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ABSTRACT 
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Chemical vapor deposition (CVD) has emerged as the most promising technique 

towards manufacturing of large area, high quality graphene. Characterization, understanding, 

and controlling of various structural defects in CVD-grown graphene are essential to realize its 

true potential for real-world applications. We report a new method for in situ chemical probing 

of vacancy defects in CVD-grown graphene at room temperature. Our approach is based on a 

solidïgas phase reaction that occurs selectively in graphene vacancy defect regions such as 

holes and cracks. Our new probing technique has a unique combination of the following 

advantages: (1) no exposure to liquids; (2) non-damaging in situ probing; (3) high selectivity, 

sensitivity, and reliability towards vacancy defects; (4) simplicity and scalability. By focusing on 

hexagonal graphene domains, we have made the following findings: (1) the nucleation centers 

of graphene domains are favorable locations of hole defects. (2) The lengthy electron-beam 

irradiation at very low energy (3.5 keV) could etch the graphene. (3) Graphene cracks often 

kink at the angle of primarily 150° or 120°. (4) There exist complex graphene cracks such as 

cracks with clock-hands patterns, and cracks with snowflake-like branched structures. (5) There 

exist discontinuous cracks in some graphene domains, where hole defects are oriented along 

a straight or curved line. Such discontinuous cracks may arise from the ductile fracture of 

graphene. In addition, we have shown that our method is also applicable to chemical probing 



iii 
 

of vacancy defects such as holes, continuous and discontinuous cracks in CVD-grown 

monolayer polycrystalline graphene films on copper. Our study also suggests that the copper 

grain and copper grain boundary play significant roles in formation and distribution of graphene 

vacancy defects. We have studied and clarified potential effects of graphene wrinkles on the 

formation of vacancy defects in polycrystalline graphene and single crystalline graphene, 

respectively. We have found that although the graphene wrinkles are the main source for 

vacancy defects in the polycrystalline CVD-grown graphene samples, there are other possible 

sources such as mechanical stress that are responsible for the formation of vacancy defects in 

polycrystalline graphene where wrinkles are not found. In contrast, we have found that 

graphene wrinkles are NOT mainly responsible for the observed vacancy defects in single 

crystalline hexagonal graphene domains, which provides further indirect support that the copper 

grain and copper grain boundary play significant roles in formation and distribution of graphene 

vacancy defects, and the observed discontinuous cracks more likely originate from a ductile 

fracture of graphene.  

The practical investigation of individual nanoscale vacancy defects in h-BN still remains 

a great challenge. Hence, it is important to develop a method for rapidly identification of the 

vacancy defects in large area monolayer h-BN, which will provide insightful information on 

defect formation in h-BN. We have performed in situ chemical probing study of vacancy defects 

in CVD-grown h-BN. Our H2S gas treatment procedure reveals that currently commercially 

available CVD-grown monolayer h-BN samples have high density of nanoscale voids. High 

defect density in monolayer h-BN appears to be caused by the hardship of stitching of individual 

domains with various rotations and edge atoms. It has been shown that h-BN may have 

nanoscale vacancy defects along the grain boundaries which is different than graphene. It is 
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important to limit H2S amount and treatment time for our method to work well towards 

identification of vacancies. 
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Chapter 1: Introduction 
 

1.1. Graphene 
 

 

Figure 1.1. Graphene, a single layer of carbon atoms in a honeycomb lattice.1 

Graphene is a single atomic layer of sp2-hybridized carbon atoms in hexagonal lattice 

structure.2 In graphene, each carbon atom is bonded to three other carbon atoms with 120° in-

plane bonding angles with perfect symmetry.3 This two-dimensional carbon allotrope has 

attracted a tremendous interest since its first isolation by mechanical exfoliation from graphite 

flakes which is also widely known as óscotch tape methodô due to its remarkable mechanical, 

thermal, electrical and optoelectronic properties.4-5 Graphene has Youngôs modulus around 1 

TPa and its mechanical strength is more than 100 GPa which makes it attractive for 

nanomechanical systems and membrane applications such as water desalination with 

improved permeance and robustness.6-9 Its high thermal conductivity, 5000 W m-1 K-1, is useful 

for applications in which thermal management is needed.10-11 Together with high mechanical 

strength and thermal conductivity, its atomically smooth surface make graphene applicable to 

tribological systems as solid lubricant.12  Graphene also possess high intrinsic charge mobility 

of 250 000 cm2 V-1 s-1, resulting in intrinsic resistivity as low as 30 ɋ/sq, optical transmittance 
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of 97.7%, and very high surface area of up to 2,630 m2 gī1 which is very desirable for energy 

storage, batteries, transistors and optoelectronic devices.4,6,10,13,14 Grapheneôs chemical 

inertness and flexibility in out-of-plane direction is highly sought after for devices such as 

bendable or curved solar cells and displays with long lifetime.4,6 Due to change in electrical 

conductivity of graphene with adsorption of molecules on its surface, graphene is also a 

promising candidate for sensor applications.8 

 

Figure 1.2. Mechanical exfoliation of graphene from graphite flakes, óscotch tape methodô.4 

Mechanical exfoliation of graphene from graphite flakes provides highest quality but 

small area graphene in submillimeter scale.1,4 The mechanical exfoliation method requires 

tedious repetition of stick and peel cycles with an adhesive tape, and then search for monolayer 

graphene among numerous multilayer graphene pieces under the optical microscope.15 It also 

suffers from dependency on the experimentalist.16 While this method provides the best quality 

samples for researchers, it seems to be not applicable for large scale production of graphene 

and graphene devices due to the necessity of large area and uniform monolayer graphene.17  
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1.2. Chemical Vapor Deposition (CVD) Graphene 
 

Chemical vapor deposition method is a promising bottom-up technique for large area 

and scalable graphene production. CVD grown graphene can be transferred onto desired 

substrates due to weak interaction with the metal substrate on which it is grown.2 It has been 

demonstrated that 30 inch sized graphene can be produced and transferred by roll-to-toll based 

techniques.18 A typical CVD process involves annealing of a metal substrate under H2/Ar gas 

flow at high temperature, around 1000 °C, and then introduction of a hydrocarbon resource into 

the growth chamber such as methane. The metal substrate catalyzes the dehydrogenation of 

the hydrocarbon molecules so that carbon atoms dissolve in the metal surface. Then, diffused 

carbon atoms start to nucleate and form graphene domains on multiple sites on the metal 

surface (Figure 1.1). The preferred nucleation sites on metal, also called as active sites, can be 

impurity locations, grain boundaries and surface defects.19 Subsequently, growing adjacent 

domains coalesce and thus form continuous polycrystalline monolayer graphene covering the 

metal surface. 20-21  

 

Figure 1.3. Illustration of the graphene growth mechanism on copper in CVD process, as 

divided into three main steps.19  
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Methane is the mostly preferred precursor in CVD process, whereas it is possible to 

produce graphene from various carbon resources which are gas or solid.4,22 The solubility of 

carbon in the metal is one of the important factors affecting monolayer graphene formation. In 

case of high solubility of carbon in the metal such as Ni, upon cooling, carbon atoms precipitate 

and form multilayer graphene on the surface. In the case of low solubility of carbon in the metal 

such as Cu, predominantly monolayer graphene formation is favored due to a self-limiting 

effect.2,23 Researchers have been able to produce graphene on various substrates such as Ni, 

Pd, Ru, Rh, Ir, Pt, Cu, Co and Ge by CVD.24-25 Commercially available copper foils are mostly 

used for monolayer graphene production by CVD due to low cost and likelihood of large area 

monolayer coverage.26 The graphene growth by CVD method on copper foils results in 

graphene formation with inferior quality compared to mechanical exfoliation method.  This can 

be caused by the topology change of Cu surface during CVD process due to evaporation of 

surface Cu atoms at temperatures nearing its melting point, polycrystalline structure of copper 

foil with various orientation of its crystallographic grains and presence of grain boundaries.25 

Moreover, during graphene growth copper grains evolve and are far from being fixed geometry 

and orientation.27 Beside copper surface topology and crystalline structure, used H2/Ar/CH4 gas 

ratio, pressure and temperature in the growth chamber, gas flow direction and the location of 

the copper foil inside the chamber effect the nucleation, shape and orientation of graphene 

domains, thus overall quality of produced polycrystalline graphene film.21,28-29 

1.3. Defects in CVD-grown graphene 
 

CVD method yields larger area, but lower quality graphene compared to mechanically 

exfoliated graphene due to existence of a variety of defects. Structural defects often have 

negative effects on grapheneôs phenomenal physical properties such as reduced mechanical 
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strength, thermal conductivity, electrical conductivity, and impermeability and etc.3,14,30 

However, in some applications defects can be deliberately introduced by, for instance, 

irradiation or chemical treatments and exploited to alter the intrinsic physical properties of 

graphene for target applications.30 For example, CVD-grow graphene with engineered 

nanopores is ideal for next generation membrane applications with high selectivity and 

permeability.9,31 Being a two-dimensional material, graphene has limited number of possible 

types of defects compared to bulk materials.30 Defects in three-dimensional crystals are 

regarded as intrinsic defects when the crystalline order is disrupted without the presence of 

atoms of another element and as extrinsic defects with the presence of foreign atoms, 

impurities.30 Possible intrinsic defects for CVD-grown graphene are line defects such as grain 

boundaries (GBs) and wrinkles, hole defects and microcracks which are created during 

synthesis or processing.14 

 

Figure 1.4. Shapes of the line defects in CVD-grown graphene.32 

CVD method produces polycrystalline graphene due to formation of numerous graphene 

domains ubiquitously on the metal substrate.33 During the growth, neighboring graphene grains 

are stitched together by forming disordered grain boundaries.34 In addition, neighboring 

graphene grains can overlap instead of stitching (Figure 1.4).13,33,35  However, it is also possible 

that different graphene grains can perfectly merge without forming grain boundaries in the case 

of having the same crystallographic orientations.36 Accordingly, grain boundaries cause 
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electrical and mechanical performance of CVD-grown graphene to be inferior to the exfoliated 

graphene.34 Beside GBs, wrinkles are the other type of line defects that is widely observed in 

graphene produced by CVD. The wrinkles are caused by the thermal expansion coefficient 

difference between graphene and the copper substrate.34 The two types of wrinkles are shown 

in Figure 1.4, as standing collapsed wrinkle and folded wrinkle. In case of missing carbon atoms 

in the lattice, graphene hole defects are observed (Figure 1.5).37 

 

Figure 1.5. Aberration-corrected TEM image of a hole in a single layer of graphene. Scale bar: 

5 Å.37 

It is utmost importance to characterize and control various structural defects in CVD-

grown graphene to realize its influential potential for real-world applications.38 Since CVD-grown 

graphene, in theory, can be as large as the size of available copper foil on which it grows, it is 

necessary to have an analytical tool or method for large area graphene defect characterization.  

1.4. Observation of structural defects in CVD-grown graphene 

Keeping in mind that the highest quality graphene is single crystalline graphene without 

grain boundaries, hole defects or cracks, and impurities, it is important to be able to characterize 

large area graphene. Raman spectroscopy is a very informative technique for the graphene 

characterization such as to identify number of layers and the presence of defects.39 Moreover, 



7 
 

Raman mapping can be used to image graphene defective sites and grain boundaries (Figure 

1.6).40  

 

Figure 1.6. Individual Raman spectra taken from 4 representative locations on graphene (left). 

Spectroscopic Raman mapping of graphene grains and grain boundary (right). (a) inside a 

single crystalline graphene grain, (b) on the grain boundary location, (c) on a defect site, which 

could be a nucleation center, inside an individual grain, and (d) on the edge of graphene.40  

 

However, Raman mapping often requires the transfer of graphene and suffers from low 

resolution as well as being time-consuming.41 Tremendous progress has been made in imaging 

of structural defects in graphene at atomic level by using high-resolution transmission electron 

microscopy (HRTEM) and scanning tunneling microscopy (STM).7,33,42-43 Nowadays, the 

resolution limits of TEM systems can be as low as 0.05 nm with aberration correction.44  
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Figure 1.7. (a) STM image of a grain boundary in graphene. Scale bar: 1 nm.33 (b) Aberration 

corrected TEM image of a hole in a single layer of graphene. Scale bar: 5 Å.37  

 

While STM and HRTEM provides high resolution imaging of graphene samples and 

allows observation of various defects, they have a number of drawbacks (Figure 1.7). These 

techniques are time-consuming and often require complex sample preparation. Moreover, a 

very limited area of graphene samples can be surveyed.14,45 In order to evaluate the quality of 

produced graphene, it is important to be quickly able to observe spatial distribution of structural 

defects over a large area of graphene samples. Also, this allow us to investigate and study the 

origins of defect formation and the control of defect density.  A number of techniques have been 

developed to visualize the distribution of grain boundaries in polycrystalline graphene such as 

polarized optical microscopy of liquid crystal-coated graphene, infrared nano-imaging, 

nanoparticle deposition, radical oxidation under ultraviolet irradiation, and air oxidation at 200-

250 °C.46-52  

Beside graphene grain boundaries, nanoscale vacancy defects such as hole defects and 

cracks are well known to have significant effects on grapheneôs properties. Though, relatively 

less research has been devoted for fast probing of the distribution of these nanoscale vacancy 

defects. Cracks with large width sometimes can be imaged with optical microscopy or scanning 
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electron microscopy (SEM), whereas finer cracks are more difficult to detect reliably using the 

same techniques.53 

1.4.1. Nanoparticle deposition 

A number of methods have been developed in the literature to visualize the structural 

defects by using nanoparticle deposition on CVD-grown graphene.32,49,54 One of the most 

common techniques used for nanoparticle deposition on graphene is atomic layer deposition 

(ALD).  

 

Figure 1.8. Visualization of one-dimensional defects in CVD-grown graphene by ALD. (a) 

Schematic of selective Pt growth on various line defects such as grain boundaries, cracks and 

folded structures in CVD graphene. (b) SEM image of graphene on a glass substrate after 500 

ALD cycles of Pt deposition. (c) SEM image of graphene with Pt deposition after 1000 ALD 

cycles. Scale bar: 2 ɛm.49 

ALD is a chemical vapor deposition technique (CVD) which allows deposition of atoms 

layer by layer on the growth substrate with high quality and uniformity.55 In ALD, the substrate 

is exposed to pulses of precursors and then co-reactants in repeated cycles. A purge or pump 

step is applied between each pulse. ALD on graphene is based on the idea that while defect-
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free graphene would be chemically passive to nanoparticle growth by atomic layer deposition, 

dangling bonds in defect locations would be preferential locations for nanoparticle growth. 

Therefore, defects can be visualized in graphene by selective deposition of nanoparticles by 

ALD.49-50,56 Another method is evaporating a noble metal onto graphene. In this method, gold 

atoms are deposited on graphene grain boundaries and wrinkles by a thermal evaporator.32  

However, these methods which depend on nanoparticle deposition on graphene defects 

are not selective towards types of defects and not able to distinguish between hole defects, 

grain boundaries, cracks or wrinkles. For example, nanoparticles deposited wrinkles would be 

confused with grain boundary lines.45  

1.4.2. Liquid crystal deposition 

Liquid crystal molecules can be deposited on the graphene substrate and be allowed to 

transition from isotropic phase to nematic phase. In transition to the nematic phase, the liquid 

crystal molecules follow the lattice orientation of the graphene grain that they are on. The 

molecules on the same graphene domain would have the same direction. Thus, graphene 

domains and grain boundaries become visible under polarized optical microscope (POM) due 

to contrast difference caused by various alignment of liquid crystal molecules on the domains 

of polycrystalline graphene (Figure 1.2).46-47,57 
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Figure 1.9. (a) Schematic of liquid crystal alignment on the surface of the graphene. The 

alignment directions of liquid-crystal molecules depend on the orientations of graphene 

domains. (b) POM images of graphene islands coated with liquid-crystal molecules on glass. 

(c,d) POM images of polycrystalline and monocrystalline graphene films coated with liquid-

crystal molecules on a Cu substrate, respectively.45 

The liquid crystalline deposition technique allows one to visualize graphene grain 

boundaries under POM in relatively large area and gives information on the grain boundaries 

and polycrystallinity of the graphene. Nevertheless, in the case of existing graphene grain 

boundary between graphene domains with the same orientation, this method is not able to 

indicate graphene grain boundaries due to no change in the orientation direction of the liquid 

crystalline molecules in different domains.45 Moreover, this method is not able to detect other 

types of structural defects such as vacancy defects in graphene. 

1.4.3. Oxidation Methods 

Graphene grain boundaries can be visualized by selectively oxidizing copper underneath 

through graphene grain boundaries by the formation of copper oxide lines in CVD-grown 
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graphene. These lines tend to be larger than the actual width of graphene grain boundaries due 

to continuous supply of the oxidizing agents thus become visible under optical microscope for 

an easy observation (Figure 1.3).45 Oxidation can be performed by using air heating at 200-250 

°C or by creating radicals under ultraviolet irradiation in humid air environment or by partially 

immersing graphene on copper sample in an electrolyte solution.58  

 

Figure 1.10. Observation of graphene grain boundaries after ultraviolet exposure under 

moisture-rich ambient conditions. (a) Schematic of the ultraviolet treatment of a graphene on 

copper sample. (b,c) Optical images of graphene on copper before (b) and after (c) oxidation. 

(d) SEM image of oxidized graphene on copper. (e) AFM image of the location marked by a 

red square in (c).51 

The main disadvantage of these oxidation methods is the use of radicals that can create 

new structural defects and damage graphene samples. Thus, it becomes impossible to 

distinguish the original defects and newly created ones with the application of these methods. 
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1.4.4. Under-etching Method 

The under-etching method is developed to make graphene hole defects visible by using 

an oxidative copper etchant such as FeCl3 or (NH4)2S2O8 on CVD-grown graphene. The basic 

idea is that graphene would have a barrier role between copper etchant solution and copper 

substrate while the etchant can only access copper through holes of graphene. Thus, hole 

defects in graphene could be visualized by the formation of etch pits in the underlying copper 

only at graphene hole defect sites (Figure 1.4).31,59-60  

 

Figure 1.11. (a) Schematic illustration of the under-etching process for CVD-grown graphene 

on copper foil. SEM images showing the etch pits formed after iron chloride solution etch for 

(b) 5 s, (c) 30 s, (d) 60 s.60 

Nevertheless, in under-etching method, it was found that the etch pit size increases while 

etch pit density decreases with increasing etching time.60 This indicates the coalescence of 

initial small etch pits to form larger etch pits. Consequently, the pits visualized may not be 

reflection of original individual hole defects of the graphene, but multiples of them. The exposure 

of the graphene sample to the oxidative chemicals may create new defects on graphene. In 

addition, the direct exposure of a monolayer graphene film to various liquids during the etching 

and washing steps may result in new graphene defects due to the surface tension and etc. 
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Other methods such as Raman mapping and the interference reflection microscopy have 

been used to visualize graphene defects on SiO2/Si substrates and transparent substrates, 

respectively.61-62 However, the graphene transfer process may create new defects such as 

tears.63 As a result, the observed defects may not be the original defects before the transfer of 

the graphene sample.   

Therefore, it is important to develop a method to selectively probe vacancy defects such 

as hole defects and cracks in CVD-grown graphene without creating new ones. In the next 

chapter, we report a new method for in situ chemical probing of hole defects and cracks in CVD-

grown graphene.  
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Chapter 2: In Situ Chemical Probing of Hole Defects and 

Cracks in Graphene at Room Temperature 
 

2.1. Introduction 
 

It is important to develop a method to selectively probe vacancy defects such as hole 

defects and cracks in CVD-grown graphene without creating new ones. Our approach is based 

on a solid-gas phase reaction that selectively occurs in graphene vacancy defect sites such as 

holes and cracks, where the underlying metal catalyst substrate such as copper is exposed to 

the air and oxidized at room temperature (Figure 2.4). Owing to its small molecular size, which 

is roughly comparable with O2, H2S can penetrate through nanoscale graphene vacancy 

defects. The reaction between the exposed oxidized copper substrate and H2S gas at room 

temperature leads to the formation of Cu2S nanoparticles, which can be readily imaged by 

SEM.1,2 Since H2S is not an oxidant, it does not oxidize and damage the graphene. Compared 

with other graphene defects probing techniques, our new probing technique has a unique 

combination of the following advantages: 1) No exposure to liquids. Since the solid-gas phase 

reaction between the oxidized copper and H2S gas only produces Cu2S nanoparticles and trace 

amount of water vapor (Figure 2.4a), potential liquid-induced damage and contamination of 

graphene can be avoided. 2) Non-damaging in situ probing. Our method does not use strong 

oxidants or heating and does not require the graphene transfer; therefore, it allows for the same-

spot in situ probing before and after the H2S treatment while avoiding potential graphene 

damages caused by the strong oxidants, heating, and graphene transfer. 3) High selectivity, 

sensitivity, and reliability towards vacancy defects. Since the H2S gas only reacts with the 

exposed oxidized copper substrate, our approach is highly selective for identifying graphene 

vacancy defects such as holes and cracks. The Cu2S nanoparticle size generally increases with 
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the H2S treatment time until the reaction completes, which provides an amplifying mechanism 

to increase the detection sensitivity towards nanoscale graphene vacancy defects. In addition, 

the unique sulfur signature in the energyȤdispersive XȤray spectroscopy (EDX) can be used to 

distinguish the Cu2S nanoparticles from other possible nanoparticle contaminants such as C 

and SiOx on the CVD-grown graphene surface. The combination of the same-spot probing, 

amplifying growth of Cu2S nanoparticles, and unique sulfur signature significantly enhances the 

reliability of our technique. 4) Simplicity and scalability. Our method is very easy to use 

because it does not involve washing, heating, special chemicals, and graphene transfer. The 

solid-gas phase reaction is applicable to any sizes of graphene samples. SEM is one of the 

most convenient and widely accessible nanocharacterization techniques and is suitable for 

large sample sizes. Therefore, our technique enables the fast probing of the distribution of 

nanoscale vacancy defects in large area CVD-grown graphene samples. Although this study 

focuses on the monolayer graphene samples grown on the copper substrate, our approach 

could be extended to probe 2D materials (graphene, h-BN, etc.) grown on a variety of metal 

substrates, because H2S is also known to react with other metals such as nickel, platinum, and 

silver. 

2.2. Experimental 
 

2.2.1. Materials 

The CVD-grown monolayer graphene samples on copper foil were purchased from ACS 

Materials Inc. Sodium sulfide nonahydrate (Na2S.9H2O) and sulfuric acid (H2SO4) (6.00 N) were 

purchased from MP Biomedicals and Ricca Chemical Company, respectively. The 0.025 mm-

thick copper foil was acquired from Alfa Aesar. Ammonium persulfate ((NHϞ)ϜSϜOϢ) was 
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purchased from BDH Chemicals. Sylgard 184 PDMS base and curing agent were supplied from 

Dow Corning Corporation. 

2.2.2. Characterization 

SEM imaging and EDX analysis were performed using a Hitachi S-4800 field emission 

scanning electron microscope equipped with an EDX spectrometer and a back-scattered 

electron (BSE) detector under high vacuum (<10-3 Pa). All SEM and EDX experiments were 

carried out under the same conditions. An emission current of 10 ɛA and accelerating voltage 

of 3.5 keV with a working distance of about 15 mm were used for the EDX experiments. SEM-

BSE experiments were performed by using emission current of 10 ɛA and accelerating voltage 

of 1 keV with a working distance of about 3 mm. X-ray diffraction (XRD) was performed on 

Bruker D8 DISCOVER diffractometer with Cu KŬ radiation. Raman spectra of the transferred 

graphene samples were acquired using a Horiba Jobin Yvon Xplora confocal Raman 

microscope. The wavelength of the excitation laser was 532 nm.  

2.2.3. Graphene dry-transfer 

Dry transfer method widely known in the literature was used to transfer graphene from 

copper foil to silicon wafer for the Raman measurements by using a PDMS stamp and 

ammonium persulfate (APS) as the copper etchant.3 After attaching PDMS stamp on a 

graphene on copper foil, the copper layer was etched away in a 1M APS solution in several 

hours followed by rinsing in a deionized water bath. After drying overnight, the graphene on 

PDMS piece was stamped on silicon wafer and then PDMS stamp was peeled back by leaving 

graphene on silicon wafer.  
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2.2.4. H2S treatment of graphene on copper foil 

In a typical experimental procedure, a piece of graphene on copper was cut for initial 

SEM imaging (0 min). After SEM imaging, the graphene sample was placed upright in a 4 mL 

glass vial. The size of the graphene on copper piece and the vial allows almost similar 

standing angle for the graphene piece in every experiment. Thus, the accessibility of the 

piece by H2S gas is similar between different experiments.  A 20 mL vial with a larger 

diameter was charged with 120 mg Na2S.9H2O. Then the 4 mL vial with graphene sample in it 

was placed inside the 20 mL vial (Figure 2.1). 

 

Figure 2.1. Photo of the reaction setup before sealing and injection of dilute H2SO4 solution. 

The double vials ensure that the graphene sample is only exposed to H2S gas which is 

generated in situ, not any liquids or solids. Scale bar: 1 cm. 

 

After that, the 20 mL vial was sealed using a matching screw cap with PTFE/silicone 

septum. Finally, 0.5 mL of 0.5 M H2SO4 solution was quickly injected into the 20 mL vial via a 

syringe through the septum. Then the reaction setup was immediately placed in dark during the 

reaction. After certain amount of time (e.g. 15 min), the reaction was stopped by opening the 

vial and removing the graphene sample. Subsequently, the H2S-treated graphene sample was 
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placed under vacuum in dark for about 24 h, in order to remove any potential residual H2S gas 

adsorbed on the surface. Later, the chemically treated graphene sample was imaged by SEM 

for the second time at the same spots as the first SEM imaging. The acquired SEM images 

were denoted with total amount of reaction time the graphene sample experienced (e.g. 15 

min). For reaction time-dependent study, the same H2S treatment procedure was repeated and 

the chemically treated graphene sample was imaged by SEM at the same spots as previous 

cycles of SEM imaging. The acquired SEM images were then denoted with total amount of 

reaction time the graphene sample experienced (e.g. 30 min, if the second reaction is also 15 

min). The same H2S treatment procedure was used for both hexagonal graphene domains 

(back side) and polycrystalline graphene films (front side) of the graphene samples. All the H2S 

treatment experiments were performed at room temperature in the fume hood. 

2.3. Results and Discussion 
 

2.3.1 Characterization of CVD-grown graphene samples 

Commercially available CVD-grown monolayer graphene samples from ACS Materials 

Inc. were used in all experiments. The front side of a typical sample comprises mainly nearly 

continuous polycrystalline monolayer graphene, whereas the back side has numerous isolated 

monolayer hexagonal graphene domains (Figure 2.2). Graphene grows continuously across 

copper crystal grain boundaries (Figure 2.2a). Graphene domains are seen on the back side of 

the sample (Figure 2.2b). The appearance of individual domains rather than continuous film 

could be due to inaccessibility of this side of the copper foil by the feedstock inside the quartz-

tube during CVD. 
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Figure 2.2. Representative SEM images of the purchased CVD-grown graphene on copper. 

(a) The pristine continuous graphene film from the front side of the sample. The white arrows 

indicate copper grain boundaries. (b) Pristine multiple hexagonal graphene domains as well as 

coalesced domains from the back side of the sample. Scale bar: 20 ɛm. 

 

The Raman spectra of transferred continuous graphene film and individual hexagonal 

domains on silicon wafer show the characteristic features of the monolayer graphene (Figure 

2.3). Representative Raman spectra (Figure 2.3e) from two different spots (Figure 2.3a, b) on 

pristine monolayer polycrystalline graphene film on Si wafer show the characteristic features of 

monolayer graphene. Also, representative Raman spectra (Figure 2.3f) from two different spots 

(Figure 2.3c, d) on the same pristine monolayer hexagonal graphene domain on Si wafer show 

the characteristic features of monolayer graphene.  
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Figure 2.3. Representative Raman spectra of the pristine graphene film and individual 

hexagonal graphene domain transferred onto Si wafer. (a-d) Microscopic optical images of the 

graphene film and individual hexagonal graphene domain on Si wafer and the green dots 

showing spots where the Raman spectra were taken. Scale bars: 4 µm (a-b) and 2 µm (c-d). 

(e-i) Raman spectrum of (a) and (e-ii) Raman spectrum of (b), different regions of monolayer 

graphene film on Si wafer. (f-i) Raman spectrum of the spot in (c) and (f-ii) Raman spectrum 

of the spot in (d) in the same hexagonal graphene domain on Si wafer. Both continuous 

graphene film from front side and individual hexagonal domain from back side of CVD-grown 

graphene show the characteristic features of the monolayer graphene. 

 

2.3.2 Chemical probing of vacancy defects in hexagonal graphene 

domains 
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The reaction between copper and H2S in the air is well studied in the literature and is 

believed to start with the oxidation of copper, then followed by sulfidation to form Cu2S (Figure 

2.4a).1,2 

 

Figure 2.4. Schematic illustration of the in situ chemical probing principle. (a) The solid-gas 

phase reactions between H2S gas and exposed copper substrate in the air lead to formation of 

Cu2S nanoparticles at room temperature.1,2 (b) Untreated monolayer hexagonal graphene 

domain on copper. The H2S treatment leads to selective formation of Cu2S nanoparticles in 

graphene vacancy defect regions. This allows for visualization of various types of graphene 

vacancy defects under SEM: (c) Hole defects; (d,e) Hole defect generated by low-energy 

electron-beam irradiation; (f) Various continuous cracks; (g) Discontinuous cracks. 

 

The same-spot probing of graphene samples before and after the H2S treatment allows 

us to identify the newly formed Cu2S nanoparticles unambiguously by SEM imaging (Figure 

2.4, 2.8, 2.9; 2.13, 2.15-2.17, and 2.22-2.26)  

The identity of Cu2S nanoparticles has been further confirmed by EDX (Figure 2.5) and 

X-ray diffraction (Figure 2.6). The particles formed with the treatment on the defective sites of 
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individual graphene domains are examined without transferring. The EDX spectrum shows 

peaks for Cu, S, O and C elements (Figure 2.5b). The elemental composition of formed 

particles, in terms of atomic percentages are as follows: C: 9.2 %, Cu: 63.1 %, S: 24.5 %, and 

O: 3.2 %. The atomic ratio of Cu to S is greater than 2. This can be due to the additional copper 

signal coming from the Cu substrate. 

 

Figure 2.5. EDX spectrum (b) of a nanoparticle formed on graphene domain after the H2S 

treatment. Electron beam was focused on the center of the nanoparticle (indicated by the green 

arrow) in the SEM image (a). Scale bar: 3 ɛm. 

 

A piece of copper foil was treated with H2S gas by mimicking previously described typical 

experimental procedure for graphene on copper samples, except for the larger copper foil and 

longer reaction time is used. A total of 12 hours reaction time was applied to get sufficient 

amount of particles to be able to perform phase analysis with XRD. The formed thin layer of 

particles on copper foil surface were scraped off with the help of a razor. The scraped particles 

were used to obtain XRD spectrum. An XRD spectrum of the particles is presented in Figure 

2.6.  The diffraction peaks can be indexed as monoclinic Cu2S (JCPDS no. 33-0490). 
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Figure 2.6. XRD pattern of Cu2S nanoparticles scraped off from the copper foil surface. The 

asterisks indicate diffraction peaks coming from copper particles. 

 

The reaction time-dependent study shows that the Cu2S nanoparticle size increases with 

reaction time until the interaction between oxidized copper and H2S becomes restricted, 

probably by the growing Cu2S nanoparticles (Figure 2.22-2.26). 

The nucleation of graphene domains on metal often starts from active carbon species 

such as magic carbon clusters (e.g. C21) at imperfection sites on metal or locations of impurity 

nanoparticles.4,5 We have found that the nucleation centers of many graphene domains 

surveyed in this study have one or more-hole defects. In some hexagonal domains, no apparent 
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hole defects or impurity nanoparticles can be detected at the nucleation center by SEM before 

the H2S treatment (Figure 2.8c, 2.13c, and 2.13g), but one or more Cu2S nanoparticles appear 

at the nucleation center after the H2S treatment (Figure 2.8d, 2.13d, and 2.13h), indicating the 

existence of hole defects at the center of the hexagonal domain. The size of a Cu2S nanoparticle 

depends on multiple factors such as the reaction time and graphene hole defect size. In 

addition, the shape of Cu2S nanoparticle aggregates depends on the shape of a graphene 

vacancy defect: e.g. a 0D nanoparticle (Figure 2.8, 2.9) vs 1D nanowire of coalesced 

nanoparticles (Figure 2.13). In some other hexagonal domains, the nucleation center is 

preoccupied with one or more SiOx nanoparticles (indicated by blue arrows in Figure 2.8e and 

2.8g) before the H2S treatment, which are confirmed by EDX (Figure 2.7).  

a) 

 

b)  

 
Figure 2.7. Elemental analysis of particle found on the graphene domain on copper foil. (a) 

EDS beam is focused on the center of the particle on a graphene domain that is indicated by 

the arrow in the SEM image. (b) The EDS spectrum of the particle. Scale bar is 2 µm. 

 

SiOx nanoparticles are well-known contaminants originating from a quartz-tube furnace 

during the CVD growth of graphene, and they are usually found at graphene defective sites and 

edges.6 Interestingly, we have observed the differential responses of the SiOx sites within the 

graphene domains towards the same H2S treatment. For instance, in one domain, merged Cu2S 
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nanoparticles grow from three tiny SiOx nanoparticles of similar sizes at the center of the domain 

(Figure 2.8e and 2.8f) after the H2S treatment, indicating the existence of hole defects at all 

three SiOx sites. But in another hexagonal domain where three larger SiOx nanoparticles of 

similar sizes can be found within the domain, only two Cu2S nanoparticles with different sizes 

emerge from two SiOx sites (one is away from the nucleation center) after the reaction with H2S, 

whereas no apparent reaction occurs at the third SiOx site at the very center of the domain 

(Figure 2.8g and 2.8h). Such differential responses at different SiOx sites probably arise from 

tight or loose binding of SiOx nanoparticles with surrounding defective graphene.  

 

Figure 2.8. SEM images of monolayer hexagonal graphene domains on copper foil before and 

after H2S gas treatment. (a,b) No Cu2S nanoparticle is detected after H2S treatment. (c,d) Cu2S 

nanoparticle is formed only at the nucleation center of graphene domain. (e-h) Cu2S 

nanoparticles emerge from SiOx nanoparticle sites (indicated by blue arrows) after H2S 

treatment. Scale bar: 2 µm. 

 

The aforementioned experimental data show clearly that the nucleation centers of many 

graphene domains surveyed in this study are favorable locations of hole defects. This suggests 

that the carbon structure at the nucleation center is less stable compared with the rest of the 
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graphene area, which is consistent with previous theoretical study that identified magic carbon 

clusters consisting of isolated pentagons as dominating carbon precursors in CVD growth of 

graphene on various metals.4 

As mentioned above, we have also observed individual hole defects away from the 

centers of hexagonal graphene domains (Figure 2.8g, 2.8h, 2.13c, 2.13d, and 2.23). Based on 

our study, graphene domains without any apparent hole defects and cracks within the domains 

do exist but are rare. Two such examples are shown in Figure 2.8a, 2.8b, and Figure 2.22a-e, 

respectively. Since such ideal graphene domains coexist with other defective domains in the 

same graphene sample, unique unidentified localized graphene growth or healing parameters 

could be responsible for the formation of such ideal graphene domains.  

It is well known that the electron-beam irradiation could damage graphene if the beam 

energy is close to or exceeds the carbon displacement threshold (86 keV).7 However, it has 

been reported that the low-energy electron beam (5-30 keV) can also remove carbon atoms 

from graphene.8 In this low-energy carbon etching process, contaminants such as residual 

water, nitrogen, and oxygen presented on graphene or in the chamber are transformed into 

active chemical species upon electron-beam irradiation, which then react with graphene to form 

vacancy defects. Since SEM has been extensively used in this study, we want to investigate 

whether the electron-beam irradiation can generate new vacancy defects in our typical SEM 

imaging and EDX conditions.  

By comparing SEM images of the same graphene domain after the first and second H2S 

treatment, respectively, for numerous graphene domain samples in our reaction time-

dependent study (Figure 2.22-2.26), we conclude that the typical SEM imaging conditions used 

in this study do not produce new vacancy defects that can be detected by our chemical probing 
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technique. In contrast, we have found strong evidence that EDX with extended irradiation time 

(² 2 min) can induce new hole defects in graphene (Figure 2.9a-c). In addition, we have 

observed that longer electron-beam irradiation time leads to larger Cu2S nanoparticle size, 

which suggests that the beam-induced graphene hole defect size increases with the irradiation 

time (Figure 2.9a-c). Since the accelerating voltage (3.5 KeV) and beam current (10 mA) remain 

same for SEM imaging and EDX experiments, the main difference between SEM imaging and 

EDX lies in very different irradiation time. For SEM imaging in our study, the irradiation time is 

estimated to be ~ 8 ms/pixel, whereas for EDX, the irradiation time is 1-5 min/spot. The finding 

that the lengthy electron-beam irradiation (² 2 min) at very low energy (3.5 KeV) could etch the 

graphene has practical implications for graphene characterization and device fabrication that 

involve the electron-beam irradiation, and controlled patterning of graphene using the electron-

beam irradiation. 

 

Figure 2.9. SEM images of monolayer hexagonal graphene domain on copper foil before and 

after H2S gas treatment following electron beam application. (a) Electron beam (3.5 KeV) is 

applied to the point #1 (1 min), #2 (2 min), #3 (3 min), #4 (4 min), and #5 (5 min), respectively. 

(b) Cu2S nanoparticles are found on the point #2-#5 after 15 min of H2S treatment. The size of 

the nanoparticle increases with the increase of electron-beam irradiation time. (c) The same 

graphene sample is subjected to additional 15 min of H2S treatment for the total of 30 min of 

H2S treatment time. No particle can be detected on the spot #1. Scale bar: 2 µm. 
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Understanding the fracture behaviors of graphene is crucial for developing practical 

applications of graphene.9 Identification of graphene cracks using SEM imaging is still very 

tricky. Although cracks with large width are sometimes visible under SEM,10 other cracks, 

particularly finer cracks, are more difficult to detect using the same imaging technique. Our 

chemical probing method provides a reliable way to visualize the cracks in graphene under 

SEM. For instance, it is nearly impossible to distinguish potential cracks from other SEM image 

contrast features in the untreated graphene domain (Figure 2.13e), but the cracks with various 

shapes can be easily identified in the same graphene domain after the H2S treatment, thanks 

to the formation of 1D nanowires of coalesced Cu2S nanoparticles in the cracked areas (Figure 

2.13f). The reaction time-dependent study shows that Cu2S nanoparticles form rapidly and 

occupy all of cracked areas within 15 min of H2S treatment (Figure 2.24 and 2.25). Further 

chemical treatment does not change the lengths of 1D Cu2S nanowires, only increases their 

widths slightly. 

Zhang et al. investigated nanoscale fracture of monolayer graphene under coupled in-

plane opening and in-plane shear mechanical loading by extensive molecular dynamics 

simulations.11 The study considered an initially straight crack subject to in-plane opening 

(Figure 2.10a) and shear loading (Figure 2.10b) characterized by the local stress intensity factor 

(SIF) K field. As a result of their calculations, graphene is brittle around room temperature and 

it is easier to break along zigzag direction due to smaller toughness in this direction. 
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Figure 2.10. Boundary layer MD models and coordinates. A pre-existing straight crack along 

(a) zigzag and (b) armchair edge is embedded in a two-dimensional graphene lattice (green). 

Keff is effective stress intensity factor. KI and KII are SIF components specified by opening and 

shear stress, respectively. ű is the phase angle.11 

 

The graphene fracture process is dynamic with firstly the cleavage of the most stretched 

C-C bond abruptly and subsequently disruption of adjacent bonds. ű angle between opening 

and shear stress changes by which the stress that is more effective. Thus, the path of the crack 

shifts depending on the dominant stress.  As can be seen from the Figure 2.11, in the case of 

ZZ crack, the crack follows the similar direction with 120° angle of crack propagation when ű= 

0°, 30°, 45°, 60° and changes when ű is over 65°. In the case of AC crack, the crack follows 

the similar direction with 150° angle of crack propagation when ű= 30°, 45°, 60°, 90° and 

changes when ű is under 26.5°.11 
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Figure 2.11. The crack propagation after initiation in Figure 2.10 under complex mechanical 

stress. (aïf) Zigzag (ZZ) crack models at ű= 0°, 30c, 45°, 60°, 65°, and 90°. (gïl) Armchair 

(AC) crack models at ű= 0°, 26.5°, 30°, 45°, 60°, and 90°, respectively. The angle of crack 

propagation orienting to primary crack is depicted correspondingly. ZZ crack edges are shown 

in blue, AC in red.11 

 

In other words, when the in-plane opening stress component becomes significant under 

complex mechanical stresses, the armchair-to-zigzag kinked crack with 150° angle is always 

most favorable.11 However, it is more complicated for the propagation of the initial zigzag crack 

under complex mechanical stresses. The zigzag-to-zigzag kinked crack with 120° angle is more 

favorable when the in-plane shear stress component is significant. But the zigzag-to-armchair 

kinked crack with 150° angle becomes more favorable when the in-plane opening stress 

component becomes considerably more significant than the in-plane shear stress component. 

Ultimately the straight zigzag crack without kinking becomes dominant when there is only pure 

in-plane opening stress. 

Figure 2.11 shows that the various sites of bond breaking thatôs not the original crack tip. 

Asymmetric cleavage (other than 2.11f for a ZZ) demonstrates that brittle fracture through bond 

breaking prevails at room temperature. This causes the fracture path to shift downward relative 

to the initial crack. After the initial crack with both of ZZ and AC edges, it is more apparent that 

the new crack propagates with ZZ edge (Figure 2.11a,b,c,d,f,g,I,j,k,l) rather than AC edge 

(Figure 2.11e,h).  
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Figure 2.12. Images of crack kinking in graphene lattices (green) after propagation in Figure 
2.11. ZZ (blue), or AC (red) edges appear alternatively changing direction of growth.11 

 

The direction of crack growth changes definitely under coupled opening and shearing 

stresses, and edges convert between ZZ and AC, preferably along zigzag directions (Figure 

2.12). Their simulations demonstrate that torn edges maintain straightness and cleanness 

along either zigzag or armchair direction and can change directions by 30° or multiples of 30°. 

Furthermore, more abundant ZZ edges are present due to not only lower edge energy of ZZ 

edges but also dynamic fracture effects during propagation of the crack.  
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Figure 2.13. SEM images of graphene domains before and after H2S treatment. Both kinked 

and straight cracks can be visualized with formation of Cu2S nanoparticles in the crack regions. 

Scale bar: 2 µm.  

 

Since the monolayer graphene is supported by copper foil in our study, in-plane 

mechanical stresses are expected to predominate and therefore Zhang et alôs work is 

applicable to our results. It has been well established that the hexagonal graphene domain is 

terminated with zigzag edges.12-14,16 By comparing the angles of 1D nanowires with 

hexagonal graphene edges, we have found that most cracks orient along either the armchair 

or zigzag directions, which are consistent with previous studies.4,7,10,15, If the edge has a re-

entrant angle, we use the plotted straight line between two adjacent vertices of the hexagon 

as the zigzag reference line. In addition to observation of some straight cracks, we have also 

discovered that some initial cracks kink at the angle of primarily 150° or 120°. Some 

representative examples of straight cracks and kinked cracks are presented in Figure 2.13, 

and Figure 2.24 and 2.25. More specifically, an initial armchair crack turns at the angle of 

predominantly 150° to form a zigzag crack (Figure 2.14a, c), whereas an initial zigzag crack 

turns at the angle of either 120° to form a new zigzag crack or 150° to form an armchair crack 

(Figure 2.14b, d). 
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Figure 2.14. (a,b) Schematic illustration of representative kinked graphene crack structures. 

(c) Histogram of the distribution of kink angles (q) for the cracks starting at 90° (± 10°) angle 

(a) from zigzag edge. (d) Histogram of the distribution of kink angles (q) for the cracks starting 

at 60° (± 10°) or 120° (± 10°) angle (a) from zigzag edge.  

 

These experimental results on selective crack kinking are in reasonably good agreement 

with aforementioned theoretical study by Zhang and coauthors.11 The propagation of cracks 

with zigzag edge through kinking is more common in the graphene samples in our study. 

Furthermore, our method allows experimentally investigate graphene cracking behavior which 

is studied theoretically or in simulations in the literature.11  

The study of graphene cracking is important in terms of practical applications. For 

example, demonstrated roll-to-roll processing of CVD-graphene may lead to cracking of 

graphene due to applied tensile stress.17 In addition, graphene, as the strongest material, is 

used as a reinforcement to increase the resistance to fracture in composites. Therefore, existing 
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graphene cracks may diminish expected outcomes in such applications.11 Our H2S treatment 

method presents a practical way to observe cracking of graphene. The cracking of graphene 

also holds importance in terms of newly formed edge structure (ZZ or AC) as edge structure 

affects electronic and magnetic properties of graphene nanostructures.7,15 Our method provides 

a simple way to characterize graphene edges without laborious techniques such as STM, TEM 

or Raman spectroscopy.18 

Although most cracks we investigated start at the graphene edges, we have occasionally 

observed cracks that appear to initiate from the nucleation center of the graphene domain 

(Figure 2.13f, 2.15b, 2.15d, 2.16b, and 2.16d). Interestingly, sometimes two cracks originate 

from the center of the hexagonal domain, resembling the hour and minute hands in a clock 

(Figure 2.16b and 2.136d). Such cracks with clock-hands patterns indicate the existence of 

stresses with different directions in the same graphene domain during the crack formation.  

We have also observed branched cracks in some hexagonal graphene domains. In 

particular, one hexagonal domain shown in Figure 2.15d shows a group of cracks with main 

crack lines orienting roughly along the zigzag direction. Among these cracks, only one crack is 

straight without branches (but it is discontinuous at some points), and the rest of cracks display 

varying degrees of branched structures. Some graphene cracks exhibit snowflake-like 

branched structures, which are highlighted with purple arrows in Figure 2.15d. Although the 

exact formation mechanism remains unknown, the crack branching may be caused by the strain 

that is perpendicular to some C-C bonds based on previous theoretical study.19 It was also 

found in a finite element modelling study that the graphene crack propagates straight along the 

zigzag direction under low strain rates, whereas the crack kinks and branches under high strain 

rates.20 This particular hexagonal domain shown in Figure 2.15d also highlights potentially 
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complex strains experienced by an individual graphene domain during the crack formation. 

While unidirectional global strain across the graphene domain may lead to the parallel 

orientation of main crack lines, the localized additional strain factors are probably responsible 

for different fine crack structures observed in the same domain (Figure 2.15d). 

 
Figure 2.15. SEM images of graphene domains before and after H2S treatment. (a,b) Crack 

initiates from domain center. (c,d) A group of cracks with main crack lines orienting roughly 

along the zigzag direction. One straight continuous crack (indicated by green arrow) is 

immediately followed by discontinuous crack (indicated by orange arrow) along the same 

direction. Other cracks display varying degrees of branched structures. Some graphene cracks 

exhibit snowflake-like branched structures (indicated by purple arrows). Scale bar: 3 µm. 
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Figure 2.16. SEM images of graphene domains before (a,c) and after (b,d) H2S treatment. Two 

cracks originate from domain center, resembling hour and minute hands in a clock. Scale bar: 

2 µm. 
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Figure 2.17. SEM images of graphene domains before (a,c) and after (b,d) H2S treatment. (b-

d) Discontinuous cracks highlighted by orange dashed lines. Scale bar: 3 µm. 

 

 
Most interestingly, we have discovered that discrete Cu2S nanoparticles in some treated 

graphene domains are aligned along a straight or curved line (Figure 2.15d, 2.17b, and 2.17d), 

instead of forming continuous 1D nanowires of coalesced Cu2S nanoparticles. This strongly 

suggests the existence of discontinuous cracks in some graphene domains, where the hole 

defects are oriented along a straight or curved line. The freestanding graphene is well known 

to undergo a brittle fracture with continuous cleavages at room temperature.9 In contrast, the 

observed discontinuous cracks more likely originate from a ductile fracture of graphene, which 



43 
 

involves a plastic deformation ahead of the fracture. In the ductile fracture of conventional 

materials, the plastic deformation leads to formation of microvoids first, then followed by 

coalescence of microvoids to form a continuous crack.20 The discontinuous cracks (Figure 

2.15d, 2.17b, and 2.17d) resemble the ñnecklaceò coalescence mode in the ductile failure,21 

which suggests that they may be intermediate precursors to continuous cracks. Furthermore, 

we have noticed some examples where the continuous crack is immediately followed by 

oriented hole defects along the roughly same cracking direction (Figure 2.15d, 2.17b).  

According to theoretical studies, the fracture mechanism of graphene is dominated by 

the co-existing ductile flip and brittle breaking of the carbon bonds.22-24 At low temperature, the 

plastic deformation is prohibited and the brittle fracture via bond breaking prevails. At high 

temperature, however, the plastic deformation such as Stone-Wales bond rotation plays a 

significant role and the ductile fracture predominates. This raises the possibility that the 

observed discontinuous cracks are probably formed at high temperature during the CVD 

process than at room temperature. In addition, the aforementioned theoretical studies focus on 

freestanding graphene, so it is not clear at present what potential effects of a metal support 

such as copper foil may have on the fracture of graphene. 

 

2.3.3. Chemical probing of vacancy defects in polycrystalline graphene 

films 

Since the front side of a typical CVD-grown monolayer graphene sample from ACS 

Materials Inc. comprises mainly nearly continuous polycrystalline monolayer, we have also 

conducted preliminary chemical probing study of vacancy defects in polycrystalline graphene 

films. Owing to electron channeling effects, different copper grains appear with different 
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brightness under SEM.25 Therefore copper grain boundaries in graphene samples are generally 

visible under SEM (Figure 2.19a-f). 5,26-28 In addition, sometimes copper stripes underneath 

graphene are shown in SEM (Figure 2.19a-d, g, and h), which originate from the graphene-

induced copper surface reconstruction during cooling after the CVD growth.1,28 Based on our 

EDX study, the most common pre-existing impurity nanoparticles are SiOx nanoparticles 

(Figure 2.18), which are well-known contaminants originating from a quartz-tube furnace during 

the CVD growth of graphene.6     

 

Figure 2.18. EDX spectrum (right) of a pre-existing nanoparticle in polycrystalline graphene 

film before the H2S treatment. Electron beam was focused on the center of the nanoparticle 

(indicated by the green arrow) in the SEM image (left). Scale bar: 0.5 µm. 

 

The same-spot in situ SEM probing before and after the H2S treatment has been used 

for selective and reliable identification of newly formed Cu2S nanoparticles in graphene vacancy 

defect regions. We have not observed other non-vacancy graphene defects such as grain 

boundaries, which block the reaction of H2S with underlying copper substrate.29-30   



45 
 

As shown in Figure 2.19a and 2.19b, Cu2S nanoparticles of various sizes emerge from both 

SiOx nanoparticle sites (indicated by blue arrows in Figure 2.19a) and non-SiOx regions in a 

monolayer polycrystalline graphene film on copper, indicating the existence of hole defects in 

these regions. Continuous cracks can also be clearly identified due to the formation of 1D 

nanowires of coalesced Cu2S nanoparticles in the cracked areas (Figure 2.19b, d, and f).  

 

Figure 2.19. SEM images of polycrystalline graphene films on copper foil before and after H2S 

gas treatment. (a,b) Cu2S nanoparticles emerge from both SiOx nanoparticle sites (indicated 
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by blue arrows) and non-SiOx regions after H2S treatment. (c,d) Cu2S nanoparticles are formed 

on the copper grain boundary. (e,f) Numerous cracks and hole defects are visualized in a 

defective graphene film region on multiple copper grains after H2S gas treatment. Majority of 

graphene cracks are oriented roughly along the same direction within the same copper grain, 

but different copper grains lead to different orientation of graphene cracks. Cu2S nanoparticles 

are also formed on some copper grain boundaries. (g,h) Discontinuous cracks highlighted by 

orange dashed lines. Pre-existing SiOx nanoparticle sites are indicated by blue arrows. Scale 

bar for (a-d) and (g,h): 1 ɛm. Scale bar for (e,f): 10 ɛm. 

 

Our study also suggests that the copper grain and copper grain boundary play significant 

roles in formation and distribution of graphene vacancy defects. For instance, we have 

discovered that the copper grain boundaries are sometimes favorable locations of hole defects 

and cracks (Figure 2.19d and f). Most interestingly, for graphene cracks within the copper 

grains, majority of cracks are oriented roughly along the same direction within the same copper 

grain, but different copper grains lead to different orientation of graphene cracks (Figure 2.19f). 

This observation indicates that the orientation of graphene vacancy defects is controlled by 

underlying copper grain structure. It has been previously reported that the shape, orientation, 

edge geometry, and thickness of CVD-grown graphene domains can be controlled by the 

crystallographic orientations of copper substrates.31 Although the exact underlying mechanisms 

remain unclear at present and require an in-depth systematic investigation in the future, our 

results suggest that the copper grain structure and copper grain boundary are important 

sources of potential mechanical strains that could lead to the formation of vacancy defects in 

polycrystalline graphene films on copper during the CVD growth and/or subsequent cooling.   

As in some hexagonal graphene domains (Figure 2.15d, 2.17b, and 2.17d), we have 

also observed discontinuous cracks in the polycrystalline graphene film, where the hole defects 

are oriented along a straight or curved line (Figure 2.19h). The size of the very small Cu2S 
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nanoparticles in Figure 2.19h was measured by using ImageJ software. The diameters of some 

very small Cu2S nanoparticles in Figure 2.16h are in the range of 30-50 nm. Figure 2.20 

provides a closer look and the measured sizes of particles of the same region before and after 

H2S treatment.  
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