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Abstract: Graphene was prepared with nickel catalyst pre-deposited to fused silica 

substrate by the chemical vapor deposition (CVD) process including a pre-anneal 

stage. The critical role of hydrogen in fabricating graphene successfully was 

confirmed by Raman spectra. Moreover, the purity of the graphene could be improved 

through adequate pre-anneal by suppressing the formation of graphite nano-rods. 

After the optimized CVD, it was observed that carbon atoms aggregated into tiny 

center spots and spread along grain surfaces of the nickel layer, in contrast to the 

accumulation phenomenon on grain boundaries. Furthermore, characterizations of the 

multilayer graphene (MLG) adhering directly on fuse silica were carried out, which 

would reflect the intrinsic properties of MLG grown on nickel film withal.   
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1 Introduction  

As a two-dimensional allotrope of carbon, graphene has attracted 

increasing attention since the first announcement in 20041. Owning to its 

excellent properties in thermodynamic stability, charge-carrier mobility, and 
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transparency in visible light range2-5, graphene exhibits promising application 

in many areas, such as transparent conductive electrodes, field effect 

transistors, super-conductors, etc. Compared with other common techniques to 

produce graphene, such as cleavage of graphite6, decomposition of SiC7, and 

reduction of graphene oxide (GO)8, chemical vapor deposition (CVD)9,10 has 

profound advantages in high quality and large scale, which is regarded as one 

of the most potential methods for practical application11,12.  

In precipitation of graphene through the CVD approach, nickel is a widely 

used catalyst due to its high carbon solubility and abundant in reserve13-16. With 

nickel assistance, the synthesis of graphene involves at least two basic 

steps17,18. Carbon atoms first dissolute and diffuse into the nickel layer at high 

temperature, and secondly during the cooling process, segregate and crystallize 

to form graphene sheets. The segregation of carbon atoms for graphene 

formation on nickel thin film can be moderated through appropriate annealing 

treatments in the CVD19. It has been demonstrated that a particular pre-anneal 

stage before growth would provide multiple superiorities in optimizing the 

nickel film20,21, which is supposed to be an optimal choose to improve the 

quality and purity of graphene formulated. However, research investigating the 

growth of graphene on nickel film through a CVD process with such a 

pre-anneal stage has rarely been reported.  

In our work, the impacts of hydrogen and pre-anneal time on graphene 

growth were studied at the beginning, so as to ensure the successful formation 

of high purity graphene on nickel thin film. After the optimized CVD, the 

segregation behavior of carbon atoms on the whole surface of nickel film were 

observed, whereas most research before focused mainly on the grain boundaries 

area22. Besides, when the samples were immerged into FeCl3 solution, graphene 

layers were obtained adhering directly to the surface of fused quartz as nickel 

layer etched away, which reflected the true state of graphene formulated on 

nickel surface. Furthermore, The adhering graphene on transparent substrates is 

of great importance for electrical applications, especially for transparent 
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conductive electrodes, which is regarded as a promising candidate to replace 

the widely used indium tin Oxide (ITO)23. While, most graphene on transparent 

substrates are achieved with an extra transfer process, which would bring 

unexpected defects and reduced performance24,25.   

2 Experimental  

Nickel film with a thickness of ~300 nm was deposited onto the fused 

silica by e-beam evaporation, which was loaded to the left side of a long quartz 

tube fixed in a sliding furnace CVD system (MTI, OTF-1200X-100SL). The 

furnace was firstly heated at the right side of the quartz tube to pre-anneal 

temperature (Tpre-anneal). Then as the furnace was moved to the sample area in 

the left side of the quartz tube, the target samples were heated rapidly to 

Tpre-anneal in the steady mixture flow of hydrogen (H2, purity 99.99%) and argon 

(Ar, purity 99.99%). Later a stabilized pre-anneal stage was carried out at 

Tpre-anneal. Subsequently a growth process was conducted at Tgrowth by 

introducing the flow of methane (CH4, purity 99.99%). After growth, methane 

was shut down, and then the furnace was pulled back to the right side. As a 

result, samples were rapidly cooled down to room temperature. All the CVD 

process was conducted under atmosphere pressure. The schematic diagram of 

the CVD system and the CVD process is illustrated in Fig. 1. According to the 

gas and temperature statues, the whole CVD process can be roughly divided 

into three stages in the experiment, as shown in Fig. 1 (b). In stage I, the 

samples were heated up and kept at Tpre-anneal in the gas mixture of H2 and Ar. 

During stage II, CH4 was introduced as carbon source for subsequent 

decomposition and growth. In stage III, these samples were cooled rapidly to 

the room temperature by withdrawing the heating furnace.  
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Fig. 1. Schematic diagram of the CVD system (a) and the CVD process (b). 

Crystallographic properties of the samples were characterized by X-ray 

diffraction (XRD). Raman spectra were performed through Renishaw 

equipment accompanied with a laser excitation at wavelength of 514 nm. 

Chemical bond information was characterized by X-ray photoelectron 

spectroscopy (XPS) with a Kratos Axis Ultra spectrometer using a 

monochromatic Al K�  source. High-resolution scan electron microscope 

(SEM) images were achieved by Hitachi 8020 facility. The microstructures of 

graphene sheet were accomplished by high-resolution transmission electron 

microscope (HRTEM) using Tecnai G2 F20.   

3 Results and discussion 

3.1 The indispensable role of hydrogen in graphene synthesis  

As shown in the XRD spectra in Fig. 2 (a), a strong Ni (111) peak along 

with a weak Ni (200) can be observed in all the samples treated by CVD 

processes with different H2 participation methods, which indicates the 

formation of dominant Ni (111) grains and a smaller population of Ni (200) 

grains in the nickel layer. The main Ni (111) orientation provides a perfect 

match for graphene growth, since the hexagonal lattice space of graphite (2.46 

Å) is close to that of Ni (111) (2.497 Å) 26. Moreover, a characteristic C (002) 

at 26.3° is recognized, which attributes to be the carbon atoms dissolving in the 
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nickel layer. The presence of hydrogen in stage II and stage III would 

accompany with the intensity decline of C (002), corresponding to the 

concentration decrease of carbon dissolved in the nickel layer as the 

precipitation occurred at the surface27.  

Fig.2. (a) XRD and (b) Raman spectra of samples treated by various hydrogen 

conditions. 

On the other hand, typical Raman spectra were conducted on the samples 

to confirm the existence of graphene, as illustrated in Fig. 2 (b). The graphene 

on nickel surface displays characteristic peaks located at ~1350 cm-1 (D band), 

~1580 cm-1 (G band) and ~2700 cm-1 (2D band), respectively11. The 2D peak, 

which originates from a double resonance process linking phonons to electronic 

band structure28, is normally adopted as a powerful evidence to confirm the 

existence of graphene. With H2 participating in step I or in steps I/II, neither 

typical G nor 2D peak is detected. However, distinctive Raman spectrum of 

graphene is obtained with H2 participating in all the three stages. The intensity 

ratios of D-peak to G-peak (ID/G) and 2D-peak to G-peak (I2D/G) are 0.49 and 

1.22 respectively, which validates the existence of graphene18. It should be 

noted that hydrogen is essential in the whole CVD process, especially in the 

cooling stage to obtain graphene successfully.  

The effect of hydrogen in each stage can be summarized as follows. In 

stage I, hydrogen would eliminate contaminants and flatten surface, which 

provide more uniform catalyst surfaces for further graphene formation20,21. In 

stage II, hydrogen would promote the methane absorption and decomposition, 
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as well as carbon dissolution in the nickel layer27,29. Most importantly, 

hydrogen in the cooling process would assist in carbon segregation on the 

nickel surface and assure the precipitation of graphene of high quality.  

3.2 The suppression of graphite nano-rods impurity 

The extra pre-anneal treatment plays an important role in the CVD process to 

grow graphene of high purity. We investigated the influence of the pre-anneal time 

while the temperatures for pre-anneal and growth were maintained at 1000� . 

However, nano-rods like morphology, namely graphite nano-rods would appear on 

nickel surface at the same time once the pre-anneal stage is inadequate. As shown in 

Fig 3(a), two categories of Raman spectra corresponding to multilayer graphene (red 

color) and graphite nano-rods (blue color) respectively, were acquired simultaneous 

on samples pre-annealed for 6 min and grown for 10 min at 1000℃. For graphite 

nano-rods, merging peaks located at 1357 cm-1 and 1600 cm-1 are detected, which are 

in regards to the D and G peak30,31.  

Fig. 3. (a) Raman spectra of the MLG and graphite nano-rods grown on nickel 

film surface; SEM images of samples (b) pre-annealed for 6 min and grown for 

10 min, (c) pre-annealed for 6 min and grown for 6 min, (d) pre-annealed for 10 

min and grown for 10 min. 
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Fig. 4. The EDS results evaluated from the areas with (A) and without (B) graphite 

nano-rods on nickel film pre-annealed for 6 min and grown for 10 min. 

As the SEM image shown in Fig. 3 (b), the nickel film pre-annealed for 6 

minutes and grown for 10 minutes at 1000 � is covered with graphite nano-rods 

clusters. Long rods gathering around the grain boundaries and particles of different 

sized on the grain surface are found on the nickel film. The growth of the graphite 

nano-rods can be further observed by decreasing the growth time to 6 minutes, as 

shown in Fig. 3 (c). Anomalous granules distribute along the grain-boundaries, and 

numerous much smaller tiny spots spread over the grain surfaces at the early stage. 

Nevertheless, none graphite nano-rod can be found on nickel surface any more as the 

pre-anneal time increases to 10 minutes, as shown in Fig. 3 (d). Additionally, energy 

dispersive spectrometer (EDS) analyses are carried out to verify the nature of 

nano-rod cluster, indicating that the cluster (A) has a higher percentage of carbon, and 

a corresponding lower percentage of nickel than the other area (B), as shown in Fig. 4. 

It is concluded that the increase of pre-anneal time effectively prevent the unpredicted 

growth of graphite nano-rods on the nickel film surface.  

3.3 The segregation of carbon atoms on the nickel film surfaces  

After the optimized CVD process, the segregation of carbon atoms on the nickel 

film surface is clearly obvious, which would meanwhile clarify the precipitation 

phenomenon. As shown in Fig. 5, graphene is obtained on the surface of nickel film, 

and the darker contrasts are responsible for multilayer graphene layers32. It can be 

observed in Fig. 5 (a) that carbon atoms accumulate along grain-boundaries, relating 
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closely to the high curvature and thus high density of atomic steps at the 

boundaries20,21. Furthermore, for the grain surfaces of nickel film, darker contrasts can 

be found around the tiny spots (Fig. 5 (b)). The segregation of carbon on the grain 

surfaces of nickel film is supposed to start from tiny center spots outward, with 

spreading steps obviously observed in Fig. 5 (c). These spots on the grain surfaces 

could ''pump'' carbon atoms out of nickel layer, spread them along surface profile, and 

form multilayer graphene near the center and formulate single/bilayer at a distance. 

As a result, multiple-layers and single/bilayer graphene are recognized on the nickel 

film. Besides, visible twinkles could be observed connecting with active spots in Fig. 

5 (b), which are related to the stress release arising from the deviation of thermal 

expansion coefficients between the nickel and graphene34.   

Fig. 5. (a) Morphological characterizations of carbon atoms segregating on nickel 

film surface, (b) and (c) high resolution SEM images of the grain boundaries area 

and grain surfaces of nickel catalyst after the CVD process. 

3.4 Graphene attaching directly to fused silica after etching 

The segregation of carbon atoms to form MLG on the surface of nickel thin film 

is obvious, and the multilayer graphene would adhere directly onto substrate surface 

when immerging in ferric chloride (FeCl3) solution with a concentration of 0.1 mol/L, 

as confirmed by Raman spectrum (Fig. 6 (a)). From the position and shape of Raman 

peaks, it could be drawn that multilayer and monolayer/bilayer graphene existed at the 

same time on surface of fuse quartz. The 2D peak of multilayer graphene is much 
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lower than the G peak, with a minor shift to the higher energy28. What’s more, the 2D 

peak of the monolayer/bilayer graphene has a single Lorentzian profile, and the 

intensity ratio of the 2D-peak and G-peak is higher than 120. Because of the phonon 

scattering in the lattice defects12, a small band at the position of ~1608 cm-1 can be 

also recognized. Extra identification about the chemical state is carried out by XPS on 

the film surface, as shown in Fig. 6 (b). A dominant peak located at ~284.8 eV 

originating from the C-C sp2 bonding33 is recognized, verifying the existence of 

graphene on surface of fuse silica.  

Fig.6. (a) Raman spectra and (b) XPS result of C1s peak (b) of the MLG on fuse silica 

after FeCl3 etching. Cross-sectional TEM images of MLG formulated on (c) nickel 

film (before etching) and on (d) fused silica (after etching) respectively. 

TEM specimens of the MLG grown on nickel surface and MLG adhering to fused 

silica were fabricated by the focus ion beam (FIB) technology for straightly cross 

observation. As shown in Fig.6 (c), before etching, multilayer graphene has been 
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grown on the nickel film surface, whereas none graphene sheet can be observed at the 

interface between nickel and fused quartz. The results indicate that the segregation of 

carbon atoms is easier on the top surface of nickel layers than the interface. However, 

multilayer graphene would show on the fused silica surface after the etching treatment 

of FeCl3 solution, as the TEM image shown in Fig. 6 (d). The distance between layers 

is measured to be 0.349 nm, as the inset image displayed in Fig. 6 (d). Moreover, the 

discontinuous points exist in the multilayer graphene on fused quartz at the same time, 

which coincides with the D-band detected in the Raman spectrum.  

Fig.7. Optical Transparence of MLG obtained by adhesion and transfer with blank 

fused silica.  

In Fig. 7, the transparency (400nm to 1500 nm) of multilayer graphene adhering 

directly to fused silica is compared with blank fuse silica, and with multilayer 

graphene obtained through conventional transferring process16 with PMMA assistance. 

It can be observed that the transparence of MLG adhering directly to quartz is higher 

than that from transferring, for which the transmittance is ~90% from 700~1500 nm 

wavelength. Moreover, the sheet resistance of MLG (0.9~1.2KΩ/�� ) adhering 

directly to fused silica is much lower than the transferred film (2.2~2.6�Ω/��), which 

is acquired from the four-probe measurement. In fact, the MLG acquired from the two 
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methods both originates from the nickel film surface, which is supposed to have 

similar properties. The properties of MLG obtained from direct adhering have a better 

coincidence with that obtained on nickel surface, which would offer better instruction 

to promote the practical application of graphene. 

Conclusion  

In summary, we have adopted an optimized thermal CVD process including an 

extra pre-anneal process to synthesis graphene with nickel catalyst pre-deposited to 

fused silica. It is established that hydrogen plays an essential role in promoting the 

formation of graphene, especially in the cooling stage. Moreover, the purity of 

formulated graphene can also be improved with subsequent pre-anneal time. The 

optimized CVD contributes to the segregation of carbon atoms on nickel film, which 

further illustrates the formation mechanism of graphene, and provides a new insight 

for the direct growth of graphene on transparent dielectric substrates.  
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