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In this work, a simple, productive and low cost method is reported for synthesizing few-layer 

graphenes directly on SiO2/Si substrates. Films of nickel with different thicknesses (25 ~ 700 

nm) are thermally deposited on SiO2/Si substrates as catalyst. The substrates with nickel films 

are treated by lighting cotton and alcohol blast burner in sequence and then cooled down 

quickly. The dual flames last only several minutes. After growth, few-layer graphenes can be 

found on upper surface of nickel and at the interfaces between the nickel and the SiO 2/Si, 

which are confirmed by Raman spectra. Few-layer graphenes can be directly obtained on 

SiO2/Si substrate after etching off nickel, without further transfer process. Scanning Raman 

mapping and Transmission Electron Microscopy indicate that the graphenes are uniform, 

continuous and of high quality. The dependence of the quality of graphenes on the thicknesses 

of nickel have been studied and discussed.

1. Introduction 

 Graphene is a hexagonal arrangement of carbon atoms,1 

which form a one atom thick planar sheet.2 Due to its 

outstanding physical properties, such as high mobility3, 4 and 

thermal conductivity,5 graphene is usually considered as a 

competitive candidate for electronic devices and accordingly 

it captures significant attention for both fundamental 

researches and applications. Generally, main methods to 

produce graphene include mechanical exfoliation 1, chemical 

exfoliation of graphite,6, 7 chemical vapor deposition 

(CVD),8-12 thermal decomposition of SiC13 and unzipping 

carbon nanotube14, 15 et.al. Among these, chemical exfoliation 

and CVD are most promising candidates for large-scale 

produce of graphene. However, theses regular synthesis 

approaches are always either inefficient or complex for 

craftwork. In recent years, flame synthesis method emerges 

as a promising technique to produce graphene, due to its 

merits of simple, fast and high efficiency.16-20 Flame 

synthesis, as its name indicates, generally introduces the 

flame of blast burner or alcohol lamp as heat source to 

synthesize graphene. Flame synthesis method can be easily 

operated in open environments with facile tools. Nevertheless, 

as flame synthesis usually uses metal or mineral as substrate 

to grow graphene,16-20 it cannot be ignored that these 

synthesis approaches always need transfer processes, which 

would inevitably introduce contaminates and defects.  

 In this paper, we report a dual flame method to directly 

grow graphene on dielectric substrates which need no transfer 

procedure. This method is not only facile but also time and 

energy saving, which could produce high quality and large 

scale graphene films in open environments at atmosphere 

pressure. Here, we successfully synthesize few-layer 

graphenes directly on SiO2/Si in atmospheric environment by 

dual flame method. The whole process of our dual flame 

method to synthesize graphene costs only several minutes. 

Unlike conventional CVD method, the rapid heating/cooling 

process and inexistence of hydrocarbon and carrier gas also 

avoid energy wasting. 

 

2. Experiment 

 Figure 1 illustrates the schematic process to directly 

synthesize transfer-free graphenes on SiO2/Si substrates by 

dual flame method. As shown in the picture, the cotton is 

called burner 1 and the alcohol blast burner is called burner 2. 

First of all, the nickel films were evaporated on SiO2/Si 

substrates with different thickness (typically 400nm) by 

thermal evaporation. Then, we encircled the Ni/SiO2/Si 

sample by cotton and immerged it into ethanol until the 

cotton was fully soaked with ethanol. After having done all 

these preparations, the Ni/SiO2/Si substrate which was 

surrounded by cotton was burnt in the internal flame of 

burner 1 by lighting for 20 seconds. In this procedure, carbon 

source from burner 1 diffused to the nickel films. At last, the 

Ni/SiO2/Si substrates were heated to 950 centigrade for 50 or 

60s in the outer flame of burner 2, which was called 

carburization process. The carbon source diffused into the 
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entire nickel film in this process.18, 19 After carburization, the 

burner 2 was switched off and the burner 1 was capped off by 

a beaker immediately. Because short of oxygen, flame was 

rapidly extinguished and the Ni/SiO2/Si substrate cooled 

down to room temperature in the beaker quickly as well. 

During the cooling down process, carbon solubility in the 

nickel film decreased dramatically and carbon atoms 

segregated out from the interior of nickel to the surface in the 

form of few-layer graphene. Afterward, an etchant solution 

(CuSiO4 : H2O : HCl = 10g : 50ml : 50ml) was used to etch 

away the nickel and then continuous graphenes could be 

obtained directly on SiO2/Si substrate.  

 

 
Figure 1.Schematic procedures of the flame synthesis of 

graphenes: 1. Evaporation of nickel film (typical 400 nm); 2. 

Immerging the sample into ethanol after surrounding the 

Ni/SiO2/Si substrate by cotton, then lighting it with fire and 

lasting 20 seconds; 3. Burning the sample in outer flame of 

Burner 2 (alcohol blast burner) for 50 ~ 60 seconds; 4. 

Putting out the fire with a beaker. 5. Graphene formed after 

growth and etching off the nickel. 

 

 The dual flame from two burners, as shown in the figure 1, 

served as different functions during growth. The flame from 

burner 1 surrounded the Ni/SiO2/Si substrate during the 

whole duration of graphene synthesis, protecting the Ni film 

and graphene from air oxidation and serving as carbon source 

for graphene segregation. The flame from burner 2 served as 

heating source of carbonization and provided carbon for 

graphene growth as well. 

 The few-layer graphene were confirmed and analysed by 

Raman spectra (Renishawin Via plus) using a 100× objective 

around 0.4mW at room temperature.21, 22 A DM4000M Leica 

microscope and a Tecnai F20 TEM (Transmission Electron 

Microscopy) was used for morphology characterization of 

obtained graphene. 

 

 

3. Results and discussion 

 Our dual flame method to directly grow graphene on 

SiO2/Si substrates was based on non-equilibrium surface 

segregation process and carburization/decarburization 

mechanism,19 which was similar to the CVD method. Carbon 

solubility in nickel was strongly relevant to temperature. 

Carbon atoms diffused in the nickel film during the 

carburization process, and then segregated onto the nickel 

film surface because of the sharp decrease of carbon 

solubility in nickel during the cooling down. When 

synthesizing graphenes on copper, the growth mechanism is 

attributed to equilibrium segregation process.8 However, if 

nickel is used as the catalyst to grow graphenes, the growth 

mechanism is attributed to non-equilibrium segregation 

process. 23, 24 The growth mechanism of dual flame in this 

manuscript is similar to that of growth of graphene by Ni 

catalyzing at ambient pressure by chemical vapor deposition. 
23, 24 During the growth, graphene segregation occurs while 

cooling down, which is non-equilibrium process. This 

mechanism is also discussed and reported in previous works 

using flame method to grow graphenes.18, 19 

 

 
Figure 2. (a) After growth, graphenes can be found on three 

surfaces: on the upper side of nickel film (A), on the lower 

side of curled nickel film (B), on the surface of SiO2 (C).  (b) 

The typical Raman spectra of graphenes from three surfaces 

which are marked in (a). 

 

3.1 Few-layer graphenes on different kinds of surfaces 

 After growth, defected graphenes/carbon film could be 

obtained on top surface of nickel, which is consistent with 

previous reports.25, 26 In fact, during flame synthesis process, 

the edge of nickel film could occasionally curl up because of 

uneven heating. We also characterized the lower surface of 

nickel film that originally attached to SiO2 but curled after 

growth. We also found that the signals of graphene were 

detected on the lower surface of nickel, which implied that 

during the growth process, graphene layers would form at the 

interface of nickel and SiO2 and attach to nickel or SiO2 

depending on its adhesion. Hence, counting in the graphenes 

on SiO2 substrate after etching away nickel, we found the 

graphene segregated onto three faces. The nickel films 

recrystallize in the heating process,27, 28 and meanwhile the 

carbon atoms dissolve into nickel films and then converge at 

the nickel’s grain boundary. As is shown in figure 2a, 

graphenes can be found on different surfaces, including upper 

surface of nickel, the lower surface of nickel that curl up and 

the silicon substrate.  

 Figure 2b illustrates the typical Raman spectra of 

graphenes on these three surfaces. It needs to note that three 

typical Raman spectra are characterized under same 

experimental methods and conditions. As shown in the 

picture, high intensity of D peak in black line demonstrates 

that graphenes on the surface of nickel film (Air/Nickel) 

contain lots of defects.21 The ratio of IG/I2D is about 2 which 

indicates graphenes are few layers. Similarly, according to 

the weak signal and wide G and 2D peaks, graphenes on the 

other side of nickel film (Nickel/SiO2), Raman spectrum of 

which is shown as red line in figure 2b, are defected as well. 

It may be the reason of low quality of graphenes on the lower 

side of nickel that carbon atoms segregate onto the SiO2 

surfaces mostly but left little on the Nickel/SiO2 surface. In 

contrast, typical Raman spectra of graphenes on 
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SiO2substrates have tiny D peak and sharp G and 2D peaks, 

which suggests that graphenes on this surface have much 

higher degree of crystallization. Peak positions of G bond and 

2D bond of each three typical Raman spectra are marked in 

figure 2b. The positions of G and 2D peaks of graphene on Ni 

have up-shift comparing with that of graphene on silicon 

substrate, which can be attributed to the substrate effect.29 

 

 
Figure 3. (a) Optical photograph of continuous graphenes on 

silicon substrate after nickel etched off. The Inset red 

rectangle refers to the area of Raman mapping corresponding 

to (b) and (c). (b) Raman mapping of G peak intensity. (c) 

Raman mapping of the ratio of IG/I2D over the same area as 

that in (b). (d) Statistical chart of IG/I2D over 1000 points. 

Scale bars, 20 μm. 

 

3.2 Few-layer graphenes on silicon substrates 

 Figure 3a is a typical optical image of the graphenes on 

the SiO2/Si surface after nickel films were etched away by an 

etchant solution. From the optical image, we can see the 

continuity and uniformity of graphenes on SiO2/Si substrates 

obtained by our experiment. In order to get detailed 

information of graphenes’ quality, Raman mapping was used 

for further characterization. The inset red rectangular in 

figure 3a marks the area of Raman mapping, which show 

graphenes’ IG and ratio of IG/I2D over hundreds of micrometer 

square area in figure 3b and 3c, respectively. G peaks of 

graphene obtained by our dual flame method, as illustrated in 

figure 3b, generally have relatively strong intensities that 

indicate good crystallization of graphenes. Ratio of IG/I2D is 

usually used to confirm the number of graphene layers. The 

distribution of IG/I2D shown in figure 3d are generally in the 

range of 0.5 and 1.1, which imply that graphene films are bi- 

and few-layers. This result is consistent with previous reports 

on graphenes synthesized by CVD on nickel or cooper 

films.10, 30 Detailed statistics of ratios of IG/I2D are displayed 

in figure 3d. Most graphenes’ IG/I2D have a range of 0.5~0.9, 

which indicates 3~6 layers of graphenes.22 

 

 
Figure 4. (a) TEM image of graphenes obtained from silicon 

substrate after growth. (b), (c) and (d) HRTEM images of 

few-layered graphene.  

 

 In addition, TEM characterization is used to confirm the 

high quality of obtained graphenes. As shown in figure 4a, 

the obtained graphenes on SiO2/Si substrate have continuous 

and uniform morphology (continuous and with no cracks) 

which suggest good crystallization of carbon atoms.31 In 

figure 4b, c and d, HRTEM (High Resolution Transmission 

Electron Microscopy) images demonstrates that obtained 

graphene have about 5 layers. 

 

3.3 Graphene synthesized by different thickness of nickel film 

on silicon substrates 

 

 
Figure 5. (a) Raman spectra of the graphene synthesized by 

different thickness of nickel film (25, 50, 100 ~ 700 nm). (b) 

The ratios of ID/IG and IG/I2D of the graphene growth from 

different thickness of nickel film. 

 

 Nickel film, as the catalyst during the synthesis, plays a 

critical role in our experiment. Therefor we also study the 

relation of graphene’s quality and nickel’s thickness. Figure 

5a compares the Raman spectra of graphene synthesized by 

different thickness of nickel film, in which the thickness of 

nickel range from 25 to 700 nm. On the condition of 25 and 

50 nm, most nickel evaporated or de-wetted during the flame 

heating process. Despite that, very weak G and 2D bands can 

still be detected in the samples with 25 and 50 nm thick 

nickel. Once nickel film is over 100 nm, the possibility of 

dewetting of Ni is eliminated and carbon can out-diffuse 
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through Ni and form continuous graphene film at the 

interface of Ni and silicon substrates. When Ni is over 100 

nm, graphenes obtained with different thickness of Ni still 

exhibit slightly different Raman signals, in which 400 - 500 

nm nickel can produce graphenes with best quality. Obvious 

D peaks can be found in the samples with 100–300 nm Ni, 

while 2D peaks with relatively wide full-widths at half-height 

maximum (FWHM) can be found in the samples with 600–

700 nm Ni. Figure 5b exhibits statistic correlation of nickel’s 

thickness and ratios of ID/IG and IG/I2D. Ratios of IG/I2D of 

obtained graphene are between 0.8 and 1.8, indicating that 

the productions contain bi-layer and few layer graphene.32, 33 

 

Concluding 

 Our dual flame method is a fast, productive and 

economical method to directly synthesize high quality 

graphenes on dielectric substrate without transfer process in 

open environments. It involves only one single step process 

to produce few-layer graphenes and needs only dozen 

seconds of whole growth procedure. Relatively good quality 

of continuous bi-layer and few layer graphenes can be 

obtained directly on SiO2/Si substrate. Considering its high 

efficiency, energy saving and low cost, it will have chance to 

significantly contribute to practical applications of graphene 

in the future. 
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