from the CNT forest. (c) Optical photograph of the assembled apparatus used 

in our experiments to draw the CNT ribbons and attach them onto the Teflon substrate. 

 

 

Figure 5.2 shows schematically the fabrication process of buckled CNT ribbons. The 

conductivity of the as-drawn CNT ribbon (sheet resistance of 211 /□) is mediocre for many 

applications such as liquid crystal displays, so one step in our process is to coat a thin layer 

of Au/Pd alloy on the CNT/Teflon substrate by magnetron sputtering (Figure 5.2a). After the 

coating step, the Teflon substrate with the CNT ribbon was brought into conformal contact 

with a prestrained PDMS (Figure 5.2b). After a short contact (e.g., a few minutes), the Teflon 
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substrate was slowly peeled from the PDMS, and the CNT ribbon was left on the PDMS 

substrate (Figure 5.2c). The successful transfer of the nanostructures from one substrate to 

another depends on the adhesion between the nanostructures and the substrates. PDMS have 

higher adhesion with CNTs than Teflon, which is why the CNT ribbon can be transferred 

from Teflon to PDMS substrate. Upon releasing the prestrained PDMS, the CNT ribbon 

buckled, as shown in Figure 5.2d.  

 

 

Figure 5.2 Schematic illustration of the process for fabricating the buckled CNT ribbons. (a) 

Au/Pd alloy films were sputtered onto the CNT/Teflon films. (b) The Teflon substrate sheet 

with CNT ribbons was brought into conformal contact with the prestrained PDMS. (c) The 

CNT ribbons were left on the PDMS substrate after the Teflon substrate was slowly peeled 

off the PDMS. (d) The CNT ribbons buckled upon PDMS strain relaxation. 
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5.3 Results and Discussion 

 

Table 5.1. Sheet resistance change of the CNT ribbons after the coating of an Au/Pd alloy 

layer. The typical errors are within 10% for the sheet resistance. 

 

Sputtering time (s) 0 20 40 60 80 

Coating thickness (nm) 0 8 16 24 32 

Sheet resistance (Ω/□) 211 183 145 72 
49(Fail to be 

transferred) 

 

 

Table 5.1 lists the sheet resistances of CNT ribbons after being coated with Au/Pd 

films and transferred onto unstrained PDMS substrates. The sheet resistance decreased with 

the increasing thickness of the Au/Pd film. When the thickness of the metal coating increased 

to 24 nm, the sheet resistance dropped to 72 /□. The coated metals were found to be 

distributed evenly on the CNTs, adding parallel conduction pathways around the outer 

surfaces of the nanotubes, and thus improved the conductivity of the ribbon.
[26]

 With further 

increase in the thickness of the metal film, the CNT ribbon failed to be completely 

transferred from the Teflon substrate to the PDMS substrate. This is likely due to the 

enhanced bonding between the CNT ribbon and the Teflon substrate as a result of the thick 

metal coating. In fact, the CNT ribbons with 24 nm metal coating meet the requirements of 

conductivity for most real-world applications, such as touch screens (500 /□) and liquid 

crystal displays (100 /□).
[26]

 It should be mentioned that the transparency of the CNT 

ribbons was reduced by the metal coating. Such a reduction was mainly caused by the 

increase of the CNT diameter. In our transfer process, the metal film coated on the Teflon 
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substrate (in the gaps between the CNTs) was not transferred. The transparency of the CNT 

ribbons could be improved either by adjusting the parameters of the CNT forests such as the 

height or diameters of the CNTs,
[25]

 or by trimming the as-drawn CNT ribbons using oxygen 

plasma or laser trimming.
[26] 

 

                 

  
 

Figure 5.3 (a) Top-view optical micrograph of a CNT ribbon after releasing the strain of 

PDMS. (b) Low and (c) high magnification SEM images of the CNT ribbon after buckling. 

The images were taken by tilting the sample at an angle of 20˚. Structure disorders other than 

a perfect, periodic, wavy structure (e.g., flat regions in contact with the substrate) can be 

seen.  
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Figures 5.3a shows the top-view optical micrograph of a CNT ribbon after releasing 

the prestrained PDMS. Periodic dark areas distributed along the ribbon indicate the structural 

change in the CNT ribbon. SEM images confirmed that the ribbon buckled with the 

formation of a periodic, wavy structure (Figures 5.3b and c). Interestingly, the CNT ribbon 

collectively shows an out-of-plane buckling, which is different from the in-plane buckling of 

individual MWNTs on PDMS. The CNT ribbon also delaminated from the PDMS 

periodically. This is different from the buckling of randomly-oriented CNT films,
[24]

 where 

wrinkling (no delamination) was observed because of the strong bonding between the CNTs 

and the PDMS (the bonding was intentionally enhanced by a post purification process of the 

CNTs). But the post purification process may potentially deteriorate the CNTs, thus influence 

their conductivity. CNT ribbons represent a unique CNT assembly in which individual 

millimeter-long CNTs are aligned and stacked along the length direction, forming a 

continuous film up to meters long.
[13]

 The strong adhesion between the constituent CNTs 

within the ribbon makes the CNT ribbon behave like a thin solid film. The buckling mode of 

the CNT ribbons is determined by several factors, including the flexural rigidities of the 

ribbons and the PDMS, and adhesion between the ribbons and the PDMS. Similar 

buckling/delamination mode was observed for metal lines and lead zirconate titanate (PZT) 

ribbons
[29-30]

 on PDMS. A mechanics model was put forth to account for the competition 

between the buckle delamination mode and the wrinkling mode. In general, as the adhesion 

increases the wrinkling mode becomes favorable and vice versa. This model can be applied 

to the buckling of our CNT ribbons. Note that both the wavelength and amplitude of our 

buckled CNT ribbons were found to increase with the thickness of the metal coating, which 
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is reasonable considering that the flexural rigidity of CNT ribbons increase with the thickness 

of the metal coating.   

 

 

Figure 5.4 (a) Optical photograph of the fabricated stretchable conductor with a buckled 

CNT ribbon embedded in PDMS. (b) Resistance of a CNT/PDMS film as a function of 

tensile strains. 
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To fabricate a stretchable conductor, silver paste with a lead wire was used at each 

end of a buckled CNT ribbon (under a prestrain of 100%) to serve as electrodes. 

Subsequently, a thin layer of uncured PDMS was cast on the top to enclose the device (as a 

result the CNT ribbon was embedded in PDMS). The top PDMS layer is useful for the 

stretchable conductor; it not only enhances the adhesion of the silver paste to the PDMS, but 

also prevents the CNT ribbon from contamination. Finally, the whole device was baked in an 

oven at 65 
o
C for 12 h to cure the top PDMS. Figure 5.4a shows a fabricated stretchable 

conductor with a CNT ribbon embedded in PDMS (CNT/PDMS film). The conductor was 

placed on top of a piece of paper printed with “NCSU”, showing decent transparency of the 

CNT ribbon. To test its performance as a stretchable conductor, the CNT/PDMS film was 

stretched by a tensile testing stage (Ernest F. Fullam), while the electric resistance was 

measured at the same time. The increase in resistance of a representative CNT/PDMS film as 

a function of the applied strain is plotted in Figure 5.4b. The initial resistance of the CNT 

ribbon was 610 Ω. It can be seen that the resistance increased slowly with increasing tensile 

strain by only about 4.1% for up to 100% strain (the prestrain value). The buckled CNT 

ribbon indeed exhibit better performance (high stretchability and small resistance increase) 

than almost all the reported stretchable conductors by far.
[7-11, 13-14]

 Upon release of the 100% 

strain, the resistance showed no obvious change and did not return to its initial state. The 

resistance variation was found to be within 1% in subsequent, multiple stretching and 

releasing cycles with the maximum strain of 100%. However, when the strain exceeded the 

prestrain (100%), the resistance increased much more rapidly, showing a response similar to 

that of the unbuckled ribbons.
[13]
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Our work found that the resistance of buckled MWNTs remained nearly constant 

during a large range of tensile and compressive strains. The buckled CNT ribbon in this study 

is composed of a myriad of buckled MWNTs. When the ribbon is stretched, the dominant 

structural change is the straightening of the periodic, wavy structure (including individual 

CNTs and overlaps between them), which is supposed to cause no resistance change. In 

reality, slight disorders exist instead of a perfect, periodic, wavy structure (e.g., flat regions in 

contact with the substrate, as shown in Figures 5.3a and b). Similar flat regions were 

observed in the buckle delaminated PZT ribbons on PDMS.
[29] 

It is possible that CNT sliding 

happens in these regions during the stretching process, leading to the slight increase of the 

resistance. Releasing the strain causes buckling of those CNTs, as a result the resistance 

becomes nearly constant upon further stretching. When the applied strain exceeds the 

prestrain, the resistance increases rapidly due to sliding between all the straight CNTs.
[13]

 

To test the buckled CNT ribbons as stretchable conductors, we constructed a simple 

circuit consisting of a light-emitting diode (LED) connected by two buckled CNT ribbons 

embedded in PDMS (with the prestrain of 100%), as shown in Figure 5.5. The other ends of 

the ribbons were connected to a 3.6 V battery. Figure 5.5a shows an optical image of the 

device when placed on top of a piece of paper with the LED turned on. The LED remained lit 

with the same illumination intensity as the CNT ribbon conductors were twisted by 360 

degree (Figure 5.5b) or folded (Figure 5.5c). Even when the CNT ribbon conductors were 

stretched to a strain as large as 100%, the LED showed no noticeable change in the 

illumination intensity (Figure 5.5d and e).  
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Figure 5.5 Performance of the LED integrated circuit as connected by two as-made buckled 

CNT ribbon based stretchable conductors. (a) Optical photograph of the LED integrated 

circuit sitting on a piece of paper. (b, c) Optical photograph the LED integrated circuit under 

twist and folding. (d, e) Optical photograph the LED integrated circuit under tensile strain of 

0% and 100%. The two CNT ribbons are clamped on a mechanical testing stage.  

 

 

5.4 Conclusions 

In summary, we fabricated the CNT ribbon based stretchable conductors following a 

simple buckling approach. The conductivity of the CNT ribbons was improved by sputtering 

Au/Pd films on the surface of the CNT ribbons. The CNT ribbons were then transferred onto 
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prestrained PDMS substrates. We found that CNT ribbons buckled out-of-plane upon release 

of the prestrain; the constituent CNTs buckled collectively. The resultant wavy ribbons (later 

embedded in PDMS) were able to accommodate large stretching (up to the prestrain, e.g., 

100% in this study) and showed little increase in resistance. Further, a simple stretchable 

circuit consisting of a LED and two buckled ribbons was demonstrated. The LED did not 

show observable change in illumination intensity when the CNT ribbons were stretched, 

folded, or twisted to a large extent. As a comparison, the buckled CNT ribbons as reported in 

the present study exhibits better performance (low resistance with metal coating, high 

stretchability and small resistance increase) than almost all the reported stretchable 

conductors by far. The wavy CNT ribbons may find broad applications as stretchable 

interconnects and electrodes. 
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6. Buckling of Carbon Nanotube Ribbons as Stretchable 

Conductors: A New Manufacturing Strategy 
 

6.1 Background 

Stretchable conductors (interconnects and electrodes) play a key role in the 

development of stretchable electronics, sensors and energy harvesting/storage devices.
[1-8]

 

Carbon nanotubes (CNTs) have high aspect ratio, excellent electric conductivity, high 

thermal stability and mechanical robustness,
[9]

 which make them promising candidates for 

stretchable conductors. Several methods have been demonstrated for fabrication of CNT-

based stretchable conductors, including mixing single-walled CNTs (SWNTs) and ionic 

liquid in a fluorinated copolymer matrix,
[6]

 depositing SWNT films on polymer films,
[10]

 

backfilling SWNT aerogels with polymers,
[11]

 infiltrating multi-walled CNT (MWNT) forests 

with polymer binder
[12]

 and dispersing MWNTs in polymers by ultrasonication or melt shear 

mixing.
[13]

  

A successful route to stretchable conductors or device components is to create 

buckling-induced wavy or coiled architectures out of the otherwise flat building blocks (often 

inorganic materials). One approach for buckling is as follows: the building blocks are 

transferred to a prestretched elastomeric substrate; upon release of the prestretch, the building 

blocks buckle.
[3, 14]

 A critical step is to prestretch the substrate, which might present a 

challenge for large-scale manufacturing process (e.g., roll-to-roll process). In this thesis, we 

present an alternative approach for buckling of the building blocks, which does not involve 

prestretching the substrate but relies on the interface interaction between the building blocks 
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and the substrate. More specifically, upon stretching the substrate the building blocks slide 

on the substrate, but upon releasing the substrate the building blocks buckle (instead of 

sliding back). This stretching/releasing step is after the device manufacturing. Following this 

new buckling approach, we demonstrated stretchable conductors based on well-aligned CNT 

ribbons.  

 

6.2 Experimental Section 

Vertically-grown MWNT forests were synthesized using a recently developed 

chloride mediated chemical vapor deposition (CVD) method.
[15-16]

 With the assistance of a 

roller, the CNT ribbons were directly drawn from the MWNT forests and attached onto a 

Teflon substrate, which was wrapped around the roller. Poly(dimethylsiloxane) (PDMS) 

substrates with a thickness of 1 mm were prepared using Sylgard 184 (Dow Corning) by 

mixing the “base” and the “curing agent” with a ratio of 10:1. The mixture was first placed in 

a vacuum oven to remove air bubbles and then thermally cured at 65 °C for 12 h. Rectangular 

slabs of suitable sizes were cut from the resultant cured piece. The Teflon substrate with the 

CNT ribbon was then brought into conformal contact with a PDMS. Because the PDMS has 

stronger adhesion to CNT than the Teflon substrate, the CNT ribbon was transferred onto the 

PDMS after the Teflon substrate was slowly peeled. High-purity alcohol was then dropped 

on the CNT ribbon. The rapid evaporation of the solvent absorbed in the ribbon causes the 

shrinkage of the film due to the surface tension effects. The adhesion between the CNTs and 

PDMS are strong enough to hold the buckled structures, which can be reversibly stretched 

and compressed.  
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To measure the resistance of the CNT/PDMS films, silver pastes were applied to the 

two ends of the CNT ribbon to serve as stretchable electrodes. The CNT/PDMS films were 

repeatedly stretched and released by a tensile testing stage (Ernest F. Fullam), while the 

electric resistance was measured at the same time by a multimeter (Agilent, 34401A). It 

should be noted that the electrode area was left outside of the clamps during the stretching 

process. To fabricate a two-terminal device based on a buckled CNT on a PDMS substrate, a 

layer of Ni (400 nm thick) was evaporated through a shadow mask onto the buckled CNT to 

serve as electrodes. Tensile and compressive strains were applied to the PDMS in the CNT 

axial direction. The current-voltage (I-V) response of the CNT device was measured 

simultaneously using tungsten probe tips. 

 

6.3 Results and Discussion 

Figure 6.1a shows a scanning electron microscopy (SEM) image of a CNT ribbon 

(top view) drawn from the CNT forest. It can be seen that the ribbons are uniformly aligned 

along the drawing direction. The diameters of the MWNTs in this study typically ranged 

from 30 to 50 nm. Figure 6.1b shows a fabricated stretchable conductor with a CNT ribbon 

lying on top of PDMS with good optical transmittance (~40%).  

The resistance of a typical CNT/PDMS film (normalized by its initial resistance at 

zero strain) versus the applied strain is plotted in Figure 6.1c. It can be seen that the 

resistance first increased almost linearly with increase of the tensile strain up to ~20%. Upon 

release of the strain, the resistance was unchanged (did not return to its initial value). When 

stretched back to 20%, the resistance still remained constant. Beyond 20% strain, the 
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resistance increased linearly again with the strain. Similar behaviors were observed for the 

releasing and stretching processes repeated at the strains of 40%, 60% and 100%. After 

further stretching/releasing cycles, the resistance was unchanged in the strain range of 0-

100%. This electric response as a function of the applied strain was close to the case of CNT 

embedded in PDMS.
[17]

 Naturally the above electric response of the CNT ribbons under 

strain brought up two questions: 1) what causes the resistance increase during the first 

stretching? 2) why does the resistance remain nearly constant during the subsequent 

stretching/releasing?  

 

 

Figure 6.1 (a) Top view SEM image of a CNT ribbon. (b) Optical image of a CNT/PDMS 

film on top of a printed paper with “NCSU”, showing good optical transmittance. (c) 

Resistance change of a typical CNT/PDMS film as a function of applied strain. The sheet 

resistance is measured to be 211Ω/□. 
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Figure 6.2 (a-d) Optical images of a CNT ribbon on PDMS (a) before stretching, (b) after 

stretched to 80%, (c) after released to 40% strain, and (d) after released to zero strain. (e,f) 

SEM images showing the CNTs before (e) and after (f) lateral buckling.  

 

 

Figure 6.2a and b show optical images of a CNT ribbon on PDMS before and after it 

was stretched to 80%, respectively. Figure 6.2c shows the CNT ribbon after released to 40% 

strain, where the CNTs started to buckle and form uniform, periodic wavy structures in the 

lateral direction. With larger strain release, the wavelength and amplitude of the buckled 

ribbon became smaller and larger, respectively. Figure 6.2d shows the CNT ribbon after the 
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prestrain is completely removed (zero strain). For clarity, a schematic corresponding to each 

figure is inserted to show the deformation process of the CNT ribbon. Figure 6.2e and f show 

the SEM images of the CNT ribbon (corresponding to Figure 6.2a and d). Clearly the initially 

straight CNTs buckled into wavy structures in the lateral direction. It is interesting to note 

that most CNTs buckled in bundles rather than individually. The lateral buckling of CNTs is 

likely related to the electric response shown in Figure 6.1c, but the underlying mechanisms 

remain elusive (i.e., how exactly are the buckles formed and how does the resistance of 

buckled CNTs change in response to mechanical strain?) 

 

 

Figure 6.3 Optical images showing the deformation of four CNTs (marked as A, B, C and D) 

under different strain levels (indicated on the right in percentage) during (a-c) stretching and 

(d, e) releasing process.  
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We designed a model experiment to investigate how the buckles are formed, with 

four neighboring CNTs on a PDMS substrate (Figure 6.3). The CNTs are artificially colored 

for clarity (see Appendix B for the original images before colored). The applied strains in the 

five panels are 0, 9.2%, 16.1%, 10.4% and 0, respectively. The substrate was stretched/ 

released by a mechanical testing stage under an optical microscope. CNT_A is partly 

overlapped with CNT_B, while CNT_C has a gap with CNT_D. Upon stretching, there was 

no measurable elongation in CNT_C (the same as the other three CNTs) with the resolution 

of our optical images. The CNT elongation was measured in the optical images (each image 

possesses 750 × 480 pixels and a CNT typically spans 200-250 pixels in length). Therefore, 

the strain resolution (1 pixel) is 0.4-0.5%. The substrate stretching was accommodated by the 

gap increase between CNT_C and CNT_D and overlap decrease between CNT_A and 

CNT_B (clearly shown from panel a to c). This observation indicates that the CNTs did not 

deform as much as the substrate, in other words, sliding occurred between the CNTs and the 

substrate. Normally upon stretching of the substrate, the CNTs should also be stretched due 

to the interfacial stress transfer between the substrate and CNTs. Such stress transfer depends 

on the static friction (interfacial shear strength) between CNTs and PDMS. Very little is 

known about the interfacial shear strength between individual nanostructures and PDMS 

substrates.
[18]

 The interfacial shear strength between MWNTs and PDMS is not available in 

the literature. But the interfacial shear strengths between MWNTs and other polymers have 

been reported, ranging from tens of MPa to 500 MPa.
[19-21]

 Assuming the interfacial shear 

strength of 200 MPa between MWNTs and PDMS, the average normal stress in the CNTs is 

on the order of 100-200 MPa according to the shear-lag analysis,
[22-23]

 which corresponds to 
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an axial strain of 0.05-0.3% in the CNTs depending on how the load is distributed in the 

shells inside a MWNT. Such a small strain corroborates with the negligible CNT elongation 

under stretching as observed in our optical images. Since the strain in the CNTs was much 

smaller than the applied strain on the substrate under stretching, CNT/substrate sliding 

occurred. Upon releasing of the substrate, buckling of all four CNTs was observed (panels d 

and e). For MWNTs (> 4 walls), the critical buckling (normal) stress and strain were 

estimated to be about 0.44 GPa and 0.044%, respectively.
[24]

 Therefore, the average normal 

stress in the MWNTs as a result of the stress transfer between MWNTs and PDMS  should 

be sufficient to cause CNT buckling before the CNTs slide back to the initial state. 

Furthermore, the MWNTs might not be completely straight even after the stretching step, 

which likely leads to a lower buckling stress and strain. This buckle criterion is also in good 

agreement with our experimental observation. As a reference, the gaps in five panels between 

CNT_C and CNT_D are 9.8, 14.1, 18.2, 17.0 and 14.3 m, respectively.  

Figure 6.4a shows an atomic force microscopy (AFM) image of a buckled CNT on a 

PDMS substrate. Clearly the CNT was laterally buckled, on top of the substrate without any 

noticeable out-of-plane deformation (perpendicular to the PDMS substrate). Note that 

MWNTs are used in this study. To the best of our knowledge, the present work is the first 

experimental observation of the lateral buckling of MWNTs (parallel to the PDMS 

substrate). This lateral buckling mode is different from the previously observed out-of-plane 

buckling for SWNTs;
[25]

 the lateral buckling mode was observed for SiNWs.
[8, 26]
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Figure 6.4 (a) AFM image of a buckled CNT on PDMS substrate. (b) I-V curve of a two-

terminal device based on a buckled CNT at 19.2% strain. (c) A sequence of optical images of 

the buckled CNT device at different strain levels (indicated on the left in percentage). The 

prestrain for the buckled CNT is 40%. The length of the CNT before buckling is 41.4 μm. (d) 

The resistance values of the buckled CNT at different compressive and tensile strains. 

 

 

A two-terminal device was fabricated using a buckled CNT on a PDMS substrate to 

probe how its resistance changes in response to strain. Figure 6.4b shows a typical I-V 

response at a given strain, which clearly exhibited an ohmic contact between the CNT and 

two electrodes. A sequence of optical images at different strain levels are shown in Figure 4c. 

The buckled CNT are artificially colored for clarity (see Appendix B for the original images 
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before colored). The resistance remained nearly constant during a large range of tensile and 

compressive strains (Figure 6.4d). Pronounced and modest piezoresistive responses (i.e., 

resistance change with strain) were reported for straight
[27-28]

 and buckled (wavy)
[25]

 SWNTs, 

respectively. Here for the first time, we found that MWNTs do not exhibit noticeable 

piezoresistivity when buckled. The maximum bending strain in the MWNT is 4.5% (Figure 

6.4a), which is supposed to cause resistance change of more than two orders of magnitude.
[27]

 

However, with the buckled (bending) configuration, the tensile strain on one side of the 

MWNT is balanced by the compressive strain on the other side; the net strain in the MWNT 

is the critical buckling strain (~0.044%) or even smaller if the MWNT was not completely 

straight before buckling. Such a small strain might be responsible for the negligible 

resistance change. Similar negligible resistance changes were observed for buckled Si 

nanowires
[8]

 and ribbons.
[29]

   

Now we can get back to the electric response of CNT/PDMS conductors under 

mechanical strain (Figure 6.1d). When a CNT ribbon is first stretched, intertube sliding 

(sliding between CNTs) occurs as a result of the sliding between the CNTs and the PDMS 

substrate (for example, CNT_A and CNT_B in Figure 6.3a-c). This causes reduction of the 

overall contact area between the CNTs, thus lead to an increased resistance. Upon the first 

release of the CNT ribbon, the CNTs buckle and do not slide back (Figure 6.3d-e). In other 

words, the contact area between the CNTs in the length direction is about the same as that 

after stretching (smaller than the initial contact area). This is why the resistance remains 

nearly constant and does not return to the initial value. The second stretching of the CNT 

ribbon is essentially the stretching of the buckled CNTs. As shown in Figure 4, the resistance 
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remains constant when a buckled MWNT is stretched, which explains why the CNT ribbon 

does not show resistance change after second stretching/releasing.  

Note that our conductors (with CNTs on top of PDMS) are similar to those reported 

previously (with CNTs embedded in PDMS)
[17]

. Our conductors are feasible for metrology 

measurements such as SEM and AFM, which directly showed that the interface interaction 

between the CNTs and the PDMS substrate dictates the buckling of CNTs. In contrast, such 

metrology measurements are not feasible for the previous ones. As a consequence, the CNT 

deformation remains elusive when embedded in PDMS. It is possible that the insights 

obtained from the present study might shed light on the case of embedded CNTs in PDMS.  

 

6.4 Conclusions 

 In conclusion, we systematically investigated the interesting electric response of the 

aligned CNT ribbons under mechanical strain. We found that CNTs slide on a PDMS 

substrate under tension, but buckle under compression (releasing). Such an irreversible 

mechanical deformation is responsible for the observed irreversibility in the electric 

resistance upon the first stretching/releasing. In addition, we found that the resistance of the 

buckled MWNTs remains constant under mechanical strain, which explains why the 

resistance of the CNT ribbon did not change for the second and subsequent 

stretching/releasing. The CNT ribbon based conductors exhibit superior stretchability 

(>100%), which may find broad applications in stretchable electronics, sensors, solar cells 

and touch screens, to name just a few. 
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Perhaps more significantly, the interface-mediated buckling approach reported here 

provides an alternative to the well-known prestrain-then-buckling approach
[1-2]

 for 

fabricating stretchable devices, especially out of aligned nanowires or nanotubes. When 

combined with tremendous recent progress in nanowire/nanotube alignment and contact 

printing,
[7, 30-33]

 this new buckling approach could pave the way for large-scale manufacturing 

(e.g., roll-to-roll process) of nanowire/nanotube based stretchable electronics.  
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7. Highly Conductive and Stretchable Silver Nanowire 

Conductors  
 

7.1 Background 

Materials that are both conductive and stretchable could enable a spectrum of 

applications such as stretchable displays,
[1]

 stretchable radiofrequency antennas,
[2]

 artificial 

muscles
[3]

 and conformal skin sensors.
[4-7]

 A variety of such materials have been recently 

developed, such as wavy thin metals
[8-9]

, metal-coated net-shaped plastic film,
[10]

 graphene 

films
[11]

 and carbon nanotube (CNT)-based composites.
[12-19]

 But several limitations typically 

exist in these materials including low conductivity,
[13, 15-16, 19]

 poor stretchability,
[10-11, 16]

 and 

resistance increase with applied strain.
[9, 12, 16, 20]

  As an important alternative strategy, 

buckled, serpentine structures of metals, encapsulated in neutral mechanical plane layouts by 

thin polymer coatings, have been fabricated and integrated as interconnects for various 

stretchable electronic devices.
[21-23]

 Note that this strategy requires relatively expensive 

photolithography and metal evaporation in vacuum. More recently, many efforts have been 

devoted to developing simple, scalable and low-cost methods for fabrication of stretchable 

conductors.
[24]

 Wang et al.
[25]

 reported a novel solution-processing approach to fabricated 

highly conductive and stretchable conductors. By directly using CNTs
[5]

 or mixing CNTs 

with other conductive materials,
[1, 26]

 other printable and stretchable conductors were also 

fabricated. However, these stretchable conductive materials are typically deposited on top of 

substrates and could delaminate under repeated mechanical loading. 
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As one of the most important conductive materials, Ag nanowires (AgNWs) have 

recently attracted a lot of attention for potential applications as transparent and flexible 

electrodes.
[27]

 Much progress has been made to improve the performance of AgNWs films, 

including sheet resistance, transparency and flexibility.
[28-35]

 Hu et al.
[30]

 achieved optical 

transmittance T = 80% and sheet resistance Rs = 50 Ω/□. Scardaci et al.
[33]

 demonstrated that 

AgNWs can be spray deposited over large areas to form networks with T = 90% and Rs = 50 

Ω/□. Yu et al.
[35]

 reported large flexibility of AgNW film on polyacrylate substrate under 

bending; the resistance was nearly unchanged under compressive strain while increased by 

2.9 times at a tensile strain of 16%. Yet highly conductive, stretchable and stable conductors 

based on AgNWs have not been achieved.
[36]

 

In this thesis, we report a highly conductive and stretchable conductor with AgNWs 

embedded in the surface layer of poly(dimethylsiloxane) (PDMS). The conductivity is 

~8,130 S cm
-1

 (sheet resistance of 0.24 /□) before stretched. After a few 

stretching/releasing cycles, the resistance of our AgNW/PDMS conductor becomes stable in 

the tensile strain range of 0-50%, still with a very high conductivity of 5,285 S cm
-1

. The 

physics/mechanics origin of such stable conductance is investigated. The stretchable 

conductors show excellent robustness under repeated mechanical loading. Moreover, the 

AgNWs are in solution, which makes them easily compatible with existing parallel or serial 

fabrication/patterning techniques. A stretchable LED circuit and a capacitive strain sensor are 

demonstrated using the AgNW-based stretchable conductors. 
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7.2 Experimental Section 

AgNWs were provided by Blue Nano, Inc.  PDMS were prepared using Sylgard 184 

(Dow Corning) by mixing the “base” and the “curing agent” with a ratio of 10:1. After air 

bubbles disappeared, the liquid mixture was then thermally cured at 65 °C for 12 hours to 

form cross-linked and solid PDMS. 

 

 

Figure 7.1 A schematic showing the fabrication process of the AgNW/PDMS stretchable 

conductors. 

 

 

The fabrication process of the AgNW/PDMS stretchable conductor is schematically 

illustrated in Figure 7.1. Initially, AgNWs suspension in ethanol is drop-casted onto a 



 

114 

precleaned substrate. The substrate could be silicon (Si) wafer, glass slide or plastic 

materials. The AgNWs are then dried to form a uniform and conductive film of AgNW 

network with thickness ranging from one to several micrometers. Next, liquid PDMS is 

casted on top of the AgNW film, followed by curing. When peeled off the substrate, the 

AgNW film is bonded to the cured PDMS. The AgNW film is actually buried just below the 

PDMS surface (i.e., the top surface is a composite of AgNWs and PDMS), forming a 

conductive and stretchable layer.  

 

7.3 Results and Discussion 

Figure 7.2a and b show the top-view SEM image of AgNWs coating on the original 

substrate (Si wafer in this case), where a dense network of randomly oriented AgNWs is 

seen. The AgNWs have average diameter of ~90 nm and length in the range of 10-60 μm. 

Figure 7.2c and d show the top-view SEM image of AgNWs after being transferred and 

embedded to PDMS substrate. Only scarce AgNWs on the very top of the PDMS surface is 

observable; the majority of the AgNWs are buried below the surface. When the liquid PDMS 

is poured onto the AgNW film, the liquid penetrates into the AgNW network, owing to its 

low viscosity and low surface energy. When the PDMS cures, it becomes highly cross-linked 

with the AgNWs embedded. The sheet resistance of AgNW films before and after casting the 

PDMS was also examined, and an average of 30% increase was found. The pouring of 

PDMS onto the AgNW film might lead to filling of PDMS at the NW junctions, thus 

increasing the effective resistance of the NW network. However, the AgNW/PDMS layer 

still has a very high conductivity of 8,130 S cm
-1

 before stretching. Thanks to the PDMS 
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matrix, the intrinsically fragile AgNW network was mechanically robust. No delamination, 

wear or increase in resistance was observed after repeated stretching, adhesion against tapes 

and rubbing on the surface. Figure 7.3a shows the photograph of a fabricated AgNW/PDMS 

sample. Figure 7.3b shows the sample twisted by a tweezers.  

 

 

Figure 7.2 (a) Low and (b) high magnification SEM images of AgNW coating on silicon 

substrate. (c) Low and (d) high magnification SEM images of AgNW film after transferred to 

PDMS substrate. 
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Figure 7.3 (a) Optical photograph of a fabricated AgNW/PDMS stretchable conductor lying 

on a plate with purple background. (b) The same sample twisted by a tweezers. 

 

To test its performance as a stretchable conductor, the PDMS substrate along with the 

AgNW/PDMS layer was stretched by a tensile testing stage,
[17, 37]

 while the electric 

resistance was measured at the same time. Figure 7.4a shows the AgNW/PDMS film under 

tensile strain of 0%, 50% and 80%. Eutectic gallium-indium (EGaIn, Aldrich, ≥ 99.99%) was 

applied to the two ends of the AgNW/PDMS film to serve as conformal electrodes.
[5]

 Figure 

7.4b shows the resistance as a function of the applied strain. It can be seen that the resistance 

first increased almost linearly from 0.82 to 3.77 Ω when the tensile strain increased to 80%. 

Upon release of the strain, the resistance was partially recovered and decreased to 2.67 Ω 

when the PDMS was fully released. Subsequently when the PDMS was stretched back to 

80% strain, the resistance remained nearly constant up to 50%. However, beyond 50% strain, 

the resistance increased linearly again with the strain, following the same path as in the first 

stretching. More stretching/releasing cycles in the strain range of 0-50% were performed. 

The resistance showed no change in each stretching cycle, while decreased slightly in each 

releasing cycles. A stable resistance was achieved by the fifth stretching/releasing cycle and 

remained unchanged for more cycles within the strain range of 0-50%. Figure 7.4c  shows 

the resistances in the fifth and fortieth stretching cycles. The conductivity was found to 

remain as high as 5285 S cm
-1 

at strain of 50%. This stretchability is superior to the gold thin 

(a) (b) 



 

117 

film on PDMS deposited by e-beam evaporation.
[20]

 The stretchable range with stable 

resistance is comparable to that of the CNT-based stretchable conductors while the 

conductivity is much higher especially at the stretched state.
[1, 13, 15, 19, 26]

 Notably, similar 

resistance change behavior was observed when the same AgNW/PDMS film was subjected 

to stretching along the other axis; stable resistance was achieved in the strain range up to 

30%.  

 

 

Figure 7.4 (a) Optical photographs of an AgNW/PDMS stretchable conductor under tensile 

strains of 0%, 50% and 80%. (b) Resistance of the AgNW/PDMS stretchable conductor as a 

function of tensile strains. (c) Resistances as a function of tensile strains (0-50%) for the 

same AgNW/PDMS stretchable conductor in the eighth and fortieth stretching cycles. 
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Figure 7.5 Optical images showing the surface morphology evolution of the AgNW/PDMS 

layer during (a-c) stretching, (c-f) releasing and (f-i) re-stretching. In the top right corner of 

each image is the corresponding strain. Two dots in each panel are arrowed as reference 

marks. All the images are taken at the same magnification (scale bar is shown in panel a).  

 

 

The surface morphology of the AgNW/PDMS layer during the 

stretching/releasing/re-stretching was monitored in situ using optical microscopy. Figure 7.5a 

shows the AgNW/PDMS layer before stretching. The surface is flat without any noticeable 

undulation. The NWs are hardly seen above the surface. The area with bright spots was 

intentionally selected so that they could be used as reference marks. When the AgNW/PDMS 

layer was stretched, the stress was transferred to the NWs and NW junctions through the 

highly elastic polymer binder surrounding the NW network. As can be seen from Figure 7.5b 
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at a strain of 46%, the distance between the two spots marked by the arrows increased. The 

NW network embedded in the PDMS was stretched and the AgNWs were pulled apart. With 

the further increase of the strain to 80%, the surface morphology did not show obvious 

change (Figure 7.5c). When the strain was released, surface buckles in the stretching 

direction started to appear at the strain of 50% (Figure 7.5d). More and more buckles 

appeared on surface with the further release of the strain; the buckle amplitude and 

wavelength increased and decreased, respectively (Figure 7.5e). Figure 7.5f shows the 

buckling pattern when the strain was fully released. When the AgNW/PDMS layer was 

stretched again, the amplitude and wavelength of the surface buckles gradually decreased and 

increased, respectively (Figure 7.5g). At the strain of about 50%, the surface buckles were 

found to almost disappear (Figure 7.5h). With further stretching to the strain of 80%, no 

obvious change was observed in the surface morphology of the AgNW/PDMS layer, as 

shown in Figure 7.5i. Note that no cracking was observed until the fracture the PDMS up to 

strain of more than 100%.  

Surface morphology of the AgNW/PDMS layer after stretching/releasing cycles was 

further examined by SEM (Figure 7.6a and b). Similar to the observation from optical 

images, a periodic wavy pattern appeared on the surface of the AgNW/PDMS layer, in 

contrast to the flat surface before stretching. The cross-sectional SEM image in Figure 7.6b 

reveals that the wavy structure is due to buckling of the top AgNW/PDMS layer on the 

PDMS substrate. No debonding or cracks between the AgNW/PDMS layer and the PDMS 

body was observed. The buckled wavy shape of the AgNW/PDMS layer is responsible for 

the observed stable resistance in the large strain range of 0-50%. The morphology change of 
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the AgNW/PDMS layer after being stretched and released along the other axis is shown in 

Figure 7.7. 

 

 

 

Figure 7.6 (a) SEM image of the AgNW/PDMS surface after the stretching and releasing 

cycles. The image was taken by tilting the sample at an angle of 20 °. (b) Cross-sectional 

SEM image of the AgNW/PDMS layer. A Schematic showing the deformation of 

AgNW/PDMS layer during the stretching (c-d) and releasing (d-f) process, in corresponding 

to the optical observation in Figure 7.5. The corresponding strain is also indicated on the 

right. 
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Figure 7.7 Top view SEM image showing the surface morphology of the AgNW/PDMS 

layer after being stretched and released along the other axis.  

 

 

Electric resistance of an AgNW network can be substantially influenced by the 

contacts between NWs.
[30]

 When the AgNW/PDMS layer is first stretched, AgNWs might 

slide between each other, as schematically illustrated in Figure 7.6c-d. The weakening and 

detachment of the NW contacts results in a smaller overall contact area between NWs, thus 

leading to the increase of resistance. It has been reported that the fracture strains of the 

AgNWs with different diameters are in the range of 0.92%-1.64%,
[38]

 which is very small 

compared with the strains we applied on the stretchable conductor. Therefore, the 

contribution of the NW plastic deformation to the observed resistance change under strain is 

negligible. When the AgNW/PDMS layer is released, the AgNWs slide back by certain 

degree but cannot slide back to the initial state because of the friction force between the NWs 
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and the PDMS matrix; rather the AgNW/PDMS layer buckles out of plane as a whole (Figure 

7.6f). Indeed a residual strain exists in the AgNW/PDMS layer upon unloading, which was 

found to be around 50% (Figures 7.6e and 7.5d). An irreversible fiber arrangement and 

residual strain has also been observed in networks of CNTs
[39]

 and other fibers.
[40]

 This 

scenario is now resembling to the prestraining approach used in stretchable electronics:
[21, 37]

 

the AgNW/PDMS layer is positioned on top of a PDMS substrate that is prestrained by 50%. 

Upon further release of the strain, the AgNW/PDMS layer buckles into a wavy, sinusoidal 

shape. As a result of the buckling, the resistance of the AgNW/PDMS layer does not change 

during releasing from 50% to zero strain. The second stretching is essentially flattening of 

the buckled AgNW/PDMS layer (up to 50% strain), which accompanies a constant resistance 

as expected. Beyond 50% strain, the sliding between NWs occurs again so that the resistance 

increases linearly following the same path as in the first stretching. This electric response is 

somewhat similar to that of aligned CNT ribbons,
[14, 17]

 but the sliding mechanism and the 

buckling mode are very different. We have also tried another commonly used strategy to 

fabricate stretchable conductors by prestraining the PDMS substrate and then drop-casting 

the AgNW films. However, due to the week adhesion between the AgNW film and the 

PDMS surface, delamination occurred during the strain release. 

The AgNW film can be printed to fabricate patterned stretchable conductors. As a 

demonstration, we began with depositing AgNW lines on Si substrate through a shadow 

mask. After removing the shadow mask, the patterned AgNW lines were embedded in PDMS 

and then peeled off following the same procedure as illustrated in Figure 7.1. Figure 7.8a 

shows the parallel AgNW/PDMS elastic conductors with a linewidth of 800 μm; the 
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performance was found to be the same as that of the conductor in Figure 7.4, in terms of both 

stretchability and conductivity. The inset of Figure 7.8a shows the conductors deformed by 

hand. Crossed patterns were also fabricated (Figure 7.8b). Several more examples showing 

different patterns and linewidth as small as 50 μm can be found in the Figure 7.8c-f.  

 

 
 

Figure 7.8 (a) Patterned parallel AgNW/PDMS stretchable conductors with linewidth of 800 

µm. The inset shows the conductors deformed by hand. (b) Crossed patterns of 

AgNW/PDMS stretchable conductors. Optical photographs of patterned (c) wavy and (d) 

horseshoe shaped AgNW/PDMS stretchable conductors with the same wavelength of 2.5 mm 

and linewidth of 200 μm. (e, f) Optical images showing the AgNW/PDMS stretchable 

conductor lines with linewidth of 100 and 50 μm, respectively. The patterns were fabricated 

with the assistance of PDMS made shadow masks as cut by a laser cutter. 
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With two patterned AgNW/PDMS lines, we constructed a simple circuit to power a 

light-emitting diode (LED), as shown in Figures 7.9a and b. The other ends of the 

AgNW/PDMS lines were connected to a 1.7 V battery. The LED remained lit with the same 

illumination intensity as the AgNW/PDMS conductors were folded (Figure 7.9c), or 

stretched to a strain as large as 50% (Figure 7.9d and 7.9e).  

 

 

 

Figure 7.9 (a, b) Optical photograph of the LED integrated circuit with light off and on. (c) 

Optical photograph the LED integrated circuit under folding. (d, e) Optical photograph of the 

LED integrated circuit under tensile strain of 0% and 50%. The two AgNW/PDMS elastic 

conductors are clamped on a mechanical testing stage. 
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Furthermore, with the above patterning technology, a strain sensor was fabricated 

with the configuration similar to a parallel-plate capacitor (Figure 7.10a). Liquid PDMS layer 

was first casted onto a Si substrate patterned with rectangular AgNW films. Before curing, 

we placed an already patterned and cured AgNW/PDMS film (with the AgNW surface facing 

up) on the Si substrate as well as the wet PDMS and oriented it to make sure that both 

patterns are perfectly aligned. Following that, the whole piece was thermally cured and 

peeled off the Si substrate. This way, the top and bottom surfaces of the PDMS were 

symmetrically covered by the patterned AgNW stretchable electrodes. Cutting a strip off the 

PDMS substrate produced a capacitive strain sensor, as schematically in Figure 7.10a. The 

thickness of each AgNW/PDMS strip was 3 µm while the spacing between them was about 1 

mm. The strain sensor were repeatedly stretched and released by a tensile testing stage 

(Ernest F. Fullam), while the capacitance was measured at the same time by a LCR 

(inductance, capacitance, resistance) meter (Stanford Research Systems, SR715).  

The initial capacitance of the sensor was given by 0

00
0

0

0
00

d

wl

d

A
C rr  

, where 0  

is the electric constant, r  is the dielectric constant, A0 is the area overlap, l0 and w0 are the 

length and width of the area overlap, respectively, and d0 is the separation between the two 

electrodes. According to linear elasticity model, when the sensor was uniaxially stretched to 

a strain of ε, l0 increased to (1+ε) l0 while w0 and d0 both decreased to (1-νε)w0 and (1-νε)d0, 

where ν is Poisson ratio of the PDMS. Thus, the capacitance with the strain applied changed 

to: 
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Therefore, the change in capacitance ∆C due to an applied strain ε is given by ∆C= 

C0ε. The same results could be obtained based on nonlinear elasticity model analysis.    

Figure 7.10b plots the capacitance change as a function of the applied strain (up to 

50%). The capacitance increase is about the same as the strain, which is in good agreement 

with the theoretical prediction. Our strain sensor shows excellent linearity. The gauge factor 

of our strain sensor (∆C/C)/ε) is about 1 and the minimum detectable strain is <1% (Figure 

5b). For the sake of comparison, the gauge factors reported by Yamada et al.
[41]

 for 

stretchable films of aligned CNTs (in resistor configuration) were 0.82 (0 to ~40% strain) 

and 0.06 (~60 to 200%). A gauge factor of ~0.4 was reported by Lipomi et al.
[5]

 in sprayed 

CNT films (in parallel-plate configuration), though the sensor was not sensitive enough to 

detect strains less than 10%. Figure 7.10c shows capacitance versus time for four cycles of 

applied strain up to 20%, showing stable response of our strain sensor.  
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Figure 7.10 (a) Schematic showing a capacitive strain sensor with AgNW/PDMS layer as the 

electrodes (top) before and (bottom) after being stretched. (b) Change in capacitance ∆C/C0 

versus tensile strain ε. (c) Capacitance C versus time t over four cycles of stretching and 

releasing. 
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7.4 Conclusions 

In summary, AgNW-based stretchable conductors were fabricated by embedding 

AgNWs just below the surface of PDMS. A stable conductivity of 5,285 S cm
-1 

was achieved 

after a few cycles of stretching/releasing in a large range of tensile strain (0-50%). This stable 

electrical response is due to buckling of the AgNW/PDMS layer. The physics/mechanics 

origin of the buckling is due to irreversible sliding of the AgNWs in the PDMS matrix. 

Following a parallel fabrication approach, line and cross patterns of AgNWs were fabricated. 

Furthermore, a stretchable LED circuit and a capacitive strain sensor were demonstrated 

using the AgNW/PDMS elastic conductors as interconnects or electrodes. With their superior 

conductivity, stretchability and compatibility with existing fabrication/patterning technology, 

the reported AgNW/PDMS elastic conductors may find broad applications in stretchable 

electronics, skin sensors, wearable communication devices, photovoltaics and energy storage.  
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8. Conclusions and Future Work 

8.1 Conclusions 

Stretchable electronics has been actively explored in recent years. 1D nanomaterials 

are expected to aid the development of the stretchable electronic systems due to their superior 

structural, mechanical, electronic and optical properties. In this dissertation, three types of 1D 

nanomaterials, including SiNWs, CNTs and AgNWs, were studied for their applications in 

stretchable electronics. The following are a collection of outcomes and conclusions made 

over the course of this work: 

 The Young’s modulus and fracture strength of SiNWs with diameters between 15 and 60 

nm and lengths between 1.5 and 4.3 m was measured. The NWs, grown by the VLS 

process, were subjected to in-situ tensile tests inside a SEM. The Young’s modulus of 

SiNWs was found to be close to the bulk value (187 GPa for <111> orientation) when the 

diameters are larger than 30 nm. However, the softening trend is obvious when the 

diameters of the NW are smaller than 30 nm; the Young’s modulus of the NWs decreases 

with the decreasing diameters. Our experiments also showed that fracture strain and 

strength of SiNWs increased as the NW diameter decreased. The maximum strength was 

found to be over 12 GPa. The fracture strength also increased with the decrease of the 

side surface area; the increase rate for the chemically-synthesized SiNWs was found to be 

much higher than that for the microfabricated Si thin films. Repeated loading and 

unloading during tensile tests demonstrated that the NWs are linear elastic until fracture 

without appreciable plasticity.  
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 The feasibility of fabricating oval-coiled SiNWs on PDMS and their resulting excellent 

stretchability (up to the failure strain of PDMS, ~104% in our study) were demonstrated. 

The stretchability of the NWs can be further increased if a more stretchable substrate is 

used. Such a large stretchability of the coiled NWs relies on their effectiveness in 

mitigating the maximum local strain, with a mechanics that is similar to the motion of a 

coil spring. The coil shape is instrumental in producing a two-terminal, single-NW device 

that held constant I-V response across a large range of strain (from -15.3% to 16.5%). 

NW-based flexible (bendable) devices have seen rapid progress; now the unique coiled 

shape makes possible NW-based stretchable devices. Together with the demonstrated 

NW alignment techniques, coiled NWs offer promising potential for fabricating 

multilayered devices for stretchable electronics and other related applications. Overall the 

coiled shape represents an excellent structural form that can accommodate large tension 

and compression, and likely bending and twist as well. Although the experiments 

reported here used SiNWs, this approach should be applicable to other one-dimensional 

nanostructures including semiconductor nanowires and carbon nanotubes.  

 CNT ribbon based stretchable conductors were fabricated following a simple buckling 

approach. The conductivity of the CNT ribbons was improved by sputtering Au/Pd films 

on the surface of the CNT ribbons. The CNT ribbons were then transferred onto 

prestrained PDMS substrates. It was found that CNT ribbons buckled out-of-plane upon 

release of the prestrain; the constituent CNTs buckled collectively. The resultant wavy 

ribbons (later embedded in PDMS) were able to accommodate large stretching (up to the 

prestrain, e.g., 100% in this study) and showed little increase in resistance. Further, a 
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simple stretchable circuit consisting of a LED and two buckled ribbons was 

demonstrated. The LED did not show observable change in illumination intensity when 

the CNT ribbons were stretched, folded, or twisted to a large extent. As a comparison, the 

buckled CNT ribbons as reported in the present study exhibits better performance (low 

resistance with metal coating, high stretchability and small resistance increase) than 

almost all the reported stretchable conductors by far. The wavy CNT ribbons may find 

broad applications as stretchable interconnects and electrodes. 

 The interesting electric response of the aligned CNT ribbons under mechanical strain was 

systematically investigated. It was found that CNTs slide on a PDMS substrate under 

tension, but buckle under compression (releasing). Such an irreversible mechanical 

deformation is responsible for the observed irreversibility in the electric resistance upon 

the first stretching/releasing. In addition, it was found that the resistance of the buckled 

MWNTs remains constant under mechanical strain, which explains why the resistance of 

the CNT ribbon did not change for the second and subsequent stretching/releasing. The 

CNT ribbon based conductors exhibit superior stretchability (>100%), which may find 

broad applications in stretchable electronics, sensors, solar cells and touch screens, to 

name just a few.  

 AgNW-based stretchable conductors were fabricated by embedding AgNWs just below 

the surface of PDMS. A stable conductivity of 5,285 S cm
-1 

was achieved after a few 

cycles of stretching/releasing in a large range of tensile strain (0-50%). This stable 

electrical response is due to buckling of the AgNW/PDMS layer. The physics/mechanics 

origin of the buckling is due to irreversible sliding of the AgNWs in the PDMS matrix. 
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Following a parallel fabrication approach, line and cross patterns of AgNWs were 

fabricated. Furthermore, a stretchable LED circuit and a capacitive strain sensor were 

demonstrated using the AgNW/PDMS elastic conductors as interconnects or electrodes. 

With their superior conductivity, stretchability and compatibility with existing 

fabrication/patterning technology, the reported AgNW/PDMS elastic conductors may 

find broad applications in stretchable electronics, skin sensors, wearable communication 

devices, photovoltaics and energy storage.  

 

8.2 Future Work 

By summarizing the current work, the following aspects are worthy of further 

investigation according to the author’s understanding. 

For the coiled SiNWs, future work includes improving the contact reliability at NW-

electrode interface and increasing the stretchability of electrodes, such that true functional 

devices with stretchability over 100% can be achieved. The SiNWs could also be inventively 

doped during the growth to form p-n junctions in the center, based on which stretchable NW 

solar cells could be fabricated by employing the similar mechanical buckling method.  

For the CNT ribbons, their applications as transparent and stretchable electrodes for 

electroactive polymers could be explored. Capacitive strain sensors could also be fabricated 

using CNT ribbons similar to that has been demonstrated with AgNW stretchable electrodes.  

The biaxial stretchability of the AgNW stretchable electrodes should be further 

characterized. Their applications as stretchable electrodes for electroactive polymers and 

capacitive conformal tactile pressure sensors could be explored. It is also very important to 
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reduce the thickness of the AgNW films to enable them both transparent and stretchable such 

that a broad spectrum of applications could be realized, such as electrodes for stretchable 

solar cells and OLEDs.  
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Appendix A 

Calculation of the maximum local strains for different shapes at the same prestrain 

1) Sinusoidal shape 

The NW shape is described by  

kxAy cos         (A.3) 

where the amplitude A and wave number k are to be determined,  /2k  with  the 

wavelength.  

If one waveform represents a unit cell, the contour length of the unit cell is equal to the 

buckling wavelength at the onset of buckling, 0  following the geometric compatibility, viz., 

  dxkxAkdxy  
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0 )sin(1'1     (A.4) 

The prestrain pre  is written as 

                        






 0

pre         (A.5) 

For a given prestrain pre and critical wavelength 0 , the wavelength  is determined by Eq. 

(S5) and then the amplitude is determined by Eq. (S4). The curvature along the sine wave is 

given by 
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     (A.6) 

The maximum curvature is  

  2

max AkK          (A.7) 

The maximum strain along the sinusoidal wave is then given by  
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maxmax RK                     (A.8) 

 

2) Circle-coiled shape 

An arbitrary point along the circle coil has spatial coordinates of ],sin,cos[  HRR , where 

R is the in-plane radius,  is the radial angle ranging from 0 to 2for one unit cell and 

2/hH   with h the spacing (wavelength) of the unit cell. The tangential direction at this 

point is ),cos,sin( HRR  . The contour length of a unit cell is given by 

  22
2
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222

0 2)'()'()'( HRdzyx   


   (A.9) 

For a given prestrain pre and critical wavelength 0 , the wavelength  is determined by Eq. 

(S5) and then the amplitude is determined by Eq. (S9). The curvature along the spiral is 

constant, given by 
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  (A.10) 

Therefore, the strain is also constant following Eq. (S8).  

3) Oval-coiled shape 

An arbitrary point along the oval coil has spatial coordinates of ],sin,cos[  Hba , where a 

is the major radius, b is the minor radius,  is the radial angle ranging from 0 to 2for one 

unit cell and 2/hH   with h the spacing (wavelength) of the unit cell. The tangential 

direction at this point is ),cos,sin( Hba  . The contour length of a unit cell is given by 
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For a given prestrain pre and critical wavelength 0 , the wavelength  is determined by Eq. 

(S5) and then the amplitude is determined by Eq. (S11). The curvature along the spiral is 

given by 
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  (A.12) 

The maximum and minimum curvatures are given by, respectively, 
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      (A.13a) 

  
222/min

Ha

b
kK





      (A.13b) 

Similarly, the maximum strain can be obtained following Eq. (S8). In all the analyses above, 

no sliding between the NW and the substrate is assumed. 
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Appendix B 

Original images of Figure 6.3 before colored 

 

 

 

 

 

 

 

 

 

 

Figure B.1 Optical images showing the deformation of four CNTs (marked as A, B, C and 

D) under different strain levels (indicated on the right in percentage) during (a-c) stretching 

and (d, e) releasing process.  
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Original images of Figure 6.4c before colored 

 

 

 

 

 

 

 

 

 

Figure B.2 Optical images showing the deformation of four CNTs (marked as A, B, C and 

D) under different strain levels (indicated on the right in percentage) during (a-c) stretching 

and (d, e) releasing process.  
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