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Abstract 

The effects of the surface roughness of a silicon dioxide substrate on the 

mechanical properties and Raman scattering of graphene prepared by chemical vapor 

deposition were investigated. Analysis of the Raman spectra of the graphene indicated 

that the strain induced on areas with different surface roughness was the main cause 

of a shift in the 2D band. Phonon scattering decreased the phonon velocity and the full 

width at half-maximum of the 2D band. Owing to the greater surface roughness, the 

shear stress was much greater at the interface between the graphene and the substrate 

than in other areas. These results provide a method of enhancing the interfacial 

strength to avoid device instability. 
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1 Introduction 

Graphene has attracted considerable scientific and technological interest since its 

discovery in 2004 [1, 2] owing to its unique properties, such as high carrier mobility 

[3] and intrinsic strength [4-6]. Because of these unusual properties, tantalizing 

potential applications of graphene, ranging from field effect transistors to chemical and 

biochemical sensors, have emerged [7-9]. However, to realize practical graphene 

devices, many problems must be solved, such as band gap control, morphology 

control, and interfacial engineering between graphene and the substrate. 

The properties of graphene are very sensitive to the environment; for instance, a 

supporting substrate causes adsorption on the surface of graphene [10]. These effects 

have been reported, but the interface structure between graphene and the substrate 

surface is not yet well understood. A recent theoretical study by Gao et al [11, 12] 

reported the van der Waals (vdW) force between graphene and its substrate. It 

predicted that the adhesion energy depends sensitively on the morphology, which in 

turn depends on both the surface roughness and bending modulus of graphene. 

However, the factors influencing the surface roughness of graphene are unclear. 

Recent experiments using a combined scanning electron microscopy/atomic force 

microscopy/scanning tunneling microscopy (SEM/AFM/STM) technique indicated 

that the graphene partially conforms to the underlying SiO2 substrate and is 60% 

smoother than the SiO2 surface [13]. It was further revealed that graphene and 

few-layer graphene partially follow the surface morphology of various substrates (e.g., 

GaAs, InGaAs, and SiO2) [14]. Xiong and Gao discovered that the corrugation of 

graphene on the substrate is not affected by the surface amplitude but increases as the 

surface wavelength increases [15]. Researchers have also examined the effects of the 

substrate roughness. However, few studies have focused on the effects of the substrate 

surface roughness on the mechanical properties and Raman scattering of graphene. 
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Raman spectroscopy (RS) has proven to be a key diagnostic tool for identifying 

the number of graphene layers and obtaining their physical properties [16]. 

Researchers have recently published works regarding RS studies of the mechanical 

strain. Jie et al. presented in-situ and real-time Raman spectra of graphene under 

controllable biaxial conditions in a graphene/lead magnesium niobate–lead titanate 

hybrid system, which imposed compressive biaxial strain on the graphene, resulting in 

a blue shift in the 2D band [17]. Previous studies demonstrated that variations in the 

Raman 2D band of graphene can serve as a spectroscopic fingerprint for detecting 

induced strain in graphene [18, 19]. In addition, the high sensitivity of the 2D peak 

frequency ω2D to the phonon velocity vTO will influence the Raman spectral features 

with even a slight change in the structure of graphene due to the vdW interaction. 

In this study, we demonstrate the effects of the surface roughness of substrates 

obtained by various methods on the properties of graphene, such as the shear stress, 

tensile strain, and Raman scattering obtained using RS and AFM. 

2 Experiments 

First, 300-nm-thick silicon dioxide was formed on a highly n-doped silicon 

substrate by thermal oxidation at 1000 ℃. Reactive-ion etching was employed to 

form holes using lithography to obtain flat and patterned substrates. Fig. 1a present 

the SEM image of the substrate. Finally, the graphene was transferred to the substrate 

as shown in Fig. 1. The Au/TiW electrode shown in Fig.1c is for the further study of 

graphene-based field effect transistor. The graphene samples were prepared by 

chemical vapor deposition on the copper substrate as in previous research. The 

graphene grown on Cu foils was deposited onto SiO2/Si substrates of different 
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thicknesses using the standard transfer method [20]. 

AFM was employed to measure the morphology and surface roughness of the 

graphene samples. The measurements were performed in tapping mode to avoid 

damaging or modifying the graphene. 

3 Results and discussion 

Fig. 1(b) presents an AFM micrograph of a sample, showing that the cavity and 

the 300-nm-thick SiO2 layer are both covered with graphene (C-graphene and 

S-graphene, respectively). Fig. 1(b) also shows that the transfer process generated 

wrinkles, folds, and cracks in the graphene, which also appear in Figs. 1(c) and 1(d). 

In Fig. 1(c), we cannot distinguish the graphene covering the cavity because its high 

light transmittance produces a lower contrast ratio with the substrate [21]. 

Consequently, SEM was used to demonstrate that the graphene was pulled into the 

cavity rather than suspended on it. 

The morphologies of the cavity and the 300-nm-thick SiO2 layer are considered 

in order to understand the differences between S-graphene and C-graphene. The 

morphologies can be characterized according to the surface roughness. The average 

roughness parameter Ra is used to denote the surface roughness, which is defined as  

                          xZ
L

R
L

d
1

0
a ∫= ,                        (1) 

where Z is the height of the surface relative to the baseline, and L is the length of the 

sample [22]. The results for the surface roughness and surface morphology are shown 

in Figs. 2 and 3, respectively. In Figs. 2(b) and (d), the surface roughness of the cavity 
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according to Equation (1) is larger than that of the 300-nm-thick SiO2 layer, which 

corresponds to the 3D morphology of the structure, as shown in Fig. 3. 

We also investigated the Raman spectra of graphene covering flat and patterned 

substrates to investigate the effects of the substrate surface roughness on the 

interfacial force, strain, and Raman scattering under ambient conditions. The Raman 

information for the graphene was obtained using a micro-Raman spectrometer 

(Horiba Jobin-Yvon) with a spectral resolution of ~1 cm
-1

 and an excitation laser with 

a wavelength of 532 nm. The power on the sample was maintained at less than 2 mW 

to avoid damaging or heating the graphene. Fig. 4(a) presents Raman spectra obtained 

from the S-graphene and C-graphene in Fig. 1(c). The spectrum of the S-graphene 

shows two prominent Raman peaks-G and 2D-located at ~1588 cm
-1

 and ~2683 cm
-1

, 

respectively, indicating substantial p-type charge doping. Another asymmetric peak 

called the D+D′′ mode is observed near 2450 cm
-1

, indicating a two-phonon process 

involving the contributions of a transverse optical (TO) and longitudinal acoustic (LA) 

phonon [23]. The G and 2D peaks are also prominent in C-graphene, and their special 

features are shown in greater detail in the Raman spectrum of C-graphene than in that 

of S-graphene. The G peak frequency for C-graphene is ~1 cm
-1

 lower than that for 

S-graphene; this difference is negligible, which may demonstrate that the degree of 

charge doping in C-graphene and S-graphene is equal. The 2D peak of C-graphene 

located at ~2678 cm
-1

, which is ~5 cm
-1

 lower than that of S-graphene. In addition, the 

full width at half-maximum (FWHM) values for C-graphene and S-graphene are 36 

cm
-1

 and 27 cm
-1

, respectively. One notable difference between the two types of 
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graphene is that D+D′′ is absent in C-graphene. As shown in Figs. 4(b) and 4(c), the 

2D bands of S-graphene and C-graphene are fitted by Lorentz fitting and divided into 

four peaks. 

To discuss the difference between S-graphene and C-graphene in detail, we 

present the maps of the G peak intensity (IG), 2D FWHM, and 2D peak frequency 

( D2ω ) in Figs. 4(e), 4(f), and 4(g), respectively. In Fig. 4(a), we see that the 2D peak 

frequency of C-graphene is distributed in a range between ~2674 cm
-1

 and ~2680 cm
-1

. 

However, the frequency of S-graphene is much higher than that of C-graphene, which 

is consistent with the results of point Raman measurements. The difference between 

the FWHM of the 2D peaks of S-graphene and C-graphene varies with the 2D peak 

frequency. The FWHM of C-graphene is smaller than that of S-graphene. In addition, 

the intensity of the G-band in C-graphene is moderately lower than that in S-graphene, 

as shown in Fig. 4(e). 

The difference in surface roughness between the 300-nm-thick SiO2 layer and 

the cavity is attributed to the difference in nanoparticle distribution. The intensity of 

scattering is related to the number of atomics (nanoparticles) distributed on the 

surface: more atomics produce a higher intensity of scattering. In Figs. 4(a) and 4(e), 

the intensities of the G band and the 2D band in the Raman spectra differ. The film’s 

surface condition is responsible for the Raman scattering of graphene. According to 

the equation proposed by Basko [24],  

                   ( )
( ) ( )

2
3

22

1

−

























 −

Γ
+−∞

3
2

2
D

2D
2D

24
d

dI
ωω

ω
ω ,                 (2) 
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where 2Dω  and 2DΓ  denote the central frequency and FWHM of the 2D band, 

respectively. The linewidth of the 2D band feature (i.e., the FWHM) is expected to be 

given by 

                         eh

F

TO3
2

2D γ
ν

ν
124Γ −= ,                   (3) 

where )ν(ν FTO  is the phonon (Fermi) velocity, defined as the slope of the photonic 

(electronic) dispersion at the phonon (electron) momentum corresponding to a given 

laser energy, and 
ehγ  is the electronic broadening parameter. As indicated by 

Equations (2) and (3), the factor 
F

TO

ν

ν
 plays an important role in determining the 

linewidth (FWHM) of the 2D band when 
ehγ  is constant. As discussed above, the G 

band of the Raman spectrum shifts slightly; in particular, EF (the Fermi level) changes 

slightly, which can be ignored. Because it is defined as 

                             
e

F
F

m

2
ν

E
= ,                         (4) 

Fν  can be regarded as a constant. Therefore, TOν  is responsible for the change in 

the linewidth. Because the solid is not a prefect vacuum, the phonon can be scattered 

naturally by the crystal lattice and defects originating in the solid, and the particles 

can be scattered from each other. The surface roughness of the cavity is greater than 

that of the 300-nm-thick SiO2 layer. The scattering process of the phonon in the cavity 

is quite active compared with that in the SiO2 layer. These phenomena cause the 

phonon velocity to decrease. Therefore, the FWHM of graphene in the flat area is 

higher than that in the cavity. 

Raman mapping, as shown in Fig. 4(g), reveals a significant shift in the 2D peak 
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depending on the distribution of the local strain in the graphene. Therefore, it is 

desirable to investigate the difference in strain between S-graphene and C-graphene. 

The red line in Fig. 5 shows the 2D peak frequency along the position. The 2D peak 

frequency of the graphene covering the cavity is much lower than that of S-graphene. 

However, the 2D peak frequency of the graphene on the 300-nm-thick SiO2 layer 

varies somewhat. Using the formula proposed by Mohiuddin et al. [25], we can 

calculate the exerted strain according to the Raman peak position shift as follows: 

                               
ε)ν-1ω2

ω∆
γ

0（
= ,                     (5) 

where γ  is the Grüneisen parameter, ω∆  is the Raman frequency shift with applied 

strain, 0ω  is the Raman frequency without applied strain (2700 cm
-1

), ν  is the 

Poisson ratio of the substrate material, and ε  is the strain induced on the sample. In 

this work, for the Grüneisen parameter of the 2D band, we use a value of 2.7 derived 

using the shift in the Raman peak. The strain in the graphene is calculated using 

Equation (5); the results are indicated by the black line in Fig. 5. The strain in the 

graphene is tensile strain due to the 2D peak’s blue shift from 2700 cm
-1

. C-graphene 

experienced a tensile strain of 0.3 %~0.45 %, and the strain in S-graphene was 

0.2 %~0.3 %. 

Assuming that the shear stress at the interface between the graphene and the 

substrate is balanced by the variation in the strain, the shear stress ( τ ) can be 

estimated using Equation (6): 

                            
Etdx

τσd
−= ,                           (6) 

where σ  is the strain in the graphene shown in Fig. 3, x is the distance along the 
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position, E is the Young’s modulus of graphene, and t is the thickness of the graphene 

[26]. The slopes of the lines in Fig. 3, i.e., 
xd

σd , are displayed in Fig. 6. The slopes 

of the line in the area of the 300-nm-thick SiO2 layer remain stable, whereas they 

fluctuate greatly in the cavity area. Considering Equation (6) and Fig. 6, we deduce 

that C-graphene undergoes greater shear stress than S-graphene. 

The inner stress induced by mismatch between films and substrates can increase 

the surface roughness. Inversely, the surface roughness of the substrate can cause 

stress in films. To analyze this concept simply, the thickness of the film is defined as  

                       ( )
λ

xπ2
cosqhxh o += ,                       (7)  

where q is the distance to the baseline, and λ  is the wavelength of the cycle. Under 

the conditions of λq <<  and the first-order approximation, the enhanced surface 

energy in one cycle can be defined as 

                          
λ

γ
π∆

2
2 q

WS = .                        (8) 

On the other hand, the ascending surface energy is equal to the work done by the 

surface tension stress at constant temperature and pressure; i.e., 

                   
λ

γ
π∆dσdε

2
2 q

WAAE s === ,                     (9) 

where - ε  is the strain under the surface tension stress. According to Equation (9), 

when the Young’s modulus of graphene is constant, the strain induced in the graphene 

is related to q: a larger q leads to greater strain. As mentioned previously, the surface 

roughness of the 300-nm-thick SiO2 layer is smaller. To facilitate the analysis, the 

surface of roughness is regarded as q. Thus, compared with the strain in the 
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300-nm-thick SiO2 layer, the strain distributed in the cavity is quite high, which is 

consistent with the blue shift of the 2D band in the Raman spectrum. 

4 Conclusions 

The effects of the surface roughness of SiO2 on the mechanical properties and 

Raman scattering of graphene were presented. Raman features, particularly the peak 

frequency and FWHM of the 2D band, differed significantly depending on whether 

the graphene was placed on a 300-nm-thick SiO2 layer or on a cavity. It is concluded 

that the peak shift of the 2D band was due to the strain induced by the difference in 

the surface roughness. The high surface roughness of SiO2 compared with the cavity 

leads to a higher surface energy and greater strain induced by the tension stress of the 

surface. The phonon scattering process, which is affected by the surface roughness, is 

responsible for the reduced phonon velocity TOν , which narrows the FWHM of the 2D 

band in the cavity. The shear stress at the interface between the graphene and the 

substrate is much greater in the cavity owing to the greater surface roughness. These 

results have important implications for graphene nano-devices fabricated on silicon 

oxidation layers with different thicknesses using various techniques, and they provide 

a method of enhancing the interfacial strength and thereby ensuring the stability of 

such devices. 
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Figure captions 

 

FIG. 1. (a) SEM image of the patterned substrate. (b) Graphene covering 

substrate characterized by AFM combined with confocal laser microscopy. 

Below is the section analysis of sample, which can offer detailed information 

about sample height; (c) confocal laser microscopy and (d) SEM images of 

graphene covering substrate. 
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FIG. 2. AFM analyses of surface roughness of 300-nm-thick SiO2 layer and cavity, 

respectively. (a) and (c) AFM images of sample; (b) and (d) section analyses of 

surface roughness. 
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FIG. 3. (a) and (b) 3D images of sample morphology. 
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FIG. 4. Raman analysis of graphene located in the area shown in Fig. 1(d). (a) 

Raman spectra of graphene; (b) differences in 2D band of Raman spectra; (c) 

Lorentz fitting of 2D band of graphene covering 300-nm-thick SiO2 layer; (d) 

Lorentz fitting of 2D band of graphene covering cavity; (e) Raman map of G 

peak intensity; (f) Raman map of FWHM of 2D peak; (g) Raman map of 2D 

peak frequency ( D2ω ). 
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FIG. 5. 2D peak and mechanical strain distribution along the position on the 

substrate. Red line represents 2D peak frequency; black line represents strain 

distribution. 
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FIG. 6. Relationship between dXdStrain / and position. 
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