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We improve bulk silver tip for tip-enhanced Raman
scattering (TERS) and obtain TERS spectra of epitaxial
graphene on the carbon face of 4H-SiC (000-1) with high
signal-to-noise ratio. Thanks to the high quality of TERS
spectra we firstly find out that the G band in the TERS
spectra exhibits position-by-position variations in both lower
wavenumber shifts and spectral broadening. The analysis of
the variations reveals that the shifts and broadenings have a
linear correlation each other, indicating that the variations
are induced by the position dependent local stress on the
graphene based on a uniaxial strain model.

Graphene has been the focus of a wide variety of research
regarding its unique material properties, for example elasticity,
charge carrier mobility, optical transparency, and chemical
stability.'* The character of graphene is changed by an
interaction with a substrate and the distortion of local graphene
structure. Thus, the interaction and distortion in a very small area
should be explored to apply graphene to an electronic device.
Raman spectroscopy is widely employed for investigating
crystallinity of graphene.”® In a Raman spectrum of graphene
three representative signals named G, G’, and D bands are
observed at about 1600, 2700 and 1350 cm™, respectively. The G
and G’ bands are common for sp’ carbon systems. The D band is
due to defects in graphene, allowing us to investigate the
structure of defects.

Raman spectra of graphene change with its structure, defect,
and strain. The number of layers, structure, and defects of
graphene has been explored using peak shifts, intensity
variations, and changes band width.”'2 Moreover, Raman
imaging measurement allows visualizing local structure
distribution of graphene.'*"> However, spatial resolution of
Raman scattering is restricted by the diffraction limit of light.
Thus, the spectroscopic techniques realizing higher spatial
resolution have recently been highly desired. The spatial
resolution of tip-enhanced Raman scattering (TERS) is
determined by the radius of a tip and can exceed the diffraction
limit of light.'®" Signal enhancement in TERS, whose
mechanism is intrinsically the same as that of surface enhanced
Raman scattering'®, enables Raman spectral detection from such
local areas. Thus, TERS has been a matter of keen interest in
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graphene research, and several research groups reported TERS
studies of graphene.'”? Saito et al. measured TERS spectra of
the edge boundary of exfoliated graphene fabricated on Si with
the spatial resolution of 30 nm.!"” They studied position
dependence of TERS spectra and found G band shifts due to
excess charge effect and D band peak fluctuations due to the local
strain distribution within the layers. More recently Wang et al.
reported TERS measurement of exfoliated graphene by using a
TERS probe consisting of gold nanoparticles.” They induced
reversible artificial defects and control them by the TERS probe.
However, TERS study of the exfoliated graphene has difficulty in
controlling the graphene property due to mechanical distortion.
Some groups reported TERS study of the graphene prepared by a
silicon carbide (SiC) thermal decomposition method?' and a
chemical vacuum deposition (CVD) method* and discussed
about TERS enhancement factors and edge structures. These
methods can prepare homogeneous graphene with higher quality
in larger area and have been expected to open a route for large-
scale production of graphene-based devices.”> The quality of the
epitaxial graphene prepared by CVD and SiC thermal
decomposition method depends on the local interaction between
the substrate and graphene. However, TERS study of the local
interaction has not been explored.

In the present study, we measured TERS spectra of epitaxial
graphene on the carbon face of a SiC substrate developed by SiC
thermal decomposition method, and analyzed the TERS spectra
compared with conventional Raman spectra. By using the tip
made of bulk silver, we obtained remarkably enhanced TERS
spectra. The comparison between the TERS and Raman spectra
reviled that the G bands in TERS spectra show lower
wavenumber shifts and their band widths become broad
significantly. These band shifts and broadenings exhibit position
dependences, and there is clear correlation between the band
shifts and the broadenings. On the basis of a uniaxial strain model
of graphene,®* we clarified that these spectral variations reflect
local strain in graphene from the SiC substrate.

Method and materials

The epitaxial graphene was prepared by the method of
suppressing the Si sublimation from the carbon-face (C-face) of
SiC. A tantalum carbide (TaC) semi-closed container was
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employed to demonstrate 1800 °C confinement growth of C-face
graphene. The graphene was grown at 1800 °C for 1 min in the
TaC container. The vapor phase inside was composed of the
evaporated vapor species from the SiC substrate. Precise control
of the Si pressure was obtained by changing the vacuum of the
container. An etching reaction under Si pressure conditions took
place, resulting in the suppression of the thickness of graphene
layer. The averaged number of graphene layers estimated by
optical absorption spectroscopy was 1.7 layers.

Raman and TERS spectra were measured by an instrument
consisting of a reflection-mode Raman microscope and an AFM
instrument (Photon Design, Nanostar NFRSM800). This system
was arranged to introduce excitation light from the top of the
sample and to collect backscattered signals using a 90x objective
lens (numerical aperture, NA = 0.71). The 514.5 nm line from an
Argon laser (Spectra Physics, Stabilite 2017-06S) was used as the
excitation light. The laser power of TERS experiment at the
sample point was 100 puw. A bulk silver needle prepared in
cooperation with UNISOKU Co. LTD by an electrochemical
etching method was used as the TERS tip needle, which was
attached to a quartz tuning fork of a shear-force-based AFM at an
angle of 45°. The tip radius of the probe was about 75 nm. The
TERS tip approached the sample using the non-contact mode. A
Raman signal was first collected under the tip-retracted
conditions, and then, under the tip-approaching conditions at the
same point. A TERS spectrum was obtained by subtracting the
spectrum observed under the tip-retracted conditions from that
collected under the tip-approaching conditions. Raman spectra
observed under the tip-retracted condition were used as normal
Raman spectra.

Result and Discussion

Figure 1b shows a Raman spectrum in the 4500-1000 cm™
region at a particular spot in epitaxial graphene on the 4H-SiC
(000-1) surface measured under tip-retracted conditions. Thus, it
is a normal Raman spectrum. In this spectrum, Raman signals due
to G and G’ modes are observed at 1592 and 2703 cm’,
respectively. Many signals arising from the SiC substrate can be
seen in the 1900-1200 cm™ region. Figure la shows a spectrum
obtained under tip-approaching conditions. One can easily see
that a number of Raman signals are enhanced when the tip
approaches to the sample. Particularly, signals at 2695 and 1584
e’ are enhanced strongly. Moreover, signals at 3246 and 2450
em’! become strong markedly, and those at 4282 and 2928 cm™,
which do not appear or are almost missing in Fig. 1b, appear
clearly in Fig. 1a. The signals at 3246, 2928, and 2450 cm™' may
be assigned to G”(2LO), G+D. G*(LAHTO), respectively.”’
The assignment of the 4282 cm™ peak has been unknown. The
position, shape, and intensity of this peak looks similar to G+G'
peak, which is reported by Rao et al. at 4250 cm™', using 2.33 eV
laser.®* They also indicates that G+G' peak shifts to higher
frequency with higher photon energy (100 cm™/eV).”* From Ref.
25, we can calculate that G+G’ peak appear at 4258 cm’™' because
we used 2.41 eV laser. Thus, we tentatively attribute the observed
peak at 4282 cm™! to G+G’ mode.

The spectrum in Fig. 1c was obtained by subtracting the
spectrum in Fig. 1b from that in Fig. 1a. Thus, Figure 1c depicts a
TERS spectrum of epitaxial graphene on the 4H-SiC (000-1)

2695
—— Tip approaching conditions

1584 — Tip retracted conditions
—— TERS spectrum
2450
_ 2703
2928 3246 4282
/s |
e .
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Raman Shift (cm™)
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Fig. 1 Raman spectra of epitaxial graphene on the carbon surface of the
4H-SiC (000-1) measured under (a) tip-approaching conditions, and (b)
tip-retracted conditions. (c) The difference spectrum calculated by
subtracting the spectrum (b) from the spectrum (a). (TERS spectrum)

surface excluding the normal Raman spectrum. Of note in the
TERS spectrum is that the signal-to-noise ratio is extremely high.

e This demonstrates the superiority of the developed silver TERS
tip probe. The G’ band in the TERS spectrum (Fig. la) is
enhanced by 640 % compared with the normal Raman spectrum
(Fig. 1b). The enhancement factor of the TERS spectrum in Fig. 1
is superior to those of any TERS spectra of graphene previously

os reported.”’ This may be the first time that the 4282 cm™ peak
(G+G’ peak) has ever been observed in a TERS spectrum of
graphene. The enhancement factor of the TERS can be estimated
using the ration between area for near-field Raman detection and
that for far-field one of 1/180 and signal total signal enhancement

70 of 640 % to be about 1000. We added three tyapical SEM imeges
of TERS active tips showing strong, normal, and weak TERS
signals in Fig. S1. The SEM images indicates that small
curvatures of tip tops is important to contribute to achieve the
large enhancement factors.

75 Although the signals due to the graphene are enhanced
strongly, those in the 1700-1200 cm™ region from the SiC
substrate are little enhanced. In this way one can selectively
observe the signals from the graphene on the C-face of the SiC
substrate by using TERS. These results are different from those

s0 by Domke et al.>' They used graphene grown on the Si-face of
SiC, not C-face. The mechanism of graphene growth on the Si-
face is different from that on the C-face. Thus the property of an

interfacial layer of each type of graphene is different to each other.

Therefore, TERS spectra may be different between the C- and Si-
ss face.

In Fig. 1, the intensity ratio of G’-band and G-band in the
TERS spectrum (Fig. 1c) seems to be smaller than that in the
normal Raman spectrum (Fig. 1b). The intensity ratios of G’-
band and G-band increase by increasing in the number of layers>.

90 Thus, the smaller intensity ratios for the TERS spectrum in Figs.
1b and lc indicates that the number of layers at the TERS
detection area is smaller than the averaged number of layers at the

conforcal Raman detection area. Another posibility is
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Fig. 2 Enlarged Raman and TERS spectra in the 1750-1450 cm™ region

of epitaxial graphene on the carbon surface of the 4H-SiC (000-1) from
Fig. 1.

concentration of defects, because the defects in graphene surfaces
decreases the intensity ratios.® Thus, the concentration of defect
at the TERS detection area may be smaller than that at at the
conforcal Raman detection area. The large enhancement factors
of the current TERS tip enable us such detailed discussion of
TERS spectra.

Note that the G band of the TERS spectrum shows a lower
wavenumber shift by 12 cm™ from that of the Raman spectrum
(see Fig. 1b and Fig. 1c). Figure 2 depicts the enlarged spectra in
the G band region (the 1750-1450 cm™ region) for the Raman and
TERS spectra in Fig. 1. The comparison of the G band in the
TERS spectrum with that in the Raman spectrum shows not only
the band shift but also a change in the band width. From curve
fitting, the full width at half maximum (FWHM) changes from 14
em™ to 24 ecm™ upon going from the Raman spectrum to the
TERS spectrum. It is very likely that the large change in the band
width occurs due to the fact that the spatial resolution of TERS is
much higher than that of normal Raman scattering, and TERS
observes much smaller area. The spatial resolution of our Raman
microscope is 1 pm. Thus, the Raman spectrum collects averaged
signals from a measured area. On the other hand, the special
resolution of the TERS spectrum is approximately determined by
radius of the tip.26 In the present case, it is 75 nm, and thus the
spatial resolution of the TERS spectrum is 75 nm. Thus, the
differences between the TERS and Raman spectra may arise from
changes in fine structure and local conditions. Note that the G
band width for TERS is broader than that for normal Raman,
indicating the result is not due to common inhomogeneous

(a) (b)
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Fig. 3 TERS and Raman spectra of the graphene measured at different
points (a-c), and the plot of a correlation between the peak shift and the
AFWHM of the G band at different positions (d). The S/N ratio is
worth in TERS than the Raman spectrum for (a). The reason for the
S/N ratio low for the TERS is un-optimized TERS detection.

AFWHM/cm™

T T T T T T
-12 10 -8 -6 -4 -2
Shift of G-band / cm™’

Fig. 4 The plot of a correlation between the peak shift and the AFWHM
of the G band at different positions (d).

broadening, but due to some local properties which is negligible

30 for normal Raman.

We measured TERS spectra of graphene by changing
positions, and found that the peak shift of the G band and the
change of its FWHM are different from place to place as shown
in Fig. 3a and 3b. We evaluated the relationship between

35 variations in the peak shifts and those in FWHMs using the

normal Raman spectra as standard spectra independent of TERS

spectral variations. Figure 4 plots the difference in G-band width
between the normal Raman and the TERS spectra (AFWHM)
versus the peak shift of G-band. There is correlation between the
peak shifts and the AFWHMs. As the absolute value of peak shift
of the G band becomes larger in the TERS spectrum, its AFWHM
increases. Note that the spectral variations in normal Raman
spectra are excluding from Fig. 4 by subtracting signals at tip

approaching from signals at tip retracting as shown in Fig. 1.

45 It has been known from Raman studies of graphene that the G
band shift and broadening are mainly induced by two kinds of
perturbations; hole and electron doping®” 2® and stress on the
graphene.”* We here discuss which perturbation occurred the G
band shifts and broadening. G band shifts and changes in the

so FWHM have been observed by doping hole and electron with
applying the voltage to graphene.”” ?® In the current TERS
measurement, however, no voltage is applied to the sample. Also
the electrical interaction between the graphene on the C-face and
the substrate is weak, and thus its effect on the G band may be

ss small. Furthermore the effects of static charges on the tip or/and
sample surfaces are negligible because evidence of static charges,
which is distortion of AFM images (see Fig. 5) and instability in
tips approach, did not observed in the current experiment. Thus,
we excluded the first possibility and focus ourselves on the stress
¢ on graphene as the origin of the G band shifts and broadening.

Then we here discuss the origin of the stress. In the SiC
thermal decomposition method, the graphene is fabricated
through thermal procedure. Coefficient of thermal expansion of
graphene layer (-9x10° K™)® is different from that of the SiC

6s substrate (4x10°° K™')*, inducing the difference generates thermal
stress between the SiC and the graphene during a cooling process
of the graphene just after its fabrication. Indeed when
unidirectional stress is applied mechanically to graphene, the G
band is split into two directions where the stress is applied and

7 not applied, yielding the G* and G~ bands.>* When the stress is

4
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weak, the splitting of G band is small and looks broadening. It
has also been reported that the G band shows a lower
wavenumber shift by applying the stress to graphene because of
distortion of the graphene lattice.®' In the current preparation
conditions of graphene, ridge structures are commonly observed
in AFM images as shown in Fig. 5. The graphene at the ridge part
is somewhat away from the substrate, and thus distortion of the
graphene lattice is significantly different from that at the flat part.
As shown in Fig. 5, the graphene surface has a wide flat area
(about several um) and a very small ridge structure area. In the
normal Raman spectra, the signal from the flat area is dominant.
On the other hand, the signal from the ridge structure can also be
observed in the TERS spectra, because the spatial resolution of
TERS is much higher than that of normal Raman. Thus, we
consider that variations in the local stress at ridge structures are
the origin of the observed variations in G band.

Ridge structure

-

Fig. 5. AFM topographic image of the graphene on C-face of 4H-SiC
(000-1).

We here compare our consideration with previous reports. In
Ref. 19, Saito et al attribute G band shifts to the excess charge
effect on graphene. They used exfoliated graphene films on glass
plates, which work as insulators for excess charge. Thus, it is
reasonable that excess charge remains on the plates and may
induce G band shifts. However, in our work we used epitaxial
graphene on the carbon face. Thus, the excess charge effect on
graphene is negligible because of electrical conductivity of
carbon face. It was reported that a force applied by a tip change
the G band of carbon nanotube to a lower wavenumber regions.*
However, the present TERS experiment was carried out under a
non-contact mode, and thus, the effect of the force from the tip
seems to be much smaller than that in the experiment by Yano et
al., who used a contact mode.** In the current case the degree of
the G band shift and broadening shows position-by-position
variations. Therefore, the variations are likely induced by the
position-dependent stress at the ridge structures generated during
the fabrication of epitaxial graphene on the C-face.

Additionally we discuss the variations of peak shift and
FWHM in the normal Raman spectra. In Figs. 2 and 3, the
variations are also dependent upon positions, i.e. FWHM of the
normal spectrum (Fig. 3a) is larger than that in (Fig. 3b). We
consider that the variations in peak shift and FWHM of G bands
are due to stress macroscopically induced by distortion of
graphene surfaces during the preparation of grapheme. **

45

90

95

100

Conclusions

In this work, we measured TERS spectra of epitaxial graphene on
the carbon face of 4H-SiC (000-1) and compared them with the
corresponding normal Raman spectra. Thanks to the high
enhancement factor of the developed bulk silver tip, it was clearly
found that the G band in the TERS spectra exhibits position-by-
position variations in the lower wavenumber shift and the spectral
broadening, and we have concluded that these spectral changes
occur by the position-dependent variation of stress on the C-face
of 4H-SiC(000-1).

Now we are trying many TERS line measurements to obtain
the relationship between ridge structures and G bands, but
thermal drift of samples has prevented us from the correct line
detections using both AFM and TERS imaging. Figure S2 is a
rear case of successful line detection. To resolve the thermal drift,
we are now developing a TERS system with a cooling sample
room in a vacuum chamber. Such system is important for not
only the understanding, prediction, and control of graphene
electronic dynamics by TERS tips but also the development of
electromagnetic strong coupling systems composed of molecular
systems and plasmonic ones using quantum electrodynamics.***
Such systems may provide new insights into the coupling among
electrons, excitons, plasmons, and photons for graphene
technology.
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We measured TERS spectra of epitaxial graphene on the carbon face of 4H-SiC (000-
1) and compared them with the corresponding normal Raman spectra.



