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Table 4.1 Description of the protocols applied to the unetched bare foil (BF) and the etched foil (EF) of copper. 

 

temperature of 1025 °C. During this warm-up period, there was a constant 10 sccm flow of H2N2 in the 

quartz tube. These protocols were chosen because they often appear in recipes for CVD graphene.  

4.2 Optical Characterizations 

After the foils were annealed using the protocols described in Table 4.1, they were characterized 

using Optical Microscopy (OM), Scanning Tunneling Microscopy (SEM), and Scanning Tunneling Micros-

copy (STM) to show the evolution of the surface morphology after every pre-treatment and/or pre-

annealing procedure.  

4.2.1 Optical Microscopy  

Figures 4.2 – 4.5 exhibit optical microscope images. We begin by looking at the bare Cu foil (BF) 

surface.  Figure 4.2a shows pronounced striations, which are the parallel lines rotated slightly clockwise 

with respect to the vertical, going across the surface of the substrate. Such striations are believed to re-

sult from the rolling of copper into foil at high pressure. Then the foil was etched in the Fe(NO3)3 (1M) 
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solution for 30 seconds (Figure 4.2b). Here, the aim was to remove the striations and fractures/dents, 

and smoothen the bare foil surface. Instead, the foil developed a coarse texture with etch pits after the 

etch. 

Figure 4.3a shows an optical image where a 250 μm wide Cu grain, with nearly horizontal stria-

tions below, is clearly visible in the Cu foil annealed under H2N2 for 30 minutes at 1025 °C. This protocol 

represents the typical pre-annealing procedure utilized to prepare the foil surface, prior to the introduc-

tion of methane. This protocol also visibly removes the native copper oxide, via the chemical reduction 

of the oxidized copper by hydrogen. The successive application of both the Fe(NO3)3 etch and the H2N2 

anneal to the Cu foil creates a rolling terrain with surface scarring visible at low magnification as seen 

from Figure 4.3b. 

Figure 4.4a displays un-etched foil exposed to a H2N2:CH4 for 30 minutes at 1025 °C, where the Cu grain 

boundary is also clearly pronounced. After the Cu foils were etched and subjected to H2N2:CH4 at 1025 

°C, as illustrated on Figure 4.4b, the scarred Cu surface with micron sized pits and dents were covered 

with monolayer graphene film. 

Figure 4.2 Optical images of 25 μm Cu foil at 400 magnification. The label at the top right of the images indicates     
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched 
foil.  (a) This panel shows that bare foil includes striations resulting from rolling copper at high pressure. (b) Bare 
foil subjected to a Fe(NO3)3 etch produces a nonuniform surface with micrometer sized pores. 
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Figure 4.3 Optical images of 25 μm Cu foil at 400 magnification. The label at the top right of the images indicates 
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched 
foil, H2N2 indicates heat treatment in forming gas at 1025 °C for 30 min.  (a) Bare Cu foil heat treated in H2N2 at 
1025 °C for 30 min displays a 250 μm wide copper grain along with traces of striations that are less pronounced 
after thermal treatment. (b) Etched foil treated in H2N2 at 1025 °C for 30 min displays few hundreds micrometer 
wide grains with surface scars. 

 

 

 
Figure 4.4 Optical images of 25 μm Cu foil at 400× magnification. The label at the top right of the images indicates 
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched 
foil, H2N2 indicates heat treatment in forming gas at 1025 °C for 30 min, and H2N2: CH4 indicates heat treatment in 
forming gas and methane at 1025 °C for 30 min. (a) Bare foil thermally exposed to H2N2: CH4 shows graphene on 
top of copper grains. Here, vertical striations are still visible in the underlying copper foil. (b) Etched foil heat treat-
ed under H2N2: CH4 at 1025 °C for 30 min indicates indistinct Cu grains covered with a single layer of graphene. 
Also visible are micrometer sized pits and dents. 

 

The last protocol is intended to answer whether pre-annealing the Cu surface before flow of 

methane gas improves the catalytic surface for graphene growth. Therefore, Figure 4.5a shows the opti-

cal image of Cu foil subjected to pre-annealing under H2N2 for 30 minutes followed by H2N2:CH4 expo  
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Figure 4.5 Optical images of 25 μm Cu foil at 400 magnification. The label at the top right of the images indicates 
the protocol to which the specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched 
foil, H2N2 indicates heat treatment in forming gas at 1025 °C for 30 min, and H2N2: CH4 indicates heat treatment in 
forming gas and methane at 1025 °C for 30 min. (a) Bare foil subjected to heat treatment under H2N2 at 1025 °C for 
30 min followed by H2N2:CH4 at 1025 °C for 30 min displays single layer graphene film overlying Cu grains that are a 
few hundreds micrometers wide. Inset: A partially peeled Cu foil (scale bar is 500 μm) that lost the crust layer. (b) 
Etched foil subjected to heat treatment under H2N2 at 1025 °C for 30 min followed by H2N2:CH4 at 1025 °C for 30 
min shows less surface nonunformity and includes monolayer graphene. 
 

sure for another 30 minutes at 1025 °C. This protocol results in crusting, with Cu grains on the crust, and 

the peeling of crust layers of Cu foil along with graphene (see insert Figure 4.5a). However, in unpeeled 

areas, grains of Cu covered with monolayer graphene were clearly perceptible. Figure 4.5b demon-

strates that annealing with H2N2 and H2N2:CH4 smoothen out the non-uniformity of the surface, leaving 

micron sized pits still visible, as the Cu foil is covered by mono-layer graphene. Therefore, the optical 

study of Cu foils shows that exposing the bare Cu foil to both H2N2:CH4 and H2N2+(H2N2:CH4) protocols 

produces monolayer graphene. 

4.2.2 Scanning Electron Microscopy  

We examined the same Cu foils with SEM. As in the optical image of Figure 4.2a, Figure 4.6a confirms 

(vertical) striations on Cu in the SEM image.  However, the SEM image also shows horizontally running 

surface fractures/dents. Figure 4.6b does not show striations or fractures on the Cu surface as the 

Fe(NO3)3 etch leaves behind a coarse surface.  
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Figure 4.6 SEM images of 25 μm Cu foil. The label at the top right of the images indicates the protocol to which the 
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil. (a) Striations resulting 
from rolling copper at high pressure are still visible in the SEM image. Also visible are microscopic dents/fractures 
in the foil surface. (b) Bare foil subjected to a Fe(NO3)3 etch produces a nonuniform surface with etch quarries en-
crusted onto the surface. 
 

 

 
Figure 4.7 SEM images of 25 μm Cu foil. The label at the top right of the images indicates the protocol to which the 
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H2N2 indicates heat 
treatment in forming gas at 1025 °C for 30 min. (a) Heat treated bare Cu foil displays an approximately 50 μm wide 
grain. (b) Etched foil heat treated under H2N2 also displays an approximately 50 μm wide grain. 
 

Figure 4.7a clearly illustrates presence of Cu grains and grain boundaries. The exhibited grain at 

the center of the figure is about 50 μm wide in this H2N2 annealed foil. Etched foil heat treated in H2N2 

as seen from Figure 4.7b still displays Cu grain boundaries. Here, the grain at the center is about 50 μm 

wide. A close examination still indicates coarseness in the surface although it is now significantly re-

duced. 
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Figure 4.8 SEM images of 25 μm Cu foil. The label at the top right of the images indicates the protocol to which the 
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H2N2 indicates heat 
treatment in forming gas at 1025 °C for 30 min, and H2N2:CH4 indicates heat treatment in forming gas and methane 
at 1025 °C for 30 min. (a) Well pronounced 20−30 μm wide flower-shaped structures are observed on the surface 
of copper once the Cu foil has been treated with H2N2:CH4. Vertically running striations are still evident on the left. 
These flower structures suggest graphene grains that have not yet coalesced into a uniform and continuous sheet 
of graphene. (b) This panel shows graphene domains, with multiple wrinkles within them, that are on the verge of 
coalescing together to cover the underlying metallic substrate. 

 

 

 
Figure 4.9 SEM images of 25 μm Cu foil. The label at the top right of the images indicates the protocol to which the 
specimen was subjected, see also Table 4.1. BF indicates bare foil, EF indicates etched foil, H2N2 indicates heat 
treatment in forming gas at 1025 °C for 30 min, and H2N2:CH4 indicates heat treatment in forming gas and methane 
at 1025 °C for 30 min. (a) This figure shows the Cu surface nearly fully covered with graphene. (b) The image shows 
the graphene layer overlying micrometer sized pits in the etched Cu foil. 
 

 
Once the Cu foil has been treated with H2N2:CH4 (Figure 4.8a), well pronounced with approxi-

mately 20 - 30 μm wide flower-shaped structures are observed on the surface of copper, although verti-

cally running striations are still evident towards the left of the figure. These structures suggest graphene 
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grains that have not yet coalesced into a uniform and continuous sheet of graphene. Remarkably, the 

graphene grains show indications of crossing Cu grain boundaries. This can be seen in the left-half of 

Figure 4.8a, where a semi-circular grain boundary cuts through at least two graphene grains. Figure 4.8b 

shows wrinkled graphene domains. These domains appear to be on the verge of coalescing together to 

cover the underlying substrate. Note that Figure 4.3c shows more perceptible flower-shaped structures 

in comparison to Figure 4.8b, where the light shaded regions of copper resemble stitch marks between 

graphene domain boundaries.  

Figure 4.9a shows the Cu surface nearly fully covered with graphene after the H2N2 + (H2N2:CH4) 

protocol. The image on Figure 4.9b shows the graphene layer overlying micron sized pits in the etched 

Cu foil. Thus, it appears that both the BF+(H2N2:CH4) and the EF+(H2N2:CH4) protocols offer a desirable 

environment for graphene growth.  

Each method has its advantages: the growth on BF produces individual flower-shaped structures 

or disconnected patches of graphene, while growth by the EF+( H2N2:CH4) protocol appears to be a fast-

er approach to producing continuous graphene films. 

4.2.3 Scanning Tunneling Microscopy 

Some results from the Scanning Tunneling Microscope (STM) study are shown in Figures 4.10 – 

4.12. Figure 4.10a shows the STM image of bare Cu foil consisting of a granular Cu surface with average 

grain diameter of about 20 nm. The cross-sectional profile as seen from Figure 4.10b provides important 

information about the roughness of the surface after a specific course of treatment. From many param-

eters that describe roughness, average roughness (  ) gives the vertical deviations of the actual surface 

topography from its smooth form inside an evaluation length, divided by the number of points in the 

cross-section [65],  
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Figure 4.10 (a) STM image of bare Cu foil that shows a granular surface with average grain diameter of about 20 
nm. (b) This figure shows a 10 nm height variation in the bare foil over a 0.2 μm interval in the domain 0 ≤ x ≤ 0.3 
μm, with Ra = 0.25 nm over the line trace. 
 
 

Here,    is the vertical distance from the mean line to the     data point. The cross-sectional surface pro-

file of BF in Figure 4.10b shows a 10 nm height variation over a 0.2 μm interval in the domain 0   x  0.3 

μm, with    = 0.25 nm over the line trace.  

STM image of un-etched Cu foil exposed to H2N2 at 1025 °C is shown on Figure 4.11a. Under 

thermal annealing in H2N2, the overall end-to-end height variation on Figure 4.11b is only 3 nm suggest-

ing that the Cu surface flattens, and the average roughness of the Cu foil is    = 0.18 nm. Figure 4.12a 

displays the STM image of bare foil heat treated with H2N2:CH4. This figure shows stripe-like features 

that correspond to the graphene wrinkles observed by SEM, see Figure 4.8. Thus, Figure 4.12a exhibits a 

continuous graphene layer over the Cu substrate. To confirm this point, the insert of Figure 4.12a dis-

plays an atomic resolution image of graphene on polycrystalline Cu.  In contrast to cross-sectional pro-

files displayed on Figures 4.10b and 4.11b, in Figure 4.12b, there is a 10 nm height difference from one 

end of the cross section to the other, with    = 0.08 nm. Therefore, surface roughness of Cu film is sig-

nificantly reduced after exposing it to H2N2:CH4. Perhaps, the reason for this result is that the overlying 

graphene layer is smoother. 

 


