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Raman analysis of epitaxial graphene on 6H-SiC (000N1/ substrates under low
pressure environment�
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Abstract: This article investigates the formation mechanism of epitaxial graphene on 6H-SiC .000N1/ substrates
under low pressure of 2 mbar environment. It is shown that the growth temperature dramatically affects the forma-
tion and quality of epitaxial graphene. The higher growing temperature is of great benefit to the quality of epitaxial
graphene and also can reduce the impact of the substrate for graphene. By analyzing Raman data, we conclude
that epitaxial graphene grown at 1600 ıC has a turbostratic graphite structure. The test from scanning electron mi-
croscopy (SEM) indicates that the epitaxial graphene has a size of 10 �m. This research will provide a feasible
route for fabricating larger size of epitaxial graphene on SiC substrate.
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1. Introduction

Graphene, a single atomic layer of flat graphite, has at-
tracted much interest due to its outstanding electrical, physical,
thermal, and chemical propertiesŒ1�. Graphene was regarded as
one of the candidate materials, aiming at breaking the physical
limits effect of Si technology and extendingMoore’s law in the
post-CMOS eraŒ2�. Therefore, investigating a feasible route of
producing graphene in a large size with low impurities and de-
fects is an important and valuable topic.

At present, there are three main methods for fabricating
graphene, i.e., the chemical vapor deposition (CVD) growth
of carbon on metals, exfoliation of highly oriented pyrolytic
graphite (HOPG) and epitaxial graphene grown on silicon car-
bide (SiC) substrate. As is easily compatible with the current
CMOS technology, epitaxial graphene has been the focus of
much attention for making graphene-based devicesŒ3; 4�. How-
ever, there are many factors affecting the formation of epitax-
ial graphene on SiC substrate, such as the type of substrate, the
surface structure of substrate, the growing pressure and temper-
ature and timeŒ3�. Former experiments mainly fabricated epi-
taxial graphene under ultra high vacuum (UHV)Œ5�8� and argon
atmospheric pressure conditionsŒ9�. Epitaxial graphene made
in UHV condition has only a size of 100 nm at mostŒ10�; un-
der argon atmospheric pressure conditions, samples are of a
higher quality with much larger domain sizes, but the forma-
tion temperature will be increased accordinglyŒ9�, so this un-
questionably adds the cost of preparing graphene. In this pa-
per, we fabricated epitaxial graphene under low pressure on
SiC substrate, hoping to get larger size and higher quality epi-
taxial graphene.

2. Experimental details

In our research, 6H-SiC .000N1/ substrate with n-type ni-
trogen concentration about 1015 cm�3 was used as epitaxial
growth surface. Substrates were pre-cleaned to remove surface
contaminants with standard RAC chemical treatments before
entering in the chamber of Aixtron/Epigress VP 508 hot-wall
chemical vapor deposition reactor. Hydrogen-etching was car-
ried out at 1600 ıC with a flux of 60 standard liters per minute
for removing the polishing damage of SiC substrates. Using an
alternating current (AC)mode atomic forcemicroscopy (AFM:
Agilent 5500), a regularly uniformly stepped surface with a
root mean square roughness of the height 4.21 Å on the SiC
.000N1/ substrates has been observed as shown in Fig. 1. In the
following, reducing temperature and flowing Si flux are used
to improve themorphological structure. At last, growth process
was implemented under low pressure of 2mbar at temperatures
range from 1400 to 1600 ıC.

We used micro-Raman spectrometer (Renishaw inVia Ra-
man microscope) excited by the 514.5 nm (2.41 eV) visible
laser beam from He–Cd laser, to confirm the formation of epi-
taxial graphene and to analyze their properties. Before mea-
surement, we calibrated Raman spectroscopy system using
520 cm�1 band of Si sample at room temperature. For pre-
venting epitaxial graphene from damaging by laser-induced
heating, the incident power injected on top of the samples is
as low as below 2 mW. Scanning electron microscopy (SEM:
JEOL JSM-6390A) was used to observe the size of epitaxial
graphene.

Raman spectroscopy provides a nondestructive, fast and
informative tool for identifying and characterizing carbon-
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Fig. 1. Typical AFM height images of (a) two-dimension, (b) three-
dimension on 6H-SiC (000N1/ substrate after Hydrogen etching in the
zone 4 � 4 �m2.

Fig. 2. Raman spectroscopy at excitation wavelength 514.5 nm for
epitaxial graphene grown on 6H-SiC (000N1) under low pressure of 2
mbar at different temperatures. From (b) to (d), temperatures increase
from 1400 to 1600 ıC, and Raman raw data is normalized.

based materials. The main primary features of epitaxial
graphene on SiC substrates in Raman spectroscopy are the
so-called G and 2D band. The G band (around 1580 cm�1/

is originated from the first order Raman scattering process, it
is the characteristic of sp2 hybridization and involves the in-
plane optical phonon (iTO and LO) the two-fold degenerate
E2g mode at the first Brillouin zone (FBZ) centre of the phonon
band structure. The 2D band (around 2700 cm�1/ is a second-
order D band due to two phonons (iTO) with opposite momen-
tum in the highest optical branch near the Dirac point K (A0

1

symmetry)Œ11�. It is fingerprint of mono- or few-layer graphene
with electronic properties of massless Dirac fermions and in-
dicates that it is a sign of few-thinner layer structure grown on
substratesŒ12; 13�. The disorder-induced D band (around 1350
cm�1/ often appears in Raman spectroscopy, it corresponds to
the process of double-resonant excited phonons (LO phonon)
in the edge of FBZ, which is sensitive to domain size, the dis-
order and edges defects in the lattice structureŒ14�.

3. Measurements and results

Figure 2 is Raman spectroscopy of epitaxial graphene sam-
ples grown on 6H-SiC .000N1/ under 2mbar pressure conditions
at different temperatures 1400, 1500 and 1600 ıC. It is evident
that epitaxial graphene has already formed on substrates at tem-
perature above 1400 ıC, which links with the appearance of
G and 2D bands simultaneously. At 1400 ıC,the intensities of
1514 cm�1 band and 1712 cm�1 band, which come from SiC
substratesŒ15�, are almost stronger than that of the G band’s, this
shows that the graphitization process of C atoms has occurred
initially, graphene has only a small size with thick layers. In-
creasing the temperature to 1500 ıC, the graphitization process
dramatically shaped, graphene continues growing on substrates
in larger sizes with some imperfect lattice because of the advent
of D band in Raman spectroscopy. When the temperature in-
creases to 1600 ıC, defects in epitaxial graphene decreased and
graphene has a perfect lattice.

In Refs. [16–20], Raman spectroscopy was performed to
monitor the characteristics of epitaxial graphene on SiC sub-
strate. A smaller ID/IG and more than one of I2D/IG indicate
that a larger size and few-layer graphene has grown on SiC sub-
strates, which corresponds higher degree of graphitization pro-
cess, where ID, IG, I2D are the intensities of D, G and 2D band
respectively. As can be seen from Fig. 2, during the increase of
temperatures from 1400 to 1600 ıC, ID/IG becomes smaller and
I2D/IG larger, which shows that there was few-layer graphene
grown on substrates with larger size. Furthermore, ID is weaker
and weaker, which indicates that the defects and imperfect lat-
tice degraded. So we suppose that if keeping increasing the
growing temperature, 2D band will be sharper and stronger,
D band will be weaker and weaker, which indicate that thinner
few-layer even mono-layer graphene come into being on sub-
strates with higher quality, this results are in good agreement
with Ref. [21]. Due to the limitations of our growing device,
it does not reach higher temperature above 1600 ıC, we could
not grow epitaxial graphene samples at higher temperatures,
but we come to a conclusion that raising growing temperature
can improve the quality of graphene grown on substrates.

Figure 3 shows Raman spectroscopy in the frequency
range from 600 to 3500 cm�1 of graphene sample grown at
1600 ıC. We can see that there are other bands except for D,
G and 2D bands appeared. Bands of 788 cm�1 E2(TO) and
965 cm�1 A1(LO) are from 6H-SiC substrateŒ22�, G� band
(around 2453 cm�1/ comes from graphene, which corresponds
to the combination of T and D2 observed in the edges of
FBZŒ16; 23�. Weak 2D0 band (around 3245 cm�1/ is also a char-
acteristic of graphene, it is the second order band of D0 band
(around 1620 cm�1/Œ24�. The inset of Fig. 3 shows that 2D
band can be fitted with a single-Lorentzian function with a
full-width at half-maximum (FWHM) 60 cm�1. Calculated
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Fig. 3. Raman spectroscopy of epitaxial graphene on 6H-SiC (000N1)
substrate at 1600 ıC under a pressure of 2 mbar. Inset shows the 2D
band can be fitted with a one-Lorentzian function, the shape and po-
sition reveal turbostratic graphite.

Fig. 4. Map of SEM of epitaxial graphene on 6H-SiC (000N1/ substrate
grown at 1600 ıC under a pressure of 2 mbar environment.

FWHM(D) D 35 cm�1, FWHM(G) D 25 cm�1, we can judge
that epitaxial graphene has a property of turbostratic multilayer
graphiteŒ25; 26�.

Figure 4 further shows the map of SEM of turbostratic
graphite sample grown at temperature 1600 ıC under low pres-
sure of 2 mbar condition. We observe that it has a size of
10 �m, which is much larger than that of graphene grown un-
der UHV in Ref. [10]. The reason for this can be explained as
follows: graphene grown on SiC substrate is a Si-sublimation
followed with C self-organization process. Under UHV condi-
tion, Si atom has a over-quick sublimating rate, which holds
back C rearranged hexagonal lattice; argon atmospheric en-
vironments has a over-large pressure for Si and Si is hard to
sublimate from SiC substrate, so graphene can not grow larger
size also. Appropriate pressure can adjust the rate of Si subli-
mation and C re-construction, graphene is easy to grow larger
with higher quality.

4. Conclusions

In conclusion, this work investigated the growing charac-
teristics of epitaxial graphene under low pressure of 2 mbar

condition. Raman analysis shows that in comparison with epi-
taxial graphene grown under UHV and argon atomospheric
pressure, a lower pressure environment is useful for growing
larger size and higher quality graphene. Meanwhile, higher
temperatures can help make and optimize the quality of
graphene. We hope our research will provide a new method
for making larger size even wafer scale graphene.

References
[1] Geim A K. Graphene: status and prospects. Science, 2009, 324:

1530
[2] De Heer W A, Claire B, Wu X S, et al. Epitaxial graphene elec-

tronic structure and transport. J Phys D: Appl Phys, 2010, 43:
374007

[3] Wu Y Q, Ye P D, Capano M A, et al. Top-gated graphene field-
effect-transistors formed by decomposition of SiC. Appl Phys
Lett, 2008, 92: 092102

[4] Lin Y M, Dimitrakopoulos C, Jenkins K A, et al. 100-GHz tran-
sistors from wafer-scale epitaxial graphene. Science, 2010, 327:
662

[5] Hass J, De Heer W A, Conrad E H. The growth and morphology
of epitaxial multilayer graphene. J Phys: Condens Matter, 2008,
20: 323202

[6] Starke U, Riedl C. Epitaxial graphene on SiC (0001) and SiC
.000N1/: from surface reconstructions to carbon electronics. J
Phys: Condens Matter, 2009, 21: 134016

[7] Premlal B, Cranney M, Vonau F, et al. Surface intercalation of
gold underneath a graphene monolayer on SiC (0001) studied
by scanning tunneling microscopy and spectroscopy. Appl Phys
Lett, 2009, 94: 263115

[8] Gierz I, Suzuki T, Weitz R. T, et al. Electronic decoupling of an
epitaxial graphene monolayer by gold intercalation. Phys Rev B,
2010, 81: 235408

[9] Emtsev K V, Bostwick A, Horn K, et al. Towards wafer-size
graphene layers by atmospheric pressure graphitization of silicon
carbide. Nature Mater, 2009, 8: 203

[10] Hattori AN,Okamoto T, Sadakuni S, et al. Formation of wide and
atomically flat graphene layers on ultraprecision-figured 4H-SiC
(0001) surfaces. Surf Sci, 2011, 605: 597

[11] Thomsen C, Reich S. Double resonant Raman scattering in
graphite. Phys Rev Lett, 2000, 85: 5214

[12] Musumeci A W, Waclawik E R, Frost R L. A comparative study
of single-walled carbon nanotube purification techniques using
Raman spectroscopy. Spectrochim Acta A, 2008, 71: 140

[13] Reina A, Jia X, Ho J, et al. Large area, few-layer graphene films
on arbitrary substrates by chemical vapor deposition. Nano Lett,
2009, 9: 30

[14] Camara N, Rius G, Huntzinger J R, et al. Selective epitaxial
growth of graphene on SiC. Appl Phys Lett, 2008, 93: 123503

[15] Burton J C, Sun L, Long FH, et al. First- and second-order Raman
scattering from semi-insulating 4H-SiC. Phys Rev B, 1999, 59:
7282

[16] Ferrari A C, Meyer J C, Scardaci V, et al. Raman spectrum of
graphene and graphene layers. Phys Rev Lett, 2006, 97: 187401

[17] Poncharal P, Ayari A, Michel T, et al. Raman spectra of misori-
ented bilayer graphene. Phys Rev B, 2008, 78: 113407

[18] Cancado L G, Reina A, Kong J, et al. Geometrical approach
for the study of G’ band in the Raman spectrum of monolayer
graphene, bilayer graphene, and bulk graphite. Phys Rev B, 2008,
77: 245408

[19] Juang Z Y, Wu C Y, Lo C W, et al. Synthesis of graphene on
silicon carbide substrates at low temperature. Carbon, 2009, 47:
2026

113003-3



J. Semicond. 2011, 32(11) Wang Dangchao et al.
[20] Cancado L G, Takai K, Enoki T, et al. General equation for the

determination of the crystallite sizeLa of nanographite by Raman
spectroscopy. Appl Phys Lett, 2006, 88: 163106

[21] Ushio S, Yoshii A, Tamai N, et al. Wide-range temperature de-
pendence of epitaxial graphene growth on 4H-SiC (0001): a study
of ridge structures formation dynamics associated with tempera-
ture. J Cryst Growth, 2011, 318: 590

[22] Burton J C, Sun L, Pophristic M, et al. Spatial characterization
of doped SiC wafers by Raman spectroscopy. J Appl Phys, 1998,
84: 6268

[23] Ni Z H, Chen W, Fan X F, et al. Raman spectroscopy of epitaxial
graphene on a SiC substrate. Phys Rev B, 2008, 77:115416

[24] Ferrari A C. Raman spectroscopy of graphene and graphite: dis-
order, electron–phonon coupling, doping and nonadiabatic ef-
fects. Solid State Commun, 2007, 143: 47

[25] Malard L M, Pimenta M A, Dresselhaus G, et al. Raman spec-
troscopy in graphene. Physics Reports, 2009, 473: 51

[26] Faugeras C, Nerrière A, Potemski M, et al. Few-layer graphene
on SiC, pyrolitic graphite, and graphene: a Raman scattering
study. Appl Phys Lett, 2008, 92: 011914

113003-4


