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Abstract : This application note reports on the TERS nanocharacterization of graphene nanoribbons (GNRs) fabricated by
electron beam lithography. The chemical nanoresolution achievable by TERS reveals the presence of amorphous carbon
at the edge of the GNRs and locates organic residues. TERS can be considered as a valuable tool for characterizing

nanopatterned graphene, an essential step for the development of graphene-based nano-devices.
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Context and issues

No need to recall the exceptional properties of graphene
which has driven tremendous research since Novoselov’s
scotch tape experiment[1-2]. Graphene is thus now
foreseen for a handful of electronic and optoelectronic
nano-devices[3]. Making nano-devices out of graphene
requires nanopatterning. With a sub-10 nm resolution,
electron beam lithography (EBL) is an option but it can
generate defects and contamination[4-6]. As a result,
determining the quality of patterned graphene is essential
and detection of defects demands a sensitive chemical
nano-characterization tool.

Potential/ Input from technique

Tip-Enhanced Raman Spectroscopy (TERS) has emerged
as a powerful analytical technique providing high chemical
sensitivity for surface molecular imaging with a nanoscale
spatial resolution[7-10]. TERS enables characterization
of nanopatterned graphene and reveals the presence of
defects and impurities left by the resist, which could result in
unwanted doping effect and lower carrier mobility.

Starting point, what is known?

TERS has been successfully used to characterize a variety of
graphene properties such as number of layers, local strain,
edge, surface adsorbates[10], and artificial defects.

Description of sample and measurement

Using natural graphite crystals and mechanical exfoliation
method, monolayer graphene flakes were isolated on
SiO, (=300 nm)/Si substrate. Then flakes have undergone the
following process steps (schematically illustrated in Fig. 1) to
produce graphene nanoribbons:
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Fig. 1. Schematic diagram of fabrication steps of GNRs and their
transfer from SiO /Si substrate to Au coated SiO /Si substrate.

e FElectron resist (PMMA) deposition: spin coating and
baking;

e EBL: beam exposition, development of exposed regions
(in solvent), removal of non protected graphene using
oxygen plasma. The protecting PMMA mask is then
removed in acetone and the sample is dried: GNR with
a width of about 60+5 nm, a length of >100 ym and an
interdistance of 140 nm are created on SiO,/Si substrate;

e Transfer of GNR on gold coated substrate by wet
method: spin coating of 200 nm thick PMMA, baking,
taping of frame (windowed on GNR region), KOH dipping
to detach GNR from SiO,/Si, application on a 100 nm
Au coated substrate, PMMA removal, and annealing to
reduce PMMA residues.

TERS measurements were performed in gap mode using
a NanoRaman system from HORIBA Scientific integrating
an atomic force microscope (OmegaScope, based on
SmartSPM) and a Raman microscope (Labram Evo) with a
100x WD objective tilted by 60° with respect to the sample
plane. A 638 nm p-polarized laser (130 yW) was focused
onto the cantilever-based gold coated AFM-TERS tip
(OMNI TERS-SNC-Au, App Nano). Transition between the
pixels of the TEPL map is performed in alternating-contact
mode, which preserves both the sharpness and plasmonic
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enhancement of the tip eliminating lateral forces that might
otherwise result in sweeping aside or picking up loosely
attached contaminants from the sample surface.

First, AFM topography and phase images are measured to
locate GNRs. As shown in Fig. 2a and 2b, GNRs are not clearly
seen in the topography image due to the high roughness
of the gold surface (RMS =~1.0 nm) but a nice contrast in
the phase image enables measurement of GNR width to be
57.2 + 8.4 nm, which agrees well with the designed width of
60 nm.

Next, a TERS spectrum is collected in the interior of the
GNRs. As shown in Fig. 2c, the spectrum features the G peak
(~1585 cm) corresponding to the E,, phonon at the centre
of the Brillouin zone and the 2D peak (~2637 cm™', overtone
of the D peak) originating from scattering of the electron by
two phonons having momentums g and -q [11]. The 2D peak
is fit with single Gaussian peak with a width of 42 cm™ which
indicates the monolayer nature of the GNRs[11].

TERS mapping was conducted in the marked area of Fig. 2a
and 2b, with scanning area of 600x300 nm? and a pixel
size of 5 nm. The Raman intensity maps of the D, G and 2D
modes are shown in Fig. 2d, 2e, and 2f, respectively upon
fitting with three Lorentzian curves at ~1340, ~1585, and
~2637 cm'. TERS D peak intensity profile extracted from
the line marked in Fig. 2d is shown in Fig. 2g to estimate
the TERS spatial resolution. A fitted Gaussian peak exhibits
a width of 5 + 0.4 nm, which means, given the 5 nm pixel
size, that resolution is limited by the sampling step and could
be better than 5 nm (reported values as low as 1 nm for
graphene [10,12-13] and graphene oxide [14]).
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Fig. 2. AFM topography (a) and phase (b) images of GNRs ; (c) TERS
spectrum measured in the GNR centre fitted by two Lorentizan
functions; (d) D (e) G and (f) 2D TERS images of the GNR in marked
regions of (a)-(b) 120x60 pixels, pixel size: 5 nm, exposure time:
0.7 s; (g) The typical spatial resolution obtained by fitting the line
profile along the marked line in (c) using a Gaussian function.
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Higher D and G signals are observed on the edge of the
nanoribbon where 2D intensity is higher in the inner part.
The D peak (~1340 cm), which arises from the TO phonons
around the K point of the Brillouin zone and requires
scattering by a defect in order to maintain the conservation
of momentum is an indication of the defect density. The
EBL process splits the graphene flake into nanoribbons with
large length/width ratio and induces the formation of high
density of defects at the cutting interface, i.e. GNR edges|[4].
A high D peak intensity is usually observed on the edges of
mechanically exfoliated [11-12] or chemical vapor deposition
grown graphene flakes. However, if one looks at spectra (1-
5) taken on a line across the GNR edge from the substrate
to the inner GNR (in the zoomed region in Fig. 3a), further
information can be extracted. Spectra 2 and 3 taken on the
GNR edge not only feature enhanced D and G peak signals
but also no 2D peak.
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Fig. 8. TERS D peak intensity (a) and width (b) images of an area

at the GNR edge in Figure 2(c); (c) Five TERS spectra along the
marked line in (a).

Furthermore, the width of both D (width going from 38 to
86 cm) and G (width going from 28 to 66 cm™) bands
increases going from spectrum 3 to spectrum 2 whilst
approaching the GNR edge. This is in contrast with what is
observed at the edge of mechanically exfoliated monolayer
graphene[12] and indicates the presence of a disordered
graphene phase[15]. This implies that upon EBL, a band of
damaged graphene (amorphous/disordered graphene) of
a width of 5-10 nm is induced due to high energy electron
bombardment.

The presence and local distribution of organic contamination
have also been analyzed by plotting the 2890 cm™ Raman
band (stretching vibration C-CH,) and upon fitting it with
a single Lorentzian function. The TERS intensity image
(Fig. 4a) indicates the presence of organic adsorbates on
spots in both GNR and substrate areas. Four spectra are
plotted in Fig. 4b on four locations featuring high intensity of
the 2890 cm™ Raman band: two in GNR area (P1-P2), two
on the substrate(P3-P4). The presence of C-CH, signature
indicates the presence of organic contaminants on the GNR
samples, which most likely comes from the PMMA residues
during the resist deposition process or/and the Si/SiO, to Au
transfer substrate step.
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