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Unexpected Functions of Oxygen in Chemical Vapor Deposition 

Atmosphere to Regulate Graphene Growth Modes  

Jing Li,
 a,b

 Dong Wang*
a
 and Li-Jun Wan*

a

Herein, by controlling the oxygen concentration in graphene 

growth process, we reveal that the ppm grade of oxygen in the 

graphene growth atmosphere can tune the graphene growth 

modes of multilayer growth and graphene etching fragments. 

Due to the outstanding physical properties, such as ultrahigh 

carrier mobility,
1
 thermal conductivity,

2
 and uniform 

broadband photonic adsorption,
3
 graphene has attracted 

increasing interest for both fundamental science and 

technological applications.
4
 Currently, chemical vapor 

deposition (CVD) growth method on copper foils is one of the 

most promising synthetic approaches to obtain large-scale and 

high-quality graphene.
5
 In general CVD graphene growth 

process, carbon feed stocks (typically methane) dehydrogen 

on Cu substrate at high temperature in the presence of 

hydrogen, and results in the formation of active carbon species 

for graphene growth.
6, 7

 The role of hydrogen during such 

process is one of the most extensively researched topics, and 

currently it is widely accepted that the hydrogen plays a dual 

role of cocatalyst in the formation of active carbon species and 

etchant in the formation of stable graphene edge.
8
 

Additionally, recent theoretical calculation of Ding et al. shows 

that the hydrogen atoms can attach onto the graphene edge 

and promote the growth of multi-layer graphene.
9
 However, 

the fact is that the concentration of hydrogen used in CVD 

process is different from lab to lab,
8, 10, 11

 and sometimes the 

as-obtained graphene shows obvious variation in thickness
12

 

and edge structure
13

 even with the same hydrogen partial 

pressure, suggests that the real role of H2 is far from clear 

and/or some minority component may play important role in 

graphene synthesis.  

Typically, people use 99.999% purity gases (the so-called 

ultrahigh purity gases) to avoid the effect of impurity.
14

 

however, some recent reports demonstrate that the extremely 

minor amount of impurity in annealing gas
15

 and oxygen on Cu 

foil
16

 (lower than ppm grade) can influence the graphene 

etching structure and growth kinetics. To the best of our 

knowledge, no systemic work has been done to study the 

influence of such impurity on graphene structure during the 

CVD growth process. Thus it is easy to raise the skepticism 

whether there is some relationship between the various 

graphene growth structures and the ppm grade impurity, 

especially for oxygen. 

Herein, the influence of oxygen concentration on graphene 

growth structure was systematically investigated by controlling 

the amount of oxygen in the CVD chamber during graphene 

growth process. Intriguingly, the phenomena such as 

multilayer graphene growth and graphene etching which have 

been ascribed to the effect of hydrogen can also be observed 

by simply adjusting the concentration of oxygen at ppm grade 

in the CVD atmosphere. In addition, the multilayer graphene 

staking structure is proven to be an inverted wedding-cake 

structure
17, 18

 that the multilayer graphene forms beneath the 

top graphene layer. The scanning electron microscopy (SEM) 

observation and X-ray photoelectron spectroscopy (XPS) 

characterization confirm that the penetration of oxygen into 

the space between graphene and Cu substrate accounts for 

multilayer graphene growth and etching effect. The 

demonstration of the dual role of minor amount of oxygen in 

multi-layer graphene growth and graphene etching effect will 

help deepen the understanding of CVD graphene growth 

mechanism and optimize the graphene growth process. 

To clarify the influence of oxygen concentration on the 

graphene growth structure, a series of graphene were grown 

under varying concentration (from 0.8 to 200 ppm) of oxygen 

while at the same H2 and CH4 concentration. After growth and 

cooling down, the graphene were directly observed on Cu foil 

by SEM or transferred
19, 20

 onto 300 nm thick SiO2/Si substrate 

and observed by optical microscope. As shown in far left 

column of Figure 1, in the growth atmosphere of ultrahigh 

purity Ar (oxygen ~ 0.8 ppm), graphene nuclei of monolayer 

form on Cu substrate after the growth time of 30 min, and 

further increasing the growth time to 180 min results in the  
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Fig 1. Dependence of graphene structures on the growth time 

and oxygen concentration in the growth atmosphere. The 

optical microscopy images are obtained on SiO2/Si, and the 

SEM images are obtained on Cu foil.  

 

full coverage of graphene film with the single layer ratio > 99% 

on Cu surface. Interestingly, different from the self-limiting 

growth mechanism,
6
 as further extending the growth time, 

multi-layer graphene comes into being even with the whole Cu 

surface covered by a completed graphene film. Increasing the 

growth time to 90 h can result in the formation of graphite-like 

film (as shown in Figure S1). After the introduction of extra 

oxygen, the growth of multilayer graphene tends to occur at 

the initial stage (short growth time), as shown in the zone 

marked by red dashed lines. The multilayer graphene 

formation process is demonstrated by a series of SEM images 

in Figure S2. Intriguingly, as further increasing growth time or 

oxygen concentration, the graphene finally develops into 

single layer fragments as shown in the zone marked by green 

dashed lines in Figure 1. In another word, the growth of 

multilayer graphene stops beyond certain growth time and 

then the continuous graphene film begin to break. Such 

observation can be ascribed to the etching effect of oxygen.
21

 

The higher the oxygen concentration is, the earlier the 

graphene etching phenomenon tends to occur. For example, at 

the oxygen concentration of 20.8 ppm, the hexagonal 

graphene nuclei begin to break at the growth time of 120 min. 

When further increasing the oxygen concentration up to 40 

ppm or even higher, no graphene but Cu2O oxide layer can be 

observed on the Cu substrate (Figure S4-6), which should be 

contributed to the quenching effect of the oxygen overdose on 

active carbon species. 

To identify the multi-layer graphene stacking structure, we use 

a PET/silicone film to tear the multi-layer graphene on SiO2/Si 

substrate. As the interaction between the graphene and 

PET/silicone is weaker than that between graphene and SiO2/Si 

substrate, but stronger than the interaction between 

interlayer graphene, tearing the multilayer graphene by 

PET/silicone film can tear the upmost-layer graphene.
22

 As 

shown by the yellow hollow arrow in Figure 2a-b, after tearing 

treatment, the top layer graphene was partially destroyed, 

while the second layer (as labeled by 2L) graphene edge keeps 

unchanged. This result reveals that the multilayer graphene 

has an inverted wedding-cake structure.
17

 Given that the 

upmost layer graphene film keeps continuous throughout the  

 
Fig 2. The multi-layer graphene stacking structure and oxygen 

penetration process. The in-situ optical microscopy images of 

multilayer graphene on SiO2/Si substrate before (a) and after 

(b) the tearing treatment by PET/silicone film. (c-f) The SEM 

images show the typical evolution of polycrystalline graphene 

morphologies with growth time in the growth atmosphere 

containing 1.8 ppm O2. The dark contrast zone as marked by 

red star in panel (d) is due to the oxygen intercalation between 

the graphene and the Cu substrate, and the insert is the large-

scale SEM image. The bright contrast zone as marked by blue 

star correspondent to the initial graphene on Cu substrate. The 

yellow arrows in panel (e) mark the oxygen intercalation fronts. 

 

multilayer graphene growth process and the low carbon 

solubility in Cu foil, (Figure S7-8) the active carbon species 

have to get into the space between graphene and Cu substrate 

by penetration from graphene grain boundaries or edges.
9, 18

 

To further interpret the intercalation process, the graphene on 

Cu foil was characterized by SEM and XPS. As shown in Figure 

2c-f, when extending growth time beyond the formation of the 

fully covered graphene on Cu foil, the brightness contrast 

changes can be observed begins from graphene wrinkle or 

graphene boundaries (Figure S10, as the yellow arrows show in 

Figure 2d) and extends progressively towards the center of 

graphene domains as time increasing. Similar contrast change 

has been observed for oxygen intercalates into the graphene 

and Ru substrate.
23

 Additionally, the XPS is clearly indicative of 

cuprous oxides formation and oxygen intercalation. (Figure S9)  

Another interesting phenomenon is that, under higher oxygen 

concentration (5-25 ppm) in growth atmosphere, the etched 

graphene flakes can transform into parallel-edged hexagonal 

graphene fragment array structure. (as shown in the upper 

right panels of in Figure 1) Take the oxygen concentration of 

10.8 ppm in the single-crystal graphene growth process for 

example, the hexagonal graphene fragments as shown in 

Figure 3a can be obtained after the growth time of 36 h, and 

the formation process of hexagonal graphene fragments can 

be seen in Figure S11.  

Given the high temperature and oxygen used during the 

etching process, the preservation of graphene quality becomes 

an important concern. Thus the hexagonal graphene fragment  
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Fig 3. Characterization of etched hexagonal graphene fragment 

array. (a) Typical SEM and optical microscope (the insert figure) 

image of etched hexagonal graphene fragments on Cu surface. 

(b) The AFM morphology of the hexagonal graphene fragments 

transferred onto SiO2/Si substrate. (c) The vertical height 

profile along the blue dashed line in the panel of (b). (d) The 

typical Raman spectra taken on the hexagonal graphene 

fragments on SiO2/Si substrate. (e) XPS C1s spectra of the 

etched graphene fragments on Cu foil with the growth time of 

60 h in the growth atmosphere containing 10.8 ppm oxygen. 

The magenta line represents the measured XPS spectrum, and 

the black line is the fitting curve. (f) The atomic structure of 

the etched graphene fragments which was observed by STM 

on Cu foil. (g) The optical microscopy of hexagonal graphene 

fragments of large scale on SiO2/Si substrate. The G peak (h) 

and 2D (i) peak Raman mapping image of the graphene 

domains marked by the dotted box in panel (g). 

 

array was further characterized by SEM, scanning probe 

microscopy and Raman spectroscopy. As graphene can protect 

the underlying Cu substrate from oxidation when heating in air 

atmosphere, the Cu surface where covered by graphene 

presents bright contrast after heating graphene/Cu foil in air at 

200˚C for 2 min.
24

 The optical image (upper insert of Figure 3a) 

of graphene/Cu presents bright spots pattern, which is 

consistent with the SEM result that the hexagonal structure is 

graphene rather than hexagonal graphene vacancy as 

observed previously.
8
 After transferred onto 300 nm SiO2/Si 

substrate, the graphene structure was characterized by atomic 

force microscopy (AFM), and the vertical height profile (shown 

in Figure 3c) along the blue dashed line in Figure 3b 

demonstrates that the thickness of graphene fragments are 

about 1 nm, which is in accordance with the thickness of 

single-layer CVD graphene.
11, 19

 In addition, according to the 

Raman features (Figure 3d) of hexagonal graphene fragments 

structure [a symmetric 2D peak located ~2686 cm
-1

 with the 

full width at half maximum of ~30 cm
-1

, and the intensity ratio 

I2D/IG is higher than 2] further proves the graphene is of single-

layer structure.
25

 And the relatively low ID (centered around 

1347 cm
-1

) intensity should be caused by the graphene edges  

 
Fig 4. The proposed influence mechanism of oxygen on CVD 

graphene growth. 

 

and transfer process. To further prove these hexagonal 

fragments structure is graphene rather than graphene oxide, 

the graphene fragments were characterized by XPS and 

scanning tunneling microscopy (STM). The dominant XPS 

(Figure 3e) spectrum component centered at 284.4 eV is 

correspondent to the sp
2
 hybridization C-C bond, and the 

additional component appears at binding energies of 284.8 eV 

is assigned to the exchange interactions between the Cu 

valence electronic structure and the C1s core hole.
26

 Besides, 

The graphene atomic structure as observed by STM shows 

holonomic and intact trigonal symmetry, which can further 

confirm that the hexagonal fragments are graphene rather 

than graphene oxide.
27

 The Raman mapping results as 

presented in Figure 3f-g demonstrate the graphene fragments 

are of uniform thickness and structure. 

On the basis of the results shown above, we propose that, (as 

shown in Figure 4) the oxygen in CVD chamber can intercalate 

into the space between the graphene and Cu substrate from 

the graphene edges and grain boundaries and form cuprous 

oxides beneath the graphene layer. This is supported by the 

SEM image of Figure 2c-f as well as the fact that the single 

crystal graphene starts to etch with higher oxygen 

concentration than that of polycrystalline graphene. The newly 

formed cuprous oxides can decouple the graphene
23, 28

 from 

the Cu substrate and thus increasing their distance. As a result, 

the intercalation of active carbon species and oxygen are 

further facilitated and serves as multilayer graphene growth 

feed stocks and graphene fragments etchant, respectively. We 

note the formation of graphene etching array structure is very 

different form the radial etching pits
29, 30

 as obtained by 

annealing treatment in oxygen atmosphere. This difference 

might be caused by the balanced effect of graphene etching of 

oxygen and regrowth caused by CH4. However, the detailed 

explain of this intriguing phenomenon requires quantitative 

theoretical calculation, which will be pursued in further 

investigation. 

In summary, the systematical investigation about the oxygen 

influence on graphene growth structure demonstrates that, 

minor amount of oxygen can obviously influence the 

multilayer growth and etching of graphene. This study reveals 

the role of minor amount of oxygen in multi-layer graphene 

growth and graphene etching effect, which will help promote 

the understanding of CVD graphene growth mechanism and 
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open up new perspective for multilayer graphene growth for 

device application. 
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The ppm grade of oxygen in CVD atmosphere can obviously tune 
the graphene growth modes of multilayer and etching fragments. 
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