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A nonpolar SiC(1120) substrate has been used to fabricate epitaxial graphene (EG). Two EGs with layer numbers
of 8-10 (referred to as MLG) and 2-3 (referred to as FLG) were used as representative to study the substrate effect on
EG through temperature-dependent Raman scattering. It is found that Raman lineshifts of G and 2D peaks of the MLG
with temperature are consistent with that of free graphene, as predicted by theory calculation, indicating that the substrate
influence on the MLG is undetectable. While Raman G peak lineshifts of the FLG to that of the free graphene are obvious,
however, its lineshift rate (—0.016 cm™~1/K) is almost one third of that (—0.043 cm~!/K) of an EG on 6H-SiC (0001) in
the temperature range from 300 K to 400 K, indicating a weak substrate effect from SiC (1120) on the FLG. This renders
the FLG with a high mobility around 1812 cm?-V~!.s~! at room temperature even with a very high carrier concentration
about 2.95x10'3 cm~2 (p-type). These suggest SiC (1120) is more suitable for fabricating EG with high performance.
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1. Introduction

Epitaxial graphene (EG) on SiC has been taken as
a potential route toward post-complementary metal-oxide
semiconductor applications, which include radio-frequency,
radiation-hardened electronics and a multitude of additional
niche applications.!'! It is even being considered as a substi-
tute for silicon for future micro and nano electronic device
applications.”’! Up to now, most works on the fabrication of
large area EG on SiC substrates have been focused on polar
SiC substrates, such as SiC (0001) (Si-face SiC) and (OOOI)
(C-face SiC).'-°! However, a tremendous difference in car-
rier mobility, which is always taken as one of the most im-
portant aspects to evaluate the quality of graphene, has been
reported to exist between the EG on SiC and a suspended
graphene, which is due to the influence of the SiC substrate on
the EG.14-7-10.11] Currently, the reported room temperature car-
rier mobility of EG is around 4000 cm?-V~!.s~! on a Si-face
SiC!*! and around 20000 cm?-V~!.s~! on a C-face SiC.5-7]
However, the highest mobility of a suspended graphene sheet
is extrapolated over 200000 cm?-V~!.s~! if the carrier con-
centration reaches several 10'© cm=2 at 5 K'Y and reaches
120000 cm?-V~!'.s~! at near-room temperature (240 K).'!l
A crucial factor causing the carrier mobility deterioration of
the graphene grown on SiC substrate is the interaction of the
graphene layer with the substrate as found in the graphene
grown on Si-face and C-face SiC substrates.!'?! And the inter-
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action of the graphene and SiC substrate is strong in the case of
Si-face SiC, leading to an even more prominent deterioration
of carrier mobility. The phenomenon enlightens us to con-
sider the use of other orientation or nonpolar SiC substrates
to mitigate the interaction and make graphene satisfy the re-
quirements for applications. In fact, Camara et al. reported
that a monolayer EG on SiC (1120) is strain-free and p-type
with carrier mobility 2000 cm?-V~!.s~! and carrier concentra-
tion 2x10'? cm~2 measured at liquid helium temperature.!'3!
They suggested that the SiC (1120) substrate can be used in
fabricating large-area graphene with better electrical proper-
ties comparing to that on axis (000%1) SiC substrate. Thus, it
is worthwhile carrying out more studies on EG grown on SiC
(1120).

The Raman scattering allows unambiguous, high-
throughput, nondestructive  identification of layer
numbers,!*13! and the structural and electronic characteris-
tics of graphene.!'-1°1 Especially, the temperature-dependent
Raman spectrum can be used to reveal the anharmonic phonon
effect of graphene reflecting total effects of thermal ex-
pansion, electron—phonon and phonon—phonon interactions,
which play key roles in the electronic transport properties of a
material 2! Recently, the anharmonic phonon effect on EG
grown on polar SiC (0001) was explored, and it is found that
the action of the substrate on the EG is significant.””) How-

ever, the nonpolar SiC substrate effect on the EG, which is
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important to disclose the functions of nonpolar SiC substrate
on fabricating EG with high performance, has not been stud-
ied yet. Thus, the anharmonic phonon effect of EG grown on
SiC (1120) substrate is studied in order to reveal the effect of
nonpolar SiC substrate on the electronic transport properties
of EG.

Here, two representative samples are used to study the
substrate influence on the anharmonic phonon effect through
temperature-dependent Raman scattering. One sample has
graphene about 8—10 graphene layers and is referred to as mul-
tilayer graphene (MLG), the other has about 2 or 3 graphene
layers and is referred to as few-layer graphene (FLG) there-
after. It is found that temperature-dependent Raman lineshifts
of the MLG grown on 6H-SiC (1120) behave like that of free
monolayer graphene predicted by theory calculation without
noticeable influence from the SiC substrate, except a little
blue shift of the G and 2D peaks. This is ascribed to the
isolation of the top layer graphene from the substrate by the
sublayer graphene. However, the FLG shows apparent sub-
strate influence on its temperature-dependent Raman spectra.
However, the substrate effect is weak compared to that ob-
served in the EG on 6H-SiC (0001),*?! indicating a relatively
weak interaction between SiC (1120) substrate and the FLG,
which renders the FLG with a high carrier mobility about
1812 cm?-V~!.s~! at room temperature even with a very high
carrier concentration about 2.95x10'3 cm™2 (p-type). Based
on the G and 2D peak lineshifts of the FLG together with that
of free graphene,!*’! the Raman peak strain shift coefficient is
deduced and compared with the reported results.

2. Experiment

The EG on 6H-SiC (1120) was fabricated through ther-
mal annealing of SiC substrate at high temperature by using
physical vapor transport (PVT) equipment. The detailed ex-
perimental process is similar to that described in our previous
work;? the difference is that a lower growth temperature and
different growth time were used for the growth of EG on 6H-
SiC (1120) substrate. Here, the growth temperature was about
1350°, and the growth time was about 30 min and 15 min,
respectively, for the MLG and FLG samples. Morphology im-
ages of the EGs were analyzed by atomic force microscopy
(AFM). The used Raman system and the experimental process
in temperature-dependent Raman experiments are the same as
those used in Ref. [20].

3. Results and discussion

Figure 1 shows the Raman spectra of the MLG (in red)
and the FLG (in black) on 6H-SiC (1120) measured at room
temperature together with their AFM morphology images of
sizes 5 umx5 pm in the insets. The step-like AFM morpholo-
gies are ascribed to the surface features of the SiC (1120)

substrates, and the EGs with wrinkles are continuously cov-
ered on the surfaces. The wrinkles are attributed to the ther-
mal expansion coefficient (TEC) mismatch between the EG
and the SiC substrate.”*! Since the intensity of the G peak is
proportional to the quantity of honeycomb structural carbon
atoms, the intensity ratio of the G peak to the strongest Ra-
man peak of the SiC substrate can be used to roughly estimate
the thickness of the EG grown on SiC.?! As shown by the
red curve in Fig. 1, (i) the intensity of Raman peak positioned
at 1519 cm™! from the SiC is very weak compared to that of
the strong G peak from the MLG; (ii) the G and 2D peaks
are positioned at 1583 cm~'and 2701 cm~! with full widths
at half maximum (FWHMs) 19 cm~! and 22 cm™!, respec-
tively, and the intensity ratio of 2D and G peaks is about 8.77
( a monolayer graphene behavior if the value is larger than
6); (iii) the lineshape of the 2D peak is highly symmetric and
can be well fitted by a single Lorentz function with a small
FWHM. Therefore, it is inferred that the sample referred to as
MLG has about 8-10 layers. And the neighboring graphene
coupling is weak in the MLG. That makes its behavior like
that of a monolayer graphene, which is similar to the findings
in a rotationally faulted EG on SiC (0001).°~7! The peak posi-
tions of the MLG indicate that it is slightly compressed com-
pared with that of a free graphene since the G and 2D peaks
of a free standing graphene are located around 1580 cm™~'and
2700 cm~! respectively at room temperature.”?! The narrow
FWHMs of the G and 2D peaks further indicate that the MLG
has a high quality, which will render a high transport perfor-
mance as observed in the EG on SiC (0001) substrate.l>~]
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Fig. 1. (color online) Raman spectra of MLG and FLG on 6H-SiC
(1120). The insets are their AFM images.

As shown by the black curve in Fig. 1, (i) the Raman peak
intensity positioned at 1519 cm~! from the SiC is stronger
than that of the G peak from the FLG; (ii) the G and 2D peaks
are positioned at 1586 cm~'and 2713 cm~!'with FWHMs
19 cm~! and 64 cm™!, respectively, and the intensity ratio of
2D and G peaks is about 1.28; (iii) the shape of the 2D peak
is symmetric without apparent splitting although its FWHM
is wider. Thus, we infer that the graphene layer number of
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the sample is about 2 or 3.['¥1 Meanwhile, the peak positions
of the G and 2D peaks shift to high frequencies compared to
those of the MLG. We believe a larger compressed strain ex-
isted in the FLG, which is different from that in the reported
strain-free monolayer EG on 6H-SiC (1 120).[131 The different
compress strains deduced from the Raman peak positions of
the FLG and the MLG hint that the strain in the MLG is inho-
mogeneous in different layer. Accordingly, we guess that the
strain is gradually reduced from the bottom graphene near the
SiC substrate to the top graphene far from the SiC substrate,
although at present, we cannot perform grazing incident X-ray
scattering to determine the strain in the different graphene lay-
ers of the MLG accurately. Consequently, top graphene layers
of the MLG behave like free graphene. The inference is con-
sistent with the results observed in Fig. 1.
Temperature-dependent Raman spectra were measured
from 79 K to 773 K for the MLG. Figure 2 shows the
temperature-dependent lineshifts of the G and 2D peaks,
where Awg = g — WGy, Ap = Wp — po, Wgo and
arpo are the peak positions of the G and 2D peaks at a tem-
perature close to 0 K. Here, wgo and a»po are taken to be
1584.5 cm™'and 2706 cm™! respectively to fit the experimen-
tal data. In Fig. 2(a), the solid red line shows the G peak vari-
ation with temperature predicted by a theoretical calculation
for a free graphene,!”?! which has been confirmed by our pre-
vious experiments.”%! In Fig. 2(b), the solid red line is a Kle-
mens model fitting to the experimental results of temperature-
dependent Raman lineshifts of the 2D peak of a free stand-
ing graphene, considering contributions of 3-phonon and
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Fig. 2. (color online) Temperature-dependent lineshift of the (a) G and
(b) 2D peaks of the MLG, where an error bar is drawn in length of
2 cm~!. In panel (a), the red line is the result of free graphene.>’ In
panel (b), the red line is a model fitting to the experimental results.[>"]

4-phonon interactions.””) From Figs. 2(a) and 2(b), it is seen
that the experimental results of the MLG well match the cal-
culation results of a free graphene, indicating that the MLG
behaves like a free graphene without the influence of the sub-
strate being observed, except a little shift of peak positions of
the G and 2D peaks. We attribute this phenomenon to the iso-
lation of the upper graphene layers from the SiC substrate by
the bottom graphene layers next to the substrate, which makes
the upper graphene layers behave like a free graphene.
Figures 3(a) and 3(b) show the temperature dependences
of the Raman G and 2D peak lineshifts of the FLG, respec-
tively, measured in the temperature range from 159 K to 773
K, where Awg = 0 — 0co, Awxp = Wp — Mpo, WGo and
mrpo are the peak positions of the G and 2D peaks at a tem-
perature close to 0 K, respectively. Here, wgo and @ypo are
taken as 1589.4 cm~! and 2714 cm™! respectively to fit our
experimental data. In Fig. 3, the red lines are the same to
those in Fig. 2, and the black lines are fitting to our exper-
imental data. In Fig. 3(a), it is seen that different from the
MLG, the lineshift of the G peak is deviated from that of the
free graphene. We attribute this divergence to the substrate in-
fluence on the anharmonic phonon effect in the FLG. In fact,
the anharmonic phonon effect of the EG on SiC (0001) has
been reported, and a linear G peak lineshift rate was found
to be —0.043 cm~!/K in the temperature range from 300 K
to 400 K.[?2! However, our FLG shows a linear lineshift rate
about —0.016 cm~!/K in the temperature range from 300 K to
400 K and —0.038 cm~!/K from 543 K to 743 K. The lin-
ear lineshift rate of our FLG is almost one third of that of
the EG on SiC (0001) in the temperature range from 300 K
to 400 K.?2I This indicates that the SiC (1120) substrate ef-
fect on the FLG is much weaker compared with that ob-
served in the EG grown on SiC (0001). Since the deteriora-
tion of carrier mobility of the EG on SiC substrate is mainly
attributed to the interaction of graphene layers with the sub-
strate as found in graphenes grown on Si-face and C-face SiC
substrates 2! the weak interaction between the FLG and 6H-
SiC (1120) will introduce a weak interference on the intrin-
sic physical properties of graphene compared with that of EG
on SiC (0001). This renders the FLG a high carrier mobil-
ity around 1812 cm?-V~!.s~! at room temperature, even with
a very high carrier concentration about 2.95x10'3 cm=2 (p-
type). Similarly, as shown in Fig. 3(b), the lineshift of the 2D
peak of the FLG is even more seriously deviated from that of
the free standing graphene,”’! which is also ascribed to the
substrate influence on the anharmonic phonon effect of EG.

The reason will be discussed below.
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Fig. 3. (color online) Temperature-dependent Raman lineshifts of the
(a) G and (b) 2D peaks of the FLG, where an error bar is drawn in
length of 2 cm ™', The red lines are the same to those in Fig. 2, and the
black lines are fitting to our experimental data.

Usually, the substrate influence on the EG is mainly re-
flected in two aspects: charge doping and inducing strain due
to the TEC mismatch. The charge doping can be qualitatively
drawn out from an integrated intensity ratio of 2D and G peaks
(ILp/IG), because it is sensitive to the carrier concentration.!”]
Thus, the temperature dependence of Lp/Ig for the FLG is
studied, as shown in Fig. 4. Tt is seen that Lp/Ig linearly
changes from 3.3 to 1.5 in the temperature range from 159 K
to 773 K. According to Ref. [17], the changes of Ip/Ig from
3.3 to 1.5 induced by the charge doping will bring measly 1—
2 cm~! lineshift in the G peak. Thus, charge doping is ruled
out to be a dominant factor in the substrate effect.
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Fig. 4. (color online) Temperature dependence of intensity ratio Lp /I
of 2D and G peaks of the FLG.

To explore the primary mechanism, the calculation of re-
lationship between temperature and strain caused by the TEC
mismatch between the EG and 6H-SiC is performed.

Since the charge doping effect from substrate has been
ruled out as being a dominant factor in the substrate effect, the

effect of strain induced by the TEC mismatch should be the
governing mechanism. Thus, the Raman lineshift of the FLG
can be considered to result from the strain effect and the ther-
mal effect of a free graphene, that is, Aw(T) = A®™(T) +
A®™PU(T) and A@* ™" (T) ~ A@S"™"(T'), where Ao (T')
is the Raman frequency shift of the G or 2D peak, A®'™®(T")
is the Raman frequency shift of a free graphene, which can
be attributed to lattice thermal expansion and the anharmonic
effect due to the phonon self-energy.!>}! The A5 (T) is
the substrate effect on the anharmonic phonon effect of the
FLG, and A®™™"(T) is the induced strain effect due to the
TEC mismatch between the FLG and the SiC substrate. If we
assume that the FLG is pinned on the 6H-SiC (1120) without
slipping relative to the supporting substrate, A@*™"(7) can
be expressed as!>°!

Awstrain(T) — ﬁS(T) = ﬁ 2; N (O‘SiC(T) - agrphene(T))dTa

where B is the Raman peak strain shift coefficient, and og;c
and Olgraphene are the temperature-dependent TECs of SiC and
graphene, respectively. The TECs of SiC are taken from
a well recognized TEC of an undoped 6H-SiC,”’! whose
TECs o,-sic along a-direction and o-sic along c-direction
are shown in Fig. 5(a) with red-dashed and blue dot-dashed
lines, respectively. The TEC of graphene is replaced by that
of graphite to simplify the calculation.’8! Although the SiC
substrate used in our experiment is a semi-insulated 6H-SiC
(1120), the difference of SiC TEC induced by the little dif-
ference in conductivity is ignorable. In Fig. 5(a), it is seen
that Ggraphite i negative in the temperature range from 4 K to
900 K. Meanwhile, it is noted that the TECs of «,-sic and
O-sic are nearly the same within 1077 K. To simplify our
calculation of A@*""(T'), o.sic is used as the TEC of 6H-
SiC (1120), which gives a maximum TEC difference between
SiC and graphene. Therefore, the resulting strain is effec-
tively available for EG on other polar hexagonal structure SiC
substrate. Under the above hypothesis, the strain induced by
TEC mismatch as a function of temperature can be depicted
in Fig. 5(b), where a zero strain state is set at 297 K. In fact,
the FLG on 6H-SiC (1120) sustains little compression strain
at room temperature as discussed above. Although the relative
change value of the calculated strain is positive in the tem-
perature range from 297 K to 900 K as shown in Fig. 5(b),
the realistic strain variation process is gradually releasing the
initial compression strain to zero and then bearing a tension
strain induced by the TEC difference during the temperature
change from 297 K to 900 K. In Fig. 5(b), it is seen that the
strain caused by the TEC mismatch can reach 0.35% at 900
K relative to that at 4 K, which is slightly larger than that of
graphene on SiO; due to a relative smaller TEC mismatch be-
tween graphene and SiO,.*®! Figures 5(c) and 5(d) give the
estimated Raman frequency shifts of the G and 2D peaks in-
duced by the strain existed in the FLG due to the SiC substrate
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effect, together with the model calculations adopting the re-
ported different strain shift coefficients 8 for the G and 2D

26,29-361 Since the reported strain shift coefficients scat-

peaks.!
ter a lot ranging from —12.5 cm™!/% to —70 cm™!/% for the
G peak and from —7.8 cm™!/% to —164 cm~!/% for the 2D
peak,[2629-361 only a few are adopted to fit our experimen-
tal results as shown in Figs. 5(c) and 5(d). It is found that
the best fitting parameters are Bg among —14.2 cm™!/% to

—31.3 cm~!/% for the G peak and Bp among —61 cm™!/%
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Fig. 5. (color online) (a) TEC of undoped 6H-SiC along a- (¢, ) and c-directions (),

to —64 cm™!/% for the 2D peak. The values of B and fB;p de-
duced here are consistent with the results found in a graphene
located on a flexible substrate under uniaxial stress.[>*=!] The
results illustrate that there is no apparent extra SiC substrate
effect on the graphene besides the TEC mismatch effect. The
conclusion suggests that the SiC (1120) is a potential substrate
for growing high quality graphene with a weak substrate ef-

fect.
3
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[27) and the calculated TEC in basal plane a-direction for

graphite.|?8! (b) Temperature-dependent strain € in EG due to the TEC mismatch. Panels (c) and (d) show the strain induced G and 2D peak
Raman lineshifts of the FLG, respectively, where color solid lines are model fittings adopting different strain coefficients  reported.

4. Conclusion

The substrate influence on the Raman peak lineshifts of
EG on 6H-SiC (1120) is investigated based on temperature-
dependent Raman scattering. It is found that the Raman
lineshifts of the MLG are consistent with that of a free
graphene without noticeable effect from the SiC substrate due
to the isolation function of bottom layer graphene, which sug-
gests that the MLG is similar to the EG on C-face SiC. While
the Raman lineshifts of the FLG on 6H-SiC (1120) are off-
set from that of a free graphene, and the deviations are deter-
mined by the strain shift coefficient and the TEC mismatch
between the FLG and SiC. It is found that the substrate effect
on the FLG on SiC (1120) is much weaker as compared with
that observed in the EG on 6H-SiC (0001). The strain shift
coefficients Bg and fBop induced by the substrate effect are de-
duced and found to be consistent with those in a situation with
an uniaxial stress on a graphene on a flexible substrate. The
relative weak influence from the SiC (1120) substrate renders

the FLG a high carrier mobility around 1812 cm?-V~!.s~! at
room temperature even with a very high carrier concentration
about 2.95x10'3 cm~2, which indicates that the nonpolar SiC
(1120) substrate opens a new route for fabricating EG with
high performance.
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