Raman spectroscopy of epitaxial graphene on a SiC substrate
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Abstract

The fabrication of epitaxial graphene (EG) on SiC substrate by annealing has
attracted a lot of interest as it may speed up the application of graphene for future
electronic devices. The interaction of EG and the SiC substrate is critical to its
electronic and physical properties. In this work, Raman spectroscopy was used to
study the structure of EG and its interaction with SiC substrate. All the Raman bands
of EG blue shift from that of bulk graphite and graphene made by micromechanical
cleavage, which was attributed to the compressive strain induced by the substrate. A
model containing 13 % 13 honeycomb lattice cells of graphene on carbon nanomesh
was constructed to explain the origin of strain. The lattice mismatch between
graphene layer and substrate causes the compressive stress of 2.27 GPa on graphene.
We also demonstrate that the electronic structures of EG grown on Si and C
terminated SiC substrates are quite different. Our experimental results shed light on
the interaction between graphene and SiC substrate that are critical to the future
applications of EG.
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Introduction

Graphene comprises one monolayer of carbon atoms packed into a two-dimensional
(2D) honeycomb lattice.' It has attracted much interest since it was firstly discovered
in 2004 The electrons in an ideal graphene sheet behave like massless
Dirac-Fermions.*” Therefore, graphene exhibits a series of new electronic properties
such as anomalously quantized Hall effects, absence of weak localization and the
existence of a minimum conductivity.'” The peculiar properties of graphene make it a
promising candidate for fundamental studies as well as for potential device
applications.® "’

Two approaches have been successfully developed for fabrication of graphene:
micromechanical cleavage of graphite > and epitaxial growth on silicon carbide (SiC)
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substrate.” >~ The former can be used to obtain high quality graphene sheets which are

comparable to that in graphite, but is restricted by small sample dimensions and low
visibility. Epitaxial graphene (EG) grown on SiC is suitable for large area fabrication
is more compatible with current Si processing techniques for future applications.
Nevertheless, the EG may interact with the SiC substrate which could modify its
optical and electronic properties. A bandgap of ~0.26 eV was observed by

angle-resolved photoemission spectroscopy (ARPES) on EG grown on SiC substrate,
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which attributed to the interaction of graphene with the substrate.”” Some
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theoretica and experimental studies on EG, e.g. X-ray diffraction (XRD)

scanning tunneling microscopy (STM)'"'¥, have also been carried out. However the
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effect of SiC substrate on EG is still not well understood. In previous studies, the



formation of graphene on SiC substrate can be described as follows: the SiC surface
first reconstructs to a (\/5 /3 )R30° (R3) structure, then to a ( 673 x 63 )R30° (6R3)
structure, referred as carbon nanomesh in this paper; after higher temperature
annealing, the graphene/graphite forms on carbon nanomesh. However, it is still under
debate as to how the graphene bonds/connects to the 6R3/carbon nanomesh structure.
Raman spectroscopy has been extensively used in the study of graphene. For
example, the second order (2D) Raman band is used as a simple and efficient way to
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identify the single layer graphene made by micromechanical cleavage; Raman

spectroscopy was also used to measure the electron and hole dopants in graphene;*'*
even the electronic structure of bilayer graphene was probed by resonant Raman
scattering.”> However, all the Raman studies above were carried out on
micromechanical cleavage graphene (MCG). In this paper, we performed Raman
studies of EG grown on SiC substrates. All the Raman peaks of EG were assigned and
they differ substantially from that of MCG. Significant blue shifts of all the Raman
peaks were observed which were attributed to the compressive strain caused by the

SiC substrate. For thicker EG, the strain relaxes and the Raman peaks shift toward to

those of MCG and graphite.

Experimental
The EG samples in this experiment were prepared by the following process:
annealing a chemically etched (10% HF solution) n-type Si-terminated 6H-SiC (0001)

sample (CREE Research Inc.) at 850 °C under a silicon flux for 2 min in ultrahigh



vacuum (UHV) resulting in a Si-rich 3x3-reconstructed surface, and subsequently
annealing the sample several times at 1300 °C in the absence of the silicon flux to
form EG.'"'*** EG on C-terminated 6H-SiC(0001) was prepared in a similar way but
in the absence of a silicon flux. The structure of EG was confirmed by in-situ
Low-Energy-Electron- Diffraction (LEED), STM, and photoemission spectroscopy
(PES).” The thickness of the EG layer was measured by monitoring the attenuation of
the bulk SiC component in the Si 2p PES signal. The MCG was prepared by
micromechanical cleavage and transferred to Si wafer with a 300 nm SiO, cap layer.”
Phase contrast spectroscopy > was used to locate and determine the thickness of
MCG. Raman spectra were recorded with a WITEC CRM200 Raman system. The
excitation source was a 532 nm laser (2.33 eV) with power below 0.1 mW to avoid
laser induced surface heating. The laser spot size is around 500 nm in diameter
focused by a 100x optical lens (NA=0.95). The Raman spectra are recorded under the
conditions and normalized in the figures to have the similar scale. The spectra

. . -1
resolution of our Raman system is ~1 cm

Results and discussion

Figure 1 shows the LEED pattern (a) and a 5 nm*> STM image (b) of EG grown on
SiC substrate. In the LEED pattern, the pronounced spots of the (1x1) graphene lattice
are clearly shown. Besides this, the SiC (1x1) pattern can also be observed. In Figure
1b, the dark spots reveal graphene (1x1) lattice. The six C atoms (as illustrated by

small circles) surrounding each dark spot give the bright signal, which leads to a



honeycomb atomic pattern. Therefore, both the LEED and STM reveal the graphene
structure of our EG samples.

Since the characteristic STM images of carbon nanomesh and single layer graphene
are quite different, the completion of single layer graphene can be determined by
monitoring the phase evolution from carbon nanomesh to the single layer graphene by
STM during the thermal annealing of SiC in UHV condition. In our experiments, the
single layer graphene sample was obtained when the SiC surface was fully covered by
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graphene as checked by in-situ STM measurements. However, the STM images

for single layer and bilayer graphene on SiC are very similar. It is very hard to
determine the layer thickness using this method. Instead, layer thickness for bilayer or
thicker graphene sample is measured by monitoring the attenuation of the bulk SiC
related Si 2p PES signal (photon beam energy is 500 eV) with normal emission
condition. By using a simple attenuation model involving graphene layer on top of
bulk SiC, the thickness of the graphene can be estimated using Equation (1) under

.o C. 2427
normal emission condition: =™

| G_raphene
S;CBulk =exp(-t/ 1) (1)
SiC

where 1S2°™™ is the normalized peak area intensity of Si 2p peak for graphene
sample, ISBi“CIk is the normalized peak area intensity of Si 2p peak for bulk SiC, t is the
thickness of the graphene layer. A is the electron escape depth in graphite (here we use

the value of A in graphite instead of graphene). It can be obtained via the equations of

A=al, = 538E72 + 0.41(aE)”2 , where a is the layer thickness of graphite (0.355

nm), E is the photon electron energy above Fermi level for Si 2p (~ 500 eV), and A,



electron attenuation length in monolayer.”® 1 for electrons with kinetic energy of 500
eV (Si 2p photoelectrons) in graphite is calculated to be about 1.7 nm.

Figure 2 shows the Raman spectra of single and two-layer EG (grown on Si
terminated SiC), MCG, bulk graphite, and SiC substrate. The 6H-SiC has several
overtone peaks in the range of 1000 to 2000 cm™. The peak near ~1520 cm™ is the
overtone of the TO(X) phonon at 761 cm™. The peak near ~1713 cm™ is a
combination of optical phonons with wave vectors near the M point at the zone

2930 The weak SiC peak at ~1620 cm™ is not observable in our EG samples. The

edges.
Raman spectrum of single layer EG has five peaks, located at 1368, 1520, 1597, 1713,
and 2715 cm™, of which the peaks at 1520 and 1713 cm™ are from the SiC substrate.
The 1368 cm™ peak is the so-called defect-induced D band; the 1597 cm™ peak is the
in-plane vibrational G band; and the 2715 cm™ peak is the two-phonon 2D band.”'
The Raman signal of single layer MCG is much stronger (~10 times) than that of EG
on SiC substrate. It is even comparable to that of bulk graphene. This phenomenon
can be explained by the interference enhancement of Raman single of graphene on
300 nm SiO4/Si substrate.”> Compared with MCG and graphite, the Raman spectrum
of EG shows the defect-induced D band, indicating that it contains defects, which may
result from the surface dislocations, the corrugation, the interaction of graphene with
substrate, or vacancies. The 2D band of single layer EG is broader than that of MCG,
which is 60 cm™ compared to 30 cm™,'®** which can be explained by the poorer

crystallinity of EG. However, compared to two- layer EG, the 2D band of single layer

EG is still much narrower (60 cm™ compared to 95 cm™) and has a lower frequency



(2715 cm™ compared to 2736 cm™), which are characteristics of single layer graphene.
This has been widely used to identify single layer graphene of MCG.' Our Raman
results confirm again that the EG on SiC is single and two layers, agree with the STM
and PES identification. Another important observation was that the G (1597 cm™) and
2D (2715 cm™) bands of single layer EG shift significantly towards higher frequency
from those of G (1580 cm™) and 2D (2673 cm™) of single layer MCG. Although the G
band of single and few layer MCG may fluctuate ( +3 cm™ ) around the frequency of
bulk graphite G band (1580 cm™), while the 2D bands of MCG may locate between
2660 and 2680 cm™,*° the significant shifts of G band (17 cm™) and 2D band (42 cm™)
of EG should be due to other mechanisms. The possibility that local electron/hole

212234 in EG causes this Raman blueshift is not high, as it needs an

doping
electron/hole concentration more than 1.5 x 10" to induce the 17 cm™ blueshift of
Raman G band.”” It is shown that the dependence on doping of the shift of 2D-band is
very weak and ~10-30% compared to that of G-band.*'*® Therefore, the 42 cm™
2D-band shift is too large to be achieved by electron/hole doping. Here, we attribute it
to the interaction of SiC substrate with EG, most probably the strain effect, whereby
the strain changes the lattice constant of graphene, hence the Raman peak frequencies.
To illustrate the origin of the strain, Figure 3 shows the schematic (top view (a) and
side view (b)) of a graphene layer on SiC (0001) 6R3 reconstructed surface. The green,
yellow, gray spheres represent C atoms in graphene, Si atoms in SiC, and C atoms in

SiC, respectively. The large black circles represent the 6R3 lattice. The bulk lattice

constant we used for SiC is 3.073 A,*” while that for graphene is 2.456 A" It is



obvious that the 13 x 13 graphene (31.923 A) matches the 6R3 lattice (31.935 A)
quite well. On the other hand, the 2 x 2 graphene (4.9 A) does not match the R3
structure (5.34 A) (small black circles). Our previous STM results showed that the
6R3 surface did not always retain its “6 x 6” periodicity. The pore size of
honeycombs in STM can be changed from 20 A to 30 A, depend on the annealing
temperature.'” Hence, this surface can be described as a dynamic superstructure
formed by the self-organization of surface carbon atoms at high temperatures. That is
the reason we prefer to denote it as carbon nanomesh instead of 6R3. As a result, the
mismatch between graphene 13 x 13 lattice (~32 A) and carbon nanomesh (20 to 30 A)
will cause the compressive strain on EG. Calizo et al. studied the substrate effect of
MCG and they did not observe such a strong stress effect,” partially because the weak
interaction between MCG and substrates (Van der waals force) is not strong enough.

Graphene has a very thin (2D structure) and its stress induced by the lattice
mismatch with the SiC substrate can be considered as biaxial. The biaxial
compressive stress on EG can be estimated from the shift of Raman E,, phonon (G
band) with the following analysis.

For a hexagonal system, the strain ¢ induced by an arbitrary stress ¢ can be

40,41
expressed as:™
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with the coordinate X and y in the graphite/graphene plane and z perpendicular to the

plane. In the case of biaxial stress:

Ow=0,=0 3)

0, = O-yz =0, = O-xy =0 (4)
So that:

Ex =€y =(S,,+S,)o (5)

&, =2S5,;0 (6)

Ey=Ex =8y =0 (7)

The secular equation of such system is:

Ale, +&,)—4  Blg, —¢, +2ig,)

=0 (8)

Ble, —&, +2i5,) Alg, +&,)—4 ’

where



A= —w) )

with @, and @, the frequencies of Raman Ej,; phonon under stressed and unstressed
conditions.

With all the shear components of strain equal to zero, equation (9) reduces to:

A(g, + gyy) -A B(e,, — 5W)

=0 10

B(ew — €y Al te,)— A (19)
There is only one solution for it:

A=A, +&,)=2RAe, =2AS, +S,)o (11)

Therefore,
A
0, -0, = L (S“Jrslz)a:aa (12)
o, +o 2o @,
A
where o = M is the stress coefficient for Raman shift.

W,
Using A=-1.44 x 10’ cm™ ** and graphite elastic constants S;;=0.98 x 10""> Pa™ and

Si,=-0.16 % 1012 Pa'l,42 and o, =1580 cm'l, the stress coefficient « is about 7.47

cm’'/GPa. Hence, a biaxial stress of 2.27 GPa on EG is obtained from the 17 cm’
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shift of G band frequency of EG compared to that of bulk graphite or MCG. The
strong compressive stress may affect the properties of graphene (both physical and
electronic properties), since strain/stress studies in CNTs have already shown many
such examples. ™

The Raman spectra of EG grown on Si terminated SiC (Si-SiC) and C terminated
SiC (C-SiC) also show differences, as shown in Figure 4. Both samples were grown
under similar conditions and are two layers in thickness. The EG on C-SiC has a
broader G band, which means its crystallinity is worse than EG grown on Si-SiC.*
Besides, it contains more defects demonstrated by a stronger defected-induced D band.
The G bands of EG on C-SiC and Si-SiC have similar frequency (~1597 cm™),
indicating that both EGs are affected by the substrates, and they are under similar
stress. Interestingly, EG on C-SiC has much lower D and 2D band frequencies, which
are at 1343 and 2682 cm” compared to 1369 and 2736 cm” for EG on Si-SiC
substrate. As the G band frequencies of C-EG and Si-EG are similar, the difference in
D and 2D band frequencies is not caused by strain. According to the double resonance
theory, the Raman frequencies of the D and 2D bands show strong dependence on the
electronic band structure as well as the excitation laser energy (fixed at 532nm in our
experiments).?” Hereby, we attribute the observation to the difference in the electronic
structure of the two systems. Recently, calculations by Mattausch et al. also showed

that the band structures of EG grown on Si-SiC and EG on C-SiC differ

substantially."
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To investigate the evolution of thicker EG on SiC substrate, we grew EGs with
different thickness and typical Raman spectra of EGs on C-SiC are shown in Figure 5.
As the EG thicknesses increase, the Raman peaks (D, G and 2D) of EG shift to lower
frequencies, towards that of bulk graphite. This can be easily understood since when
the EG thickness increases, the effect of substrate on EG becomes weaker and the EG

lattice relaxes.

Conclusion

In summary, Raman spectroscopic studies of epitaxial graphene grown on SiC
substrates were carried out. All the Raman peaks of EG have been assigned and
compared with those of MCG and bulk graphite. The results show that graphene
grown on SiC is compressive stressed. The lattice mismatch between 13 x 13
graphene and carbon nanomesh is used to explain the origin of stress. Using a biaxial
stress model, the compressive stress on EG was estimated to be about 2.27 GPa,
which affects the optical and electronic properties of graphene similar to what has
been observed in CNTs. Finally, from the Raman spectra difference of EG on Si-SiC
and C-SiC, we demonstrate that the electronic band structure of EG grown on Si-SiC
and C-SiC are quite different. Our findings should provide useful information for
understanding the interaction between EG and substrate as well as the potential device

applications of EG-based nanodevices.
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Figure captions:

Figure 1. (Color online) (a) LEED pattern of epitaxial graphene on 6H-SiC(0001).
Incident beam energy: 175 V. (b) 5 x 5 nm”> STM image of epitaxial graphene on
6H-SiC(0001).

Figure 2. Raman spectra of single and two-layer EG grown on SiC, SiC substrate,
MCQG, and bulk graphite as indicated. The inset is an enlarged part of the 2D band
region of single and two-layer EG. The hollow symbols are experimental data and the
solid line is the fitted curve.

Figure 3. (Color online) Schematic (top view (a) and side view (b)) of a graphene
layer on SiC (0001) surface. The green, yellow and gray spheres represent C in
graphene, Si in SiC and C in SiC, respectively. The SiC surface was after 6R3
reconstruction and a 13x13 graphene lattice lies on above it. The small black circles
represent the R3 lattice, while the large black circles represent the 6R3 lattice.

Figure 4. Raman spectra of EG grown on Si terminated SiC (Si-SiC) and C terminated
SiC (C-SiC)

Figure 5. Raman spectra of EGs on C-SiC substrate of different thickness.
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Figure 1.

Graphene 1 X1

Figure 1. (Color online) (a) LEED pattern of epitaxial graphene on 6H-SiC(0001).
Incident beam energy: 175 eV. (b) 5 x 5 nm> STM image of epitaxial graphene on
6H-SiC(0001).
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Figure 2.
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Figure 2. Raman spectra of single and two-layer EG grown on SiC, SiC substrate,
MCQG, and bulk graphite as indicated. The inset is an enlarged part of the 2D band
region of single and two-layer EG. The hollow symbols are experimental data and the
solid line is the fitted curve.
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Figure 3.

Top View ¢
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Figure 3. (Color online) Schematic (top view (a) and side view (b)) of a graphene
layer on SiC (0001) surface. The green, yellow and gray spheres represent C in
graphene, Si in SiC and C in SiC, respectively. The SiC surface was after 6R3
reconstruction and a 13x13 graphene lattice lies on above it. The small black circles
represent the R3 lattice, while the large black circles represent the 6R3 lattice.
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Figure 4.
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Figure 4. Raman spectra of EG grown on Si terminated SiC (Si-SiC) and C terminated
SiC (C-SiC).
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Figure 5.
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Figure 5. Raman spectra of EGs on C-SiC substrate of different thickness.
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