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1. The growth equipment used is a vertical cold wall CVD furnace (Black Magic, Aixtron). Figure S1a 
shows the schematic illustration of the equipment. Figure S1b and c are the shematic illustrations of 
the graphene growth process and its different stages.  

 

Figure S1. (a) Schematic illustration of the graphene growth equipment (vertical cold wall CVD 
furnace). (b) Schematic illustration of the graphene growth. During the growth process, the substrate 
is placed on the graphite heater, and the Cu plasma electrode is used to provide plasma enhancement. 
(c) Schematic illustration of the graphene growth process and its different stages. 

2. Figure S2 a and b are the SEM images of 300 nm Ni and Cu film respectively after graphene growth 
at 800 °C. We can see that the average grain size of Ni is obviously smaller than that of Cu, indicating 
that the grain boundaries of Ni film is more than that of Cu. Graphene generally nucleates at grain 
boundaries, so it can be inferred that the density of graphene nucleation point on Ni surface should 
be higher than that of Cu. 
 

 



 

 

 

Figure S2. SEM images of Ni (a) and Cu (b) films respectively after the growth of graphene. 

3. As shown in Figure S3, we used pure Ni as catalyst to grow graphene without plasma. The carbon 
source used is methane. The growth time is 45 s. We studied different growth temperatures (from 
550 °C to 375 °C). Graphene can be observed directly on 300 nm SiO2/Si substrate by optical 
microscopy [1]. It can be seen from the figures, when the temperature drops to 450 °C, graphene can 
not be observed on the surface of the samples, so we can conclude that the lowest growth temperature 
of graphene catalyzed by Ni without plasma is around 450 °C. 

 

Figure S3. Optical images of the Ni-catalyzed graphene grown at different temperatures. When the 
growth temperature is lower than or equal to 450 °C, the surface of the obtained sample has no 
graphene growth, which indicates that the lowest growth temperature of Ni-catalyzed graphene is 
about 450 °C. 



 

 

4. We used a very simple and intuitive method to prove the etching effect of hydrogen plasma on 
graphite. As shown in Figure S4, we used a plasma electrode made of Cu, which shows the color of 
Cu before growth. The ratio of hydrogen/methane we used is 20 sccm/20 sccm. After several times of 
growth, the Cu plasma electrode was covered with a very thick layer of graphite, resulting in black 
color. After that, we used hydrogen plasma to etch the Cu electrode. The etching conditions are as 
follows: hydrogen flow rate 1000 sccm, temperature 600 °C, plasma power 400 W with a time of 20 
min. After etching, it can be seen that the graphite on the surface of Cu plasma electrode has been 
completely etched, and the original color of Cu has been restored. This experiment is an intuitive 
proof that the effect of the two gases (the growth effect of methane and the etching effect of hydrogen) 
are greatly accelerated by the plasma enhancement. 

At the same time, through the color of Cu plasma electrodes, we can also see a very intuitive 
phenomenon, that is, when hydrogen: methane=20 sccm:20 sccm, after many times of growth, the 
surface of Cu plasma electrodes will have a very thick graphite coating and show black color. 
However, when hydrogen: methane=20 sccm:5 sccm, the surface of Cu plasma electrode can remain 
relatively clean after many times of growth. This shows that the growth of graphite induced by 
methane plasma and the etching of graphite induced by hydrogen plasma are dynamic processes. 
When hydrogen: methane=20 sccm:20 sccm, the growth rate of graphite is faster than that of etching. 
When hydrogen: methane=20 sccm:5 sccm, the growth rate of graphite is slower than that of etching. 
As for the quality of the graphene grown under the two different flow rates, it was found that there 
was no significant difference. 

 

Figure S4. Digital images of the growth chamber before graphene growth (a), after several times of 
graphene growth (b) and after H2 plasma etching (c). 

5. Selection of Alloys for Low Temperature Growth 
(1) High catalytic activity 
According to Ref. 32 in the paper, the catalytic activity order of these metals is found to be Ni ≈ 

Rh ≈ Co ≈ Ru > Pd ≈ Pt ≈ Ir > Cu > Au 
Conclusion: Au should be excluded due to its low catalytic activity. 
(2) Fast carbon diffusion in the metal 
According to the Fig. 3b in Ref. 38 in the paper, the migration barriers of interstitials in metals 

for carbon is in the order of Au < Ag < Cu ≈ Pt < Ru ≈ Co ≈ Pd < Ir < Rh ≈ Ni. It means the carbon 
diffusivity in the metals is in the following order: Au > Ag > Cu ≈ Pt > Ru ≈ Co ≈ Pd > Ir > Rh ≈ Ni.  

Conclusion: Ir & Rh should be excluded due to the slow diffusion. 
(3) Form homogenous single-phase solid solution alloy  
Ag, Au, Cu, Ir, Ni, Pd, Pt and Rh are FCC metals (e.g. the Cu-Pd system [2] and Au-Ni system 

[3]). 
But Ag-Ni [4], or Ag-Cu [3] are completely immiscible. 
Co and Ru are HCP metals. They can dissolve in each other and form complete HCP solid 

solution [3]. At high temperature, pure Co is stable as FCC, and forms complete solid solution with 
Ni [3]. However, Co & Cu are immiscible [5].  

Finally, Cr is BCC metal and easy to form Cr-carbides, thus Cr should be excluded. 



 

 

In summary, based on the above concern, we may design the following alloy systems for the 
low-temperature high-quality growth of graphene. 

A) Choose an efficient catalytic metal and forming FCC solid solution with Cu, e.g. the Cu-Pd 
binary. 

B) Choose a fast diffuse metal for carbon and forming FCC solid solution with Ni, e.g. the Au-
Ni binary. 

C) Try the HCP Co-Ru binary with decent catalytic, diffuse and solubility values. 
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