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Abstract 
 

Crack, failure of materials, is recognized as separation pattern of materials. 

Throughout human history we have struggled to avoid and prevent this 

phenomenon because crack occurrence inherently means that objects already lost 

its original integrity and functionality. Moreover microscopic flaws placed in the 

materials body will easily alter its growth characteristic. So by their catastrophic 

growth nature, crack patterns are usually chaotic and unpredictable. But Mother 

Nature always has some exceptions. These periodic or ordered crack patterns are 

quite distinctive because not only for their rarity but also for unexplained 

mechanism in most of cases. Here simple but noble generation of ordered crack 

from thin film system is demonstrated by using conventional semiconductor 

fabrication techniques and its governing conditions of periodic pattern are 

discussed. Strong confinement of thin film crack and arbitrary steering of its 

propagation are realized by inserting thin metallic layer, thin polymeric layer and 

even atomically thin graphene layer in between substrate and brittle thin film. This 

thin interlayer-mediated controllability comes from local debonding of brittle 

medium or effective analogues of debonding due to relatively weak adhesion or 

elastic softness of interlayer. Following experiments and numerical calculation 

using Extended Finite Element Method (XFEM) from our study reveal that this 

wavy crack is intrinsically analogous to so called ‘brittle adhesive crack’. Previous 

studies of periodic cracks such as metallic insertion layer, self debonding sol-gel 
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film, and even drying colloidal film, could be explained by similar mechanism. 

This finding could provide simple analogy on various ordered periodic crack 

systems existing in nature. And also this simple but noble method to control crack 

path could lead to the development of new concept of nano fabrication techniques. 

 

 

Keywords: Periodic crack, Crack path control, Brittle crack, Thin film crack, 

Fracture dynamics. 
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1 Introduction 
 

1.1  Overview 

 

1.1.1 Motivation 

 

Crack, failure pattern of material, is often thought as obstacle one should overcome. 

But if being controlled in ordered manner crack could be a very interesting 

phenomenon to study and could result in special microscopic structure such as high 

aspect ratio nano gap trench, which is an interesting platform for nanotechnology. 

But still exact crack path is hard to predict and genuine control of its path is 

difficult to achieve because of its catastrophic growth nature. Also crack is very 

prone to microscopic flaws that could exist in most materials. In everyday life 

crack is macroscopic phenomenon governed by microscopic flaws, which is 

inadequate and difficult to study in macroscopic scale. So scaling down the 

dimensions of crack system is favorable in that manner, especially semiconductor 

nanotechnology could be suitable method to achieve ‘flaw controlled’ experiment 

platform.  Recently there are few studies that demonstrate controlled crack 

formation by various semiconductor fabrication techniques, focusing on defect 

control [1] [2] or stress concentration [3]. But still its controllability is rather 

limited in terms of arbitrary steering of crack pattern. This study seeks to develop 
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genuine and versatile controlled crack generation technique and aims to understand 

its growth nature. 

 

1.1.2 Overview of text  

 

In the first part of this thesis some of basic concepts of fracture dynamics are 

briefly described. After that literature review of various periodic cracks in nature is 

followed, especially focused on thin film crack cases. Experiment section consists 

of three parts, 1) demonstration of periodic crack generation with metal insertion 

layer and 2) testing with various insertion layer 3) numerical calculation for 

prediction of crack path. With demonstration of few possible applications with this 

crack system, summary is followed.  

Here simple fabrication of nano-gapped crack in oscillatory manner is 

demonstrated and its propagation direction could be controlled in predefined paths 

such as line, circle or any other curved shape in µm - cm length scale.  Insertion 

metal layer in between top brittle layer and substrate plays an important role in 

controlling crack path. But there is no simple and effective explanation for these 

peculiar phenomena. So various insertion layers, such as polymer, graphene, and 

even cavity sample, are tested to understand the role of metal insertion layer. After 

comparison with other wavy crack systems in nature it is suggested that effective 

lowering of fracture toughness on top of insertion layer is the dominant reason for 

crack confinement. And this compliance confinement issue is coupled with biaxial 
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stress, which inherently came from thermal mismatch stress. These two conditions 

lead to wavy crack trajectory. Here it is claimed that this wavy thin film crack 

could be perceived as 2-dimensional slice case of so-called ‘fracture of brittle 

adhesive joint’. And numerical calculation supported by extended finite element 

analysis reveals that indeed this analogy successfully predicts this peculiar wavy 

crack pattern. Knowledge earned from this study could be used for understanding 

of other periodic crack systems in nature. Also this versatile controllability easily 

turns into various applications for future use, such as nano slit fabrication for 

optical experiment, nanowire generation template and crack protection technique 

for thin film. This result can provide tabletop platform for fracture dynamics 

researchers and also pave a way towards next generation crack lithography. 

 

1.2 Brittle and ductile behaviors 

 

To understand basic concepts and hypotheses of classical fracture let's look at the 

typical stress-strain curves for materials under uniaxial loading tension. (Figure 

1.1) When materials are subjected to mechanical stress, materials will undergo 

three deformation stages: elastic, ductile and failure. Up to certain limit materials 

respond to stress elastically. This means if applied stress was relieved, materials 

will be back to original shape. When applied stress exceeds yield stress !!, 

materials show ductile behavior, which is characterized through plastic 

deformation. 
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Figure 1.1 Stress strain curve of materials. a) Ductile, b) brittle [4] 

 

And eventually every material experience limiting stress !! and fracture then 

occurs. So most ductile materials like metal undergo quite amount of inelastic 

deformation before they break. On the other hand brittleness means that materials 

fail with practically negligible plastic deformation, without ductile stage. So brittle 

fracture occurs without significant inelastic deformation. When we are dealing 

with crack it is more advantageous to start from brittle medium because it is much 

simpler in mathematical terms and also in physical concepts. Glass is most popular 

brittle medium and it has been used since the beginning of modern fracture 

dynamics and it will be mainly used in this study. 
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1.3 Fracture dynamics 

 

1.3.1 Griffith’s energy balance approach 

  

From the fact that experimental tensile strength of brittle material is much lower 

than theoretically predicted value, Griffith [5] postulated that brittle materials 

always suffer from presence of microscopic flaws, which are randomly distributed 

throughout the volume of the materials in real cases. Griffith started his pioneering 

research from early work done by Inglis [6], that is local stress near an elliptical 

hole could be concentrated so it can be increased to much higher level compared to 

applied stresses. However Inglis’s solution poses mathematical difficulty, this 

concentrated stress diverges to infinity in the limit of perfectly narrow and sharp 

crack tip. Griffith detoured this difficulty with energy concept and found out 

relationship between critical stress and the crack shape and size. This result is 

known as Griffith energy balance approach and modern fracture mechanics was 

born from this.  

Ignoring thermal effect, 1st law of thermodynamics could be written in ‘the 

total supplied mechanical energy to volume per unit of parameter (!!) will be 

transferred into internal energy (!!), newly generated surface energy (!!), 

dissipated energy (!!) and kinetic energy (!!)’ per unit of parameter respectively. 

!! = !! + !! + !! + !! . 
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When we neglect dissipation and kinetic energy then above equation is turned into 

so-called Griffith energy balance.   

!"!
!" − !"!!" = !"!

!"  

Where ! denotes crack tip length. 

In the case of homogenous and uniaxial loaded semi-infinite plate case, internal 

(strain) energy is quadratic form of crack tip length !, and surface energy is 

linearly proportional to !. So there should be some critical length !!, shorter than 

this length crack is stable and cannot grow without higher applied stress. And when 

crack tip is longer than this length crack will catastrophically grow. Although this 

approach has some limitation but the most important aspect of this result is that 

when we deal with fracture we should consider three important ingredients: stress, 

medium and flaw (crack tip).  

 

1.3.2 Fracture modes  

 

 

Figure 1.2 The three basic modes of loading cases for a crack [7] 
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Mode I is the opening (or tensional) mode. A stress σ and the crack plane are 

orthogonal to each other. Displacement of crack surface is perpendicular to the 

crack plane (parallel to stress axis)   

Mode II is the edge-sliding (or in-plane shearing) mode.  An in-plane shear 

stress !! is subjected to system and result of this crack faces are sliding each other. 

So displacement of crack surface is in the crack plane.  

Mode III is the tearing (or out-of plane) mode. An anti-plane shear stress 

!! is subjected to the system. Two-crack faces move opposite direction to each 

other. The displacements of the crack surfaces are in the crack plane but orthogonal 

to crack tip direction.  

 

1.3.3 Stress intensity factor 

 

Irwin (1957) introduced ‘stress intensity factor approach’ based on the Griffith 

‘energy balance approach’. He defined characteristic parameter, called stress 

intensity factor K, which is strongly related to the crack tip stress and displacement 

fields. So for crack problems with certain type and magnitude of loading condition, 

if K is known then the stress and displacement can be calculated accordingly. For 

example stress could be written down like below when an infinite plate containing 

length 2! crack at the center under uniaxial tension !, tension is orthogonal to 

crack tip. 
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!!
!!
!!"

= !!
2! ∙ ! !"#

!
2

1 − !"# !2 !"#
3!
2

1 + !"# !2 !"#
3!
2

!"# !2 !"#
3!
2

 

Where  !! = ! ! ∙ !  

The stress intensity factors (!!, !!!, !!!!) are strongly related to the magnitude of 

the far-field loading and the crack shape and size. Because of this, stress intensity 

factors can be considered as basic fracture parameter when we deal with fracture 

problems in brittle materials. So in turn for any specific mode if we know the stress 

intensity factors of system then basic informations like crack tip stress and 

displacement could be determined. Simple Hooke’s law could be used to derive 

crack tip displacement. When somebody has to deal with mixed mode system, one 

can use superposition principle. In this approach one can simply superimpose the 

results from pure mode loading solutions.  

 

1.3.4 Fracture toughness  

 

If we describe fracture initiation condition with stress intensity factor for Mode I 

loading, we could introduce certain critical value for it, namely the Mode I plane 

strain fracture toughness. Basically we assume that crack initiates when the stress 

intensity factor reaches its critical value, !!" = !!. Same analogues can be applied 

to other modes. 
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1.3.5 Linear fracture dynamics  

 

This definition of stress field has singularity when r→0, at the tip of the crack. At 

this point stress value diverges to infinity. This mathematical singularity is 

practically impossible because no material can experience infinite stress value. In 

reality when the stress around crack tip exceeds the certain value, even brittle 

material will act like ductile in microscopic region. This stress is called the yield 

strength !!" and this practical yielding behavior is limitation of above discussions 

so far. Earlier discussion we assumed that brittle materials always respond to the 

stress elastically. There are many names for this inelastic zone, like Fracture 

Process Zone (FPZ) or simply plastic zone. To deal with real materials as brittle 

material then this FPZ should be sufficiently small compared to other dimensions 

in systems. We could say that Small Scale Yielding (SYY) condition is met when 

this inelastic zone satisfies those dimensional requirement and we can apply simple 

elastic approach to the system. This kind of approach to crack problem is so called 

Linear Fracture Mechanics (LEFM) and we will use this approach to our system 

because our brittle thin film satisfies this requirement. If this inelastic zone is not 

sufficiently small then Large Scale Yielding will occurs and whole problem should 

be treated with Non Linear Fracture Mechanics. In such cases, K is no longer 

single dominant parameter to problem. There are several approaches to analyze this 

kind of cases but it is out of context of this thesis. Section 1.3 content is originally 

from ref [8] and it is summarized and rewritten. 
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1.4 Crack path prediction in mixed mode 

 

- Maximum tangential stress criterion - 

In this study we will use the maximum tangential stress criterion, which was 

suggested and published by Erdogan and Sih in 1963. [9] The main hypothesis of 

this approach is that a crack tip will advance in the direction of the position where 

the value of tangential stress component is the highest. This angle can be simply 

calculated mathematically by first and second derivatives of the tangential stress 

component. This is not the only way to predict crack path in mixed mode case but 

it is one of the simplest and most powerful method to do it when we deal with 

homogenous, linear and local stress conditioned system.  

 

1.5 Extended finite element method (XFEM)  

 

The extended finite element method (XFEM) was developed to solve difficulties in 

solving problem that are not efficiently resolved by mesh refinement. This is a 

numerical technique that extends function of finite element method (FEM) with 

discontinuous concept in physical element of differential equation. One of the main 

advantageous of this application is modeling fracture in materials. In this 

application, discontinuation concept and function are added to standard polynomial 

basis functions for nodes that belong to elements under study. Key advantage of 

XFEM is that in fracture application finite element mesh does not need to be 
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updated to track the crack path. So it can save a lot of time and effort while 

studying material fracture problems. 

 

1.6 Periodic crack in nature: literature review 

 

1.6.1 Quenched glass case 

 

The most famous periodic crack system among early works is quenched glass 

crack experiment done by Yuse and Sano. [10] In this study they induced thermal 

gradient across long glass plate in lengthwise by heating one end of plate and 

immersing the other end into the water bath. (Figure 1.3) Initial notch was 

inscribed into cold end and by varying thermal gradient and immersing speed they 

observed transition from straight to oscillatory or even branched crack patterns. 

(Figure 1.4) This work draws lot of attention from general fracture dynamics 

researchers and physicist who are dealing with nonlinear dynamics. Although it has 

been more than 20 years since it is first reported but still simple and exact 

explanation is not available. (Note that the first observation of oscillating crack 

from quenched glass was done by Bahat. [11]) 
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Figure 1.3 Schematics of experiment of quenched glass crack. [12] 

 

 

Figure 1.4 Images of quenched glass crack patterns. [10] 

 

 



 13 

1.6.2 Thin film periodic crack  

 

 Especially several studies [2] done by team of Saif and Alaca showed practical 

method to define location of crack pattern a priori and they explained initiation 

mechanism. They used thermal transition of silanol rich SiO2 film to get high 

tensile stress and made deep etched notch pattern to initiate crack. Similar to those 

studies but even higher stress regime crack can be highly organized and it shows 

oscillating behavior. Recently Nam, et al. reported that very long and highly 

controlled oscillatory crack pattern could be generated after deposition process of 

high tensile stress silicon nitride (Si3N4). [1] They used predefined notch and stairs-

like 3D structure to control initiation and termination of crack propagation.  

So far dielectric thin films with high tensile stress are known as suitable material 

platform for controlled crack patterning. But because of its uniform stress 

distribution, propagation of crack takes a straight route in macroscopic view and its 

spatial density shows some limit (~50 µm). So if one wants to facilitate this crack 

patterning technique to the next level, one needs to alter stress distribution in 

desired way so crack propagation can take arbitrary shape and stress needs to be 

confined so interaction between neighboring cracks can be minimized. There was 

one study that has potential for this kind of approaches and they confined crack by 

using insertion layer. [13] In that study predefined metal patterns under Si3N4 film 

act as buckling sources while annealing samples in high temperature. After thermal 
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annealing somewhat sinusoidal micro scale crack was generated and confined only 

on top of metal pattern.  
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2 Periodic crack generation by metal insertion layer 
 

2.1 Motivation 

 

Originally this work was motivated by work of Shinichi et al. [14]. In their work 

densification of spin on glass (SOG) sometimes led to unwanted crack generation, 

which was sinusoidal. As one can see it in the Figure 2.1, wavy crack was observed 

on the surface of SOG after thermal and plasma treatments. In their study crack 

medium was 600 nm thick SOG material (HSG2200, Hitachi Chemical Corp.) and 

substrate was Si wafer and metal stripes were 700 nm thick Al-Si/TiN. Because 

position of this failed crack pattern is well specified by underline structure, it 

seemed possible that one could use this failure cases as fabrication technique for 

controlled nano scale crack pattern.  

 
Figure 2.1 SEM cross sectional image of crack pattern on spin on glass. White 

rectangular shape is Al-Si/TiN 700 nm metal stripes and 600 nm Spin on glass 

material is spin coated. Sample is baked at 200 °C and then 450 °C for 30 m. 

Finally after exposing to oxygen plasma, wavy cracks were observed. [14] 
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First, test experiment to replicate their result was done with 2 µm thick HSQ 

(Hydrogen silsesquioxane), product name is Fox-15 from Dow corning Corp. and 

400 nm evaporated Al on Si substrate but in this case I observed wavy crack 

generation on top of metal pattern not in between the metal layers. (Figure 2.2) 

Soon I realized that D. Kim et al. [13] already reported similar result with ~20 nm 

various metal layers and 200 nm CVD deposited Si3N4 crack medium. (Figure 2.3) 

I noticed that Kim’s work and mine are quite similar in physical mechanism even 

though precise physical dimensions (ex: thickness of metal and crack medium) of 

structure and crack medium are different. As of this stage I suspect that crack 

medium material and its generation method are not critical factors for this wavy 

crack phenomena as long as it is brittle enough. So I tried similar experiment with 

e-beam evaporated SiO2 and 100 nm Al layer and observed successful crack 

generation. Especially in this chapter I will focus on 2 µm thick evaporated SiO2 

(fused 99.999%) with 100 nm Al layer on Si wafer for simplification. 

 

 
Figure 2.2 Wavy crack pattern of spin on glass with underline metal layer. HSQ 

thickness was 2 µm and Al metal pattern thickness was 400 nm. Sample is baked at 

100 °C and then annealed in furnace with N2 environment up to 500 °C. Al metal 

stripe width is 10 µm 
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Figure 2.3 Wavy crack on Silicon nitride film. White arrow indicates initial notch 

fabricated by Focused Ion Beam (FIB) system, which is crack initiation site. The 

thickness of the Ag pattern was 20 nm, and the thickness of the silicon nitride was 

240 nm. Sample was heated to 500 °C. Substrate was 500 nm thermally grown 

SiO2/Si. Scale bar = 10 µm. [13]   

 

It is reasonable to think that lateral dimension and shape of interlayer will 

dominate whole characteristic of crack phenomena, because of sample’s thin 

thickness nature.  

Here I demonstrate how I fabricate this crack samples first. And I show how 

I can initiate cracks and when this crack could be stopped. By modifying lateral 

shapes and dimensions of metal layer, I demonstrate that crack path could be 

steered in curved way. And also various lateral dimension dependence like line 

density and width dependence of periodicity are shown.  
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2.2 Sample fabrication process 

         

It is beneficial that using polished Si (110) wafer to minimize surface roughness 

effect (<2 nm root mean square; RMS) and working in clean room environment to 

avoid microscopic dusts. If not specified otherwise, every lithography processes in 

this chapter were done in class 1000 clean room environment. Figure 2.4 is 

schematics of general fabrication step for crack sample with metal insertion layer. 

 

 
Figure 2.4 Schematics of sample fabrication step 

 

2.2.1 Cleaning and preparation of wafer 

 

One-side polished Si wafer was cut for size that is easy to handle, typically 1cm x 

1cm or 5mm x 5mm. Consecutive sonic agitations cleaning were done in DI and 

Acetone with 170W power for more than 5m each. After rinsed in IPA samples 
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were carefully dried with N2 blowing gun. To further cleaning the surface of 

samples and keeping the surface chemistry same, samples were treated with 

Piranha solution for more than 10m and then rinsed consecutively by DI and IPA 

then dried with N2. Piranha solution should be prepared by adding Hydrogen 

peroxide (30%) very slowly to the sulfuric acid, never vice versa. Ratio between 

sulfuric acid : peroxide = 3 : 1. Piranha solution is extremely dangerous and it 

could be explosive so great care is needed for whole process and individual 

protection is mandatory.  

 

2.2.2 Lithography for deposition and lift off 

 

With cleanly prepared samples, Co-polymer/PMMA (Poly methyl methacrylate) 

bilayer was spin coated. Co-polymer was EL10 (Microchem) and PMMA was A4 

950K (Microchem). First EL10 was spin coated with 4000 RPM and baked on a 

hotplate with 180 °C for 2m. After suitable cooling period same process was done 

for A4. Using thermal SEM (Vega1, Tescan) equipped with NPGS (Nano pattern 

generation system, JC Nabity) electron beam was exposed with 30kV acceleration 

voltage. Beam current and magnification varied with desired pattern resolution and 

size but typically within 10-20000 pA and 1000-40x. Exposed electron beam dose 

varied with 200-400 uC/cm2. Samples were developed in MIBK:IPA=1:3 or 1:1 for 

area dose 400 uC/cm2 and 200 uC/cm2 respectively and rinsed in IPA then dried 

with N2. 
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Because sensitivity of co-polymer to developer is higher than PMMA, this bilayer 

easily turns into undercut structure, which is ideal for lift off process later.  

After successful development sample patterns were inspected with optical 

microscope and then going through oxygen ashing process. This process was done 

with plasma machine (AP-300, Nordson Corp.).  Ashing condition is RF power 

100 W, base pressure 80 mTorr, process pressure 300 mTorr, pressure range 100 

mTorr, O2 flow 100 sccm, time 40 sec. This process is set for etching of <20 nm of 

A4 layer and also it will remove microscopic undeveloped residue from the Si 

surface. 

 

2.2.3 Deposition of metal and SiO2 

 

Using conventional e-beam evaporator Al 100 nm layer was deposited on the 

sample surface. Base pressure is around <3x10-6 Torr. Sample holder was water-

cooled ~15 °C and evaporation angle was normal to the sample surface for better 

lift off. After deposition samples were immersed in acetone for lift off and after 

successful lift off samples were rinsed off with IPA and dried with N2. For some 

samples scratching with cutting tools like diamond saw was done at this point. 

After ensuring clean surface, samples underwent oxygen ashing process, which is 

in same condition described earlier for removing microscopic polymer residue. 

Using conventional e-beam evaporator SiO2 2 µm layer was deposited on the 
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whole sample surface. At this point samples were also water-cooled and 

evaporation angle was about 20 ° tilted and rotated 10-15 RPM. 

 

2.2.4 Spin on glass 

 

It is worthwhile to note that spin on glass samples underwent similar processes 

except evaporation. HSQ (Fox-15, Dow corning) was spin coated multiple times to 

achieve desired thickness (~2 µm) and after each spin coating samples were baked 

on a hotplate 100 °C.  

 

2.2.5 Annealing process 

 

Annealing process was done in tube furnace with N2 flow 3cc/min. 

Typical ramping speed was 10 °C/m from room temperature to 500 °C and furnace 

held target temperature 30-60 m and then samples sat in furnace until temperature 

is dropped to less than 100 °C. Sample holder was alumina boat and the 

temperature sensor was not directly contacted to this boat. Because thermocouple 

sensor was in vicinity to heater units, real temperature of samples could be lower 

than what it indicated on the machine. Tube furnace is Barnstead Thermolyne 

21100.  
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2.3 Crack initiation: flaw, defect 

 

From early work of Griffith we know that information about initial crack tip is 

important for dealing with crack problem. So in reality intentionally crafted crack 

tip is a quite useful tool for controlled crack pattern generation. K. H. Nam et al. 

[1] and B. E. Alaca et al. [2] reported such possibility with pre defined notch 

patterns before crack medium deposition.   

 

2.3.1 FIB (Focused Ion Beam) milled notch 

 

Focused Ion Beam (FIB) milled notch pattern was already demonstrated by earlier 

work by D. Kim et al. and it is reasonably powerful tool for making such tiny crack 

tip in the crack medium, SiO2 layer. I used Quanta 200 3D (FEI co.) FIB machine 

for milling procedure. Lithography condition was 30kV acceleration voltage and 

0.3nA beam current with 2400x magnification. Notch pattern was 10 µm long and 

200 nm wide and 2 µm deep. Figure 2.5 shows that after annealing process nice 

crack generation from FIB milled notch pattern. For this sample interlayer was Cu 

and 2 µm evaporated SiO2 for medium on 300 nm SiO2/Si substrate. 
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Figure 2.5 Optical micrograph of crack initiated from FIB milled notch. Interlayer 

is Cu 100 nm and crack medium is evaporated 2 µm SiO2. FIB notch pattern is 10 

µm in length, 200 nm in width and 2 µm in depth. 

 

2.3.2 Metal pattern  

 

Like work in K. H. Nam et al. sharp mound like pattern under the crack medium 

could be used as crack initiation site. Deposited crack medium will follow 

underline pattern’s physical shape so there will be sharp morphological anomaly, 

which could act as initial defect. Using additional e-beam lithography and 

deposition process I defined 400 nm thickness metal notch pattern on top of pre 

defined metal stripe pattern.  
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Figure 2.6 Optical micrograph of crack initiated from additional metal mound 

notch pattern. Interlayer and notch pattern is Al 100 nm and Al 400 nm 

respectively. Crack medium is evaporated 2 µm SiO2.  

 

2.3.3 Scratch 

 

Because crack favors interlayer regions, simply inducing numerous defective sites 

in vicinity of interlayer will be enough for successful crack initiation. It means that 

I did’t have to fabricate tiny nano structures for crack initiation every time. This 

finding saved a lot of time and effort for this experiment. Also this finding suggests 

that SiO2 layer on top of interlayer is much easier to be broken by induced stress 

than outer region, which indicates that effective fracture toughness of SiO2 on top 

of interlayer is lower. This argument will be discussed again in next chapter in 

more detailed manner. 
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Figure 2.7 Images of crack initiated from simple scratch. (Left) Optical picture of 

crack initiated from scratch defects by cutting tools. (Right) SEM picture of crack 

initiated from scratch defect by cutting tools. Conchoidal fracture is occurred by 

cutting tool scratching and crack is generated from microscopic striation pattern. 
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2.4 Crack path steering in curved way 

 

D. Kim et al. already demonstrated crack confinement in stripe shape but they did 

not become aware of significant possibility of their result, which is that this 

confinement could work for curved path also. In my study using curved interlayer 

pattern, wavy crack pattern is easily steered in arbitrarily way and as far as author’s 

knowledge this is the first demonstration of crack path control in arbitrary curved 

way. Earlier work done by K. H. Nam et al. only worked for line shape steering 

due to crystallography of substrate issue. And B. E. Alaca et al. demonstrated 

steering in curved way but it was quite limited in its angle and direction. Here in 

this work crack could easily follow the interlayer track with minimum bend radius 

of 15 µm (Figure 2.8) and as long as there is no discontinuation of interlayer track 

crack follows any path that could be turn in to really complex shape like spiral. 

(Figure 2.9)  If the bend radius is getting smaller than possibility of successful 

steering will be lower and eventually there is some limitation of steering. Typically 

this limitation was around 10-15 µm of bend radius with 10 µm track width. 

(Figure 2.10) 
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Figure 2.8 Optical picture of curved steering of crack. Crack well follows curved 

track with bend radius 15 µm, track width 10 µm. Note that crack is moving in 

clockwise direction.  

 

 
Figure 2.9 Optical picture of crack, which follows spiral path. Track width 20 µm. 
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Figure 2.10 Optical picture of crack, which is stopped with small bend radius (5 

µm). Track width 10 µm. 

 

2.5 Line density 

     

Cracking of material is inevitably followed by relaxation of stress around crack. So 

it is natural for one to wonder how close these controlled cracks could be. To test 

this I fabricated specially designed interlayer pattern, which is bunch of lines 

getting closer to each other smoothly. (Figure 2.11) With 5 µm track width Al layer 

and 2 µm evaporated SiO2, minimum line-to-line distance was around 10 µm and if 

two crack were getting closer than this limit than one of them stopped penetrating 

further. One can easily understand this as lowering of stress in the vicinity of 

existing cracks. In earlier work of controlled crack formation it was limited around 

50 µm because crack will be easily branching to nearest neighbor. [1] [15] [16] 

Note that random and uncontrolled cracks could be much closer than this case. 



 29 

 

Figure 2.11 SEM pictures of test pattern for line density. Al interlayer, track width 

5 µm. Minimum line-to-line distance is around 10 µm. And if two cracks were 

getting closer than this limit, one of them stops penetrating.  
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2.6 Minimum width of crack track  

 

Crack gap size was around 50-200 nm, one can wonder whether there is limitation 

for width of interlayer track for successful crack generation. To find out this 

limitation I made track pattern, which is gradually getting narrower. With Al 100 

nm, evaporated SiO2 2 µm single crack could be found in around 1.5 µm width.  

 

 
Figure 2.12 SEM picture of crack in narrowest track. 1.5 µm width and crack will 

eventually stop when track is getting narrower.  
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2.7 Termination  

 

One of the most advantageous features of this technique is that crack will stop at 

the track terminus. So it is really easy and simple way to control crack propagation 

and isolate multiple crack from branching to each other. Also when a crack meets 

pre-existing cracks it will stop because there is no material to break. This simple 

principles combined with curved crack steering could result in self-termination of 

one single crack.  
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Figure 2.13 Crack termination. Crack is terminated at the end of interlayer track 

(left). Crack is coming from left. Crack is stopped by pre-existing crack (right). 
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2.8 Cross section inspection  

 

To understand this crack phenomenon better, I examined cross sectional image of 

crack. Using FIB milling technique I etched out certain parts from the sample and 

inspected sample in tilted angle with SEM. Unlike high stress Si3N4 film case [1] 

crack does not penetrate into under layer or substrate and crack gap is vertical to 

the substrate plane. With this inspection I noticed that crack only exists in top SiO2 

layer. Because crack does not grow with partial cracking of substrate it does not 

have strong dependency to crystallographic direction of substrate.  

 

 
Figure 2.14 SEM cross sectional images of crack and top view. Note that crack is 

always vertical and it does not penetrate into substrate.  
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2.9 Track width dependence of period  

 

Period of crack and the track width showed positive correlation with each other. To 

check this, I made several width varied track patterns and compared resultant crack 

patterns. Crack pattern was digitized and analyzed with Fast Fourier Transform 

(FFT). Although this correlation was not always linear but within 20~70 µm range 

it was simply linear.  

 

Figure 2.15 Width dependence of crack pattern. (Top) Optical dark field images of 

crack samples.  (Lower left) Fast Fourier Transform (FFT) of digitized crack 

pattern. (Lower right) Width dependence of crack period. Within 20-70 µm range it 

follows simple linear correlation. 
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2.10  Discussion  

 

In this chapter I demonstrated controlled crack generation by insertion layer, 

especially Al metal layer. D. Kim et al. assumed that de-wetting of metal layer is 

main source of crack. But this de-wetting explanation is not sufficient because 

metal like Ti or Cr in their study and also in mine, did not generated successful 

crack. With Ti and Cr interlayers even going to higher temperature, if happened 

only whole films cracking was occured without any controllability. 

It is worthwhile to mention that some cases for Al crack generation were not 

successful. It might be possible that intermixing between Si surface and Al layer 

happened during annealing process due to reactivity of Al in high temperature. 

This might be the reason for few failure cases, when there was no crack in even 

higher temperature or when there was discoloration of Al layer. For ‘sample for 

metal nanowire template experiment’, which will be demonstrated later of this 

thesis, Al layer and top SiO2 layer were removed by chemical etching and this 

etching process generated pinholes on the surface of Si where Al layer was 

attached. (These pinholes were rectangular in shape, which could be observed in 

KOH etching of Si.) I assumed that this unwanted damage of Si surface after being 

exposed to Buffered Oxide Etcher, is an effect of intermixing between Si and Al. 

(Similar behavior was also observed with Cu layer.) So from now on without any 

special notification, I used Si substrate with thermally grown 300 nm SiO2 as 

substrate to prohibit this diffusion behavior. 
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3 Various insertion layers 
 

3.1 Overview 

    

Aim of this chapter is to find out the role of insertion layer. To do that I tried 

different materials/structures for interlayer. Here I will demonstrate crack 

generation with various insertion layers, such as graphene, polymer and cavity 

structure. All these cases showed similar wavy crack generation. After careful 

observation with varied insertion layer, I conclude that effective suspension from 

substrate is the dominant mechanism, which gives top layer freedom to be 

deformed.  

  

3.2 Claim from previous study and thermal expansion stress 

scenario 

 

Previously D. Kim et al. argued that the inserted metal layer will be de-wetted in 

high temperature and this led to partial decohesion of Si3N4 film from surface. 

They argued that partial decohesion and thermally induced compressive stress were 

sources of buckling and cracking. Precise cracking mechanism was not explained 

in their study. Also some of their arguments were inadequate, such as ‘buckling is 

source of cracking’ even this buckling and de-wetting were not always occurred. 

Especially even though Si3N4 film is compressively stressed in room temperature, 
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film could be stressed in tension in high temperature. Note that CTE of Si3N4 film 

is slightly lower than Si. [17] [18] So even if one observed buckled Si3N4 film in 

room temperature it does not assure that it is still buckled at the high temperature, 

at the point of cracking.  

Although specific mechanism for cracking in their case is uncertain, still I 

thought that underline mechanism could be shared with my experiment. 

Similarities are 1) wavy crack reaches to full width of underline pattern, 2) period 

is strongly correlates to pattern width rather than underline material or brittle top 

medium thickness 3) occurrence of wavy crack is related to interlayer material. If 

my assumption is valid then I need a different explanation for these cracking 

phenomena. Because in my experiment, metal layer was thick enough so obvious 

de-wetting was not occurred and I used evaporated SiO2, which was expected in 

tensile stress in high temperature without obvious buckling behavior in room 

temperature.  

One of the possible candidates was thermal expansion stress from insertion layer. 

Obviously crack favors metal patterned region and from basic fracture dynamics 

we know that crack favors higher stressed region. One can easily imagine that 

metal layer can act as strong stress source in elevated temperature because 

normally coefficient of thermal expansion (CTE) of metal is much higher than 

those of Si or SiO2. But this scenario also has weakness that previous study 

reported that for Ti case this peculiar periodic crack generation was not observed. 
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Also in my experiment for Cr case wavy crack never happened. Note that most 

metals have higher CTE than Si and SiO2.  

 

3.3 Cavity sample 

 

Absolute test for thermal expansion scenario could be elimination of metal layer. 

So I fabricated cavity like structure by chemically etching the insertion layer. 

Fabrication step was just same with normal Al sample but before annealing process 

one end of interlayer pattern was exposed by scratching with cutting tool. Then 

sample was immersed in chemical etchant. For Al I use Hydrochloric acid : DI = 

1 : 1 solution and for Cu sample I used FeCl3 solution. After etching sample was 

rinsed with DI and then dried with N2. (Figure 3.1) Without metal layer I expected 

that crack would not favor the patterned region if thermal expansion of metal layer 

were dominant factor of wavy crack. But without metal layer crack was still 

occurred with very similar shapes and size. (Figure 3.2)  
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Figure 3.1 Schematic of cavity sample fabrication step 

 

 

Figure 3.2 Optical micrograph of crack occurred in cavity sample.  Interlayer was 

Al 100 nm and it was etched away before annealing step. Remained SiO2 has 

tunnel like cavity. Crack medium was evaporated 2 µm SiO2. Crack moves from 

left to right. 
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3.4 Polymer sample 

 

Because just cavity only was appeared to be enough condition for successful 

periodic crack generation one could wonder that what other materials could be 

used for interlayer instead of metal. This argument naturally leads to the role of 

insertion layer.  

I used two kinds of polymer for insertion layer, which were PMMA and AZ52xx 

series photo resist. I spin coated PMMA (A2 950K from Microchem co.) in 

4000RPM and then baked them on a hotplate at 180 °C for 2min. Because PMMA 

is e-beam resist, interlayer pattern could be defined by simple e-beam exposure and 

development in MIBK. Nominal thickness of PMMA was around 70-80 nm. In 

photo resist case; AZ5206 from Clariant co. was diluted in Propylene Glycol 

Monomethyl Ether Acetate (PGMEA). (AZ5206 : PGMEA = 1 : 4) Samples were 

spin coated with this diluted PR in 4000RPM and then baked on hotplate at 90 °C 

for 2min. Conventional photolithography was used to make PR pattern. Nominal 

PR thickness was around 70-80 nm. After polymer pattern generation following 

processes were the same with metal pattern samples. After annealing process 

similar crack pattern was appeared on the SiO2 layer. This is also quite interesting 

because polymer will be degraded in high temperature and especially PMMA will 

be melted before typical annealing temperature, which is 500 °C.  
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Figure 3.3 Optical micrograph of crack with polymer interlayer.  Interlayer is 70 

nm AZ5206 photo resist (diluted in PGMEA) Crack medium is evaporated 2 µm 

SiO2. Crack moves from left to right. 

 

3.5 Graphene sample 

 

Graphene is renowned 2-dimensional material especially for its high mechanical 

strength and low CTE. Especially CTE of single layer graphene near room 

temperature is estimated to be negative recently. [19] If one thought thermal 

expansion scenario is valid then graphene could act as crack inhibitor at annealing 

condition. So I fabricated graphene insertion layer from few layer Chemical Vapor 

Deposition (CVD) grown graphene. This graphene was grown on Cu foil and then 

it was transferred onto target substrate by polymer assisted wet transfer technique. 

I used oxygen plasma etching process to fabricate graphene stripe pattern by using 
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e-beam patterned PMMA as etch mask. After oxygen etching of graphene PMMA 

was removed in hot acetone. Sample was rinsed in IPA and then dried with N2. 

After SiO2 deposition and annealing process surprisingly similar crack pattern was 

observed with other cases like metal, polymer and cavity.  

 

 
Figure 3.4 Optical micrograph of crack with few layer graphene interlayer.  

Interlayer is 2 or 3 layer of graphene, which is less than 1 nm thick. Crack medium 

is evaporated 2 µm SiO2. Crack moves from left to right.  

 

3.6 Crack steering with additional third (top) layer: stiffness 

rules? 

 

With results so far, I thought effective freedom from substrate makes SiO2 on top 

of insertion pattern be more prone to stress, which means that fracture toughness in 

this region is lower than other area. This can be easily supported by the fact that in 

case of using random scratch defects to initiate crack, crack was only appeared on 



 43 

top of interlayer region. So in this point of view cavity case is the most basic and 

ideal case for crack confinement and if one used any solid material as interlayer 

then it should be soft enough so SiO2 on top of interlayer can have some freedom 

to be deformed. Or in other term one could say plastic deformation of interlayer is 

quite important. Graphene is a quite distinguished case because graphene is not a 

soft material rather it is quite stiff and brittle. In this case I attribute this to 

graphene’s weak adhesion to substrate or weak adhesion between layers, note that I 

used few layer graphene. Also although graphene is strong and brittle, it is so thin 

so graphene could be fractured with top SiO2 layer.  

So if this effective freedom from substrate (or resultant reduced fracture 

toughness) was valid mechanism for crack confinement then I could eliminate this 

kind of freedom by adding relatively noncompliant top layer on top of SiO2. Then 

resultant tri layer will be less compliant than only soft metal / SiO2 structure. 

Figure 3.5 shows that this kind of structure and resultant controlled crack pattern. I 

used Cr as top noncompliant layer and here crack was successfully confined within 

no Cr layer region. To fabricate this sample, first substrate was thoroughly cleaned 

and Ti/Au 10/50 nm was deposited with e-beam evaporator. Ti was used as 

adhesion layer.  Then 2 µm SiO2 and 200 nm Cr layer were deposited without 

breaking vacuum. Then using e-beam lithography, PMMA masking layer was 

defined on top of this sample. Using PMMA as etching mask Cr layer was etched 

by using CR7-SK (Cyantek co.) Cr etchant. After etching sample was rinsed with 
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DI and then dried with N2. After annealing crack was generated only in the no Cr 

region. 

 

Figure 3.5 Crack steering with additional third layer. (Left) Schematics of crack 

steering with additional third layer (Right) optical picture resultant confined crack 

pattern. Crack moves from left to right.  

    

3.7 Discussion 

 

Aside from graphene case, soft metal, polymer and cavity could be explained by 

local compliance contrast, which means that interlayer existing region is more 

compliant than other region because the adhesion between substrate and SiO2 is not 

direct. Cavity sample case is simplest one, because one could see it as SiO2 

adhered directly to substrate is reinforced strcuture so it will have higher fracture 

toughness than that of suspended SiO2. Soft metal and polymer could be plastically 

deformed when SiO2 is getting stressed from thermal mismatch between Si 

substrate and SiO2. When I used stiff material like Cr, plasticity was not enough 

and this in turn resulted in lower contrast of fracture toughness between interlayer 
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region and other area. This analogy could be applied to previous study [13] if the 

stress state in high temperature was tensile even though they argued in opposite 

way. Especially it can explain why hard material like Ti is not suitable material for 

wavy crack generation in their cases.  Dealing with other metal layers, I can see the 

nice trend between hardness of interlayer materials and crack occurrence. (Figure 

3.6) Although Vickers hardness is indentation test value but for metals this is 

strongly correlated with yield stress and plastic deformation. On the other hand, 

plot with CTE has two strong counter examples, which are graphene and cavity so 

I can assume that scenario of thermal expansion stress is less likely. 

 

 

Figure 3.6 Crack occurrence plots respect to Vickers hardness (left) and CTE 

(right). For cavity, graphene, PMMA, Au, Al and Cu periodic crack is observed. 

One can see that crack is occurred for soft materials, on the other because of cavity 

CTE plot does not show well suited trend with crack occurrence. Vickers hardness 

and CTE at room temperature.  
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In graphene case I suspect that adhesion between graphene is not strong 

enough to endure thermal stress or graphene is too thin to endure such strain that 

comes from SiO2 deformation. There was report about graphene’s fracture 

toughness, which is about 4.0 ± 0.6!"# !. [20] This value is still higher than 

that of thin film SiO2 1.3~2.0!"# ! [21] but relatively lower than those of 

metals; in turn graphene could be considered as brittle. For future work careful 

examination is needed to determine what happened exactly at the nano scale 

interface between SiO2 and graphene. Because it is still in question whether 

graphene was torn apart and followed cracked SiO2 shape or it was just 

delaminated from SiO2.   
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4 Numerical approach for crack path prediction 
 

4.1 Overview  

 

From previous chapter I can get possible explanation about confinement of crack 

by insertion layer. But still there was no physical base about why crack should 

follow such periodic wavy form. Also slight deviation from sinusoidal shape, so 

called saw tooth shape, was observed and this shape had absolute correlation with 

crack advancing direction. Because it was hard to find suitable theoretical approach 

for thin film wavy crack system I searched for similar crack pattern in other 

systems in nature. Especially focusing on local compliance contrast (Figure 4.1), I 

should look for some system with periodic crack pattern and compliance contrast. 

There was old system so-called ‘brittle adhesive crack’ [22] and this system 

actually satisfies early mentioned two conditions. So I will start from this work and 

state the similarity between my work and this. And I will borrow theoretical 

techniques for this system and use modified method to numerically predict our 

work.  
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Figure 4.1 Compliance contrast scenario for cavity sample. SiO2 on cavity has 

lower fracture toughness (compliance). 

 

4.2 Brittle adhesive crack case:  similarity and implication 

 

Brittle adhesive crack or brittle fracture of adhesive joint is quite an old topic and it 

was actually reported around similar timing with famous wavy crack experiment 

with quenched glass by Yuse and Sano. [10] But unlike Yuse and Sano’s work it is 

more controlled experiment because stress components were separately controlled. 

This crack specimen consists of tri layer sandwich structure, brittle adhesive is 

sandwiched between two relatively less compliant metal substrate. Because of high 

compliance contrast, crack is confined within brittle adhesive layer and by 

changing various parameters, like annealing temperature of adhesive (residual 

stress) and force axis, they observed various kinds of crack propagation. I focused 

on the case of wavy or alternating path because if one compares the Figure 4.1 with 

Figure 4.2 then one could find out that my thin film system could be perceived as 
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near 2D slice of brittle adhesive crack case. Although at this stage I cannot 

compare specific parameters fully, but still I could borrow well-developed 

numerical approach for prediction of crack path in brittle adhesive case and modify 

it for my work. Because of its depth axis (out of plane axis from this paper plane) 

uniformity, most of theoretical approach assumed that 2D model is enough to 

understand this system.  

 

 

Figure 4.2 SEM images of brittle adhesive crack sample. [22] 

 

4.3 Numerical approach for cavity sample 

 

To predict the crack propagation path of cavity sample, finite element method 

implemented in Abaqus/Standard (ABAQUS, 2012) was used. And in this case the 

finite element analysis was linear. The crack growth simulation was based on and 

modified from previous methods. [23] [24] The 3D crack was modeled by using 

extended finite element method, or XFEM [25] to avoid time consuming re-

meshing. The element type was iso-parametric linear 3D elements with reduced 
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integration (C3D8R), which is chosen from commercial Abaqus option. Initial 

crack tip was introduced by simple discontinuation plane. Actual crack growth 

procedure was not done by 3D growth feature in Abaqus. Instead of that, the 

pseudo 2D propagation iteration procedure was used like previous studies. (Figure 

4.3) The crack growth direction (angle) was determined by maximum tangential 

stress criterion. [9] To calculate this angle, actual stress intensity factor values from 

interaction integral [26] calculation of the program was used. This feature was 

implemented in stationary crack calculation of Abaqus. Since the crack growth 

direction is given, crack growth is analogous to solving first order differential 

equation, ),(' yxfy = , where the crack grows in positive x  direction, )(xy  is the 

deviation of crack from x  axis, and ),( yxf  is the tangent of the crack growth 

angle. This differential equation was solved by using an improved Euler's method 

for better accuracy. [27] 

The detailed condition for the finite element model is as follow. The 

substrate's Young's modulus, Poisson's ratio, and thermal expansion coefficient 

were 150 GPa, 0.22 and 3.4×10-6K-1 respectively. The SiO2 film's Young's modulus, 

Poisson's ratio, and thermal expansion coefficient were 72.7 GPa, 0.16 and 0.5×10-

6K-1. In the simulation, the substrate's thermal expansion coefficient was set to zero, 

and the relative thermal coefficient of SiO2 was used for simplification. The 3D 

geometry of the model is illustrated in Figure 4.4. The bottom surface of the 

substrate was fixed. The model's side boundaries were free to move only in z 

direction. However, the side boundary of element on top of void part was not fixed 
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for practical calculation availability. To compensate this procedure the initial 

straight crack was extended up to 80 µm and it could successfully ignore the effect 

of this free boundary. The size of the model and mesh were chosen not to 

practically affect the stress around the crack tip. The thickness of glass film was 2 

µm, and the thickness of Si substrate was 2 µm. The thickness and the width of the 

void were 0.1 µm and 20 µm. The mesh size in the xy plane was 1 µm. Thermal 

loading was applied by increasing temperature by 500 °C. After that, it was 

assumed that fast fracture occurs by the Griffith criterion as in the experiment, and 

the crack propagated. The crack propagation direction was calculated by the 

maximum tangential stress criterion, which uses stress intensity factors evaluated 

from the top surface plane of the film. Although the stress intensity factors varied 

over the depth of the film, the variation of crack growth direction angle was 

usually less than 10° and was considered negligible (This variation was calculated 

from finite element model with conventional wedge elements of 1/ ! singularity 

instead of XFEM to obtain more accurate values). This numerical calculation was 

done by Jong Hyun Jung and Prof. Jisoon Ihm of same department.  
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Figure 4.3 Numerical prediction of crack path flow chart. 
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Figure 4.4 The geometry of the finite element model. Dashed lines are the edges of 

the cavity. Courtesy of Prof. J. Ihm group. 

 

 

Figure 4.5 Numerical prediction of crack path. Numerically calculated crack path 

(up) and optical picture of cavity sample for 20 µm width sample (down). Red 

arrow indicates initial crack tip. Courtesy of Prof. J. Ihm group. 
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4.4 Periodic mechanism 

 

With successful numerical calculation, which can be matched with experimental 

result of cavity sample, I could say that compliance confinement is the dominant 

reason for crack confinement. Also stress biaxiality also plays a role in here 

because if stress is uniaxial then crack will go straight toward side edge (stress is 

parallel to stripe pattern) or make parallel long straight crack (stress is orthogonal 

to stripe pattern). Because of compliance issue crack in the vicinity of near side 

edge should turn into centerline of stripe pattern to satisfy maximum energy release 

rate criterion. But straight crack in the middle is also not stable because portion of 

stress which is not orthogonal to crack’s initial trajectory will make this crack 

detour from its straight trajectory. Because of this two competing mechanism crack 

takes a periodically bouncing back trajectory. 
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5 Controlled periodic crack system as application 
 

5.1 Overview 

 

In this chapter I will briefly introduce simple applications of this crack system, 

such as nano slit sample for THz experiment and nanowire generation template and 

crack protection technique. This versatile applicability comes from easy fabrication 

process and arbitrary controllability of crack path.  
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5.2 Controlled nano channel: THz transmission  

 

With this controllability of crack generation I can easily make very long (up to cm 

scale) nano gap structure without special nano lithography, such as e-beam 

lithography. With help from D. S. Kim group in this department, I demonstrated 

3mm length single nano slit for THz transmission experiment. Like in Figure 5.1 

after successful crack generation with Al interlayer, Al layer was partially or 

completely etched away through crack gap. Thoroughly rinsed and dried, 

additional Al 100 nm film was evaporated with slanted angle so this additional Al 

deposition cannot reach to the bottom of crack gap. Because in THz experiment 

metal thin film with certain thickness will act as effective screening layer this 

etching and angle evaporation could make large-scale nano gap easily. (Figure 5.2)   

 

 
Figure 5.1 Schematics of metal nano gap generation process 
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Figure 5.2 Optical picture of fabricated metal nano gap sample. Top surface is 

coated with Al 100 nm.  

 

After inspection with optical microscope, sample was mounted in THz 

transmission experiment chamber. Incident polarization of THz wave was aligned 

perpendicular to the long axis of the nano gap in order to facilitate capacitive 

coupling and field enhancement at the gap. Parallel-polarized component with 

respect to the long axis does not contribute to the field enhancement phenomena 

and gives only transmission in the level of direct transmission through un-patterned 

metal film. Therefore subtraction between the two transmitted spectrum eliminates 

the effect of direct transmission through bare metal film and provides information 

only at the gap. In case of a slit structure it is well known that transmitted 

amplitude is inversely proportional to the frequency, as long as the length of the 

slit is larger than the wavelength of interest. In Figure 5.3 one can see black data 

line is well matched with 1/f fitting. This indicates that this nano slit is one 

continuous gap structure, extending over length of larger than 3 mm (aperture size). 

This THz measurement was done by Mr. Jeeyoon Jung and Prof. Dai-sik Kim. 
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Figure 5.3 THz transmission experiment result. Courtesy of Prof. D. S. Kim group. 

Following 1/f fitting indicates that this slit act as one continuous nano slit.  

 

5.3 Nanowire generation template  

 

Crack itself is high aspect ratio nano gap structure. So inherently it is advantageous 

for high through output nanowire generation. Because this work demonstrates 

crack generation with no length limitation with arbitrary path, it could be very 

useful for nanowire generation template. So with this crack pattern here I 

demonstrated simple evaporated nanowire generation technique. In Figure 5.4 Pt 

nanowire generation is demonstrated. Because crack can be made with polymer 

and cavity, this interlayer could be completely removed before nanowire 

generation. Also most brittle materials like SiO2 could sustain high temperature, 

this nanowire generation template could be used in harsh environment, such as 
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Pulsed Laser Deposition (PLD) system for oxide devices. With oxygen presence 

and high sample temperature, conventional polymer resist based lift off technique 

is no longer useful in that kind of system so this crack template could be useful in 

that case. 

 

 
Figure 5.4 SEM cross sectional view of metal nanowire template case. Pt 100nm 

was evaporated through crack gap. 
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5.4 Controlled cracking as material toughening tool  

 

In chapter 2, I demonstrated curved steering of crack and self-termination of crack. 

Combining this two I can make closed loop with single crack. This crack will 

isolate inner region from outer region by discontinuation of crack medium. This 

isolation will result in fracture protection technique, which is demonstrated in 

Figure 5.5. This technique could be useful for protection technology in display or 

other thin film system. 
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Figure 5.5 Optical dark field image of demonstration of crack protection by closed 

loop crack pattern. Wavy crack is generated from upper right corner and then outer 

random cracks are generated later and stopped by pre-existing closed loop crack. 
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5.5 Discussion 

 

Arbitrarily curved steering of crack and ease of fabrication are strong advantages 

of this work. Although in this thesis I demonstrated very few basic applications for 

this crack system but further work could open up the new possibilities of this crack 

related applications. Especially this crack generation is an on-chip process and one 

could control crack generation timing by adjusting annealing temperature. So if in-

situ miniaturized annealing system is available with high-speed camera or high 

resolution imaging system then one could use this as on-chip fracture dynamics 

experiment platform. 
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6 Conclusion 
 

6.1 Summary  

 

Here in this thesis I demonstrated interlayer-mediated formation of periodic crack. 

First certain soft metal like Al and Cu were used as interlayer for periodic crack 

formation. This periodic crack is in wavy shape and confined on top of insertion 

layer. This crack could be started with various types of initiation defects such as, 

FIB milled notch, metal patterned notch and even with simple scratch by cutting 

tool. Crack is self terminated at the end of insertion layer pattern or it stops when it 

meets pre-existing crack. Crack path can be easily steered arbitrarily in curved way 

and it is the first demonstration of this kind. Period of crack is strongly correlated 

with insertion layer pattern width.   

To find out the role of insertion layer I made cavity sample, and used 

polymer and even few layer graphene as insertion layer. Experimental result with 

numerical calculation motivated by ‘fracture of brittle adhesive joint’, I could 

suggest that this crack confinement and wavy behavior is rooted from compliance 

confinement and stress biaxiality. 
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6.2 Periodic thin film crack  

 

In other thin film crack system without insertion layer one could observe very 

similar periodic crack patterns. And the most striking similarity is saw tooth shape.  

This shape anomaly is strongly correlated with crack’s advancing direction and it 

could be observed in ‘tearing brittle film with blunt tool’ [28], ‘drying colloidal 

film’ [29], ‘self debonding crack in sol-gel film’ [30] [31] and ‘crack with 

delamination in Mo/Si thin film’ [32].  I could match these systems with early 

mentioned two conditions for periodicity. In ‘tearing brittle film with blunt tool’ 

both side of brittle film edge was adhered to metal frame so compliance condition 

was met and using blunt tool local stress should be biaxial. Note that when using 

sharp tools, stress profile becomes rather uniaxial so this periodic behavior was 

vanished in their study. In ‘drying colloidal film’ case straight crack was appeared 

first and after that wavy crack will be formed in between these straight cracks. So 

straight cracks acted as compliance confinement condition and it was drying case 

so stress was biaxial. In ‘self debonding crack in sol-gel film’ stress was also 

biaxial because tensile stress builds up while baking process. In this case wavy 

crack always came with partial debonding near cracked area, this debonding self 

imposed compliance confinement condition. Because debonded area is much easier 

to be fractured and debonding process is much easier to happen on the line of crack 

advancing direction. And this was a similar case with ‘crack in Mo/Si thin film 

with delamination’.  
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6.3 Implication to other systems  

 

In nature uniaxially loaded systems with homogenous material is unrealistic, rather 

inhomogeneous and biaxially loaded systems is abundant because of shrinkage or 

expansion by heat, dehumidification or freezing. So with knowledge from this 

work if one encounter periodic crack system in nature then it is beneficial to look 

for those two conditions for periodic crack system. Although specific condition 

like stress biaxiality ratio and difference in fracture toughness between compliance 

and less compliance region will be differ by geometry and material properties still 

it is worthwhile to consider. So here I will introduce three wavy crack systems, 

which their mechanisms are not that well understood yet.  

First is crack in internally pressurized glass tube. [33] (Figure 6.1) In this 

experiment glass tube was internally pressurized by hydraulic pump and crack was 

initiated from initial notch and was in wavy shape. In this case also stress biaxiality 

is easily met because of expanding of glass expected from internal pressure. 

Another interesting and similar case is so called ‘Rapid Crack Propagation (RCP)’ 

in industrial pipe. [34] (Figure 6.2) In this case industrial plastic pipe was subjected 

to cold environment and internal pressure. When certain condition is met, periodic 

crack propagated rapidly leading to catastrophic failure of whole structure. In these 

two cases compliance confinement is achieved by cylindrical symmetry, means 

that crack itself will be self-limiting boundary just like straight crack in ‘drying 

colloidal thin film’ case. 
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Figure 6.1 Wavy crack in internally pressurized glass tube. [33] Optical images of 

cracked glass tube (up) Re-drawn its trace (down). External diameter 18 mm, 

length 400 mm and the thickness 1.2mm. Internal pressure at the onset of fracture 

was 0.23 MPa. 

 

 

Figure 6.2 Rapid crack propagation in Polyethylene industrial pipe at 0°C. Saw 

tooth like weaving crack path (left), sinusoidal crack path (right). [34] 

 

Another example is in geological scale, it is crack in iceberg of Europa. 

[35] (Figure 6.3) In this case although stress biaxiality is easily explained by 
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presence of water underneath ice, it is hard to point out whether compliance 

confinement condition is met or not. But still this kind of analogy could be useful 

in future study about various kinds of periodic crack systems in nature. 

 

 
Figure 6.3 Wavy ridges near Europa’s south pole. Photographed by Voyager 

spacecraft. [35] 

 

6.4 Future work  

 

Still lots of variable is not explored in this peculiar crack system but most 

interesting features are saw tooth like shape in crack pattern and periodic to 

random shape transition. In metal sample, by increasing pattern width its saw tooth 

like shape anomaly getting more severe (Figure 6.4 bottom) and eventually it will 

lose its periodic nature and turn into a random shape crack. (Figure 6.5) But in 

polymer sample this kind trend is much weaker than metal sample. (Figure 6.4 top) 

Still it is not certain whether this transition of crack shape comes form material’s 
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property, such as hardness, or geometrical effect or imperfect morphological 

surface issues. 

 

Figure 6.4 Saw tooth like behaviors in wide strips (~200 µm). In Photo resist 

sample this saw tooth like nature is not strong (top) but in Al sample it is much 

severe (bottom). 



 69 

 
Figure 6.5 Optical dark field image of whole area Cu/ SiO2 crack sample. Cu 100 

nm is deposited whole surface of sample and then SiO2 2 µm is deposited on top of 

Cu layer. From scratch defect random worm like crack is generated.  

 

Further understanding of this transition of ordering might shed some light to 

understand crack pattern observed in Goryeo inlaid celadon. (Figure 6.6) In this 

ceramic, bluish outer region and white dragon shape patterned region consist of 

different materials. They made it by scraping surface of bluish body and filled it 

with white materials and then whole crack is covered with glass like glaze. After 

firing process crack is concentrated on white area. 
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Figure 6.6 Image of crack pattern on a Goryeo inlaid celadon. Note that on top of 

white inlaid region crack is concentrated. [36] 

 

I observed another interesting feature while I fabricating FIB milled notch to the 

polymer sample. After a successful milling process I observed the milled notch 

thoroughly with SEM. While exposed to electron beam crack initiation was 

observed. The view field was limited to few tens of microns and crack propagation 

was only occurred within exposed region. (Figure 6.7) But similar wavy structure 

was also observed in this case, suggesting that wavy itself comes from quasi static 

process and dynamic process does not paly the dominant role in here.  
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Figure 6.7 Optical image of crack propagation by e-beam exposure. Similar pattern 

with thermal annealing is observed. Crack propagate only within the region which 

is e-beam exposed. Scan speed is 3s for 100 µm x µm field and current is 1nA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 72 

References 
                                                        

[1] Koo. H. Nam et al., (2012). Patterning by controlled cracking, Nature, 485, 7937, pp 

221-224.  

[2] B. E. Alaca et al., (2004). Guided self-assembly of metallic nanowires and channels, 

Applied Physics Letters, 84, 23, pp 4669-4671.  

[3] M. Kim et al., (2015). Cracking-assisted photolithography for mixed-scale patterning 

and nanofluidic application, Nature Communications, 6, 6247.  

[4] D. Gross and T. Seelig, (2011). Fracture Mechanics. 2nd, Springer, Berlin.  

[5] A. A. Griffith, (1920). The phenomena of rupture and flow in solids, Philosophical 

Transactions of the Royal Society of London. Series A, 221, pp 163-198.  

[6] C. E. Inglis, (1913). Stresses in a plate due to presence of cracks and sharp corners, 

Trans. Inst. Naval Architects, 55, pp 219-230.  

[7] B. N. Whittaker et al., (1992) Rock fracture mechanics: principles, design and 

applications (developments in geotechnical engineering). Elsevier, Amsterdam.  

[8] Mikael Rinne, (2008). Fracture mechanics and subcritical crack growth approach to 

model time-dependent failure in brittle rock, PhD Thesis, Helsinki University of 

Technology, Finland. 

[9] F. Erdogan and G. C. Sih, (1963). On the crack extension in plates under plane loading 

and transverse shear, Journal of Basic Engineering, 85, 4, pp 519-525. 

[10] A. Yuse and M. Sano, (1993). Transition between crack patterns in quenched glass 

plates, Nature, 362, pp 329-331. 

[11] D. Bahat, (1991). Tectonofractography. Springer Verlag, Berlin.  



 73 

                                                                                                                                             

[12] B. Kilic and E. Madenci, (2009). Prediction of crack paths in a quenched glass plate by 

using peridynamic theory, International Journal of Fracture, 156, 2, pp 165-177. 

[13] D. Kim et al., (2010). Microscale oscillating crack propagation in silicon nitride thin 

films, Applied Physics Letters, 97, 7, 071902.   

[14] S. Ito et al., (1990). Application of surface reformed thick spin-on-glass to MOS 

device planarization, Journal of the Electrochemical Society, 137, 4, pp 1212-1218.  

[15] B. C. Kim et al., (2013). Guided fracture of films on soft substrates to create 

micro/nano-feature arrays with controlled periodicity, Scientific Reports, 3, 3027.  

[16] O. Sardan et al., (2006). Self-assembly-based batch fabrication of nickel-iron 

nanowires by electroplating, Nanotechnology, 17, 9, pp 2227-2233. 

[17] A. K. Shinha et al., (1978). Thermal stresses and cracking resistance of dielectric films 

(SiN, Si3N4 and SiO2) on Si substrates, Journal of Applied Physics, 49, 4, 2423.  

[18] T. F. Retajczyk Jr and A. K. Sinha, (1980). Elastic stiffness and thermal expansion 

coefficients of various refractory silicides and silicon nitride films, Thin Solid Films, 70, 2, 

pp 241-247. 

[19] D. Yoon et al., (2011). Negative thermal expansion coefficient of graphene measured 

by Raman spectroscopy, Nano Letters, 11, 8, pp 3227-3231. 

[20] P. Zhang et al., (2014). Fracture toughness of graphene, Nature Communications, 5, 

3782.  

[21] T.  Tsuchiya et al., (2000). Tensile testing of insulating thin films; humidity effect on 

tensile strength of SiO2 films, Sensors and Actuators A: Physical, 82, 1-3, pp 286-290. 



 74 

                                                                                                                                             

[22] B. Chen and D. A. Dillard, (2001). The effect of the T-stress on crack path selection in 

adhesively bonded joints, International Journal of Adhesion and Adhesives, 21, 5, pp 357-

368. 

[23] B. Chen and D. A. Dillard, (2001). Numerical analysis of directionally unstable crack 

propagation in adhesively bonded joints, International Journal of Solids and Structures, 38, 

38-39, pp 6907-6924.  

[24] T. Menouillard and T. Belytschko, (2011). Analysis and computations of oscillating 

crack propagation in a heated stip, International Journal of Fracture, 167, 1, pp 57-70.  

[25] T. Belytschko and T. Black, (1999). Elastic crack growth in finite elements with 

minimal remeshing, International Journal for Numerical Methods in Engineering, 45, pp 

601-620.  

[26] C. F. Shih and R. J. Asaro, (1988). Elastic-plastic analysis of cracks on biomaterial 

interfaces: part I – small scale yielding, Journal of Applied Mechanics, 55, 2, pp 299-316. 

[27] W. E. Boyce and R.C. DiPrima, (2010). Elementary differential equations and 

boundary value problems. 9th edition, John Wiley & Sons, New York. 

[28] B. Audoly et al., (2005). Cracks in thin sheets: when geometry rules the fracture path, 

Physical Review Letters, 95, 025502.  

[29] L. Goehring et al., (2011). Wavy cracks in drying colloidal films, Soft Matter, 7, 18, 

pp 7984-7987.  

[30] N. Wan et al., (2009). Observation and Model of highly ordered wavy cracks due to 

coupling of in-plane stress and interface debonding in silica thin film, Physical Review B, 

80, 014121.  



 75 

                                                                                                                                             

[31] J. Marthelot et al., (2014). Self-replicating cracks: a collaborative fracture mode in thin 

films, Physical Review Letters, 113, 085502.  

[32] Grygoriy A. Kravchenko, (2008). Crack pattern in think films and X-ray optics 

thermal deformations, Master Thesis, University of South Florida, USA. 

[33] K. Fujimoto et al., (2005). On the wavy crack propagation behavior in internally 

pressurized brittle tube, JSME International Journal Series A: Solid Mechanics and 

Material Engineering, 48, 4, pp 178–182. 

[34] J. M. Greig et al., (1992). Rapid crack propagation in pressurized plastic pipe – I. full-

scale and small-scale RCP testing, Engineering Fracture Mechanics, 42, 4, pp 663-673.  

[35] G. V. Hoppa et al., (1999). Formation of cycloidal features on Europa, Science, 285, 

5435, pp 1899-1902.  

[36] Name of this celadon is “ Celadon jar with inlaid cloud and dragon design.” This 

image is obtained from www.museum.co.kr, allowed by Korean Open Government License 

(KOGL). 



국문초록 

 

균열 (crack) 이란 일반적으로 물질의 분리로 인해서 생기는 패턴을 의미하며 

인간은 역사이래로 언제나 이러한 현상을 제거하거나 피하고자 해왔다. 

이는 균열 그 자체가 이미 어떤 사물이 원래의 순수성과 기능을 잃는 것과 

직결되기 때문이었다. 더욱이 균열은 물질속에 내재한 미세한 결함등에 

의해서 쉽게 그 성장경로가 영향을 받는등 매우 그 진행 방향이나 모양을 

예측하기 힘든 혼돈적인 특성을 가지고 있다. 이러한 특성에도 불구하고 

자연계에도 예외는 있어서  일부 물질계에서 주기적이고 정렬된 형태의 

균열이 나타나기도 하는 경우가 있다. 이러한 주기적인 균열 형상은 그 

존재의 희귀성뿐만 아니라 그 기작 자체가 잘 알려지지 않은 매우 독특한 

경우이기에 중요하다. 본 연구에서는 반도체 공정기술을 사용하여 일반적인 

기판위에 형성된 취성 박막에 간단하게 균열 형상을 정렬되게 의도한 

방향대로 생성하는 방법을 제시하고 이러한 주기적 형상을 결정하는 요인에 

대해서 논하였다. 본 연구에서는 기판과 상부의 취성박막 사이에 

인위적으로 첨가된 삽입층을 이용하여 이러한 균열의 생성과 그 성장경로를 

조절하였다. 이러한 삽입층으로는 금속박막, 폴리머 박막 그리고 원자수준 

두께를 지닌 그래핀등이 사용되었다. 이러한 얇은 삽입층은 상부의 취성 

박막을 국소적으로 기판으로부터 분리되게 하는 효과를 주거나, 혹은 그에 

근접하는 수준의 역학적 자유도를 제공하게 된다. 이러한 역학적 자유도는 

삽입층의 물리적 부드러움 혹은 삽입층과 그 상하부에 위치한 기판이나 



취성박막과의 결합 강도에 의해서 결정되게 된다. 일련의 연구 결과와 

확장유한요소분석법(Extended Finite Element Method, XFEM)을 이용한 

수치적 계산을 통하여 이러한 주기적 균열 형상은 취성 접착부 균열(brittle 

adhesive crack)이라 불리우는 경우와 물리적으로 매우 유사함을 밝혀 내었다. 

이러한 연구결과를 통하여 과거의 스스로 국소적으로 벗겨지는 

솔겔박막(self de-bonding sol-gel film)과 콜로이드 용액을 말리면서 생기는 

크랙(drying colloidal film) 의 경우와 같은 과거의 일련의 다양한 주기적 

균열의 경우에도 비슷한 조건을 만족하는 것으로 해석할 여지를 제공한다. 

이러한 연구결과는 앞으로 다양한 주기적인 균열 형상을 해석하는데 중요한 

착안점을 제시할수 있을 뿐만 아니라 간단하고 강력한 나노형상제작 

가능성에 착안한다면 차세대 나노공정기술에 유용하게 쓰이게 될것으로 

생각된다. 

 

주요어: 주기성을 띈 균열, 균열 진행 경로 조절, 취성 균열, 박막 균열, 

균열 역학. 
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