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Abstract 

By using electron beam evaporation under appropriate conditions, we obtained graphene intercalated sheets on 

Si(111) with an average crystallite size less than 11nm. The formation of such nanocrystalline graphene was 

found as a time-dependent function of carbon deposition at a substrate temperature of 1000°C. The structural 

and electronic properties as well as the surface morphology of such produced materials have been confirmed by 

reflection high energy electron diffraction, Auger electron spectroscopy, X-ray photoemission spectroscopy, 

Raman spectroscopy, scanning electron microscopy, atomic force microscopy and scanning tunneling 

microscopy. 
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I. Introduction 

In recent years, graphene nanosheets have 

attracted much attention as an excellent 

material for the fabrication of power sources 

based on carbon compounds for various 

applications such as portable electronic 

devices, electric vehicles, and energy storage 

systems due to the high energy density, high 

operating voltage and low self-discharge rate. 

Known as the case of rechargeable lithium ion 

batteries (commercial Li-ion cells), graphite 

is commonly used as an anode electrode 

because of its high coulombic efficiency, 

acceptable specific capacity and cyclic 

performance by forming intercalation 

compounds from Li and C atoms as LiC6 [1, 2]. 

However, theoretical specific capacity of the 

three dimensional graphite within the sp2 

carbon structure is quite low because of the 

limited Li-ion storage sites [3, 4]. Then, an 

alternative has recently been reported as 

graphene - the thinnest material made from a 

single layer of sp2 bonded carbon atoms in a 

two-dimensional honeycomb crystal lattice, 

which possesses outstanding electrical, 

optical, thermal, and mechanical properties 

[4-9]. Therefore, enormous efforts during 

the past ten years have been devoted to grow, 

transfer and characterize graphene on various 

substrates using many different methods such 

as mechanical exfoliation of highly oriented 

pyrolytic graphite (HOPG)[4], chemical vapor 

deposition (CVD) on metal substrates[10], 

electron beam evaporation [11-12], epitaxial 

growth on bulk SiC by thermal decomposition [13], 

etc. Although the aim is to produce large scale of 

graphene sheets for high-performance metal-

oxide-semiconductor field-effect transistors 

(MOSFETs), graphene nanosheets become 

bigger advantages for energy storage due to 

their capacity in the same given volume of 

containers, which qualify as a potentially 

promising anode material for lithium ion 

batteries [14-15]. Therefore, finding a 

suitable method in order to produce a such 

nanosheets of graphene is highly desirable. 

However, production of such graphene 

nanosheets for that application is up to now 

only from using water suspension of graphene 

oxide (GO), followed by thermal reduction of 

deposited multilayers in order to obtain reduced-

graphene oxide (rGO). Reduction of GO into 

graphene-like sheets results in a graphitic 

structure, but it still contains many defects[16, 17] 

which could impact more or less on the electrical 

conductivity of graphene. In addition, the uniform 

control of graphene nanosheets attached on the 

electrode plate for obtaining the optimal 

performance of device is also a challenge. To 

compete with this technique in the growth of a such 

nanocrystalline graphene for those potential 

applications, we developed a process to 

produce a free-standing graphene 
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intercalated nanosheets (3D porous-like 

structure) made of a few graphene layers on 

Si(111) by using an electron beam 

evaporation (EBE) in ultrahigh vacuum (UHV). 

EBE is considered as a potential method to 

produce super-clean and high quality of thin 

films on any arbitrary semiconductor 

substrates due to its in-situ deposition of 

atoms in UHV compared to other ones. From 

experimental evidences, it was found that the 

evolution of our porous graphene materials on 

Si(111) acts as a function of the growth time 

during carbon atoms deposition at a substrate 

temperature of 1000°C. The structural and 

electronic properties of our graphene nanosheets 

were examined in detail by reflection high 

energy electron diffraction (RHEED),Auger 

electron spectroscopy (AES), X-ray 

photoemission spectroscopy (XPS), Raman 

spectroscopy. In particular, we present here 

scanning electron microscopy (SEM),atomic 

force microscopy (AFM) and scanning tunneling 

microscopy (STM) images which establish 

unambiguously the graphitic nature of such 

materials. 

II. Experimental details

Si(111) (ρ> 50 Ω.cm, n-type) samples are 

obtained by annealing (up to 1000°C) in UHV 

(pressure below 2.0 × 10-10 mbar) until a nice 

7×7 reconstruction is observed in RHEED and 

STM. Carbon is deposited using an e-beam 

evaporator from Tectra GmbH with a graphite 

rod of 99.997% purity from Goodfellow 

Cambridge Ltd. Silicon is evaporated from 

resistively heated n-type silicon in the same 

chamber where carbon is deposited. The samples 

are prepared in situ by evaporating carbon on the 

Si(111) surface at a substrate temperature of 1000°

C (measured with an IR pyrometer). The carbon 

deposition rate is measured by a quartz crystal 

oscillator. The pressure in the chamber is kept 

below 1.0 × 10-8 mbar during the evaporation. 

The experimental procedure for obtaining 

graphene nanosheets on Si(111) as described 

in Fig. 1. 

First, the Si(111) surface is carbonized for 30 

min at a substrate temperature of 800 ° C, 

followed by  

slowly heating to 1000°C (as detailed by Liu et 

al. [18] in order to obtain a good crystallinity of 

3C-SiC film). After one hour for SiC formation 

at this temperature under carbon and silicon flux 

(the rate of Si and C is approximately ∼1.5:1 in 

Fig. 1: A growth process for the formation of 

graphene nanosheets on Si(111) 7×7 substrate. 

Solid black line stands for C and Si flux ON. 
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which carbon evaporation rate is held constant 

at 7×1014 atoms.cm-2.min-1), we stop the silicon 

and carbon flux and gradually decrease the 

substrate temperature to room temperature. 

Then, we restart carbon deposition on top of the 

sample for obtaining a few carbon layers 

(amorphous carbon) at this room temperature. 

After that, we slowly heat the sample (in about 

4min) up to 1000°C during carbon deposition 

for various growth times as 1 hour (sample #1), 

3 hours (sample #2), 5 hours (sample #3), 7 

hours (sample #4). The carbon flux is then shut 

off and the sample is cooled down to 200°C at 

20°C.min-1 and finally, free-cooled to room 

temperature. 

Reflection high energy electron diffraction 

(RHEED, Riber), Auger Electron Spectroscopy 

(AES, Omicron) and STM (VP2 from Park 

Instrument) analyses were performed in situ 

while Raman, XPS and AFM were performed 

after transportation in the atmosphere. XPS 

analysis was made with a K-Alpha 

spectrometer from Thermo Scientific with a 

monochromated Al Kα X-raysource (1486.6eV) 

and a resolution of 0.1eV. Raman scattering 

measurements were performed using a 

LabRamHR system with a 514nm laser 

excitation source and an objective of 100×. No 

outgassing was possible before performing the 

XPS, the Raman and the AFM measurements. 

The SiC and HOPG crystals used as references 

were analyzed in the same chambers after 

outgassing at 600°C for several hours (except 

for the XPS and Raman measurements). An 

oxide layer is still present on the SiC after 

such outgassing [19] while the HOPG showed 

no oxygen contamination. 

III. Results and discussion

Fig. 2 shows the RHEED patterns of the sample 

after 

SiC growth and followed by carbon layers 

deposition. 

As observed, the diffraction rings are visible 

in the RHEED patterns of the sample #1 after 

carbon deposition on top of SiC layers 

although they are still very faint. Besides SiC 

streaks, some Si faint spots could still be 

observed on the surface which is probably 

diffused from the substrate [20]. The rings 

appear more clearly in the samples #2, #3 

together with very faint SiC streaks, meaning 

that carbide formation on the surface still 

occurs during this growth time and the SiC 

streaks disappear from RHEED patterns in the 

sample #4 after more carbon coverage. The 

sharp concentric rings are present for 

polycrystalline graphitic materials on top of the 

samples [12, 21] and position of these rings can 

Fig. 2: RHEED patterns of the respective 

samples under various growth times on Si(1 



(301)

128 j.inst.Korean.electr.electron.eng.Vol.21,No.3,297∼308,September 2017

be determined as marked in the RHEED image 

in Fig. 2. 

Based on this RHEED technique, the diffraction 

ring canbe expressed by 

,
L
R2 Bragg =θ=α (1) 

withθBragg is very small, R is the ring radius and 

L is the distance from the sample to the 

phosphor screen. Combining (1) with the Bragg 

condition, the lattice spacing for hexagonal 

graphitic structure of a reciprocal lattice point 

with indices (hkil) will be found 

,
R
Ldhkil

λ
= (2) 

where L and λ are known, R is measured 

directly on the screen. By using the rings (0002) 

and (1014) in the sample #3, the lattice spacing 

in (2) is found to be ∼ 3.39 Å which is very close 

to the expected value for adjacent layers of 

graphite 3.35 Å (error about 1.1%). Indeed, the 

derivatives of AES spectra around the CKLL 

transition on our samples were recorded in Fig. 

3(a). Compared with the spectra of SiC and 

HOPG, it is clear that the shape of the curve of 

the sample #1 is similar to the one of SiC while 

the samples #2, #3, #4 are similar to the one 

of HOPG. The energy difference D between the 

maximum and the minimum of the curve was 

measured ∼ 22.6 eV for samples #2 → #4 as in 

HOPG and∼ 11 eV for sample #1 as in SiC. 

The graphitic properties of the carbon film on 

three samples #2, #3, #4 and the carbide on 

sample #1 are further confirmed by XPS data 

on C1s core level shown in Fig. 3(b). The 

spectrum shape of sample #1 is very similar 

to the SiC spectrum (except for the weaker 

component at 285.5 eV, which corresponds to 

the native oxide found on SiC[19]) while the 

others look similar with the one of HOPG. One 

can see that a transition from Si-C bonds to 

C-C bonds occurs gradually in those samples 

when the growth time is longer. The main 

peak of sample #2 appears at 284.7 eV 

(corresponding to C-C bonding) which is 

practically identical to the one of HOPG while 

a weaker component is still observed at 283.3 

eV (corresponding to Si-C formation). This 

component is strongly reduced in sample #3 

and disappeared in sample #4 with thicker 

graphitic carbon formation. It is consistent 

with the appearance of the faint SiC streaks in 

sample #2 and no longer observed in sample 

#4 as proposed by the RHEED patterns.  

Raman measurements were performed using a

Fig. 3: (a) Differentiated AES spectra around 

the CKLL transition after carbon growth on top 

of the preformed SiC layers on Si(111) at 

1000°C with different time of carbon deposition 

(samples #1 → #4); (b) C 1s XPS spectra 

recorded on corresponding samples (HOPG 

and bulk SiC as references). 
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514 nm (2.41 eV) laser source to investigate 

the vibrations related to C-C bonds in the 

samples. The Raman spectra of four studied 

samples together with the commercial multi-

wall carbon nanotubes (MWCNTs) and CVD 

single layer graphene (SL), included for 

comparison as plotted in Fig. 4 (a). The data 

reveals that the sample #1 does not show the 

typical sp2 related signatures of C-C bonds in 

the systems while graphitic bonds are present 

on remaining samples in which the appearance 

of G (1587 cm-1), 2D (2696 cm-1) and 

defect-related D (1350 cm-1) and D' (1620 

cm-1) bands confirm the graphitic nature of 

the grown layers, in good agreement with our 

AES and XPS characterization. In general, the 

presence of G and 2D bands is considered as 

characteristic for graphene [22]. Thus, it can 

be inferred that graphene layers formed on 

the surface of samples samples #2 → #4.  

Compared to HOPG, a few layers of graphene could 

be grown on our samples. According to our 

experimental process in Fig. 1, a thin SiC layer 

was produced before carbon deposition for 

graphene formation, which may induce a Raman 

shift of graphene related bands. Indeed, the G band 

of epitaxial graphene grown on C- and Si-

terminated SiC has often similar frequency (∼ 1586 

- 1590 cm-1), which is upshifted from ∼ 6 - 10 

cm-1 compared to that of HOPG (∼ 1580 cm-1) [23, 

24]. This is due to stress caused by the lattice 

mismatch between graphene and SiC. However, 

the 2D band is quite different in comparison with 

the one of HOPG (2726 cm-1). For epitaxial multi-

layer graphene on C-face SiC, it is ∼ 2730 cm-1 

(higher) while it is 2702 cm-1 (lower) on Si-face 

SiC [25]. This is attributed to the interface 

interaction between graphene and Si-face SiC (∼ 

30 % of carbon atoms from the first graphene layer 

are covalently bonded to SiC [26, 27]), while such 

covalent bonds are absent at the interface between 

graphene and C-face SiC [13, 27]. The frequency 

of G and 2D bands of our materials is similar to that 

of epitaxial graphene on Si-face of 3C-SiC. A 

similar observation was made by Ouerghi et al. [28] 

who produced epitaxial graphene on Si-face 3C-

SiC/Si(111) in UHV. However, the observation of 

these spectra reveals very intense defect-related 

bands (D and D' bands). By means of peak fittings 

(Lorentzian fittings for sample #4 as a 

representative), a quantitative analysis of the main 

spectral features was carried out and information 

about the intensities and FWHM (Full Width at Half 

Fig. 4: (a) Raman measurements recorded at λ = 

514 nm (Elaser = 2.41 eV) of samples #1, #2, #3, 

#4, MWCNTs and CVD-produced single layer 

graphene; (b) corresponding intensity ratios; (c) 

FWHM of D and 2D bands and (d) crystal size of 

the measured samples derived from the ID/IG ratios. 
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Maximum) of each peak were obtained. Fig. 4(b) 

summarizes the information about the intensity 

ratios ID/IG and I2D/IG of the graphitic samples and 

isolated points represent similar ratios calculated 

from MWCNTs and SL graphene data. The values 

for the I2D/IG ratios, ranging from 0.74 (sample #2), 

0.75 (sample #4) to 1.05 (sample #3) indicate 

highly ordered structures, contrary to the low 

value of 0.44 for MWNTs (decrease in quality due 

to strong treatments for purification and 

functionalization). These high I2D/IG ratio values 

suggest thatthe crystalline areas might be 

constituted of two or more layers of graphene since 

the values of the FWHM of the2D bands for these 

three samples lie around 60 cm-1(see Fig. 4(c)), 

while the value for SL is ∼ 30 cm-1. Although these 

high intensities of the 2D band indicate the 

crystallinity of the samples, the values of the 

ID/IGratios are even larger than the values of the 

I2D/IG ratios. Commonly, the presence of intense 

and broad D bands suggests defects in the honey-

comb network, however, in this case the D bands 

are very sharp (∼ 35 - 40 cm-1in our samples 

contrary to ∼ 60 cm-1 for MWCNTs)which could be 

the indication of particular types of symmetry 

breaking elements like frontiers among polycrystals 

rather than vacancies or bare edges. 

Also, further characterization is underway to 

determine the exact nature of these intriguing 

intense and sharp D bands. For the sake of relating 

the Raman data to crystal sizes, we have used the 

formula derived by Cancado et al.[29]. Results 

indicate an average crystal size of 8-11 nm 

depending on the growth time as shown on Fig. 4(d). 

All studied samples are characterized by 

using SEM technique. Except for sample #1, 

it shows similar surface morphology with the 

formation of small porous-like structure as 

imaged on corresponding samples #2 → #4 

for an illustration in Fig. 5.As observed, our 

materials are vertically aligned to the 

underlying substrate and are randomly 

intercalated to each other forming many small 

domains with dimensional size of 10 - 70 nm 

like a free-standing graphene intercalated 

nanosheets as proposed by Zhang et al.[30]. 

That is the reason why RHEED patterns 

suggest that these domains are randomly   

oriented (see above). In addition, the density

Fig. 5: SEM images taken from all studied 

samples showing the surface morphology of (a) 

sample #1, (b) sample #2, (c) sample #3, (d) 

sample #4. Scale bar is 200nm. (e)& (f)Height 

profiles measured from an inset in (c) and (d), 

respectively show the pore size as well as the wall 

height of our pores.  
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 of nano-pores on the surface increases with 

an increase of the amount of deposited carbon 

atoms on the sample which is clearly 

visible in samples #2 → #4. Also, the wall 

thickness of our porous graphene was 

measured about 1-2nm which equals to about 

3-6 layers of graphene and the wall height of 

such material is estimated from 0 to 

125Ådepending on the area based on means of 

SEM profiling as taken on Figs. 5(e) & (f). 

In order to confirm our above analyses, we 

took some STM and AFM images on the 

sample #3 (best sample) for more precise 

evaluation as shown in Fig. 6. A large-scale 

STM image of 2×2µm2 was performed with a 

root mean square roughness about 3.65 nm as 

presented in Fig. 6(a). The surface of our 

sample is quitely rough with the formation of 

many domains which are made from tiny 

bunches ofsp2 bonded carbon nanosheets. 

This result is consistent with the observation 

of SEM images on this sample. 

Despite that roughness, the atomic resolution is 

still found at smaller scales of 80×80 Å2 (Fig. 

6(b)) together with an inset of ∼ 15×15 Å2 

taken on the same sample. Such an observation 

of triangular shape is in good agreement with 

STM measurements on HOPG which can be 

explained by the fact that the AB stacking of the 

layers in graphite breaks the symmetry, leading 

to two inequivalent carbon atoms per unit cell 

[31]. Therefore, they appear as the bright 

spots (blue dots) in the image where carbon 

atoms with a higher electron density lie 

directly above atoms in the plane below and 

represent only half the total number of carbon 

Fig. 6: (a) Large scale of STM image on sample 

#3: 2×2 µm2 with tiny bunches which could be 

of graphene nanosheets and (b) a nano-scale 

image of 80×80 Å2 with an inset of atomic 

resolution of the AB stacking in graphene layers 

with electronic noise marked by blue arrows. (c) 

Surface topographic AFM images of sample #3 

and (d) the corresponding phase image. 
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atoms in the plane. Furthermore, Fig. 6(c) is 

an AFM surface topography image of sample 

#3, which shows a rather rough morphology 

containing many different grains and the 

corresponding AFM phase image obtained 

inside different graphene grains exhibits only 

weak contrast differences as seen in Fig. 6(d). 

It represents an indication that the differences 

in physico-chemical properties among the 

different grains are not large. In other words, 

our materials are homogeneous on this sample. 

This is in accordance with our XPS, Raman, 

SEM and STM analyses on this sample.  

IV. Conclusions

In conclusion, we have grown free-standing 

graphene intercalated nanosheets as 3D 

porous graphene materials on Si(111) 

through the prior formation of several SiC 

layers, followed by a few layers of amorphous 

carbon deposited at room temperature which 

could act as a barrier to prevent out-diffusion 

of silicon atoms from the substrate during 

graphene formation at a substrate 

temperature of 1000°C. The experimental 

results confirmed a determinant influence of the 

growth time on the crystal evolution of 

graphene formation on Si(111). Especially, we 

obtained the real space SEM, AFM and STM 

images for an interpretation on the micro-

/nano-structural properties of such 3D 

graphene materials.  
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