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Abstract. Single layer graphene was fabricated on the Si face of silicon carbide through thermal 
decomposition. The thickness of graphene was checked by a combination of ex situ Kelvin probe 
force microscopy together with Raman spectroscopy and atomic force microscopy. The amount of 
residual strain induced was calculated to between 1.3% and 0.7%. Results also show that the 
magnitude of strain increased with growth time while the uniformity of strain improved. 

Introduction 
Graphene is a two dimensional carbon allotrope with carbon atoms being sp2 hybridized and 

densely packed into a hexagonal honeycomb lattice. It has attracted much attention as one of the most 
promising material in microelectronic field. For graphene grown on semi-insulating SiC substrates, 
devices can be fabricated directly without additional transfer to another insulator. Therefore, 
fabrication of graphene through thermal decomposition on SiC has been extensively investigated 
[1].Growth of epitaxial graphene on SiC (0001) (Si face) is of particular interest as it is relatively 
easier to control the thickness of graphene on Si face [2].  

In the previous studies, atomic force microscopy (AFM) and scanning electron microscope 
(SEM) were widely used to confirm the thickness of graphene [3]. However, due to the step 
morphology of SiC substrate, determination of graphene thickness by standard AFM characterization 
is infeasible. On the other hand, though sectional SEM images could provide direct number of 
graphene layers, the morphology of graphene in horizontal direction is lacking. In this paper, a 
convenient way to characterize the grown surface is provided by Kelvin probe force microscopy 
(KPFM). KPFM is a noncontact variant of AFM coupled with electrostatic force measurements. The 
obtained surface potential mapping was used to study nanoscale variations of graphene.  

In contrast to exfoliated graphene films, the nature of epitaxial graphene is effected remarkably 
by the interaction with substrate. Graphene has a negative thermal expansion coefficient between the 
growth temperature and room temperature while SiC holds a positive one. Therefore, large 
compressive strain exists in graphene fabricated on SiC. To apply graphene to electronic devices, the 
distortion of graphene should be explored thoroughly. Ferralis et al. [4] investigated the magnitude 
of the compressive strain by adjusting the growth time at fixed annealing temperature. However, the 
thickness of graphene, which will also influence the residual strain, changes with varied growth time. 
In this paper, single layer graphene was grown and compared to investigate the residual stress. 
Graphene samples were grown at different growth time with thickness confirmed by Raman 
spectroscopy and KPFM. 
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Experimental Procedure 
Epitaxial graphene was prepared in a home-made conventional physical vapor transport growth 

system [5]. During the growth, a graphite enclosure was employed to provide the essential 
confinement for silicon sublimation. The substrates were nominally on-axis semi-insulting 4H-SiC 
wafers grown by Shandong University which were chemomechanically polished on the Si face. 
Before graphitization, an etching by hydrogen at 1600 °C took place to remove subsurface damage. 
Graphene was then grown under Argon atmosphere of 800 mbar. Single layer graphene films were 
systhisized after 10 min at 1620 °C, 30 min at 1610 °C and 50 min at 1600 °C, separately. 

A JobinYvon-Horiba HR800 spectrometer was used to obtain micro-Raman spectroscopy. The 
as-prepared graphene surface was characterized by AFM and KPFM through a Dimension Icon 
scanning probe microscope of Veeco Instruments. 

Results and Discussion 
In this paper, KPFM associated with Raman spectroscopy was utilized to characterize the 

thickness of graphene. To demonstrate the accuracy of this measurement, graphene samples of 
different thickness were fabricated through varied growth time from 10 min to 50 min at a fixed 
growth temperature of 1650 °C. Substrates with only hydrogen etching were also measured for 
comparison, referred as 0 min growth.  

Typical Raman maps of 2D band intensity are shown in Figure 1, Figure 1(a)-(d) represent 
substrates after 0 min, 10 min, 30 min and 50 min growth respectively. During the hydrogen etching, 
no graphene was formed. After 10 min anneal under argon, it can be observed that area with graphene 
characteristic peak began to emerge. With a prolonged growth time of 30min, graphene spreaded out 
to most of the surface. For substrates after 50 min growth, graphene has covered the whole surface.  

 

 
Figure 1 Raman image plotted by intensity of the 2D band for graphene fabricated at (a) 0min 

(b)10min (c)30min (d)50min and (e)the interpretation of Raman spectra  
 

Note that the first carbon layer grown on the Si face of SiC is known as buffer layer which has 
strong covalent bonds with substrate. Thus, the buffer layer exists neither graphitic electronic 
properties nor typical graphene Raman figures. The next carbon layer on buffer layer starts to behave 
electronically like an isolated graphene sheet and is therefore regarded as the first graphene layer. 
The buffer layer can be identified by broad features between 1200 and 1665 cm−1 [6]. Results showed 
that buffer layer existed in the dark area of Fig1 (b) and (c), the Raman sepctrum of buffer layer and 
the interpretation of graphene are shown in Fig 1 (e). 
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By utilizing Raman mapping, graphene can be clearly distinguished. However, Raman studies 
of multilayered graphene were conducted by comparing the intensity ratio, shape or linewidth of 2D 
peak, which is relatively complicated [7]. In this paper, KPFM was utilized to characterize the 
thickness of graphene on same samples, results are shown in Figure 2. Figure 2 (a)-(d) are the 
morphology of substrates after 0 min, 10 min, 30 min and 50 min growth measured by AFM, Figure 
2 (e)-(h) are the corresponding potential map measured by KPFM. For substrate with only hydrogen 
etching, the surface potential remained a constant across all region, demonstrating that the step 
morphology of substrate has no effect on surface potential. After 10 min growth, area with higher 
surface potential appeared at the step edge. Compare with the distribution of Raman spectrum, it can 
be inferred that the higher potential area correspond to graphene. In a similar way, we can determine 
that, after 30 min growth graphene spreaded out from step edge to the terrace. For samples after  
50 min growth, higher potential area appeared at the step edge again. As Raman spectrum had proven 
that the whole surface covered by graphene, we suppose that the higher potential area has a thicker 
graphene layer. With the combination of KPFM and Raman spectroscopy, growth trend and thickness 
of graphene can be clearly distinguished. 

 

 
Figure 2 KPFM potential distribution image (upper layer) and corresponding AFM morphology 
(lower layer) for graphene fabricated at (a) (e) 0min (b) (f)10min (c) (g)30min and (d) (h)50min 

 
Structural strain of graphene was investigated by the peak shift of Raman spectrum. G peak is 

often chosen in investigation of exfoliated graphene. However, the second order Raman signal of SiC 
overlaps with the G peak of  Raman spectrum. On the other hand, the 2D peak of graphene is not 
affected by characteristic peaks of SiC. Besides, peak position of 2D peak changes little by electron 
density when it is less than 3.2×1013cm-2 [8].  In our samples, the electron density was around 
1×1013cm-2. Therefore, 2D peak was chosen instead of G peak to characterize the residual strain. The 
relationship between 2D peak shift ∆ω and compressive strain ϵ is given by 

∆ω ω⁄ = −𝛾𝛾2𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡,                                                                                                                   (1) 
  
where 𝛾𝛾2𝐷𝐷is the mode Gruneisen parameter. Raman peak shift of 2D band with varied growth 

time is shown in Figure 3. All data were derived from single layer graphene confirmed by KPFM and 
Raman spectroscopy. The samples were obtained at different growth time by varying temperature. 
For samples after 10 min, 30 min and 50 min growth, the growth temperature was 1620 °C, 1610 °C 
and 1600 °C under Argon atmosphere of 800 mbar. Results show that the compressive strain 
increased with the increasing growth time. The value of strain can be varied from 0.7% to 1.3%. 
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 The strain induced by temperature can be calculated by  

1 (1 − ϵ)⁄ = 𝑒𝑒𝑒𝑒𝑒𝑒 �∫ 𝑑𝑑𝑑𝑑∆𝛼𝛼(𝑑𝑑)𝑇𝑇𝑠𝑠
𝑅𝑅𝑇𝑇 �,                                                                                                 (2) 

 
where RT is room temperature, 𝑑𝑑𝑠𝑠 is the growth temperature, ∆𝛼𝛼(𝑑𝑑) is the difference in thermal 

expansion coefficient between graphene and SiC. According to this formula, the strain will increase 
with higher growing temperature. However, the strain was decreased in our samples with high 
growing temperature and less growing time, indicating that the increase of strain was caused by 
growth time. Although a short annealing time could decrease the strain, the uniformity of strain across 
the sample deteriorated. Only after long annealing time mechanical equilibrium between epitaxial 
graphene and substrate can be achieved. To obtain high quality graphene layer, both the magnitude 
and the homogeneity of strain should be taken into consider.  

 

 
Figure 3 Raman 2D peak position for graphene fabricated at different annealing time 

Summary 
In summary, single layer graphene was confirmed by a combination of Raman and KPFM. 

Besides, Raman spectroscopy was used to assess the strains in graphene samples. For graphene 
fabricated under annealing time between 10 minutes to 50 minutes, the strain varied between 1.3% 
and 0.7%.  
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