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The supreme properties of graphene and the potential of this two-dimensional (2-D) material for applications in many different areas of
technology have been well-documented over the last decade, and many different techniques are used to characterise this allotrope of carbon.
Raman spectroscopy is commonly seen as the technique of choice for characterising both the physical and chemical properties of this material,
and tip-enhanced Raman spectroscopy (TERS) can provide this information with nanoscale lateral resolution. This is achieved by employing

a nanoscale-sharp metal tip to enhance the electromagnetic field of the incident laser at the end of the tip. This combination of Raman
spectroscopy and scanning probe microscopy (SPM) leads to the enhancement of the Raman signal in an area of the order of nanometres, thus
providing both high chemical sensitivity and nanoscale spatial resolution. However, it can be difficult to obtain reliable experimental results using
TERS, due to the required expertise in both Raman spectroscopy and SPM and the need to overcome obstacles such as the preparation of
reproducible TERS probes. However, when these obstacles are overcome, TERS is an exciting technique for graphene research as it can be
used to increase the understanding of both graphene itself, through nanoscale surface mapping, and fundamental Raman spectroscopy analysis
of graphene layers, typically seen as the ‘gold standard’ of graphene characterisation.

In this paper, we detail the methodology of how to achieve nanoscale TERS imaging of graphene surfaces, covering aspects such as optical
alignment and tip preparation. Typical problems both before and during imaging are described, as well as possible solutions. Finally, TERS
imaging of mechanically exfoliated graphene is shown, and the methods of analysing this data are discussed.

Introduction

The potential of graphene to become the next disruptive technology has been frequently presented in scientific journals over the last several
years1'3, and the attention this two-dimensional (2-D) material has enjoyed has also proliferated to many other forms of media as well, due to its
many exciting properties. This honeycomb network of spz-hybridised carbon atoms, that is just one atom thick, has also initiated research into a
whole range of other new 2-D materials, such as hexagonal boron nitride (hBN) and molybdenum disulphide (M082)4'6. The many wondrous and
unique properties of graphene, such as stiffness, tensile strength, and electrical and thermal conductivity1' 278 have led to the prediction of many
commerscial applications for this material over the next decade, in areas such as flexible electronics, photonics, composites, energy storage and
sensors”.

Raman spectroscopy is a key technique for characterising the properties of grapheneg’ 1% and provides a wealth of chemical, electrical and
structural information. Raman spectroscopy can be used to determine the number and orientation of Iayers"’ 12, strain'® 14, lattice disorder
and doping17‘ 18 present in graphene, as well as identify chemically bound species present in functionalised graphenew. By using an excitation
laser to excite the inelastic Raman scattering processes in graphene, and measuring the resulting change in frequency of the scattered photons
using a monochromator, samples can be rapidly analysed. The technique is also non-destructive when the laser power density incident on the
graphene surface is less than 1 mW over a 1-2 ym spot diameter®®. Confocal Raman spectroscopy can also be used to spatially map graphene
layers by rastering the focus of the excitation laser across the sample and thus determine the variation in properties over the graphene surface.
However, the lateral resolution of this technique is limited by the diffraction limit (A\2NA, where NA is the numerical aperture) to several hundred
nanometres, depending on the wavelength of the excitation laser. Tip-enhanced Raman spectroscopy (TERS)21 has been shown to provide an
improvement in lateral resolution by more than one order of magnitude, with sub-molecular resolution of < 1 nm recently achieved on a single
molecule?®. The benefits of using TERS to imag;e graphene rather than far-field Raman spectroscopy has already led to the measurement of

the phase-breaking length at graphene edges2 and the localisation of graphene defects at a resolution higher than the optical diffraction limit?*.
TERS is achieved by utilising a sharp metallic scanning probe microscopy (SPM) probe to strongly enhance the electric field at the tip apex and
thus produce an enhancement of the Raman signal in a localised nanoscale area. In a TERS setup, the excitation laser wavelength is chosen

so as to excite localised surface plasmons at the metallised tip apex21. Typically, either gold or silver tips are used in combination with red or
green laser light, respectively. Ultimately, the success of any TERS measurement relies on the probe used, with many variations of tip fabrication
possible. However, the range of TERS tips available is limited, depending on both the SPM feedback mechanism used (as this probe must follow
the topography of the surface) and the type of sample under investigation.

15, 16

Scanning tunnelling microscopy (STM)25 tips can be used for measuring conductive samples, whereas atomic force microscopy (AFM)26
cantilevers are employed for, but not limited to, non-conducting samples. Further choices can be made as to whether contact-mode AFM, where
the tip is in contact with the surface and the deflection of the cantilever is monitoredzs, or an oscillating cantilever®’ should be employed. STM
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tips are usually electrochemically etched from thin metal wire, which can produce a tip apex with a nanoscale radius of curvature. Etched gold
or silver wires can also be used for AFM tlps 8,29 |f it is then secured onto a cantilever assembly, typically a quartz tuning fork, that may then be
used in shear force mode® or tapping mode AFM

In this body of work, we describe the TERS mapping of mechanically exfoliated graphene using a silver-coated AFM tip in contact-
mode specifically. These tips were produced by oxidising commercially available silicon AFM contact- mode cantilevers to provide

a supporting dielectric substrate for a silver film, coated using thermal evaporation in a vacuum of ~10 ® mbar®?**, to achieve surface
plasmon resonance with 532 nm wavelength excitation. Although the oxidation of the cantilever is not a requirement, it does improve the surface-
enhanced Raman scattering at the TERS probe apex. An AFM system was mounted on an inverted confocal microscope and a radially polarised
532 nm excitation laser beam was used to illuminate the AFM tip apex from below the transparent sample. This transmission-mode setup is
shown in Figure 1. The 1.49 NA oil-immersion objective lens used for the incident laser beam also collected the Raman scattered light, which
travelled to the Raman spectrometer and a charge-coupled device (CCD) detector via a multimode fibre with a core diameter of 25 ym. To
minimise vibrational and acoustic noise and undesired illumination, the entire apparatus was enclosed and placed on an optical table with
passive isolation. The TERS results were acquired and displayed using a combination of SPM and spectroscopy software in a master-slave
configuration respectively. Key challenges in performing TERS measurements are the production and stability of the TERS probes, as well as the
issue of spurious results due to tip contamination. To this end, particular care must be taken to avoid adventitious contamination and to verify any
unexpected spectra.

1. Laser and Raman Signal Alignment

1. Align the laser beam through a spatial filter to remove any intensity variations and other inhomogeneities. Then pass the collimated beam
from the spatial filter through a radial polariser (Figure 1b). Align the optical setup so that the laser beam will enter the exact centre of the
objective lens to achieve the best diffraction limited focal spot on the sample, then secure the objective lens onto the microscope. NOTE: To
obtain a diffraction limited focal spot, a collimated beam must be achieved using a spatial filter, as shown in Figure 1b. By including a radial
polariser, a higher z-component of the electric field can be obtained in the focal plane of the laser spot

2. Clean the oil immersion objective lens using isopropanol and a lens cleaning tissue in one sweeping motion. Place a laser power meter in the
sample position and adjust the output power of the laser system so the power measured at the objective lens is approximately 0.3 mW. Apply
fresh oil to the objective lens using an oil dropper.

3. Place a 0.17 mm thick (thickness number — 1%%) glass coverslip in the sample position and add a small amount of oil to the top of the
coverslip before securing a silicon wafer on top of the coverslip, front (polished) side facing downwards. Allow 20-30 minutes for the oil to
settle before any measurements are performed.

4. Calibrate the spectrometer using the correspondlng control software, adjusting the calibration offset until Raman spectroscopy measurements
show a Ra?/lelgh scattering line at 0 cm” ' and then adjusting the calibration coefficient so that the first order silicon Raman peak is positioned
at 520 cm

5. Maximise the silicon Raman peak by adjusting the focus of the laser beam, using the optical microscope focus knob, and align the confocal
pinhole of the 25 um multimode fibre collecting the Raman scattered light by adjusting the lateral positioner of the fibre situated on the
inverted microscope.

2. TERS Tip Preparation

1. Place silicon contact-mode AFM cantilevers without any metal back-coating (see Materials Table) in a tube furnace. Set the temperature of
the tube furnace to 1000°C and, once the desired temperature is reached, pass steam over the AFM tips by boiling water in a connected,
sealed vessel for ~45 minutes. NOTE: On completion, the cantilevers should have a purple or green colouration indicating a thickness of
greater than 300 nm oxide layer grown on the silicon material.

2. Place the oxidised TERS probes in a UV ozone cleaning chamber for one hour to remove any organlc contamination.

3. Place the oxidised tips in a high-vacuum thermal evaporator system (vacuum pressure of ~ 10 mbar). Increase the temperature of a
molybdenum evaporation boat containing silver material until a slow evaporation rate of ~50 pm/s is achieved, as measured using a
calibrated quartz crystal microbalance. Deposit a 40-50 nm nominal thickness silver film on the TERS probes. Store the batch of TERS
probes in an argon (or nitrogen) atmosphere until they are needed.

NOTE: To produce usable TERS tips, care must be taken to keep the evaporation system free of carbon contaminants, which will lead
to unreliable results. TERS tips should be used within a few days of preparation and ideally be prepared on the same day to reduce both
oxidation and contamination of the silver coating. An SEM image of a TERS probe is shown in Figure 2c.

3. Mechanically Exfoliating Graphene Flakes

1. Rinse a 0.17 mm glass coverslip with ethanol and dry the coverslip using a nitrogen or argon spray gun. Clean the substrate in a UV ozone
cleaning chamber for 10 minutes.

2. Cover one side of a highly oriented pyrolytic graphite (HOPG) surface with adhesive tape. Make sure the tape is in contact with the entire
HOPG surface securely by pressing down on the tape with tweezers. Peel off the tape to reveal graphite layers on the tape itself.

3. Spread the graphite layers across the adhesive tape by sticking the tape together and peeling the tape apart several times. Then cover the
clean glass coverslip with a part of the adhesive tape where graphite layers are present, pressing gently on the tape with tweezers to make
sure it is securely in contact with the glass coverslip. Slowly peel the adhesive tape off of the glass coverslip to produce flakes of graphite and
graphene on the glass coverslip.
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NOTE: The graphene layers on the glass surface will be undetectable to the naked eye.

4. Performing TERS Measurements on Graphene:

1. Use the inverted microscope to identify an area on the glass coverslip where there is a visible graphite flake. Perform low-resolution confocal
Raman mapping in this location over an image area tens of microns in size. Analyse the Raman spectra obtained to identify a graphene
area of interest. For a graphene monolayer area (preferably several hundred nanometres in lateral dimensions) identify any Raman spectra
containing a sharp Lorentzian 2D-peak at ~2670 cm™" with a greater Raman intensity than the G-peak at ~1590 cm’™, as shown in the Raman
spectra in Figure 3c labelled ‘centre’.

2. Use a sacrificial TERS tip that will not be used for any further TERS measurements to first position the AFM feedback laser with respect
to the TERS cantilever. Roughly align the TERS tip with the centre of the excitation laser focus using the AFM XYZ coarse tip positioning
system. Approach the contact-mode tip towards the sample surface using the AFM system software to step the coarse tip Z-positioning motor
whilst varying the fine sample Z scanner.

3. Once the AFM approach procedure has finished, confirm that the cantilever deflection is stable and thus the AFM contact-mode feedback
is performing correctly. Determine the optimum deflection setpoint for reliable feedback, which minimises the force applied to sample by
the TERS tip, by reducing the deflection setpoint until the feedback becomes unstable and then increasing the deflection setpoint until the
cantilever deflection is stable again.

4. Replace the sacrificial TERS probe with a new TERS tip that has been prepared within the last few days, or preferably the same day. If
required, re-align the AFM deflection laser with the back of the new AFM cantilever and re-align the tip position with the laser focus using the
XYZ coarse tip positioning motors. To improve the alignment of the focus of the excitation laser with the tip apex, perform XY Raman mapping
of the tip using the objective lens XYZ scanner and position the beam focus at the point of maximum Raman intensity for the silicon (~520
cm'1) peak, as shown in Figure 2a.

NOTE: Depending on the thickness of the oxide layer, the Si peak may not be observable using Raman spectroscopy. In this case the
maximum of the photoluminescence (PL) intensity from the silver coating can be used to roughly align the tip with the centre of the laser
focus.

5. Approach the identified graphene layers with the TERS probe until it is in AFM contact-mode feedback, using the previously determined
approach parameters in Step 4.2 to minimise the force on (and therefore the tip degradation of) the TERS tip. Perform further Raman imaging
of the tip using the objective lens XYZ scanner once the probe is in contact with the graphene flake. Determine the position of the graphene
Raman G-peak maximum intensity, and align the excitation laser with this TERS ‘hot-spot’, that is, the location of the centre of the Raman
signal enhancement, as shown in Figure 2b.

6. Record the Raman spectra both when the TERS probe is in contact with the graphene surface, and when both the sample and objective lens
are simultaneously retracted from the probe (thus the excitation laser focus is still positioned at the same sample location). If a graphene
G-peak contrast of 1 or higher is achieved, as for the example in Figure 2d, position the TERS tip onto the graphene surface again. Allow
the system to stabilise for 10 minutes and then perform Raman mapping using the XYZ objective lens scanner on the TERS tip again to
determine if any re-alignment of the TERS hot-spot is required.

NOTE: This step is described as a ‘Tip in/Tip out’ experiment and can be used to determine the TERS contrast of the TERS tip, and if it is
usable for TERS measurements. For a contrast of less than 1, the TERS hot-spot should be re-aligned and another Tip in/Tip out experiment
performed to assess the TERS probe. If a suitable contrast value is still not achieved, a new TERS probe should be employed and the
protocol should be followed from Step 4.4.

7. Setthe AFM software to record the topography, lateral force, and deflection AFM signals as well as the Raman spectra input from the Raman
spectroscopy software, at each pixel. Perform TERS imaging of the graphene surface by using the AFM software to execute an AFM map
of the area and control the Raman spectroscopy software to acquire Raman spectra at each pixel. NOTE: Typically Raman spectroscopy
collection times of 1-2 seconds per pixel are adequate for obtaining graphene Raman spectra. Representative simultaneous lateral force and
Raman spectra maps are shown in Figure 3a and 3b respectively and were obtained by laterally displacing the surface using the sample XYZ
scanner relative to both the objective lens and TERS probe.

8. When TERS measurements show areas of scientific interest, repeat the TERS imaging procedure in Step 4.7 to prove measurement
consistency, imaging the areas at different scan sizes to confirm the features observed. NOTE: A Raman spectral measurement of the TERS
tip can also be performed when it is not in contact with the surface, to determine if any contamination has been acquired by the tip that may
have produced any spurious results in any previous scans.

9. When a reduction in the lateral resolution of the TERS tip is observed in the tip-enhanced Raman image, re-scan for the graphene G-peak
hot-spot using the objective lens XYZ scanner whilst the tip is in contact with a continuous graphene flake. If the hot-spot is not a sharp point,
or several hot-spots are found, as shown in Figure 2e and 2f, the tip should be replaced as the silver coating has been damaged at the tip
apex.

10. Replace the TERS tip with another recently prepared TERS tip (or one that was recently stored in an argon atmosphere). Repeat steps 4.3
to 4.7 to determine if the new TERS tip is performing correctly and to re-image the previous areas measured. NOTE: The consistency of any
experimental TERS results obtained is demonstrated by performing TERS imaging with different TERS probes on the same sample area.

Representative Results

Figure 1 illustrates the experimental TERS apparatus, in which Figure 1a is a detailed view of the silver-coated AFM tip in contact with a
graphene layer on a glass coverslip. The green laser beam is incident on the probe apex and thus the sample, with Raman scattered light
emanating from the sample. Some of the scattered Raman signal is collected by the same objective lens that focusses the excitation laser beam.
Figure 1b shows a schematic view of the experimental equipment, including the optics required for a collimated and radially polarised beam and
the Raman spectrometer with associated CCD camera that measures the collected Raman scattered light.
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Raman intensity maps of a TERS probe are shown in Figure 2a and 2b, which illustrate that the maximum signal found for the silicon peak

of the AFM cantilever tip (Figure 2a) is not in the same location as the true TERS hot-spot, found from the graphene Raman G-peak intensity
map in Figure 2b. Both Raman intensity maps of TERS probes, such as in Figure 2a and 2b, and TERS intensity images of samples are, by
their nature, a superposition of both the TERS signal at the hot-spot and far-field Raman spectroscopy signal from the overall laser probe
volume. Thus, the contrast between the near-field and far-field signals can be used to characterise TERS tips by performing ‘Tip in/Tip out’
experiments, as described in the Protocol section, and using the formula leq/liar = (Iin/lout) — 1. Figure 2c is a scanning electron microscopy
(SEM) image of a silver-coated AFM cantilever, clearly showing a tip apex radius of less than 50 nm and the required rough silver surface
produced by this tip production method for efficient excitation of localised surface plasmons. When developing a fabrication procedure for

TERS probes, the charactensatlon of the tip apex is extremely important to confirm the viability and reliability of the tips. Although much higher
contrasts have been reported 3,24 , a functioning TERS probe will produce a contrast of at least ~1 for Tip in/Tip out experiments on graphene,

as shown in the example in Flgure 2d for a monolayer graphene layer after Ar* ion bombardment. lon bombardment of graphene causes

lattice defects and activates a Raman D- peak 6 at~1350 cm™ , thus Figure 2d provides a good representation of Raman spectra for defective
graphene. The Raman spectra in Figure 2d were obtained when the tip was in contact with the sample surface (Tip in) and when the tip was then
retracted by 10 um from the sample, whilst the excitation laser focus was maintained on the same area of the sample, and Raman spectroscopy
measurements repeated (Tip out). This provides an indication of TERS contrast, that is, a quantification of the enhancement of the Raman signal
due to the TERS probe.

The silver-coated TERS contact-mode probe typically has a finite imaging lifetime, after which the TERS enhancement drastically reduces

as the metal- coatlng of the tip apex has physically degraded. The domain size of photovoltaic polymer blends are often characterised using
TERS i |mag|ng 5, and have a reduced measure of hardness compared to a graphene/glass surface. Figures 2e and 2f are Raman maps of a
contact-mode TERS probe in contact with a photovoltaic polymer blend of SiTPT-BT and anindene-Cgy monoadduct (ICMA) fullerene-derivative,
showing the intensity of the 655 nm photoluminescence peak of the SiTPT-BT polymer. Figure 2e shows the initially sharp hot-spot observed for
the TERS probe and Figure 2f reveals that even this softer polymer blend sample damages the tip, and ultimately diminishes the TERS hot-spot,
after 4 hours of TERS imaging.

Figures 3a and 3b show a lateral force image and a corresponding graphene D-peak intensity plot of the edge of a monolayer graphene flake
on a glass coverslip respectively. The number of graphene layers can be determined by the 2D-peak, in this case a single sharp peak shape
(see Flgure 3b) is observed for the graphene flake on the left-hand side of the lateral force image in Figure 3a, characteristic of a graphene
monolayer . The edge of the graphene flake is observed in Figure 3b as an area of increased D-peak intensity, and shows agreement in the
lateral position of the graphene edge with Figure 3a. Figure 3c shows Raman spectra from the areas illustrated in Figure 3b, a point on the
graphene flake, on the bare glass substrate and on the edge of the graphene flake. This reveals the absence of significant graphene peaks for
the glass substrate, and the difference in the D-peak intensity between the pristine graphene and the edge of the flake, as well as displaying a
lateral resolution not achievable with confocal Raman spectroscopy. This is shown in Figure 3d, which is the spatial profile of the graphene G-
peak across the edge of the graphene flake, and corresponds to the black horizontal line in Figure 3b.
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Figure 1: (a) Schematic of a transmission-mode TERS setup using a silver-coated AFM cantilever to map mechanically exfoliated
graphene on a glass coverslip. The green laser beam is focussed on the tip apex from below the transparent sample and the Raman scattered
light (shown as red) is collected by the same objective lens, the directions of the X-, Y- and Z-axis are also shown. (b) Diagram showing the
experimental apparatus of the TERS system, including the optics used for the excitation laser, the AFM head, the inverted microscope, and the
Raman spectrometer and charge-coupled device (CCD) camera combination.

Copyright © 2014 Journal of Visualized Experiments March 2014 | | e51722 | Page 4 of 8


http://www.jove.com
http://www.jove.com
http://www.jove.com

L]
lee Journal of Visualized Experiments www.jove.com
50000
50 nm
—
10000
a.u.

Tip out

(a) 5500 (b)

500
au.

Raman intensity (a.u.) =

| ' I ’ | ! |
1350 1800 2250 2700
Raman shift (cm™)

240

Figure 2: Confocal Raman spectroscopy mapping of a TERS tip in contact with a continuous graphene flake, where (a) and (b) are
the silicon (~520 cm'1) and graphene G-peak (~1590 cm'1) Raman maps respectively, pixel size is 37 nm and the z-scale represents
the peak area. The true TERS hot-spot in (b) is not at the same location as where the maximum silicon signal is located in (a). (c) SEM image
of a ~50 nm silver-coated, oxidised, silicon AFM tip, 100 nm scale bar. (d) ‘Tip in’ (black) and ‘Tip out’ (red) spectra for a useable TERS probe
at the same lateral position on a graphene monolayer after 500eV Ar" ion bombardment and thus a high intensity D-peak is observed. Figure
2d shows the enhancement of the Raman spectra when the TERS tip is in contact with the graphene surface, compared to when the tip has
been removed. Raman spectroscopy images of the TERS hot-spot of a probe in contact with a polymer blend sample, before (e) and after (f)
the tip has been used. Figures 2e and 2f show how the tip has become blunt after imaging the surface and will not produce significant TERS
enhancement. Note (e) is a smaller scan area than (f), with 58.75 nm and 125 nm pixel sizes respectively.
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Figure 3: Lateral force (a) and graphene Raman D-peak intensity (b) maps of the edge of a monolayer graphene flake (scan size

500 x 500 nm with 60 x 60 pixels). (c) shows the Raman spectra for the bare glass substrate (triangle), centre of the graphene flake (circle) and
the very edge of the graphene flake (star). The graphene flake is clearly distinguishable on the left-hand side of the lateral force image, and the
corresponding high intensity D-peak areas are observed in the Raman spectra due to the edge of the graphene flake. Figure 3d shows a profile
of the graphene G-peak across the edge of the flake, and corresponds to the black horizontal line in Figure 3b. Reprinted with permission from
Ref. 23. Copyright 2013, American Vacuum Society.

TERS can be a challenging technique for producing consistent and reliable results and a thorough methodology is required to achieve the
desired goals of any TERS experiment. As previously detailed, certain experimental procedures are crucial to confirming any nanoscale-
resolution Raman spectra produced by this method. To this end, the apparatus discussed in this body of work allows both the optimisation of the
excitation laser and the ability to analyse the viability of the TERS probe in-situ.

The AIST-NT AFM head, shown in Figure 1b, has a separate positioning system for the AFM cantilever and for scanning the objective lens,
which means that Raman mapping can be performed on the TERS probe itself, or the laser beam can be focussed at a point relative to the tip
and the TERS probe and excitation laser focus can be rastered across the graphene sample for TERS imaging. This means the crucial step of
locating the TERS hot-spot is easy to accomplish, as is re-alignment, and confirming the position of the hot-spot does not disturb the system if it
is already aligned and in the correct position with respect to the sample. Hence the TERS hot-spot can be monitored in-between sample scans,
such that damage to the tip due to contact-mode AFM operation (as shown in Figures 2e and 2f) can be investigated and the tip can be rapidly
replaced. If, unknown to the user, the TERS probe stops producing an enhancement of the Raman signal, instead of TERS images the user will
only be producing confocal Raman maps coupled with AFM data.

Analysis of Figure 2a and Figure 2b reveals that there is a ~56 nm displacement between the maximum silicon Raman peak intensity and

the true TERS hot-spot. This is due to local inhomogeneities in the surface roughness present at the tip-apex. This means that although the
maximum silicon peak intensity can be used to locate the approximate position of the TERS probe apex before the TERS tip approaches the
surface, it is critical to obtain a second Raman map of a Raman peak associated with the sample material itself, when the tip is in contact with
the surface. Then the laser focus can be correctly positioned at the TERS hot-spot for maximum enhancement before TERS measurements
are undertaken. A functioning TERS probe will reveal a contrast of at least 1, calculated from Tip in/TLp out experiments on graphene, as shown
in Figure 2d for a graphene monolayer with a high intensity D-peak caused by Ar" ion bombardment'®. Contrast is a more relevant measure

in TERS imaging experiments than ‘TERS enhancement factor’ values which include an approximation of the difference in probe volumes
between confocal Raman measurements and TERS measurements. The Tip in/Tip out measurements in Figure 2d clearly show that there is an
enhancement of the graphene Raman signal when a TERS tip is present, and is a necessary step to ensure nanoscale chemical imaging.

Spurious Raman spectra caused by adventitious contamination of the tip is a common cause of suspect results in TERS measurements. The
most effective way of addressing this issue is to scan the same area multiple times and at different scan sizes, as described in the protocol
previously. TERS tips can easily be replaced without disruption to the sample-objective alignment, allowing the same area of a graphene surface

Copyright © 2014 Journal of Visualized Experiments March 2014 | | e51722 | Page 6 of 8


http://www.jove.com
http://www.jove.com
http://www.jove.com

L]
lee Journal of Visualized Experiments www.jove.com

to be imaged with more than one tip. This robust methodology can therefore confirm the presence of any species imaged on a graphene surface.
It is also important to control the laser power incident on the tip and sample since graphene may otherwise be oxidised or react with adsorbates,
this is even more of a consideration with TERS than confocal Raman spectroscopy, due to the enhanced localised electric field.

Raman spectra of graphene layers provide several distinctive peaks from which material properties can be discerned. The three most studied
bands are the G-peak (~1590 cm'1), the D-peak (~1350 cm'1) and the 2D-peak, which is the D-peak overtone, as shown in Figure 2d and 3c.
The D-peak is only activated if there is a defect in the lattice, and thus the ratio of the D- and G-peaks can be used to determine the extent of

the disorder in the graphene lattice. The D/G peak intensity ratio increases with increasing defect density until the maximum interdefect distance
is ~2-4 nm'®, related to the phase-breaking length of graphene, nga_ Domain boundaries and edges are both essentially defects in a graphene
lattice, and thus an edge of a graphene flake has an increased D-peak intensity depending on the angle of the edge with respect to the graphene
lattice. This is observed in Figure 3b as a variation in D-peak intensity along the graphene edge.

There is a convolution of the confocal Raman signal and the nanoscale variations in Raman signal due to the enhancement mechanism of the
TERS probe for any TERS experiments. This is the reason the 2D-peak can still be observed in Figure 3c for the bare glass areas, even though
the intensity is very small. By analysing the TERS image in Figure 3b with a line profile across the grafhene edge and plotting the variation in
the graphene Raman G-peak, as shown in Figure 3d, a TERS resolution of 16 nm can be determined % The tip radius of the TERS probe itself
also leads to further convolution for surface features that are smaller than the TERS tip apex. However, this can be mathematically deconvoluted,
as shown in Ref. 23 where the phase-breaking length of graphene is calculated as L, = 4.2 + 0.5 nm from the graphene Raman D-peak image
shown in Figure 3b.

As outlined previously, there are several other modes of TERS that incorporate other AFM feedback modes with oscillating cantilevers or STM
feedback. However, the Raman signal obtained in contact-mode AFM typically has a more advantageous signal-to-noise ratio as opposed

to other AFM feedback modes, whilst the disadvantage of contact-mode TERS is increased tip degradation. STM feedback would not be
possible for mechanically exfoliated graphene layers on glass due to the inability to make an electrical contact with microscale transparent
graphene flakes. However, STM feedback could be employed with similar samples by incorporating a thin-film of metal deposited on the glass
coverslip before the graphene is transferred onto the substrate, this metal can be the same metal as the TERS tip, thus enabling gap-mode
measurements>*. Another option would be to change the optical apparatus from a transmission-mode system, as outlined in this body of work, to
a reflection-mode TERS setup that employs an excitation laser and collection objective lens above the sample plane, thus the sample would not
need to be transparent.

These TERS results show that nanoscale-resolution Raman imaging is possible for graphene, effectively enabling chemical, structural and
electrical characterisation on the nanometre length-scale. TERS also extends the ability of Raman spectroscopy to investigate this exciting 2-D
material with an improved lateral resolution of more than one order of magnitude. Nanoscale chemical imaging will benefit applications in many
other areas of research as well, areas where improvements in understanding and characterisation have the potential to impact the quality of life
substantially, such as photovoltaics, nanocomposites and catalysis.
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