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ABSTRACT 
The state-of-the-art semiconductor industry is built on the successful production of silicon ingot with extreme purity as high as 
99.999999999%, or the so-called “eleven nines”. The coming high-end applications of graphene in electronics and optoelectronics 
will inevitably need defect-free pure graphene as well. Due to its two-dimensional (2D) characteristics, graphene restricts all the 
defects on its surface and has the opportunity to eliminate all kinds of defects, i.e., line defects at grain boundaries and point or dot 
defects in grains, and produce intrinsically pure graphene. In the past decade, epitaxy growth has been adopted to grow graphene 
by seamlessly stitching of aligned grains and the line defects at grain boundaries were eliminated finally. However, as for the equally 
common dot and point defects in graphene grain, there are rare ways to detect or reduce them with high throughput and efficiency. 
Here, we report a methodology to realize the production of ultrapure graphene grown on copper by eliminating both the dot and 
point defects in graphene grains. The dot defects, proved to be caused by the silica particles shedding from quartz tube during the 
high-temperature growth, were excluded by a designed heat-resisting box to prevent the deposition of particles on the copper 
surface. The point defects were optically visualized by a mild-oxidation-assisted method and further reduced by etching-regrowth 
process to an ultralow level of less than 1/1,000 μm2. Our work points out an avenue for the production of intrinsically pure graphene 
and thus lays the foundation for the large-scale graphene applications at the integrated-circuit level. 
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1 Introduction 
The purity of any functional material is essential to determine 
its ultimate performance in high-end applications, e.g. the 
cornerstone of the semiconductor industry is the mature 
production of ultrahigh-purity single crystals. Although the 
second-generation semiconductors of GaAs, InP and InSb, 
third-generation semiconductors of GaN, SiC, ZnO and diamond 
have more superior properties [1–4], they still cannot shake 
the position of silicon in the semiconductor industry so far. 
The main reason for the success of silicon lies in the fact that 
one can prepare extreme high-quality single-crystal silicon with 
purity up to “eleven nines”. Graphene, due to its novel physical 
properties and superior device performance in ultra-high- 
frequency electronics and ultrafast optoelectronics, has been 
proved as a promising candidate for the next-generation electronic 

material [5–9]. Surely, the production of ultrahigh-purity graphene 
is the prerequisite to realize all these expecting applications. 

Unlike bulk silicon whose defects are embedded in the materials, 
two-dimensional (2D) graphene restricts all the defects on its 
surface. This special feature offers a unique opportunity to 
detect and eliminate all the defects and produce intrinsically pure 
graphene, which is impossible for bulk materials. To reach this 
target, there are three basic issues that need to be addressed: 
(i) to visualize the defects with high throughput; (ii) to figure 
out the origins of these defects; (iii) to find a solution to eliminate 
these defects. At present, chemical vapour deposition (CVD) 
method stands out as the prevailing method to produce large- 
scale high-quality graphene films [10–25]. Generally, for these 
CVD graphene films, there are two kinds of defects: (i) line 
defects at the grain boundaries; (ii) nanometre-scale dot defects 
and atomic-scale point defects in grains. In the past decade,  

Address correspondence to Kaihui Liu, khliu@pku.edu.cn; Xiaozhi Xu, xiaozhixu@scnu.edu.cn 



 Nano Res.  

 | www.editorialmanager.com/nare/default.asp 

2 

line defects have been solved by epitaxial growth on single-crystal 
metal foils or single-nucleus growth [14–25]. Therefore, to obtain 
intrinsically pure graphene, the final mission is to eliminate 
the dot and point defects in graphene.  

In this work, we proposed a method to synthesize intrinsically 
pure monolayer graphene grown on copper (Cu). Firstly, a 
mild-oxidation-assisted detecting technique was developed to 
visualize the defects in graphene, including nanometre-scale 
dot defects and atomic-scale point defects, by forming the 
visible cuprous oxide (Cu2O) underlying the graphene defects. 
Then, dot defects in graphene were found to be caused by silica 
particles released from quartz tube at high temperature and 
can be eliminated by a specially designed heat-resisting box. The 
point defects, although are introduced by the uncontrollable 
thermodynamic fluctuation during growth, can be cured by a 
hydrogen (H2) etching and regrowth approach. With these 
techniques, the dot and point defects density can be reduced 
to an extremely low level of less than 1/1,000 μm2. Our work 
opens up a new direction for the synthesis of intrinsically pure 
graphene films and lays foundation for the high-end applications 
of graphene especially in integrated circuits. 

2 Experimental 

2.1 Growth of graphene  

Graphene samples were grown by CVD method. Cu foils (25 μm 
thick, 99.8%, Alfa Aesar) were either placed in a heat-resisting 
box in advance or directly loaded into a CVD furnace (Hefei 
Kejing Company OTF1250). The system was heated to 1,000 °C 
in 1 h with Ar (500 sccm) followed by annealing in additional 
H2 (5 sccm) for 40 min. Then CH4 (1 sccm) was introduced 
as the carbon source for graphene growth for different 
durations. Finally, the system was cooled down naturally with 
Ar (1,000 sccm). 

2.2 Mild-oxidation process  

The as-grown graphene/Cu substrate was baked on a hot-plate 
heated to 150 °C. O2/H2O atmosphere was introduced by a 
humidifier. The humidity is about 5%–10%. The evolution of 
morphology of the baked graphene grain was monitored under 
an optical microscope. 

2.3 H2 etching and regrowth  

After the CVD growth of graphene, the CH4 was cut off and 

the sample was exposed to 5 sccm H2 for 15 min at 1,000 °C to 
etch graphene, with flow of 500 sccm Ar. Then, CH4 (1 sccm) 
was introduced into the system once again after H2 etching  
to start the regrowth of graphene, under a 5 sccm H2 and  
500 sccm Ar. 

2.4 Characterization  

Optical images were taken with an Olympus microscope 
(Olympus BX51). Raman spectra were obtained with an 
alpha300R system (WITec, Germany) with a laser excitation 
wavelength of 633 nm and about 1 mW power. Scanning electron 
microscope (SEM) images and energy disperse spectroscopy 
(EDS) maps were obtained using a Thermal Fisher Quattro S 
Environmental SEM. The room temperature sheet resistance of 
graphene films was measured based on the four-point probe 
method to eliminate contact resistance. Each data is obtained 
from a 1 mm × 1 mm area. 

3 Results and discussion 

3.1 Eliminating the dot defects in graphene 

In a common CVD graphene growth system, Cu foils are 
directly exposed to the atmosphere as substrates. During the 
high temperature growth, some small silica particles would 
be released and deposited on the Cu surface [26, 27] (Fig. 1(a) 
and Figs. S1(a) and S1(b) in the Electronic Supplementary 
Material (ESM)), which blocked the formation of completed 
graphene films (Fig. 1(c) and Fig. S2 in the ESM). Once this kind 
of graphene is used practically, the uniformity and quality of the 
film cannot be guaranteed, as the regions where the particles 
deposited exist a large amount of nanometre-scale dot defects, 
resulting in poor quality at these sites (upper panel of Figs. 1(e) 
and 1(f)). 

Aiming at this issue, a specially designed heat-resisting box 
was introduced. The Cu foil was placed in the box and then 
loaded into the CVD system together. With this design, the 
released silica particles in the atmosphere are kept out of   
the box (Fig. 1(b)), and clean Cu surface can be obtained after 
annealing (Fig. S1(c) in the ESM). Then, high-quality graphene 
films without dot defects can be synthesized (Figs. 1(d)–1(f)). 
It is also worth noting that, for a traditional CVD graphene 
grown on Cu foil, the coverage of monolayer graphene is usually 
limited to 95%–98% [11]. This can be ascribed to silica particles 
which act as uncontrollable nucleation sites and induce bilayer  

 
Figure 1 Eliminating the dot defects in CVD Graphene. (a) Schematic diagrams of a typical growth process of graphene on Cu. (b) Schematic diagrams 
of the heat-resisting box assisted growth process of graphene on Cu. (c) Representative SEM image of graphene produced without box. There are many 
particles on the surface. (d) Representative SEM image of graphene produced in a heat-resisting box. The surface is very clean and uniform. (e) Optical 
images of graphene transferred onto SiO2/Si substrates without (upper panel) and with (lower panel) box. (f) Raman spectra of graphene obtained at 
position that marked in (e), obvious D band of graphene appears at the dot defect site marked with red triangle in (e). 
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or multilayer flakes (Fig. S2(a) in the ESM). By removing these 
nucleation sites in our experiment, almost complete monolayer 
graphene can be produced (Fig. S3 in the ESM). 

3.2 Detecting point defects by a mild-oxidation 

technique 

In addition to dot defects, point defects in CVD graphene are 
another issue that must be solved to realize the production of 
intrinsically pure graphene, where an effective defect detecting 
method with high throughput is the prerequisite. Unlike 
nanometre-scale dot defects which could be identified directly 
under SEM, atomic-scale point defects are difficult to detect 
due to the requirement of extreme spatial resolution [28]. 
Generally, intact graphene lattice possesses unprecedented 
impermeability to any molecule or atom, except for proton 
[29]. But at the defect sites, some small reactive molecules or ions 
could pass through graphene and react with the underlying 
substrate [30–34]. Thus, these defective sites can be amplified 
and identified. 

In our experiment, we adopted an extremely mild method 
to detect the point defects in graphene without destroying its 
lattice, otherwise would induce extra defects. The as-grown 
graphene samples were placed in an atmosphere of oxygen and 
water (O2/H2O) vapour, and then baked at 150 C. Under such 
a relatively mild condition, the O2/H2O will continuously pass 
through the point or line defects, and react with the underlying 
Cu substrate to form Cu2O [35]. Due to the difference of mass 
density and refractive index between Cu2O and Cu, the volume 
and colour contrast of these sites would change dramatically. As 
time goes on, the size of Cu2O can easily reach several hundred 
nanometres (schematically shown in Fig. S4 in the ESM), which 
can be clearly identified with high-throughput under optical 
microscope (Fig. 2(a)).  

With this design, grain boundaries and point defects in 
graphene can be easily visualized after baking for about 40 h 
(Figs. 2(b) and 2(c)). The Raman spectra collected at the black 
spot (orange circle marked in Fig. 2(c)) showed D band of 
graphene along with distinct characteristic peak of Cu2O,  

indicating the existence of defective structure and the oxidation 
of underlying Cu here (Fig. 2(d)). A grain boundary can be 
regarded as a periodic distribution of point defects whose period 
increases quickly with the decrease of the twist angle [36]. In 
the limiting case, when the twist angle tends to infinitesimal, 
the grain boundary defects would evolve into a series of individual 
point defects. We tested our technique with various twist angles 
and found that the grain boundary can be clearly observed even 
when the twist angle is indistinguishable (Figs. 2(e) and 2(f)), 
indicating that our method would be effective to identify the 
periodic point defects. Only in the case of θ = 0° (Fig. 2(g), 
so-called seamless stitching, where no defective structure will 
be formed [22]), no grain boundary was observed after a long 
time of baking. 

Based on the experimental data, we can conclude that the 
designed mild-oxidation-assisted detecting technique could be 
effective to visualize the grain boundaries and point defects. 
Naturally, one of the important concerns is that whether all the 
defects can be detected. If only part of the point defects can be 
detected, the measured purity of graphene will be not credible, 
which could be fatal for future practical applications. 

To address this concern, we chose some individual graphene 
grains and analysed the time evolution of detected point defects 
in each grain during baking for about 300 h. As the time went on, 
the number of detected point defects first increased rapidly and 
then stabilized at a certain value (Fig. 3). This phenomenon 
actually further confirmed the validity of our method. Since 
point defects are inevitable during growth process, there must 
be a certain value of point defects existing in a graphene 
grain. If our technique is effective to detect the point defects 
meanwhile harmless to the lattice structure, the number of 
visualized point defects should stop increasing when reaching 
this value. And this is the key difference from previous grain 
boundary detecting techniques, where the treatment is usually 
so rude that would induce new defects and the number of point 
defects would increase all the time. Therefore, our analysis has 
proved that this mild-oxidation-assisted detecting technique 
can detect all the point defects in a graphene grain without 
introducing additional ones. 

 
Figure 2 Detecting point defects by a mild-oxidation technique. (a) Schematic diagrams of the mild-oxidation-assisted detecting technique. (b) and (c) 
optical images of two merged graphene grains after baking at 150 °C for about 30 s (b) and 40 h (c), respectively. Grain boundary and the point defects can 
be visualized after the treatment. The image size of (b) and (c) is the same. (d) Raman spectra of graphene obtained at positons that marked in (c). At the 
position A, D band of graphene and characteristic peaks of Cu2O appear, indicating the existence of defective structure and the oxidation of underlying Cu 
here. (e)–(g) Optical images of two merged graphene grains with the twist angles θ = 12° (e), θ < 0.5° (f), and θ = 0° (g) after baking for 40 h. The grain 
boundary can be clearly observed even when the twist angle is indistinguishable, indicating that our method is effective to identify the periodic point 
defects. The image size of (e)–(g) is same as (b). 
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3.3 Towards defect-free intrinsically pure graphene 

Although the line and dot defects in graphene can be eliminated 
by single-crystal epitaxy growth and heat-resisting box, the point 
defects are inevitable during growth due to thermodynamic 
fluctuation. Fortunately, given by the two-dimensionality, the 
point defects in graphene are all on the surface, and thus can 
be cured by an extra etching-regrowth approach. It has been 
widely studied that the unstable defective sites (point defects, 
boundaries) will preferentially react with hydrogen (H2) and 
form etched holes [37]. Once the dot defects are eliminated 
(only point defects left), the holes can be cured during the 
regrowth process, and an intact graphene monolayer can be 
obtained (Fig. 4(a)). However, in traditional CVD method, 
dot defects with particles existed on the surface, so graphene 
would always be incomplete, no matter how many times etching 

and regrowth processes (Fig. 4(b)). 
With the introduction of a heat-resisting box, ultrahigh- 

quality graphene can be obtained after etching and regrowth 
of the dot-defect-free graphene samples. The purity of synthesized 
graphene was firstly checked by the mild-oxidation process 
and no point defect (or only the central nucleation site) can be 
visualized (Fig. 4(c) and Fig. S5(a) in the ESM), indicating the 
point defect density < 1/1,000 μm2. After H2 etching, no holes 
appeared in the grain (or the nucleation centre was etched and 
formed only one hole, Fig. 4(d) and Fig. S5(b) in the ESM). 
The shape of the graphene grains was transformed from sharp 
hexagon to rounded hexagon as the etching could only happen 
at the edges. As a contrast, the sample with dot defects still 
shows lots of black spots after mild oxidation and etched holes 
in the grain after H2 etching, even after etching and regrowth 
process (Figs. 4(e) and 4(f)). 

 
Figure 3 In-situ visualization of point defects in a graphene grain. (a)–(f) Time evolution optical images of a graphene grain during baking for about 300 h. 
As the time elapsed, the number of detected point defects first increased rapidly (a)–(d) and then stabilized at a certain value (d)–(f). The image size of 
(a)–(f) is the same. (g) Plot of the detected point defects in different graphene grain as a function of baking time. The value of detected point defects in all 
the grains we studied stopped at a certain value and would not increase anymore even after 300 h’ baking. 

 
Figure 4 Towards defect-free intrinsically pure graphene. (a) Schematic diagrams of the growth procedure of intrinsically pure graphene by an etching 
and regrowth method. The point defect can be etched and then cured during the process, and thus an intact graphene monolayer can be obtained. 
(b) Schematic diagrams of the graphene growth process with dot defects by the etching and regrowth method. As dot defects with particles existing on the 
surface, graphene will always be incomplete. (c) Optical image of an intrinsically pure graphene grain after mild oxidation. No point defect can be 
visualized. (d) Optical image of an intrinsically pure graphene grain after H2 etching. No holes appeared in the grain and the shape was transformed from 
sharp hexagon to rounded hexagon as the etching could only happen at the edges. (e) and (f) Optical images of graphene grains with dot defects after 
oxidation (e) and H2 etching (f). As particles existing on the surface, these dot defects cannot be removed by the etching and regrowth method. The image 
size of (c)–(f) is the same. 
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The technique was also applicable to continuous graphene 
films (Fig. S6 in the ESM) and the quality was tested by sheet 
resistance measurements. By eliminating the dot and point 
defects, sheet resistances of graphene films were greatly decreased 
(Fig. S7 in the ESM). 

4 Conclusions 
In conclusion, we proposed an approach to realize the produc-
tion of intrinsically pure monolayer graphene grown on Cu by 
eliminating both the dot and point defects in grains. Combining 
the heat-resisting box and etching-regrowth technique, ultrahigh 
pure graphene with point defects density < 1/1,000 μm2 has 
been successfully produced. Our finding points out an avenue 
for the synthesis of intrinsically pure graphene and lays 
foundation for the high-end applications of graphene at the 
integrated-circuit level. 
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