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ABSTRACT 

SIANG YEE CHANG. Mechanical buckling of individual Silicon nanoribbons on a 

compliant substrate. (Under the direction of DR. TERRY T. XU) 

 

About a decade ago, mechanical buckling evolves as a promising metrology to 

rapidly measure the elastic moduli of thin films and one-dimensional (1D) 

nanostructures. This form of metrology translates the geometrical measurements of the 

buckling profile into material property value. The strategy applied in the mechanical 

buckling-based metrology consists of three steps: i) applying pre-strain to the compliant 

substrate, ii) depositing or transferring 1D nanostructures onto the surface of the pre-

strained compliant substrate, and iii) releasing the pre-strain of the compliant substrate 

so as to allow it to return to its original dimensions. The release of the pre-strain on the 

compliant substrate induces a compressive stress on the strain-free 1D nanostructures 

which later buckle spontaneously into sinusoidal shape in order to relieve the 

compressive stress. Using the Newtonian mechanics model, previous researchers 

developed a relation to identify the elastic properties of the 1D nanostructures by 

correlating the buckling wavelength with materials and geometric parameters of the 

system. However, previous work mainly emphasized on application of small strain (less 

than 40%), and single material system of relatively long and having equal moment of 

inertia (e.g. circular or hexagon). Without acknowledging the existence of the native 

sheath layer surrounding the nanostructures could lead to measurement error of ~15% 

or more.  

In this dissertation work, silicon nanoribbons of variable aspect ratios (width B 

ranging 40, 60, 80, 100 and 200 nm, and constant thickness H of 30 nm) were 

individually deposited on a 100% pre-strained elastomeric (polydimethylsiloxane, 

PDMS) substrate. Since the as-fabricated Si nanoribbons consist of native oxide layer 
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of ~5 nm, the core-sheath structure had to be accounted for the property measurement 

where the effective modulus was being considered. Upon relaxing the 100% pre-strain 

on the pristine substrate, Si nanoribbons showed increased buckling wavelength as a 

function of aspect ratio, owing to the greater effective Young’s modulus in larger 

ribbons. On the other hand, the standard deviation of the measured buckling wavelength 

was considerably high ~20%, possibly resulted from the increased of area moment of 

inertia as the ribbons were not placed perfectly flat on the substrate surface during the 

transfer process.  

In terms of buckling mode, three forms of buckling mode were observed in this 

work, in general. In-plane buckling mode was observed on ribbons having aspect ratio 

B/H ˂ 1.20, whilst ribbons with aspect ratio greater than 1.20 exhibited out-of-plane 

buckling mode. The findings was in good agreement with the adopted analytical 

solution which suggested that B/H ≈ 1.14 is transition point of the buckling mode. 

Meanwhile, out-of-plane buckling mode observed in this work can be divided into two 

variants, i.e. incline-to-plane and normal-to-plane. Ribbons with 1.68 ≤ B/H ≤ 2.70 

buckled incline-to-plane with excessive incline angle with respect to the normal 

direction of substrate surface, in which the asymmetrical feature of the ribbons and 

application of 100% pre-strain were accounted for this observation. In contrast, normal-

to-plane buckling mode was predominant in ribbons having larger aspect ratio i.e. B/H 

= 5.12, not forgetting that half of the widest ribbons failed to buckle. 

In the existing models, perfect bonding is assumed between the two constituents 

of the buckled system. However, in practical, the adhesion between nanostructures and 

substrate is ambiguous. Thus, ultra-violet/ozone (UVO) surface treatment was 

employed to improve the interfacial adhesion and its effect on the ribbon buckling 

profile was investigated. UVO treatment increased hydrophilicity of the substrate 
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surface, which helped to enhance chemical bonding at the interface between ribbon and 

substrate. Though so, the treatment had insignificant effect on the buckling profile since 

UVO treatment only altered the surface modulus of substrate within tens of nanometer. 

Whilst the overall bulk modulus of the substrate remained unaffected, no substantial 

variations in the buckling wavelength was observed as compared to that of untreated 

system. Nevertheless, the treatment seemed to improve the interfacial adhesion 

marginally for ribbons having aspect ratios 2.70 and 5.12. Besides, it was also 

evidenced from the AFM topographic images that substrate surface suffered from 

depression at regions where peaks or valleys of the buckled ribbons formed, in the event 

of treatment duration lasted 150 s. This further affirmed that UVO treatment is an 

effective technique to enhance ribbon-substrate interfacial properties. Additionally, 

transition of buckling mode as a function of treatment duration was not observed in this 

work owing to the unequal area moment of inertia of the ribbon structure.      
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CHAPTER 1: INTRODUCTION 

Over the last few decades, the synthesis and characterization of one-

dimensional (1D) nanostructures have attracted enormous attention as these materials 

hold great promise as building blocks for a broad range of applications including 

nanoelectronics, nanosensors, nanocomposites, energy harvesting/storage devices, and 

nano-electromechanical systems (NEMS).1,2 Whilst the synthesis of materials with 

reduced dimensions is a burgeoning field of research, determining their mechanical 

properties is of paramount for their effective utilization yet remains challenging. To 

date, a number of techniques are available to measure the mechanical properties of these 

materials, which can generally be grouped into two categories based on the instruments 

involved, namely atomic force microscope (AFM)/nanoindentation testing and in-situ 

electron microscopy testing.2,3 Notable test methods include but not limited to, tensile, 

bending, buckling, fatigue, nanoindentation and resonance vibration test. 

AFM/nanoindentation testing utilizes commercially available instruments to accurately 

apply forces in the nano- and pico Newton range and measure deformation in the range 

of Angstroms. Alternatively, electron microscopy testing requires a separate 

mechanical testing tool to be installed in the electron microscope such that a real-time 

imaging of deformation mechanisms is possible.2,4 Although a vast amount of research 

on the mechanical characterization of 1D nanostructures has been reported based on 

these techniques, there are limitations associated with these tests.
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It is well-understood that manipulating and positioning nano-sized specimens is 

the largest challenge in nanomechanical testing.3-5 The experimental hurdles become 

greater when the specimens must be freestanding, aligned with the loading direction 

and firmly clamped at both ends.2,4 Extra effort has to be taken to prevent misalignment 

between specimen axis and loading direction as this may lead to unwanted bending 

moment and consequently premature sample failure.4 On the other hand, common 

approaches for specimen gripping include local deposition of hydrocarbon or local 

injection of precursor gas to form fixation using focused e-beam (EBID). This fixation 

method has been employed extensively and proven to be sufficiently strong; however, 

recent studies showed that the EBID-based clamps could introduce significant error in 

the measured mechanical properties.2,6-8  

In response to the experimental issues and challenges pertaining to the AFM/ 

nanoindentation- and electron microscopy-based testing of 1D nanostructures, the 

buckling-based technique appears to be a promising alternative. About a decade ago, a 

group of researchers at the Polymers Division of National Institute of Standards and 

Technology (NIST) was the first to demonstrate buckling of polymeric thin films on a 

compliant substrate as a means of metrology in identifying the mechanical moduli of 

the film materials.9,10 The technique is coined “strain-induced elastic buckling 

instability for mechanical measurements”, or SIEBIMM which aims to rapidly measure 

the elastic modulus of coatings and films. The success of this buckling-based metrology 

has stimulated substantial interest in applying similar measurement methodology to the 

soft elastic substrate11 and other nanostructures such as nanowires12,13, nanotubes13-15, 

and nanoribbons16 as an easy, quick, inexpensive and efficient way to yield their elastic 

moduli. Additionally, the application of buckled nanostructures on elastomeric 

substrate has also led to the realization of stretchable electronics12,14-18, micro- and 
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nanoelectromechanical systems (MEMS and NEMS), tunable diffraction and phase 

grating19,20, and microfluidic devices21.                      

 

1.1 Buckling 

Buckling (wrinkling) is an inevitable phenomenon in our daily life, for 

instances, wrinkling of human skin due to aging, paint wrinkling, surface of dried fruits, 

to name a few. From the viewpoint of engineering, buckling is described as a form of 

mechanical instability experienced by the materials to release internal strain when an 

external compressive force is applied. Under certain circumstances, buckling is highly 

undesired and often perceived as a mode of catastrophic structural failure. For example, 

the rail accidents which are taking toll in the U.S. transportation could be a fatal 

consequence of track buckling in extreme heat and cold under the changing climate.22 

Conversely, some forms of buckling are elastic in nature such that they can disappear 

or reappear by the application of an external force.23 Researchers have recently 

exploited such elastic instabilities to advantage in diverse fields, including 

micro/nanofabrication, optics, bioengineering, and metrology as well as fundamental 

mechanics studies.18,23  

A great interest on buckling aroused within the scientific community when 

Whitesides and coworkers19 first reported on the spontaneous generation of complex, 

ordered structures induced by the buckling of thin metal films owing to thermal 

contraction of an underlying substrate. In their pioneering work, a thermally expanded 

elastomeric substrate of polydimethylsiloxane (PDMS) was coated with a thin layer of 

metallic film (such as Au, Ni, or Al with 5 nm adhesion interlayer of Ti or Cr) by 

electron beam evaporation. The heat introduced before and during the deposition 

process caused the polymer to expand, and the subsequent cooling of the polymer to 
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room temperature induced shrinkage, rendering a compressive stress on the metallic 

film. The presence of equi-biaxial compressive stress state on the metallic film was due 

to the large thermal expansion mismatch between the polymer and the metal. To relieve 

the stress, the metallic film buckled in a sinusoidal form with a wavelength ranged 

between 20 – 50 µm. Figure 1.1 illustrates the process. Disordered wavy structures were 

created on a flat, unconfined PDMS substrate surface while uniformly oriented 

buckling patterns can be developed by employing PDMS substrate having a bas-relief 

pattern on its surface.19,24 The film thickness and intrinsic mechanical properties of the 

materials involved in the system are the parameters governing the buckling wavelength.  

 

Figure 1.1: Schematic diagram of thermally-driven buckling of a bilayer system of 

Au-coated polydimethylsiloxane (PDMS) substrate.19  

In theory, the buckling instability is a result of the balance between the energy 

required to bend the stiff upper film and the energy required to deform the soft 

underlying substrate.9 Following the pioneering work of Whitesides, Chen and 

Hutchinson theoretically demonstrated that the herringbone pattern (left region of 

Figure 1.2) formed under these conditions constitutes a minimum energy configuration 

of the system.25 The elastic energy of the film/substrate system consists of three 
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components, i.e. the uniform resultant in-plane stresses in the film, bending 

contribution from the film and elastic energy in the substrate. The study has apparently 

laid a fundamental understanding of the buckling mechanics based on the principle of 

minimum energy. Since then, a significant amount of work has been carried out to 

embrace this form mechanical instability in various applications such as organic light 

emitting diodes (OLEDS), surface-enhanced Raman scattering, optical diffraction 

gratings19,20 and thin-film metrology9-11.  

 

Figure 1.2: Buckling of a 50 nm gold film on a thick elastomer (PDMS) substrate. 

The unpatterned left region of the substrate displayed the herringbone pattern while 

the right region which has been patterned with alternating flat depressions exhibited 

ordered wavy pattern.25 

In addition to thermal-induced buckling, swelling (with solvent or monomer 

solution) offers an alternative to generate surface buckling patterns in a bilayer thin 

film20,23 by controlling the solvent diffusion kinetics and quality, engineering the film 

crosslinking density and using microfluidic channels20. As featured in Figure 1.3, the 

application of solvent on the top surface of the elastoplastic film causes it to swell and 

experience significant volumetric change, whereas the bottom surface of the film 

remains unaffected as it is confined to the rigid substrate underneath it. As a result, this 
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generates an anisotropic osmosis pressure along the film thickness, which further leads 

to a biaxial compressive stress on the film surface when the osmosis pressure becomes 

greater than a critical value, resulting in surface buckling.  

 

Figure 1.3: Schematic diagram of swelling-driven buckling process.23 

Swelling can occur in either liquid or vapor phase, and the resulting wrinkle 

patterns which are transient and reversible in nature, is controlled by the kinetics of the 

diffusion process.20 One successful application of this osmosis-driven buckling 

mechanism is demonstrated by Kim and Crosby21 in fabricating a solvent-responsive 

microfluidic system, as depicted in Figure 1.4. Wrinkles were generated within the 

selectively oxidized area between two microfluidic channels when ethanol was 

introduced into one microchannel, and the smooth surface was later recovered upon 

removal of the ethanol. The potential of swelling-induced buckling mechanism has 

been exploited over the years to fabricate functional devices such as responsive 

microfluidic channels21, tunable microlens arrays26 and facile printing of nanoparticle 

assemblies.  
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Figure 1.4: Schematic representations of reversible wrinkle channels in a microfluidic 

system. The wrinkle channels are opened and closed reversibly in response to the 

introduction of ethanol. Green food dye and red one were used to distinguish water 

and ethanol, respectively.21  

As we have discussed above, the compressive strain in the top layer of the 

bilayer buckling system can be imposed either by shrinking (expanding) its present state 

beyond its equilibrium stress-free state through temperature control or application of a 

solvent. These two classes of buckling methods require physical confinement to induce 

and regulate the buckling profile. On the contrary, the use of mechanical force to render 

surface buckling allows one to independently control the amount, direction and duration 

of strain applied to the films in order to maneuver the pattern formation, transition and 

orientation in real time.20,23,27 The precise control of strain applied can be achieved with 

the use of a stretching device. Lin and Yang27 successfully tailored highly ordered 

zigzag herringbone structure (as shown in Figure 1.5) with the means of mechanical 

buckling, using the strategy of sequential release of applied stress to provide a well-

controlled energy release path. This mechanical approach provides added 
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controllability on the buckling patterns which would be beneficial for a broad spectrum 

of applications.  

 

Figure 1.5: Two sets of sequential optical microscope images of two equally stretched 

PDMS samples (20% strain, from 25 to 30 mm on both edges) subjected to two 

different releasing processes, (a–j) sequentially and (m–r) simultaneously, 

respectively, and their corresponding illustrative sketches (k–l) and (s), accordingly. 

Scale bar in (a) is applicable to all images.27 
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Figure 1.6: Three sequential configurations for the thin film/substrate buckling 

process under mechanical force. The top figure shows the undeformed substrate with 

the original length L0. The middle figure shows the substrate deformed by the pre-

strain 𝜀𝑝𝑟𝑒 and the integrated film. The bottom figure shows the deformed (buckled) 

configuration.28 

Figure 1.6 schematically elucidates the strategy applied in the mechanical 

buckling, which consists of three steps: i) applying pre-strain 𝜀𝑝𝑟𝑒 to the compliant 

substrate, ii) depositing or transferring thin film materials (or any other thin, stiff 

materials) onto the surface of the pre-strained compliant substrate, and iii) releasing the 

pre-strain of the compliant substrate so as to allow it to return to its original dimensions. 

The release of the pre-strain on the compliant substrate induces a compressive stress on 

the strain-free film which later buckles spontaneously into sinusoidal shape in order to 

relieve the compressive stress. In general, a stiff film favors long wavelength when 

buckled because it costs lesser energy than buckling into a rather short wavelength. 
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Conversely, the soft substrate tends to buckle into shorter wavelength due to its lower 

energy cost. When integrated into a bilayer system, the buckling yields a value 

somewhere between these large and small wavelengths.18 

 

1.2 Mechanical buckling as metrology 

In 2004, Stafford and coworkers9-11 demonstrated that mechanical buckling can 

be exploited as a form of metrology for measuring the elastic moduli of polymeric thin 

films. Under this metrology technique, the characteristic length scale of the buckling 

pattern (viz. the buckling wavelength and amplitude) is used to characterize the material 

properties; thus, a thorough understanding of the self-organization process is important 

in translating the geometric measurements of the buckling profile into material property 

values.29 In fact, the underlying mechanics governing the buckling of a stiff film 

attached to a compliant substrate have been elaborated by several researchers using 

either a force balance30 or an energy balance25 approach.  

In their pioneering work, Stafford and coworkers prepared a bilayer sample 

comprised of a thin film of polystyrene (PS) with gradient thickness, ranging from 140 

to 280 nm, on top of a PDMS substrate. Subjecting the bilayer sample to uniaxial 

compressive force induced surface buckling with a wavelength linearly proportional to 

the film thickness, as shown in Figure 1.7. Using the governing equation of the 

associated buckling instability derived by other researchers30, they observed that the 

computed Young’s modulus of the PS film is constant over the range of film thicknesses 

and in excellent agreement with the measured bulk modulus of PS. In the same article, 

it is pointed out that similar measurement methodology was also performed on PS films 

with varying amount of plasticizer and organosilicate films with different porosity 

level. The modulus values thus determined agreed well with the values obtained by  
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Figure 1.7: (a) Optical microscopy image of a PS gradient film showing the increase 

in buckling wavelength with film thickness. (b) Measured buckling wavelength (open 

circles) and calculated Young’s modulus (closed circles) for the PS gradient film as a 

function of film thickness. The Young’s modulus computed from Eq. 1.1 remains 

constant with thickness over this range, varying little from its average value of 3.4 

GPa 0.1 GPa.9 

nanoindentation, confirming the accuracy and reliability of this form of metrology 

technique. Following the applicability of this metrology, Stafford and coworkers 

suggested that the governing equation can be rearranged as follows to yield the modulus 

of the film material.   

 
𝐸𝑓 =

3𝐸𝑠(1 − 𝜈𝑓
2)

(1 − 𝜈𝑠
2)

(
𝜆

2𝜋ℎ
)

3

 . 
(1.1) 

Here, the film thickness (h), buckling wavelength (λ), substrate modulus (𝐸𝑠), substrate 

Poisson’s ratio (𝜈𝑠) and film Poisson’s ratio (𝜈𝑓) represent the important parameters to 

enable the film modulus characterization. The solution assumes elastic deformation of 

the materials and only valid in the limit of: (a) low strain (<<10%), (b) 𝐸𝑓 𝐸𝑠⁄  >> 1, (c) 

(b) 

(a) 
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substrate being much thicker than the film, and (d) amplitude of the buckles is much 

smaller than their wavelength.9 The subscripts f and s denote film and substrate, 

respectively.  

To extend the applicability of the buckling-based metrology as well as 

demonstrate its versatility, Stafford and coworkers later “reversed” this metrology to 

measure the moduli of the soft substrate11. In the study, a sensor film of known modulus 

and thickness was mounted on top of a soft gradient substrate (PDMS and poly(HEMA) 

hydrogel gradient sample with varying cross-linker composition) and similar metrology 

was conducted to evaluate the substrate moduli. The near-equivalence between the 

substrate moduli as calculated from the buckling metrology and tensile test further 

verified that the buckling-based metrology can be successfully implemented to a broad 

range of film materials, as long as there exists a modulus mismatch between the film 

and the substrate. These few experiments illustrate that the buckling-based metrology 

is a very useful tool for rapid, high-throughput and spatial screening of the mechanical 

properties of both soft and film materials9-11,16,31-34.   

 

1.3 Mechanical buckling of 1D nanostructures 

Interestingly, in addition to probing the mechanical properties of soft and thin 

film type materials, the buckling-based metrology has been implemented with equal 

success to one-dimensional (1D) structures like micro/nanowires12,13,35 and 

nanotubes13-15 which possess relatively high stiffness. The first demonstration of such 

application was succeeded by Rogers and coworkers14,15 with the use of single-wall 

carbon nanotubes (SWNTs) having diameter between ~1 and ~4 nm. Their work 

revealed that this metrology can be applied to materials with molecular scale (i.e. ~1 
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nm) dimensions and the underlying physics can be accurately described using the 

Newtonian mechanics models.  

 

Figure 1.8: (a) Transfer of aligned arrays of SWNTs grown on quartz to a uniaxially 

strained substrate of PDMS followed by release of the pre-strain (εpre) causes 

nonlinear buckling instabilities in the SWNT that lead to wavy configurations. (b) 

Large-area (12 µm × 12 µm) angled-view atomic force microscope (AFM) image of 

wavy SWNTs on a PDMS substrate. (c) Plane-view AFM image of an individual 

wavy SWNT and line-cut showing the profile of relief. The red, black, and blue 

curves represent measured data, a piecewise sinusoidal fit, and a global sinusoidal fit, 

respectively. The dashed ovals indicate regions that represent abrupt shifts in the 

phase. The wavelength determined by the piecewise fit is 160 ± 20 nm.14 
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In their innovative work, an array of well-aligned long SWNTs were transferred 

from the growth substrate (quartz) to a mechanically pre-strained (approximately 3 – 

5%) PDMS substrate with the length axis of the SWNTs parallel to the uniaxial tensile 

direction, as shown in Figure 1.8 (a). Releasing the pre-strain in the PDMS substrate 

yielded buckling in the SWNTs with wavelengths ranging from 100 to 300 nm and 

amplitudes of several nanometers. Diameter dependence of wavelength observed in the 

experiment was attributed to the effect of coupling of individual SWNTs into bundles 

during the transfer process. Using the buckling mechanics developed from the linear 

elasticity theory15, the Young’s modulus of an individual SWNT was calculated as 1.3 

± 0.2 TPa, which was found to be consistent with the results obtained from atomic force 

measurements and first-principles calculations.   

Based on the analytical solution, Rogers and coworkers predicted that the 

expressions for the wavevector k and amplitude A take the following forms through the 

minimization of the total system energy.  

 
𝑘 (

𝐸𝐶𝑁𝑇𝐼

�̅�𝑠

) = [
2𝜋(1 − 𝛾 − ln 𝑘𝑅)

(3 − 2𝛾 − 2 ln 𝑘𝑅)2
]
1/4

 (1.2) 

 
𝐴 =

2

𝑘
[𝜀𝑝𝑟𝑒 −

𝐸𝐶𝑁𝑇𝐼

𝐸𝐶𝑁𝑇𝑆
𝑘2 −

�̅�𝑠𝜋

𝐸𝐶𝑁𝑇𝑆𝑘2(3 − 2𝛾 − 2 ln 𝑘𝑅)
]

1/2

 . (1.3) 

Here, γ = 0.577 is Euler’s constant, R is the radius of the SWNT, and 𝐸𝐶𝑁𝑇𝐼 and 𝐸𝐶𝑁𝑇𝑆 

are the bending stiffness and tension stiffness of the SWNT, respectively. Eq. (1.2) can 

be approximated (to an error within ~5%) to the following solution when R > 0.5 nm 

and 𝐸𝐶𝑁𝑇 �̅�𝑠 > 25000⁄  

 
𝑘 =

3

4
(

�̅�𝑠

𝐸𝐶𝑁𝑇𝐼
)

1/4

 . (1.4) 
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Knowing the wavelength is related to the wavevector by 𝜆 = 2𝜋 𝑘⁄ , it is proposed that 

the Young’s modulus of SWNT can be calculated using the following expression as 

follows 

 
 𝐸𝐶𝑁𝑇 = 2.03 × 10−4  

𝜆4�̅�𝑠

𝐼
 . (1.5) 

The wavelength information is used in evaluating the modulus of the nanostructure 

because it is less dependent on the pre-strain amount and relatively insensitive to the 

residual surface roughness of the PDMS than the amplitude.  

They attributed the success of the Newtonian mechanics model in describing 

the experimental observations to three important factors:  

(i) Substrate modulus - Based on the Eq. (1.5), the value of the calculated Young’s 

modulus of a SWNT is linearly sensitive to the modulus of the PDMS. More precisely, 

an increase or decrease of 10% in the substrate will result in the similar effect on the 

computed Young’s modulus of the nanostructure. Hence, it is important to ensure the 

accuracy of the substrate modulus value used in the measurement. 

(ii) Condition and alignment of the tubes - It is highlighted that the relatively long 

dimensions, high levels of structural perfection of the tubes and the small deformation 

involved in the experiments is critical in explaining the success of the model. In 

addition, deviation from the model may occur when the tubes are misaligned with the 

pre-strain direction and therefore not forming wavy structure.   

(iii) Amount of pre-strain applied - The theory suggests that the mechanical forces, as 

a result of applied pre-strain, ought not to exceed van der Waals attractions at the 

SWNT/PDMS interface, in such way that most SWNT buckle rather than delaminate 

or slip during the release of the pre-strain.  

Their work showed that the buckling-based metrology technique is a 

complement to existing testing protocol which helps to address cutting-edge challenges 
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in nanoscale characterization. Its ease of implementation and no need for any complex 

or expensive instruments has rendered it an invaluable addition to the conventional 

nanomechanical testing. In fact, the advantage of this metrology lies in the ability to 

use straightforward theory of Newtonian mechanic model to relate the modulus of the 

1D nanostructure to otherwise easy-to-measure parameters (i.e. buckling amplitude and 

wavelength).  

With the interest in this newly developed metrology technique, several 

researchers have exploited it to characterize other materials of similar dimensions. 

Table 1.1 lists the available literatures, though not an exhaustive one, on the application 

of buckling-based metrology technique in determining the Young’s modulus of 1D 

nanostructures.  

 

1.4 Core-sheath structure 

A close review of the literatures discloses that only a limited number of material 

systems have been investigated using the buckling-based metrology technique and the 

results were reported based on a single material structure. However, most studies 

acknowledged the existence of an amorphous oxide layer surrounding the 

nanostructures, resulting in a core-sheath-like structure. Amorphous oxide layer usually 

forms as a result of reaction with residual oxygen in the apparatus36 during the synthesis 

or post-fabrication process. Transmission electron microscopy (TEM) imaging shows 

that thickness of the amorphous oxide sheath typically ranges within 1 to 14 nm.37-42 It 

is important to note that the elastic behavior of the amorphous oxide sheath differs 

considerably from that of its core material. For instances, Liu et al. reported an 

amorphous boron oxide (B2O3) layer with a thickness of 1-2 nm exists on the single 

crystalline boron nanowire, with the bulk B2O3 modulus of nearly 10 times lower than 
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that of the bulk boron.39 The presence of 1-2 nm thick native oxide layer on the boron 

nanowire with diameter of ~40 nm resulted in 6.8 and 7.5% error in the measurement 

of elastic modulus and fracture strength of the boron nanowires, respectively. 

Ultimately, one must not ignore the effect of amorphous oxide layer on the 

measurement of the true elastic properties of the nanostructures.   

In order to consider the effect of core-sheath structure on the elastic properties 

of the nanostructures, several researchers have modified the relevant equations to yield 

the effective elastic properties by taking into account of the proportion of the cross-

sectional area composed of the core and sheath components. Based on the classical 

mechanics theory of compound materials, Wang proposed that the bending modulus of 

a circular nanowire having core-sheath structure takes the following form42 

  𝐸𝑒𝑓𝑓 = 𝛼𝐸𝑐𝑜𝑟𝑒 + (1 − 𝛼)𝐸𝑠ℎ𝑒𝑎𝑡ℎ (1.6) 

where  

 
 𝛼 = (

𝐷𝑐𝑜𝑟𝑒

𝐷𝑠ℎ𝑒𝑎𝑡ℎ
)
4

. 
(1.7) 

Meanwhile, the tensile modulus of a circular nanowire with core-sheath structure was 

recommended by Liu et al. as follows39 

  𝐸𝑒𝑓𝑓 = 𝛽𝐸𝑐𝑜𝑟𝑒 + (1 − 𝛽)𝐸𝑠ℎ𝑒𝑎𝑡ℎ 
(1.8) 

where 

 
 𝛽 = (

𝐷𝑐𝑜𝑟𝑒

𝐷𝑠ℎ𝑒𝑎𝑡ℎ
)
2

. 
(1.9) 

Recognizing the influence of core-sheath structure on the moduli measurement is 

important in deriving the total potential energy of the buckling system, which would 

subsequently impact the buckling mode of the nanostructures. While the above 

equations are only valid for nanostructures having a circular cross-section, effort needs 
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to be made to develop ones which would account for a rectangular cross-section 

structure, so that the equations are applicable to our silicon nanoribbons.   

 

1.5 Buckling mode 

While revisiting the literature review, two different buckling modes of 1D 

nanostructures on elastomeric substrate are observed, i.e. out-of-plane and in-plane 

buckling. In the pioneering work, Rogers and coworkers reported out-of-plane buckling 

of the SWNTs on the PDMS substrate after an array of long, well-aligned SWNTs was 

transferred to a pre-strained PDMS substrate surface and followed by the release of the 

pre-strain. Conversely, the succeeding work utilizing silicon nanowires (SiNWs) 

exhibited predominantly an in-plane buckling mode instead. This phenomenon has 

attracted several researchers to investigate the competition between out-of-plane and 

in-plane buckling through an energy method. 

 

1.5.1 Least energy principle 

Regardless of the buckling mode, the total potential energy of the buckled 1D 

nanostructures (also termed as a stiff beam due to its large length-to-height ratio) on a 

compliant substrate consists of three components, namely the bending energy of the 

stiff beam due to buckling Ub , the membrane energy of the stiff beam Um and the strain 

energy of the compliant substrate Us due to the compressive stress induced by the 

release of applied pre-strain. The mechanics of the buckling system is detailed in 

Chapter 3. Based on the least energy principle, the buckling mode having the lower 

total system energy is energetically favorable and thus exists.12,13,25,43  
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In the work of mechanical buckling of SiNWs, Ryu et al. compared the total 

system energy for both out-of-plane and in-plane buckling mode. It is noted that in-

plane buckling constitutes slightly lower energy (Figure 1.9 (a)) and is therefore 

energetically favorable than out-of-plane buckling. Figure 1.9 (b) also indicates that the 

energy difference for one-dimensional SiNWs is greater than the adhesion energy 

between SiNWs and PDMS (50.6 mJ/m2), particularly at larger wire radius. This justly 

explains the observation of in-plane buckling of SiNWs. Question arose as to why 

would SWNTs buckled out-of-plane; this is explained in the following section.  

        

Figure 1.9: (a) Energy difference between normal and in-surface buckling12, and (b) 

comparison between the energy difference and adhesion energy between SiNWs and 

PDMS13, as a function of SiNW radius.  

1.5.2 Effect of geometrical parameters 

The buckling mode competition behavior has also intrigued Duan et al. to 

scrutinize other possible parameters that govern the competition between the two 

buckling modes of the 1D-nanostructure-on-substrate system. Noting that silicon 

nanoribbons (SiNRs) and nanowires (SiNWs) bonded on pre-strained substrate buckled 

out-of-plane and in-plane, respectively, Duan et al. speculated that geometrical 

parameters could be the reason for the buckling mode competition. To answer this 

(b) (a) 
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speculation, a combinatory approach of experimental-analytical-simulation was 

conducted using a single type of material with different cross-sections. In their work, 

polyvinylidene fluoride (PVDF) microwires and microribbons were directly deposited 

on pre-strained PDMS substrate through electrospinning (Figure 1.10 (a)). Similar to 

prior studies, the PVDF microwires buckled in-plane while the microribbons exhibited 

out-of-plane buckling, as depicted in Figure 1.10 (d-e).  

 

Figure 1.10: (a) Schematic diagram of the electrospinning process for micro/nanofiber 

fabrication. (b), (c) Straight fibers deposited on the pre-strained PDMS substrate and 

their cross-sections when the nozzle-to-substrate distance (‘d’ in (a)) is 2 mm (b) and 

8 mm (c). (d), (e) Straight fibers in (b) and (c) buckle out-of-plane (d) and in-plane (e) 

respectively when releasing the pre-strain of the PDMS substrate. The right columns 

of (d) and (e) are the 3D views of the left 2D graphs.35 
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Figure 1.11: (a) The critical buckling strains for both in-plane and out-of-plane 

buckling when Ib1 = Ib2. (b) The critical buckling strains when Ib1 = Ib2 and ES / Eb = 1.9 × 
10−5. The right columns of (b) are FEA results of stiff layers with square, circular and 

regular hexagon cross sections buckle in-plane on elastomer. (c) The critical out-of-

/in-plane buckling strains of rectangular cross-section. (d) The critical out-of-/in-plane 

buckling strains of rectangular cross-section when ĒS / Eb = 1.9 × 10−5. The right 

columns of (b) are FEA results when H / W = 0.87 and H / W = 1, out-of-plane 

buckling and in-plane buckling occurs, respectively.35 

Theoretical analysis using the least energy principle validates that the buckling 

mode is determined by cross-sections of the microstructures.35 As illustrated in Figure 

1.11 (a), for cross-sections having equal second moment of inertia in both out-of-plane 

and in-plane directions, e.g. circular, square and regular hexagonal, in-plane buckling 

is always favorable; this is in good agreement with prior studies on the mechanical 

buckling of SiNWs12,13 and CNTs13. For cross-sections having unequal second moment 

of inertia in out-of-/in-plane directions, e.g. rectangular and elliptical, there exists a 

critical value of aspect ratio (defines as the ratio of height to width, H / W in their 

work35), below (above) which out-of-plane (in-plane) buckling is favorable for having 

smaller critical buckling strain. Figure 1.11 (b) shows that the critical aspect ratio for a 

rectangular cross-section occurs at 0.88 when Ēs / Eb  = 1.9 × 10−5.  

(c) 

(d) 

(a) 

(b) 
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While the existing studies suggested that in-plane buckling mode is 

energetically favorable for cross-sections having equal second moment of inertia in out-

of-/in-plane directions such as a circular one, Rogers and co-workers rectified that the 

out-of-plane buckling of SWNT in their pioneering work is an exception due to the 

extremely small radius of the SWNTs (~1 nm). Rather than in-plane buckling, the 

SWNTs buckled out-of-plane owing to the lateral constraints provided by the surface 

roughness of the PDMS which is comparable to or even larger than the SWNT radius. 

It is speculated that the surface roughness of the PDMS have prevented in-plane 

buckling of the SWNTs. Otherwise, the out-of-plane buckling of SWNTs would have 

been energetically unfavorable.12,13 On the other hand, a question is raised as to how 

would SiNRs having core-sheath structure behave under mechanical buckling and when 

would the buckling mode transition occur.  

 

1.5.3 Effect of interfacial adhesion 

Another interesting buckling phenomenon was reported by Zhu and coworkers, 

highlighting that the buckling mode of the SiNWs can differ from in-plane mode to 

three-dimensional helical coil form, depending on the adhesion strength between the 

SiNWs and the PDMS substrate.44 The interfacial adhesion strength can be modulated 

by manipulating the surface chemistry of the nanostructures and PDMS substrate.  

PDMS represents unique polymeric materials comprising an inorganic siloxane 

(─Si─O─Si─) backbone with two methyl (─CH3) functional groups attached to each 

silicon (Si) atom. Figure 1.12 (top left) shows the molecular configuration of PDMS. 

The presence of two stable methyl groups on each repeating unit renders PDMS 

hydrophobicity, high chemical inertness and low surface energy. These properties of 

PDMS combined with its low Young’s modulus enables the formation of conformal 
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contact between a flat piece of PDMS with almost any material of relative smoothness, 

through the action of weak van der Waals force.45 To obtain favorable bonding 

interactions, it is demanded that PDMS surface becomes hydrophilic or functionalized 

with various chemical moieties.  

 

Figure 1.12: Illustration of the surface chemistry of PDMS and reactions occurring at 

the interfaces between PDMS and semiconductor nanoribbons covered with thin SiO2 

layers.45 

Over the years, numerous physical46-51 and chemical48 routes have been 

developed to tailor the surface properties of PDMS. Surface modification by chemical 

means involves the use of strong base or acid which usually leads to an uncontrollable 

and non-uniform outcome. Alternatively, physical surface modification techniques, 

such as plasma, corona and ultra-violet/ozone (UVO) treatment, has proven to provide 

well-controlled chemical modification and in-plane uniformity of the surface.50 These 

javascript:popupOBO('CHEBI:52530','B614793C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=52530')
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physical approaches aim to introduce hydroxyl functional group on the PDMS surface 

needed for subsequent reactions, by means of oxidation. Among all, UVO treatment 

represents the most explored approach to oxidize PDMS due to its milder modification 

effect, high efficiency in generating highly active oxygen species46, as well as ease of 

operation and control.  

UVO treatment is a photosensitized oxidation process in which the molecules 

of treated material are excited and/or dissociated by the absorption of short-wavelength 

UV radiation; and later reacts with atomic oxygen to form simpler, volatile molecules 

which desorb from the surface.46 When the UVO treatment is carried out on the PDMS 

surface, the atomic oxygen attacks the Si atom on the PDMS surface chains to remove 

the methyl groups, resulting in the formation of polar silanol (─Si─OH) groups, as 

indicated in Figure 1.12 (middle left). The chemical alteration has been reported in 

previous surface analysis studies using attenuated total reflective Fourier transform 

infrared spectroscopy (ATR-FTIR)46,50 and X-ray photoelectron spectroscopy (XPS)47, 

confirming the consumption of ─CH3 and generation of ─Si─OH during the UVO 

treatment. This renders PDMS surface highly hydrophilic as evidenced by 

corresponding changes in water contact angle from 107 to 45˚ depending on the 

treatment duration52, as shown in Figure 1.13. However, prolonged UVO treatment 

duration may also leads to the formation of a silica (SiOx, 1 ≤ x ≤ 2) network-like 

structure which hardens and increases the modulus of near-surface layer of the PDMS 

considerably, in a manner that can interrupt conformal contact.45 In fact, several 

researchers have underlined that this form of oxidation could result in surface 

roughening46-50 and even crack formation due to the difference in thermal expansion 

coefficient between the bulk PDMS and silica-like layer53. The thickness of the silica-

like layers has been estimated to be about 5 – 160 nm.47,50,54 It is therefore, necessary 
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to precisely control the treatment parameters such as environmental condition, exposure 

distance, duration, etc.  

 

Figure 1.13: (Left) water contact angle as a function of UVO treatment and post-

treatment time and (right) images showing water contact angles at different treatment 

times (0, 20, 30, 50, and 90 min, immediately after UVO treatment).52 

With the presence of highly polar and reactive surface terminated with silanol 

groups, the PDMS surface can react with various inorganic surfaces to form strong 

chemical bonds, simply upon physical contact at room temperature55 or slightly 

elevated temperatures56. Meanwhile, our as-fabricated SiNRs consist of a thin sheath 

layer of native oxide (as explained in section 1.4), and its contact with moisture in the 

ambient atmosphere might lead to formation of silanol groups (as illustrated in the right 

part of Figure 1.12) due to the diffusion of water molecules into the native oxide layer 

to interact with the lattice vacancies.57 When both the oxidized PDMS and SiNRs are 

brought into contact, a strong covalent bond, i.e. siloxane (─Si─O─Si─) form between 

them through condensation reactions (as indicated in the red box in Figure 1.12), which 

may occur either at room temperature or as accelerated during baking at elevated 

temperatures (50-150˚C).45,55,56 These chemical bonds are so strong that any attempt to 
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remove the ribbons from the oxidized PDMS surface causes cohesive failure or fracture 

of the ribbons.  

In order to understand the implication of UVO treatment on the buckling mode 

of the nanostructures on the pre-strained substrate, it is important to shed light on the 

surface interaction between the two constituents. The surface interaction between the 

oxidized PDMS and SiNWs has been quantified by Qin and Zhu through the 

measurements of static friction force and interfacial shear strength based on “the most-

bent state” of the wires, using AFM and micromanipulator. The shear strength was 

found to be 0.3 MPa for the unmodified system, while a maximum 10.57 MPa was 

reached when a 60-min UVO treatment was employed on the PDMS substrate.52 The 

changes in shear strength is likely to contribute to the variation of buckling modes in 

the buckled system.  

In their prior work, Zhu and coworkers demonstrated that the buckling mode of 

the SiNWs having similar diameters (within 30 ± 5 nm) can be tailored from two-

dimensional (2D) in-plane wavy to three-dimensional (3D) coiled shape in a controlled 

manner by tuning the UVO treatment duration of the pre-strained PDMS substrates.44 

The buckling profile captured by AFM reveals that the SiNWs adopted an in-plane 

wavy mode when no treatment was applied (Figure 1.14 (a)); and later gradually 

transformed into out-of-plane deformation mode (Figure 1.14 (c)) when UVO treatment 

duration increased to 5 min. Nevertheless, further increase of UVO treatment duration 

beyond 5 min resulted in disordering of the out-of-plane buckling mode and eventually 

a reversion to in-plane wavy structure, as illustrated in Figure 1.14 (d-e).  

The underlying mechanism of the buckling mode transition is later attested by 

finite element method (FEM) simulation studies. Chen et al. modeled the buckling 

behavior of circular SiNWs on the PDMS substrate with different bonding conditions.58 
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Figure 1.14: AFM images of deformed Si NWs on the PDMS substrate at different 

treatment times of (a) 0 min, (b) 3 min, (c) 5 min, (d) 8 min, and (e) 20 min. The pre-

strains were all set to be 20%. Scale bar is 1 µm.44 

The bonding condition is varied by the amount of constraint points defined along the 

length of the wires. Higher density of constraint points, or in other words a shorter 

distance between the adjacent constraint points d, infers better adhesion between the 

wires and PDMS substrate. From the FEM results, the buckling modes of the wires as 

a function of d spacing can be divided into three regimes, as shown in Figure 1.15. 

When the d spacing is large with d = 2.5 and 1 µm, the SiNWs buckles in-plane in a 

sinusoidal form with a wavelength of 2d. Out-of-plane buckling begins to exist when 

the d spacing becomes lesser than 1 µm. At d = 0.8 and 0.5 µm, the out-of-plane 

buckling pattern appears to be disorder but progressively transforms into helical coil 

form as the constraint density increases to a point where d = 0.3 and 0.1 µm. These 

observations further elucidate the claim from Zhu and coworkers who attributed the 2D 

in-plane buckling mode to the in-plane sliding of the SiNWs due to poor interfacial 

adhesion when no treatment is being applied, whereas perfect bonding between the  
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Figure 1.15: The buckling modes of the SiNW partially bonded to a PDMS substrate. 

The dots represent the constraints (bonded sites) between the SiNW and the PDMS 

substrate. Color contour of the maximum principal strain in the buckled configuration 

is given.58 

SiNWs and PDMS substrate enables the formation of 3D helical coil buckled 

architecture. Meanwhile, degeneration of the out-of-plane buckling mode observed by 

Xu et al. when the UVO treatment duration increased beyond 8 min is most probably 

due to the weakening of compliance of PDMS near the surface leading to debonding. 
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1.5.4 Hydrophobic recovery of oxidized substrate 

While UVO treatment has facilitated the adhesion between the PDMS substrate 

and nanostructures through surface hydrophilicity modification of the PDMS, it must 

be noted that the PDMS tends to gradually regain its hydrophobicity after a certain 

relaxation time, and this phenomenon is termed as hydrophobic recovery. The driving 

force of hydrophobic recovery is associated to the surface free energy reduction. During 

the treatment, the introduction of polar silanol group concentration gradient in the 

surface or near-surface region of the PDMS results in the deviation from its 

thermodynamic equilibrium. After the treatment, the modified substrate surface 

reconstructs in order to minimize its surface energy and return to an equilibrium state.49  

A number of studies proposed that the mechanism of hydrophobic recovery 

involves migration of free non-modified low molecular weight (LMW) siloxanes from 

the bulk to the near surface region through a porous, or cracked silica-like layer. These 

free siloxanes are intrinsically present in the polymer network, as well as formed by 

UV-induced chain scission reactions during the treatment47,54,59,60, as depicted in Figure 

1.16. Kim et al. highlighted that LMW species are abundantly available when the 

humidity is ≥ 20%, resulting in a more pronounced hydrophobic recovery on the 

modified substrate surface.59 Besides, the recovery effect is also attributed to the 

reorientation of chemical groups, especially those that near the surface and even the 

relaxation of surface roughness.47,49,54  

The hydrophobic recovery has been assessed on both the continuum scale with 

increasing water contact angle47-49,52,59,60 as well as on the micrometer scale with 

decreasing work of adhesion according to the JKR theory47. Qin et al. reported that the 

recovery effect is likely the major mechanism for the decrease in static friction force 

between the oxidized PDMS and SiNWs after a prolonged relaxation time.52 It must, 
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therefore, be stressed that after the application of UVO treatment, the substrate surface 

hydrophobic recovery effect must not be neglected while gauging the treatment 

effectiveness on the enhancement of the interfacial adhesion between the substrate and 

the nanostructures.  

 

Figure 1.16: A schematic showing different zones that are produced on a PDMS as a 

result of exposure to partial electrical discharge. The uppermost surface is affected 

mostly, which converts to a silica-like layer. Beneath the silica-like layer, it is 

envisaged that the scission of polymer chain occurs. The silica-like layer is probably 

porous or cracked, through which the in situ produced low molecular weight species 

migrate and adsorb at the air–polymer interface. If free fluid is present in the network, 

it also contributes to the recovery process.59 

1.6 Objectives 

With continuing interest in this buckling-based metrology technique to rapidly 

screen the mechanical property of nano-scaled materials, there lies an interest on 

implementing this technique on boron-based 1D nanostructures, as part of our long-

term goals. Nevertheless, at this stage, the control of the order and morphology of the 

buckled nanostructures still remain elusive. As an explorative step, we aimed to employ 

a combined experimental- simulation approach (with the aid of analytical solution 
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available in the literature) to understand the buckling behavior of individual Si 

nanoribbons with the emphasis on the effect of aspect ratio along with its core-sheath 

structure and UVO surface treatment duration. Silicon nanoribbons were used in this 

dissertation work simply because of the more well-defined and consistent geometrical 

parameters, owing to its top-down fabrication technique, i.e. lithography patterning. 

Meanwhile, UVO surface treatment on the substrate was employed, having known that 

the interfacial adhesion between ribbons and substrate is ambiguous in practice; hence, 

its effect on the buckling profile was also investigated.   

 In this dissertation, Chapter 2 describes the materials and experimental methods 

employed in this work. In Chapter 3, the experimental results are presented along with 

the discussion on the buckling profile of the individual Si nanoribbons as a function of 

aspect ratio (inclusive of the core-sheath effect) and UVO surface treatment duration. 

The mechanics underlying the buckling behavior of the 1D nanostructure on a 

compliant substrate is elucidated in Chapter 4, based upon the work done by other 

researchers, to shed light on the buckling mode of the ribbons. Chapter 5 explains the 

approach employed to perform finite element modeling of the buckled ribbon on the 

elastomeric substrate. Lastly, conclusions of the dissertation work are outlined together 

with the proposed future work in Chapter 6.        
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CHAPTER 2: MATERIALS AND METHODS 

This chapter describes the materials, test apparatus and characterization 

techniques employed in the dissertation work.  

 

2.1 Fabrication of silicon nanoribbons 

The silicon nanoribbons used in this work was provided by our collaborator, Dr. 

Deyu Li from the Vanderbilt University. The ribbons were fabricated using a top-down 

approach, i.e. lithographic patterning technique on a silicon-on-insulator (SOI) wafer61. 

The SOI wafer used (p-type boron doped Si (100) with a dopant density of 0.7-1.5 × 

1015 cm-3, Simgui Technology Co., Ltd.) has a diameter of 6 inch (150 mm) with a 140 

nm thick silicon device layer and a 500 nm buried oxide (BOX) layer. The fabrication 

process began with thinning down the silicon device layer to a specified thickness 

which later the ribbons would take. This was done by first subjecting the SOI wafer to 

a timed dry oxidation process to oxidize a targeted thickness of the silicon device layer, 

after which the resulted silicon oxide layer was removed with buffered oxide etch (BOE 

6:1). The thickness of the remaining silicon device layer was measured using an 

ellipsometer.  

After cutting the 6″ SOI wafer into 30×30 mm pieces, the ~28 µm long Si 

nanoribbons of various aspect ratios were then defined using e-beam lithography (EBL) 

and reactive ion-plasma etching (RIE). The photoresist used in the EBL process was 

hydrogen silsesquioxane (HSQ) e-beam resist (XR-1541, 6%) which is a negative resist 
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and also a flowable oxide with good etching resistance and present high resolution. The 

HSQ-coated SOI chip was later patterned into ribbons of various aspect ratios under 

the e-beam exposure (JEOL 6300). Upon developing the exposed HSQ e-beam resist, 

the uncoated silicon device layer was etched away through plasma etching 

(PlasmaTherm 770). In order to form freestanding structures, the underneath BOX 

layer, together with the HSQ e-beam resist, were removed using wet hydrofluoric acid 

(HF) etching (10:1) and critical point drying to release the Si nanoribbons. The resulting 

structure features the ribbons anchored by two separate islands, as illustrated in Figure 

2.1 (a). A high-resolution transmission electron microscopy (HRTEM) micrograph of 

an individual Si nanoribbon is presented in Figure 2.1 (b), featuring an amorphous 

sheath around the single crystalline core. As evident in the selected area electron 

diffraction (SAED) image in the inset of Figure 2.1 (b), the ribbon was patterned along 

the <110> direction.  

After the fabrication process, a soft substrate such as polydimethylsiloxane 

(PDMS) was used as a receiver substrate to transfer the silicon nanoribbons from the 

SOI chip (donor substrate) via a simple stamping process. Later, the individual 

nanoribbons were detached from the anchors using a sharp probe mounted on a 

micromanipulator. The detached individual nanoribbons were later employed in the 

subsequent mechanical buckling process.  
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Figure 2.1: (a) An SEM micrograph of the as-fabricated silicon nanoribbon array. (b) 

An HRTEM micrograph of an individual silicon nanoribbon. The inset in (b) shows a 

SAED pattern of the nanoribbon taken along the [ 10] zone axis.61 

2.2 Dimensional study of the silicon nanoribbons 

The dimension of the as-fabricated Si nanoribbons were measured using the 

HRTEM. As we were aware that the as-fabricated Si nanoribbons in this study are of 

composite coaxial structures, i.e. an Si nanoribbon surrounded by an SiO2 sheath of 

native oxide, the use of HRTEM would allow us to determine the dimension of the Si 

core and the thickness of the surface oxide layer precisely. This is important as the 

presence of the surface oxide layer imposes great impact on the effective properties of 

the nanostructure39,40,42. The ribbons were picked up from the receiver substrate using 

a sharp probe mounted on the micromanipulator and laid on a lacey carbon-coated TEM 

copper grid. For the ribbon width measurement, the ribbons were laid flat on the support 

http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2016/NR/c6nr06302k/c6nr06302k-f1_hi-res.gif
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film of the TEM grid, while the height measurement required the ribbons to be bent so 

that the edges of the ribbons were curved up to allow height measurement.  

The dimensional study of the Si nanoribbon was conducted using a JEOL JEM-

2100 LaB6 TEM operating at an accelerating voltage of 200 kV, with the use of a JEOL 

double-tilt holder (allowable tilting angle of ± 30˚ in both x and y-directions). TEM 

images and diffraction patterns of the ribbons were captured by the CCD camera 

(SC1000 ORIUS TEM CCD camera from Gatan) and the DigitalMicrograph software. 

A minimum of three ribbons were used to determine the measurement of each 

dimension.  

 

Figure 2.2: An TEM micrograph of a bent silicon nanoribbon laid on a lacey carbon–

coated grid for thickness measurement. 

2.3 Preparation of compliant substrate from polydimethylsiloxane (PDMS) 

The compliant substrate used in this study was Sylgard 184 silicone elastomer 

manufactured by Dow Corning. It is supplied as a two-part liquid component kit, a pre-

polymer (base) and a cross-linker (curing agent), that when mixed together is curable 

at both room temperature and elevated temperature (≤ 200˚C). The mechanical 
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properties of the PDMS polymer can be manipulated by varying the mixing ratios. In 

this study, the PDMS substrate was prepared in accordance with the manufacturer’s 

recommendations, i.e. 10 parts base to 1 part curing agent (by weight). The mixture 

were then stirred thoroughly for 5 min and followed by degassing in a vacuum chamber 

for 30 min to remove entrapped air bubbles. Subsequently, the degassed mixture was 

poured into the casting mold (3D-printed ABS in this work) and allowed to cure at room 

temperature for 48 h. While pouring the mixture into the mold, care should be taken to 

minimize air entrapment. The ABS mold was designed according to ASTM D412 in a 

minimized version (Figure 2.3). 

 

Figure 2.3: Dimensions of compliant substrate following ASTM D412 with 40% 

reduction in size. 

2.4 Fabrication of stretching device 

To demonstrate the mechanical buckling of Si nanoribbon on the compliant 

substrate, a stretching device is required to uniaxially stretch the PDMS substrate to a 

specific strain value prior to the deposition of Si nanoribbon. As such, a portable 

stretching device which can be fitted in a commercial uniaxial tensile machine and 

optical microscope (for the purpose of transferring Si nanoribbons with the aid of 

micromanipulator) was custom-built. The stretching device made of aluminum 
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comprises a Newport linear translation stage, a pair of sample clamps covered with 

polishing paper and a stoppage mechanism. Figure 2.4 depicts the home-built stretching 

device. The ability to integrate the home-built stretching device on the commercial 

Instron uniaxial tensile machine enables a precise strain rate control while applying and 

releasing pre-strain in the PDMS substrate. This is crucial as the Young’s modulus of 

the PDMS substrate is a function of strain rate.62  

 

Figure 2.4: Home-built stretching device installed in an Instron uniaxial tensile 

machine.  

2.5 Mechanical buckling  

In this work, the PDMS substrate was positioned perpendicular to the 

longitudinal axes of the clamps. Clamping the PDMS substrate with the aid of polishing 

paper is crucial to prevent slippage of PDMS substrate during the uniaxial stretching 
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up to a pre-strain value of 100%. The as-prepared PDMS in this work has a fracture 

strain of 127%. To apply pre-strain on the PDMS substrate, the stretching device with 

the PDMS being tightly gripped was installed in the Instron tensile machine, as 

illustrated in Figure 2.4. A strain rate of 10 mm/min was applied and the amount of 

strain was measured by an advanced video extensometer (AVE) based on the 

displacement of two dots marked on the PDMS substrate surface. The video 

extensometer has a resolution of 0.5 µm at 35 mm focal length. Once the pre-strain of 

100% was achieved, two nuts along the sliding rail at the stretching device, which act 

as the stoppage mechanism, was tightened to maintain the PDMS substrate in an 

elongated condition for the subsequent processes. The stretching device was then 

removed from the tensile machine.  

 

2.6 Surface treatment of the PDMS substrate 

In order to enhance the adhesion between the Si nanoribbon and the PDMS 

substrate during the mechanical buckling process, it is necessary to modify the surface 

properties of the substrate. One common route to the modification of the PDMS surface 

is the ultraviolet/ozone (UVO) treatment, which simultaneously utilizes UV light and 

ozone produced in situ to photochemically modify the polymer surface.63 Oxidizing the 

PDMS surface by ultraviolet-induced ozone (O3) produces a surface capable of forming 

strong chemical bonds with a wide range of materials that come in contact with it, 

simply upon physical contact at room or slightly elevated temperatures.45  

In this work, the pre-strained PDMS substrate was radiated under a UV lamp 

(low-pressure mercury lamp, min intensity of 30 µW/cm2 for 254 nm primary 

wavelength and 16 µW/cm2 for 185 nm wavelength at the distance of 20 cm from the 

lamp, BHK) at the distance of 7 mm, with treatment duration varied at 0, 90 and 150 s. 
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This was followed by the transfer of the nanoribbon onto the substrate surface. A sharp 

probe mounted on the micromanipulator was used to transfer the ribbon from the 

receiver substrate onto the pre-strained PDMS substrate surface. For the UVO-treated 

PDMS substrate, the transfer process duration must not exceed 15 min as the 

hydrophobic recovery effect becomes pronounced.52 The effect of treatment duration 

and relaxation time on the surface properties of the substrate is elaborated in detail in 

section 3.2. 

In order to promote intimate contact between the ribbon and the substrate after 

the transfer process, a tiny piece of Si wafer (5 × 5 mm) was used as a weight block to 

apply slight pressure of onto the PDMS surface containing the ribbon. Caution must be 

taken to ensure that the surface of Si wafer, which was in contact with the PDMS 

substrate, was thoroughly cleaned (with chemical solutions and oxygen plasma) to 

avoid contaminating the ribbons. The contact time between the PDMS substrate and 

the weight block was limited to ~1 min in order to prevent unwanted bonding between 

the two substrate surfaces. Upon removal of the weight block, the bonding between the 

ribbon and PDMS substrate was allowed to run to completion (>10 min at room 

temperature) before releasing the pre-strain.16,31 As the pre-strain in the PDMS substrate 

was released under the compression mode in the tensile machine at a rate of 10 mm/min, 

the Si nanoribbon became buckled.   

 

2.7 Measurement and analysis of ribbon buckled profile 

As the ribbons buckled in distinct modes under varying test parameters, 

different characterization tools were needed. An optical microscope was used initially 

to identify the buckling mode of the ribbons, whether an in-plane or out-of-plane 

buckling had occurred. For ribbons that buckled on the same plane as the substrate 
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surface, the optical microscope was also employed to determine both the buckle 

wavelength and amplitude. The wavelength is determined by measuring the distance 

between two fixed points in the image and dividing it by the number of waves in 

between; whilst the half distance between the peaks and valleys defines the amplitude. 

This measurement leads to a more accurate value than that from a single wave 

measurement, because averaging of many waves that have different wavelength 

values.18 However, knowing that optical microscope has limited resolutions, 

measurements were also carried out using tapping mode atomic force microscope 

(DimensionTM 3100, Veeco) to verify the buckling behavior observed using optical 

microscope. Meanwhile, a laser scanning confocal microscope (LEXT OLS 4000, 

Olympus) was used to study the buckling profile of ribbons demonstrating out-of-plane 

deformation. The use of LSCM allows high resolution three-dimensional (3D) imaging 

as well as fast 3D measurements of the ribbon buckling profile. LSCM images 

presented in this work are in two-dimensional (2D) intensity projection or 3D 

topographic profile and they are representative of a series of overlapping optical slices 

(a stack of z-scan images) with each z-step measuring 0.06 µm. Each frame consisted 

of 1024 × 1024 pixels and 32 × 32 µm in size. The laser wavelength used was 405 nm. 
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CHAPTER 3: EXPERIMENTAL RESULTS AND DISCUSSION 

This chapter discusses the experimental outcomes of the dissertation work, 

which is divided into three sections: (i) dimensional study of the silicon nanoribbons, 

(ii) buckling of ribbons as a function of aspect ratio, and (ii) effect of UVO surface 

treatment on the buckling profiles of the ribbons on the compliant substrate.  

 

3.1 Dimensional study of silicon nanoribbons 

The silicon nanoribbons employed in this work were fabricated via e-beam 

lithographic patterning on a SOI wafer, as described in section 2.1. One unique aspect 

of this fabrication method is that lithography defines the lateral dimensions of the 

nanoribbons and their spatial position across the wafer; while oxidation and etching 

diminish the thickness of the nanoribbons uniformly and release the top silicon layer to 

form freestanding structures, as illustrated in Figure 3.1.64 Based on the prior 

measurements provided by Dr. Li’s group members, the thickness of the top Si layer 

was thinned down to 30 nm before lithographic patterning and RIE etching were 

employed to produce Si nanoribbons with dimensions as listed in Table 3.1.  

To ensure that the structures designed using lithographic patterning technique 

exhibits high controllability and repeatability, dimensions of the as-fabricated Si 

nanoribbons were precisely measured using HRTEM. As the Si nanoribbons were 

transferred onto the lacey carbon-coated TEM grid using a sharp probe mounted on the 

micromanipulator, it is highly possible that the Si nanoribbons were oriented differently 

from one mesh to another. Therefore, it is important to warrant that the Si nanoribbons 
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Figure 3.1: Release of silicon nanostructure from a SOI wafer by etching vertically 

through the top silicon layer to expose the underlying SiO2 layer which is later 

removed by etching in hydrofluoric acid.64  

Table 3.1: Targeted dimensions of as-fabricated silicon nanoribbons. 

Nanoribbon convention (b, h) Width, b (nm) Height, h (nm) Length (µm) 

(40, 30) 40 30 18 

(60, 30) 60 30 28 

(80, 30) 80 30 28 

(100, 30) 100 30 28 

(200, 30) 200 30 28 

  

were imaged at a definite zone axis because tilting of the sample could lead to 

undesirable measurement errors.  

Knowing the patterning orientation of the nanostructures, one could identify the 

crystallographic information (i.e. crystallographic direction and plane) of different 

faces of the ribbon. Figure 3.2 illustrates the crystal orientation of the SOI wafer used 

in the lithographic patterning. Based on the manufacturer’s specification, the SOI wafer 

used is composed of single crystalline Si grown along the <100> direction; therefore, 

the top surface of the SOI wafer is oriented on (100) plane. This implies that the zone 

axis should be oriented at <100> direction while imaging the width of the ribbons, so 

that the true width value can be measured (Figure 3.3 a-b). Meanwhile, as the ribbons 

were patterned either parallel or perpendicular to the flat edges of the wafer, the height 
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of the ribbons should be imaged along the <110> zone axis to retrieve the true height 

value (Figure 3.3 c-d).   

 

Figure 3.2: Crystal orientation of (100) Si wafer used in lithographic patterning.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: TEM micrographs of Si nanoribbon being (a) laid flat for (b) width 

measurement, and (c) tilted for (d) thickness measurement. The insets in (b) and (d) 

show the respective SAED pattern of the nanoribbon taken along the [100] and [ 10] 

zone axis. 
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As revealed earlier, our early studies indicated that as-fabricated nanoribbons 

consist of single crystalline silicon core and thin amorphous oxide sheath.61,65 Figure 

3.4 shows the schematic illustration of a cross-sectional view of the ribbon having core-

sheath structure. In this dimensional study, three ribbons were measured for each size 

to obtain respective average ribbon outer width B while a total of 7 measurements was 

acquired to determine the average ribbon outer height H. Meanwhile, the average 

thickness of the oxide sheath was retrieved from all imaged samples, regardless of the 

ribbon faces. Table 3.2 tabulated the average measurements of ribbon width and height 

as well as native oxide sheath thickness. It is noted that the average ribbon width and 

height values reported here are inclusive of the sheath thickness. A close review on the 

measurement results reflects that the broadening of the ribbon width and height was a 

consequence of the presence of approximately 5 nm-thick amorphous oxide layer 

surrounding the Si core. 

Table 3.2: Average dimensions of as-fabricated Si nanoribbons. 

Nanoribbon 

convention  

(b, h) 

Average outer 

width, B (nm) 

Average outer 

height, H (nm) 

Aspect ratio 

(B/H) 

Average 

thickness of 

oxide layer (nm) 

(40, 30) 48.1 ± 0.8 

40.6 ± 0.3 

1.19 

5.1 ± 0.3 

(60, 30) 68.2 ± 1.4 1.68 

(80, 30) 88.46± 1.5 2.18 

(100, 30) 109.6 ± 1.0 2.70 

(200, 30) 208.0 ± 1.9 5.12 
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Figure 3.4: Schematic illustration of a cross–section of our as-fabricated Si 

nanoribbon having core-sheath structure. Shaded region refers to the Si core, which is 

surrounded by a thin layer of SiO2 sheath. 

3.1.1 Effect of core-sheath structure on the ribbon bending stiffness 

Since cross-sectional examination of the as-fabricated Si nanoribbons revealed 

a composite coaxial structure, the buckling properties of the ribbon should be accounted 

for the presence of the amorphous oxide layer surrounding the ribbon core. The 

classical mechanics theory of compound materials38,40,42 outlines the effective modulus 

of the ribbon as follows  

  𝐸𝑒𝑓𝑓𝐼 = 𝐸𝑐𝐼𝑐 + 𝐸𝑠𝐼𝑠 (3.1) 

where E denotes the Young’s modulus, I is the area moment of inertia and subscript c 

and s refers to the Si core and SiO2 sheath, respectively. For a rectangular cross-section, 

the area moment of inertia with respect to the y-axis is given as 𝐼 = 𝐵3𝐻 12⁄ , Ic and Is 

therefore take the following forms 

 
𝐼𝑐 =

𝑏3ℎ

12
 , 

(3.2) 

 
𝐼𝑠 =

𝐵3𝐻 − 𝑏3ℎ

12
 . 

(3.3) 

Re-arranging Eq. (3.1) gives  

  𝐸𝑒𝑓𝑓 = 𝛼1𝐸𝑐 + (1 − 𝛼1)𝐸𝑠 (3.4) 

 

b 

B 

h H 
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where 

 

  𝛼1 =
𝑏3ℎ

𝐵3𝐻
 . 

(3.5) 

Therefore, for an in-plane buckling, effective modulus of the ribbons would the 

take form depicted in Eq. 3.4. Meanwhile, ribbons buckled in a 3D coiled-like structure 

have effective modulus as denoted in Eq. (3.6) for the area moment of inertia with 

respect to the x-axis is given as 𝐼 = 𝐵𝐻3 12⁄ . 

     𝐸𝑒𝑓𝑓 = 𝛼2𝐸𝑐 + (1 − 𝛼2)𝐸𝑠 (3.6) 

where 

 

  𝛼2 =
𝑏ℎ3

𝐵𝐻3
 . 

(3.7) 

In the following sections, effective modulus are being used instead, to assess the 

buckling behavior of the Si nanoribbons having core-sheath structure.  

 

3.2 Buckling of Si nanoribbons as a function of ribbon aspect ratio 

Mechanical buckling of Si nanoribbons was evaluated based on the resulting 

buckling profile, i.e. buckling mode, wavelength and amplitude. As reviewed in section 

1.5, the ribbons could possibly buckled into in-plane or out-of-plane mode, depending 

on the geometrical parameters and adhesion properties. In that sense, the selected 

measurement method should be capable of acquiring all buckling outcomes. While 

optical microscope (OM) served as the primary measurement method, comparison was 

also made with atomic force microscope (AFM) and laser scanning confocal 

microscope (LSCM) to study the buckling profile of in-plane- and out-of-plane-buckled 

ribbons, respectively. It is noted that, between buckling wavelength and amplitude, the 

wavelength information is considered as a more important output than the amplitude 

because the wavelength depends less strongly on the pre-strain amount and residual 
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surface roughness of the PDMS substrate, and can therefore be measured with greater 

accuracy.14 With that thought in mind, emphasis of the following sections is 

concentrated on the results of buckling mode and wavelength only.  

 

3.2.1 Measurement techniques of buckling wavelength  

As the ribbons buckled upon the release of pre-strain, the buckling profile was 

first observed using optical microscope to determine the buckling mode and 

wavelength. Meanwhile, in order to verify the accuracy of the wavelength 

measurements using OM, AFM or LSCM was used subsequently. The fact is that, the 

accuracy of the measurements depends on the spatial resolution of instrument used. It 

is known AFM has better spatial resolution than that of OM owing to its nano-sized 

dimension of the stylus tip, whilst LSCM has a lateral resolution of at least 3.5 times 

better than that of OM; both AFM and LSCM are therefore capable of providing the 

most accurate wavelength measurement. However, while the measurement accuracy is 

indisputable, these two techniques are complicated and laborious, making OM 

measurement a favorable one if the measurement error becomes negligible.  

A comparison of wavelength and amplitude measurements between OM and 

AFM techniques on an in-plane-buckled Si nanoribbon (as illustrated in Figure 3.6) is 

tabulated in Table 3.3. With a measurement error observed at below 1%, it appears that 

the measurements performed using OM is acceptable in this context. With this regard, 

all measurements on in-plane buckled ribbons reported in the subsequent sections are 

based on OM technique.  
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Figure 3.6: Optical microscope imaging of buckling profile of an in-plane-buckled Si 

nanoribbon on a PDMS substrate (a) prior to and (b) upon release of the pre-strain; (c) 

atomic force microscope scanning of the buckled ribbon in (b). The arrow in (a) 

shows the direction of pre-strain application.  

Table 3.3: Comparison of wavelength and amplitude measurements of an in-plane-

buckled Si nanoribbon using optical and atomic force microscope.  

Measurements AFM (µm) OM (µm) Difference (µm) Error (%) 

Wavelength, λ 2.881 2.86 0.021 0.73 

Amplitude, a 1.001 1.01 0.009 0.90 

 

As for out-of-plane-buckled ribbons, measurement using AFM is not feasible 

as the contact between stylus and specimen may result in the collapse of the free-

standing ribbons. Thus, a non-destructive alternative of characterizing the buckling 

profile of an out-of-plane-buckled ribbon is to employ a laser scanning confocal 

microscope (LSCM). Not only can LSCM resolves smaller detail than a conventional 

OM, it also allows one to acquire a 3D image for visualization, manipulation and 

measurement purposes. Figure 3.7 shows a ribbon buckling out-of-plane observed 

using OM and LSCM. A comparison of wavelength and amplitude measurements 

between these two techniques is depicted in Table 3.4. Similar to the previous finding, 

the measurement error found between OM and LSCM technique is so trivial that OM 

measurement fits our purpose. Meanwhile, it is noted that amplitude measurement is 

not reported using OM as it only produces a 2D image.   

 10 µm 

 

 2.5 µm 

 

 10 µm 

 

(a)  (b)  (c)  
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Figure 3.7: Optical microscope imaging of buckling profile of a Si nanoribbon 

buckling out-of-plane on a PDMS substrate (a) prior to and (b) upon release of the 

pre-strain; (c) laser scanning confocal microscope scanning of the buckled ribbon in 

(b). The arrow in (a) shows the direction of pre-strain application.  

Table 3.4: Comparison of wavelength and amplitude measurements of an out-of-

plane-buckled Si nanoribbon using optical and laser scanning confocal microscope.  

Measurements CLSM (µm) OM (µm) Difference (µm) Error (%) 

Wavelength, λ 5.529 5.51 0.019 0.34 

Amplitude, a 2.816 N.A. N.A. N.A. 

 

Even though LSCM could provide amplitude measurement from the acquired 

3D image, the accuracy of the measurement becomes questionable when an 

inhomogeneous structure (i.e. composed of materials with different refractive index, RI 

or η) is being examined. Refractive index differences between various material 

structures can cause the incident ray to deviate from its original path, producing 

defocusing errors.66 According to the literatures, refractive index for PDMS and Si are 

1.422067 and 5.4453 at 405 nm laser wavelength (i.e. the type of laser used in our 

LSCM), respectively. In this case, in order to establish that the amplitude measurement 

obtained from LSCM is accurate, one needs to deduce the actual value by taking into 

account of the change of ray reflection travelling through mediums of different 

refractive index. Such a pertinent expression was proposed by Sung et al. whereby the 

 10 µm 

 

 10 µm 

 

(a)  (b)  (c)  

 5 µm 
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film thickness of a thermoset coating on a silicon substrate could be precisely 

determined using LSCM and the results were in good agreement with measurements 

retrieved from SEM and interference microscopy (IM).68 Nevertheless, since amplitude 

is not a significant buckling outcome in this work, it will not be discussed further in this 

dissertation.  

 

3.2.2 Buckling wavelength as a function of ribbon aspect ratio 

With the use of optical microscope, the buckling wavelength of the ribbons on 

the substrate upon the release of 100% pre-strain were observed. Based on Figure 3.8, 

the buckling wavelength of the ribbons on a pristine substrate increased with the width 

of the ribbons. All ribbons had similar thickness of 28.66 ± 0.24 nm with a sheath layer 

of 4.88 ± 0.38 nm-thick oxide surrounding them. Variations of Young’s moduli and 

area moment of inertia of the ribbons with respect to the dimensions are accounted for 

the change in the buckling wavelength. The three-point bending test results reported by 

our collaborator pointed out that the Si nanoribbon Young’s moduli increases ~6% from 

the 49 nm-wide ribbons to that of the 207 nm-wide one.61 Additionally, since our 

ribbons adopted a core-sheath morphology, the effective Young’s moduli of the ribbons 

takes the form as expressed in Eq. (3.1). With the dimensional information provided in 

section 3.1, one could easily deduce that the area moment of inertia of the ribbon 

increases as the ribbon width becomes larger, so does the effective Young’s moduli. 

Larger area moment of inertia implies greater resistance to buckling, resulting in greater  
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Figure 3.8: Buckling wavelength of Si nanoribbons as a function of ribbon width. All 

ribbons have a constant thickness of ~ 30 nm (exclusive of an oxide sheath layer of ~5 

nm thick). 

wavelength.69 Hence, the wider ribbons having greater moduli and moment of inertia 

lead to the increase of the buckling wavelength. In fact, the governing equation of the 

beam-on-substrate buckling mechanics developed by the Rogers’s group reflects that 

the buckling wavelength of the beam is proportional to its modulus and area moment 

of inertia12,14,15, as expressed as follows 

      
𝜆 ∝ 2𝜋 (

𝐸𝑏𝐼𝑏

�̅�𝑠

)
1/4

 . 
(3.8) 

On the other hand, wavelength measurement of the 200 nm-wide ribbons was 

not possible because only one buckle was formed during the deformation (as shown in 

Figure 3.9e). Based on the theory of area moment of inertia70, the wider ribbons having 

larger area moment of inertia possess greater resistance to buckling. This is true as half 

of the ribbons tested did not buckle upon the release of pre-strain during the experiment. 

According to the analytical solution proposed by other researchers12,14,15,18, a rough 

estimation on the buckling wavelength shows a value of approximately 4 µm, thus a 

minimum total length of 37 µm (inclusive of the edge-effect length due to the edge 

boundary condition71) is needed to observe the formation of two peaks during 
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deformation. With the existing length constrained at 28 µm, the buckling deformation 

of the 200 nm-wide ribbons appeared to be considerably demanding.    

On the other hand, the standard deviation observed on the measured buckling 

wavelength is significant due to the ribbon transfer method employed in this work. 

Unlike the previous work where the nanostructures were mainly contact-printed onto 

the substrate surface12,14,44, we used a sharp probe attached on the micromanipulator to 

transfer individual ribbons onto the pre-strained PDMS substrate surface. Even though 

we had taken several precautionary steps (i.e. used probe to roll along the ribbon surface 

and applied a weight block after the transfer) to ensure that the ribbons were laid flat 

on the substrate surface, it was possible that the ribbons could have been placed at an 

inclined angle from the substrate surface, resulting in the change of its area moment of 

inertia. Area moment of inertia of a ribbon tilted at an incline angle α takes the form 

below  

      
𝐼𝑥 =

𝐵𝐻

12
(𝐵2cos2𝛼 + 𝐻2sin2𝛼) . 

(3.9) 

 

 

 

 

 

 

Figure 3.8: Schematic illustration of a ribbon having a rectangular cross-section being 

tilted at a specified angle α from the substrate surface. 

According to Eq. 3.9, an increase in the incline angle α leads to an increase in 

the area moment of inertia of the ribbon, which ultimately causes the buckling 

wavelength to rise. For the same incline angle, its effect on ribbons with greater aspect 
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ratio is more prevalent. For instances, at an incline angle of 10˚, the increase in the 

ribbon buckling wavelength is approximated at 5% and 20% for ribbons having width 

of 60 nm and 100 nm, respectively. It is noted that this phenomenon only occurs in 

structures having cross-section of unequal area moment of inertia, like rectangular.  

 

3.2.3 Buckling mode as a function of ribbon aspect ratio 

Two categories of buckling mode, in-plane and out-of-plane were observed in 

this work. Examination of the structure of the buckled ribbons was carried out using 

both optical microscope and atomic force microscope. Figure 3.9 displays the influence 

of aspect ratio (B/H) on the buckling mode of the ribbons at 100% pre-strain. Each 

result represents the observation of a minimum of five buckled ribbons.  
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Figure 3.9: Optical images of buckled Si nanoribbons of varying aspect ratio (a) 1.19, 

(b) 1.68, (c) 2.18, (d) 2.70 and (e) 5.12 under 100% pre-strain. Scale bar in (a) is 

applicable to all images. 

A quick glance on the optical images of buckled ribbons shown in Figure 3.9 

indicates that in-plane buckling was prominent on all ribbons except the one with 

greatest aspect ratio of 5.12. However, it is noted that the resolution of the optical 

microscope (Olympus BX51) used is approximated at 250 nm in the lateral dimension 

5 µm 
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and approaching 1.25 µm in the axial dimension when using an objective lens of 100× 

magnification with a numerical aperture of 0.80. It is, therefore, unjustified to determine 

the buckling mode of the ribbons based upon the observation of the optical images. 

Instead, tapping mode atomic force microscopy technique was employed to trace the 

topography of the buckled ribbons on elastomeric substrate at near-contact.  

Whilst the dimensional study of the ribbons using TEM revealed that all ribbon 

are of 40.6 ± 0.3 nm thick consistently (inclusive of the oxide sheath layer), the height 

measurement of the ribbons on the elastomeric substrate acquired through the tapping 

mode AFM shown varying average height measurements at different ribbon aspect 

ratios, as depicted in Table 3.5. Inconsistency in height measurement values across all 

ribbon sizes obtained using AFM could be a form of artifact due to the tip-sample 

interaction. On another note, we observed that the ribbon height measured on Si 

substrate is comparable to that of TEM measurement. Even though the AFM height 

measurements performed on the elastomeric substrate are not a true representation of 

the ribbon height, these measurements serves as an important information for 

comparison purpose in the subsequent discussion.  

On a pristine compliant substrate, Si nanoribbons with aspect ratio 1.19 indeed 

exhibited in-plane buckling mode upon the release of 100% pre-strain, as observed in 

optical images. Figure 3.10 (a) provides plane-view AFM image and line cut profile 

along the wavy Si nanoribbons with aspect ratio 1.19. The line cut taken across the 

buckled ribbon shows a step height of magnitude less than 15 nm, which reflects the 

height of a ribbon being laid flat on the substrate surface, as mentioned in Table 3.5. It 

is, this a direct indication of the absence of out-of-plane displacement associated with 

the buckling. The magnified scan across the buckle, as presented in Figure 3.11 (a), 

further attested the presence of in-plane buckling mode associated with ribbons of 
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aspect ratio 1.19 where a line cue profile having a flat top surface is observed, with a 

width measuring about 49 nm, resembling the width of the 40 nm-wide ribbon with a 5 

nm-thick oxide sheath layer.  

Table 3.5: Height measurements of Si nanoribbons laid flat on the PDMS substrate 

surface acquired through tapping mode AFM.  

Nanoribbon convention (b, h) Aspect ratio (B/H) Average height (nm) 

(40, 30) 1.19 19.9 ± 0.8 

(60, 30) 1.68 23.5 ± 1.3 

(80, 30) 2.18 22.7 ± 1.4 

(100, 30) 2.70 32.2 ± 2.8 

(200, 30) 5.12 40.2 ± 3.0 

 

As the aspect ratio increases to 1.68, the ribbons changed the buckling mode 

from in-plane to out-of-plane. Though the step height measured from the buckled 

ribbon (Figure 3.10 b) is similar to that of the flat one (Table 3.5), the line cut at the 

buckle shows an arch profile with a narrow peak width of 37.109 nm (Figure 3.11 b), 

approaching the intrinsic ribbon height. The arch profile is contrasting the trapezoid-

like profile observed at the buckled ribbon with aspect ratio 1.19, where the top surface 

is relatively broad and level. This infers that the ribbons possibly buckled out-of-plabe 

with the ribbons lifted off from the substrate surface at an incline angle, as illustrated 

in Figure 3.12 (a).  
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Figure 3.10: Plane-view AFM images of wavy Si nanoribbons with aspect ratio of (a) 

1.19, (b) 1.68, (c) 2.18 and (d) 2.70. The right panel illustrates the respective 

topographical scan across the line cut of the buckled ribbon.  
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Figure 3.11: Height and width measurements ath the buckle of wavy Si nanoribbons 

with aspect ratio (a) 1.19, (b) 1.68, (c) 2.18 and (d) 2.70. 

Meanwhile, the AFM images of buckled Si nanoribbons with aspect ratio 

beyond 1.68 also reveal out-of-plane buckling mode due to the fact that the step height 

measured along the buckled ribbons approaches a value much greater than the height 

of the respective ribbon (of similar aspect ratio) laid flat on the PDMS substrate. Even 

though the line cuts on the right panel of Figure 3.10 (c-d) characterize a form of in-

Height: 17.767 nm 

Width: 48.828 nm 

Height: 21.182 nm 

Width: 37.109 nm 

Height: 44.168 nm 

Width: 37.109 nm 
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surface topography profile, the step height measurements suggested that the ribbons 

essentially buckled out-of-plane with the ribbons being inclined from the substrate 

surface. Akin to the line cut profile across the buckle of ribbons with aspect ratio 1.68, 

the magnified scans at the buckle ribbons with aspect ratio of 2.18 and 2.70 (Figure 

3.11 c-d) demonstrating a cross-section of an arch further affirmed this speculation. As 

for the ribbons with the largest aspect ratio of 5.12, the buckling mode is apparently 

out-of-plane in which a portion of the buckled ribbon becomes invisible in the optical 

image (Figure 3.9 e) as it is positioned away from the focus plane. This form of out-of-

plane buckling is coined as normal-to-plane while the former one is considered as 

incline-to-plane. Figure 3.12 distinguishes the two forms of out-of-plane buckling mode 

discussed above.  

       

Figure 3.12: Two forms of out-of-plane buckling mode, (a) incline-to-plane buckling 

with an inclined bend at the buckle, (b) normal-to-plane buckling.  

Noting that buckling would occur with respect to the direction having the least 

area moment of inertia17, for a structure having rectangular cross-section like ribbon, 

the area moment of inertia with respect to the lateral axis is lower than that of the 

horizontal axis. More specifically, the area moment of inertia for out-of-plane buckling 

mode is more favorable than its counterpart. Based on the results, it appears that a 

critical value of aspect ratio existed, below (above) which in-plane (out-of-plane) 

(a) (b) 
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buckling is favorable. In this work, the critical aspect ratio value is expected to range 

around B/H ≈ 1.19, which is in close proximity to the value found in the literature. Duan 

et al. reported that both their analytical solution and FEA models exemplify that the 

transition of the buckling modes occurs at B/H ≈ 1.15 for a stiff layer of rectangular 

cross-section when  Ēs / Eb  = 1.9 × 10−5 (i.e. Eb  = 140 GPa, Es = 2 MPa).35,43 Literature 

shows that in-plane buckling mode is favorable over its counterpart at B/H < 1.15 due 

to smaller critical buckling strain involved, and vice versa. A glimpse into the analytical 

solution for a rectangular structure having core-sheath morphology (detailed in Chapter 

4) indicates that the critical buckling mode transition point for our materials system (in 

the range of �̅�𝑠/𝐸𝑏= 2.47 to 2.65×10-5) indeed follows B/H ≈ 1.14. Thus, it is reasonable 

to expect ribbons with aspect ratio 1.119 buckle in-plane based on the close proximity 

to the analytical transition point 1.14.  

On the other hand, the same group of researchers reported that incline-to-plane 

buckling is a transitional phase form in-plane to normal-to-plane buckling.43 It is 

highlighted that structures having trapezoid cross-section with aspect ratio (B/H) 

between 1.54 and 2.38 are susceptible to incline-to-plane buckling upon the release of 

substrate pre-strain due to the asymmetrical characteristic of the structure. Additionally, 

the inclination of the buckled structure with respect to the normal direction of the 

substrate surface increases with the amount of pre-strain applied. It is reported that at 

�̅�𝑠/𝐸𝑏= 3.3×10-4,  structure with a trapezoid cross-section (having interior angles of 65˚ 

and 55˚) buckles out-of-plane at an incline angle of approximately 27˚ from the normal 

direction of the substrate surface upon the relaxation of 4% pre-strain.43 It appears that, 

in our work, ribbons with aspect ratio between 1.68 and 2.70 buckled incline-to-plane 

with an exceptionally large incline angle, most likely as a result of the application of 

100% pre-strain and asymmetrical feature of the ribbons. The amount of pre-strain 
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reported in the literature (refer to Table 1.1) is typically limited to the linear elastic 

regime of the compliant substrate i.e. below 40%, as compared to 100% of pre-strain in 

this work. Moreover, though the lithography-patterned Si nanoribbons are reported to 

be of absolute rectangular cross-section72, the thickness of native oxide sheath layer 

surrounding  Si core is not totally uniform, rendering the irregularity structure of the 

ribbons. These two factors are speculated to contribute to formation of incline-to-plane 

buckling mode of ribbons with aspect ratios ranging from 1.68 to 2.70. Additionally, 

within this regime 1.68 ≤ B/H ≤ 2.70, we postulated that the following experimental 

conditions could frustrate the out-of-plane buckling mode, leading to the incline-to-

plane buckling mode with an excessively large incline angle: (i) misalignment of 

ribbons from axial loading direction, and (ii) ribbons were not laid perfectly flat on 

substrate surface, which could result in poor interfacial adhesion and causes slippage. 

However, further investigation using FEA is warranted to understand the relation of 

aspect ratios on the ribbon buckling behavior under exceptionally large pre-strain.  

Nonetheless, the buckling mode of ribbons with greatest aspect ratio 5.12 is 

absolutely normal-to-plane, regardless of the influence of symmetrical, pre-strain and 

alignment. Without any means of enhancing the interfacial properties, the buckling of 

these wide ribbons could be partially impossible and partially out-of-plane. Inability of 

the ribbon to buckle under the applied compressive strain implies that low friction force 

between the ribbons and substrate caused slippage. Therefore, the following section 

introduces the use of ultra-violet/ozone (UVO) surface treatment to improve the 

interfacial adhesion between the ribbons and substrate.  
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3.3 Effect of surface treatment on buckling of Si nanoribbons   

As noted earlier, the surface treatment of the PDMS substrate by UVO prior to 

its contact with the Si nanoribbons is critical for the formation of a strong adhesive 

bond between the two constituents. With the increase of polar silanol groups (─Si─OH) 

at the expense of nonpolar methyl groups (─CH3) during the UVO treatment, the treated 

PDMS surface becomes highly hydrophilic and capable of reacting with various 

inorganic surfaces to form strong siloxane (Si─O─Si) bonds through a condensation 

reaction.  

 

3.3.1 Effect of aging on wettability of treated substrate  

However, we found that the contact between the substrate and nanoribbons must 

be made promptly as the modifications induced by the UVO treatment are unstable due 

to hydrophobic recovery effect (as discussed in section 1.5.4), and their decay serves to 

limit the adhesive bond strength. As such, the water contact angle measurements was 

used to determine the surface treatment decay rate as the change of water contact angle 

is directly related to the concentration of surface hydrophilic functional groups. The 

contact angle measurement was performed immediately after 5 min of the intended 

treatment duration and followed by every subsequent 10 min. The measurement was 

not carried out immediately after the UVO treatment (i.e. at aging time of 0 min) due 

to experimental limitations. Figure 3.13 plotted the water contact angle as a function of 

UVO treatment aging time after 90 s and 150 s of treatment duration.  

The contact angle of the pristine PDMS substrate (prepared from a mixture of 

base and curing agent at a ratio of 10:1 ratio and cured at RT for 48 hr) was measured 

at 120.56 ± 1.57˚, which is in accordance to the values reported in the literatures48,49,51.  
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Figure 3.13: Water contact angle as a function of UVO treatment aging time at (a) 90 

s and (b) 150 s treatment duration. The red dotted line indicates that water contact 

angle of pristine PDMS surface.  

At the aging time of 5 min, the contact angle of the UVO-treated substrates was 

approximated at 117˚ for both 90 s and 150 s treatment duration. Decrease of contact 

angle implies an improvement on the surface wettability of the treated substrate due to 

the presence of surface hydrophilic functional groups, and thus the interfacial properties 

between the substrate and ribbon could be enhanced through the formation of chemical 

bonding (i.e. siloxane bonds), as explained in section 1.5.3. This observation also 
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confirms that UVO treatment is an aggressive one, such that the substrate surface could 

be modified within a short exposure time. However, it must be noted that this form of 

surface modification effect is only temporary and can be lost with time, in addition to 

limited occurrence at the surface and near-surface regions of the PDMS but not the 

bulk.46,48,49,73  

While the 90 s-treated substrate demonstrated contact angle of 115.5 ± 0.56˚ at 

15 min of aging time following UVO exposure, a high 120.1 ± 0.87˚ was observed for 

that of 150 s-treated substrate and further aging caused deterioration of the surface 

hydrophilicity of the substrate. In fact, the water contact angle exhibited increasing 

trend as the post-treatment time elapsed gradually. Increased contact angle is indicative 

of reduction of surface hydrophilic groups on the substrate, and it was therefore 

evidenced that hydrophobic recovery took place on the UVO-treated substrates over 

time. It has been established that the hydrophobic recovery is due to the migration of 

lower molecular weight (LMW) species escaping from the bulk to the surface.47,48,59,60 

In order to warrant good adhesion at the interface, the transfer of Si nanoribbon 

onto the substrate surface must be accomplished within 15 min following the UVO 

exposure, regardless of the treatment duration. According to Figure 3.13, the contact 

angle of the treated substrate has nearly regained the wettability of the pristine PDMS 

at the aging duration of 15 min, suggesting that the surface hydrophobic recovery of 

the PDMS has become pronounced, and with that said the chemical bonding between 

the two constituents would be unlikely to take place beyond that point. Meanwhile, 

knowing that the formation of siloxane bonds is not immediate upon contact, ribbon 

alignment error could be corrected and the bonding was allowed to take place for 

approximately 10 min thereafter.       
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3.3.2 Buckling wavelength as a function of surface treatment  

The effect of UVO surface treatment duration on the buckling wavelength is 

also elucidated in Figure 3.14. A better representation of the treatment effect on the 

wavelength for each group of ribbons is individually presented in Figure 3.15. 

Generally, there exists an overall trend of lower buckling wavelength for a longer 

treatment duration, and the decrease in the wavelength can be attributed to the change 

of the surface properties of the UVO-treated substrate.  

UVO surface treatment is a form of photosensitized oxidation process and its 

treatment on PDMS has been widely studied, and thus the mechanism of surface 

modification is also well-established.45-47,50,54,56,63,73 Several literature have 

demonstrated that the UVO surface treatment resulted in the enhancement of the PDMS 

surface modulus due to the formation of a continuous thin silica-like layer (SiOx) on 

the treated surface, as supported by X-ray photoelectron spectroscopy (XPS) 

studies46,54,74. During the treatment, the UV irradiation at 185 nm converts the 

atmospheric molecular oxygen to ozone and the subsequent UV irradiation at 254 nm 

further transforms the ozone into atomic oxygen.46,63,73 Atomic oxygen later reacts with 

surface polymer chains to remove the methyl (─CH3) groups with concurrent formation 

of silanol (─Si─OH) groups. Consequently, this leads to the surface properties of the 

polymer approaching that of the silicon oxide over time.45-47,50,54,56,63,73 

Owing to the increase of substrate surface modulus with the treatment 

duration54,63, the buckling wavelength of a specified size group of the Si nanoribbons 

decreased in the similar fashion, as suggested by Eq. (3.8). While there existed a general 

trend of lower buckling wavelength for a longer treatment duration, the reduction 

seemed to be insignificant. This is because the change of substrate modulus was only 

limited to the surface regime within tens of nanometers47,50,54, rendering the substrate  
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Figure 3.14: Influence of UVO treatment duration on the buckling wavelength of Si 

nanoribbons having various aspect ratios. The ribbons are denoted as (B, H) where B 

is the width and H is the thickness.   

  

  
 

Figure 3.15: Influence of UVO treatment duration on the buckling wavelength of Si 

nanoribbons of constant thickness of 30 nm but different width of (a) 40 nm, (b) 60 

nm, (c) 80 nm and (d) 100 nm. 
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bulk modulus unaffected. Xu et al. also reported the similar phenomenon such that the 

buckling wavelength of silicon nanowires remains almost unchanged with increase of 

the UVO treatment time, but buckling mode does vary.44 As such, the effect of UVO 

treatment on the ribbon buckling wavelength was negligible in this context while its 

effect on buckling mode would be nontrivial.   

 

3.3.3 Buckling mode as a function of surface treatment  

As discussed in section 3.2.3, there are three variants of buckling mode observed 

in this work. While ribbons with aspect ratio 1.19 buckled in-plane, ribbons with greater 

aspect ratios buckled out-of-plane where incline- and normal-to-plane buckling were 

perceived on ribbons having aspect ratio 1.68 ≤ B/H ≤ 2.70 and B/H > 2.70, 

respectively. Despite the geometrical effect, several literature suggested that the 

buckling mode is also a function of the interfacial adhesion between the two 

constituents.17,44,58 Adhesion at the ribbon/substrate interface can be controlled through 

the surface properties of the substrate. In this work, modification of the surface 

properties of the substrate was performed through ultra-violet/ozone (UVO) treatment 

with varying treatment duration. As discussed earlier, increase of substrate surface 

wettability following the treatment infers that the substrate surface was masked with 

highly polar chemical moieties, namely silanol (─Si─OH), which warrants enhanced 

interfacial adhesion between substrate and ribbon in contact.  

Through condensation, silanol groups on the oxidized PDMS surface interacted 

with oxide sheath layer on the silicon nanoribbon to form strong covalent chemical 

bonds (i.e. siloxane bonds, ─Si─O─Si─), on top of the existing weak van der Waals 

force upon contact at room temperature.45,55,56 These chemical bonds were so strong 

that any attempts to remove the ribbons from the oxidized PDMS surface resulted in 
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fracture of the ribbons during manipulation. Similar phenomenon has also been 

observed by Sun and Rogers whereby removal of Si ribbons from UVO-treated PDMS 

surface caused cohesive mechanical failure of the substrate instead of adhesive rupture 

at the interface.45 In fact, Qin and Zhu characterized the static friction force between Si 

nanowires and PDMS substrate and found that the friction force rose approximately 

three-fold when the substrate was UVO-treated for a short 5 minutes.52  

Table 3.6 summarizes the effect of UVO surface treatment duration on the 

buckling mode of Si nanoribbons of variable aspect ratios and the respective optical 

images are supplemented in Figure 3.16. Broadly, the buckling mode of the ribbons 

have not considerably changed with respect to the effect of substrate surface treatment. 

For ribbons of ribbons with aspect ratio between 1.19 and 2.18, UVO treatment did not 

lead to any modification in the inherent buckling mode. However, the effect of substrate 

surface treatment was apparent on ribbons with greater aspect ratios of 2.70 and 5.12. 

When the UVO treatment duration increased to 150 s, both variants of out-of-plane 

buckling mode were observed on ribbons with aspect ratio 2.70, with majority still 

retained the incline-to-plane buckling mode. Meanwhile, it is interesting to note that 

ribbons with largest aspect ratio 5.12 were all able to buckle in the normal-to-plane 

mode when UVO treatment was applied to the substrate. These two phenomena imply 

that UVO treatment is indeed an effective method to enhance the interfacial adhesion, 

such that normal-to-plane buckling mode becomes more likely; however, it is also 

acknowledged that the interfacial contact area is another paramount factor in 

determining the adhesion properties.   

Based on the literatures, transition of the buckling mode from 2D in-plane wavy 

buckling to 3D coil-like buckling have been observed by Xu et al. on a SiNW-PDMS 

system by means of regulating the UVO treatment duration of the pre-strained PDMS  
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Table 3.6: Effect of treatment duration on the buckling mode of Si nanoribbons of 

various aspect ratios under 100% pre-strain. 

 Ribbon aspect ratio (B/H) 

Nanoribbon convention (width B, height H) 

Treatment 

duration (s) 

B/H = 1.19 

(40, 30) 

B/H = 1.68 

(60, 30) 

B/H = 2.18 

(80, 30) 

B/H = 2.70 

(100, 30) 

B/H = 5.12 

(200, 30) 

0 In-plane 
Incline-to-

plane 

Incline-to-

plane 

Incline-to-

plane 

None or 

 Normal-to-

plane 

90 In-plane 
Incline-to-

plane 

Incline-to-

plane 

 Incline-to-

plane 

Normal-to-

plane 

150 In-plane 
Incline-to-

plane 

Incline-to-

plane 

 Incline-* or 

Normal-to-

plane 

Normal-to-

plane 

*Note: Buckling mode which is more dominant, with 61.5% probability based on 

thirteen sets of test. 

 

susbtrates.44 Silicon nanowires having diameter of 30 ± 5 nm were found to transform 

from in-plane buckling to helical coil buckling as the UVO treatment time increased 

from 0 to 8 min. The later FEM studies suggested that partial debonding is the reason 

for the buckling mode transition.58 It is also worth-noting that helical buckling is, in 

practice, most likely to appear on structures with equal moment of inertia in all 

directons, e.g. circular or hexagon cross-section.17 As such, this explains our condition 

whereby transformation of in-plane to out-of-plane buckling mode has not been 

encountered throughout the course of this work.  

Nevertheless, it is interesting to note the effect of UVO treatment on the 

buckling profile of the ribbons observed using tapping mode AFM. We noticed that the 

surface condition of the substrate which was in contact with the ribbons changed as the 

UVO treatment duration increased to 150 s. Based on Figure 3.17, the substrate region 

underneath the ribbon peaks/valleys are found to appear darker than other regions. It is 

known that AFM images are typically color-coded by surface topographic features, 

with dark colors code for low-lying regions and bright colors represent higher elevation. 
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Thus, it is apparent that those dark regions corresponded to surface depression on the 

substrate, which is observed in the corresponding 3D surface plot images on the right 

panel of Figure 3.17. In addition, the peaks/valleys of the buckled ribbons are also seen 

to appear brighter in the plane-view images, suggesting that the particular regions were 

slightly rose to higher elevation than the rest. These findings signify improved contact 

between ribbon and substrate as a result of substrate surface treatment. It is noted that 

such features are only found in substrate treated for 150 s. 
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B/H tuvo = 0 s tuvo = 90 s tuvo = 150 s tuvo = 150 s 
  

   

1.19 

     

1.68 

   

2.18 

   

2.70 

    

5.12 

   

Figure 3.16: Buckling mode of Si nanoribbons of different aspect ratio (B/H) as a 

function of UVO treatment duration tuvo. While all ribbons demonstrated a single 

buckling mode for the specified treatment duration, ribbons of B/H = 2.70 buckled in 

two modes, (l) in-plane as well as (m) out-of-plane at tuvo = 150 s. Scale bar in (a) is 

applicable to all images.    
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Figure 3.17: Plane-view AFM images of wavy Si nanoribbons with aspect ratio of (a) 

1.19, (b) 1.68, (c) 2.18 and (d) 2.70 on 150 s-treated PDMS substrate. The right panel 

illustrates the respective 3D surface plot of the buckled ribbon.    
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CHAPTER 4: MECHANICS OF BUCKLED NANORIBBON ON A COMPLIANT 

SUBSTRATE 

The buckling mechanics of a stiff nanostructure on a flexible substrate has been 

extensively studied by several research groups12-17,35,43,58 and the underlying physics is 

well-described using the least energy principle. Regardless of the buckling mode, the 

total energy of the buckling system consists of three main components, namely the 

bending energy of the nanoribbon due to buckling Ub, membrane energy of the 

nanoribbon Um, and strain energy of the compliant substrate Us. In order to distinguish 

the two buckling modes, subscript 1 and 2 are used to refer to the in-plane and out-of-

plane deformation, respectively. In this chapter, the total system energies of the two 

variants are discussed thoroughly in the following sections in reference to the 

literature12-17,35,43,58. 

 

4.1 In-plane buckling mechanism 

4.1.1 Nanoribbon 

In the theoretical model, the nanoribbon is regarded as a stiff beam having a 

rectangular cross-sectional area A, Young’s modulus Eb and moment of inertia Ib. The 

bending and tension stiffness of the beam on the surface of the compliant substrate are 

denoted by EbIb and EbA, respectively. Based on experimental observation, the Si 

nanoribbons (SiNR) buckle in a sinusoidal form and the lateral deflection can be 

described as 𝜐 = 𝑎 cos 𝑘𝑥 where the coordinate 𝑥 refers to the axial direction of the 
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SiNR, 𝑎 is the buckling amplitude and 𝑘 is the wavevector. The wavevector 𝑘 is related 

to the buckling wavelength 𝜆 by 𝑘 = 2𝜋 𝜆⁄ .  

For in-plane buckling system with the in-plane (lateral) deflection denoted 

as 𝜐1 = 𝑎1 cos 𝑘1𝑥, the bending energy (per unit wavelength) in the beam is  

 
𝑈𝑏1 =

𝑘1

2𝜋
∫

1

2
𝐸𝑏𝐼𝑏1(𝜐1")

2𝑑𝑥
2𝜋 𝑘1⁄

0

=
𝐸𝑏𝐼𝑏1

4
𝑘1

4𝑎1
2 . 

(4.1) 

Since the SiNR has a rectangular cross-section, area moment of inertia takes 𝐼𝑏1 =

𝐵3𝐻 12⁄ . The membrane strain in the beam is expressed in terms of axial displacement 

u and lateral deflection 𝜐 by 

 𝜀𝑚 = 𝑢′ + (𝜐′)2 2⁄  . 
(4.2) 

Due to the fact that the Young’s modulus of the beam (i.e. ~170 GPa for SiNR) is much 

greater than that of the substrate (i.e. ~2 MPa for PDMS), the shear stress at the 

beam/substrate interface becomes negligible75, leading to a constant membrane force 

(and therefore, constant membrane strain 𝜀𝑚) in the buckled beam. Hence,  

 𝑑𝜀𝑚

𝑑𝑥
=

𝑑2𝑢

𝑑𝑥2
+

𝑑𝜐

𝑑𝑥

𝑑2𝜐

𝑑𝑥2
= 0 . (4.3) 

Substituting the in-plane deflection of the beam into the Eq. (4.3) gives the axial 

displacement 

 
𝑢1 = 

𝑘1𝑎1
2 sin(2𝑘1𝑥)

8
− 𝜀𝑝𝑟𝑒𝑥 , (4.4) 

where −𝜀𝑝𝑟𝑒 is the compressive strain in the beam due to the relaxation of pre-strain 

applied to the substrate. The membrane strain for in-plane buckling system is, thus, 

expressed as 

 
𝜀𝑚1 =

𝑘1
2𝑎1

2

4
− 𝜀𝑝𝑟𝑒 . (4.5) 
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The membrane energy (per unit wavelength) in the beam is  

 
𝑈𝑚1 =

𝑘1

2𝜋
∫

1

2
𝐸𝑏𝐴𝜀𝑚1

2 𝑑𝑥 =
𝐸𝑏𝐴

2
(
𝑘1

2𝑎1
2

4
− 𝜀𝑝𝑟𝑒)

2

 
2𝜋 𝑘1⁄

0

. 
(4.6) 

 

The linear elastic constitutive models gives the axial force  

 𝐹 = 𝐸𝑏𝐴𝜀𝑚1 . (4.7) 

Based on the beam theory, the lateral force (per unit wavelength) on the beam due to 

buckling can be derived from the in-plane deflection 𝜐1 and axial force 𝐹 of the beam 

as 

 
𝑇1 = 𝐸𝑏𝐼𝑏1

𝑑4𝜐1 

𝑑𝑥4
− 𝐹

𝑑2𝜐1 

𝑑𝑥2
= −𝑃1 cos 𝑘1𝑥 , (4.8) 

where 

 
𝑃1 = −𝐸𝑏𝐼𝑏1𝑎1𝑘1

4 − 𝐸𝑏𝐴𝑎1𝑘1
2 (

𝑘1
2𝑎1

2

4
− 𝜀𝑝𝑟𝑒) . 

(4.9) 

 

4.1.2 Substrate 

The compliant substrate is modeled as a semi-infinite solid because its thickness 

(~2 mm) is several orders of magnitude larger than the buckling wavelength of the 

beam. Let Es denote Young’s modulus of the poly(dimethylsiloxane) (PDMS) substrate 

and 𝜈𝑠 as its Poisson’s ratio (𝜈𝑠 ≈ 0.5). While the substrate surface is traction-free, the 

region underneath the beam, with a width of B along the x direction, is subjected to 

lateral stress traction as a result of beam buckling. The lateral stress traction in this 

region is the average of the lateral force 𝑃1 cos 𝑘1𝑥 over the width, namely 

𝑃1 cos 𝑘1𝑥 𝐵⁄ . Using the Green’s function method, for a point (x, y) on the substrate 
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surface, the lateral displacement (along the y direction) induced by a unit lateral point 

force (also along the y direction) at (𝜉, 𝜓) on the substrate surface is given by  

 
𝜐1 =

(1 − 𝑣𝑠)(𝑥 − 𝜉)2 + (𝑦 − 𝜓)2

𝜋�̅�𝑠(1 − 𝑣𝑠)[(𝑥 − 𝜉)2 + (𝑦 − 𝜓)2]3 2⁄  
 , (4.10) 

where �̅�𝑠 = 𝐸𝑠 (1 − 𝑣𝑠
2)⁄  is the plane-strain modulus of the substrate. The lateral 

displacement (along the y direction) on the surface for the average lateral force 

𝑃1 cos 𝑘1𝑥 𝐵⁄  over the width B can be obtained by integrating the Eq. (4.10) as  

 
𝜐𝑠𝑢𝑏1 =

𝑃1 cos 𝑘1𝑥

𝜋�̅�𝑠(𝐵 2⁄ )
  

 

            ∫
(1 − 𝑣𝑠)𝐾0(𝑘1|𝑦 − 𝜓|) + 𝑣𝑠 𝑘1|𝑦 − 𝜓| 𝐾1(𝑘1|𝑦 − 𝜓|)

 (1 − 𝑣𝑠)

𝐵
2

−
𝐵
2

 𝑑𝜓 , (4.11) 

where K0 and K1 are modified Bessel functions of the second kind. For the buckling 

wavelength larger than the width (𝑘𝐵 2⁄ < 1), the modified Bessel functions can be 

approximated by their asymptotic expansions, 𝐾0(𝑘1|𝑦 − 𝜓|) ≈ − ln(𝑘1|𝑦 − 𝜓| 2⁄ ) −

𝛾 and  𝐾1(𝑘1|𝑦 − 𝜓|) = 1 (𝑘1|𝑦 − 𝜓|)⁄  where γ = 0.577 is Euler’s constant. As such, 

the leading term in the Taylor series expansion in Eq. (4.11) is  

 
𝜐𝑠𝑢𝑏1 =

𝑃1 cos 𝑘1𝑥

𝜋�̅�𝑠(𝐵 2⁄ ) 
 {𝐵 (

1

1 − 𝑣𝑠
− 𝛾 + ln 2) − (

𝐵

2
+ 𝑦) ln (𝑘1 |

𝐵

2
+ 𝑦|)   

 
                  − (

𝐵

2
− 𝑦) ln (𝑘1 |

𝐵

2
− 𝑦|)} . (4.12) 

The strain energy (per unit wavelength) in the substrate can be obtained in terms of the 

lateral stress traction 𝑃1 cos 𝑘1𝑥 𝐵⁄  and surface displacement in the Eq. (4.12) via the 

divergence theorem as  

 
                           𝑈𝑠1 =

𝑘1

2𝜋
∫

1

2
𝜎𝑖𝑗𝜀𝑖𝑗

𝑉

𝑑𝑉  

 

         =
𝑘1

2𝜋
∫ ∫  

1

2

𝑃1 cos 𝑘1𝑥

𝐵

𝐵
2

−𝐵
2

2𝜋
𝑘1

0

𝜐𝑠𝑢𝑏1 𝑑𝑦𝑑𝑥  
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     =

𝑃1
2

4𝜋�̅�𝑠

{
3 − 𝑣𝑠

1 − 𝑣𝑠
− 2𝛾 − 2 ln (

𝑘1𝐵

2
)} . (4.13) 

 

4.1.3 Potential energy 

Therefore, the total potential energy (per unit wavelength) of the in-plane buckling 

system can be obtained as 

     𝑈𝑡𝑜𝑡1 = 𝑈𝑏1 + 𝑈𝑚1 + 𝑈𝑠1  

 

  −
𝑘1

2𝜋
∫ ∫

𝑃1 cos 𝑘1𝑥

𝐵

𝐵
2

−
𝐵
2

2𝜋
𝑘1

0

(𝜐𝑠𝑢𝑏1 − 𝑎1cos 𝑘1𝑥) 𝑑𝑦 𝑑𝑥  

 
= −

𝐸𝑏𝐼𝑏1

4
𝑘1

4𝑎1
2 +

𝐸𝑏𝐴

2
(𝜀𝑝𝑟𝑒 −

𝑘1
2𝑎1

2

4
)(𝜀𝑝𝑟𝑒 +

3 𝑘1
2𝑎1

2

4
)  

 
                    −

𝑃1
2

4𝜋�̅�𝑠

{
3 − 𝑣𝑠

1 − 𝑣𝑠
− 2𝛾 − 2 ln (

𝑘1𝐵

2
)} , (4.14) 

where the last integral term represents the work across the beam/substrate interface. 

The minimization of 𝑈𝑡𝑜𝑡1 with respect to the in-plane buckling amplitude 𝑎1, 

𝜕𝑈𝑡𝑜𝑡1 𝜕𝑎1 = 0⁄ , gives  

 

 𝑎1 = {

2

𝑘1
√𝜀𝑝𝑟𝑒 − 𝜀𝑐1 , 𝜀𝑝𝑟𝑒 > 𝜀𝑐1 ,

0 , 𝜀𝑝𝑟𝑒 ≤ 𝜀𝑐1 ,
 (4.15) 

where 

 

 𝜀𝑐1 =
1

𝐸𝑏𝐴𝑘1
2 {𝐸𝑏𝐼𝑏1𝑘1

4 +
𝜋�̅�𝑠

3 − 𝑣𝑠

1 − 𝑣𝑠
− 2𝛾 − 2 ln (

𝑘1𝐵
2 )

} . (4.16) 

Eq. (4.15) suggests that in-plane buckling occurs only when the pre-strain reaches a 

critical value given by Eq. (4.16) where 𝜀𝑐1 is termed as the in-plane critical buckling 

strain of a stiff beam on a compliant substrate. It is also noted that the buckling 

amplitude increases with the pre-strain.  
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Meanwhile, the minimization of potential energy with respect to the 

wavenumber 𝑘1, 𝜕𝑈𝑡𝑜𝑡1 𝜕𝑘1 = 0⁄ , gives 

 

 (
𝐸𝑏𝐼𝑏1

�̅�𝑠

)
1/4

𝑘1 =

[
 
 
 2𝜋 (

1
1 − 𝑣𝑠

− 𝛾 − ln (
𝑘1𝐵
2 ))

(
3 − 𝑣𝑠

1 − 𝑣𝑠
− 2𝛾 − 2 ln (

𝑘1𝐵
2 ))

2

]
 
 
 
1/4

 . (4.17) 

Substituting the Eq. (4.15) and (4.16) into Eq. (4.14), the total potential energy (per unit 

wavelength) of the in-plane buckling system can be simplified as 

 
     𝑈𝑡𝑜𝑡1 =

1

2
𝐸𝑏𝐴𝜀𝑐1(2𝜀𝑝𝑟𝑒 − 𝜀𝑐1) . (4.18) 

Based on the principle of least energy, buckling mode of the system with lower 

total potential energy is energetically favorable. A close examination on Eq. (4.18) 

shows that the critical buckling strain  𝜀𝑐1 is the defining parameter of the total potential 

energy of a buckled system with constant material properties and amount of pre-strain.35 

 

4.1.4 Approximation of in-plane buckling strain 

Based on the literature12, the right side of Eq. (4.17) takes a constant of 5/7, the 

critical buckling strain for in-plane buckling mode 𝜀𝑐1 is then approximated to 

 

  𝜀𝑐1 =
𝐵2

𝐴
√

�̅�𝑠

𝐸𝑏

√
𝐼𝑏1

𝐵4
   

 

(
1

2
+ 

2𝜋

5 − 2𝛾 − 2 ln
5
7 + 2 ln 2 −

1
2 ln

�̅�𝑠

𝐸𝑏
+

1
2 ln

𝐼𝑏1

𝐵4

) (

(4.19) 

Knowing that, for a beam with rectangular cross-section, the area moment of 

inertia with respect to y-axis is given as 𝐼𝑏1 = 𝐵3𝐻 12⁄ , 𝜀𝑐1 can then be re-written as 
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  𝜀𝑐1 = √
1

12
∙ √

�̅�𝑠

𝐸𝑏
∙ √

𝐵

𝐻
   

 

(
1

2
+ 

2𝜋

5 − 2𝛾 − 2 ln
3
4 +

1
2 ln

4
3 −

1
2 ln

�̅�𝑠

𝐸𝑏
−

1
2 ln

𝐵
𝐻

) (

(4.20) 

 

4.2 Out-of-plane buckling mechanism 

4.2.1 Nanoribbon 

For the out-of-plane buckling system, the derivation of both the bending and 

membrane energy of the nanoribbon remains similar to that of the in-plane buckling 

system. Hence, the bending energy (per unit wavelength) of the beam in the out-of-

plane buckling system is 

 
𝑈𝑏2 =

𝑘2

2𝜋
∫

1

2
𝐸𝑏𝐼𝑏2(𝜐2")

2𝑑𝑥
2𝜋 𝑘2⁄

0

=
𝐸𝑏𝐼𝑏2

4
𝑘2

4𝑎2
2  (4.21) 

and the respective membrane energy (per unit wavelength) takes the following form  

 
𝑈𝑚2 =

𝑘2

2𝜋
∫

1

2
𝐸𝑏𝐴𝜀𝑚2

2 𝑑𝑥 =
𝐸𝑏𝐴

2
(
𝑘2

2𝑎2
2

4
− 𝜀𝑝𝑟𝑒)

2

 
2𝜋 𝑘2⁄

0

. (4.22) 

It is noted that the area moment of inertia takes 𝐼𝑏2 = 𝐵𝐻3 12⁄  in out-of-plane 

direction. 

 

4.2.2 Substrate 

However, the strain energy in the substrate differs from that of the in-plane 

buckling system due to the presence of normal force in the out-of-plane buckling system 

instead of the lateral force. The normal force (per unit wavelength) takes the form of  
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𝑇2 = 𝐸𝑏𝐼𝑏2

𝑑4𝜐2 

𝑑𝑥4
− 𝐹

𝑑2𝜐2 

𝑑𝑥2
= −𝑃2 cos 𝑘2𝑥 , (4.23) 

where 

 
𝑃2 = −𝐸𝑏𝐼𝑏2𝑎2𝑘2

4 − 𝐸𝑏𝐴𝑎2𝑘2
2 (

𝑘2
2𝑎2

2

4
− 𝜀𝑝𝑟𝑒) . (4.24) 

Like the lateral stress traction in the in-plane buckling system, the normal stress traction 

is the average of normal force 𝑃2 cos 𝑘2𝑥 over the width, i.e. 𝑃2 cos 𝑘2𝑥 𝐵⁄ . Owing to 

the presence of the normal force, the Green’s function for a unit normal point force at 

(𝜒, 𝜑) on the substrate surface gives the normal displacement at (x, y) on the surface as  

 
𝜐2 =

1

𝜋�̅�𝑠[(𝑥 − 𝜒)2 + (𝑦 − 𝜑)2]1/2
 . (4.25) 

By integrating the Eq. (4.25), the normal displacement for the normal stress traction 

𝑃2 cos 𝑘2𝑥 𝐵⁄  over the width B can be obtained as  

  

𝜐𝑠𝑢𝑏2 =
𝑃2 cos 𝑘2𝑥

𝜋�̅�𝑠(𝐵 2⁄ ) 
 ∫ 𝐾0(𝑘2|𝑦 − 𝜑|)

𝐵
2

−
𝐵
2

 𝑑𝜑 ,  (4.26) 

where 𝐾0(𝑘2|𝑦 − 𝜑|) is the modified Bessel function of the second kind. As (𝑘𝐵 2⁄ <

1), the leading term in the Taylor series expansion in Eq. (4.26) is  

 
𝜐𝑠𝑢𝑏2 =

𝑃2 cos 𝑘2𝑥

𝜋�̅�𝑠(𝐵 2⁄ ) 
 {𝐵(1 − 𝛾 + ln 2) − (

𝐵

2
+ 𝑦) ln (𝑘2 |

𝐵

2
+ 𝑦|)   

 
                      − (

𝐵

2
− 𝑦) ln (𝑘2 |

𝐵

2
− 𝑦|)} . (4.27) 

The strain energy (per unit wavelength) in the substrate can be obtained via the 

divergence theorem as  

 
                           𝑈𝑠2 =

𝑃2
2

4𝜋�̅�𝑠

{3 − 2𝛾 − 2 ln (
𝑘2𝐵

2
)} . (4.28) 
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4.2.3 Potential energy 

The total potential energy (per unit wavelength) of the out-of-plane buckling 

system can be obtained as 

     𝑈𝑡𝑜𝑡2 = 𝑈𝑏2 + 𝑈𝑚2 + 𝑈𝑠2  

 

     −
𝑘2

2𝜋
∫ ∫

𝑃2 cos 𝑘2𝑥

𝐵

𝐵
2

−
𝐵
2

2𝜋
𝑘2

0

(𝜐𝑠𝑢𝑏2 − 𝑎2cos 𝑘2𝑥) 𝑑𝑦 𝑑𝑥  

 
  = −

𝐸𝑏𝐼𝑏2

4
𝑘2

4𝑎2
2 +

𝐸𝑏𝐴

2
(𝜀𝑝𝑟𝑒 −

𝑘2
2𝑎2

2

4
)(𝜀𝑝𝑟𝑒 +

3 𝑘2
2𝑎2

2

4
)  

 
                    −

𝑃2
2

4𝜋�̅�𝑠

{3 − 2𝛾 − 2 ln (
𝑘2𝐵

2
)} , (4.29) 

where the last integral term represents the work across the beam/substrate interface. 

Minimizing 𝑈𝑡𝑜𝑡2 with respect to the in-plane buckling amplitude 𝑎2, 𝜕𝑈𝑡𝑜𝑡2 𝜕𝑎2 = 0⁄ , 

gives  

 

 𝑎2 = {

2

𝑘2
√𝜀𝑝𝑟𝑒 − 𝜀𝑐2 , 𝜀𝑝𝑟𝑒 > 𝜀𝑐2 ,

0 , 𝜀𝑝𝑟𝑒 ≤ 𝜀𝑐2 ,
 

(4.30) 

where 𝜀𝑐2 is termed as the out-of-plane critical buckling strain  

 

 𝜀𝑐2 =
1

𝐸𝑏𝐴𝑘2
2 {𝐸𝑏𝐼𝑏2𝑘2

4 +
𝜋�̅�𝑠

3 − 2𝛾 − 2 ln (
𝑘2𝐵
2 )

} . 
(4.31) 

Meanwhile, the minimization of potential energy with respect to the wavenumber 𝑘2, 

𝜕𝑈𝑡𝑜𝑡2 𝜕𝑘2 = 0⁄ , gives 

 

 (
𝐸𝑏𝐼𝑏2

�̅�𝑠

)
1/4

𝑘2 = [
2𝜋 (1 − 𝛾 − ln (

𝑘2𝐵
2 ))

(3 − 2𝛾 − 2 ln (
𝑘2𝐵
2 ))

2]

1/4

 . 
(4.32) 

The total potential energy (per unit wavelength) of the out-of-plane buckling system 

can then be simplified as 
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     𝑈𝑡𝑜𝑡2 =

1

2
𝐸𝑏𝐴𝜀𝑐2(2𝜀𝑝𝑟𝑒 − 𝜀𝑐2) . (4.33) 

Similarly, the out-of-plane buckling system shows a dependency on the critical 

buckling strain  𝜀𝑐2 as the determining parameter of its total potential energy. Hence, 

this facilitates the comparison of the total system energies between both in-plane and 

out-of-plane buckling systems by considering only the respective critical buckling 

strain  𝜀𝑐. 

 

4.2.4 Approximation of out-of-plane buckling strain 

Literature15 suggested that the right side of Eq. (4.32) takes a constant of 3/4 

based on the out-of-plane buckling of SWCNT on the elastomeric substrate. It is 

because both logarithmic and one-fourth power functions change very slowly with 

k2B/2, and essentially approaches the constant value. From there, the critical buckling 

strain for out-of-plane buckling mode 𝜀𝑐2 can be approximated to 

 

  𝜀𝑐2 =
𝐵2

𝐴
√

�̅�𝑠

𝐸𝑏

√
𝐼𝑏2

𝐵4
   

 

(
9

16
+

16

9
 

𝜋

3 − 2𝛾 − 2 ln
3
4 + 2 ln 2 −

1
2 ln

�̅�𝑠

𝐸𝑏
+

1
2 ln

𝐼𝑏2

𝐵4

) (

(4.34) 

Knowing that area moment of inertia is 𝐼𝑏2 = 𝐵𝐻3 12⁄  in out-of-plane direction, 𝜀𝑐2 is 

thus expressed as  

 

  𝜀𝑐2 = √
1

12
∙ √

�̅�𝑠

𝐸𝑏
∙ √

𝐻

𝐵
   

 

(
9

16
+

16

9
 

𝜋

3 − 2𝛾 − 2 ln
3
4 +

1
2 ln

4
3 −

1
2 ln

�̅�𝑠

𝐸𝑏
+

3
2 ln

𝐻
𝐵

) (

(4.35) 
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4.3 Competition on buckling mode 

While the principle of least energy entails that the buckling mode of the system 

with a lower total potential energy is energetically favorable, the total potential energy 

is directly proportional to its critical buckling strain. Therefore, a comparison of the 

critical buckling strains for both in-plane and out-of-plane buckling systems is 

necessary. Figure 4.2 illustrates the critical buckling strains for both buckling systems 

as a function of aspect ratio (B/H) and properties ratio (�̅�𝑠/𝐸𝑏) in a form of 3D surface 

plot.  

 

Figure 4.2:  The critical in-plane-/out-of-plane buckling strain of a rectangular cross-

section as a function of aspect ratio (B/H) and properties ratio (�̅�𝑠/𝐸𝑏). 
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Figure 4.3: Critical in-plane-/out-of-plane buckling strain when �̅�𝑠/𝐸𝑏= 2.65×10-5 

(𝐸𝑠= 2 MPa for PDMS substrate, and 𝐸𝑏=101 GPa for effective Young’s modulus of 

(40, 30) Si nanoribbon with core-sheath structure). Transition point occurs at B/H ≈ 

1.138. 

 

Figure 4.4: Critical in-plane-/out-of-plane buckling strain when �̅�𝑠/𝐸𝑏= 2.47×10-5 

(𝐸𝑠= 2 MPa for PDMS substrate, and 𝐸𝑏=108 GPa for effective Young’s modulus of 

(200, 30) Si nanoribbon with core-sheath structure). Transition point occurs at B/H ≈ 

1.137. 
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For clarification purpose, Figure 4.3 and 4.4 show the critical buckling strain 

for a rectangular cross-section when �̅�𝑠/𝐸𝑏= 2.65×10-5 and 2.47×10-5 respectively, 

which are corresponding to Si nanoribbons having width of 40 nm and 200 nm. Based 

on the minimum energy approach, both plots indicate that buckling mode transition 

point occurs at approximately B/H ≈ 1.14. In other word, the analytical solution infers 

that out-of-plane buckling is more energetically favorable when B/H ≥ 1.14, and vice 

versa.  
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CHAPTER 5: FINITE ELEMENT MODELING OF MECHANICAL BUCKLING 

Even though continuum modeling are well-established as powerful tools to 

capture the mechanics of materials, calibration of modeling parameters with precise 

values derived from experiment is also critically important. Experimental approaches 

must be combined with a broad range of materials analytical techniques to yield full 

suite data necessary to elucidate the underlying mechanics-driven phenomenon.76 

Therefore, in this work, we intended to justify the observed buckling phenomenon of 

the individual silicon nanoribbons with finite element analysis (FEA). The 

computational work was divided into two sections where it began with modeling the 

pre-straining of PDMS substrate and followed by the buckling behavior of the Si 

nanoribbon.  

 

5.1 Modeling pre-straining of PDMS substrate 

To ensure that the computational modeling of the mechanical buckling of 

individual Si nanoribbons mimic the actual experiment, the simulation work began with 

modeling the pre-straining of the PDMS substrate using actual experimental data. The 

force and strain data captured by the Instron Bluehill 3 software were used as an input 

to simulate the substrate pre-straining.  

 

5.1.1 Determining the substrate strain energy potential 

It is well-known that polydimethylsiloxane (PDMS) is a widely used elastomer 
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which exhibits nonlinear hyperelastic behavior and its mechanical properties are highly 

dependent on the mixing ratio62,77,78 and curing conditions (i.e. curing temperature and 

duration)79. Owing to its variable elastic properties, it is of paramount importance to 

identify the appropriate strain energy potential associated with the as-fabricated PDMS 

samples. To do this, the nonlinear material properties of PDMS were modeled from 

experimentally measured loading rate of the as-fabricated PDMS samples using 

Abaqus/CAE software (version 2016.HF2). In this work, the experimental data on a 

single 100% cyclic tension of the exact substrate were modeled with C3D20H element 

using various material models available in Abaqus. Out of a total of 17 models, ten 

models were identified as the prospective material formulations based on the 

“Evaluate” option provided in Abaqus. This option allows the users to perform standard 

tests with the experimental data using multiple strain energy potentials, and later make 

comparison to select the potential that provides the best fit.  

The nonlinear fitting results for as-fabricated PDMS sample with the ten 

prospective strain energy potentials is shown in Figure 5.1. Based on three iterations, 

the results showed that only a few models were acceptable for the full range of strain 

region, namely third- and fourth-order Ogden, as well as fifth-order Reduced 

Polynomial, as clearly depicted in Figure 5.1 (c). The results were either too stiff or 

flexible in the measurement range using other strain energy potentials, as evidenced in 

Figure 5.1 (a-b). Considering the number of coefficients and average computational 

time required in the simulation (Figure 5.2), the third-order Ogden model is preferable 

over other models for the entire measurement range. More importantly, the nonlinear 

model of third-order Ogden model also matched the measured force-displacement 

curve well.  
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Figure 5.1: Comparison of nonlinear fitting results of PDMS sample using various 

material models available in Abaqus.  
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Figure 5.2: Comparison of computational time between various strain energy 

potentials associated with the simulation of PDMS substrate hyperelastic behavior.  
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of the experimental data, as illustrated in Figure 5.4. Only a slight deviation was 

observed at the nonlinear and large strain region due to the boundary condition defined 

at the fixed end of the gauge length region as compared to that of the initial model. A 

maximum error of approximately 2.44% was detected at the mesh size of 0.5 mm and 

the error could be further minimized by employing finer mesh sizes. Therefore, mesh 

convergence analysis of the substrate was performed subsequently utilizing the 

simplified model together with the approach of forced displacement.  

 

 

 

 

Figure 5.3: Boundary conditions applied in the finite element modeling of pre-strain 

of gauge length region of the PDMS substrate (a.k.a. simplified substrate). 
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Figure 5.4: Force-displacement curve of pre-straining simplified substrate model 

agrees well to that of measured value.   
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substrate model was computed based on forced displacement method and all models 

would eventually reach the same length.  

Table 5.1: Dimensions and reaction force of 100% elongated substrate captured 

during the transition of tension-compression process, as a function of mesh size. 

 Mesh size (mm) 

 0.1 0.25 0.5 

Width (mm) 1.69358 1.69339 1.69293 

Thickness (mm) 1.41131 1.41116 1.41088 

Length (mm) 19.88692 19.88692 19.88692 

Reaction force (N) 20.0688 20.1017 20.1870 

Error (%) 1.84 2.01 2.44 

 

5.1.3 Simplification of substrate pre-straining model 

For the sake of simplicity, we further modified of substrate pre-straining model 

by only taking into account of the compression step. In other word, we modeled the 

substrate in its elongated form and later subjected it to an equivalent compressive strain. 

Dimensions outlined in Table 5.1 was employed to model the elongated substrate. 

Boundary conditions were defined as highlighted in Figure 5.5 to prevent rotation but 

allow surface expansion during the compression. 
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Figure 5.5: Boundary conditions applied in the finite element modeling of 

compression of an elongated gauge length region of the PDMS substrate. 

 
Figure 5.6: Comparison of force-displacement curve of substrate under compression 
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The simulation outcome showed that the substrate model was successfully 

compressed to half of its length without any surface wrinkling, however, the maximum 

load registered spiked to beyond 480 N, which is 25 times more than the actual load, as 

shown in Figure 5.6. We noted that a huge discrepancy existed on the compressive force 

due to the fact that the presence of internal stresses in the actual substrate upon tension 

were not considered in the simulation. Though so, since our primary concern was the 

strain rate and surface stability of the compressed substrate for the subsequent 

simulation work, the error in the maximum load became negligible.  

Meanwhile, mesh convergence analysis was also conducted for four groups of 

mesh size by gauging the difference between original and final dimensions of the 

simplified substrate model. Original dimensions refer to dimensions prior to the 

application of tensile force while the final ones denote that of at the end of the 

compression. Table 5.2 clearly implies that the results are converging for all mesh sizes 

with an error of approximately 0.5%.  

Table 5.2: Mesh convergence analysis of compressed substrate based on its width and 

thickness dimensions.  

Mesh size (mm) Dimension  Original (mm) Final (mm) Error (%) 

0.5 
Width  2.4 2.38696 0.543 

Thickness  2.0 1.98912 0.544 

0.25 
Width  2.4 2.38804 0.499 

Thickness  2.0 1.99003 0.498 

0.1 
Width  2.4 2.38830 0.487 

Thickness  2.0 1.99024 0.487 
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5.2 Modeling mechanical buckling of Si nanoribbons 

Having the appropriate deformation scheme of the substrate, we can now 

proceed to model the buckling behavior of the Si nanoribbons on the compliant 

substrate.  To further improve the computational time, only half of one-hundredth of 

the size of the actual substrate gauge length region was simulated in the subsequent 

buckling analysis. Though so, the substrate dimensions were carefully chosen to be 

sufficiently large, i.e. more than two orders of magnitude larger than the thickness of 

the nanoribbon, such that the solutions are insensitive to either the substrate size or 

external boundary conditions.    

The elongated substrate was modeled with square cross-section of 8 × 8 µm and 

a length of 100 µm whilst the nanoribbon has a core-sheath structure with a rectangular 

cross-section. Substrate and ribbon were modeled as solid with C3D20H and C3D20 

element, respectively. Unlike the previous literature17,28,58, the ribbon was not perfectly 

bonded to the substrate surface, instead both were only bonded at the ribbon ends using 

“tie” constraints in the Abaqus software. Additionally, the interfacial properties were 

defined in terms of friction coefficient and shear stress at the interface. Static friction 

coefficient and shear stress between Si nanowires and PDMS substrate obtained from 

the literature52 were used in the simulation.  

However, at this point, the buckling behavior of the Si nanoribbons having core-

sheath structure has not been successfully simulated. By using the contact properties 

values obtained from the literature, the ribbons were only seen to slide off the substrate 

surface instead of undergoing buckling deformation, upon the application of 

compressive stress. Further refinement on the contact properties between the two 

constituents and calibration of the model are needed to ensure the appropriate buckling 

behavior of the Si nanoribbons are being computed. 
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CHAPTER 6: CONCLUSIONS & FUTURE WORK 

6.1 Conclusions 

With the aim to comprehend the buckling-based metrology, we have performed 

investigation on the effect of aspect ratio, along with the consideration on core-sheath 

structure, on the buckling profile of individual silicon nanoribbons on an elastomeric 

substrate under mechanical buckling approach. Interfacial adhesion between the 

ribbons and the substrate was also enhanced through UVO surface treatment of the 

substrate and its effect on the ribbon buckling behavior was studied. On top of that, 

analytical solution adopted from the literature was also employed to understand the 

buckling phenomenon of the individual Si nanoribbons. Though finite element 

modeling (FEM) was anticipated to enhance the understanding of the buckling behavior 

under finite strain, the simulation work has not been successful at this moment. The 

following conclusions were obtained based on our studies.  

    On the pristine elastomeric substrate, the individual silicon nanoribbons 

exhibited increased buckling wavelength with the increase of aspect ratio, owing to the 

greater effective Young’s modulus in larger ribbons. In terms of buckling mode, three 

forms of buckling mode were observed in this work. While ribbons having aspect ratio 

B/H ˂  1.20 demonstrated in-plane buckling mode, ribbons with aspect ratio greater than 

1.20 exhibited out-of-plane buckling mode. The findings agreed well with the adopted 

analytical solution which suggested that B/H ≈ 1.14 is transition point of the buckling 

mode. Meanwhile, two variants of out-of-plane buckling mode was observed in this 

work, i.e. incline-to-plane and normal-to-plane. Owing to the asymmetrical feature of 
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the ribbons and application of 100% pre-strain, ribbons with 1.68 ≤ B/H ≤ 2.70 buckled 

incline-to-plane with excessive incline angle with respect to the normal direction of 

substrate surface. In contrast, normal-to-plane buckling mode was predominant in 

ribbons having larger aspect ratio, i.e. B/H = 5.12 in our case, yet partial of the ribbons 

failed to buckle. 

In response to the UVO treatment, the treatment duration appeared to impose 

trivial effect on the buckling profile due to the fact that UVO treatment did not cause 

severe alteration on the substrate bulk modulus, which may influence the buckling 

wavelength. In other word, the UVO treatment within 150 s imposed negligible effect 

on the ribbon buckling wavelength. Though so, the treatment seemed to improve the 

interfacial adhesion marginally whereby normal-to-plane buckling mode became 

partially possible on ribbons with aspect ratio 2.70 during treatment duration of 150 s, 

and all ribbons having aspect ratio 5.12 were able to buckle upon treatment. Ribbons 

having aspect ratio below 2.70 retained the inherent buckling mode upon treatment. On 

the other hand, transition of buckling mode as a function of treatment duration was not 

observed in this work owing to the unequal area moment of inertia of the ribbon 

structure.      

 

6.2 Future work 

Even though nanoribbons buckled under large strain, the intrinsic buckling 

mode is uncertain and whether further deformation occurs. Hence, in order to better 

understand the deformation of the nanoribbons having various aspect ratios under 

mechanical buckling of large strain, an in-situ test under the microscope would allow 

one to visualize the buckling phenomenon so that the critical buckling strain could be 

identified.  
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Whilst UVO surface treatment is a promising method to improve interfacial 

adhesion between ribbon and substrate, its effectiveness is highly dependent on the 

hydrophobic recovery rate which may be influenced by substrate surface condition (e.g. 

porosity and surface defects) and environmental condition (e.g. humidity and 

temperature). It is therefore important to assess the substrate surface condition prior to 

testing and a controlled test environment is recommended. Furthermore, in our context 

where UVO surface treatment of the substrate is performed under pre-strained 

condition, its wettability measurement and assessment of hydrophobic recovery should 

be carried out as such to provide a more representative measurement. In addition, 

evaluation on the static and kinetic friction of Si nanoribbons on the PDMS substrate 

(under both untreated and treated condition) is necessary to comprehend the contact 

properties which is important for the subsequent simulation work. Even though static 

friction of Si nanowires on UVO treated substrate have been reported in the literature, 

no work have been found on Si nanoribbons of various aspect ratios and having core-

sheath structure. 

In order to better adopt the existing models available in literature as a form of 

metrology, the nanostructures must have high level of structural perfection, and of 

relatively long length. This is because Newtonian mechanics used to describe the 

buckling behavior is known to be valid down to length scales of approximately 10 

atomic spacing for defect-free materials.14 Furthermore, only small strain (i.e. pre-strain 

within linear elastic region of substrate used) is involved to cause buckling so that 

compressive force applied must not exceed van der Waals attraction which may cause 

delamination of nanostructures from substrate. Care should also be taken to ensure well 

alignment of nanostructures on the substrate along the axial loading direction, as well 



99 

 

as good interfacial adhesion in order to warrant the success of buckling-based 

metrology technique on 1D nanostructures to probe its elastic modulus. 
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