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Linkage Between Micro- and Nano-Raman Spectroscopy of Defects in Graphene
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On nanomaterials characterization, the evolution from the broadly utilized micro-Raman spectroscopy
to a nanoscale regime is taking place with the improvements in tip-enhanced Raman spectroscopy (TERS).
It is not clear, however, to which extent protocols developed within the diffraction-limited far-field config-
uration apply to the near-field regime. Defects in graphene nanoflakes are investigated in this work in both
micro and nano regimes, showing that the Raman characteristics utilized to quantify defects in the far-field
regime actually change in the presence of the TERS tip, generating incompatible results. The micro-to-
nano spectral mismatch can be modeled using a theory of spatial coherence in near-field Raman scattering,
from which a parameterization procedure can be derived in order to obtain consistent results. The incom-
patibilities observed here for graphene should also happen in other structures relevant to nanoscience and
nanotechnology when explored in the nano-Raman regime, and they can be resolved similarly.
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I. INTRODUCTION

Owing to outstanding resolution to probe materials’
energy levels, which can reach 1 peV, Raman spec-
troscopy is a technique that enables identifying, qualify-
ing, and quantifying material properties accurately. For
instance, defects, which can modify the physicochemical
properties of crystalline lattices, have been broadly studied
using this light scattering technique, in different classes of
materials [1-9], including low-dimensional nanostructures
(zero [3,4], one [5,10], and two dimensional [6—8,10]).
However, being an optical phenomenon, micro-Raman
spectroscopy is resolution limited by diffraction, as formal-
ized by the Rayleigh criterion [11], where features smaller
than hundreds of nanometers, or approximately half of
the wavelength of the excitation light source, cannot be
spatially resolved, therefore hindering its application in
nanotechnology.

The spatial resolution limit has been overcome with the
development of tip-enhanced Raman spectroscopy (TERS)
[12—17], in which a metallic tip works as a nanoantenna,
converting light into localized near-field energy and vice
versa [18]. In TERS the spatial resolution is no longer lim-
ited by the wavelength of the incident light, but it is defined
by the tip’s apex, which is typically in the order of tens
of nanometers in diameter. Under very special conditions,
TERS can even reach subnanometer resolution [19,20]. As
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such, TERS allows for the observation of a single dop-
ing atom in the wall of a carbon nanotube [21], showing
that Raman spectroscopy can no longer be considered a
diffraction limited analytical tool, but it entered the nano
realm.

It remains to be demonstrated, however, whether TERS
can be utilized to probe surface properties that are hid-
den in the micron-sized confocal background of optical
microscopy, especially problematic in two-dimensional
systems, like graphene [16]. The success of the tech-
nique depends on plasmonic tips capable of gener-
ating a local (nanometer) signal that overcomes the
response from the micron-sized illumination area in a
two-dimensional system [14,17,18]. Here we show that
a plasmon-tunable tip pyramid (PTTP) stripped out of a
silicon patterned template wafer [22] is capable of gener-
ating high enough nano-Raman signals to provide nearly
background-free local information on graphene, without
using extra enhancement from metallic substrates (gap
mode) or any pre or postsignal processing. In doing so, our
results show relevant inconsistencies between micro- and
nano-Raman results that can be understood based on inter-
ference effects that play a role only in the near-field TERS
configuration [23]. These interference effects can be either
constructive or destructive depending on the symmetry of
the phonon giving rise to a specific Raman signal, therefore
generating more or less signal enhancements for different
phonon modes, with the relative enhancement also depend-
ing on the phonon coherence length [23—26]. This effect
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has already been demonstrated when comparing the TERS
signal from two Raman-allowed bands in graphene (the so-
called G and 2D bands [24]) and it will play a role in the
observations reported here.

In the following, we introduce the technical details
(Sec. II), followed by the experimental results and discus-
sions (Sec. III) and the concluding remarks (Sec. I'V).

II. TECHNICAL DETAILS

The TERS system utilized here for nano-Raman mea-
surements works on a backscattering configuration using a
Nikon inverted microscope, equipped with a 60 times oil
immersion objective (1.4 numerical aperture), as described
in Ref. [27]. In this configuration, light comes from the
bottom, and the incident light from a radially polarized
helium-neon laser (632.8 nm wavelength) crosses a trans-
parent substrate (a glass coverslip) to reach the graphene
sample and the TERS tip, which is held in position
from the top using a tuning fork—based home-built atomic
force microscopy scan head. To acquire the backscattered
Raman spectra, we use an Andor Shamrock SR-303i spec-
trometer equipped with an iDus DU401A-BR-DD charge
coupled device. The Raman scattered signal is dispersed
by a 600 lines/mm grating, resulting in a spectral resolu-
tion of approximately 2.36 cm™!, as experimentally deter-
mined. Five physically different gold PTTPs are utilized in
the experimental procedures, with tip apex diameters d =
(30 & 10) nm and sizes chosen to tune the localized sur-
face plasmon resonance with the helium-neon laser [22], as
determined by scanning electron microscopy. For micro-
Raman measurements, the TERS tip is simply retracted
and kept at a distance of at least 700 nm away from the
sample surface.

Spectra from pristine single-layer graphene comes
from a sample prepared by mechanical exfoliation of a
highly pure and ordered natural graphite. The samples of
graphene nanoflakes are based on commercially available
graphene powders, from FGV Cambridge Nanosystems
Ltd., under the name CamGraph G1 graphene powder.
According to the manufacturer, the powder consists of
graphene flakes with one to five layers, derived from a
catalyst and surfactant-free microwave plasma synthesis
process. The samples are all deposited on a glass coverslip
for the measurements.

III. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b) we show the Raman spectra
from a crystalline single-layer graphene and from a defec-
tive graphene nanoflake, respectively, while in Figs. 1(c)
and 1(d) we show these samples as spectrally imaged.
The red and green spectra in Figs. 1(a) and 1(b) are
measured with and without the presence of the TERS
tip, in the region encompassing the disorder-induced D
band (approximately 1350 cm™'), the pristine first-order

Raman-allowed G band (approximately 1584 cm™!), and
the second-order Raman-allowed 2D band (approximately
2700 cm™!, also called G’ in the literature). The TERS
near-field (NF) intensities from the two-dimensional crys-
talline graphene [Fig. 1(a)] is roughly 20 times larger than
the confocal far-field (FF) signals (19 times larger for the G
band and 26 times larger for the 2D band). These results are
remarkable because the NF signal comes from an area two
orders of magnitude smaller than that of the FF signal [see
the inset to Fig. 1(a)], so that the actual local field enhance-
ment [28] achieved in this experiment is in the order of 10°3.
Spectral enhancements of that order have been observed
in highly localized structures, i.e., when TERS enhances
the signal from where the emitter is located and it does not
compete with the far-field background signal [21], different
from the present case, where the graphene sample covers
the entire confocal region [Fig. 1(a)]. For the nanoflake, the
Raman signal is not even observable in the absence of the
tip, as shown by the green spectrum in Fig. 1(b), taken with
the TERS tip away from the sample. Because the Raman
spectrum obtained in the presence of the tip is comprised
of both the FF and NF signals together, from now on we
refer to spectra acquired without and with the presence of
the TERS tip as micro-Raman («R) and nano-Raman (nR)
spectra, respectively.

Micro-Raman and nano-Raman spectroscopy has been
performed on distinct defective graphene nanoflakes, using
different PTTPs. In Fig. 2 we present results obtained from
four samples, one per row. The first column [Fig. 2(a)]
shows the images generated based on the spectral range of
the graphene’s D band, as extracted from the uR hyper-
spectral intensity, while the second column [Fig. 2(b)]
shows the images generated based on the same spectral
range as Fig. 2(a), but extracted from the nR hyperspec-
tral intensity, which is consistent with the atomic force
microscopy (AFM) topography image [Fig. 2(c)] acquired
simultaneously during the optical scan procedure. Note in
Fig. 2(b) the coexistence of the NF (sharp-edged struc-
tures, coincident with topography images) and FF (blurred
structures, coincident with uR images) signals. Because of
the differences in tip enhancement, which directly influ-
ence the NF over FF image contrast, flake 4 in Fig. 2
is fully dominated by the NF signal, while flake D has a
strong FF contribution.

The fourth column [Fig. 2(d)] shows the spectral
crystalline-order figure of merit, which is the 4p/A¢ his-
togram for each nanoflake, where Ap and Ag are the
integrated intensities (areas) of the D and G bands, respec-
tively. The uR (green) and nR (red) data are shown on
the same plot. It is important to note that the spectrally
weighted mean values for the @R and nR distributions,
represented in Fig. 2(d) by the green and red crosses,
respectively, at the x axis, do not coincide. Flake A
shows the largest deviation, whereas flake D shows the
smallest deviation. In order to compare these deviations, in
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FIG. 1. (a) Micro-Raman (uR, green line) and nano-Raman (nR, red line) spectra of pristine single-layer graphene. The inset

schematically shows the areas from where the uR and nR spectra come from in relation to each other. (b) Raman spectra from a
defective graphene nanoflake, as can be inferred from the presence of the D band, highlighted in blue. The spectra are acquired without
(1R, green line) and with (nR, red line) the presence of the TERS tip. The D’ band (approximately 1610 cm™!), which, as the D band
is associated with disorder, is also visible. The G and 2D bands are highlighted in orange and purple, respectively. Inside the circles are
the associated eigenvectors. (¢) The R 2D-band intensity image of the pristine graphene. The white arrow indicates where the Raman
data in (a) were taken. (d) The nR D-band image of the graphene nanoflake from where the data in (b) were taken. The topography
(atomic force microscopy) and D-band intensity line profile along the white dashed line are shown in (e) with blue and orange lines,
respectively. (f) Plot of the area ratio between the 2D and G (42p/Ag, filled circles) bands of pristine graphene [panels (a),(c)] and
between the D and G (4p/Ag, open circles) bands of the nanoflake [panels (b),(d)] for different tip-sample distances AZ [see (g)]. Note
that, although the tip-approach procedure performed on the nanoflake retracted the tip as far as AZ = 20 nm, the acquired spectra only
exhibited a signal-to-noise ratio significant enough to be fitted up to AZ = 10 nm. The red line represents the theoretical fit (see the

text).

Fig. 2(e) we show a scatter plot of the nR/iR normalized
(Ap/Ag)* as a function of A4}, for the four flakes, where
the asterisk indicates that the nR data is normalized by
the average value of the uR data (iR), i.e., (Ap/Ac)* =
[(Ap/A6)™ /(Ap/A6)*™®] and 43 = [(Ap)™ /(Ap)*R]. The
reason for choosing the area of the D band for the x axis
is because it provides a metric for the spectral enhance-
ment obtained at each nR spectrum. There is a clear trend
in Fig. 2(e), with the data obtained from flake 4 con-
centrated in the upper-right part of the graph, and the
data obtained from flake D concentrated in the lower-left
part of the graph. The data spread for each specific flake
reflects sample inhomogeneity. It is relevant to observe
that these results contradict the assumed expectation where
the normalized average of all spectra from the spatially
resolved NF and the unresolved FF should yield similar

results defined by the sample, not by the experimental
procedure.

What we call here “the assumed expectation” for coin-
cident mean Ap/A¢ distributions on nR and uR regimes
comes from the consideration that Raman scattering is a
spatially incoherent process, without considering that in
the near-field regime, field coherence must be taken into
account, and the resulting interference effect depends on
the symmetry of the vibrational mode, as already estab-
lished for graphene [23—25] and GaS [26]. This is clearly
shown by the filled circles in Fig. 1(f), which show
the changes in the A,p/Ag ratio between the integrated
areas of the Raman-allowed 2D and G bands obtained
from a pristine graphene sample, when changing the dis-
tance between the tip and the sample AZ [as depicted in
Fig. 1(g)]. The data is normalized by the area of each
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FIG. 2. Nanoflake micro-Raman versus nano-Raman analysis. The first (a) and second (b) columns show images generated from
the uR and nR hyperspectral Raman data, respectively, acquired based on the intensity of the D band. The scan area is the same for
both uR and nR. The third column (c) is the AFM topography image acquired during the TERS (nR) scan. The insets are line profiles
obtained along the white dashed lines. The fourth column (d) shows histograms of the (4p/A4¢) ratio for both uR (green) and nR
(red) acquired spectra, while the green and red crosses represent the spectrally weighted mean values for the wR and » distributions,
respectively. In (a)(d) each line displays the analysis from one distinct nanoflake. (e) Scatter plot of the nR/iR normalized values
(Ap/Ac)* as a function of 47, for the nanoflakes investigated. The red line represents the theoretical fit of the data points using Eq. (1).
All the nanoflake measurements are performed using 1 s of accumulation time per pixel. The uR and nR results are obtained with
4.8 and 0.45 mW excitation powers at the sample, respectively. The hyperspectra are composed of 64 x 64 pixels, except for flake D,

which is composed of 32 x 32 pixels.

respective band at the far-field configuration (AZ = 20
nm), while AZ = 0 corresponds to the tip interacting with
the sample, commonly considered to be Zy ~ 5 nm [13].
As shown, with the presence of the tip at AZ = 0, the
enhancement of the 2D band is approximately twice the
enhancement exhibited by the G band, with this difference
decreasing as AZ increases.

Although the D and 2D bands originate from differ-
ent scattering processes, the first being defect activated,
while the second is a second-order Raman allowed pro-
cess, they are related to the same phonons in the interior
of the graphene Brillouin zone, nearly totally symmetric
(A1g) [25]. Therefore, the D band is expected to exhibit
the same near-field interference properties as the 2D band.
In Fig. 1(f) we also exhibit the Ap/A¢ data (open circles)
from the tip-approach procedure conducted in the graphene
nanoflake shown in Figs. 1(b) and 1(d), with the last point
(AZ = 10 nm) normalized to the pristine 2D data (filled
circles).

The solid red curve in Fig. 1(f) represents the theoretical
fit considering spatially coherent Raman scattering [23].
Therefore, the near-field interference effects for the modes
with different symmetries (£, for the G band and 4, for
the D and 2D bands) are the reason why the mean (Ap/Ag)
values for the nR (red crosses) and uR (green crosses)
distributions in Fig. 2(d) do not coincide.

Differently from Fig. 1(f), where the TERS enhancement
is changed by changing AZ, in Fig. 2(e) AZ is fixed at
AZ =0 (Z = Zy), and the change in the TERS enhance-
ment is measured by the D-band spectral enhancement. In
this case, the theoretically expected trend for the nR/uR
normalized (Ap/Ag)* versus A}, data is given by the red
line in Fig. 2(e) [23].

Although modeling with the theory of spatial coherence
in near-field Raman scattering requires costly numerical
integration over the two-dimensional sample space [23],
the basic ingredients can be rationalized, and they are sum-
marized in Fig. 3. Depending on the symmetry of the
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FIG. 3. Classification of interference effects in the TERS sig-
nal from graphene. Top row: Illustration of sequences of field-
sample (S) and field-tip (T) interactions. The TS series represents
the incident field interacting with the sample, followed by the
scattered field interacting with the tip; ST represents the inci-
dent field interacting with the tip and then with the sample; in
TST, the incident field interacts first with the tip and then with
the sample, and the scattered field finally interacts with the tip.
Middle row: The G mode (£, ) presents constructive interference
(marked with the C character) when the incident field reaches the
tip in the ST and TST events. Bottom row: For the D and 2D
modes (41¢), the constructive interactions occur for the scattered
field in TS, for the incident field in ST, and for both the inci-
dent and scattered fields in the TST sequence. Each constructive
event enhances the signal strength by f£,2, as indicated. Events
that generate destructive interference are marked with D, while
N indicates no interference.

associated vibrational mode and on the sequence of scatter-
ing events caused by interactions of incident and scattered
fields with the sample (S) and tip (T), the interference can
be either destructive (D) or constructive (C) [23]. Field
interference (D or C) occurs only for light (incident or
scattered) interacting with the tip, with no interference
(N) occurring when light interacts with the sample. The
relevant interactions are illustrated in the upper row of
Fig. 3.

The G mode (E,, symmetry) presents constructive (C)
interference only when the incident field reaches the tip
(T) in the ST and TST events. For the D and 2D modes
(414 symmetry), constructive (C) interactions occur for the
scattered field in TS, for the incident field in ST, and for
both the incident and scattered fields in the TST sequence.
Therefore, considering that the nR intensities depend on
the field enhancement factor £, so that each constructive
event enhances the signal strength by £, [23], the inte-
grated intensities (areas) of the graphene bands exhibit
the dependencies AT = A + ANF = AéR(l +¢1f.?) and
AR = AEF 4 ANF = 4R (1 + of.2 + eaf,*), respectively.
Isolating £, in these equations leads to a simple formula that
can be used to describe the evolution of the interference

effect on (Ap/Ag)"R:

() - 0
4¢) T TrelT=pd—dp -1

Here o = cjc3/2¢c3 and B = 4¢3 /c% measure the weights
of the quadratic and fourth-power terms of f, to the nR
peak intensities. The red line in Fig. 2(e) represents the
fit to the experimental data through Eq. (1), giving o =
(3.33 £0.39) and B = (0.58 £ 0.09).

IV. CONCLUSION

In conclusion, for a given TERS spectral enhancement
in graphene, the red line in Fig. 2(e) [or, equivalently,
Eq. (1)] has to be used to parameterize the nano-Raman
(Ap/Ag)"™ observed value, so that the nR and uR mean
(Ap/Ag) values, as observed in the histograms of Fig. 2,
coincide. In this way, the connection between uR and
nR is established, i.e., nR can make use of the uR pro-
tocols established in the literature [10,29-32] for defect
quantification in graphene related materials.

The physics summarized in Fig. 3 is not limited to
the D and G bands in graphene, it applies directly to
any Ay and E», symmetry phonons. Similar reasoning
can also be developed to other phonon symmetries, and
even to phonons with the same symmetry but different
phonon coherence lengths. These statements consider spa-
tial coherence effects like observed in the defect-induced
band in graphene [30], but further work may be needed
to parameterize the nR protocols for other sp? carbon
[8-10,29,33,34] and non-sp? carbon nanostructures [3—7],
thus generating information that does not come easily with
other microscopy techniques, especially in such a nonin-
vasive way, relevant to nanoscience, nanometrology, and
industry-related processes.
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