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Abstract 
Catalyst-free graphene films has been synthesized by microwave (MW) surface wave plasma (SWP) 
chemical vapor deposition (CVD) using hydrogenated carbon source on silicon substrates at low 
temperature (500˚C). The synthesized process is simple, low-cost and possible for application on 
transparent electrodes, gas sensors and thin film resistors. Analytical methods such as Raman 
spectroscopy, transmission electron microscopy (TEM) and four points prove resistivity mea-
surement and UV-VIS-NIR spectroscopy were employed to characterize properties of the graphene 
films. The formation of multilayer of graphene on silicon substrate was confirmed by Raman 
spectroscopy and TEM. It is possible to grow graphene directly on silicon substrate (without using 
catalyst) due to high radical density of MW SWP CVD. In addition, we also observed that the hy-
drogen had significant role for quality of graphene. 
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1. Introduction 
Graphene is a single layer of sp2 hybridized carbon atoms arranged in a honeycomb lattice with hexagonal rings. 
Since the discovery of mono and few layers of graphene film (2004), it has become the attractive research sub-
ject in nanomaterial science due to its many unique physical, Chemical, mechanical properties and a possible 
use of low-cost flexible transparent electrodes, Photovoltaics or microelectronics devices [1]-[12]. However, to 
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obtain quality of graphene films, low-cost deposition method is still a significant challenge; a simple process of 
graphene synthesis is highly desirable, due to the fact that the method of synthesis of graphene has been focus of 
research in recent years [13] [14]. Several methods are used for growing graphene on various substrate, like; 
thermal chemical vapour deposition (CVD), micromechanical cleavage or chemical exfoliation of graphite, 
thermal decomposition of SiC on copper and nickel substrates [15] [16]. Among the various methods, thermal 
CVD has been a main method to synthesize of graphene, however it requires high temperature (above ∼1000˚C), 
catalyst films, post-transfer and additional catalyst removal process are needed. Direct growth of graphene 
without using any other catalyst and low growth temperature are very attractive.  

In this work, we report the catalyst-free graphene synthesized on silicon substrate by microwave (MW) sur-
face wave plasma (SWP) CVD using hydrocarbon as a plasma source gas at low temperature (500˚C). In addi-
tion, we compared the quality of graphene film grown on silicon substrate with different hydrogen (H2) flow rate 
during deposition.  

2. Experimental Details  
Graphene film was synthesized by microwave (MW) surface wave plasma (SWP) chemical vapor deposition 
(CVD) on silicon substrate directly. Figure 1 shows schematic diagram of the CVD system. In this system, MW 
power, gas flow rate and deposition time-duration are controlled by touch-screen computer system. Because of 
the relatively large stage diameter (20 cm) of the CVD, it is possible to deposit a relatively large area graphene 
thin film or make simultaneous film deposition on various substrates in one experiment. The maximum MW 
power of the CVD system is 3 kW, whereas the stage temperature can be controlled up to 700˚C. The MW-SWP 
is produce in a 300 mm cylindrical vacuum chamber by introducing a 2.45 GHz MW through a quartz window 
via slot antennae. The MW introduced through the slot antennae drops exponentially below the quartz window 
where the electron density exceeds the cut off density. A high plasma density with a uniform electron density of 
more than 1011 cm−3 is formed in the vacuum chamber and broadened in the downstream region due to particles 
diffusion. Unlike other plasma sources the SWP is a promising plasma source for large-area thin film deposition 
and useful to avoid plasma induced damages of the substrates surfaces [17]. Argon (Ar: 100 sccm), Hydrogen 
(H = 0 - 35 sccm) and acetylene (C2H2: 5 sccm) were used for plasma source. The detail substrate cleaning 
process is described elsewhere [18]. The MW SWP CVD chamber was evacuated to a base pressure at approx-
imately 5 × 10−4 Pa using a turbo pumps. The launched microwave power was typically 1300 W and a constant  

 

 
Figure 1. Schematic diagram of the MW SWP CVD system.                       
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gas composition pressure is maintained at 20 Pa and substrate temperature was 500˚C during deposition. The 
duration of films deposition was 4 min. The synthesized graphene were characterized, by Raman spectroscopy, 
Transmission electron microscopy (TEM), four point probe method for resistivity measurement and UV-VIS- 
NIR spectroscopy. 

3. Results and Discussion  
Figure 2 shows the Raman spectra (a), ration of Id/Ig (b), full with half maximum (FWHM) of 2D peaks (c) and 
sheet resistivity of graphene films with different H2 flow rate (0 to 35 sccm) during deposition. It shows (Figure 
2(a)) that all spectra have three peaks centered at 1346, 1576 and 2691 cm−1 which is assigned to the D (disorder 
mode), G (graphite mode) and 2D (D mode overtone) modes of graphene respectively. It is reported that the 
D-peak represents disorder sp2-hybridized carbon with an amount of sp3-hybrodized carbon, while the G-peak 
represents graphite-like sp2-hybridized carbon in deposited film [19]. The presence of 2D peak shows a good 
agreement of graphene structure formation into the film. The Raman spectrum of carbon material is quite re-
markable in order to study the quality of graphene structure [20].  

The spectra (Figure 2(b)) shows Id/Ig decreased with increasing hydrogen flow rate up to 25 sccm. Then, it 
started to increase with increasing hydrogen flow rate (35 sccm). The results show that the defect of graphene 
films has gradually decreasing with increasing hydrogen flow rate from 0 to 25 sccm due to the formation of 
C-H bonds.  

The full with half maximum (FWHM) of 2D peak decreased with increasing H2 flow rate, seen in Figure 2(c). 
The results show that the crystalline quality of graphene improving with increasing hydrogen flow rate. It is re-
ported that hydrogen can control the grains shape and dimension by etching away the weak carbon-carbon (C-C) 
bonds and it can contribute to improve the graphene layer uniformly [21].   

We found that the quality of graphene improved with increasing hydrogen concentration into the film, at the 
same time we also observed that the sheet resistant increased with increasing hydrogen flow rate, as can be seen 
in Figure 2(d). As graphene reacts with hydrogen atoms forming C-H bonds on the basal plane of graphene the 
resistivity of the film is increased [22]. 

The structural morphology of the graphene film (hydrogen flow rate 25 sccm) was characterized by transmis-
sion electron microscopy (TEM). The TEM characterization shows in Figure 3 (low resolution (a) and high res-
olution (b)), reveal the graphene layers and crystalline information of the graphene film synthesized on silicon 
substrate. As observed that the synthesized graphene is multilayered (≈4 layers) shows in intensity pattern (up 
inset of Figure 3(b)); an inter-planar spacing of about 0.35 nm and the fast fourier transform (FFT) image (be-
low inset of Figure 3(b)) shows a graphite crystalline structure (hexagonal atomic arrangement). 

 

 
Figure 2. Raman spectra (a); ration of Id/Ig (b); full with half maximum (FWHM) of 2D 
peaks (c) and sheet resistivity of graphene films with different H2 flow rate (0 to 35 sccm).    
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Figure 3. Transmission electron microscopy (TEM); low resolution (a) and high resolution 
(HR) (b) image of the graphene film deposited on silicon substrate (hydrogen flow rate 25 
sccm). In the inset (up left side), the intensity pattern of the graphene multilayers (≈4 lay-
ers) is presented. In the inset (down right side), a fast fourier transform (FFT) image of the 
film, showing a set of hexagonal sports in the different pattern.                                  

4. Conclusion 
We have developed graphene film directly on silicon substrate by microwave (MW) surface wave plasma (SWP) 
chemical vapor deposition (CVD) at low temperature (500˚C) using hydrocarbon as a source gas. Direct synthe-
sis of graphene (without using catalyst) on silicon substrate is possible due to high radical density of MW SWP 
CVD. In addition, we synthesized four different graphene films on silicon substrate directly with increasing hy-
drogen flow rate (0 to 35 sccm) during deposition. The results showed that the hydrogen had significant role for 
improving quality of graphene because hydrogen can control the grains shape and dimension by etching away 
the weak carbon-carbon (amorphous and other oxidized carbon) bonds. 
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