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Abstract 

The chemical vapor deposition (CVD) growth of single-crystal graphene on polycrystalline 

copper foils is a complex process affected by thermodynamics, kinetics, and growth conditions. 

These factors lead to the diversity of island shapes of single crystal graphene. Here, we present 

an experimental atomic force microscopy (AFM) study of the different shapes of single-crystal 

graphene grown on the inner surface of copper enclosures using the low pressure CVD 

technique. Most remarkably, this study indicates that graphene single crystal appears to form 

below the adjacent copper foil surface. This feature is revealed in cross sectional AFM scans of 

the height, which indicate that the graphene surface lies below the neighboring foil surface by 

~15-  30 nm.  Our results also show that an impurity assisted growth mechanism governs the 

growth of single crystal graphene via isotropic diffusion, producing two-fold, four-fold, and six-

fold symmetries in the resulting flakes. In addition, single crystal graphene produced via 

anisotropic diffusion is also present here, but they do not exhibit signs of an impurity assisted 

growth mechanism.   Finally, we find that strain relaxation in two-fold and four-fold symmetric 

graphene structures via isotropic diffusion are more complicated than the six-fold structures via 

isotropic diffusion, which results in multiple steps orientations in low symmetry structures.                           

 

 

 
 



 

 

1. Introduction 

Graphene [1], which is a single two-dimensional layer of carbon atoms organized in a 

hexagonal structure, has attracted great interest due to its intriguing electronic properties [2, 3] 

and its promise of living up to expectations as a material of choice for critical future electronics 

applications [4-11]. Several methods of graphene growth have been employed, including 

exfoliation from graphite [12, 13], epitaxial growth on SiC [14, 15], mechanical cleavage from 

bulk graphite [16], chemical vapor deposition (CVD) [17-22] and the reduction of graphite oxide 

[23, 24]. Among these methods, the CVD technique has attracted considerable interest since it is 

a promising method for producing comparatively large-scale, high-quality graphene at a 

relatively low cost. 

The CVD technique utilizing thin transition metal foils of copper [17, 18], nickel [25-28], 

ruthenium [29, 30], platinum [31], and cobalt [32] have been studied extensively. In these 

methods, thin foils assist in the decomposition of the carbon groups from the precursor, and also 

in the nucleation of the graphene crystal. Graphene synthesis on these metal catalysts is affected 

by factors such as the limit of the carbon solubility in the metal, crystallographic orientation of 

the metal foil surface, and thermodynamic variables such as growth temperature and pressure 

[33]. The CVD growth of graphene on copper is attractive since copper is a very low carbon 

solubility catalyst, graphene growth is restricted to the surface of the catalyst [34-37],  and 

graphene growth is self-limiting, producing a monolayer of graphene since carbon precursor 

decomposition generally  does not occur on top of the deposited graphene [38-40]. Yet, the 

growth of few-layer graphene on copper has also been reported when the self-limit  is broken 

[41-44] sometimes by specific conditions, such as higher methane concentration [33, 42] and 

impurity enhanced growth [45]. Graphene growth  in CVD starts with the formation of stable 

nuclei, these nuclei grow and coalesce at the grain boundaries, resulting in the polycrystalline 

graphene over 100 micron length scales. The polycrystalline morphology degrades the 

mechanical and electrical properties of graphene, which is undesirable for graphene applications. 

Thus the development of growth techniques to reduce the density of two-dimensional grain 

boundaries is a topic of interest in graphene growth.  

In an attempt to control these issues, work has been carried out using techniques such as 

electro polishing of the substrate [20, 40, 46-49], the two step CVD process [50], seeded growth 



 

CVD technique [51, 52],  oxygen assisted CVD [53], plasma assisted CVD technique [54-56], 

graphene growth on liquid copper [57], and proton assisted CVD growth method [58]. Previous 

works have reported a clear correlation between the shape of the graphene nuclei and the crystal 

orientation of the underlying copper substrate[38, 59, 60].  In addition, the shape and the size of 

the graphene nuclei are also influenced by the growth parameters such as pressure [44, 59, 61-

63], temperature [50, 63], cooling rates [64], precursors composition and flux [43, 65].These 

factors have been investigated both experimentally and theoretically. The theoretical study of the 

morphological evolution during the crystal growth are mostly based on the phase field theory 

[53, 60, 66, 67], and Monte Carlo simulations [68, 69]. Yet, the mechanisms that govern the 

shape dynamics of graphene nuclei in the CVD growth are still not fully understood.  

In addition, the corrugations appearing on the copper surface in conjunction with graphene 

growth degrades the quality of graphene since those corrugations lead to surface defects and 

wrinkles which significantly affect the properties of the graphene. The terraced steps/ripples on 

the copper surface during the CVD could be due to pining of the moving copper atoms below the 

graphene surface [70, 71], stress relaxation between copper and graphene [72] and dynamic 

phase instability of carbon and copper [73]. During the cooling stage in the CVD process, there is 

thermal stress at the copper and graphene interface due to mismatch of thermal expansion 

coefficients of graphene(-7×10-6 K-1) [74] and copper(18×10-6 K-1). The mismatch and opposite signs 

in the thermal expansion coefficients results in an expansion of graphene and a contraction of 

copper with a decrease of the temperature. As a consequence of this, the copper surface gets 

rough and the graphene forms wrinkles [75]. The role of these factors in the topography of 

graphene flakes could also be better understood.     

In this work, we utilized low pressure CVD (LPCVD) technique to produce graphene single 

crystals. We used atomic force microscope (AFM) to examine the growth morphologies of the 

graphene flakes in copper domains with different crystal orientations. A common feature 

observed in this study is that the graphene flakes lie ~15-30 nm below the adjacent surface. Our 

results also show that impurity assisted growth results in isotropic growth of single crystal 

graphene with two-fold, four-fold, and six-fold symmetries. At the same time, however, 

anisotropic graphene single crystals, also observed in this study, did not exhibit signs of impurity 

assisted growth. We also examine the strain relaxation in single crystals of different symmetry 



 

 

and suggest that the multiple step orientations observed in lower symmetry structures reflect the 

strain relaxation process, which is not as in higher symmetry structures.  

2. Experimental section 

2.1 Synthesis of Graphene  

 
Fig. 1. Preparation of copper foils and the growth  of graphene. (a) This panel shows the copper foil after the rinse of the foil with acetone, 

methanol and deionized water. (b) Dried copper foil pre-oxidized for 15 min on a hot plate under ambient conditions turned to a reddish color as 

shown in here.  (c) The oxidized copper foil is folded into an enclosure. This copper enclosure was placed within  a home built CVD system for 

graphene growth. (d) This panel describes the graphene growth profile utilized in this work. Note that copper enclosure was annealed without 

H2/Ar flow. (e) Raman measurements on of CVD graphene on Si/SiO2 indicate monolayers.    

Commercially available 25 μm thick copper foil was utilized in this CVD growth study. The 

foils were initially rinsed with acetone, methanol, and deionized water respectively. Both sides of 

the dried copper foil were then pre-oxidized [19, 76, 77] on a hot plate for 15 minutes under 

ambient conditions and then, a copper enclosure was made for the LPCVD as shown in Fig. 1(c). 

The copper enclosure was loaded into a 1-inch quartz tube mounted inside a tube furnace. The 

CVD system was pumped down from ambient pressure to ~40 mTorr. Next, H2/Ar gas mixture 

was introduced into the CVD chamber and the chamber pressure rose to ~340 mTorr. 

Subsequently, the copper enclosure was heated up to ~1000 ̊C. Upon reaching 1000 0C, the 

H2/Ar flow was shut off  and the copper enclosure was then annealed in that state for ~60 

minutes. Then, the H2/Ar and CH4 gaseous species were introduced to the CVD chamber 

simultaneously, with desired flow rates for growth of graphene as shown in Fig. 1(d). After 

growth, the system was cooled to room temperature by shutting off the heating coils and simply 

opening the furnace. A post-growth thermal anneal in an oven,  for 5 min at 150 ̊C, served to 

help visualize  graphene grown on the copper surface [78].  



 

2.2 Characterization 

A Park XE7 AFM served to examine the diverse growth morphologies of the graphene. AFM 

images were obtained under ambient conditions, roughly two days after the growth as the 

samples were stored under ambient conditions during this time. We calculated the root mean 

squared smoothness by analyzing AFM topographical images to compare the surface smoothness 

of the grown graphene relative to the neighboring copper surface where there was no graphene. 

We introduce the parameters λ, which is the average distance between two adjacent steps, and 

ΔSq which represents the relative root mean squared smoothness, expressed as a percentage, in 

reporting the results (see supplementary information for more detail). 

3. Results and discussion 

In this study, we applied a pre-anneal process to the copper surface under ambient conditions 

to suppress the nucleation density of graphene on oxygen rich copper surface, as described in 

previous studies [44, 52, 76]. We used a copper enclosure to realize these results, and all the 

shapes described here are observed on the inner surface of the copper enclosure. We note that 

comparatively small-sized graphene domains with a very high nucleation density appeared in the 

outer surface of the copper enclosure. The optical microscope images on inner surface of 

enclosure suggest a variation in the density of graphene structures along the direction of gas flow 

within the CVD system with greater density upstream in comparison to the downstream areas 

(see supplementary information Fig. S2). 

 



 

 

Fig. 2. Schematic diagram illustrates the possible growth mechanism of single crystal graphene on the inner surface of the copper enclosure used 

in this study (not in scale). (a) The oxidized copper foil is folded into a pocket. (b) Cross view of the copper pocket. The red outline represents the 

oxide layer in both the inner and outer surfaces of the pocket. Yellow intermediate layer depicts the non-oxidized copper region while black dots 

show the impurity particles (c) This panel shows the magnified area which is circled in panel (b). (d) The oxide layer is released from the surface 

more effectively around the impurity particle by promoting the copper sublimation at low pressure. Nucleation could start on impurity particle. 

(e) Top view of a single crystal graphene flake, which is appears to lie below the adjacent exposed surface. 

Fig. 2 depicts a possible impurity assisted growth mechanism of the single crystal graphene. 

Here, the nucleation could be initiated by an impurity particle on the copper surface. These 

impurity particles could have been introduced on to the copper surface during the oxidation 

under ambient conditions.  The possibility of impurities acting as seeds for nucleation has been 

considered before [52]. However, the impurity appears to be larger in our case. The oxide layer 

is released from the surface more effectively around the impurity particle by promoting the 

copper sublimation at low pressure [79] during the anneal and growth process. The gas 

precursors could enter the inside of the copper enclosure through gaps at the edge of the 

enclosure and possibly by diffusion through the walls of the enclosure. Then, the nucleation 

could start on the impurity nanoparticle [52] and continues the growth of graphene on fresh 

copper, below the adjacent surface as shown Fig. 2(d). Hence, it appears that the graphene grows 

below the adjacent exposed surface. Our AFM topographic study indicates that all the single 

crystal graphene flakes observed here are sunk 15~30 nm below the adjacent surface. Further we 

confirmed that observable flake patterns are composed by graphene and there is no graphene 

outside the observable patterns (see supplementary information for more detail).  

 



 

Fig. 3. The atomic force microscope topographical map of graphene flakes on the copper surface exhibiting six-fold symmetry. The areas of the 

dark contrast are graphene and the bright areas are the exposed regions where no graphene. (a) The star like polygon shape of graphene flake with 

six lobes with isotropic diffusion along the vertices. This graphene flake appears to be ~24 nm below the exposed copper foil surface as shown in 

panel (b) which is the height profile along the green line in panel (a). (e) and (f) describe the height profiles on the nanosteps appearing in (a) on 

the center and dendritic regions of the flake, respectively. (c) This panel depicts the microscale flower shape of graphene with six-fold symmetry. 

Growth of this flake suggests isotropic diffusion along the vertices as a ~27 nm impurity nanoparticle appears at the geometric center of the 

graphene flake as shown in insert of panel (g). Panel (d) shows the height profile along the green line in (c) which suggests that the graphene 

flake in (c) lies below the exposed copper surface. (g) represents the height profile of nanosteps at center of the crystal in (c) while (h) shows the 

height profile in wide dendritic region. Here, λ is the average distance between two adjacent steps and ΔSq is the relative root mean squared 

smoothness of the graphene surface, expressed as a percentage.  

Fig. 3 shows topographic AFM images of single crystal graphene with six-fold growth 

symmetry on copper. The dark areas are graphene and the bright areas are the adjacent foils 

areas. Fig. 3(a) exhibits a star-like graphene flake with six lobes. Generally, the six-fold 

symmetry of this type of flake follows the underlying crystal orientation of the copper surface, 

i.e., the six-fold symmetry mostly reflects the Cu(111) facet [38, 60, 68]. In these structures, the 

graphene growth rate along the six vertices are approximately the same due to isotropic diffusion 

of carbon species. Considering its six-fold symmetry, the nucleation starting point would be the 

geometric center of the flake. A close scrutiny reveals the existence of a single nanoparticle at 

the geometric center of the graphene island as shown height profile in Fig. 3(e). The nanoparticle 

served as the nucleation center for graphene growth and suggests an impurity assisted growth 

mechanism. Note also that periodic nano-scaled steps appear in the graphene flakes due to 

possible strain relaxation during the CVD cooling process due to different thermal expansion 

coefficient of copper and graphene. The measured distance between steps, λ,  at different 

locations on  this graphene flake are approximately the same and this feature suggests  a single 

layer of the graphene  since the λ is expected to change with number of layers [80]. Also, 

according to the ΔSq values, the surface of this flake is smoother than the adjacent exposed 

surface without graphene.  

A graphene flake with a flower-like shape and six-fold symmetry, and the fractal-like features 

in the lobes area, is presented in Fig. 3(c). This shape could arise if there is possible graphene 

etching during the growth process. Graphene growth and etching processes are inversely related 

to each other [81] that should approach a dynamic equilibrium during the CVD in order to result 

in the regular flake shapes with sharp edges. It is known that hydrogen plays a dual role in the 

CVD growth process. As an activator, it leads to growth, and as an etchant, it acts to manipulate 

the size and the morphology of graphene island [82, 83]. The narrowed copper step-bunching 



 

 

appeared at the lobes areas while broadened copper step-bunching appeared at the center area as 

shown in Fig. 3(h) and (g), respectively. The graphene flake in Fig. 3(c) appears rougher than the 

adjacent exposed regions since it has large sized terrace steps.  

 

 

Fig. 4. The AFM topographical images of CVD growth graphene crystals on the copper surface. The areas of the dark contrast are graphene and 

the bright areas are regions without graphene. (a) exhibits the microscale graphene ‘flower’ with the six-fold symmetry and isotropic diffusion 

along the vertices as a 11.6 nm height impurity nanoparticle appears at the center of the graphene island as shown in panel (e) insert. Panel (b) 

shows the height profile along the green line in (a), and it indicates that the graphene flake lies below the copper surface. (e) and (f) show the 

height profiles of the terraced steps formed at the center and lobe of graphene flake in (a), respectively. Panel (c) shows the flower shaped 

graphene flake with an isotropic diffusion pattern. A nanoparticle with a height of ~270 nm appeared at the geometric center of the flake as 

shown in lower inset of panel (g). (d) depicts the height profile along the red line in (c) which confirms that the graphene flake lies below the 

adjacent surface. (g) and (h) represent the height profiles of the terraced steps formed at the center and lobe of graphene flake in (c), respectively. 

Here, λ is the average distance between two adjacent steps and ΔSq is the relative root mean squared smoothness of the graphene surface, 

expressed as a percentage. 

Fig. 4(a) shows a nearly hexagonal graphene crystal with six-fold symmetry. This flake 

appears   ~15 nm below the surface as indicated by the height profile in Fig. 4(b). Possibly, the 

growth process started at the geometric center, which also shows a wavy nature at the surface 

close to the center of the flake. The observed protuberance near the center is attributed to the 

different thermal expansion coefficients of graphene and copper. The lobes in this flake show a 

wide dendritic contour except for the one lobe which is the closest one to a neighboring graphene 

crystal. This may suggest a possible growth competition   among the flakes due to low 

concentration of localized active carbon species around them. Concentration of precursor is one 

of the crucial factors in determining the morphology of graphene flakes [66]. Another peculiar 

topographic feature is the wavy nature with a convex shape at the center of the graphene flakes, 



 

as shown in Fig. 4(c). This convex nature looks different in comparison to previously reported 

graphene, which exhibited vermicular features due to interfacial stability [73]. Here, the steps 

protected their orientations even on the convex region. This convex feature exhibits a wavy 

nature as clearly seen in Fig. 4(g) and nucleation could start at this center. The convex feature is 

a result of strain relaxation of graphene during the cooling due to different thermal expansion 

with copper. Also, this wavy nature reflects the weak coupling between graphene and the copper 

substrate. The measured λ values are different in center area and edge area of graphene flakes 

suggesting the possibility of nucleation of a second layer near the center of the   flake [80].  

 

Fig. 5. Atomic force microscope topographical images of graphene flakes with two fold and four fold symmetries on the copper surface. The dark 

areas are graphene and the bright areas are the exposed regions. Panel (a) exhibits an hour glass shape with two-fold symmetry and an impurity 

nanoparticle with ~15.9 nm height at the center of the flake. This flake is observed below the adjacent exposed surface as shown in (b) which is 

the height profile along the green line in (a). Panel (c) shows a flower like crystal of graphene including four petals indicating a four-fold 

symmetry with isotropic diffusion along the four vertices and an impurity nanoparticle with ~27 nm height at the center of the graphene domain. 

Panel (d) shows the height profile along the green line in (c), which confirms the existence of graphene flake below the adjacent exposed copper 

foil surface. Panels (e) and (f) present the height profile of the center and lobe area of the graphene island in (a), respectively.  (g) and (h) are the 

height profile of the center and lobe area of the graphene island in (c), respectively. Here, λ is the average distance between two adjacent 

ripples/steps and ΔSq is the relative root mean squared smoothness, expressed as a percentage, of the graphene surface. 

Fig. 5 presents AFM topographical images of graphene crystals with two-fold and four-

fold symmetry. Fig. 5(a) shows clear “hourglass” shapes of single crystal graphene with two-fold 

symmetry. The terrace steps on this flake are less dense close to neck area and highly dense near 

the edges of two receptacles of the flake as shown in Fig. 5(e) and 5(f), respectively. An impurity 

nano particle appeared at the geometric center of this structure as shown in Fig. 5(e). Graphene 

flakes with this topography are rarely observed  in CVD graphene because they form on a high 



 

 

index facet of copper [60]. Fig. 5(c) exhibits the graphene island with four-fold symmetry. Four-

fold symmetric graphene domains have been reported on Cu(100) surface previously [60]. An 

impurity nanoparticle is present close to the geometric center of this graphene flake, as seen in 

Fig. 5(g). The steps are denser with narrow crest at the edge of the lobes as shown in Fig. 5(h), 

while a broader crest appears with less dense steps close to the center of the graphene crystal. 

Unlike in six-fold symmetric flakes, several steps orientations appeared in graphene surface on 

two fold and four fold structures. The multiple step orientations in lower symmetry structures 

reflect the complicated process in strain relaxation, which is not as in higher symmetry 

structures.  

 

Fig. 6. The characterization of AFM topographical image of the CVD growth graphene flake on copper surface. Panel (a) and (c) show a 

graphene islands with six-lobes, growth via anisotropic diffusion. These graphene flakes appear to be sunken in to the copper foil surface, as 

suggested by the height profiles in panel (b) and (d). (e) shows the height profile along the green line in the inset, which lies in the solid yellow 

square in graphene flake in panel (a). (f) depicts the height profile of nanoscale steps on graphene surface in the area as shown in inset of (f) 

which is highlighted in dashed white square in panel (a). (g) and (h) show that step edges appear in solid yellow square and dashed white square 

in graphene flake in panel (c), respectively.  Here, λ is the average distance between two adjacent steps and ΔSq relative root mean squared 

smoothness of the graphene surface, expressed as a percentage. 

Fig. 6 depicts six-lobes graphene flakes resulting from a very anisotropic diffusion and they 

show the two-fold symmetry. The steps show the approximately the same orientation over the 

entire surface of the graphene flake in each case. In previous study, it was claimed that  this type 

of shapes grows on Cu(310) facet [60]. The impurity assisted growth mechanism may not be 

valid for these structures, since no signs of impurity particles at the geometric center of graphene 

nuclei. We suspect that the step driven competitive growth mechanism [84] as a possible growth 



 

mechanism. The wider copper steps bunching appeared at the one edge of the flake while the 

narrowed copper steps bunching appeared opposite edge of the flakes as shown in Fig. 6(c). We 

think that step bunching in this graphene domain could be caused by some impurity particle in 

the copper substrate, which may lead to anomalous step bunching at the one side of the flake.  

4. Conclusion   

We investigated the growth and strain relaxation in single crystal CVD graphene with 

different shapes grown on the inner surface of a copper enclosure. The AFM topographical 

analysis revealed that the single crystal graphene flakes observed here are sunk about 15-30 nm 

below the adjacent copper surface. Our findings also show that an impurity assisted growth 

mechanism leads the growth of single crystal graphene via isotropic diffusion, producing two-

fold, four-fold, and six-fold symmetries in the resulting flakes. In addition, single crystal 

graphene produced via anisotropic diffusion behavior is also present here, but they do not exhibit 

signs of an impurity assisted growth mechanism. However, the steps density and step size are 

different in each graphene flake, which may be viewed as unique for each flake. Further, our 

study shows that strain relaxation in two-fold and four-fold symmetry graphene structures via 

isotropic diffusion are more complicated than the six-fold symmetry structures via isotropic 

diffusion, which reflects in multiple steps orientations in two-fold and four-fold symmetry 

structures.  
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