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ABSTRACT 

 

The Characterization of the Mechanical Behaviors of Two Dimensional Nanomaterials with 

Grains and Grain Boundaries  

Sung Joo An 

 

Graphene, two dimensional lattice of covalent bonds of carbon atoms, has been studied as 

a prospective new material for the next generation. Pristine graphene, mechanically exfoliated 

graphene from graphite, has gained much attention due to its outstanding properties: conductivity, 

permeability, transparency, and mechanical stability. While pristine graphene has shown great 

promise as an innovative new material, the limitations from the randomness of sizes and domains 

are challenging for uniform mass production. In this dissertation, we present graphene produced 

by chemical vapor deposition (CVD) synthesis for producing designated sizes and domains. In 

order to prospect the utilization, the mechanical stability of CVD graphene should be determined.  

We first present mechanical properties of CVD graphene. Introducing transfer method, 

we present how to minimize damages on graphene during the fabrication. For the measurement 

of mechanical properties of CVD graphene, we introduce nanoindentation test with AFM and 

nanoindenter. Experimental results are demonstrated by the results of FEA analysis on the basis 

of nonlinear elastic behaviors. Through the experiment and simulation, we verify the ultra-high 

mechanical strength of CVD graphene.   

We also present defect-engineered graphene for the utilization. To determine the change 

of the status of defects on pristine graphene, we employed plasma etching to induce defects 

gradually. Through the observation of change of defects from sp
3
 type to sp

2
 type on pristine 



 
 

graphene, we understand how the phase changes depending on defects. Using nanoindentation, 

the mechanical strength of defective graphene is determined and we discuss its utilization based 

on the mechanical stability.   

We next exploit grains and grain boundaries of polycrystalline graphene. Transmission 

electron microscope (TEM) is used for precise observation of suspended membrane with grains 

and grain boundaries. Applying the same nanoindentation test, we compare the values of grain 

boundaries to pristine lattice in order to determine how grains and grain boundaries affect the 

ultra-high mechanical properties of graphene as defects.  

We finally present angular dependence of the mechanical properties of grains and grain 

boundaries. Although previous research reported the angular dependence of graphene regarding 

its mechanical strength, it was questionable that tilt angles among grains could not affect 

mechanical strength based on our previous experimental data. Therefore, here we reveal that how 

tilt angles among grains affect the mechanical properties. Furthermore, we investigate the crack 

propagation at rupture of graphene in both nanoindentation and e-beam exposure.  

Hence, we conclude the dissertation by a discussion of directions for future work, 

proposing well-stitched condition of graphene, and HR TEM for the verification of real structure 

of grain boundaries to apply into simulation. Therefore, this thesis is an arrangement of the 

outstanding mechanical properties of graphene from pristine graphene to CVD graphene in both 

small grain and large grain type, and from macroscopic region of interests over suspended 

membrane to microscopic observation such as the mechanical behaviors of grains and grain 

boundaries.     
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Chapter 1. Introduction 

 The demand for innovative new material is ever increasing as various applications and 

devices are advanced in the industry. From electronic devices to mechanical devices, the 

research has been undergoing to enhance the devices’ performances and utilizations in electrical, 

thermal, optical, and mechanical perspectives. Thus, the research has been paying attention to the 

investigation of source materials in academia. Two-dimensional nanomaterials, those have sp2 

orbital and can be applicable in micro or nano scale, have boundless potential as source materials 

for next-generation products. In this thesis, I experimentally determine the mechanical properties 

of Chemical Vapor Deposition (CVD) graphene for both large grain and small grain growths. 

Furthermore, in a minuscule point of view, it can be verified that how grain boundaries work for 

the results. Because two types of CVD growth provide different grain sizes and boundaries, it is 

interesting to investigate how different they work and how dependent grains and grain 

boundaries are on tilt angles. As an extension of the topic, the properties of defect-induced 

graphene are also important not only to understand how the mechanical properties of graphene 

are influenced by intrinsic defects but also to realize for practical applications with engineered 

defects.  

1.1 .    History of the Discovery of Carbon Materials  

Carbon materials have been intriguing and played an important role in science research 

and human life due to its outstanding properties and versatile use.  In particular, graphitic carbon 

materials have shown promising merits for the future. A fullerene is any molecule composed by 

carbon. Spherical fullerenes, so-called buckyballs, have been found to occur in nature (1), and 

also have been detected in outer space(2). Since the discovery, researchers have reported its 
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aromaticity (3), chemistry (4, 5), and solubility (6-9). The research successfully expanded to 

carbon nanotubes (10-13), cylindrical fullerenes which made great technical advancement in 

nanotechnology. It was demonstrated that carbon nanotubes had outstanding properties: tensile 

strength and elastic modulus (14, 15), electrical properties (16, 17) and intrinsic 

superconductivity (18-20) and thermal properties (21, 22). And in the end, the exploration of 

graphitic carbon material reached sp
2
 typed planar material, graphene (23).  

 

 

 

 

 

 

 

 

 

 

1.2.    Rise of Pristine Graphene 

Graphene is a two-dimensional atomic layer of carbon which consists of honeycomb 

atomic lattice configuration (23). A huge advance in graphene has made since when a monolayer 

graphene was extracted from bulk graphite, and the extracting technique is so-called the Scotch 

tape method (24). By the mechanical exfoliation(24), it came to be possible to realize two-

dimensional pristine graphene. Since it was introduced, the study of graphene has been booming 

0D 1D 3D 

Curl, Kroto, Smalley 

       (Fullerene) 

 Lijima, Bethune 

(MWCNT, SWCNT) 

Geim, Novoselov 

(Graphene) Borrowdale 

(Graphite) 

2D 

1564 1985 1993 2004 

Figure 1.1. The chronicle of the discovery of carbon materials. From the 

discovery of graphite, the discovery and research has been processed in smaller 

and thinner scales which can enhance properties and increase the utility.  
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and progressive to determine its properties and promising possibilities as a futuristic new 

material which could replace existing materials in many devices. Its outstanding electrical 

properties (23, 24)motivated inventing many excellent ideas and experimental attempts to 

investigate its high carrier mobility (24, 25), saturation velocity (26-28), and current-carrying 

capacity (29, 30). Furthermore, its mechanical strength (31) should be an important issue to 

qualify how strong and durable graphene is for a wide range of application.   

 

1.2.1. The Mechanical Properties of Pristine Graphene 

In order to determine the mechanical properties of graphene, there were two experimental 

set up which should be preceded: First, suspended graphene with clamped boundaries should 

have been designed to realize free standing condition without being influenced by any other 

structural and material units. Second, in order to measure not only elastic stiffness but also 

breaking strength, a measurement tool and method which can apply uniaxial load onto suspended 

graphene in the same scalable domain was necessary. Therefore, the nanoindentation test using 

atomic force microscopy (denoted as AFM) made a great advance to clarify the mechanical 

properties of pristine graphene extracted by mechanical exfoliation (31). It was measured by 

making suspended graphene on 1um and 1.5um holes and pushed suspended graphene down into 

the holes with an AFM tip (Fig.1). In order to minimize some experimental error, there are some 

important matters: Because a cantilever of a tip deflects upward against the graphene membrane 

after the initial contact due to Van der Waals attraction, it is necessary to determine the point at 

which the force and displacement are both zero. Thermal drift caused by the piezo actuators 

while scanning should be considered to scan exact area and indent the center of circular 

membranes as accurate as possible. In order to minimize this error, the sample was scanned for 
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two hours before beginning indentation test (31). For each membrane, loading/unloading curves 

are collected in force/displacement spectroscopy mode in AFM, and raw data is also achieved. 

Based on the equation (Eq.1) which includes prestrain term and cubic polynomial in continuum 

manner, the data is fitted in a cubic function curve (31) where F is the applied force, 𝜎0
2𝐷 is the 

pre-tension in membrane, 𝑎 is the membrane radius, 𝛿 is the membrane displacement (deflection), and 

𝐸2𝐷 is the two-dimensional Young’s modulus.   

𝐹 =  𝜎0
2𝐷(𝜋𝑎) (

𝛿

𝑎
) + 𝐸2𝐷(𝑞3𝑎) (

𝛿

𝑎
)

3
   (Eq.1) 

Where,  

𝑞 =
1

1.049−0.15𝜐−0.16𝜐2                      (Eq.2) 

And υ is the Poisson’s ratio which is considered to be equal to the graphite value, 0.165. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. (A) Scanning electron microscopy of a suspended graphene on circular holes. Scale bar, 

3um. (B) Non-contact mode AFM topography of membrane. (C) Schematics of nanoindentation on 

suspended graphene membrane. (D) AFM topography after rupture. [Lee, C. et al. Science, 2008.] 
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1.2.2. Remarkable Mechanical Property  

From the experiment and Finite Element Analysis (FEA) simulation, consequently it is 

determined that the Young’s modulus of monolayer pristine graphene is E=1.0 TPa, the breaking 

strength is 42Nm
-1

 (Figure 1.2.). These results represent that graphene is the strongest material 

ever measured (31), (Table 1).  

 

 

  

 

 

 

 

 

 

Table 1. Mechanical properties of materials. Pristine graphene has outstanding Young’s 

modulus and ultimate stress compared to contemporary materials.   

E=340 N m
-1

 (E
3D

=1TPa) 

σ=42 N m
-1

 

B A 
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1.3. The limitations of Pristine Graphene 

Although pristine graphene provided a blueprint for a novel material in the future, one of 

the key blind spots in the mechanical exfoliation (24) was a limit to producing designated sizes 

and scales. Pristine graphene is exfoliated from graphite on random domains on silicon dioxide 

substrate. Thus, investigating through optical microscope and SEM (Scanned Electron 

Microscopy) should be accompanied with the exfoliation process. Due to the fact that we cannot 

manipulate the sizes and spots, the issue is extended to challenging transfer process, eventually 

mass production. Therefore, the development of the synthesis of graphene in a large domain on 

copper film using chemical vapor deposition technique has realized a great advance for macro- 

scaled monolayer graphene (32-34). It became possible to apply to novel fabrication technique, 

the designation of size, shapes, and creative transfer techniques (32-38).  

 

1.4. The Scope of Research in the Thesis 

 As an extension of study in graphene, it is necessary to determine mechanical behaviors 

of CVD graphene. In order to manifest the properties, the thesis explains from the method of 

growth in both small grain CVD graphene and large grain CVD graphene. Through the research, 

Figure 1.3. Mechanical Properties of pristine graphene. A indicates force 

displacement curve of nanoindentation test with different tip radius and different hole 

diameters. Tip radius mainly affects the value of fracture load. B indicates the 

histogram of measured Young’s modulus. Overall, Pristine graphene reaches 1TPa of 

Young’s modulus, and 42N/m of 2-D stress. [Lee, C. et al, Science.2008.] 
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we revealed the ultrahigh mechanical properties of both types of CVD graphene including the 

propagation and mechanical behaviors of grains and grain boundaries of SG graphene. Moreover, 

we fabricated defect-induced graphene in order to investigate its mechanical stability for its 

utilization as defective graphene itself. Therefore, the thesis aims to arrange the mechanical 

behavior of CVD graphene, and presents ongoing future work.   

  

Chapter 2. The Mechanical Properties of CVD Graphene 

2.1. Introduction 

Since graphene rose, it has been investigated that how it could be utilized as an applied 

material because of its remarkable properties. In order to realize it, pristine graphene had a 

limitation for productivity. Therefore, when CVD graphene was successfully grown, the reason 

that it made people’s attention was the expectation that the limitation for mass productivity that 

pristine graphene faced could be solved with CVD graphene. Thus, the characterization of CVD 

graphene was one of the most significant studies in graphene. Recently, while the equivalent 

electronic performances of CVD graphene to that of exfoliated graphene have been 

experimentally investigated (39, 40), the mechanical properties of graphene were still 

problematic with its strength (41, 42). Because the grain boundaries are inevitable in the 

crystallization of CVD graphene, the research to characterize the structure of grain boundaries 

also has been approached going side by side with mechanical properties (41-45). Atomic-

resolution imaging of grain boundaries has been visible through transmission electron 

microscopy (denoted as TEM), thus well-stitched condition and orientation have been 

investigated by TEM characterization (40, 41, 45). In order to utilize advantages of CVD 
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graphene, its mechanical properties are significant for the possibility of application in multiple 

devices. However, the experimental results which showed the elastic modulus and the fracture 

force of CVD graphene were not as strong as pristine graphene, even under 1/10 of those of 

pristine graphene (41, 42),(Fig.2.1).  

                          

Figure2.1. (a) Consecutive indentation measurements. Breaking force is under 30nN. (b) 

Histograms of 2D pretension and 2D elastic modulus. (c) Plots of pretension and elastic modulus 

vs. position. They nearly stay constant. (d) Model illustrating a flat and a rippled graphene cross 

section. [C.S. Ruiz-Vargas, et al. Nanolett. 2011] 

  

Before move ahead, let us investigate Fig.2.1.d. This is a simplified structural modeling 

which can be applicable to the nanoindentation test. Afterward, we will talk about the analysis of 

nanoindentation and FEA simulation. In the AFM indentation, it can be questioned that how we 

induce and obtain cubic term from the linear terms. The illustrated flat graphene and indentation 
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can be analyzed as linear behavior. However, the deflection of the thin film should be analyzed 

as nonlinear in constitutive equations. In order to induce the nonlinear term, we should scrutinize 

Fig.2.1.d numerically. In the initial state, it is linear behavior. The linear behavior is applied until 

the very first step when the graphene film started to be indented. In that case, the deflection is 

extremely small, and the load applied at the center is much smaller than in-plane pre-stress. 

When the graphene thin film is pressed down, as we can observe on the illustrated modeling, the 

mechanical behavior should be considered as two directions from the central load. Therefore, 

from applying geometrical analysis and trigonometric function, it is expressed as Taylor Series 

expansion. On the process of determining the relationships between the deflection of suspended 

graphene film and the applied tensions from the center of the film to the edges, we can induce a 

cubic term which can be applied for curve-fitting and Eq. 1.      

    

Furthermore, the studies also showed that the mean fracture load at grain boundaries was 

much smaller than that off grain boundaries (41, 42), (Fig.2.2). Those results indicated that the 

mechanical strength of CVD graphene was not only much weaker than that of pristine graphene 

but also grain boundaries were feebler to convince their mechanical stability (41, 42). However, 

recent theoretical research has claimed that CVD graphene can be as sturdy as pristine graphene 

including grain boundaries (46, 47). Moreover, depending on their configuration such as tilt 

angle and defects, the mechanical properties of grain boundaries are not much smaller than that 

of off-grain boundary area (46, 47). Accordingly, we tried to experimentally verify the 

mechanical properties of CVD graphene and the mechanical behavior of grain boundaries. 

Nanoindentation using an AFM (XE-100, Park Systems) and a nanoindenter (G200, Agilent) was 

run measurement on CVD graphene and grain boundaries.   
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Figure2.2. (a) Histograms of breaking load for force measurements performed at a grain 

boundary and away from a grain boundary. The mean value of off-GB is under half of that of at-

GB. (b)Phase AFM image shows the region before and after an indentation measurement. [C.S. 

Ruiz-Vargas, et al. Nanolett. 2011] 

 

2.2. Small-grain Graphene and Large-grain Graphene 

Preceding the measurement, we need to grow and observe two types of CVD graphene: 

small-grain graphene (denoted as SG graphene), and large-grain graphene (denoted as LG 

graphene) are both grown on the 25um-thick copper foil (Alfa Aesar, 99.8%). The difference 

between them can be found in each growth condition (Table 2). Consequently, the SG graphene 

is polycrystalline with 1-5 µm grains that are stitched along grain boundaries (40, 41). On the 

other hand, the LG graphene has a single-crystalline grain in each isolated domain with grain 

size of 50~200 µm (34, 39). The dark-field image of TEM (DF-TEM) is used as a powerful tool 

to observe grain boundaries and their orientations (41). The well-stitched grain boundaries are 

observed in visible atomic resolution (Fig.2.3.), so it was reported that they consisted of 

pentagon, heptagon, and distorted hexagon carbon rings without any other defects in SG 
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graphene (40, 41), (Fig.2.3.). Furthermore, Figure 2.4.shows that grains are globally aligned near 

particular directions in relative rotation angles and various grain sizes.  

 

Parameters Small-grain graphene  Large-grain graphene   

    
Copper Foil     Flat shape,    Closed-pocket shape  
Heating temp.     1000 °C     1000 °C   
Hydrogen flow  2 sccm @50 mTorr 2 sccm @1 mTorr  
Annealing     60 min     60 min  
Methane flow     35 sccm @300 mTorr 1 sccm @10 mTorr  
Growth temp.     1000 °C     1035 °C  
Structure  Continuous and polycrystalline  Isolated and star-shaped domain  
Grain size 1 to 5 µm 50 to 200 µm  

    

 

Table2. The growth condition of SG graphene and LG graphene  

Source: Li et al. (32), N.Petrone et al. (39). P.Y.Huang et al. (41). 
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Figure 2.3. Atomic-resolution images of graphene crystals (a) Scanning electron microscope 

image of graphene transferred onto a TEM grid. Scale bar, 5 µm. (b) Defect-free hexagonal 

lattice inside a graphene grain. (c) Two grains (bottom left, top right) intersect with 27° relative 

rotation. An aperiodic line of defects stitches the two grains together. (d) The image from (c) 

with the pentagons (blue), heptagons (red), and distorted hexagons (green) of the grain boundary 

outlined. b-d were in 5-Å  scale bars. [P.Y.Huang et al. Nature 2011] 

 

                     

 

Figure 2.4. Statistical analysis of grain size and orientation. a, Histogram of grain sizes. The 

mean value is 250 ± 11nm. b, Histogram of relative grain rotation angles. c,d, Large-area 

diffraction patterns (c) and low-magnification DF-TEM image (d) show that grains are globally 

aligned near particular directions. scale bar, 2 µm. [P.Y.Huang et al. Nature 2011] 
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 Thus, in our own CVD growth, we applied conditions following our own synthesis 

manual: For the growth of SG sample, the copper foil was heated to 1000 ˚C in a hydrogen flow 

of 2 sccm at a pressure of 50 mTorr. After annealing for 60 min, graphene was grown by 

introducing methane gas flow of 35 sccm while maintaining hydrogen flow. After growth at 300 

mTorr and 1000 ˚C for 30 min, the sample was rapidly cooled to ambient temperature under a 

flow of methane and hydrogen. As shown in Fig. 2.5A, continuous and polycrystalline small-

grain graphene was grown with grain size ranging from 1 to 5 μm. On the other hand, the growth 

condition for LG sample begins with a closed pocket of copper foil was used for growth of large-

grain samples as reported by Li et al. (34). The copper pocket was heated to 1000˚C in a 

hydrogen flow of 2 sccm at a pressure of 1 mTorr. After annealing for 60 min, graphene was 

grown at 10 mTorr and 1035 ˚C by flowing methane of 1 sccm and hydrogen of 2 sccm. After 

growth for 60 min, the sample was rapidly cooled to ambient temperature under a flow of 

methane and hydrogen. As shown in Fig. 2.5B, the isolated and star-shaped large-grain graphene 

was grown with grain size ranging from 50 to 200μm. In the DF-TEM images of Figure 2.5A 

and 2.5B, the contrasting crystalline structure between SG and LG graphene is clearly observed; 

each false-color indicates an individual crystalline grain, and selected area electron diffraction 

(SAED) patterns show that SG graphene has a variety of grains while LG graphene has a single 

large grain with multilayer patch at the center. 
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Figure. 2.5. Dark field images of graphene films from the synthesis of (A) SG and (B) LG CVD 

graphene. (A) Each color in the false-color image indicates each single crystal grain. (B) LG 

graphene has a star-shaped single crystalline graphene and larger grain size in an isolated domain 

typically with small bilayer patches in the middle of the domain. 

 

 

 

2.3. Design and Fabrication  

For the indentation test, making suspended graphene over hole-substrates should be 

preceded similar to the previous study (31). The substrates have 1 µm and 1.5 µm – diameter-

hole arrays with 800 nm in depth. Silicon wafer with a deposition of 300nm-thick SiO2 is 

patterned by nanoimprint lithography and reactive ion etching (31). After attaching graphene-

grown copper foil to a PDMS (polydimethylsiloxane, Dow Corning) stamp, the copper was 

etched in ammonium persulfate (Transene Co., APS-100, 20wt%) for 2 hours, then the graphene 

 

A B 
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was gently washed with DI water to remove residue, followed by drying with a weak flow from a 

nitrogen gun. In order to be careful with this process, we did not drop Deionized (DI) water 

directly on the graphene, but on the bare PDMS surface. Then we let the water flow on the 

transferred graphene on a PDMS. To check any damage of graphene during etching process, all 

the samples on the PDMS stamps were observed with optical microscope before transfer as 

shown in Fig.2.6. A number of small bilayer patches and wrinkles were observed on the SG 

graphene film of Fig.2.6A , meanwhile LG graphene film of Fig.2.6B has a multilayer patch at 

the center. Then we waited for a day until graphene film is fully transferred because the graphene 

film on a PDMS was placed onto our hole-patterned SiO2 substrate. After the PDMS stamp was 

heated on the hot plate of 100 ˚C for 10 min, the stamp was slowly removed from substrate 

leaving behind suspended graphene. The success of this transfer technique, Fig.2.7, also 

connotes that CVD graphene is strong. The suspended pristine graphene for nanoindentation test 

was prepared by exfoliating graphite directly on the hole-patterned substrate as previously 

reported (31). 

 

Figure. 2.6. Optical Images of graphene films on PDMS before transfer to the substrate. Optical 

micrographs of (A) SG and (B) LG graphene films on PDMS stamps a fter etching of copper. 

The scale bar is 20 μm. 
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Figure 2.7. Fabrication process and transfer of suspended CVD graphene for nanoindentation.   

[G.H.Lee et al. Science 2013] 

In the process of sample preparation, it was realized that there were important factors 

which could excessively weaken transferred CVD graphene films. Previous studies have proved 

that interaction of metals or nanoparticles with suspended graphene induces defects or channel 

(48-50). Therefore, it is unquestionably possible that metal particles including iron in ferric 

chloride cause metallic contaminations that can lead to damaging graphene films by etching. The 

use of ammonium persulfate rather than ferric chloride can circumvent the damage of CVD 

graphene films to metallic contaminants. In addition, in our experiments, damage to the grain 

boundaries was observed in air-annealed sample with the use of ammonium persulfate by TEM 

(51), (Fig. 2.8D). Thus, there are two important avoidances to make mechanically strong and 
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undamaged samples: using FeCl3 and annealing in air. In the contrast, samples used ammonium 

persulfate as a copper etchant and annealed in hydrogen and argon at 345 °C for 4 hours had few 

visible defects through in TEM imaging (51), (Fig. 2.8C). Two different conditions are clearly 

distinguished in Table 3. In the next chapter, the measured fracture loads in the table will be 

mentioned. Therefore, all samples for nanoindentation test were made in the process of the new 

conditions: ammonium persulfate and hydrogen annealing. The results of nanoindentation not 

only showed values in a reasonable unimodal distribution but also were similar to that of pristine 

graphene (51).  
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Figure 2.8. Side Effects of ferric chloride and annealing. (A) SEM image of SG graphene film 

transferred by PDMS after etching of copper with ammonium persulfate. (B) SEM image of 

cracked SG graphene film transferred by PDMS after etching of copper with ferric chloride. BF 

TEM images of the SG graphene film annealed at 345 ˚C for 4 h (C) in a forming gas of 

hydrogen and argon and (D) in air. The air-annealed graphene has many defects and cracks, 

which look like dark lines. The scale bar is 3 μm. [G.H.Lee et al. Science 2013] 
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Conditions Previous technique New technique 

Copper etchant Ferric Chloride Ammonium 

Persulfate 

Transfer Wet transfer Dry transfer (PDMS) 

Annealing  

Grain Size (SG) 

Air 

250-300nm 

Hydrogen 

1-5µm 

Fracture load ~120 nN 2500~3000 nN 

                      Source: [P.Y.Huang et al. Nature 2011, G.H. Lee et al. Science 2013]  

 

Table 3. Comparison of techniques used in sample preparation. 

 

 

2.4. Verification of CVD Monolayer Graphene 

After preparing experimental samples for nanoindentation, it is necessary to clarify 

whether suspended graphene films to indent are monolayer. Even though CVD synthesis is 

basically monolayer graphene, bilayer patches in some area are unavoidable especially in SG 

graphene. In order to investigate suspended graphene films are monolayers, Raman spectroscopy 

is a reliable method to figure out monolayer graphene exactly. Because graphene has its 

connatural Raman shift at each peak (52), it can be easily observed whether it is monolayer or 

not. Accordingly, in our samples, it was certainly determined that each position to measure was 

monolayer (51), (Fig.2.9). Furthermore, because D-peaks indicate defects on graphene, it was 

also able to observe how much defect is on the samples. As it is expected, a few defects are 

unavoidable in SG graphene whereas few defects in LG graphene (51), (Fig.2.9). As a reference, 

samples were also prepared by exfoliation from graphite crystals which was also known as 

pristine graphene. (51) 
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Figure 2.9. Optical micrographs and AFM images of the suspended (A-B) SG and (C-D) LG 

graphene samples. AFM images of (B) and (D) were obtained from the dashed areas of (A) and 

(B), respectively. Raman spectra of the suspended (E) SG and (F) LG graphene films were 

obtained from the positions indicated by numbers in AFM images of (B) and (D). The scale bar 

is 10 μm for optical micrographs and 1 μm for AFM images. [G.H.Lee et al. Science 2013] 

 

2.5. Measurement of mechanical properties of graphene by CVD growth    

AFM is a powerful method to measure mechanical properties of suspended membranes. 

The suspended graphene samples were always scanned in non-contact mode to locate an exact 

indentation spot. Similarly to the previous study (31), a tip presses down the suspended film until 

it is ruptured (Fig.1.2A, and 2.10). The force-displacement curves were achieved by indenting 

the center of suspended graphene with an AFM (XE-100, Park Systems). We used a cantilever 
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with a diamond tip (tip radius = 26 nm, MicroStar Tech). We also tested with a diamond-coated 

tip, but we preferred a diamond tip so that it was more mechanically stable and had less noise 

and hysteresis. When the peak load is smaller than fracture load, the loading and unloading 

curves on a force-displacement plot shows no hysteresis. That means the graphene membrane is 

fully fixed via van der Waals interactions with the substrate and does not slip around the 

periphery of the hole during measurement (31). Therefore, we ignored the curves showing 

hysteresis from data analysis. In some cases, we observed some kinked section on the curve, 

which is in terms of initiation of cracks during the indentation with the SG graphene film as 

shown in Fig.2.12, resulting in high breaking load. However, well-transferred samples showed 

no sign of slippage at the periphery and the fracture pattern is similar to that observed for pristine 

graphene. Our representative force-displacement curve is shown in Fig. 2.10D. The AFM images 

in the inset show a SG graphene membrane before and after fracture. The curve can be well fitted 

by a quasi-empirical polynomial form (Eq.1), containing linear and cubic deflection terms, 

previously used for pristine graphene (31). The cubic fitting parameter yields an average elastic 

stiffness of 328 N/m close to that of pristine graphene (51), and an order of magnitude higher 

than the value previously reported for CVD graphene (42). Moreover, the mean value of fracture 

load for the membrane is around 2000nN, much larger than previously achieved (41, 42) and 

similar to previous measurements on pristine graphene in similar conditions for tips and the 

diameter of samples (31).  Overall, similar mechanical behavior was observed for multiple 

specimens tested by AFM (51). 
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Figure 2.10. Types of CVD graphene and nanoindentation. (A) Schematic of the suspended 

graphene films over holes for AFM nanoindentation tests. SEM images of the suspended (B) SG 

and (C) LG graphene films over holes. The border of the graphene-covered area in (C) is 

indicated by a dashed line for visualization. Wrinkles often present in the transferred CVD 

graphene films can be seen in the SEM images spanning holes. (D) Force-displacement curve of 

the SG graphene film obtained by AFM nanoindentation. The red line is a fitting curve to Eq. 1. 

The inset of (D) shows the AFM topological images of the suspended SG graphene film before 

and after rupture. Scale bars are 3 μm (B and C) and 1 μm (D). [G.H.Lee et al. Science 2013] 

 

 For more statistical analysis, we also tested a large number of specimens using a 

nanoindenter, with a 38nm-radius diamond tip. Compared to AFM, a nanoindenter has an 

advantage of repeated process in much shorter time than AFM. Furthermore, it was interesting to 

observe how consistent the tested result in a nanoindenter compared to the result in AFM. An 

B C 

A D 
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Agilent G200 nanoindenter outfitted with a dynamic contact module (DCM) and a piezoelectric 

positioning stage (Nanovision) was used to scan and indent graphene samples (Fig. 2.11). In a 

nanoindenter, we also used a diamond DCM tip (tip radius = 38 nm, MicroStar Tech). After 

scanning of the graphene samples, the topography image was used to position the center of the 

graphene membrane under the diamond tip. We needed to minimize a thermal drift during the 

indentation and the process of locating the center of a circle, we began indentation right after 

scanning positions of circles. Because a calibration process usually takes a while, we could 

intentionally allow the time of being stable from thermal drift. This scanning-positioning 

technique reproducibly located the tip to the center of the graphene membrane to within 1 nm. 

The G200 nanoindenter continuous stiffness method (CSM) was implemented in a modified 

manner to determine the point of surface contact. The CSM allows the loading to have a 

sinusoidal signal applied during a test segment. Nanoindentation of semi-infinite materials uses 

this sinusoidal load to continuously measure the stiffness of the material as the load is increased 

(53). In this method, the indenter tip is oscillated at its resonant frequency. By monitoring the 

phase angle of the tip, we were able to detect changes in surface stiffness below 1 N/m (51). Not 

only gathering more statistical data for histograms, but also we were interested in how similar the 

indentation test with nanoindenter could be compared to the results from AFM. The principle of 

the indentation is the same, however using different interface and the conditions of parameters 

could affect the values of fracture loads because fracture load is not an absolute property of 

material. As a result, the values from the nanoindenter match those from AFM in similar 

reasonable range. It will be discussed in the next section with histograms. 
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Figure 2.11. Agilent G-200 nanoindenter. (A) Nanovision stage and (B) Schematic of the 

operation of nanoindenter. The nanoindenter has an automated and repeatable indentation 

process once it is engaged and calibrated. 

 

                                    

Figure 2.12. Force-displacement curve of the SG graphene film acquired in AFM indentation 

test. The small drops in the curve are observed during indentation. AFM images of the inset 

A B 
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show the suspended SG graphene film before and after AFM indentation. The scale bar is 0.5 

μm. 

 

By the experimental method, a nanoindentation at the center of the membrane performed 

at increasing depths until fracture was recorded (51). We set the depth increments as 20 nm 

typically, which was the parameter we set in the force-displacement mode of AFM. As a result, 

the force-displacement curve from nanoindenter is similar to that from AFM nanoindentation as 

shown in Fig.12A. This can be fitted by the equation used in our previous report (31). Figure 

2.13 indicates the results in the nanoindenter. Force-displacement curve (Fig.2.13A) shows non-

hysteretic curve and has similar values of fracture loads to those of pristine graphene. The box 

plots (Fig.2.13B and 2.13C) indicate clear comparison that LG, SG, and pristine graphene 

measured in the nanoindenter also have mechanical properties in a similar range. Nevertheless 

the measured fracture loads of SG graphene are a little smaller than other types of graphene, they 

are still much larger than that of the previous study (41, 42). Therefore, it can be proved that our 

CVD growth with different conditions from previous recipes induced better stitched condition of 

graphene, and our new technique for graphene transfer minimized damages which could 

decrease the strength of graphene. Hence, it is also expected that continuing research on well-

stitched condition will also reduce the defects which cause unstable irregular mechanical strength 

as shown in Fig.2.12. Nevertheless, it is remarkable that CVD graphene maintains its reasonable 

range of fracture loads.  
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Figure 2.13. (A) Force-displacement curve of the LG graphene film with nanoindenter. The red 

line is a fitting curve to Eq. 1. The box-plots of (B) elastic stiffness and (C) Fracture load for 

pristine, LG, and SG graphene films. Each plot includes five-number summary: the sample 

minimum, lower quartile, median, upper quartile, and sample maximum. [G.H.Lee et al. Science 

2013] 

 

  Consequently, we arranged histograms of the elastic stiffness results shown in Fig.2.14A, 

B, and C for pristine, LG, and SG graphene (51). For the pristine, LG, and SG membranes, we 

obtained 99% confidence intervals for the mean of elastic moduli of 324 ± 13, 339 ± 17, and 328 

± 17 N/m, respectively (51). These values correspond to a three dimensional (3D) Young’s 
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modulus of about 1 TPa. It is normalized by the graphite basal interplanar distance of 0.335 nm 

(51). This value of the elastic stiffness matches up to the simulated expectations in the absence of 

grain boundaries (54). We consider the wider distributions observed for SG and LG graphene 

may be due to the presence of wrinkles and small bilayer patches in the membranes (51). The 

fracture load for each membrane was measured by indentation to the breaking point on the force-

displacement curve, and we precisely achieved from the raw data of each membrane. The results 

for all three films are shown in Fig.2.14D, E, and F. The measurements yield 99% confidence 

intervals for fracture loads of 3410 ± 260, 3370 ± 340, and 2590 ± 380 nN for the pristine, LG, 

and SG films, respectively (51). Recently, in our group, it was reported that the electronic 

transport properties of LG graphene are comparable to those of exfoliated graphene (39), and this 

result confirms that LG graphene is mechanically equivalent to pristine graphene as well. In the 

histogram, we observe SG graphene has smaller mean fracture load and wider distribution than 

LG graphene. It is influenced by the randomly occurring defects on SG graphene and grain 

boundaries in the membranes which are naturally formed in the CVD growth. Nevertheless, the 

measured fracture load of the SG graphene is much larger than seen in previous measurements 

(41, 42). 
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Figure 2.14. Statistical analyses of nanoindenter results. Left column, histograms of the elastic 

stiffness of (A) pristine, (B) LG, and (C) SG graphene films. Right column, histograms of 

fracture load for (D) pristine, (E) LG, and (F) SG graphene films. A tip with tip radius of 38 nm 

was used in all tests. The dashed lines indicate fitted Gaussian distributions. [G.H.Lee et al. 

Science 2013] 
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2.6. Modeling of Nonlinear and Anisotropic Elastic Behavior of Graphene 

In our previous study (31), we modeled the elastic response of graphene to be nonlinear 

and isotropic based upon a third-order series expansion of the strain energy density potential. 

The corresponding expression for uniaxial stress had both linear and quadratic terms of strain. 

The linear coefficient, the Young's modulus, was determined from fitting the measured force vs. 

displacement curves to the quasi-empirical polynomial form (31). The quadratic coefficient was 

determined based upon fitting of the predicted force on the indenter at failure to the measured 

breaking force. This analysis resulted in a predicted intrinsic strength of graphene under uniaxial 

stress conditions to be 42 ± 4 N/m, with the stress measure being true (Cauchy) stress defined as 

force per current length. We subsequently refined our analysis of the elastic behavior of 

graphene (55) by expanding the strain energy density potential in a Taylor series truncated after 

the fifth power in strain. Upon considering the symmetry elements of the graphene crystal lattice 

to account for anisotropy in addition to nonlinearity, the continuum stress vs. strain relationship 

has fourteen elastic constants. The values of these elastic constants were determined by fitting 

the continuum theory to the stress vs. strain response calculated via first principles Density 

Functional Theory (DFT) calculations. This analysis resulted in a better estimate for the intrinsic 

strength of graphene under conditions of uniaxial stress in the armchair direction (i.e. stress in 

the armchair direction while allowing for a Poisson contraction in lateral directions) to be 39.5 

N/m in true stress measure, which is within the uncertainty of our previous estimate. When 

expressed as the derived 3D stress measure upon normalization by 0.335 nm, the uniaxial stress 

in the armchair direction is 118 GPa true stress. 

Likewise, under conditions of equibiaxial strain (i.e. equivalent stresses in armchair and 

zigzag directions) for which the mechanical response is isotropic, the intrinsic strength of 
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graphene is 33.1 N/m in true stress measure, which corresponds to a derived 3D true stress of 

98.8 GPa. The finite element method (FEM) was used to calculate the breaking strength of the 

suspended graphene films as a function of the measured fracture load and diameter of the 

nanoindenter tip. The nonlinear and anisotropic elastic constitutive behavior of graphene was 

applied  (56) for the general finite element method (FEM) package in ABAQUS (56). The 

multiscale stress vs. strain constitutive model is based upon ab initio Density Functional Theory 

(DFT) calculations at the atomistic scale, and captures in a continuum description the anisotropic 

and nonlinear elastic behavior of graphene for general in-plane deformation states (55, 56). The 

analysis of the elastic behavior of graphene (55) was refined by the expansion of the strain 

energy density potential in a Taylor series truncated after the fifth power in strain (51). Based on 

the previous report, the higher order elastic constants of graphene have been calculated by a least 

squares fit to DFT results (55). In ABAQUS, we modeled a 1µm-circular membrane clamped at 

the perimeter with 16524 four-node membrane elements and 16633 nodes (51). The indenter tip, 

considered as a fine and rigid spheric diamond, was pushed into the suspended membrane in 0.2 

nm increments near the point of elastic instability in frictionless contact (51). Upon considering 

the symmetry elements of the graphene crystal lattice to account for anisotropy in addition to 

nonlinearity, the continuum stress vs. strain relationship has fourteen elastic constants. Based on 

this FEM analysis, the equibiaxial true stress vs. load immediately under the center of the 

indenter tip was determined for pristine graphene. This analysis yields an equibiaxial breaking 

strength of 34.5 N/m (103 GPa, when expressed as a 3D value) for pristine graphene with a 38 

nm radius tip (51), (Fig. 2.15A). Hence, as mentioned above, for a uniaxial stress state in the 

armchair direction, the same multiscale constitutive model predicts the strength of graphene to be 
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39.5 N/m (118 GPa) (51), which is consist with our previously-reported value of 42 ± 4 N/m (31) 

for the same loading configuration. 

 

Figure 2.15. FEM analysis for determination of peak equibiaxial (true) stress. (A) FEM 

simulation results with nonlinear elasticity assumption. Two different tips with tip radii of 26 nm 

and 38 nm were used. The curves show the results from this work and our previous report (2). (B) 

True stress vs. strain curve from FEM simulation. The Lagrangian strain at fracture is around 0.2. 

[G.H.Lee et al. Science 2013] 

 

  FEM analysis was then used to calculate the breaking strength of LG and SG CVD 

graphene (51). With an identical fracture load, LG graphene has an equivalent breaking strength 

to pristine graphene.  Remarkably, we obtain the average equibiaxial strength of SG graphene is 

merely slightly smaller, 33 N/m (98.5Gpa), it is due to the relationship between the nonlinear 

nature of the stress and indentation (51). A similar value was obtained for the strength of the SG 

membranes tested by AFM nanoindentation with a tip of 26 nm radius. These results 

demonstrate that polycrystalline graphene with well-stitched grains can be considered as a large-

area ultra-strong material (51). However, it is virtually assumed that the grain boundaries 

generally do not pass under the indenter tip. Since the stress decreases dramatically away from 
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the indenter tip, the stress under the indenter tip at rupture does not necessarily correspond to the 

grain boundary strength. The results of the analysis are in Fig.2.15A for two different indenter tip 

radii, where abscissa is the force on the indenter tip and the ordinate is the equibiaxial stress in 

the true stress measure immediately under the indenter tip. The maximum equibiaxial stress in 

Fig.2.15A is slightly higher than 98.8 GPa due to a very small amount of amount viscosity 

introduced into the constitutive equation to stabilize strain localization that occurs prior to 

overall elastic instability that leads to rupture. When this was transformed to show stress vs. 

strain as shown in Fig. 2.15B, the Lagrangian strain at fracture is around 0.2 (51). 

 

2.7. Conclusion 

In summary, the measurements and the FEM analysis revealed that the elastic stiffness 

and breaking strength of CVD graphene are comparable to those of pristine graphene despite of 

the existence of grain boundaries and some sporadic defects (51). Using two types of 

measurements -AFM and Nanoindenter- all results are in a consistent range, and the number of 

data is statistically reliable. The results represent a remarkable meaning that CVD graphene has 

equivalent mechanical properties to pristine graphene. Hence, CVD graphene is expected to 

solve the limitations those pristine graphene has, keep maintain the outstanding properties. As a 

further perspective, this research investigates and prospects CVD graphene as a large-area, high-

strength material for flexible electronics and strengthening components in the industry as well. 

However, it could be questioned that why graphite is not as strong as graphene even though 

graphene is an atomic layer of graphite with the same carbon lattice structure. We can find the 

reason in defects. Let us observe the difference between graphite and graphene. Then what is the 
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most obvious difference even though graphene and graphite have the same carbon crystal? It is 

height. In other words, defects weaken the mechanical strength of materials. The defect of 

graphite that graphene does not have is out-of-plane. Even though the carbon crystalline 

structured material has the strongest intrinsic strength, it has a remarkable weakness by the out-

of-plane defect. More and more the atomic layer is stacked layer by layer, the mechanical 

strength of the material becomes weaker and weaker. That is the reason the small-scale material 

which has the same crystal structure as pencil lead is called as the strongest material in the world 

even though a pencil lead is not.  

Through the experiment and FEA simulation, we proved that CVD graphene has similar 

intrinsic strength to pristine graphene. There is no doubt that CVD graphene is expected as a next 

generation material which can be applicable to electronic devices, mechanical devices, and 

composite because it is verified that CVD graphene has both large-scale productivity and the 

strongest intrinsic strength among industrial materials.           

 

Chapter 3. Defect-Engineered Graphene and Its Mechanical 

Properties   

3.1. Introduction 

 So far I introduced that the ultra-high mechanical properties of CVD graphene, which has 

an equivalent values to mechanically exfoliated graphene from graphite. Its ultra-high 

mechanical strength can suggest prospective vision of advanced utilization of graphene with the 

production in scalable sizes. On the basis of the outstanding properties, the scope of research 
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should be ongoing for its applications. In order to satisfy the expectation, it has been considered 

that how CVD graphene can be prevented from defects - cracks, wrinkles, oxidation, irregularly 

stitched grains - in order to have uniform mechanical stability over the entire domain in scalable 

size. However, physically, CVD graphene produced in both types – SG graphene and LG 

graphene - is intrinsically defective or could develop defects during operation. From the growth 

to the fabrication process, even though we still continue to study to minimize defects, there are 

many factors which can be influential to the essential quality of graphene. Nevertheless, in a 

different point of view, it was questioned that defects in graphene could be utilized such as the 

functionalization for composite, and the permeability for molecular sieving. Furthermore, the 

engineered defects like nanopores in the graphene can be used for practical use. It is therefore 

important both from a fundamental standpoint and for practical applications to understand how 

the mechanical properties of graphene are influenced by defects. In order to utilize defective 

graphene, there is no question that mechanical stability should be preceded. Therefore, we were 

motivated to investigate the mechanical properties of defect-engineered graphene. Moreover, it 

was also questioned that if the defects of CVD graphene could be under control. If it is 

successful, the defects of graphene can be engineered and realized. Thus, here we conducted 

experiments and simulations to determine how defects on CVD graphene influence the unique 

mechanical properties. We did not only intentionally induce defects on graphene by oxygen 

plasma but also observed the change from sp
3
-type defects to vacancy-type defects along the 

exposure time of oxygen plasma. In addition, to understand and interpret our experimental 

observations, we carried out atomistic modeling using the molecular dynamics (MD) simulator 

(58). 
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 For various practical applications of graphene, such as composites (59-63) , chemical 

sensors (64, 65), ultra-capacitors (66), transparent electrodes (67, 68), photo-voltaic cells (69), 

and bio-devices (70-72), the emergence of defects in the graphene lattice is inevitable either due 

to the production process used (73-75) or due to the environmental and operating conditions 

under which the graphene device operates (32, 33, 76-78). In addition, defect engineering of 

graphene is also used in nano-electronics for opening a band gap (79), DNA-sequencing through 

nanopores (80), and selective molecular sieving through the nanopores of the suspended 

graphene (81). However, there has not yet been a systematic effort to correlate both the density 

and the chemistry (e.g. oxygen functionalization) of defects in graphene to its mechanical 

properties. Even though high elastic stiffness of graphene oxide, which represents a highly 

defective state of graphene, was reported by AFM observation of shape changes in the bulged 

graphene oxide membrane (82), only the modulus of graphene oxide was provided without 

measurement of breaking strength. Substantial researches have shown the formation and 

structural evolution of defects in graphene using both experimental (83, 84) and theoretical tools 

(85-88). However, on the experimental side, there has been virtually no systematic study for 

measurement of mechanical properties of the defective graphene, because of difficulties in 

generating defects with a controlled and straightforward manner and measuring mechanical 

properties of the defective graphene. Given that defects are unavoidable or intentionally 

produced in graphene, it becomes critically important to understand how the defectiveness of 

graphene impacts its elastic properties and intrinsic strength. Here we address these issues by 

systematically varying the defect density in graphene with oxygen plasma and concurrently 

measuring its two-dimensional elastic stiffness and breaking strength by both experimental and 

modeling means. 
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3.2. Design and Fabrication  

In our experiment, a 1×1 cm array of circular holes with various diameters ranging from 

0.5 μm to 5 μm were patterned on a Si chip with SiO2 capping layer of 300 nm, by 

photolithography and reactive ion etching. Then, graphene was mechanically exfoliated on the 

patterned substrate. Candidates for monolayer graphene which are fully covering the holes were 

identified by optical microscopy and Raman spectroscopy, followed by AFM nanoindentation 

with a diamond AFM tip for mechanical measurement as shown in the schematic of Fig.3.1a. 

Fig.3.1b shows optical micrograph of monolayer and bilayer graphene sheets that are covering 

distinct holes of different diameters. Prior to the indentation experiments, non-contact mode 

AFM was used to confirm that the graphene sheets are well suspended as shown in Fig. 3.1c. On 

the basis of our previous study (51), overall, we followed the same process to fabricate substrate 

and transfer CVD graphene before employing oxygen plasma in order to manipulate defects on 

the graphene.      
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Figure 3.1. (a) Schematic figure of nanoindentation test of defective graphene. Monolayer 

graphene is suspended over the hole substrate and induced defects by oxygen plasma. (b) 

Suspended area observed by optical microscope. (c) Dashed area in (b) was scanned by AFM for 

indentation. After observing monolayer graphene is fully suspended, we measure the fracture 

force and elastic stiffness by AFM nanoindentation. [A.Zandiatashbar et al. Nature 

Communications 2014] 

 

To engineer the defects in a more gradual and well-controlled fashion, the chips, where 

graphene sheets were exfoliated on, were flipped over and placed upside down in the plasma 

chamber between two plasma-cleaned glass slides as shown in Fig. 3.2a. By shielding the 

sample from direct exposure to the plasma, defects are introduced in a less abrupt and more 

controlled manner. Raman spectra for graphene sheets directly exposed to and shielded from the 
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plasma were compared as shown in Fig. 3.2b and c. The results indicate that it takes 30-fold 

longer to generate the same level of defectiveness in the exposed graphene when it is shielded 

from the plasma as compared to when it is directly exposed to the plasma. This is attributed to 

the etching of graphene by oxygen ions or radicals generated in the plasma cleaning process, not 

by direct bombardment of high energy. 

 

                      

  

Figure 3.2. (a) Schematic of the sample arrangement used to shield the graphene surface from 

the direct exposure to oxygen plasma. (b) Raman spectra of a pristine mono-layer graphene sheet 

before and after exposure of 1 s to oxygen plasma in the normal (or unshielded) condition. (c) 

Raman spectra of a pristine mono-layer graphene sheet before and after exposure of 27 s to 

oxygen plasma in the shielded condition. [A.Zandiatashbar et al. Nature Communications 2014] 
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  To quantitatively examine the type and density of defects in the graphene sheets, Raman 

spectroscopy (Renishaw, inVia with 532nm wavelength laser) was used. Because the suspended 

graphene has a pre-stress, the pre-strained graphene can form vacancies more easily than the 

supported one. It was reported that sp
3
-type and vacancy-type defects can be identified using 

I(D)/I(D')(89). Therefore, based on I(D)/I(D') intensity ratio, we can categorize defect density 

region into two regimes of sp
3
-type defects (partial oxidation, I(D)/I(D') > 7) and vacancy-type 

defects (I(D)/I(D') < 7) as shown in Fig. 3.3a and b. Because sp
3
-type and vacancy-type defects 

are dominant in each regime and sp
3
-type defects still exist in the vacancy-type defect regime, 

this boundary was indicated by the blurred color in Fig. 3.3a and b.  

          

  

 

Figure 3.3. Variation of Raman peak intensity ratios of (a) supported graphene and (b) 

suspended graphene samples as a function of plasma exposure time. For supported graphene (a), 

the I(D)/I(G) ratio increases with plasma exposure time, then reaches a maximum around 27 sec 

and drops back down, while the I(2D)/I(G) ratio shows a sudden drop around 20 sec. The 

b a 
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suspended graphene (b) exhibits the similar trend. Noted that higher I(2D)/I(G)is observed in 

suspended graphene and maximum of I(D)/I(G) is obtained at shorter plasma exposure time of 

20 sec, indicating formation of more defects in the suspended graphene at the same plasma 

exposure time compared to supported graphene. [A.Zandiatashbar et al. Nature Communications 

2014] 

 

3.3. Measurement, Results, and Discussion 

Using the methods in our previous study (31, 51), the two-dimensional Young’s modulus 

and breaking strength of the defective graphene films were measured in AFM nanoindentation.  

An interesting observation from Fig.3.4a is that, even at presence of significant D peak and high 

I(D)/I(G) ratio in sp
3
-type defect region, any prominent drop in the elastic stiffness of the 

graphene sheet was not observed. However, in vacancy-type defect region, we began to see a 

rapid loss in the elastic stiffness of the graphene sheet. This behavior can be related to the type 

and density of defects in the graphene because sp
3
-type defects are dominant in the beginning, 

followed by formation of vacancy-type defects with increasing plasma time (89). Because of 

formation of vacancies or nanopores, the elastic stiffness of graphene has decreased sharply to ~ 

135N/m. Nevertheless, it should be noted that, even in high defect density of sp
3
-type defect 

corresponding to small LD of 5 nm, elasticity of defective graphene is preserved. Compared to 

the elastic stiffness, the breaking load of Fig. 3.4b shows greater sensitivity to defects regardless 

of types of defects. As defect density increases, the breaking load falls gradually to around 400 

nN at 45 sec. However, similar to elastic stiffness, when LD reaches 5 nm, breaking strength 

sharply decreases because of formation of nanopores or vacancies as shown in upper plot of Fig. 
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3.4. In order to calculate the breaking strength of defective graphene, we also used the same 

finite element analysis that we used in the previous report (51). We have found out the 

equibiaxial strength of defective graphene (30 N/m) exposed by plasma for 18 s is 13.3% smaller 

than that of pristine graphene (34.5 N/m). Therefore, it should be noted that strength of defective 

graphene is not degraded compared to pristine graphene in sp
3
-type defect regime thanks to the 

nonlinear and anisotropic elastic behavior. On the other hand, the elastic stiffness of defective 

graphene is not significantly diminished in comparison to its pristine counterpart. This is 

surprising, since an I(D)/I(G) ratio of 4 is generally considered to represent a relatively high state 

of defectiveness in graphene. For mechanical properties, we find that graphene is capable of 

tolerating defects and retaining its ultra-high elastic stiffness. Furthermore, this result shows that, 

after formation of nanopores with several nanometer sizes, the suspended graphene can survive, 

showing the possibility in fabrication of mechanically stable one-atom-thick membrane with 

nanopores for defect engineering applications (Fig. 3.5). 
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Figure 3.4. Raman master map and mechanical properties. The Raman intensity ratios of each 

sample were used to obtain the corrected plasma exposure time by comparing them with Raman 

master map. Using this method, (a) 2D Young’s modulus and (b) breaking load were plotted as 

shown above. [A.Zandiatashbar et al. Nature Communications 2014] 
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Figure 3.5. (a) non-contact mode AFM image of the suspended bilayer graphene exposed by 

oxygen plasma for 54 s. (b) High resolution AFM image of the same sample shows clear 

formation of nanopores with a diameter of a few nanometers. Scale bars of a and b are 1 μm and 

100 nm, respectively. [A.Zandiatashbar et al. Nature Communications 2014] 

 

3.4. Finite Element Analysis for the Breaking Strength 

Similarly to our previous publication (51), the finite element method (FEM) was used to 

calculate the breaking strength of the graphene films as a function of the measured fracture load 

and diameter of the nanoindenter tip. The nonlinear and anisotropic elastic constitutive behavior 

of graphene was modeled as a user material (UMAT) subroutine for the general finite element 

method (FEM) package ABAQUS as explained in our previous reports (51). The higher order 

elastic constants of graphene have been calculated by a least squares fit to density functional 

theory (DFT) results. The model provides a framework to accurately predict the stress 

experienced by the graphene membrane during nanoindentation based on DFT calculations. The 
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result obtained from this model is shown in Fig. 3.6a for an indenter tip radius of 80 nm used in 

this study, where x-axis is the force on the indenter tip and the y-axis is the equibiaxial stress in 

the true stress measure immediately under the indenter tip. This analysis yields an equibiaxial 

breaking strength of 34.5 N/m (103 GPa, when expressed as a three-dimensional value using 

0.335 nm as the thickness of monolayer graphene) for pristine graphene with a 80 nm radius tip. 

The mechanical strength or peak stress that can be supported by graphene is a function of the 

loading configuration. For a uniaxial stress state in the armchair direction, the same multiscale 

constitutive model predicts the strength of graphene to be 39.5 N/m (118 GPa), which is consist 

with our previously-reported value of 42 ± 4 N/m for the same loading configuration. 

Remarkably, because of the highly nonlinear nature of the stress vs. indentation force 

relationships, the average equibiaxial strength of defective graphene exposed by plasma for 18 

sec is only slightly smaller (13.3%), 30 N/m (89.5GPa in 3D) in sp
3
-type defect regime 

compared to that of pristine graphene, 34.5 N/m (103GPa in 3D) (Figs. 3.6a and b). These 

results demonstrate that defective graphene with sp
3
-type defects can be as strong as pristine 

graphene. However, because the elastic stiffness in vacancy-type defect regime is different from 

that of pristine graphene, this model could not be applied for this regime. As shown in true stress 

vs. strain curve of Fig. 3.6b, the Lagrangian strain at fracture is around 0.2 for the defective 

graphene exposed up to 18 sec. 
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Figure 3.6. FEM analysis for determination of peak equibiaxial (true) stress. (a) FEM simulation 

results with nonlinear elasticity assumption. The AFM tip with tip radius of 80 nm was used. The 

blue-dashed lines indicate strength values of pristine graphene (34.5 N/m) and defective 

graphene exposed for 18 s (30 N/m), respectively. (b) True stress vs. strain curve from FEM 

simulation. [A.Zandiatashbar et al. Nature Communications 2014]  

            

3.5. Molecular Dynamics Simulations 

To determine and clarify our experimental observations, our collaborator carried out 

atomistic modeling using the molecular dynamics (MD) simulator, LAMMPS (large-scale 

atomic/molecular massively parallel simulator). In the simulations, oxygen atoms are placed on 

both sides of the graphene sheet (Fig. 3.7a) and kept stationary during equilibration. The 

graphene is equilibrated for 2 ps in the isobaric-isothermal (NPT) ensemble at 300 K and 0 

pressure in all directions (Fig 3.7b). Post-equilibration, random velocity vectors corresponding to 

300 K are assigned to oxygen atoms (Fig. 3.7c). Micro-canonical (NVE) ensemble is used to run 
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the simulation since the local temperature rise due to collision of carbon and oxygen atoms has a 

vital role in driving the reactions. Note that the oxygen plasma cleaner used in the experiments 

generates a cold (or non-thermal) plasma. Since we are simulating cold plasma, the velocity 

given to the oxygen atoms is considered to be equivalent to room temperature (300 K).The 

simulation ends after the oxygen completely etches away the entire carbon network (Fig. 3.7d). 

They considered four different numbers of oxygen atoms: 750, 1000, 1500 and 4500 in the 

simulations corresponding to varying oxygen pressures. The number of carbon atoms in the 

graphene sheet was kept constant at 1500. In Fig.3.8, they plot the number of carbon atoms 

removed from the graphene lattice by the oxygen plasma and the number of chemisorbed oxygen 

atoms normalized by the total number of carbon atoms in the graphene lattice as a function of the 

plasma time. The result of Fig. 3.8 resembles a cumulative Weibull distribution with three 

distinct regimes: (1) incubation period, (2) an intermediate regime and (3) a terminal regime. The 

incubation period corresponds to before the chemisorption of oxygen sets in. The intermediate 

regime is when oxygen atoms attach to the graphene lattice and generate defects. The terminal 

regime corresponds to fast growth, percolation and coalescence of defects resulting in large 

cavities in the lattice. During the terminal regime the number of carbon atoms removed from the 

graphene lattice increases sharply culminating in the complete breakup of the graphene structure. 

The system temperature and pressure during the simulation for varying number of oxygen atoms 

is shown in Fig.3.7. The MD predictions also show good quantitative agreement with 

experimental values of Fig.3.4. Contrary to the elastic stiffness results, the strength predictions 

show a gradual decrease to ~ 30 N/m at 310 s and a sharp drop to ~12 N/m at 350 ps as shown in 

Fig. 3.7e. These trends are quite consistent with experimental observations in Fig.3.4b. The 

experimental results show excellent quantitative agreement with the MD predictions. 
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Figure 3.7. Molecular dynamics (MD) simulations. (a)Simulation box with oxygen atoms (in red 

color) and carbon atoms (in gray color) at time = 0 ps. (b) at the end of initial equilibration of 

graphene sheet (time = 2 ps). (c) during the plasma treatment (time = 6.2 ps). (d) at the end of the 

simulation (time = 400 ps). (e) Calculated 2D modulus and ultimate strength for the structures 

generated in the simulation with 1000 initial oxygen atoms and 1500 carbon atoms in the 

graphene sheet. (f) Series of snapshots at various times in the simulation showing chemisorption 
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of oxygen as carbonyl, epoxide, and ether groups and structural reorganization of the graphene 

lattice leading to the removal of carbon atoms in the form of CO2 at 279.2 ps and 320.6 ps. (g) 

An example of defect coalescence (at 338.6 ps) initiated by an ether group. [A.Zandiatashbar et 

al. Nature Communications 2014] 

   

                                             

Figure 3.8. (a) Number of carbons removed from the sheet vs. simulation time. (b) Time 

evolution of the ratio of number of oxygen chemisorbed to the graphene sheet divided by the 

number of carbon atoms still left in the sheet (O/C). The inset shows the slope of the linear 

regime (i.e. oxygen attachment rate) versus number of the number of initial oxygen atoms in the 

simulation box for all the 4 simulations. [A.Zandiatashbar et al. Nature Communications 2014] 
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3.6. Conclusion 

  To summarize, chemisorption of oxygen (as carbonyl, epoxide and ether groups) to 

graphene drops its intrinsic strength, but has no significant effect on the elastic stiffness. The 

defective graphene begins to degrade only when significant numbers of carbon atoms are 

removed from the graphene lattice. This is meaningful because the study proves the superior 

mechanical properties of defective graphene in experimental and theoretical ways and provides a 

great potential of defective graphene for reinforcement in advanced composites and other 

applications while thermal and electrical transport in graphene is very sensitive to disruptions in 

the sp
2
 bonding network, its mechanical properties are far more tolerant of defects and 

imperfections. We also provide a simple methodology to identify graphene samples that are still 

mechanically functional. This involves measuring the integrated intensities of the Raman D and 

2D peaks with respect to the G peak. If the defective graphene sample is in sp
3
-type defect 

regime, then it still preserves to a large extent its exceptional mechanical properties. Conversely 

if the defective graphene sample is in vacancy-type defect regime, its mechanical properties 

deteriorate slightly in relation to defect-free graphene, however still maintaining its superior 

mechanical properties. Using the mapping between the Raman parameters and the measured 

elastic stiffness and breaking strength that we report, it is possible to quantitatively determine 

how the mechanical properties of graphene vary as a function of its defectiveness. 
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Chapter 4. Grains and Grain Boundaries of CVD Graphene  

 4.1. Introduction 

So far, we revealed the ultra-high mechanical behavior of SG and LG CVD graphene. For 

more specific scope of the research, the investigation of grains and grain boundaries needs to be 

accompanied with this mechanical behavior. In SG graphene, it is inevitable to form multi-grains 

over the domain of CVD growth. Through Raman spectroscopy and SEM, it was observed that 

SG graphene has defects, and grains could be treated as a kind of defects. In order to improve the 

problems with defects, we spent much effort to reduce defects in our CVD growth of graphene, 

and as one of the solutions, it was necessary to grow larger-sized grains. Using different growth 

conditions from those used elsewhere in CVD growth, we realized 10 times larger-sized grains 

which was 1µm to 5µm, and it represented outstanding mechanical properties approaching the 

values of single crystalline pristine graphene. Nevertheless, physically, polycrystalline graphene 

– SG graphene produced by CVD growth – is hard to have an identical mechanical stability to 

single crystalline graphene. However, we cannot conclude that SG graphene is useless. The 

reason can be found in a bunch of demerits of LG graphene. There is no doubt that CVD LG 

graphene has an identical mechanical stability with conventional single crystalline graphene 

which is mechanically exfoliated graphene. However, there is still ongoing limitation to realize 

perfectly flawless LG graphene due to its isolated domain and bilayer patch. From our CVD 

growth, we can produce 100µm single crystalline graphene. Even though there is no problem 

with the utilization regarding many kinds of small scale applications and devices, in macroscopic 

point of view it still cannot overcome micrometer scale. On the other hand, SG graphene forms 

continuous domain in centimeter scale. Even though it always includes some defects, it is also 
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important ongoing research to enhance the quality of SG graphene as much as enhancing the size 

domain of LG graphene. Therefore, in this chapter, we concentrated on the investigation of SG 

graphene according to its grains and grain boundaries. From the observation how grains and 

grain boundaries form over the entire domain, our research scrutinizes the mechanical strength of 

grains and grain boundaries of SG graphene. To reveal the mechanical properties, it is necessary 

to observe grains and grain boundaries on suspended membrane, and the nanoindentation test 

right onto the boundaries to determine fracture loads. Thus, it is expected to determine how 

much grains and grain boundaries weaken mechanical properties compared to the pristine lattice 

of graphene.  

 

4.2. Observation of Grains and Grain Boundaries on Suspended Membrane 

SG graphene and LG graphene were observed through optical microscope in fig 2.6. 

Through the images, we can compare and clarify their domain sizes and defects. However, grains 

and grain boundaries are not visualized under the optical microscope. As an advanced 

observation, we tried to observe through SEM. It was a powerful way to identify if a membrane 

was well suspended, and defects such as cracks, tears, and wrinkles. To distinguish these defects 

from grain boundaries, we needed to visualize grain boundaries by heating at 130
 

o
C so as to 

induce oxidation. Thus, grains and grain boundaries are visualized and look prominent on the 

surface. Before making suspended membrane, we investigated defects and grains right after the 

growth on copper foil (Fig.4.1). The images indicates grain boundaries between copper and SG 

graphene (Fig.4.1A), focused grains and grains boundaries in SG graphene (Fig.4.1B), and new 

types of defect in LG graphene (Fig.4.1C and D) 
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Figure 4.1. SEM pictures of SG (A and B) and LG (C and D) graphene samples grown on 

copper foil. The graphene films were heated at 130
o
C for 10 min for oxidation to visualize the 

grain boundaries and defects. The low magnification SEM picture of (A) shows grain boundaries 

of copper foil and the oxidized grain boundaries of SG graphene can be observed in high 

magnification SEM picture of (B). As verified with TEM, grain size of SG sample ranges from 1 

to 5um. On the other hand, the low magnification SEM picture of (C) shows that LG graphene 

has a number of line-type defects, which are the gapped boundaries as shown in high 

magnification SEM picture of (D). 
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In order to scrutinize, it is indispensable to use TEM so that we observe grains and grain 

boundaries in visible scope by using DF(Dark-Field) mode. Furthermore, TEM enables us not 

only to identify how many grains there are in suspended graphene over the hole but also to 

realize tilt angles between grains by using SAED (Selected Area Electron Diffraction).  We used 

JEOL JEM-100CX, and it was operated at 80kV to avoid any damage to the graphene film from 

electron bombardment. In BF(Bright-Field) image, a lot of trails of grains can be discovered over 

the entire suspended SG graphene on TEM grid. It is impossible to identify whether they are 

grains or not without DF images because crystalline grains, wrinkles, defects, overlapped 

structure, and PMMA residue regardless of grains are shown similarly in BF images. In SAED 

mode, it is shown that how many grains are in the area which is condensed in aperture. Each 

grain is indicated single hexagonal diffraction pattern, so the number of grains can be identified 

by the number of hexagonal diffraction patterns in SAED patterns.  In JEOL JEM-100CX, the 

maximum magnification we can apply is 150,000. That means it is invisible in high resolution, 

so HR (High Resolution) images still remains as a future work. Fig. 4.2 indicates how to observe 

and determine grains and grain boundaries in BF, DF, and SAED on TEM. Furthermore, the 

same membrane should be scanned under AFM tip so as to indent grain boundaries. Thus it is 

significant that TEM images (Fig. 4.2A-F) are also supposed to be reflected on AFM images 

(Fig. H and I) so as to match the spots of grain boundaries which can lead to the nanoindentation 

test. 
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Figure 4.2 (A) BF-TEM image of the suspended SG graphene film and (B) SAED pattern. From 

each spot (circles with different colors) of electron diffraction, DF-TEM images were obtained as 

shown in (C-F). The small bilayer patch with round shape is indicated by white arrow in E. (G) 

False-color DF-TEM image of the same sample. AFM images of (H) topology and (I) phase 
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show that the adsorbates are located along grain boundaries of graphene. The white arrow of (I) 

indicates the indentation point when the center of grain away from grain boundaries was 

indented by AFM as explained in the main text. The scale bar is 1 μm. [G.H.Lee et al. Science 

2013]  

  

For the direct indentation on grain boundaries, what significant is how visible the grain 

boundaries are. Grain boundaries in the suspended graphene films can be identified via DF-TEM. 

The suspended LG graphene film has fewer residual PMMA and single crystal electron 

diffraction as shown in Fig. 4.4. As shown in Fig. 4.2A, BF-TEM of the suspended SG graphene 

film shows wrinkles and adsorbates. From SAED of Fig.4.2B, it is verified that the SG graphene 

is polycrystalline. By selecting the desired diffraction spot with aperture (circles with different 

colors), the corresponding DF-TEM images can be obtained as shown in Fig.4.2C-F. Based on 

these four DF-TEM images, the false-color DF-TEM images of Fig.4.2G were assembled. The 

AFM images of topology and phase in Fig.4.2H and I show that adsorbates sit on grain 

boundaries. We observed that these adsorbates were also located on wrinkles. To determine the 

positions of the grain boundaries, therefore, both of DF-TEM and AFM are required. Using DF-

TEM and AFM, we can find the exact position of grain boundaries in the suspended graphene 

and indent away from or on grain boundaries. 
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4.3. Design and sample fabrication  

  To study more directly the strength of graphene grain boundaries, SG graphene films 

were transferred onto TEM grids with 2.5 µm holes using a poly(methyl methacrylate) (PMMA) 

transfer technique as described elsewhere (33, 41, 45), followed by annealing at 345 °C for 4h in 

a forming gas of hydrogen and argon to remove the PMMA film. These processes did not 

weaken the strength of the films. The bright-field TEM (BF-TEM) image of Fig.4.3A shows a 

suspended SG graphene film, with residual PMMA (90)  that decorate both grain boundaries and 

wrinkles (41, 54), and this is not observed in single-crystalline LG graphene (Fig. 4.4). The 

enlarged BF-TEM image of Fig. 4.3B confirms that residues are settled at the grain boundaries, 

although they are not expected to affect the grain boundary properties because of the very low 

stiffness and strength of PMMA relative to graphene (51). It is rather to be a clear indicator to 

probe grain boundaries on the graphene films in TEM. The false-color DF-TEM image of Fig. 

4.3C shows a map of the grain structure of the film; the diffraction spots corresponding to each 

color are indicated in the selected area electron diffraction (SAED) pattern of Fig. 4.3D. When 

the membranes are subsequently imaged by AFM, the adsorbates render the grain boundaries 

visible in both topology and phase images (Fig.4.3E and F), (51). However, it should be noted 

that these residues are also present along wrinkles and other features, so that AFM imaging alone 

is not sufficient to identify grain boundaries.  
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Figure 4.3. TEM observation of grain boundaries and AFM nanoindentation on grain boundaries. 

BF-TEM images of (A) suspended SG graphene film over a hole and (B) enlarged BF-TEM 

image of red-dotted area in (A). (C) False-color DF-TEM image and (D) SAED of the same 

region. The diffraction spots corresponding to each color of (C) are indicated in (D) with circles 

of different colors. AFM images of (E) topography and (F) phase show that arrays of PMMA 

residue adhere to grain boundaries. The locations of grain boundaries obtained from DF-TEM 

and adsorbates and indentation point are indicated by dashed lines and white arrow in (F). 

[G.H.Lee et al. Science 2013] 
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Figure 4.4. (A) BF-TEM image and (B) SAED pattern of the suspended LG graphene film. The 

electron diffraction indicates this graphene is a single crystal and a small number of adsorbates 

are observed. The scale bar is 1 μm. [G.H.Lee et al. Science 2013] 

  

On the basis of the observation, it is prepared to measure mechanical properties with 

AFM. We followed the same nanoindentation method above (51), however it is impossible to 

measure with the nanoindenter which enabled us to gather more statistical data in a much shorter 

time. Even though the nanoindenter employs the same principle as AFM, the scanning resolution 

has not a little distinction from that of AFM. Therefore, the grains and grain boundaries of SG 

graphene are invisible in nanoindenter. In chapter 4.4, I present results from measurement 

through AFM nanoindentation. By means of the experiment we can identify the mechanical 

properties of grain boundaries, and the results indicate how grains and grain boundaries are 

influential to the mechanical strength of graphene as defects.     
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Chapter 4.4. Measurement, Result, and Discussion 

   

Following the same manner as our nanoindentation test with AFM, Fig.4.5A shows the 

results of four indentation tests with the tip placed directly on a grain boundary at a location near 

the center of the membrane, such as the one indicated by the white arrow in Fig.4.3F. The 

fracture loads measured were between the ranges of 1300 - 1700nN, and these values explain 

that grain boundaries weaken mechanical strength. However, it was still obvious that the 

mechanical strength of grain boundaries is relatively weaker than the mean value of pristine 

domain, but absolutely still robust because the measured values are still above 1000nN.  For 

comparison, an additional test was performed at the center of a grain away from well-

documented grain boundaries and plotted with the results from grain boundaries (Fig.4.5.A). At 

the grain center, regardless of a grain boundary, the fracture load is similar to the value of 

pristine graphene tested above with the same tip (51). The fracture loads at the grain boundaries 

are 20 - 40 % smaller (51), but still more than an order of magnitude larger than previously 

measured (41, 42). Using the same FEM analysis as above gives a range of equibiaxial stress of 

30 - 33 N/m (90 - 99 GPa) for the strength of the grain boundaries tested, representing at most 

only a 15 % reduction from the intrinsic strength of graphene (Fig.4.5B). These results prove that 

well-stitched graphene grains can achieve ultra-high strength, which is in agreement with 

atomistic simulations (46, 47, 91).  
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Figure 4.5. (A) AFM indentation results show that fracture occurs at lower load when AFM tip 

indents on grain boundaries in agreement with reasonably high strength. (B) Stress vs. fracture 

load curve obtained from FEA analysis. The strength of grain boundaries of SG graphene has 

only 10% weaker than that of pristine lattice overall. [G.H.Lee et al. Science 2013] 
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4.5. Overlapped Grain Boundary without Covalent Bond  

 

In addition to well-stitched grain boundaries, we discovered another case which forms 

grains. Being different from regular covalent-bonded structure (stitched structure), boundaries in 

which the adjacent graphene grains (overlapped, 50 nm in width) without covalent bond (40, 41) 

were occasionally observed (Fig.4.6). The narrow area was crossing over some of the suspended 

graphene. Even though most of them are wrinkles, it turned out to be overlapped grain 

boundaries as reported by Tsen et al. (40). The overlapped grain boundary was identified with 

TEM (Fig.4.6). BF- and DF-TEM images of Figs. 4.6A-D prove that the overlapped region is not 

a wrinkle because it is located at the border of two different crystalline grains. In contrast, DF-

TEM image of a wrinkle shows one grain divided by this overlapped line. In addition, because 

this boundary is brighter than other region in the DF-TEM image of Fig. 4.6D, this is a 

crystalline grain boundary with overlapped width of 50 nm between two grains, not the gapped 

grain boundary (40). When the overlapped grain boundaries were examined, no measurable force 

was detected as shown in Fig. 4.6E. The blue-dashed line indicates the predicted force-

displacement curve in AFM nanoindentation of the suspended graphene (Fig 4.6E). This means 

that the overlapped grain boundaries  are not stitched via covalent  bond but held together by van 

der Waals interaction (51). 

These boundaries were investigated to be extremely weak, with no measurable force 

upon AFM indentation. These results indicate a trade-off between electrical conductivity and 

mechanical durability in CVD graphene: overlapped grain boundaries have been observed to 

possess higher conductance (40), but will result in much weaker films. 
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Figure 4.6. (A) BF-TEM image of the suspended SG graphene film and (B) enlarged TEM 

image of red-dashed area. The adsorbates are present along the overlapped boundary with width 

of 50nm. (C) SAED pattern and (D) False-color DF-TEM image of the same sample. (E) Force-

displacement curve shows no measurable force when the overlapped boundary was indented. 

The blue-dashed line of (E) indicates the predicted behavior of the indented graphene. The scale 

bar is 1 μm except for 100 nm of (B). [G.H.Lee et al. Science 2013] 
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4.6. Conclusion 

 As the investigation of SG and LG CVD graphene went more and more profound, the 

characterization of grains and grain boundaries was another task because they were unavoidable 

condition which was formed from polycrystalline structure. Consequently, grain boundaries also 

have ultra-high mechanical strength in spite of a little weaker fracture load than pristine lattice. 

At the grain center, the fracture load is as large as pristine graphene as we tested with the same 

AFM tip. Well-stitched grain boundaries are ruptured in 20 - 40% lower load of pristine 

graphene (51). However, the values 1300 – 1700 nN still represent they are much larger than the 

values previously reported (41, 42). Through the measurement, we obviously reproved the 

reliable mechanical stability of SG graphene even though it depends on stitched condition and 

defects. In addition, overlapped area which is regardless of covalent bonding could be formed in 

SG graphene. Because the mechanical strength of the area has almost no measureable value, the 

overlapped area can be considered as a malfunction of CVD growth. Therefore, in order to 

synthesize flawless well-stitched SG graphene by CVD, we have to find the answer how to 

perfectly prevent this phenomenon.  

 Now the mechanical characterization of CVD graphene should go more profound to 

arrange overall characteristics. Hence, for further research, I aimed to investigate how the 

fracture loads of SG graphene are dependent on the orientation angles of grains and grain 

boundaries.            
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Chpater 5. Angular Dependence of the Mechanical Strength of 

Polycrystalline CVD Graphene.  

5.1. Introduction 

 So far it was realized that CVD graphene is as strong as pristine graphene. Furthermore, 

defective graphene can maintain its mechanical strength until vacancy-typed defect covers over 

the surface of hole patterns. In order to arrange the mechanical behavior of CVD graphene, as a 

final chapter, it is necessary to figure out the mechanical property on grains and grain boundaries. 

In polycrystalline graphene, grains are stitched each other, and it forms one large domain of 

small grain graphene. Through transmission electron microscopy (TEM), the grain boundaries 

can be observed in atomic resolution (41, 42). In the previous research, it was realized that grain 

boundaries of graphene were stitched as a form of alternating pentagons, hexagons, and distorted 

hexagons (Fig.2.7). From the joint area, we can observe pristine lattice of each grain of graphene 

which has regular chirality in both directions along graphene’s carbon-to-carbon covalent 

structure. Those are called armchair (denoted as AC), and zigzag (denoted as ZZ) directions.  In 

atomistic level, graphene has ruptures when this atomic bonding is not durable by stress and 

strain. On the other hand, grain boundaries have less value of rupture because of irregular joint 

along the boundaries. In other words, graphene maintains its pristine ultra-high mechanical 

property in ideally stitched condition such as pristine hexagonal lattice. Therefore it is interesting 

identification whether the orientation angles among grains affect the mechanical strength of 

polycrystalline-structured graphene. Therefore, we first aimed to investigate grains and grain 

boundaries of CVD graphene grown by ourselves. Through the process, it can be determined the 

quality of sample transferred from our CVD growth, and it can be also observed that how well 

grains are stitched on graphene which is suspended over the holes. Ultimately we aimed to 

measure mechanical strength on grain boundaries. Therefore we had to fabricate suspended small 

grain graphene on TEM grid in order to go for the nanoindentation. In SG- polycrystalline- 

graphene, based on the geometrical analysis of the crystal of graphene, the range of angles are 

from 0 degree to 30 degree. This is called tilt angle which indicates the orientation between 

stitched grains. Thus, we were motivated to measure mechanical strength of grain boundaries 

depending on their tilt angles. 
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5.2. Design and Fabrication 

 In the Chapter 2, I briefly introduced graphene transfer onto TEM grid. Through the 

process, we were able to realize suspended graphene membrane over holes. For further research, 

we have been modifying our conventional transfer method to find out the most optimized 

condition for transfer. Thus, as an extension of previous method, here I arranged our own 

specific recipe. In order to transfer CVD graphene onto TEM grid, we used the SN100-

A50Mp2Q05 TEM grids made by SIMPore Inc. Many other laboratories use TEM grids made of 

copper or gold. However, these TEM grids have some distinguishable properties than them. The 

frame of the grids is made of silicon which is robust and inflexible. That helps us to handle 

during hands-on process more securely than flexible thin copper or gold frame. Furthermore, the 

frame is not flexed or bent by the surface tension of liquid during the wet transfer. It is 

unavoidable that the ultrathin membranes of TEM grids are extremely weaker in liquid than it is 

dry. Because we are always facing unsecure condition during the wet transfer, at least we need 

robust frame to support membrane strongly. One more reason we prefer to use silicon frame is 

the weight. Standard TEM grids made of copper or gold are not only ultrathin but also ultralight. 

Nevertheless, we cannot help but putting the experimental samples into annealing chamber. 

During the process, it is pumped up and down to be vacuumed, thus it is possible that the grids 

are blown in the chamber. However, silicon frame prevents from the happenings by its own 

weight. On the membrane, we customized to engrave coordinates along the rows and columns, 

that makes much easier to search for spots we observed through TEM on AFM. (Fig. 5.1). 
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Figure 5.1. (A) Schematic of Cross-sectional view of TEM grid. The base material is silicon 

dioxide, and it is coated with silicon nitride within 50nm thickness. (B) Coordinated-engraved 

TEM grid. The scale bar is 200µm. 

 

 Figure 5.2 shows the transfer process. With CVD graphene which is grown as small grain 

graphene, we also followed the same step which was mentioned in the previous chapter to etch 

copper underneath the graphene. What is different is we do not use PDMS but float PMMA-

coated graphene-copper film on APS. If we use the dry transfer method (51), we cannot avoid 

the damage on the membrane of TEM grid because it is not durable material that can tolerate the 

sticky property of PDMS. However, because the vacant holes on TEM grid penetrate all the way 

through, we do not have to be concerned about fluidic tension and a phenomenon that the liquid 

soaks into the bottom of substrate. It is still ongoing issue that we are supposed to be careful of 

surface tension when the grids soak in water for scooping. When the grids are dry after scooping, 

removing PMMA has two steps. First it can be removed in acetone. In my experimental process, 

soaking in acetone for 10 minutes was the most optimized recipe. When we put it in and out, we 

have to be extremely careful of surface tension again. If there is no tear or crack on the grid, 
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finally we have to do hydrogen annealing under 30 sccm so that PMMA residue is perfectly 

removed on top, but few residue remains along grain boundaries and wrinkles. The residue will 

be a clue and trail to discover grain boundaries on suspended graphene. So leaving the minimum 

about of PMMA residue along grain boundaries is our intension. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Schematic of graphene transfer method. The wet transfer method was employed and 

there is a variable conditions depending on the amount of PMMA residue and the physical 

damage of TEM grid. 
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5.3. Tilt Angle: Orientation of Grains 

In polycrystalline graphene, grains and grain boundaries can be observed through TEM.  

Especially through the contrast on dark field image, it is clarified that which diffraction pattern 

indicates which grain on suspended graphene. In small grain graphene, grains are arbitrarily 

formed and covered over the entire hole-patterned surface.  In selected area diffraction pattern, it 

can be determined that how many grains there are in suspended graphene over one hole. When 

electron beam transmits single crystal on TEM grid, the light source is reflected and six dots are 

shown as hexagonal shape. According to the number of grains, the diffraction patterns are 

superposed. Therefore, it is identified that the angles tilted between hexagonal patterns varies 

depending on their orientations. In geometrical analysis, when two hexagonal patterns are 

perfectly superposed, the tilt angle does not exist, which means 0 degree. On the other hand, 

when one hexagonal pattern is positioned at the middle of another one, it divides the angles in 

half, which means 30 degree. Therefore, the range of tilt angles is from 0 degree to 30 degree. If 

a tilt angle is perfectly 0 or 30 degree, it is not a grain boundary but pristine lattice. Thus 

precisely the tilt angle converges to 0 and 30 degree. The polycrystalline domain of graphene 

which has low tilt angles, it is denoted as small-angle grain boundary (SAGB), similarly if it has 

large tilt angles which is close to 30 degree, it is denoted as large-angle grain boundary (LAGB). 

Through the observation with TEM, it is obviously distinguished how SAGB and LAGB look 

different in SAED (Fig. 5.3). These are the indicators to group SG graphene domains depending 

on tilt angles for the nanoindentation test.  
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Figure 5.3. The TEM images of polycrystalline graphene and the measurement of tilt angles. 

SAGB (A-C) indicates bright field image (A), selected area diffraction patterns (B), and dark 

field image (C). LAGB (D-F) indicates the same image modes with respect to LAGB. The 

measured tilt angles are 10° in the SAGB, 26° in the LAGB.   
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5.4. Measurement, Results, and Discussion 

The previous studies from Grantab et al (46), the mechanical strength of CVD graphene 

was reported through simulation. They accompanied the result with angular dependence of 

grains. Using atomistic calculations, they discovered that tilting the angle at which the sheets 

meet — the grain boundaries — influenced the material's overall strength. The optimal 

orientation producing the strongest sheets, they report, is 28.7 degrees for sheets with an 

armchair pattern and 21.7 degrees for sheets with a zigzag layout. These are called large-angle 

grain boundaries. They assert that large-angle grain boundaries are stronger because the bonds in 

the heptagons (7 rings) are closer in length to the bonds naturally found in graphene (Fig 5.4A 

and B). That means in large-angle grain boundaries, the bonds in the heptagons are less strained, 

which helps explain why the material is nearly as strong as pure graphene despite the defects. 

The grain boundary can accommodate the heptagons better (46). In physical analysis with 

geometry, they are more relaxed than in small angles.   

  Furthermore, H.I. Rasool et al. (92) explains and supports it with experiments. They 

measured the strength of suspended single-crystal and bicrystal graphene membranes prepared 

by chemical vapor deposition. Here they followed the method in our previous publication (51) in 

a similar way. However, their experimental process has a little difference from ours. I arranged 

the different conditions and results in Table 3 below. At the end of this chapter, the comparison 

and analysis will be discussed.  Coming back in their results, in Fig 5.4C, it is determined that 

grain boundaries with large mismatch angles in polycrystalline specimens have higher strengths 

than their low angle counterparts. They assert that these large angle grain boundaries show 

strength comparable to that of single-crystal graphene (92). However, it was still questioned that 
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if the mechanical strength varies depending on tilt angles. In previous publication, we had had a 

quick test with one specimen in each range of tilt angles (51) before Rasool et al. (92) was 

published. Through the test, we did not see any angular dependence. In order to verify it with 

more reliable data, we were motivated to set up new experiment so that we could scrutinize the 

angular dependence.   

 

 

 

 

 

 

 

 

Figure 5.4. Reports about the angular dependence of the mechanical strength of grain boundaries 

with (A-B) simulation and (C) experiment. Grantab et al. first reported LAGB had higher value 

of the mechanical strength, and Rasool et al. presented experimental data in agreement with the 

previous simulation. [R.Grantab et al, Science 2010], [H.I. Rasool et al, Nature Communications 

2013] 
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 Figure 5.5 shows a result of fracture load measured from AFM nanoindentation. The 

number of data, 22, is reliable and enough to explain a tendency. From small angle grain 

boundaries to large angle grain boundaries, there is no tendency of increasing slope along the tilt 

angles become larger. In each range of tilt angles, deviation is shown as well. That is caused by 

each stitched condition. However, the range of deviations is also same in every range of tilt 

angles, and every data point is in reasonable range. In Fig 5.5A, the highest value is around 

1200-1300nN, and the lowest value is around 400-500nN. Gathering more data point will make 

more clarified statistics with higher confidence. What is the most significant is there is no 

angular dependence.  The difference is mainly occurred by stitched condition, quality, and 

defects. On the same specimen on TEM grid, I also measured in single crystal domain. The 

fracture load was 1600. Adding our previous data, the range of fracture load in pristine lattice of 

SG graphene is 1600-2000nN. Therefore, it can be proved that fracture loads at grain boundaries 

are lower than that of pristine lattice reasonably, whereas tilt angles do not affect among grain 

boundaries. Furthermore, the values in Fig 5.5A were calculated to convert to 3D true stress (Fig 

5.5B). On the basis of our previous FEM analysis (51), we applied the tip radius (30nm) in the 

curve that indicates which values of fracture load meet 2D true stress depending on a tip radius. 

In addition we applied the assumed thickness (0.335nm) to convert the 2D values to 3D. 

Consequently, the result proves our expectation. Every data point is under 100GPa, which is the 

measured value of single crystalline graphene. In 3D stress values, the deviation was diminished 

than that in fracture loads. The range of 3D true stress of grain boundaries is from 55GPa to 

88GPa. Even though the data still has relatively large deviation, it does not indicate any angular 

dependence.    
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Figure 5.5. (A) Experimental measurement of mechanical strength depending on tilt angles and 

(B) Conversion to 3D true stress. Angular dependency is not shown neither (A) nor (B). Inset 

indicates TEM image of single crystalline graphene in SG graphene.   
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The comparison and analysis between Rasool et al.(92) and our research were arranged in 

Table 3. First, in CVD synthesis of graphene, they used higher pressure than us for hydrogen 

annealing. In particular, it was a noticeable difference that they applied higher pressure 

(500mTorr) in a half-shorter running time (15min) for introducing Methane than ours (300mTorr, 

30min). Although they did not mention grain sizes synthesized after process, we can guess it will 

be smaller than ours (1 to 5 micrometers) based on the different condition. During the transfer 

process, there is an evident distinct: CE-100 was used as a copper etchant, and the specimen was 

rinsed by Hydrogen Chloride between rinsing with deionized water. Usually we do not use CE-

100 because it is Ferric Chloride solution which can affect graphene, but also graphene-PMMA 

film can be rinsed only on DI water. Annealing condition, the final step of sample fabrication, 

shows another different condition as well: they processed it for one hour in vacuumed condition 

while we do it for 4 hours in room pressure. Moreover, an obvious distinct in AFM tips affects 

fracture force: they fabricated the radius of AFM tip as 115nm for uniform distribution whereas 

we have been using diamond tips under 30nm radius. Consequently, revealing a crucial factor 

that causes these distinctions is still ongoing investigation. First we have to find the reason in 

essential factors related to CVD SG graphene. In order to clarify it, HR (high resolution) TEM 

should be used for the investigation. HR TEM can help not just for the comparison but also for 

FEA simulation of our CVD SG graphene specimen. Through the observation through TEM, 

now we estimate that the propagation of grain boundaries can be more irregular and serpentine. 

Then it has to be reflected in the design for simulation. The propagation will be discussed in the 

next chapter. Before expanding research, first here I strongly emphasize and conclude that SG 

graphene has no angular dependence of grain boundaries regarding mechanical strength. 
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Table 3. Comparison between Rasool et al. and our process and results. From CVD growth, their 

recipe is expected to produce smaller grain size than ours, and CE-100 is the solution of ferric 

chloride which can cause abnormal damage on graphene. Large difference of AFM tip caused 

much different fracture loads, however the range of 3D true stress is in similar group regardless 

of angular dependence.  
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5.5. Arbitrary Propagation of Grain Boundaries 

 For FEA modeling, real structure is different from simulation. So simulation has to go as 

same as possible to real structure. It was investigated that polycrystalline graphene consists of 

sequential pentagon-heptagon rings randomly between hexagonal structures (41). Not just for the 

carbon-bonding structures, but also we have to clarify if it has any directional tendencies and 

angular ranges depending on tilt angles in our own CVD SG graphene which has larger grain 

size. In addition, this will be also a representative way to discover the well-stitched condition of 

CVD graphene. I observed suspended polycrystalline graphene on TEM grid. In order to explain 

any tendencies, it was necessary to capture bi-crystalline, tri-crystalline, and multi-crystalline 

graphene suspended over the TEM grid. Furthermore, each specimen was in different range of 

tilt angles from 0 to 30. Images were captured both in BF and DF.  As shown in Fig 5.6, the 

propagation of grain boundaries form serpentine trails regardless of tilt angles between grains. 

High tilt-angled grain boundary in the range of 25-30 does not have a distinguishable behavior 

from low tilt-angled grain boundary in the range of 0-10. The angles at inflection points also 

varied. In particular, even the grain boundary that seemed to be linear had serpentine trails in 

higher magnification. Consequently, in both high and low magnification, grain boundaries 

formed random inflection points at random spot, and it had nothing to do with tilt angles and 

number of grains. However, it is still questioned that how the grain boundary structure forms at 

sudden inflection points where directional change happen close to 90 degrees. For the purpose of 

precise verification and simulative design, an investigation through high resolution TEM should 

be accompanied. 
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Figure 5.6. TEM images of suspended graphene membrane. BF images of LAGB (A-D), SAGB 

(E-H). DF images of LAGB (I-L), SAGB (M-P). In our observation, a propagation of grain 

boundaries goes along with random directions and angles. No angular and directional tendencies 

were observed. In both cases of large and small tilt angles, the propagations of GB’s look like a 

serpentine trails. Grains are formed in mixture of straight line, curve, and include sudden 
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inflection points. Thus, it is hard to assume in one straight line for the simulation because it 

varies.    

 

Hence, compared to other simulations (46), the assumed design is supposed to change so 

as to identify more precise analysis. Due to the random propagation, the form of grain 

boundaries should not be linear. Furthermore, we have to apply another design for sudden 

inflection points. Asymmetric grain boundaries and arbitrary propagation will cause different 

results in FEA analysis to be in agreement with our research as different experimental data was 

shown (Fig. 5.7). For the exact clarification of this matter, HR TEM is required to determine the 

propagation and inflection points of our CVD graphene specimen.       

 

Figure 5.7. Relation between strength of grain boundary and tilt angle. (A) Schematic of 

asymmetric grain boundary consisting of pentagon-heptagon rings. The angles of θ1 and θ2 in 

the left and right lattices are determined by electron diffractions. The tilt angle of grain boundary 

is θ1 + θ2. Pentagon, hexagon, and heptagon rings are indicated by blue, green, and red lines in 

the grain boundary. (B) Plot of strength vs. tilt angle. The AFM indentation was performed on 
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grain boundaries, which tilt angles are known by TEM observation before indentation test. The 

strength of pristine graphene (defect-free) is indicated in left-top corner. The measured strength 

in our work shows a relatively high strength regardless of tilt angle, while atomistic simulations 

showed an increase of strength as a function of tilt angle. [G.H.Lee et al. Science 2013] 

 

5.6. Crack Formation at Rupture and Its Chiral Dependence 

 As an expansion of the scope of research in rupture of grain boundaries, I also 

investigated the propagation of graphene during rupture. In the previous study, Kim et al. (54) 

reported that the crack formation of SG graphene does not go along with grain boundaries but it 

showed chiral propagation. They exposed graphene under electron beam and observed how the 

crack formation goes in real-time. First it went across a grain boundary, and changed the 

direction toward the edge of graphene (ref the paper).  By going side by side with simulation, 

they reported that the crack formation of graphene ignored grain boundaries, and the direction 

finally went along with zig-zag or armchair direction until it reached the edge (54). Being 

motivated by the observation, we also undertook the characterization of propagation of rupture. 

To further elucidate the mechanical behavior of graphene, AFM nanoindentation on suspended 

SG graphene films was performed to rupture graphene films, and observed with TEM as shown 

in Fig. 16. When indentation was performed directly on grain boundaries, as indicated with the 

white arrow in the DF-TEM image of Fig. 5.8A, a crack is seen to propagate first along grain 

boundary at the initial contact point, and then to split into several cracks as shown in Fig. 5.8B, 

(51). The separate cracks are non-directional, but finally toward the edge of the hole. Fig. 5.8C 

shows that the torn edges of graphene have irregular shapes. When AFM nanoindentation on 

suspended SG graphene films was stopped before complete fracture, a small crack was found 
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along the grain boundary at the point of indention. The crack propagation along the grain 

boundary can be explained that the grain boundary is a mechanically weak defect (51). However, 

it should be noted that cracks can also be deflected away from grain boundaries under more 

complex stress states by the driving force of the energy release rate as the applied force is no 

longer parallel to grain boundaries beyond some extent (51). In particular, when the center of the 

suspended graphene was indented away from grain boundaries, a crack is seen to form under the 

indenter and to propagate toward the edge of hole, crossing the grain boundary as shown in Fig. 

5.8D. This result is not in accordance with experimental and theoretical results that mechanical 

failure always initiates from grain boundaries (41, 42, 47, 93). Nonetheless, crack propagation 

along grain boundaries was also observed as shown in Fig. 5.8E and F. Thus, even though a 

crack formed initially under the indenter away from a grain boundary, it occasionally deflects 

into and propagates along grain boundaries (51). Kim et al. reported that, when a crack nearby 

the edge of a hole propagates in suspended graphene as a consequence of electron beam 

irradiation, the crack propagates along straight lines aligned in the armchair or zigzag directions 

of the graphene lattice (54). However, this was not found in our study, likely because different 

external agents caused the initiation and propagation of cracks. Instead, the edges of cracks along 

grain boundary are smoother than those in the middle of grains as shown in the inset of Fig. 5.8F. 
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Figure 5.8. TEM observation of crack formation after nanoindentation. (A) False-color DF-TEM 

image of the suspended SG graphene film over a hole before indentation. The white arrow 

indicates the indentation point. (B) BF-TEM image after indentation. The black-dashed lines 

indicate grain boundaries. The crack is formed along the indented grain boundary at initial stage 

and propagates arbitrarily toward the edge of the hole. (C) Enlarged BF-TEM image of the red-

dashed area of (B). The torn edges of graphene have irregular saw-tooth shape. (D-F) BF-TEM 

images shows various graphene fractures when the center of the suspended graphene away from 

grain boundaries was indented. A crack was formed in indented spot and propagated across grain 

boundaries as shown in (D). Breaking of graphene along a grain boundary was also observed in 

(E) and (F). The edges of a crack along grain boundary are smoother than those propagating in 

the middle of grain as shown in the inset of (F). The scale bar is 1 μm except for 200 nm of (C). 

[G.H.Lee et al. Science 2013] 
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  For the clarification and further discovery from the previous study (54), I exposed our 

suspended SG graphene under e-beam through TEM. I chose 80kV to maintain graphene secured 

in a magnification of 30,000, but I condensed the e-beam and zoomed up to the magnification of 

100,000-150,000 in order to induce damage and tears. Fig 5.9 shows the process from an initial 

breakage to rupture. The tear progressed rapidly in diverse directions. After 30 seconds, the 

speed prominently decreased but continued going in diverse directions. Around 2 minutes from 

the initial tear, the tear stopped when it reached edges. Being different from the indentation with 

AFM or nanoindenter, the propagation under e-beam exposure begun from random and weaker 

spots, and graphene was torn similar to the scenes that paper or foil is ripped and peeled off. On 

the other hand, it was similar phenomenon to nanoindentation and the previous paper that the 

propagation ignored grain boundaries (51). In DF image, I was easily able to prove in real-time. 

However, being compared to the previous paper (54), the tears do not seem to have a chiral 

dependence. In Fig 5.9, the tears go along with diverse direction simultaneously. The zigzag and 

armchair direction is perpendicular each other. That means a chiral dependence can be proved if 

the tears have one propagation going across the suspended lattice, or the propagations of tears are 

perpendicular each other. Here I report that the linear directions of propagation approach the 

edge in various degrees of angles. Thus the propagation follows both chiral direction and 

intermediate direction simultaneously. In order to verify it, we are supposed to observe it under 

HR TEM. 
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Figure 5.9. Crack formations of suspended membrane under E-beam exposure. (a) BF TEM 

image indicated there was no tear before the experiment. (b) SAED presented there were two 

grains on the suspended membrane. (c-d) Through DF TEM image, it was observed that GB’s 

form straight line, curve, and sudden inflection points similarly above. (e-f) Initially crack begun 

along grain boundary, but (g-l) rapidly it spread out to diverse directions until approached the 

edge. The crack propagation went along both chiral directions (AC and ZZ) and arbitrary 

directions simultaneously with crossing over GB’s. Each time sequence is 3sec (e-f), 5sec (g-h), 

10sec (i-j), and 30sec (k-l).  
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5.7. Conclusion 

 

In this chapter, we scrutinized the mechanical behavior of grain boundaries of small-grain 

graphene. By means of our wet transfer process, we realized a well-suspended SG graphene over 

TEM grids. Through SAED and DF images, we exactly observe how grains and grain boundaries 

form. That observation leads to nanoindentation test for experimental mechanical properties. We 

revealed that grain boundaries are weaker than that of pristine lattice, but it was investigated that 

GB also maintains outstanding mechanical strength which is 10% weaker than that of pristine 

lattice. Furthermore, polycrystalline graphene has no angular dependence on its mechanical 

strength. Between large angle and small angle SG graphene, both group show same range of 

fracture load which leads to the same range of 3D true stress. We do verify that the experimental 

result shows no increasing trend of mechanical strength along the increase of tilt angles. AS an 

extension of research, the propagation of grain boundaries forming was observed. The 

boundaries form along irregular, especially serpentine trails which is the mixture of line, curve, 

and sudden inflection point. For further observation, HR TEM will be a powerful experimental 

approach. In addition, both under nanoindentation and e-beam exposure, the rupture of graphene 

has nothing to do with chiral dependence and grain boundaries. Not only random weaker spots, 

but also grain boundaries can be spots at which initial crack begins. However, the rupture 

spreads in diverse and arbitrary directions regardless of GB. Because the diverse directions are 

not perpendicular, there is no chiral dependence which goes along zigzag or armchair direction. 

Being different from the reported propagation observed through a real-time electron beam 

irradiation (54), the crack propagation initially occurs along grain boundary from an indented 

point, then eventually it spread to arbitrary direction toward the edge of the holes (51). Even 
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though the propagation along grain boundary was observed, it does not have clear regularity. In 

order to clarify this observation, HR TEM is also indispensable here as well.  

 

Chapter 6. Concluding Remarks 

6.1. Summary of the Thesis 

In this thesis, we presented from CVD growth of graphene, fabrication process to the 

measurement of mechanical strength that commonly require detailed and precise graphene 

structures and the characteristics of grains and grain boundary. Our CVD growth of graphene 

was processed in both types (SG and LG), each of which provides ultra-high mechanical strength 

such as 1 TPa elastic stiffness and 100 GPa true stress. Combined with FEA simulation on the 

basis of density functional theory calculation in order to analyze the mechanics in nonlinear 

elastic behavior, we showed that our experimental results were in agreement with the numerical 

analysis by means of FEA simulation. We first introduced mechanically exfoliated pristine 

graphene, which demonstrated ultra-high mechanical properties compared to contemporary 

materials, thus it was expected that graphene would be prospective alternative new material for 

the future. We then presented limitations of pristine graphene   for randomness of sizes and 

domains, which could motivate the demand of CVD synthesis.  

In Chapter 2, we presented mechanical properties of CVD graphene. In order to process 

the experiment, new transfer method was applied to minimize damages during the process before 

measurement. After the transfer, we undertook nanoindentation test with AFM and nanoindenter. 

Experimental results demonstrated that our approach was capable of measuring mechanical 

properties and matching the results to FEA analysis. Through the whole process, we not only 
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demonstrated the ultra-high mechanical strength as much as pristine graphene, but also indicated 

correlations of grains and grain boundaries regarding well-stitched condition.   

In Chapter 3, we presented defect-engineered graphene for the utilization of inevitable 

defective graphene by induced manipulation of defects. To determine the change of the status of 

defects on pristine graphene, we employed plasma etching to induce defects gradually. As a 

result, we could observe that defects on graphene changed from sp3 type to sp2 time as 

according to the running time under exposure of plasma. So as to demonstrate mechanical 

strength, our nanoindentation technique was applied similarly. Consequently, defective graphene 

in sp3 type maintained its high mechanical strength as strong as pristine graphene until before it 

reached sp2 typed defect (vacancy), thus the result enabled us to prospect the utility of defective 

graphene based on its mechanical stability. Using FEA analysis and MD simulation, we 

demonstrated that the experimental data could be proven theoretically with showing the 

agreement. 

To elucidate our research in the mechanical properties of graphene, in Chapter 4, we 

introduced the observation in polycrystalline structure of graphene which formed grains and 

grain boundaries. From the observation through TEM to the fabrication process for graphene 

transfer, we arranged our own whole process which can led us to measure fracture loads right on 

the grain boundaries. As a result, the mechanical strength of grain boundaries were still high, 

merely 10-15% weaker than that of pristine lattice. Thus we concluded that even though grains 

and grain boundaries could be considered as defects and they weakened the mechanical strength, 

they were not causing principal damage to graphene for rupture.  

Although previous research reported the angular dependence of graphene regarding its 

mechanical strength, it was questionable that tilt angles among grains could affect mechanical 
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strength.  By grouping suspended region of interests depending on the range of tilt angles, we 

employed the same nanoindentation test and observed a tendency. In the plot of fracture load vs. 

tilt angle, there was no increasing slope which could indicate its angular dependence. 

Furthermore, the propagation of cracks at rupture spread in arbitrary directions simultaneously, 

which could verify that there was no chiral dependence in rupture.  

 

6.2. Future Work 

 In our previous research, we demonstrated that the mechanical strength on grain 

boundaries is slightly weaker than pristine graphene (51). Nevertheless the difference, grain 

boundaries also have strong mechanical properties which are much larger than previously 

measured results (41, 42). Furthermore, our FEM analysis also gives a range of equibiaxial stress 

of 30-33 N/m (90-99 GPa) for the strength of the grain boundaries tested, representing at most 

only a 15% reduction from intrinsic strength of graphene (51). These results verify that well-

stitched grain boundaries still can have strength as high as pristine graphene. However, we have 

insufficient data to observe the predicted relationship between grain boundary tilt angle and 

strength (46, 47). To further clarification the mechanical behavior of grain boundaries, we need 

to indicate more specific and statistical trend depending on the condition of grain boundaries. 

Focusing on the high strength of grain boundaries, it is questionable how much regularity they 

have depending on tilt angles.  

In order to support the experiment, our research should be accompanied with FEA 

simulation. Through the simulation, we are planning to verify and strengthen the result: no 

angular dependence of the mechanical strength of grain boundaries. Therefore, observation with 

HR TEM has to be preceded on our SG graphene. Through the work, we aim to reveal the 
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irregular tendencies of propagation and the range of angles inflected. In particular, now we are 

paying attention to tri-junction point and sudden inflection point among grains on the suspended 

SG graphene. Thus, the real images in HR of the structure will be reflected in the design of FEA 

simulation. Previously, asymmetric and alternating pentagonal and heptagonal (5-7 rings) 

structures were reflected. That was designed as relatively straight line. However, as a further step, 

we are aiming to realize more precise design for treating GB level regarding tilt angles. 
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